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ABSTRACT

Urinary incontinence is defined as an involuntary leakage of urine
and is categorized into three types: stress urinary incontinence
(SUI), urge urinary incontinence (UUI), and mixed urinary in-
continence, which includes symptoms of SUI and UUI. As the
underlying mechanisms of SUI and UUI are different, no drug is
approved to treat all three types of urinary incontinence. TAS-
303 is a selective norepinephrine reuptake inhibitor and has
therapeutic potential for patients with SUI. In this report, we
describe newly discovered pharmacological properties of TAS-
303 and its effects on bladder function. Radioligand binding
studies showed that TAS-303 inhibits M3 muscarinic receptor
binding, with a Ki value of 547 nM. TAS-303 at 1, 3, and 10 mg/kg
dose-dependently prolonged the intercontraction interval of
carbachol-induced detrusor overactivity in rats, exhibiting a max-
imal effect that was comparable to tolterodine. These effects
may result from coordinated regulation of bladder afferent
activity via M3 muscarinic inhibition and B3 adrenoreceptor
activation by norepinephrine elevation due to norepinephrine

transporter inhibition. Moreover, TAS-303 at the effective dose
for bladder function did not induce dry mouth or constipation in
rats, showing that this compound may have a lower risk of
antimuscarinic side effects. Thus, TAS-303 is expected to be
a new profile agent with therapeutic potential for all types of
urinary incontinence.

SIGNIFICANCE STATEMENT

Urinary incontinence is categorized into stress, urge, and
mixed urinary incontinence, but because the underlying mech-
anisms of each differ, no drugs are available that treat all three.
TAS-303 has therapeutic potential for stress urinary inconti-
nence. This study describes newly discovered pharmacolog-
ical properties of TAS-303, which ameliorated bladder afferent
activity partly via M3 muscarinic inhibition, indicating improve-
ment in urge urinary incontinence, and highlights the potential
of TAS-303 as a new therapeutic agent for all types of urinary
incontinence.

Introduction

Urinary incontinence is defined as an involuntary leakage of
urine and may adversely affect social contacts and mental
health (Sarkar and Ritch, 2000). Urinary incontinence is
categorized into three types: urge urinary incontinence
(UUI), stress urinary incontinence (SUI), and mixed urinary
incontinence (MUI). SUI is characterized by involuntary
leakage upon effort or exertion, or upon sneezing or cough-
ing, and commonly occurs in adult women (Abrams et al.,
2002). Damage to the muscles and nerves near the urethral
sphincter after pregnancy and delivery is believed to cause
impaired urethral resistance and promote SUI. For these
reasons, the basic concept for SUI treatment is to increase
urethral resistance. TAS-303, which is a selective norepi-
nephrine reuptake inhibitor (NRI), was developed by Taiho
Pharmaceutical Co. Ltd. and has therapeutic potential for
patients with SUI (Mizutani et al.,, 2018). A phase II
randomized clinical study in patients with SUI is being
conducted.

The authors received no financial support for this research.

All authors declare that they have no competing financial interests.
https://doi.org/10.1124/jpet.119.264572.

This article has supplemental material available at jpet.aspetjournals.org.

Overactive bladder (OAB) is defined as urinary urgency,
usually accompanied by frequency and nocturia, with or
without UUI, in the absence of urinary tract infection or other
obvious pathology (Haylen et al., 2010). UUI is characterized
by a sudden desire to void, with involuntary voiding and
leakage of significant amounts of urine, and is frequently
caused by OAB. The prevalence of UUI is reported to be
15.3% (Plata et al., 2019). The prevalence of OAB is approx-
imately 10.8%—-43.1% and increases with age (Irwin et al.,
2006; Coyne et al., 2011; Plata et al., 2019).

The symptoms of OAB have a negative impact on quality of
life and may cause increased rates of depression and anxiety
(Coyne et al., 2009). Additionally, patients with OAB, espe-
cially those with chronic comorbidities, experience a financial
burden (Durden et al., 2018). Patients with urinary inconti-
nence hesitate to go outdoors and avoid contact with others,
which may result in social isolation.

In OAB, activation of bladder afferent nerves is present,
followed by the feeling of urgency and inappropriate triggering
of detrusor muscle contraction. The underlying mechanism of
OAB is considered to be abnormalities in bladder afferent
signaling, which have been assumed to be caused by mecha-
nisms based on myogenic, urotheliogenic, or other types of
changes in the bladder (Peyronnet et al., 2019). In the

ABBREVIATIONS: MUI, mixed urinary incontinence; NET, norepinephrine transporter; NRI, norepinephrine reuptake inhibitor; OAB, overactive
bladder; SUI, stress urinary incontinence; UUI, urge urinary incontinence.

