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ABSTRACT

Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic lower urinary tract condition. Patients with IC/BPS suffer
from debilitating pain and urinary urgency. The underlying etiology of IC/BPS is unknown and as such current treatments
are mostly symptomatic with no real cure. Many theories have been proposed to describe the etiology of IC/BPS, but this
review focuses on the role of inflammation. In IC/BPS patients, the permeability of the urothelium barrier is compromised
and inflammatory cells infiltrate the bladder wall. There are increased levels of many inflammatory mediators in patients
with IC/BPS and symptoms such as pain and urgency that have been associated with the degree of inflammation. Recent
evidence has highlighted the role of purinergic receptors, specifically the P2X7 receptor, in the process of inflammation.
The results from studies in animals including cyclophosphamide-induced hemorrhagic cystitis strongly support the
role of P2X7 receptors in inflammation. Furthermore, the deletion of the P2X7 receptor or antagonism of this receptor
significantly reduces inflammatory mediator release from the bladder and improves symptoms. Research results from
IC/BPS patients and animal models of IC/BPS strongly support the crucial role of inflammation in the pathophysiology
of this painful disease. Purinergic signaling and purinergic receptors, especially the P2X7 receptor, play an undisputed

role in inflammation. Purinergic receptor antagonists show positive results in treating different symptoms of IC/BPS.

Keywords: ATP, bladder pain syndrome, inflammation, interstitial cystitis, purinergic receptors

INTRODUCTION

Interstitial cystitis (IC) is a chronic lower urinary tract condition.
IC is also called bladder pain syndrome (BPS) [1] and was previously
referred to as painful bladder syndrome (PBS) [2]. All three terms are
considered to refer to the same condition. The term “IC/BPS” has been
widely used in the literature and will be used here. The underlying
etiology of IC/BPS is unknown and as such the current therapeutic
approaches are mostly symptomatic with no real cure available. To
date, many theories have been proposed to describe the etiology of IC/
BPS, but this review focuses on the role of inflammation in this disease.
Since Burnstock introduced purinergic signaling in the 1970s, many
different roles of purinergic receptors have been revealed but one of the

most recent major topics is their role in the process of inflammation.
Thus, this review will discuss the possible involvement of purinergic
receptors and ATP as their signaling molecule in the pathophysiological
development of IC/BPS with particular focus on the P2X7 receptor,
given that recent studies have revealed that P2X7 receptor is a potent
stimulant of inflammation and immune response, which makes this
receptor a potential target for anti-inflammatory treatment.

INTERSTITIAL CYSTITIS/BLADDER PAIN SYNDROME

IC/BPS is a chronic lower urinary tract condition characterized by
pain perceived to be associated with the bladder filling [3]. The main
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symptoms associated with IC/BPS include pain on bladder filling which
is often related to urinary urgency, a sudden compelling desire to void
urine, as well as nocturia, waking at night to void, which can cause
sleep disturbance in these patients [4]. These are usually accompanied
by other symptoms, such as a dramatic decrease in bladder capacity
and dyspareunia; pain during sexual intercourse [5]. The decrease in
bladder capacity leads to an increased urinary frequency which is also
due to the pain associated with bladder filling. The etiology of IC/BPS
is unknown. Therefore IC/BPS is not easily diagnosed, especially in
the early stages as the symptoms of urgency, frequency and nocturia
can be similar to other urological diseases such as overactive bladder
or urinary tract infections [6]. Evidence of inflammation in biopsy
samples from IC/BPS patients is part of the diagnosis of the disease
although routine biopsies are not recommended for IC/BPS patients
[1]. Based on the guidelines of American Urological Association and
Canadian Urological Association, there is no urinary tract infection
(UTI) at the time of diagnosis but up to 50% of IC/BPS patients might
have a history of previous UTI [1].

