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Abstract

Purpose of Review To evaluate recent literature on combination and novel pharmacologic therapies for overactive bladder
(OAB).

Recent Findings Combination therapies demonstrating greater efficacy than monotherapy include combination anticholiner-
gics, anticholinergic plus -3 agonist, and anticholinergic with behavioral modification, percutaneous tibial nerve stimulation,
or sacral neuromodulation. Promising novel therapies include new bladder selective anticholinergics, new -3 agonists, and
gabapentin.

Summary OAB is a symptom complex caused by dysfunction in the interconnected neural, muscular, and urothelial systems
that control micturition. Although several therapeutic targets and treatment options exist, complete resolution is not always
achieved, discontinuation rate for medical therapy is high, and few patients subsequently progress to third-line treatment
options. Recent literature suggests combination therapy diversifying therapeutic targets is more effective than targeting a
single pathway and novel treatments targeting additional pathways have promising results.

Keywords Overactive bladder - Combination therapy - Novel therapy

Introduction

Overactive bladder syndrome (OAB) is commonly defined
as “urinary urgency, usually with urinary frequency and noc-
turia, with or without urgency incontinence” in the absence
of urinary tract infection (UTI) [1ee]. The most common
symptom of OAB is urinary urgency, which is defined as “a
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sudden compelling desire to pass urine which is difficult to
defer.” Less commonly associated symptoms include uri-
nary frequency, typically defined as more than seven or eight
voids during the day, and nocturia, defined as more than one
void that interrupts slumber [1ee, 2, 3].

Prevalence estimates of OAB are generally determined
via self-reported symptoms and thus are not consistent
among studies. The National Overactive Bladder Evaluation
(NOBLE) Program established in 2001 utilized a nationwide
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telephone survey that estimated the prevalence of OAB to
be 16.9% among women and 16% among men above the age
of 18. Furthermore, OAB in women was more frequently
associated with urgency urinary incontinence (UI) (45%)
than OAB in men (16%) [4]. The 2006 Epidemiology of
Urinary Incontinence and Comorbidities (EPIC) study esti-
mated prevalence of OAB via telephone surveys of adults
in Sweden, Germany, Italy, Canada, and the UK. OAB
was reported by 12.8% of women and 10.8% of men with
increasing prevalence associated with advanced age [5].
Worldwide, an estimated 546 million individuals suffered
from OAB in 2018 based on extrapolation of the EPIC trial
to regional demographics of age and gender [6].

OAB is associated with significant burden and decline in
quality of life due to associated comorbidities, such as UTIs,
skin infections, sleep disturbances, depression, and possibly
more frequent falls and hip fractures [7]. When compared
to age and sex-matched OAB-negative controls, those with
OAB reported significant lower quality of life when asked
about physical function (carrying out daily activities), social
functioning, mental health, and quality of sleep. These find-
ings were more pronounced in individuals with OAB who
experienced urgency incontinence [4]. The psychological
impact of OAB has been well documented with eight stud-
ies from 2003 to 2011 reporting higher levels of depression
among OAB participants when compared to OAB-negative
controls [8]. OAB accounts for about $750 of healthcare
spending per person per year or about 5% of total healthcare
costs based on a systematic literature review [9]. The total
cost of OAB in the USA is estimated to be $82.6 billion in
2020 [10].

Many mechanisms have been proposed for the etiology of
OAB symptoms. Normally, urinary storage and emptying is
achieved through a combination of signals from the central
and peripheral nervous system (Fig. 1) and local biochemical
networks at the urothelium (Fig. 2). During storage, sym-
pathetic fibers from the T10-L2 spinal cord, forming the
hypogastric nerve, release noradrenaline (NA) at the blad-
der and urethra. NA acts on -3 adrenergic receptors in the
bladder detrusor to relax smooth muscle and on a-1 adren-
ergic receptors at the internal urethral sphincter to contract
smooth muscle. When voiding is initiated by the pontine
micturition center, the pudendal nerve activates relaxation
of the external urethral sphincter via release of acetylcholine
(Ach) to excite nicotinic receptors on striated muscle [11ee].
Parasympathetic fibers from the S2-S4 spinal cord release
ACh at the bladder, which acts primarily on M3 muscarinic
receptors to contract the detrusor muscle via intracellular
Ca** release. Activation of M2 receptors inhibits adenylate
cyclase, which enhances bladder contractions by suppressing
sympathetic activation of adenylate cyclase, thus resulting
in bladder emptying.

