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Abstract

The ongoing research on pioneering drug candidates
for the overactive bladder (OAB) aimed to overcome
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the limitations of currently licensed pharmacotherapies,
such as antimuscarinics, p3-adrenergic agents, and
botulinum neurotoxin, has been reviewed performing
a systematic literature review and web search. The
review covers the exploratory agents alternative to
available medications for OAB and that may ultimately
prove to be therapeutically useful in the future mana-
gement of OAB patients based on preclinical and
early clinical data. It emerges that many alternative
pharmacological strategies have been discovered or are
under investigation in disease-oriented studies. Several
potential therapeutics are known for years but still find
obstacles to pass the clinical stages of development,
while other completely novel compounds, targeting new
pharmacological targets, have been recently discovered
and show potential to translate into clinical therapeutic
agents for idiopathic and neurogenic OAB syndrome.
The global scenario of investigational drugs for OAB
gives promise for the development of innovative thera-
peutics that may ultimately prove effective as first,
combined or second-line treatments within a realistic
timescale of ten years.

Key words: Detrusor overactivity; Drug therapy; Lower
urinary tract symptoms; Overactive bladder; Urinary
incontinence
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Core tip: The forefront of global research scenario of
investigational drug candidates for the management
of patients with overactive bladder and detrusor
overactivity was reviewed. Among a huge amount of
exploratory compounds with completely new mechanisms
of action, some promising pharmacological principles
show potential to translate into novel therapeutics to
be clinically used as first-line alternative treatments, or
in combination with established drugs, or as second-
line treatments in refractory patients.
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INTRODUCTION

Overactive bladder (OAB), defined as urinary urgency
with or without urgency urinary incontinence, usually
associated with increased urinary frequency and nocturia™,
is a very bothersome and debilitating chronic condition
that severely affects the patient's quality of life™. The
socioeconomic burden is very high due to the aging
population, the OAB-associated comorbidities and the
increased risk of hospitalization™. The pathophysiology
is largely unknown, although multiple causes have
been proposed, such as a primary detrusor dysfunction,
observed as detrusor overactivity (DO) during urody-
namic studies, an overactivity of the afferent arm of the
micturition reflex, a primary dysfunction of higher central
nervous system (CNS) inhibitory centers!. OAB is
underdiagnosed and undertreated, however, the increase
in patient awareness, the rise in the geriatric population,
and the availability of more pharmacological principles
have triggered a significant growth in the OAB market
with a estimated market size of over $2 billion in 2012.

Pharmacological treatment has been based for
years on antimuscarinic agents, but recently other two
pharmacological principles have been approved for OAB
by the United States Food and Drug Administration
(FDA): the first p3-adrenergic agent, mirabegron
(Myrbetriq®, Astellas, approved in June 2012), and the
botulinum neurotoxin (Botox®, Allergan, approved in
January 2013), Although many novel antimuscarinic
and B3-adrenergic agents, and alternatives to the
botulinum neurotoxin are under development, the
ideal medication for the cure of OAB with an optimal
profile in terms of safety, tolerability and efficacy is still
to be discovered. A huge amount of preclinical studies
is ongoing exploring the therapeutic potential of many
novel compounds some of which already advanced
to the clinical phases of development, which mixed
results”®,

This review provides an extensive update on the
exploratory drugs, alternative to available medications
for OAB that may ultimately prove to be therapeutically
useful in the future treatment of lower urinary tract
symptoms (LUTS) and OAB.

LITERATURE RESEARCH

A systematic literature review search of peer-reviewed
English-language full papers published by November
2014 has been performed. Medline databank was
searched employing both "MeSH” and “free text”
protocols, and using a combination of the following
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search terms: “urinary bladder, overactive”, “urinary
incontinence, urge”, “lower urinary tract symptoms”
AND “drug therapy”. Scopus and ISI Web of Science
databanks were also searched using the same search
terms. A search of articles related to each specific
compound was also performed. A hand search of
reference lists of retrieved articles was performed in
order to identify further studies not captured by the
above used terms. Clinical trials and pharmaceutical
companies’ websites were also searched for pipeline
projects. All the investigational pharmacological principles
with at least preclinical evidence of activity against
OAB/DO have been discussed.

DRUGS ACTING ON INHIBITORY
CENTRAL MECHANISMS

GABAGs-receptor agonist

Compounds with agonist activity on y-aminobutyric acid
(GABA) receptors in the CNS exploit the inhibitory effect
of this neurotransmitter on micturition reflex’®. Baclofen,
a GABAs-receptors agonist, is used for the treatment
of neurological spasticity, particularly in the lower limb.
Baclofen is pumped directly into the subarachnoid space
by means of a programmable pump via a catheter
system. Preclinical studies showed that intrathecal
baclofen was effective in attenuating oxyhemoglobin-
induced DO"” and, in rats with spinal cord injury (SCI),
produced a dose-dependent inhibition of non-voiding
bladder contractions and a decrease in micturition
pressure''’), Clinical studies based on urodynamic
evaluations showed that the continuous intrathecal
baclofen pump infusion is effective in the management
of patients with medically-refractory neurogenic DO
(NDO) and decreased bladder compliance!*?. Although
baclofen gained approval for treatment of NDO in SCI
patients, the narrow therapeutic window and the
tolerability profile limited its widespread clinical use.
ADX71441, a novel, potent and selective agonist of
GABAsg-receptor, showed efficacy in rodent models of
OAB and may allow further exploitation of this central
inhibitory mechanism™,