CURRENT TREATMENT OPTIONS

The current therapeutic approaches for IC/BPS patients are mostly
symptomatic with no real cure identified [1]. The current treatments
include behavioral therapy, oral medications, intravesical treatments
as well as surgical treatments. Behavioral therapy involves modifying
daily fluid intake, clothes, food and sexual behavior [7,8] with the aim
of reducing the likelihood of triggering symptoms. In terms of oral
medications, a variety of different agents have been used with variable
success in IC/BPS patients. These include the tricyclic antidepressant
amitriptyline, antihistamine/anti-anxiety medication hydroxyzine, and
as a last resort, the immunosuppressant agent cyclosporine A and also
pentosan polysulfate sodium (PPS), which forms a protective layer on
the bladder lining [9-13]. In addition to these oral medications, dimethyl
sulfoxide (DMSO), heparin and lidocaine have been used topically to
decrease pain by instilling into the bladder lumen in IC/BPS patients
either separately or in combination [14-17]. Intravesical therapy by
injecting botulinum toxin A (BTX-A) into the bladder wall of IC/BPS
patients has shown some improvement in pain, voiding frequency and
patients’ quality of life [18-21].

The effectiveness of all these therapies, regardless of being sys-
temic or topical, is still under consideration. A recent meta-analysis on
intravesical therapy for IC/BPS concluded that there are insufficient
well-controlled clinical trials to provide scientific evidence of efficacy
[22]. The clinical trials that have been conducted have demonstrated
fairly low response rates, with regard to improvement in bladder pain
and urgency, for the available therapies. For example, two clinical tri-
als of intravesical PPS in IC/BPS patients showed 34% [23] and 40%
response rates [24], while intravesical DM SO reported response rates
of 30% [25] and 14% [26], which are not significantly different from
the placebo response rate of ~20% [23]. These studies demonstrate that
the effectiveness of the currently available therapies is low and there
is a need for the development of new and effective treatment options.

=

CLINICAL EVIDENCE OF INFLAMMATION IN IC/BPS

Observations from cystoscopy and biopsy samples
from IC/BPS patients

The importance of inflammation in the pathophysiology of IC/BPS
can be clearly seen on cystoscopy. The most common finding on cys-
toscopy of patients with IC/BPS is mucosal damage and hemorrhages
[27]. IC/BPS is diagnosed at cystoscopy when the bladder has been
filled to its maximum capacity (at a pressure of 80-100 cm H,0). In
IC/BPS patients mucosal splitting or glomerulations (petechial hem-
orrhages) are seen in a minimum of 3 quadrants, with 10 per quadrant.
It should be noted that two types of IC/BPS have been defined based
on cystoscopy findings, that are: IC/BPS with or without Hunner ulcer
[28]. Hunner ulcers, visualized on cystoscopy, are areas away from the
bladder trigone that are either inflamed areas of the mucosa that may
have small vessels joining each other at one central point, or may appear
pale, non-blanching if in the chronic state. These ulcers can easily split
open with bladder distention which causes bleeding [28]. The presence
or absence of Hunner ulcer in IC/BPS patients is believed to have an
important role in symptom variations, differences in therapeutic success
and the level of pain, especially the pain related to bladder distension
[28-30]. Mucosal splitting, glomerulations and Hunner ulcers are all
signs of mucosal damage.

The role of inflammation in mucosal damage is evident in biop-
sies collected from IC/BPS patients. Recent studies have emphasized
inflammation as the common cause of different types of urinary tract
dysfunction [31]. In biopsies collected from IC/BPS patients, it has been
shown that inflammation is associated with disruption to the urothelial
cell layer [32-35], increased density of sub-urothelial afferent nerve fibers
[36], and infiltration of inflammatory cells such as mast cells [37-39].
However, it is unknown whether inflammation causes damage to the
mucosa or it is the consequence of mucosal damage.

Urothelial changes

There are many changes to the urothelial cells in patients with IC/
BPS. The urothelium of IC/BPS patients is thinner, usually only 1
or 2 cells thick, compared to the urothelium from normal bladders
which is approximately 5 cells thick [40]. Also in IC/BPS patients,
the urothelium does not include a distinct layer of umbrella cells [40]
and urothelial cell apoptosis has been described [32]. These findings
suggest that disruption to the structure of the urothelium is a feature
of the pathophysiology of IC/BPS. Associated with the changes in the
urothelial structure is the disruption to the permeability function of the
urothelium. Although the main role of bladder urothelium is thought to
provide a barrier which is impermeable to all urinary solutes, reduced
urothelial barrier function has been observed in patients with IC/BPS
[40,41]. Arecent study in rats has shown altered expression and function
of paracellular tight junctions in the urothelium may trigger bladder
inflammation and promote cystitis [42].