84

20z ‘6 |1dy uo seunor 134SV e BJo'sfeunolfiedse ied | wouy pepeojumoq


https://doi.org/10.1124/jpet.119.264572
https://doi.org/10.1124/jpet.119.264572
http://jpet.aspetjournals.org
http://jpet.aspetjournals.org/content/suppl/2020/04/24/jpet.119.264572.DC1
http://jpet.aspetjournals.org/

myogenic-related mechanism, denervation-related increased
sensitivity to acetylcholine (denervation supersensitivity)
alters the characteristics of smooth muscle, which induces
local contraction of smooth muscle, so-called micromotions.
These micromotions activate bladder afferent signals. Anti-
muscarinic agents may suppress micromotions, leading to
reduced bladder afferent activity. Moreover, antimuscarinic
agents are also suggested to directly suppress spontaneous
detrusor contraction resulting from bladder afferent activa-
tion. In the urothelium-related mechanism, muscarinic recep-
tors (M2 and M3), which are expressed in the urothelium and
suburothelial myofibroblasts, are associated with bladder
afferent activation. During bladder filling, B3-adrenergic
receptors are activated, which reduces bladder afferent activ-
ity and relaxes the detrusor muscle (Yamaguchi, 2013). In this
context, antimuscarinic agents and B3-adrenergic agonists
as pharmacological treatments reduce episodes of UUI in
patients in clinical trials and are approved for patients with
OAB (Maman et al., 2014). Antimuscarinic agents have been
the mainstay of drug therapy for a couple of decades because of
their proven efficacy. However, these agents are often poorly
tolerated because of side effects such as dry mouth and
constipation, and patients often discontinue treatment.

Especially for patients with MUI, even if symptoms of one
type of incontinence are reduced, the symptoms of the other
type of incontinence remain, and patients’ quality of life does
not improve completely. Therefore, treating both types of
incontinence is expected to improve the quality of life re-
garding urinary incontinence of MUI patients. No drug is
approved to treat patients with MUI, because the underlying
mechanisms of SUT and UUI are different. Thus, an agent that
could treat both SUI and UUI is desired.

In this report, we show that in vitro, TAS-303 exhibited
binding affinity to muscarinic M3 receptors, which are
associated with bladder afferent activity. TAS-303 also
antagonized carbachol-induced isolated bladder contrac-
tion ex vivo. TAS-303 showed a dose-dependent increase in
the intercontraction interval in carbachol-induced detru-
sor overactivity model rats. Moreover, TAS-303 at the
effective dose for bladder function did not induce dry mouth
or constipation in rats.

Materials and Methods

Ethics Statement. All animal experiments were conducted
according to the Guide for the Care and Use of Laboratory Animals,
which is adopted and promulgated by the US National Institutes of
Health and approved by the local Committee of Animal Use and Care
of Taiho Pharmaceutical Co. Ltd. (Tsukuba, Japan). Sprague-Dawley
rats (female, 11 to 12 weeks) (Charles River Japan, Kanagawa, Japan)
were used for this study and housed in a controlled environment
(24 = 1°C, 12-hour light/dark cycle) with free access to food and water.

Chemicals. TAS-303 hydrochloride was synthesized by Taiho
Pharmaceutical Co. Ltd. The chemical structure and pharmacological
properties of TAS-303 were previously described (Mizutani et al.,
2018). Atropine sulfate salt monohydrate, carbamoylcholine chloride
(carbachol), and nisoxetine hydrochloride were purchased from
Sigma-Aldrich Japan K.K. (Tokyo, Japan). Tolterodine tartrate was
synthesized by Taiho Pharmaceutical Co. Ltd. SR59230A hydrochlo-
ride was purchased from Abcam plc. (Tokyo, Japan).