@ Springer

Disruption of this coordinated signaling can result in
OAB. A 2019 systematic review proposed several patho-
physiologic phenotypes for OAB, including aberrant det-
rusor function, urothelial dysfunction, autonomic nervous
system dysfunction, metabolic syndrome, sex hormone
deficiency, change in urinary microbiota, and more [12].
In the myogenic hypothesis, detrusor overactivity, defined
by involuntary detrusor muscle contractions during the fill-
ing phase of urodynamics, may be attributed to abnormal
electrical coupling of smooth muscle cells such that physi-
ological micro-contractions trigger involuntary contrac-
tions. The urotheliogenic hypothesis attributes urgency to
aberrant sensory function of the urothelium and is often
associated with OAB without urodynamic evidence of det-
rusor overactivity. The neurogenic hypothesis suggests the
role of dysfunctional integration of afferent sensory signals
with supraspinal inhibitory control of the micturition reflex,
which may present with or without detrusor overactivity.

Based on these proposed etiologies, several therapeutic
targets have been proposed for the management of OAB.
First-line treatment involves behavioral modification such
as bladder training, pelvic floor muscle exercises, weight
loss, and bladder irritant avoidance/caffeine limitation. Sec-
ond-line treatment includes antimuscarinic pharmaceuticals
that target M2 and/or M3-receptors responsible for detrusor
contraction via parasympathetic excitation. $-agonists are
used to target -3 receptors responsible for detrusor relaxa-
tion. Third-line therapeutics involve sacral neuromodula-
tion, percutaneous tibial nerve stimulation, or intradetrusor
onabotulinumtoxin-A injections. In this article, we review
combination and novel pharmacologic agents in the manage-
ment of OAB.

Combination Agents for OAB

Despite many OAB treatment options, complete resolu-
tion is rarely achieved [13ee] and discontinuation rates for
medical management are approximately 70% [14—16]. Only
5-10% of patients subsequently progress to third-line treat-
ment options [17]. Combination therapy may be of benefit
for refractory OAB and has been utilized in clinical practice
[18, 19]. While the combination of anticholinergic and -3
agonist medications has been supported by the American
Urologic Association (AUA) OAB guideline 2019 update
[20, 21] few data exist on combination treatments beyond
combination anticholinergics or anticholinergic and -3 ago-
nists [22ee, 23e0],

Data on potential adverse effects of combination therapy
is conflicting. While many studies report no significant
increase in adverse events with combination therapy [24-26]
other studies do report increased anticholinergic effects and
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Fig. 1 Efferent pathways of the lower urinary tract. Efferent pathways
of the lower urinary tract. (A) Innervation of the female lower uri-
nary tract. Sympathetic fibers (shown in blue) originate in the T10-
L2 segments in the spinal cord and run through the inferior mesen-
teric plexus (IMP) and the hypogastric nerve (HGN) or through the
paravertebral chain to enter the pelvic nerves at the base of the blad-
der and the urethra. Parasympathetic preganglionic fibers (shown
in green) arise from the S2-S4 spinal segments and travel in sacral
roots and pelvic nerves (PEL) to ganglia in the pelvic plexus (PP)
and in the bladder wall. This is where the postganglionic nerves that
supply parasympathetic innervation to the bladder arise. Somatic
motor nerves (shown in yellow) that supply the striated muscles of
the external urethral sphincter arise from S2-S4 motor neurons and
pass through the pudendal nerves. (B) Efferent pathways and neuro-
transmitter mechanisms that regulate the lower urinary tract. Para-
sympathetic postganglionic axons in the pelvic nerve release acetyl-

risk of urinary retention compared to monotherapy [27-29].
As anticholinergics have been associated with worsening
cognitive decline [30], and increased risk of adverse events
associated with polypharmacy [31] additional studies are
needed to evaluate the efficacy and side effects of combina-
tion third-line treatment options.