On the luminal side of the bladder wall, a glycosaminoglycan (GAG)
layer, a highly hydrated barrier surface, acts as the first protecting
layer against urinary toxins and solutes. This GAG layer is made up
of hyaluronate, chondroitin sulfate, heparin sulfate, keratin sulfate and
dermatan sulfate [43]. Deficiency of the luminal and basal chondroitin
sulfate proteoglycan layers has been demonstrated in bladder biopsies
from IC/BPS patients, and therefore it was proposed that GAG layer
deficiencies may be associated with permeability changes in IC/BPS
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patients [44,45]. However, other studies have shown that although
GAG layer can be a barrier for the movement of microorganisms,
its contribution to the urothelial permeability is unclear [46,47] (for
reviews see [48,49]).

GAG layer replenishment is one of the main therapeutic strategies
in the treatment of IC/BPS. The aim of the intravesical instillations of
PPS, DMSO and heparin is to promote the recovery of the damaged
GAG layer. PPS, which is similar in structure to the natural GAG, is
believed to replenish the protective covering of the urothelium. DMSO
is thought to reduce inflammation and act as an analgesic and heparin,
which is a sulfonated GAG, has both anti-inflammatory and surface
replenishing properties [50]. However, as mentioned previously, the
effectiveness of these two therapies is low [24,26], which may be
explained by the observations that the GAG layer has no influence on
urothelial permeability [46,47].

Other urothelial associated proteins also contribute to the permea-
bility barrier. These include the uroplakins that form a covering over
the urothelial luminal surface [51] and the tight junction proteins that
bind the urothelial cells together [42]. In patients with IC/BPS, there
is an absence of the tight junction protein zona occludens-1 (ZO-
1), and also there are deficiencies in the expression of uroplakin and
E-cadherin [40]. The change in ZO-1 expression may be associated
with the increased permeability of the bladder urothelium in IC/BPS
patients [41]. It is highly likely that both the decreased thickness of
the urothelial cell layer and the increased urothelial permeability are
associated with the symptoms that patients experience such as pain and
urgency. Both of these symptoms have negative effects on the quality
of life in these patients.

Increased inflammatory mediators

The core role of inflammation in the etiology of IC/BPS has been
investigated in many studies. The initial evidence for inflammation in
biopsies from patients with IC/BPS was increased mast cell counts. The
increase in mast cells in biopsies from patients with IC/BPS compared to
normal control was described in the detrusor muscle layer [5] and also
in the sub-urothelial layer [52,53]. Interestingly, the increased number
of mast cells in the sub-urothelial layer was localized to the areas un-
derlying ulcers in patients with IC/BPS [52]. This same study showing
localized mast cells within the urothelial layer has also demonstrated
the presence of mast cells in the intravesical fluid [52].

Higher counts of other inflammatory cells such as neutrophils and
eosinophils have been also reported in the urine samples from IC/BPS
patients [54]. Neutrophils make up approximately 70% of white blood
cells and have a well-known contribution to the acute inflammatory
response [55]. Eosinophils, on the other hand, are important regulators
of local inflammatory response and their accumulation is linked to many
inflammatory diseases [56]. Many studies have linked the damaged
urothelium to activation and stimulation of the inflammatory cells in
the bladder of IC/BPS patients which can trigger the release of other
inflammatory mediators [57-61].

In IC/BPS patients, there is also an increase in the concentration of
inflammatory mediators such as histamine, which is released following
mast cell activation. Histamine has been found in the urine samples
from IC/BPS patients [62,63]. Other inflammatory mediators are also
increased. For instance, IC/BPS patients have a higher expression of
inducible nitric oxide (NO) synthase mRNA in the urothelium [53,64],
and in the sub-urothelial macrophages [64]. There is also a significant
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increase in the luminal concentration of NO [64]. NO is a signaling
molecule that is believed to have an anti-inflammatory effect in the
normal condition, but its over production in pathophysiological con-
ditions can lead to it acting as a pro-inflammatory mediator [65]. Gene
expression of other inflammatory mediators is also increased in patients
with IC/BPS. These include genes for FGF7, CCL21 [66], IL-6, IL-10
and IL-17A [53]. At a protein level, an upregulation of urinary IL-17A
[53] which is a mediator for pro-inflammatory responses [67,68], and
urinary IL-6 [63], which is mainly produced in the case of tissue injury
and infections [69], has been reported.