Anticonvulsants

The inhibition of the GABA transporters (GAT) that are
thought to provide a GABA inactivation mechanism
in the CNS, has been explored as a possible pharm-
acological principle aimed to treat DO. Tiagabine, an
anticonvulsants that selectively inhibits the GABA
re-uptake via the GABA transporter GAT1, given
intravenous or intrathecal in rats, improved storage
phase parameters suggesting a potential utility for OAB
treatment™.

Gabapentin is a putative GABA analog crossing
the blood-brain barrier originally developed to treat
epilepsy, and currently used for neuropathic pain and
other conditions. Its mechanism of action has not been
fully elucidated although it appears to have inhibitory
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activity on afferent C-fibers likely by binding to a-2-
delta subunit of voltage-dependent calcium channel™**..
Carbone et al''® reported in a pilot study that gabapentin
improved both symptoms and urodynamic parameters
in NDO patients. Kim et af'”? reported that the drug
was well tolerated and improved symptoms in 14
out of 31 antimuscarinics-refractory OAB patients.
Recently, beneficial clinical effects of gabapentin as
an add-on therapy have been reported also in 16 out
of 30 children with antimuscarinics-refractory OAB™®.
Phase II trials are ongoing comparing gabapentin
with solifenacin in OAB patients™™® and evaluating the
efficacy and tolerability of a combination of low doses
of gabapentin and oxybutynin®®,

Pregabalin (Lyrica®, Pfizer) is an anticonvulsant drug
mainly used for neuropathic pain and fibromyalgia.
Like gabapentin, pregabalin binds to the a-2-delta
subunit of the voltage-dependent calcium channel
in the CNS, leading to decreased release of several
neurotransmitters®’). A phase II trial is ongoing in
patients with idiopathic OAB comparing pregabalin
with tolterodine and their combination. Furthermore,
preclinical data showed significant improvement on the
urodynamic parameters of an animal model of NDO
providing a rationale for future proof-of-concept clinical
trial on NDO patients™,

Levetiracetam is an antiepileptic drug with a mech-
anism of action not yet dlarified, although the drug binds
to the synaptic vesicle glycoprotein SV2A and inhibits
presynaptic calcium channels reducing neurotransmitter
release and acting as a neuromodulator’®. Experimental
findings in spinal cord transected rats have shown that
levetiracetam, administered by subcutaneous osmotic
minipump, improved urodynamic parameters in this
animal model of NDO™?.,

GABAergic gene therapy

An alternative strategy is based on increasing GABA
in the spinal cord via viral-mediated gene delivery.
Injection in SCI rats of HSV-GAD (replication-defective
herpes simplex virus vectors encoding genes of
glutamic acid decarboxylase, the GABA synthesis
enzyme) significantly decreased the number and
amplitude of non-voiding contractions compared with
controls, without blunting micturition pressure likely
via the inhibition of the afferent limb of the micturition
reflex®®. Thus, GAD gene therapy gives promise to
become a novel therapy of urinary dysfunctions in SCI
patients.

Glycinergic drugs
Glycine is @ major inhibitory neurotransmitter in the
spinal cord. Animal studies suggest that glycinergic
neurons have an important inhibitory effect on the
spinobulbospinal micturition reflexes at the level of the
lumbosacral cord™’.

The extracellular concentration of glycine at synapses
is regulated by two types of glycine transporters (GlyTs):
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GlyT1 and GlyT2"”), In rats, GlyT2 plays a major
role in the clearance of extracellular glycine in the
spinal cord and its inhibition leads to amelioration of
cyclophosphamide-induced DO and pain behavior”®. As
a result, activation of glycinergic inhibitory mechanisms
by GlyT2 inhibitors has been suggested as a novel
therapeutic strategy for OAB and bladder pain syndrome.

DRUGS ACTING ON MONOAMINES
RECEPTORS

Inhibitors of monoamine-reuptake

Inhibitory effects on micturition are known side-effects
of drugs with inhibitory action on the monoamine
reuptake, including tricyclic antidepressants. Furthermore,
depression is more common in patients with OAB and
a shared deficiency of monoamine (serotonin and
noradrenaline) behind both depression and OAB has
been suggested®..

Imipramine, a tricyclic antidepressants, improves
storage LUTS and DO at the cost of not negligible side-
effects. Antidepressants selective serotonin reuptake
inhibitors, such as escitalopram, are under evaluation
for efficacy in OAB patients®”,

Duloxetine, an antidepressant acting as a selective
serotonin-norepinephrine reuptake inhibitor (SNRI)
and approved for the treatment of stress urinary in-
continence for its stimulatory activity on external
urethral sphincter, demonstrated significant efficacy
compared to placebo in relieving urinary symptoms in
women with OAB™Y, However, the side-effects of this
compound significantly limit patient’s compliance.