Studies evaluating combined treatment options for OAB
with summarized findings can be found in Table 1.

Combination Anticholinergic Agents

Among the most well documented combination therapy
options is the combination of two anticholinergic medica-
tions. The proposed mechanism of combining anticholinergic
medications is to diversify the muscarinic receptor targets
[32]. Multiple studies demonstrate statistically significant
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choline (ACh), which produces a bladder contraction by stimulating
M3 muscarinic receptors in the bladder smooth muscle. Sympathetic
postganglionic neurons release noradrenaline (NA), which activates
3 adrenergic receptors to relax bladder smooth muscle and activates
al adrenergic receptors to contract urethral smooth muscle. Somatic
axons in the pudendal nerve also release ACh, which produces a con-
traction of the external sphincter striated muscle by activating nico-
tinic cholinergic receptors. Parasympathetic postganglionic nerves
also release ATP, which excites bladder smooth muscle, and nitric
oxide, which relaxes urethral smooth muscle (not shown). L1, first
lumbar root; S1, first sacral root; SHP, superior hypogastric plexus;
SN, sciatic nerve; T9, ninth thoracic root (216). Figure adapted from
de Groat, William C et al. “Neural control of the lower urinary tract.”
Comprehensive Physiology vol. 5,1 (2015): 327-96. https://doi.org/
10.1002/cphy.c130056

decreases in urinary urgency and UI with combination
anticholinergic therapy, specifically trospium and solifenacin
or tolterodine compared to monotherapy or placebo [13ee].

Kosilov et al. [33] demonstrated that among patients over
65 years with moderate symptoms the combination of high
dose trospium 60 mg/d and solifenacin 20 mg/d for short
courses (10 weeks) significantly decreased incontinence
episodes by 45-60% which was maintained for 6 months,
and among those with severe symptoms, prolonged courses
(20 weeks) decreased incontinence episodes by 55.3% as
compared to placebo, notably without increasing post void
residual volume (PVR). Kosilov et al. [33] also evaluated
patient compliance with continuous and cyclic therapy and
demonstrated that patient compliance was high (76-84%)
with one year cyclic therapy of trospium and solifenacin,
but compliance was low and withdrawals high (66%) with

@ Springer
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Fig.2 Uroepithelial sensory web. Hypothetical model depicting pos-
sible interactions between bladder afferent nerves, urothelial cells,
smooth muscle cells, interstitial cells, and blood vessels. Urothelial
cells can also be targets for transmitters released from nerves or other
cell types. Urothelial cells can be activated by either autocrine (i.e.,
autoregulation) or paracrine mechanisms (release from nearby nerves
or other cells). Bladder stretch releases ATP which acts on P2 recep-
tors on the afferent terminal or the interstitial cell and on P2 receptors

continuous dosing. Finally, they evaluated the cognitive
effect of higher dose combination (solifenacin 20 mg/d and
trospium 60 mg/d), lower dose combination (solifenacin
10 mg/d and trospium 30 mg/d) and placebo. They found
that quality of life parameters were improved in the combi-
nation group regardless of dose while cognitive parameters
did not differ among all three groups [34].