The increases in inflammatory mediators are not just limited to the
bladder, as an enhanced plasma IL-6 [70] has also been detected in IC/
BPS patients. Another study shows higher levels of C-reactive protein
and pro-inflammatory cytokines/chemokines, e.g., IL-1f, IL-6, TNF-a
and IL-8 in the serum of patients with IC/BPS compared to controls
[71]. An interesting study demonstrated elevated serum levels of MIG/
CXCL9, IP-10/CXCL10 and I-TAC/CXCLII in IC/BPS patients. Ele-
vated CD4" T cells, mast cells, natural killer (NK) cells, and NKT cells
have been shown at the systemic and mucosal sites in a mouse model
of cyclophosphamide induced hemorrhagic cystitis [72]. Also, in a
cyclophosphamide model of IC/BPS, the infiltration of inflammatory
cells such as macrophages and neutrophils has been described along
with an increase in TNF-o and IL-1p in the urothelial and sub-urothelial
layer of the bladder [73]. All these data strongly support the role of
inflammation in the pathophysiology of IC/BPS. Increased densities
of inflammatory cells in the bladder have been described and increased
concentrations of inflammatory mediators are believed to contribute to
the etiology of the disease.

Role of sensory nerve fibers

As mentioned above, the key symptoms associated with IC/BPS are
pain and urgency. Bladder sensations, such as a frequent need to void,
pain and urgency, are carried on sub-urothelial afferent nerves. Since the
1990s, it has been known that the density of nerve fibers was increased
in patients with IC/BPS, compared to normal controls [74]. The increase
in mast cells and histamine in bladder washings has been associated
with an increase in nerve fibers in both the sub-urothelial layer and in
the detrusor muscle of IC/BPS patients [75]. It is also likely that the
increased density of nerves fibers is related to increased levels of nerve
growth factor seen in the serum [71], biopsies [36] and urine [76] of
IC/BPS patients. Urinary nerve growth factor levels also correlate with
symptoms of urgency [76] and it is believed that the increased nerve
density may explain the symptoms of both pain and urgency.

In IC/BPS patients, a specific increase in the sensory afferent nerves
located in the sub-urothelial space has been reported [36,38,76]. There
is a correlation between the expression of afferent nerves that are im-
munoreactive for TRPV1 and the pain and urgency scores in IC/BPS
patients [36] and a correlation between the density of PGP9.5-immu-
noreactive nerve fibers and inflammation severity in IC/BPS patients
[36]. The concentration of substance P containing afferent sensory
nerves is also increased in the sub-urothelial space [38] of IC/BPS
patients. Substance P is a neuropeptide that plays an important role in
inflammation and is overexpressed in many inflammatory conditions
[77-84]. One study has suggested that an increase of sub-urothelial nerve
fibers is specifically in ulcerative IC/BPS but not seen in biopsies from
patients with non-ulcerative IC/BPS [75]. These studies indicate that
it is likely that the enhanced pain felt by patients with IC/BPS during
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bladder filling is related to the increased density of afferent nerves in
the sub-urothelial layer. Increased ATP release in IC/BPS patients also
seems to have a role in sensitization of afferent nerves, which will be
discussed in detail in the next section.

Opverall there is much evidence of inflammation in IC/BPS patients.
This includes macroscopic evidence of bleeding and ulceration seen

on cystoscopy. Biopsies from these patients revealed enhanced nerve
density, infiltration of inflammatory cells and urothelial damage. In
addition, urine and blood samples taken from IC/BPS patients have
shown increased levels of pro-inflammatory mediators. The evidence
for a significant role of inflammation to the pathophysiology of IC/BPS
is summarized in Figure 1.

Evidence of inflammation in IC patients

Cystoscopy

Biopsies
Mucosal Hemorrhages

>"Neutrophiﬁ%amine
*Eosinophils TIL-6

Urine samples
Blood samples

dama ge /\
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urothelium of ZO-1  yroplakin and
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Figure 1. A summary of inflammation evidence based on the results of different studies which have been performed on IC/BPS patients and
their biopsy, urine and blood samples. findicates increased; *indicates infiltration.