Receptor Binding. Dilutions of each test compound were made
for concentrations ranging from 0.01 to 100 pM for TAS-303 and 0.1 to
100 nM for atropine. Each assay was conducted according to the
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protocols of Eurofins Pharma Discovery Services Taiwan Ltd. [Taipei,
Taiwan (https:/www.eurofinsdiscoveryservices.com/cms/cms-content/
services/in-vitro-assays/gpcrs/binding/: ITEM 252610, ITEM 252710,
ITEM 252810, ITEM 252910, or ITEM 253010 for M1, M2, M3, M4, or
M5 muscarinic receptor binding, respectively)]l. CHO-K1 cells express-
ing human recombinant muscarinic receptors (M1, M2, M3, M4, or M5)
were used for binding assays in assay buffer (50 mM Tris-HCl, pH 7.4,
10 mM MgCl,, and 1 mM EDTA). An 8- to 16-p.g aliquot of membrane
was incubated with 0.8 nM [*H]N-methylscopolamine for 120 minutes
at 25°C. Nonspecific binding was estimated in the presence of 1 pM
atropine. Membranes were filtered and washed three times in wash
buffer (50 mM Tris-HC], pH 7.4), and the radioactivity on the filters
was then counted to determine the specific binding of [®H]
N-methylscopolamine. All assays were performed in triplicate.

Measurement of Carbachol-Induced Isolated Bladder
Contractions. Sprague-Dawley rats (female, 11 to 12 weeks)
were euthanized by decapitation, and the bladder was isolated.
The body of the bladder was used for preparation of the experi-
mental strip. The bladder body was vertically cut into several
strips and transferred into a 37°C organ bath (10 ml) filled with
Krebs-Henseleit solution (118 mM NaCl, 4.7 mM KCI, 2.5 mM
CaCls, 1.2 mM KH,PO,, 25 mM NaHCO3, 1.2 mM MgSO,4, 10 mM
glucose) saturated with 95% Os and 5% COs. One end of the strip
was connected to an FD pickup transducer (TB-612T; Nihon
Kohden Co., Ltd., Tokyo, Japan), and the other end was fastened
to the organ bath. Tension of the bladder strip was recorded and
analyzed using a PowerLab 16/30 (AD Instrument Pty Ltd.,
Sydney, Australia) via an FD pickup transducer and strain
pressure amplifier (AP-601G; Nihon Kohden). The volume of test
compound to be added was 100 pl. An appropriate volume of Krebs-
Henseleit solution was removed from the organ bath, and then the
test compound solution was added. Carbachol solutions were then
added cumulatively from the lowest concentration. The final
concentration of carbachol solution was determined depending
on the test compound and its concentration. For the contractile
force, wave forms were analyzed on Chart v5.2.2 for Windows
(PowerLab Chart v5.2.2; AD Instrument Pty Ltd.). The carbachol-
induced maximum contractive response observed in the absence of
compound (control) was designed as 100% contractile force and
relative contractile force (%) in the presence of compound at each
concentration. The EC54 of carbachol was obtained from a sigmoi-
dal curve with variable conditions at maximum effect. After
calculation of EC5y, pA; was calculated on a Schild plot using
three linear concentrations, and pharmacological responses were
compared.

Cystometry. For evaluation of oral treatment, Sprague-Dawley
rats (female, 11 weeks) were treated with 5 ml/kg ultrapure water or
test compound (atropine, TAS-303, or tolterodine). Thirty minutes
after administration, urethane solution was subcutaneously admin-
istered at a dose of 0.8 g/kg. Isoflurane anesthesia was introduced
15 minutes after urethane anesthesia. After that, isoflurane anesthe-
sia was terminated, and the abdominal cavity was opened. A vinyl
tube (SV45; Natsume Seisakusho Co., Ltd., Tokyo, Japan) was then
inserted and indwelled in the bladder from the dome of the bladder.
The other end of the catheter was connected to a three-way stopcock
and divided two ways. One way was connected to a pressure trans-
ducer (DX-360; Nihon Kohden), and the other was connected to
a syringe filled with physiologic saline or carbachol solution (1000
M) and connected to a continuous infusion device (KDS200; KD
Scientific Inc., Holliston, MA). After catheterization, physiologic
saline or carbachol solution was infused into the bladder at a rate of
3 ml/h via a microsyringe pump connected to the bladder. Intravesical
pressure was measured using a pressure amplifier connected to
a pressure transducer and recorded with a PowerLab 16/30 system.
Wave forms indicating changes in intravesical pressure and urine
weight were analyzed on Chart v5.2.2. The point when the changes in
urine weight and intravesical pressure associated with urine excretion
were observed was designated as the time of urination, and the time
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between two urination points was designated as an intercontraction
interval. Considering the period of 15 minutes after initiation of
cystometry as an acclimation period, intercontraction intervals ob-
served during the subsequent 45-60 minutes were analyzed. For
evaluation of intravenous treatment, physiologic saline or carbachol
solution was infused. Considering the period of 60 minutes after
initiation of cystometry as an acclimation period, intercontraction
intervals observed during the subsequent 20 minutes after intrave-
nous administration of test compound were analyzed.