Based on animal experiments showing that be-
sipirdine, a SNRI that interacts also with ol (agonist)
and a2 (antagonist) receptors, significantly and dose-
dependently improves storage function and external
urethral sphincter activity®, a human proof-of-concept
study has been initiated by UroGene in patients with
storage LUTSP?,

Serotonin receptors agonists
Increasing evidence indicates that serotonin [5-hydro-
xytryptamine (5-HT)] is involved in a complex way in the
control of micturition at central and peripheral sites, with
both inhibitory and facilitatory effects™**", although the
serotonergic pathway generally enhances urine storage
by facilitating the vesical sympathetic reflex pathway
and inhibiting the parasympathetic voiding pathway.
The 5-HTia receptor agonist 8-OH-DPAT has been
investigated in alpha-chloralose anesthetized or conscious
chronic SCI cats™”), This compound significantly
increased the bladder volume threshold for eliciting a
large amplitude micturition contraction, but only slightly
reduced the amplitude of the contractions, indicating
that drugs that activate 5-HT:a receptors might be
useful in treating NDO after SCI. 8-OH-DPAT also
improved voiding efficiency and maximum intravesical
pressure, and enhanced the external urethral sphincter

May 10, 2015 | Volume 4 | Issue2 |



tonic and bursting activity in a rat model of incomplete
cauda equina/conus medullaris injury™®.

5-HT2 and 5-HTs receptors mediate excitatory
effects on sympathetic and somatic reflexes to increase
outlet resistance, and preclinical studies have shown
that 5-HTzc and 5-HTs receptors play an inhibitory role
on micturition reflex suggesting that agonists at this
site may have potential as candidate drugs for OABP®,

Serotonin receptors antagonists
The peripheral excitatory function of serotonin is
increased in disorders known to be associated with
DO, such as bladder outlet obstruction (BOO) and
diabetes®®. The facilitatory action on micturition reflex
of the 5-HT2a receptor has been demonstrated in rats
and its overexpression observed in BOO rat bladder®.
Accordingly, sarpogrelate (a 5-HTza selective antagonist)
counteracted in diabetic rat bladder the increased
contractile response to 5-HT in a dose-dependent
manner®, Accordingly, Takimoto et a/'*”’ reported
a symptomatic benefit in patients with diabetes and
refractory OAB treated with sarpogrelate.

5-HT+ and 5-HT:a receptors have been also involved
in micturition control and their selective antagonists
such as piboserod and WAY100635, respectively, potently
inhibited the micturition reflex in animal models and
human detrusor®*!!, However, disappointing results
have been reported with Rec-0545, a potent and
selective antagonist of the 5-HT:a receptor evaluated by
Recordati in a proof-of-concept trial for the treatment of
OAB patients*?, The combination of WAY100635 with
duloxetine has been evaluated in a cat model of DO
with promising results™*’.

5-HTs receptor is another candidate target for the
development of novel drugs for the OAB according to
recent preclinical findings™*. Dynogen Pharmaceuticals,
Inc. is developing a drug (DDP225) with both 5-HTs
receptor-antagonist and noradrenaline reuptake inhibitor
properties for the treatment of OAB in patients who are
not incontinent™*’,

PURINERGIC RECEPTORS ANTAGONISTS

Several pharmacological approaches have been driven
for a more in depth understanding of the physiology
of the “mucosal bladder network” (the functional
unit consisting of the urothelium, interstitial cells and
afferent nerves) (Figure 1). An interesting hypothesis-
driven approach for the future treatment of OAB is
represented by the antagonism of purinergic receptors,
namely P2X: and P2Xs/P2X23*®. Thus, several studies
suggested that the adenosine 5'-triphosphate (ATP) and
purinergic ionotropic (P2X) receptors are involved in
DO, This is not surprising taking into account that
purinergic transmission has been found on both afferent
and efferent signalling pathways within the lower
urinary tract and appears to be abnormally enhanced
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with aging®” and DOP'. In particular, P2X3 receptors
on sensory nerve terminals are involved in voiding
dysfunctions of conscious chronic SCI rats, raising the
possibility that P2X3 receptor antagonists might be
useful for the treatment of NDO™ . In human bladders
with DO an increase in P2X3 receptor expression was
observed™,

The growing appreciation for the role of purinergic
receptors in mediating nociceptive neurotransmission
prompted the development of P2X receptor-selective
antagonists as potential therapeutics for pain man-
agement”, The novel P2X3/P2X2/3 receptor antagonists
possess attributes that offer the potential for optimization
into candidate drug molecules not only for inflammatory
and painful bladder conditions but also for OAB, in
particular the recently developed RO3 compound (Roche
Palo Alto) and the AF-742 (Afferent Pharmaceuticals),
which is ongoing a phase 1I trial for bladder pain
syndrome®, Finally, P2X3 antisense oligonucleotides
and RNA interference-mediated treatment, that appear
to be promising for neuropathic pain management, might
open up new avenues for therapeutic OAB strategies”.