ATP AS A SIGNALING MOLECULE FOR BLADDER
PAIN AND URGENCY

In the early 1970s, Burnstock first reported the role of purinergic
nerves as a non-adrenergic non-cholinergic nervous system, with ATP
as its signaling molecule [85]. The purinergic system consists of two
main groups of receptors; P1 and P2 receptors. P1 receptors, which are
also known as adenosine receptors, have been shown to be expressed
in urinary bladder where they exert an inhibitory action during the
micturition reflex and inhibit cholinergic neurotransmission [86-89].
Purinergic P2 receptors are further divided into two sub-classes of P2Y
and P2X. P2Y receptors, which respond preferentially to ADP and UTP,
are G-protein coupled receptors and P2X receptors, responding to ATP
are a group of ligand-gated ion channels [90].

The expression of purinergic receptors from both P2X and P2Y
families has been shown in different layers of the urinary bladder. All
seven P2X receptors have been localized in the urinary bladder of ro-
dents [91-93], guinea pig [94] and also in human [95], using functional
characterization [93], reverse transcription-polymerase chain reaction
[91,96,97], immunohistochemistry [92-95] and western blot analysis
[94]. In the human urinary bladder, P2X1 receptor is localized mainly
on smooth muscle and to a lesser extent on mucosa [98], P2X2 receptor
is present on the urothelium, smooth muscle and myofibroblast cells
of the suburothelium [92,95], P2X3 receptor has been localized to the
urothelium, sub-urothelial myofibroblasts and the cells surrounding
smooth muscle bundles [95], as well as on suburothelial afferent nerves

=

[99]. P2X7 receptor immunoreactivity is abundant on both smooth
muscle and urothelium [95].

There are eight subtypes of the human P2Y receptors. The expres-
sion of P2Y1 [96,100], P2Y2 [96,100,101], P2Y4 [100,101], P2Y6
[102,103] and P2Y 11 receptors [96] has been shown in the urothelium
layer of the urinary bladder of cat [100], rat [101-103] and human
[96], using RT-PCR [96], western blotting [101] and immunostaining
techniques [100,102,103]. Expression of P2Y2, P2Y4 and P2Y6 have
also been observed in guinea pig suburothelial myofibroblasts by im-
munostaining [104].

Under the normal condition, the sub-urothelial afferent nerves are
activated by ATP released from the urothelium [105,106] in response to
stretch of the urothelial cells [99,107-111]. Several mechanisms for ATP
release have been identified, including both vesicular and non-vesicular
pathways [112,113]. Vesicular ATP release is mediated by the exocytosis
of ATP-enriched vesicles [112] from both neurons upon action potential
[114,115] and non-excitatory cells such as urothelial cells [111].

ATP release from the urothelium is not just occurring through vesicles
but also involves the activation of channels and pores in the urothelial
cell membrane. One such mechanism involves pannexin channels [116].
Pannexin channels are closed under resting conditions. However they
will be activated by ligand binding to membrane receptors such as ATP
binding to P2X7 receptor [117]. It has been shown that pannexin-1
channel and P2X7 receptor are co-expressed in urothelial cells [118] and
binding of ATP to P2X7 receptor triggers the opening of the pannexin
pore [118] which causes a further release of ATP. Similarly, ATP release

Bladder | 2019 | Vol. 6(1) | €38

POL SCIENTIFIC



P2X7 receptor: A potential target for anti-inflammatory treatment in IC/BPS patients

from the urothelium can also be triggered by the activation of P2Y
receptors [119,120]. Also, after its cellular release, ATP can be rapidly
metabolized to ADP, AMP and adenosine and activate other purinergic
receptors to mediate smooth muscle relaxation or contraction [121-124].

ATP released from the urothelium, in response to stretch, is an im-
portant signaling molecule that modulates the sensation of fullness felt in
the bladder and mediates the voiding reflex via afferent sensory nerves
[125,126]. However, an analysis of single unit pelvic afferent activities
has shown that ATP is involved in both non-nociceptive (physiological)
and nociceptive (painful) signal transduction [126], supporting the notion
that in the urinary bladder, both high and low threshold afferent nerve
fibers are sensitive to ATP. Therefore, one of the primary roles of ATP
following its release from the urothelium is to activate sensory afferent
nerves. The process is mediated by purinergic receptors [92,95,127].
Agonists of purinergic P2X receptors, ATP and a, f-meATP have been
shown to trigger bladder afferent nerve activity which was attenuated in
P2X3 knock out mice and by P2X3 antagonists [99], demonstrating that
P2X3 receptors are responsible for ATP elicited responses on afferent
nerves. ATP release has been shown to be increased in the bladder of
both patients with IC/BPS [107,108] and animal models of IC/BPS
[111]. In patients with IC/BPS, urinary levels of ATP were significantly
higher than that of controls [107]. In addition, stretch induced release
of ATP was enhanced in bladder strips [128] and urothelial cells from
patients with IC/BPS [108]. Similar to the reports in human IC/BPS, a
significant elevation in stretch-evoked ATP release has been demonstrated
in a feline model of IC/BPS [111] and in cyclophosphamide-induced
chronic (hemorrhagic) bladder inflammation in rats [129]. The high
level of ATP and other urinary contents may diffuse through the leaky
urothelium to sensitize bladder afferents, causing pain sensation and
stimulating voiding, which are the typical symptoms of IC/BPS [130].