Pilocarpine-Induced Salivation. This assay was performed
according to the protocols of Nihon Bioresearch Inc. (Gifu, Japan).
Briefly, Sprague-Dawley rats (female, 11 weeks) were orally treated
with 5 ml/kg ultrapure water or test compound, and 30 minutes after
administration, rats were anesthetized by intraperitoneal injection of
urethane (1.2 g/kg). Sixty minutes after administration of test
compound, 1 mg/kg pilocarpine was intravenously administered via
the tail vein, and saliva was collected for 60 minutes at 10-minute
intervals beginning just after administration.

Intestinal Transit with Charcoal Meal. This assay was per-
formed according to the protocols of Nihon Bioresearch Inc. Briefly,
test compound was orally administered to Sprague-Dawley rats
(female, 11 weeks) after fasting for approximately 18 hours. Sixty
minutes after administration, 5% charcoal suspension (w/v) was orally
administered. Twenty minutes after charcoal administration, diges-
tive tracts from the stomach to the cecum were extracted. The length of
the entire intestine and the transport distance of the charcoal were
measured, and the rate of charcoal transportation was calculated.

Statistical Analysis. Results are reported as means + S.D. All
data analyses were conducted using SAS version 9.2 and EXSUS
version 8.0.0 (CAC Exicare Corporation, Tokyo, Japan). Statistical
analysis was carried out using the Student’s ¢ test when the data were
homogeneous or Aspin-Welch’s ¢ test when the data were not
homogeneous for two groups. One-way ANOVA followed by Dunnett’s
test or Steel’s test was performed for multiple comparisons. A
5% significance level with these tests was considered to show
statistical significance. To confirm the dose response, Williams’ test
was applied, and the significance level was set at 2.5% (one-sided).

Results

Inhibitory Activity of TAS-303 on Ligand Binding to
Muscarinic Receptors. The potential of TAS-303 and atro-
pine to inhibit ligand binding to muscarinic receptors (M1, M2,
M3, M4, and M5) was assessed using cells expressing human
recombinant muscarinic receptors. Atropine inhibited ligand
binding of all muscarinic receptors, with a Ki value around
1 nM. Although TAS-303 also inhibited ligand binding of
muscarinic receptors in a concentration-dependent manner,
the inhibitory activity of TAS-303 on M3 muscarinic receptors
was almost 1000-fold weaker than that of atropine. The rank
of inhibitory potency was M3 = M5 > M1 = M4 > M2 (Table 1).
The ICso values of atropine and TAS-303 for muscarinic
receptors are summarized in Table 2. Figure 1 shows inhibition

TABLE 1

curves for muscarinic receptors. Thus, TAS-303 mainly
inhibited M3 and M5 receptors relative to the other muscarinic
receptors, but its binding affinity was almost 1000-fold lower
than atropine.

Effect of TAS-303 on Carbachol-Induced Contraction
of Isolated Rat Detrusor Smooth Muscle. In the organ
bath experiments, the effect of TAS-303 on carbachol-induced
contraction of isolated rat detrusor smooth muscle was
evaluated to check the efficacy of TAS-303 (Fig. 2). To evaluate
the reproducibility, carbachol-induced contraction curves on
the same tissue were produced in the presence of vehicle. Five
consecutive treatments with the vehicle showed no significant
change in EC5q values. Increasing concentrations of atropine
(1, 3, 10, and 30 nM) shifted the concentration-response curve
to the right. The slope of Schild plots was 1.4 for atropine, and
the pAy value was calculated to be 8.4. These values were
similar to those previously reported (Ikeda et al., 2002).
Increasing concentrations of TAS-303 (1, 3, 10, and 30 pM)
also caused a concentration-dependent rightward shift and
produced a Schild slope of 0.78 and a pA, value of 5.3.
Therefore, TAS-303 antagonized the carbachol-induced con-
traction of isolated rat detrusor smooth muscle, but the
required concentration was almost 1000-fold higher compared
with atropine. Treatment of bladder strips with TAS-303
reduced the carbachol-evoked maximum contraction at con-
centrations of 10 pM or greater. We hypothesize that these
responses are associated with inhibition of Ca?* channels.
Thus, we investigated the direct effect of TAS-303 on Ca®*
channels. TAS-303 exhibited affinity for L-type Ca®* channels,
and the ICsq value for this channel was 1.48 wM. Therefore,
TAS-303 is considered to have a direct effect on L-type Ca®*
channels. In a separate experiment, the effect of TAS-303
on KCl (80 mM) solution—induced contraction of isolated
rat bladder strips was evaluated. TAS-303, as well as the
Ca®* channel blocker, verapamil, suppressed KC1 (80 mM)
solution—induced contraction (data not shown).