NEUROKININ RECEPTORS

ANTAGONISTS

Substance P (SP) and neurokinin A (NKA) are neur-
opeptides with the highest affinity for NK1 and NK2
receptors, respectively. NK-receptors have been
demonstrated in CNS regions involved in micturition
control®®. Many experimental observations are available
indicating that spinal and supraspinal NK1 and NK2
receptors may modulate the micturition reflext®.,

Tachykinins are also released from urothelial/
suburothelial capsaicin-sensitive afferents and are able
to stimulate muscle tone and bladder contractions
(NKA > NKB > SP), and to influence vascular tone
and permeability (“neurogenic inflammation”)®*®4,
Intravenous NK1 and NK2 receptor selective antagonists
reduced DO in rat with SCI'®"®?, Perfusion of bladder
with a NK1 receptor antagonist improved DO in rats wit
cyclophosphamide-induced cystitis“®.

Mixed clinical results have been reported on some
compound in this class. Aprepitant (Merck Sharp and
Dohme Corp.) is a CNS-penetrating NK-1 antagonist used
to treat chemotherapy-induced nausea. A pilot, proof-
of-concept randomized controlled trial (RCT) including
125 post-menopausal women with urge or mixed
(urge-predominant) incontinence reported satisfactory
tolerability and efficacy of aprepitant over placebo in
ameliorating OAB symptoms'®®. Serlopitant (MK0594,
Merck Sharp and Dohme Corp.) has been evaluated in a
RCT and, although it significantly decreased the primary
endpoint of daily micturitions, no advantages in efficacy
have been found vs tolterodine’™. Netupitant (by Helsinn
Healthcare) is another potent and selective NK1 receptor
antagonist that failed to demonstrate superiority over
placebo in a phase 1I trial®.
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Figure 1 Hypothetical model that depicts possible interactions between bladder afferent and efferent nerves, urothelial cells, smooth muscle and
myofibroblasts (interstitial cells). Stimulation of receptors and channels on urothelial cells can release mediators that target bladder nerves and other cell types;
urothelial cells can also be targets for neurotransmitters released from nerves or other cell types. Urothelial cells can be activated by either autocrine (i.e., autoregulation)
or paracrine (release from nearby nerves or other cells) mechanisms (from Birder LA and de Groat WC'™”, with permission of Nature Publishing Group). Ach: Acetylcholine;
AdR: Adrenergic receptor; BR: Bradykinin receptor; MR: Muscarinic receptor; NE: Norepinephrine; NGF: Nerve growth factor; NR: Neurokinin receptor; NicR: Nicotinic
receptor; NO: Nitric oxide; P2R: Purinergic 2 receptor unidentified subtype; P2X and P2Y: Purinergic receptors; PG: Prostaglandin; SP: Substance P; Trk-A: Receptor
tyrosine kinase A, high affinity receptor for nerve growth factor; TRPs: Transient receptor potential channels.

VANILLOIDS AND TRANSIENT RECEPTOR
POTENTIAL VANILLOIDS-ANTAGONISTS

Several “Transient receptor potential” (TRP) neuro-
receptors have been involved in nociception and
mechanosensory transduction in various organ systems
as well as in storage bladder function and DO, offering
the possibility to target bladder dysfunctions at the level
of sensory signal initiation (Figure 1),

“Transient receptor potential vanilloids 1" (TRPV1)
is the principal transduction channel for nociception.
TRPV1 is also found in myelinated As-fibres and sensory
unmyelinated C-fibres located in the pelvic nerve
afferents and in a sub/intraurothelial plexus; it is sensible
to bladder filling, bladder contractions and noxious
stimuli®’. TRPV1 is expressed also by the urothelial
cells themselves™”.

C-fibres are normally silent but have been found
to become active and to convey signal to the spinal
cord in pathological situation such as OAB, NDO and
SCI, resulting in the bothersome sensation of urinary
urgency™®,

“Vanilloids” such as capsaicin are the best-known
natural TRPV1 agonists and several trials showed that,
given intravesically, they could cause a sustained activation
of the TRPV1 receptor resulting in a desensitization of
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C-fibers with beneficial effects in patients with neurogenic
or idiopathic DO, but at the cost of nonnegligible side-
effects’® 7%, Resiniferatoxin is at least as effective as
capsaicin, without the local side-effects although formal
RCTs are needed to determine its appropriate use and
dosage’*7,

Potent orally-available small-molecule TRPV1 anta-
gonists are undergoing clinical trials for chronic pain,
but the lack of bladder-selectivity and potential effects
on thermoregulation may be serious barriers for the
clinical development”>”*, XEN-D0501 (Provesica Ltd.)
is a highly potent oral TRPV1 antagonist that was found
to improve storage bladder function and reduce the
intensity of capsaicin-induced bladder contractions in
animal models; a phase I study reported a satisfactory
tolerability and safety!””!. XEN-D0501 is currently
being assessed for efficacy in OAB in an international
phase II dose-ranging trial. JTS-653 (Japan Tobacco),
MCP-101 (Mt. Cook Pharma) and SAF312 (Novartis
Pharmaceuticals)'®, are other compounds in this class
under investigation for the treatment of NDO.