Blocking the release of ATP has shown promising results as a potential
treatment for IC/BPS patients to improve the symptoms of pain, urgency
and frequency. As an example, BTX-A has been used with some success
in the treatment of IC/BPS [19-21]. BTX-A was shown to inhibit the
stretch-mediated release of ATP from the inflamed rat bladder [129] and
have anti-pain effects in IC/BPS patients [131]. Studies on the effect
of BTX-A in IC/BPS has been reviewed in Chiu ef al. [132]. BTX-A
doesn’t target purinergic receptors directly, but it can potentially inhibit
the activation of the purinergic receptors by blocking the release of ATP.

It is well accepted that afferent nerve density and ATP release are
increased in patients with IC/BPS. Therefore, targeting these pathways
might influence the symptoms of pain, urgency and frequency experi-
enced by IC/BPS patients. There have been some studies to examine
these possibilities. Studies in P2X2 and P2X3 knock out mice have
demonstrated marked urinary bladder hyporeflexia with increased
voiding volume, reduced voiding frequency and reduced response to
inflammatory pain, suggesting a prominent role of P2X2 and P2X3
receptors in mechanosensory transduction and physiological voiding
reflexes [106,133].

In addition, antagonists targeting these receptors have been in-
vestigated as a potential treatment for patients with IC/BPS. P2X2/3
receptor antagonist AF-219, which is metabolically stable and has oral
bioavailability, has recently been used as a therapeutic agent in IC/BPS
patients with improvement in both pain and urinary urgency symptoms in
treated patients [134]. In a model of cyclophosphamide-induced cystitis
in rats, signs of bladder overactivity such as contraction and reduced
micturition volume have been shown to be significantly improved by
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A-317491, a selective P2X3 receptor antagonist [ 135]. This antagonist
has also demonstrated outstanding positive effects in a rat model of
detrusor hyperreflexia, including reduced frequency of voiding and
inhibition of non-micturition bladder contractions [136]. However,
as mentioned previously, P2X2 and P2X3 are not the only purinergic
receptors present in the urinary bladder. Other P2X receptors have also
been localized within the urinary bladder [92-95].

P2X7 PURINERGIC RECEPTOR—A MODULATOR OF
INFLAMMATION

The P2X7 receptor is of particular interest in IC/BPS as this receptor
has a possible role in inflammation [137]. P2X7 receptors have been
detected in both, urothelium and detrusor muscle cells [92-95], How-
ever, the definitive expression profile of this receptor, especially in the
bladder of IC/BPS, still needs to be determined. In a mouse model of
hemorrhagic cystitis induced by cyclophosphamide, Martins and associ-
ates demonstrated an upregulation of P2X7 receptors in the submucosal
layer [73]. P2X7 receptors are also expressed by many immune cells
including macrophages, monocytes, natural killer cells, B-lymphocytes
and T-lymphocytes [138]. As described previously, many immune cells
are seen to be increased in the sub-urothelial space in IC/BPS patients.
A few genome profiling studies have been completed in samples from
IC/BPS patients and the results demonstrate an up-regulation of genes
associated with inflammatory cells mainly leukocytes. Although the
changes of P2X7 receptor and other purinergic receptors have not been
mentioned in these studies, it cannot be ruled out that P2X7 receptor
may contribute to leukocyte infiltration in these patients [139-141].