Effect of TAS-303 on the Intercontraction Interval in
Carbachol-Induced Detrusor Overactivity Model Rats.
A previous study showed that intravesical instillation of
carbachol simulates detrusor overactivity and reduces the
intercontraction interval, and intravesical instillation of anti-
muscarinic agents suppresses carbachol-induced detrusor
overactivity (Kim et al., 2005). This report suggests that the
carbachol-induced detrusor overactivity model simulates the
pathology of OAB. To evaluate the pharmacological potential
of TAS-303 for regulating bladder overactivity in vivo, the
intercontraction interval in carbachol-induced detrusor over-
activity model rats after oral administration was measured
(Fig. 3). The intercontraction interval after instillation of
carbachol was 466 * 28 seconds, which was significantly

Inhibition of muscarinic receptor binding in vitro by TAS-303 and atropine.

The affinity of each compound was measured by inhibition of [*PH]N-methylscopolamine binding to muscarinic receptors. Ki values for receptor
binding were determined from three independent experiments using seven drug concentrations.

Muscarinic Receptor Binding

Compound Ki = S.D.
M1 M2 M3 M4 M5
TAS-303 (nM) 1.61 = 0.0833 21.8 = 3.35 0.547 *= 0.0430 1.60 = 0.115 0.438 *= 0.0327

Atropine (nM) 0.349 = 0.0373 1.43 = 0.0808

1.02 = 0.146 0.417 = 0.0637 0.594 * 0.145
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Inhibitory activities of TAS-303 and atropine on binding of [*H]N-methylscopolamine to muscarinic receptors.
ICs values for each compound were measured by inhibition of [’H]N-methylscopolamine binding to muscarinic receptors and were determined

from three independent experiments using seven drug concentrations.

Muscarinic Receptor Binding

Compound 1C50 = S.D.

M1 M2 M3 M4 M5
TAS-303 (uM) 6.57 = 0.333 52.0 = 7.95 1.13 = 0.0862 7.43 = 0.537 0.707 = 0.0530
Atropine (nM) 1.42 + 0.148 3.39 = 0.191 2.11 = 0.304 1.93 £ 0.293 0.959 * 0.232

lower than that in sham-operated rats (786 = 62 second, P <
0.001), indicating successful establishment of the detrusor
overactivity model. Oral administration of atropine (10 mg/kg)
significantly increased the intercontraction interval by 57% com-
pared with the vehicle group (P < 0.001). Oral administration of
the muscarinic antagonist tolterodine (0.3, 1, and 3 mg/kg) dose-
dependently increased the intercontraction interval. At more
than 1 mg/kg tolterodine, the intercontraction interval was
significantly increased compared with the vehicle group (P <
0.01 for 1 mg/kg, P < 0.001 for 3 mg/kg) and was increased by
58% at a dose of 3 mg/kg. Oral administration of TAS-303 (1, 3,
and 10 mg/kg) also dose-dependently increased the intercon-
traction interval. At more than 3 mg/kg TAS-303, the intercon-
traction interval was significantly increased compared with the

A Atropine
—-M] —&—M2 8- M3 O0-M4 M5

100
£ 80
B
2 60
£
:ZE 20
0
20 : v
0.1 1 10 100 1000 10000 100000 1000000
Concentration (nM)
B TAS-303
120 —-M] —&—M2 -8 M3 <—M4 M5
100 4

Inhibition Rate (%)
o
S

0.1 1 10 100 1000
Concentration (nM)

10000 100000 1000000

Fig. 1. Concentration-dependent inhibition of [*H]N-methylscopolamine
binding to muscarinic receptors (M1, M2, M3, M4, and M5) by (A) atropine
and (B) TAS-303 at the indicated concentrations. The inhibition rate was
determined from three independent experiments, and the data are
expressed as the percent of control specific binding. Results are means
+S.D. (n=3).

vehicle group (P < 0.01 for 3 mg/kg, P < 0.001 for 10 mg/kg)
and was increased by 58% at a dose of 10 mg/kg. The
micturition volume and bladder capacity, but not micturi-
tion pressure, improved after administration of TAS-303 in
a dose-dependent manner compared with the vehicle group
(Supplemental Fig. 1).