Other TRP channels are expressed in the lower
urinary tract (TRPV2, TRPV4, TRPM8, and TRPA1), and
based on recent preclinical observations, TRPA1778
and TRPV4"*# appear to have a critical role in bladder
storage function and overactivity. Selective antagonists
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for these ion channels are already available making the
superfamily of TRP channels a very interesting class of
potential targets for drugs aimed to treat LUTS/OAB/
DO.

OPIOIDS

L-opioid receptor-agonists

u-opioid receptor (MOR) agonists are known for decades
for their analgesic efficacy and excellent tolerability.
Tramadol, an effective and safe analgesic, is a weak MOR-
agonist, but its metabolites have a stronger MOR-agonist
effect and also inhibit the reuptake of noradrenaline and
5-HT and elicit effects by indirectly activating serotonergic
and a2-adrenergic receptors®. Promising clinical
results in OAB patients were published on tramadol by
Safarinejad et af®*” but the study has been retracted due
to statistical errors. Singh et af* evaluated urodynamic
effects of epidural tramadol in 15 subjects reporting that
it increased bladder capacity and compliance and delayed
filling sensations without affecting voiding phase, even
for those with BOO.

Tramadol-like compounds with less incidence of
nausea might have a treatment potential in patients
with NDO and the development of novel MOR-agonists
is ongoing. KN203 (KeyNeurotek Pharma) is the first
compound of this class to be developed against OAB,
and the results of a proof-of-concept study are expected
to clarify its role in this clinical setting™®.

S-receptor agonists

A growing volume of information supports a role for
the &-receptor in the regulation of bladder activity®®”. In
contrast to p-agonists, 5-receptor agonists present with
lower toxicity and no addiction, their most crucial safety
aspect being the incidence of seizure-like convulsions
in rodents. MCP-202 is a compound in this class and in
the development pipeline of Mt Cook Pharma for the
treatment of OAB. A novel nonpeptide, orally bicavailable
5-receptor agonist (DPI-221) with satisfactory safety
profile and high potency in extending micturition interval
in mice has been recently developed™®,

NOP RECEPTOR AGONISTS

Nociceptin or orphanin FQ (N/OFQ) is the endogenous
ligand of opioid-like receptor-4 (or NOP receptor)®.
N/OFQ has a variety of effects both in the CNS and
peripherally and there is evidence suggesting that N/
OFQ inhibits the micturition reflex in rats by acting
on the afferent bladder signalling and on supraspinal
micturition sites®®”, although a peripheral excitatory
effect was also detected™.

Lazzeri et al®™ reported that N/OFQ given intra-
vesically was able to elicit an acute inhibitory effect on
voiding reflex in 9 patients with NDO but not in 5 normal
subjects. A RCT by the same authors including 14 NDO
patients found that N/OFQ, but not placebo, increased
significantly bladder capacity and reflex volume® and
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the results were replicated in a multicenter study™.

Further investigations are required in order to establish
if available selective NOP receptor agonists may become
a new pharmacological way of treatment of NDO.

CANNABINOIDS

The Cannabis Sativa (marijuana) plant contains a group
of biologically active substances, termed cannabinoids
(CBs). The endocannabinoid system comprises the
cannabinoid receptors (CB: and CB2), their endogenous
(“endocannabinoids”) and exogenous (“exocannabinoids”,
such as plant-derived and synthetic cannabinoids) ligands,
and related enzymes for biosynthesis and degradation,
such as fatty acid amide hydrolase (FAAH)®*. Recently, an
orphan human G-protein coupled receptor, GPR55, was
claimed to be a novel cannabinoid receptor®.

These components have been located to animal and
human lower urinary tract tissues (detrusor, bladder
afferent nerves, and, particularly, urothelium) and have
been involved in regulation of bladder function and
bladder inflammation®®****%, Intravesical, intrathecal
and systemic administered CB-agonists are reported
to inhibit bladder afferent signalling in animal models
of bladder inflammation and improve urodynamics
parameters in naive and DO animals models!®*%*%],
Plasticity of the endocannabinoid system in the spinal
cord has been reported in rats with BOO-induced
DO[104].

In patients with MS, cannabis extracts and delta-9-
tetrahydrocannabinol (THC) were found to reduce OAB
symptoms in open-label™®! and randomized trials!®®,
respectively. Nabiximols (Sativex, GW Pharmaceuticals),
a standardazid mixture of compounds (mainly THC
and cannabidiol) derived from Cannabis plants, failed
to achieve primary endpoint (incontinence episodes)
in @ RCT including MS patients with OAB, however
significantly improved other OAB symptoms (e.g., voids
per 24 h, nocturia, and bladder symptom severity)™*”.