P2X7 receptors are also known to regulate the expression, and
secretion of various cytokines and other inflammatory mediators in-
cluding IL-1p, IL-1 receptor antagonist (IL-1Ra), IL-2, IL-4, IL-6,
IL-13, IL-18, TNF-a, NO, and superoxide anions [142]. Increases in
many of these have been reported in IC/BPS patients [53,63,64,70,71].
In addition, sustained activation of P2X7 receptors is associated with
apoptotic cell death [ 143], such as that seen in the urothelium of IC/BPS
patients. Also, there have been studies implicating both ATP and P2X7
receptors in inflammasome activation which leads to the activation of
the inflammatory cascade [144]. In this study, P2X7 receptors and ATP
were seen to be integral to the macrophage mediated immune response
against virus particles, showing the importance of the activation of
P2X7 receptors in the induction of the inflammatory response [144].

Recently, many researchers have wondered if P2X7 receptor an-
tagonists could be utilized as a treatment option for bladder diseases
[73,145,146]. In 2012, Martins and associates investigated the effects
of P2X7 receptor antagonists, or genetic deletion of P2X7 receptor, in
cyclophosphamide-induced hemorrhagic cystitis in mice [73]. They
found a decrease in the pain response in the cyclophosphamide treated
animals following either pre-treatment with a P2X7 receptor antagonist
or genetic removal of P2X7 receptors [73]. They also reported that the
treatments led to decreased inflammatory responses and reduced edema
and hemorrhage, based on macroscopic and histological assessments
[73]. Also, other interesting results were observed in the models of P2X7
receptor antagonist treatment, including reduced myeloperoxidase activity
and reduction in the level of IL-1B and TNF-a. in bladder [73]. Myelop-
eroxidase is an enzyme mainly expressed in neutrophils and monocytes
and plays an important role in their antimicrobial activity [147].
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While the effect of P2X7 receptor antagonists in urinary bladder
inflammation needs further study, there are other models of inflam-
mation that indicate the important role of P2X7 receptors. In 2002, a
selective antagonist of P2X7 receptor, oxidized ATP, was seen to have
an inhibitory effect on the inflammatory pain associated with arthritis
in rats [148]. The results showed that the ATP level in the inflamed
tissues was reduced and the pain was relieved in oxidized ATP treated
animals [148], together with a reduction in P2X7 receptor expression in
both the endothelium and on peripheral nerves [148]. A study on P2X7
receptor knockout mice showed a reduction of hypersensitivity in both
inflammatory and neuropathic pain models [149]. They suggested that
P2X7 receptor plays a regulatory role on the production of IL-1f, which
is an effective pathway in the development of pain [149].

The P2X7 receptor has also been shown to have a role in inflammatory
pain in kidneys. In P2X7 receptor knockout mice there was a decrease
in the number of inflammatory cells following unilateral ureteral ob-
struction [146]. Also, less TGF-B1, lower macrophage infiltration and
reduced tubular apoptosis were observed in the P2X7 receptor knock-
out animals [146]. In another study, treatment with a P2X7 receptor
antagonist, A438079, resulted in reduced expression of chemokines,
MCP-1 and RANTES, in a model of ischemic acute kidney injury in
mice [150]. Similarly, it has been demonstrated that a reduced produc-
tion of cytokines, TNF and IL-1p, occurred in the colon of colitis mice
treated with the P2X7 receptor antagonist A438079 [151]. These results
encourage further investigations to see if P2X7 blockage or deletion has
any effect on pain associated with inflammation in IC/BPS.

CONCLUSION

The etiology of IC/BPS is still unknown although the importance of
inflammation to the pathophysiology of this disorder is well supported.
Increased levels of many inflammatory mediators are seen in IC/BPS
patients and symptoms such as pain and urgency have been associated
with the degree of inflammation present in IC/BPS patients. Recent
evidence has highlighted the role of purinergic receptors, specifically
the P2X7 receptor, in the process of inflammation. In terms of IC/
BPS, the important role of these receptors has been demonstrated in
cyclophosphamide-induced hemorrhagic cystitis and results strongly
support the idea of the crucial role of P2X7 receptor in the develop-
ment of inflammation. It has also been confirmed that genetic deletion
of this receptor (in P2X7 receptor knock-out mice) or blocking it with
an antagonist shows a significant reduction in inflammatory mediator
release and a distinguished improvement in the symptoms. However,
further studies are needed to reveal all the aspects of this process to be
able to evaluate the treatment efficacy and clinical utility.
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