Combination Effect of Low-Dose Atropine and Nisoxe-
tine on the Intercontraction Interval in Carbachol-Induced
Detrusor Overactivity Model Rats. TAS-303 increased the
intercontraction interval in detrusor overactivity model rats
at 3 mg/kg. The maximum drug concentration (49.5 nM) of
TAS-303 was below the ICs¢ of in vitro ligand binding
inhibition of M3 receptors (1.13 wM) (Table 2; Mizutani
et al., 2018). Therefore, a mechanism of action in addition to
inhibition of M3 receptors was considered to underlie the
increase in the intercontraction interval after administration
of TAS-303. The B3-adrenergic receptor agonist mirabegron,
an approved drug for OAB, decreases afferent activity from
the bladder in rats with arterial endothelial injury, and as
a consequence, the intercontraction interval and bladder
capacity increase (Sawada et al., 2013). Thus, we hypothe-
sized that the increase in norepinephrine caused by
inhibition of norepinephrine reuptake by TAS-303 via B3-
adrenergic receptors may contribute to the increase in the
intercontraction interval. Effects of the combination of low-
dose atropine and the NRI nisoxetine on the intercontraction
interval of carbachol-induced detrusor overactivity model
rats were assessed to clarify whether a synergistic effect of
the two agents was present. A previous report showed that
intravenous injection of atropine (100 png/kg) causes a change
in cystometric parameters, including the intercontraction
interval, in rats with bladder hyperactivity (Takeda et al.,
2002). Thus, the doses of atropine for these experiments were
set at 0.3, 1, 3, and 10 pg/kg to assess the effect of low-dose
atropine. Administration of five consecutive intravenous
doses of vehicle produced no remarkable change in the
intercontraction interval (data not shown), and nisoxetine
(1 mg/kg) also produced no remarkable change in the
intercontraction interval (Fig. 4). In the presence of nisox-
etine, cumulative intravenous administration of low-dose
atropine (0.3, 1, 3, 10 pg/kg) increased the intercontraction
interval in a dose-dependent manner compared with pre-
treatment (P < 0.01). In contrast, no change was seen in the
absence of nisoxetine. The intercontraction interval (%) after
administration of both atropine (10 pg/kg) and nisoxetine
was 151% * 16% and was significantly higher than that
of only atropine (10 pg/kg) (104% = 12%, P < 0.05). No
statistically significant differences between the intercon-
traction interval values before administration of agents
were found.
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Effect of a B3-Adrenergic Receptor Antagonist on
the TAS-303-Induced Increase in the Intercontrac-
tion Interval in Carbachol-Induced Detrusor Over-
activity Model Rats. To investigate the involvement of
B3-adrenergic receptors in the TAS-303—induced increase in
the intercontraction interval, the effect of the 83-adrenergic
receptor antagonist SR59230A on the intercontraction
interval was measured (Fig. 5). Intravenous administra-
tion of SR59230A (0.3 mg/kg) alone caused no apparent
changes in the intercontraction interval. Intravenous ad-
ministration of SR59230A (0.1 and 0.3 mg/kg) decreased the
TAS-303-induced increase in the intercontraction interval in
a dose-dependent manner. The intercontraction interval was
significantly decreased at 0.3 mg/kg SR59230A (P < 0.01) in
the presence of TAS-303.

Effect of TAS-303 on Pilocarpine-Induced Salivation
in Rats. Treatment with muscarinic antagonists reduces the
amount of salivation induced by pilocarpine in rats (Byeon
et al., 2017). To estimate the risk of dry mouth caused by
antagonistic activity on muscarinic receptors, the effect of
TAS-303 on pilocarpine-induced salivary secretion was exam-
ined (Fig. 6). Oral administration of atropine (10 mg/kg)
significantly suppressed pilocarpine-induced salivary secre-
tion by 98% compared with the vehicle group (P < 0.001). Oral
administration of tolterodine (1, 3, 10, and 30 mg/kg) resulted in
a dose-dependent decrease in salivary secretion. At 10 and
30 mg/kg tolterodine, salivary secretion was significantly de-
creased compared with the vehicle group by 80% and 96%,
respectively (P < 0.001). In contrast, oral administration (3, 10,
and 30 mg/kg) of TAS-303 resulted in no change in salivary
secretion. At 100 mg/kg TAS-303, salivary secretion was signif-
icantly decreased by 29% compared with the vehicle group
(P < 0.05).