Neurological side-effects of CB:-agonists, together
with the unknown consequences of long-term use of
such drugs, generated concern about their safety!'%,
However, the intravesical administration of CB-agonists,
the possible exploitation of CB2 (mainly peripheral)
receptors and the inhibition of the FAAH by systemic,
intravesical or intratecal-administered inhibitors may be
alternative approaches to target the endocannabinoid
system averting CNS side-effects!®*®7 1041091101,

ANTIANDROGENS

Gonadotropin releasing hormone receptor (GnRH-R) an-
tagonists have been reported to have beneficial effects
on LUTS in patients with benign prostatic hyperplasia
(BPH)"'Y, although they are considered still investigational
in this setting, especially in light of the disappointing
results of a phase Il RCT on cetrorelix!**?,

Treatment with subcutaneous degarelix (Ferring), a
long-acting GnRH-R antagonist, improved experimental
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DO in rats and also promoted more efficient bladder
emptying; isolated detrusor from degarelix-treated
rats responded with larger carbachol-contractions than
controls!*®), Another compound in this class, ganirelix,
given systemically counteracted experimental DO in
rats™*, Interestingly, intravesical ganirelix and degarelix
improved urodynamic parameters in rats!'**'**), Based
on these results and since the GnRH-R is expressed in
the rat bladder™!, a local intravesical administration of
this class of drugs may be considered.

PHOSPHODIESTERASE INHIBITORS

Phosphodiesterases (PDE) are enzymes that degrading
cyclic nucleotides (cAMP and cGMP), can counteract
the detrusor relaxation™, Among eleven PDE isoforms
so far identified, PDE1-5 are described in the bladder
and preclinical studies showed that PDE inhibitors
(PDE-Is) are able to reverse the cholinergic-induced
contraction of human detrusor and to enhance cAMP/
cGMP-mediated detrusor relaxation''®. Selective
inhibitors of the different PDE types have been showed
to can counteract DO™7,

Although a pilot study suggested a possible role
for vinpocetine, a PDE1-inhibitor, in the treatment of
refractory OAB!™'®, in a multicentre, placebo-controlled
RCT in patients with DO, vinpocetine showed a sta-
tistically significant superiority over placebo for only
one parameter®,

Rolipram, a PDE4-I, has been showed to inhibit phasic
myogenic contractile activity of human detrusort**,
Other PDE4-I have been showed to reduced DO in
rats with BOO, without affecting the voiding phase,
suggesting that PDE4-Is might represent an alternative
strategy for the treatment of the OAB!'>**!,

A PDES-I (ASP4901) is also under evaluation in a
phase II trial by Astellas Pharma enrolling male patients
with BPH!"?,

Sildenafil, a PDE5-I, reversed the tonic cholinergic-
induced contraction of human detrusor smooth muscle
and produced relaxation via activation of cGMP- and cAMP-
dependent pathways, K" channels and the hydrogen
sulfide [H(2)S] signaling pathway"*"**, A series of
RCTs provided substantive evidence of the efficacy and
tolerability of PDE5-Is (sildenafil, tadalafil, vardenafil,
and United Kingdom-369003) for the treatment of LUTS
in male patients with or without erectyle dysfunction,
confirmed by meta-analyses!'*>**®), Tadalafil received the
FDA approval in October 2011 for the treatment of males
with LUTS secondary to BPH or concurrent LUTS and ED.

PDE-Is require further evaluations in order to better
define their mechanism and site of action in lower
urinary tract, their role and optimal dosage in different
group of patients and in women, long-term safety and
efficacy and cost-effectiveness.

NITRIC OXIDE-DONOR DRUGS

Nitric oxide (NO) is a potent biological messenger that
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promotes detrusor relaxation, likely via the elevation
of intracellular cGMP.

HCT-1026 (nitroflurbiprofen, by NicOx SA) is a NO-
releasing derivative of the nonsteroidal anti-inflammatory
drugs (NSAID) flurbiprofent?”!, Nitroflurbiprofen
combines the anti-inflammatory activity of flurbiprofen
with the smooth muscle relaxant activity of the NO
moiety and promising preclinical (internal report of NicOx
SA) and phase II clinical efficacy results have been
announced in the treatment of NDO patients and women
with OAB, providing a rationale for phase III trials™****,

NONSTEROIDAL ANTI-INFLAMMATORY
DRUGS

Several lines of evidence suggest an important role of
prostaglandins (PGs) in the modulation of the bladder
function*”, PGF2a, PGE1, and PGE2 slowly contract
isolated animal and human detrusor and a role of
PGs in the maintenance of detrusor tone and in the
modulation of efferent and afferent neurotransmission
has been suggested**"!, Release of PGE:, which acts
via mainly EP receptors, is elevated in DO due to
SCI™** or to BOO™>"*Y, The intravesical instillation of
PGE: also induces DO, urgency and decreases bladder
capacity in humans™®.

PGs are locally synthesized in human bladder
by constitutive (COX-1) and inducible (COX-2) cyclo-
oxygenase!™®, Several factors including stretch,
nerve stimulation, injury, exposure to ATP and other
inflammatory mediators may induce the synthesis of
PGs!*?",

COX-inhibitors such as NSAID were found to be able
to increase bladder capacity and prolong micturition
interval without affecting voiding phase in rats, and
favorable clinical effects have been reported in OAB
patients treated with aspirin, indometacin, flurbiprofen,
ketoprofen and loxoprofen!***1, Other preclinical
findings have also indicated COX-2-selective inhibitors as
potential drugs aimed to treat OAB, also by intravesical
instillation™***?), It seems that NSAIDs might open a
novel treatment opportunity for OAB although clinical
evidence of efficacy of COX-inhibitors in OAB patients
remains scarce and side-effects are important issues with
these drugs™.