Anticholinergic Plus -3 Agonist

The majority of studies that evaluate the combination of
anticholinergic medications with (-3 agonists for refractory
OAB focus on solifenacin with mirabegron. These studies
demonstrate improvements in urinary frequency, urgency,
UlI, Patient’s Perception of Bladder Condition (PPBC)
scores, OAB-q scores, and health related quality of life

@ Springer

on the urothelial cell. Stretch also releases ACh which acts on mus-
carinic receptors (M3) on the afferent terminal, the interstitial cell,
or the urothelial cell. The latter action can release NO. Epinephrine
or norepinephrine also release NO from the urothelial cell by activat-
ing B3 adrenergic receptors. Figure adapted from de Groat, William
C et al. “Neural control of the lower urinary tract.”” Comprehensive
Physiology vol. 5,1 (2015): 327-96. https://doi.org/10.1002/cphy.
c130056

(HRQoL) compared to monotherapy, placebo or both [13ee]
and similar safety profile among both participants older than
65 years and older than 75 years compared to the general
population [26].

In the largest randomized double-blind study involving
435 sites, 42 countries and 3398 participants with OAB-wet
(SYNERGY Trial), Herschorn et al. [22e¢] demonstrated
that combination therapy (solifenacin 5 mg plus either 25 mg
mirabegron or 50 mg mirabegron) was significantly better
than monotherapy in decreasing episodes of urinary incon-
tinence, micturitions, urgency episodes and nocturia in a
24-h period after 12 weeks of continuous therapy. In terms
of UI episodes, those taking solifenacin 5 mg plus mirabe-
gron 25 mg and solifenacin 5 mg plus mirabegron 50 mg
had —0.70 and —0.65 UI episodes respectively compared
to—0.37 UI episodes with mirabegron 25 mg monotherapy
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and —0.45 episodes for solifenacin 5 mg monotherapy.
In terms of micturitions per day, those taking solifenacin
5 mg plus mirabegron 25 mg and solifenacin 5 mg plus
mirabegron 50 mg experienced —0.85 and —0.95 micturi-
tions respectively compared to either dose of mirabegron
or solifenacin monotherapy. Adverse events were higher
in the combined therapy groups, including urinary reten-
tion, but were classified as mild or moderate in severity and
most often included dry mouth, dyspepsia, and constipation.
Furthermore, Robinson et al. [3] evaluated patient reported
outcomes of this population and demonstrated that quality
of life and symptom bother were statistically significantly
improved in the combination therapy group as compared to
monotherapy.

Vibegron is a -3 receptor agonist recently approved by
the FDA in 2020. Mitcheson et al. [35¢¢] evaluated combi-
nation vibegron plus tolterodine and demonstrated statistical
improvement in micturitions (p <0.0010, urgency inconti-
nence episodes (p=0.027), total incontinence episodes
(p=0.038), and urgency episodes (p <0.001) of combina-
tion therapy compared to tolterodine 4 mg monotherapy but
similar efficacy between combination therapy and vibegron
monotherapy.

Anticholinergic Plus Desmopressin

Rovner et al. [28] evaluated safety and efficacy of desmo-
pressin 25ug plus tolterodine 4 mg among 106 women with
nocturia and demonstrated a non-significant decrease in
nocturia episodes (—0.34; p=0.112). However, a post hoc
analysis of women with nocturnal polyuria (N=47) did
show a trend toward decreased nocturnal voids (—0.62,
p=0.064) and significant decrease in nocturnal void vol-
ume (—166.0 ml, p=0.034) and increase in mean time to
first nocturnal void (65.11 min, p =0.045).