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1
Carbachol (log;q mol/L)

Fig. 2. Concentration-response curves for
carbachol in isolated rat detrusor smooth
muscle in the presence of (A) vehicle, (B)
atropine, or (C) TAS-303. The carbachol-
induced maximum contraction was desig-
nated as 100% contraction, and the detrusor
smooth muscle contractions for each com-
pound were expressed as relative values (%).
Results are means = S.D. (n = 5 for each
compound in each tissue).

Effect of TAS-303 on Intestinal Transit of Charcoal
Meal in Rats. Muscarinic antagonists induce constipation. A
previous report showed that muscarinic antagonists, includ-
ing tolterodine, produce a dose-dependent decrease in small
intestine transit (McNamara et al., 2009). To estimate the risk
of TAS-303 to induce constipation, the effect of TAS-303 on
intestinal charcoal transit was examined (Fig. 7). Intestinal
transit was expressed as a percentage of the length at which
charcoal traveled the total length of the colon. Oral adminis-
tration of atropine (10 mg/kg) significantly suppressed in-
testinal transit to 41% = 3% compared with the vehicle group
(71% = 3%, P < 0.001). Oral administration of tolterodine
(30 mg/kg) resulted in a significant decrease in intestinal
transit (58% = 4%, P < 0.05). In contrast, TAS-303 at each
dose exhibited no significant change in intestinal transit
compared with the vehicle group.

Discussion

TAS-303 was created as an NRI, and clinical trials of this
agent for patients with SUI are being conducted. In this paper,
newly discovered pharmacological profiles of TAS-303 regard-
ing antimuscarinic effects were evaluated. Moreover, we
estimated the risk of antimuscarinic side effects of TAS-303.
These studies demonstrated that TAS-303 has therapeutic
potential for UUI with better safety and tolerability profiles
compared with the current antimuscarinic agents.

We evaluated the direct effect of TAS-303 on receptors,
ion channels, and enzymes that are involved in bladder
contraction or bladder afferent activity. TAS-303—mediated
(10 wM) inhibition of ligand binding to adrenergic receptors,
prostaglandin receptors, purinergic receptors, and tachykinin
receptors was under 50% for each type of receptor. Moreover,
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Fig. 3. Effects of atropine, TAS-303, and tolterodine on the carbachol-induced decrease in the intercontraction interval in rats. Representative traces of
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the percent agonistic activity of TAS-303 (10 wM) on phospho-
diesterase, nitric oxide synthase, and Karp channels was
under 50%. Therefore, TAS-303 is demonstrated to have
almost no direct effect on these receptors, ion channels, and
enzymes (data not shown).

In OAB, activation of bladder afferent nerves is present,
leading to urgency as well as spontaneous detrusor contrac-
tion. The mechanisms of OAB are associated with bladder
afferent activation, the causes of which are considered to be
mainly myogenic or urotheliogenic changes (Peyronnet et al.,
2019). In the former mechanism, denervation supersensitivity
induces micromotions and then stimulates bladder afferent
activity. In the latter mechanism, bladder afferent nerves are
activated by binding of urothelium-derived acetylcholine to
M2 and M3 receptors and binding of ATP to purinergic P2X
receptors (Yoshida et al., 2006; Lips et al., 2007). Previous
reports have suggested that muscarinic receptor antagonists
may depress the bladder afferent nerves in some animal
models (Yokoyama et al., 2005; De Laet et al., 2006; Iijima
et al.,, 2007). Therefore, antimuscarinic agents may sup-
press afferent nerve activation by inhibiting the receptors
through the myogenic or urotheliogenic mechanism. Moreover,
antimuscarinic agents are also suggested to directly suppress

spontaneous detrusor contraction. In this study, oral adminis-
tration of the muscarinic receptor antagonist, tolterodine,
suppressed carbachol-induced detrusor overactivity in rats.
TAS-303 (3 mg/kg) also prolonged the intercontraction interval
in this model, and the maximum drug concentration (49 nM)
was below its potency (ICsq 1.13 wM) to inhibit ligand binding
in vitro. This concentration in plasma likely suppresses M3
receptors by about 20%, suggesting incomplete suppression of
the intercontraction interval with inhibition of M3 receptors
only. Therefore, additional mechanisms of action other than M3
inhibition likely contribute to the prolongation of the intercon-
traction interval.