PROSTAGLANDIN RECEPTOR
ANTAGONISTS

The use of selective antagonists of PG receptor subtypes
has been explored as a possible way to treat OAB. EP:
and EP: PGs receptors have been demonstrated in the
mucosal bladder network where they may trigger DO
by eliciting bladder afferent activity during inflammation
(possibly through TRPV1) and likely through the activation
of interstitial cells™*"***\. There are data showing that EPs
receptors also participate in PGE2-induced DO™*,
Encouraging observations reported with novel EP:
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antagonist compound (e.g., ONO-8539) in animal
models™* prompted their evaluation in a clinical proof-
of-concept trial with disappointing results™™**!, thus
reducing the likelihood of an oncoming introduction of
EP: receptor antagonists in the clinical management of
OAB.

DRUGS ACTING ON RHO-KINASE
PATHWAY

Rho-kinase inhibitors

The Ras homologue family member A (RhoA) is a
guanosine triphosphate hydrolase (GTPase) that,
together with one of its downstream effectors, the type
I and type II Rho-kinase (ROCK), have been shown
to play an important role in calcium-independent
pathway of smooth muscle contraction (the so-called
“calcium-sensitization”) both in animal and human
bladder™***”), The upregulation of RhoA pathway has
been implicated in cystopathy associated to diabetes,
BOO and DO™¥,

Nonclinical in vitro studies showed that Y-27632
and HA-1077 (fasudil), ROCK1 and ROCK 2 inhibitors,
respectively, significantly blocked carbachol-induced
contractions and caused concentration-dependent
relaxation of human detrusor strips™*®. It has been
showed in pig urinary bladder tissues that this effect
involved both urothelium-dependent and independent
pathways'*,

Inhibition of Rho-kinase activity with Y-27632
produced a significant suppression of DO in spon-
taneously hypertensive rats (SHR) that also showed
significantly higher RhoA protein expression in bladder
tissues'"*”. Treatment with oral fasudil partly but
significantly ameliorated the development of DO in a rat
model of BOO™",

ROCK inhibitors may be a new pharmacological
approach to treat OAB/DO if novel bladder-selective
ROCK-inhibitors will be discovered in order to overcome
the hypotensive side-effects of nonselective compounds.

Vitamin D3 receptor agonists

Vitamin D3 receptor (VDR) is expressed in prostate and
bladder tissues and BKL-628 (elocalcitol, BioXell), an
agonist of vitamin D3-receptors, entered the pipeline
for the therapy of BPH™?*'*l, Elocalcitol is able to
counteract the RhoA/ROCK pathway in the prostate and
in both rat bladder strips and human bladder cells!***,
Elocalcitol appears to modulate bladder contractility by
decreasing calcium sensitization and increasing L-type-
mediated calcium entry™>*'**, The oral treatment with
elocalcitol suppressed DO in two animal models of OAB
and exerted strong suppressive effect on urinary bladder
sensory signaling during filling in mice!**®. Encouraging
results of a proof-of-concept clinical study prompted
a phase IIb RCT including 308 OAB women'®"l, The
primary endpoint was not met but a favourable efficacy/
tolerability profile and the statistically significant
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improvement of relevant secondary endpoints in the
elocalcitol group vs placebo make this compound
worthy of future reappraisal.

NERVE GROWTH FACTOR BLOCKADE

It has been suggested that selective inhibitors of nerve
growth factor (NGF) may be a new way to treat OAB™®.
Several findings corroborate this hypothesis: urinary
NGF levels decreased after successful treatment of OAB
with antimuscarinics or BoNT"****); NGF overexpression
in the bladder and bladder afferent pathways has been
reported to be involved in the emergence of hyper-
excitability in bladder C-fiber sensory pathways!®; the
intrathecal administration of NGF antibodies decreased
NGF levels in bladder afferent pathways and normalized
bladder/urethral function in SCI rats™*.

There is nonclinical evidence that the local instillation
of antisense oligonucleotides against the NGF, suppresses
DO and the expression of NGF and chemokines™, In
particular, the intravesical liposome-delivered antisense
NGF-suppressing therapy could be an attractive approach
for OAB, avoiding the toxicity of systemic nonspecific
blockade!**®.

DRUGS ACTING ON ION CHANNELS

Potassium channels openers

Potassium channel opening drugs (KCOs) cause
hyperpolarization and reduction in intracellular calcium
concentration, promoting detrusor relaxation!*®**¢>!,
Furthermore, these agents may inhibit overactive bladder
afferent pathways or influence the release of various
urothelial mediators!®®,

Many types of potassium channels have been
demonstrated in the detrusor smooth muscle!®”: (1)
big, intermediate and small calcium-activated channels
(BK or maxi-K, IK and SK, respectively); (2) voltage-
dependent (Kv) channels; (3) inward-rectifying ATP-
dependent channels (Kar, also known as Kir6 channels,
a subtype of the Kir channels family); and (4) two-pore-
domain (Kzr) channels (also known as “leak potassium
channels”).