Anticholinergic Plus Behavioral Modification

The AUA endorses the addition of anticholinergic medica-
tions with behavioral modification for patients not satisfac-
torily improved on behavioral modification alone noting lim-
ited evidence does indicate that combination may improve
lower urinary tract symptoms and quality of life [20, 21].
In a large systematic review only 50% of studies that
were reviewed demonstrated improvement in urinary fre-
quency, urgency, UI, or OAB-q scores with the combina-
tion of anticholinergic medication and bladder training and
did not demonstrate improvement compared to medica-
tion monotherapy, although the bladder training programs
were heterogenous [13ee]. Mattiasson et al. [36] evaluated
combination solifenacin plus 16-week bladder training pro-
gram with solifenacin alone and demonstrated significant
improvement in patient satisfaction measured by a visual
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analog scale (4.18 vs 3.72, respectively; p =0.025) and
decreased urinary frequency measured by micturitions in
24 h (-3.11 vs =2.42, p < 0.001) with combination therapy.
In addition, they noted a 97% compliance with medication
for both groups over 16 weeks which may not be generaliz-
able. However, Burgio et al. [37] in a planned secondary
analysis of a randomized control trial found no statistically
significant improvement in urgency score between combi-
nation anticholinergic medication and behavioral modifica-
tion as compared to monotherapy alone (p =0.30) but did
demonstrate improvement in voiding frequency (p =0.009).

Anticholinergic Plus Percutaneous Tibial Nerve
Stimulation (PTNS)

Studies demonstrate the combination of anticholinergics,
specifically tolterodine and solifenacin, and PTNS signifi-
cantly decrease symptoms of urinary frequency, urgency,
and UI compared to either treatment alone [13ee].

Vecchioli-Scaldazza and Morosetti [38] in a rand-
omized control trial with 105 women compared combina-
tion anticholinergics with PTNS and monotherapy of each.
The groups included: solifenacin 5 mg every other day
plus PTNS weekly for 8 weeks compared to monotherapy
solifenacin 5 mg daily for 12 weeks or PTNS weekly for
12 weeks. Patients were followed for 10 months. They dem-
onstrated significant improvement with combination therapy
compared to solifenacin or PTNS monotherapy in urgency
(p=0.0005, p=0.0225, respectively) and urgency urinary
incontinence (p =0.0003, p=0.0015, respectively) and sig-
nificant improvement compared to solifenacin monotherapy
in daytime and night-time frequency (p =0.0167, p=0.0243)
but not PTNS monotherapy.

Anticholinergic Plus Sacral Neuromodulation (SNM)

Few studies examine combination therapy with SNM. In
a retrospective review (N=288), 22.7% of patients who
underwent SNM restarted an anticholinergic medication
and 10.2% were on anticholinergics at the time of implanta-
tion (of which six of the nine patients continued their oral
therapy) resulting in 25% of patients on combination therapy
[39]. Of those that restarted anticholinergics, 84.2% reported
significant subjective improvement.

Others

To date no studies have evaluated the combination of -3
agonists with third-line management options or oral medical
management plus intradetrusor onabotulinumtoxin.
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Novel Pharmacologic Agents for OAB

As mentioned, several treatment modalities, including
behavioral modification, pharmacotherapies, chemo den-
ervation, and neuromodulation have been utilized in OAB
[40ee]. Beyond traditional therapeutic agents for overactive
bladder, several novel agents have been proposed in recent
years, each with varying mechanisms of action and efficacy.

Imidafenacin

Oral antimuscarinics have been a mainstay in OAB treat-
ment [41]. However, some of these drugs lack appropriate
bladder selectivity, leaving patients with a flurry of adverse
events, most commonly dry mouth and constipation [41, 42].
Imidafenacin, a novel antimuscarinic agent, has higher blad-
der selectivity, which decreases the incidence of dry mouth,
constipation, and other anticholinergic side effects. A recent
meta-analysis by Wu et al., evaluated 7 randomized-controlled
trials (RCTs) comparing imidafenacin with other antimus-
carinics, including solifenacin, propiverine, fesoterodine,
and tolterodine. The primary endpoints included improve-
ments in overactive bladder symptoms score (OABSS) and
change in OAB symptoms. Secondary endpoints included
occurrence of adverse events, including dry mouth, constipa-
tion, blurry vision, and headaches. The study reported out-
comes at an average of 23.4 weeks and found imidafenacin
to have similar efficacy in voids, urgency episodes, urgency
incontinence episodes, incontinence episodes, and OABSS.
Imidafenacin showed improved efficacy in nocturia episodes
(mean difference = —0.24, 95% CI= —0.44 to—0.4, p=0.02).
Imidafenacin also showed statistically significantly lower
adverse events, specifically regarding dry mouth (RR=0.87,
95% CI=0.75-1.00, p=0.04), constipation (RR=0.68,
95% C1=0.50-0.93, p=0.01), and withdrawal (patients
stopping treatment due to adverse events) (RR=0.51, 95%
CI=0.29-0.89, p=0.02). Based on these results, imidafena-
cin may prove to be a superior agent when treating patients
long-term for OAB.