BK channels (also called Maxi-K or slol) have been
extensively studied in animal and human detrusor
smooth muscle and are arguably the most important
physiologically relevant potassium channels regulating
detrusor muscle cells action potential, resting membrane
potential, and contractility™®® '], Convincing data
suggest that BK channels are also involved in mediating
the relaxing effects of p3-ARs stimulation!’"!, An
important role of BK channels has been also advocated
in etiopathogenesis of DO based on experimental in vitro
observations in animal and human bladder tissues!’**",

The role of Kv channels in normal and pathological
detrusor activity remains controversial and largely
unexplored™”, A reduction in potassium currents through
Kv channels has been involved in the hyperexcitability
of the afferent neurons™”>*"®), The structural diversity
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and the variety of the Kv channels may allow for the
identification of bladder-specific channels paving the
way for the development of bladder-selective agent and
genetic therapies for OAB™*77],

Promising preclinical data from both in vitro and
in vivo studies have been published supporting the
possibility to restore normal detrusor function with
openers of BK channel™®*'"® and A-type Kv channel™”**%),
Although their role is still debated, interesting preclinical
observations are also available on openers of Kar
channel™® 84 gk channel™®*'®® combined SK/IK
channel™®” and putative TREK-1 Kzr channel!*®®,

Unfortunately, clinical trials with some of these drugs
(e.g., ELB245 and ZD0947) were disappointing because
of failure to demonstrate superiority vs placebo for the
treatment of OAB"®, or because of side-effects leading
to early termination!’®!. Nevertheless, there is an
ongoing effort to develop new classes of more potent
and selective KCOs that may lead to the development
of bladder-selective agent in the future.

Sodium channels blockers
Tetrodotoxin-resistant sodium channels (NaV1.8 subtype)
are expressed in primary afferent capsaicin-responsive
neurons innervating the bladder and their blockade by
antisense oligodeoxy-nucleotide reduced the frequent
voiding evoked by acetic acid-induced irritation of the
bladder*®!., Ralfinamide (NW-1029) is a sodium channel
blocker that suppresses tetrodotoxin-resistant sodium
currents in C-type dorsal root ganglia neurons!*®?. Via
selective inhibition of capsaicin-responsive nociceptive
neurons expressing tetrodotoxin-resistant sodium
channels, ralfinamide is thought to elicit anti-nociceptive
effects in animal models of inflammatory and neuro-
pathic pain, as well as beneficial effects in DO™**,
Mechanosensitive ion channels, such as degenerin
family/epithelial, amiloride-sensitive, sodium channel
(ENaC) and TRP channel superfamily, have been recently
demonstrated to play key roles in the mechanosensory
signalling of the urinary bladder***!, Acid-sensing
(voltage-insensitive) cation channels (ASIC) are a
subgroup of neuronal ENaC channels highly expressed
also in the urothelium and suburothelial nerve plexus!*.
An increase in intrabladder pressure or upregulation of
these channels may trigger afferent signalling during
bladder filling*®®’. ASIC channels seem involved in
nociception in various pathological conditions including
human bladder inflammation™®”***], Consequently,
ENaC/ASIC ion channels may become novel targets for
the pharmacological treatment of inflammatory and
overactive bladder conditions™**.

CONCLUSION

The complex neurophysiological control of the micturition
reflex at both central and peripheral level, and the
emerging recognition of the role of the different cell
types involved in bladder physiopathology, prompted the
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development of many lines of research mostly aimed to
the discovery of new pharmacological principles using
receptor ligands as starting point. However, it appears
that very few candidate agents, discovered starting
from ligands-like compounds have passed the proof-of-
concept stage in patient-oriented studies.

The pharmacological manipulation of central mict-
urition circuitry is supported by the growing evidence on
the central origin of OAB, although side-effects limit the
use of currently available neuropharmacological agents
and dlinical results with selective antiserotoninergic are
disappointing. It emerges a growing appreciation at
preclinical level for the role of purinergic receptors as
new targets for the treatment of OAB. Although the
first clinical data are disappointing, NK-1 antagonists
have attracted the interest of several companies and
proof-of-concept studies are ongoing evaluating other
compounds in this pharmacological class. Proof-of-
concepts data are awaited also on novel opioids receptors
agonists. Based on the recent evidence on the key role
of the mucosal bladder network in the regulation of
bladder function, many novel pharmacological principles
targeting urothelium and afferent nerve fibers are under
development. Although unsatisfactory clinical results
have been reported with compounds based on this
strategy (PG receptor antagonists, KCOs, elocalcitol),
many other investigational agents show promise such
as TRPV1-antagonists, modulators of endocannabinoid
system, COX-2 inhibitors, ENaC/ASIC ion channels
modulators. Intravesical strategies using N/OFQ, GnRH-R
antagonist and liposome-delivered targeting NGF also
deserve future investigations. Another strategy that
seems encouraging is based on the modulation of second
messangers by using PDE and ROCK inhibitors, and NO-
donor drugs. Although the exciting expectations rose
from gene therapy still need to be realized, the advances
in this field are promising also in the clinical setting of
OAB.

It is likely that the future will provides the clinicians
with a variety of drugs, with distinctive mechanism of
actions, to be used in combination or sequentially, and
in groups of patients with different clinical phenotypes.
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