Tarafenacin

Tarafenacin, a new quinuclidinol derivative with strong
antimuscarinic activity but limited inhibitory effect on the
submandibular gland, has also been proposed for treatment
of OAB; however, its efficacy data is less encouraging [43].
A randomized, double-blind, placebo-controlled phase
2 study was completed by Song et al. in 2015 [44]. This
study randomized 235 patients into one of three treatment
groups: 0.2 mg tarafenacin daily, 0.4 mg tarafenacin daily,
or placebo daily for 12 weeks. Patients were enrolled if they

experienced 8 + micturitions and 3 +incontinence episodes
per day or 6 +urgency episodes per 3 days. Results demon-
strated a significant decrease in mean number of micturi-
tions per 24 h from baseline in the 0.4 mg tarafenacin group
(—2.43+/-2.21, p=0.033). However, there was no signifi-
cant difference in urgency episodes per 24 h between the
three groups, or any significant difference in adverse effects,
specifically blurred vision and constipation [44].

Solabegron, Ritobegron, and Vibegron

Beta-3-adrenoreceptor agonists are also commonly utilized
for treatment of OAB. Mirabegron has predominantly been
the agent of choice, however, other -3-adrenoreceptor ago-
nists, such as solabegron, ritobegron, and vibegron have also
been proposed as treatment alternatives. Solabegron has
been tested in animal studies and demonstrated bladder strip
relaxation up to 82% of maximum potential [43]. In a multi-
center, double-blind, randomized, placebo-controlled trial,
solabegron was tested in women with OAB, with patients
qualifying if they experienced 1 + incontinence episodes and
8+ average micturitions in 24 h. Subjects were randomized
into one of three groups: solabegron 50 mg, solabegron
125 mg, or placebo twice a day. Results indicated that sola-
begron 125 mg twice daily produced a statistically signifi-
cant difference in percent change from baseline to week 8 in
incontinence episodes over 24 h when compared with pla-
cebo (—20.9%, p=0.025), as well as statistically significant
reductions in micturitions over 24 h from baseline to week
4 (-2.54+/-0.27, p<0.05) and week 8 (-3.0+/-0.28,
p <0.05). Solabegron 125 mg twice daily also demonstrated
a significant increase in volume voided from baseline to
week 8 (39.6+/-5.28, p<0.05) [45]. Although promising,
solabegron remains in testing phase, having recently met
primary endpoints in OAB treatment but still awaiting FDA
approval. Ritobegron, another -3-adrenoreceptor agonist,
was designed for treatment of overactive bladder. In animal
studies, ritobegron demonstrated decreased frequency and
amplitude of non-voiding contractions, as well as lower rates
of residual urine and dry mouth symptoms. However, in its
first phase III study compared with placebo, ritobegron did
not show significant improvements in mean number of mic-
turitions over 24 h [43]. Ritobegron awaits further testing
in its utility of OAB treatment. The most recently approved
f-3-adrenoreceptor agonist, Vibegron, was recently high-
lighted in a systematic review completed by Shi et al. [46ee].
In this systematic review, randomized-controlled trials
including vibegron were targeted. Three RCTs comparing
vibegron to placebo were included, including over 2000
patients. Data showed that vibegron was more effective in
reducing mean micturitions per day (—0.77, 95% CI= —1.0
to—0.55, p <0.00001); mean number of urgency episodes
per day (—0.77; 95% CI= —1.03 to—0.52; p <0.00001);
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mean number of urgency incontinence episodes per day
(—0.50; 95% CI= —0.64 to —0.35; p<0.00001); and mean
number of incontinence episodes per day (—0.45; 95%
CI= -0.66 to—0.25; p <0.0001). It was also noted to be
more effective in increasing mean volume voided/micturi-
tion (22.22; 95% CI=17.36 to 27.07, p <0.00001).

Purine Receptor Targets

Newer proposed treatment modalities revolve around the
role of various receptors in detecting bladder stretch and
filling sensation. When the urothelium is stretched, ATP is
released and stimulates purinergic receptors to sense filling
and urgency, eventually initiating the voiding reflex. Sensory
nerve fibers express P2X receptors that control purinergic
ligand-gated ion channels, which mediate this response.
Pathologic conditions, including bladder inflammation or
neurogenic disorders, may change the regulation and sen-
sitivity of these receptors. Thus, it has been proposed that
these purinergic receptors may be of strong interest in the
treatment of lower urinary tract symptoms and OAB [47]. A
study performed by Hao et al. [48], demonstrated the roles
of P2X,, P2Y, and adenosine A2 receptors in the process of
micturition. To do so, they created P2Y, and A2b-receptor
knockout mice. Through their work, they demonstrated that
bladder smooth muscle contraction initiation mainly relies
on ATP activation of P2X, receptors, with both P2Y, and
A2b receptors regulating smooth muscle purinergic contrac-
tility by modulating adenylyl-cyclase cyclic-AMP signaling.
Deletion of P2Y |, receptors in mice resulted in underac-
tive bladder phenotypes, whereas deletion of A2b receptors
in mice resulted in overactive bladder phenotypes. These
results suggest P2Y;, and A2b receptors are key targets for
control of LUTS and OAB [48]. Current FDA-approved
inhibitors of P2Y |, and novel agents may translate into effec-
tive therapies for OAB.

TRP Antagonists

Other receptors involved in bladder stretch are the tran-
sient receptor potential (TRP) channels (TRPV1, TRPV4,
TRPMS, TRPA1). These receptors have long been known
to be expressed throughout the lower urinary tract, on the
urothelium, interstitial cells, detrusor and urethral smooth
muscle [47]. TRPV1 receptors are known to be involved in
neurogenic lower urinary tract dysfunction (NLUTD), how-
ever, their role in normal bladder function is still debated.
In NLUTD, TRPV1 is involved in the hyperreflexic spinal
micturition reflex pathway. Current TRPV1 agonists, cap-
saicin and resiniferatoxin, have been used clinically for LUT
disorders to desensitize TRP channels. TRP antagonists
have been tested, but unfortunately were associated with
adverse reactions, including hyperthermia and reduction
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of noxious heat sensation, leading to burn injuries. Newer
TRPV1 blocking drugs have now been developed and do not
induce these same adverse effects, however, their efficacy
and testing in treatment of OAB is still under review [49].
TRPV4 has been involved in the treatment of cyclophospha-
mide-induced cystitis, but human testing is limited. TRPV4
blockers are thought to increase intercontraction intervals,
bladder capacity, voided volume, and post void residuals but
further testing is required to determine efficacy. TRPMS has
been correlated with bladder pain and increased voiding fre-
quency, thus leading to its potential role as a target in treat-
ment of LUTS. TRPMS antagonists have shown to reduce
frequency of volume-induced bladder contractions in rats,
suggesting their potential use in human treatment of OAB.
TRPMS antagonists have been associated with hypothermia,
leading to delay in their testing as OAB treatment agents
[49]. TRPA1 channels function to detect noxious stimuli in
the bladder. They have been associated with detrusor over-
activity, thus leading to a possible role in the treatment of
OAB. However, testing of their role in treatment of OAB has
not progressed very far [49].

Others (Sildenafil, ENaC Antagonists, Nicorandil,
Gabapentin)

Other novel targets for OAB treatment include drugs fre-
quently used in treatment of other pathologies. Amiloride, an
epithelial sodium channel (ENaC) inhibitor, has been used
in treatment of heart failure. A study by Yamamoto et al.
tested the association between ENaC and mineralocorticoid
receptors (MR) in rats. They found that MR stimulation led
to increased levels of ENaC, as well as significantly shorter
intercontraction intervals. Utilization of amiloride normal-
ized the intercontraction intervals, lending to amiloride’s
potential as a therapeutic agent in OAB [50]. Sildenafil, a
phosphodiesterase-inhibitor, has largely been used in the
treatment of erectile dysfunction. Its role in bladder muscle
relaxation was tested by Oger et al. [51] to study the effect
of NO-cGMP signaling on voiding and storage. The study
involved 20 bladder samples obtained from patients under-
going cystectomy for bladder cancer. Results confirmed
that sildenafil-mediated relaxation of detrusor muscle does
occur and involves cGMP, cAMP, and potassium channel
signaling pathways, with only minor involvement of nitrous
oxide. While relaxation was demonstrated, further studies
are needed to determine the role of sildenafil on the micturi-
tion reflex and improvement in OAB symptoms [51].
Gabapentin, a newer generation antiepileptic with use
in neurogenic and psychiatric disorder treatment, was
recently compared to solifenacin and placebo in treatment
of OAB. A 12-week, randomized, double-blind, double
dummy placebo-controlled study randomized 94 patients
into 3 treatment groups: placebo, gabapentin (dose: 100 mg
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once a day gradually reaching 100 mg 3 X per day at end
of week 1, max dose 900 mg per day, titrated down to
100 mg per day for last 2 days), and solifenacin (5 mg once
a day, max 10 mg once a day). Primary endpoints included
micturitions and urgency episodes in 24 h. Improve-
ments were also assessed by the OAB-questionnaire.
Compared to placebo, both gabapentin and solifenacin
demonstrated improvement in mean number of micturi-
tions (AMD —1.179, 95% CI—1.98 to —0.38, p <0.001;
AMD —1.706, 95% CI-2.52 to—0.09, p <0.001, respec-
tively) and in mean number of urgency episodes per 24 h
(AMD —-0.903, 95%CI —1.44,-0.37; p<0.001; —0.896,
95%CI—1.44,-0.35; p<0.001). Gabapentin also showed
superiority over solifenacin in mean nocturia episodes
per 24 h (AMD -0.607, 95%CI —1.04,-0.18; p <0.001)
[52ee]. These results indicated gabapentin’s strong poten-
tial as a treatment in OAB.

Nicorandil, a vasodilatory drug used in treatment of
angina, has been proposed as a potential treatment of OAB,
largely due to the theory of ischemia induced OAB. A study
completed by Saito et al. utilized nicorandil in spontaneously
hypertensive rats. Rats were treated for 6 weeks with either
0, 3, or 10 mg/kg/day of nicorandil. Blood flow was then
tested using hydrogen clearance. At the end of 6 weeks, both
doses of nicorandil failed to decrease blood pressure, how-
ever, they did decrease micturition frequency and increase
bladder blood flow. They concluded that nicorandil pre-
vented hypertension-related bladder dysfunction, largely
due to its role in increasing bladder blood flow [53].

Conclusion

OAB is a condition that can be caused by dysfunction of a
multitude of neural, muscular, and urothelial systems that
work in tandem to maintain continence between episodes
of micturition. In the past 5 years, combination therapeutic
agents targeting multiple pathways in voiding (combination
anticholinergics, anticholinergic plus -3 agonist, anticho-
linergic plus desmopressin, anticholinergic plus behavioral
modification, anticholinergic plus neuromodulation) have
been shown to be more effective than targeting a single
pathway. Though current OAB treatments can significantly
reduce symptoms, none are curative. Further investigation
of therapeutics targeting novel neural and biochemical path-
ways in voiding may greatly enhance treatment of OAB,
especially when combined with established agents.
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