Previous reports showed that 83 adrenoreceptors are in-
directly or directly involved in inhibition of bladder afferent
activation. B3 adrenoreceptor agonists bind to receptors that
are expressed in the urothelium, inducing the release of nitric
oxide. Nitric oxide then inhibits bladder afferent nerve
activation (Andersson and Persson, 1995; Birder et al.,
2002). In addition, activation of 83 adrenoreceptors them-
selves directly inhibits bladder afferent activity in rats
(Aizawa et al., 2012; Hatanaka et al., 2013; Sawada et al.,
2013). Furthermore, 83 adrenoreceptor agonists also produce
concentration-dependent relaxation of resting tension and
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Fig. 4. Effects of combination therapy with atropine and nisoxetine on
the intercontraction interval after intravesical installation of carbachol
in rats. Atropine (0.3, 1, 3, 10 pg/kg) or nisoxetine (1 mg/kg) was
intravenously administered in a cumulative manner. The intercontraction
interval was measured during the subsequent 20 minutes after intravenous
administration. The intercontraction interval observed prior to administra-
tion with the compound was designated as 100%. Results are means + S.D.
of 8-13 rats in each group. *P < 0.05 vs. atropine (10 pg/kg); unpaired
Student’s ¢ test. **P < 0.005 vs. pretreatment with both compounds;
Williams’ test.

inhibit carbachol-induced contraction of isolated detrusor strips
from humans and rats (Kanie et al., 2012; Svalg et al., 2013).
Regarding NRIs, tomexetine augments norepinephrine-mediated
relaxation of carbachol-induced bladder contraction, the effect of
which is related to 8 adrenoreceptors (Foreman and McNulty,
1993). Therefore, B3 adrenoreceptor activation may suppress
bladder afferent activation and spontaneous detrusor contrac-
tion. Moreover, activation of 83 adrenoreceptors decreases
nerve-derived acetylcholine release in human and rat bladder
(D’ Agostino et al., 2015; Silva et al., 2017). These reports
suggest that M3 receptors and B3 adrenoreceptors coordi-
nately regulate the bladder afferents. We previously reported
that the concentration of norepinephrine in plasma after TAS-
303 administration is elevated in rats (Mizutani et al., 2018).
Thus, we hypothesized that norepinephrine elevation due
to inhibition of the norepinephrine transporter (NET) may
contribute to suppression of bladder afferents via 83 adrenor-
eceptors. To test this hypothesis, we investigated the effect of
a combination of a low dose of atropine and the NRI nisoxetine,
neither of which affects the intercontraction interval alone.
The combination of both agents prolonged the intercontraction
interval in rats. This finding supports the hypothesis that
inhibition of NET is an underlying mechanism of TAS-303
activity. Norepinephrine binds to three subtypes of 8 adrenor-
eceptors (81, B2, and B83) and appears to be substantially more
potent at the 81 than the B2 receptor (Emorine et al., 1989;
Insel, 1996). These receptors are expressed in the rat bladder.
The rank order of potency for the relaxation response is
CL316243 (B3 agonist) = procaterol (82 agonist) > dobutamine
(B1 agonist) in the rat bladder (Takeda et al., 2003; Uchida
et al.,, 2005), suggesting that norepinephrine relaxes the
bladder mainly through B3 adrenoreceptors in rats. Prolon-
gation of the intercontraction interval after administration of
TAS-303 was blocked by treatment with a 83 adrenoreceptor
antagonist. A previous report showed that the combination of
solifenacin, an M3 muscarinic receptor antagonist, and mir-
abegron, a 83 adrenoreceptor agonist, synergistically inhibits
cold stress—induced detrusor overactivity in spontaneously
hypertensive rats (Imamura et al., 2017). The combination of
oxybutynin and mirabegron at concentrations that show
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Fig. 5. Dose-response effect of SR59230A on extension of the intercon-
traction interval by TAS-303 in carbachol-treated rats. SR59230A (0.1 or
0.3 mg/kg) was intravenously coadministered with TAS-303 (3 mg/kg). The
intercontraction interval was measured during the subsequent 20 minutes
after intravenous administration. The intercontraction interval observed
prior to administration of the compound was designated as 100%. Results
are means + S.D. of four to five rats in each group. **P < 0.01 vs. vehicle;
unpaired Student’s ¢ test. *P < 0.025 vs. TAS-303 (3 mg/kg) in the absence
of SR59230A; Williams’ test.

almost no effect as monotherapies significantly improves
cystometric parameters such as bladder capacity in spinal
cord—injured rats (Wada et al., 2017). These reports are
consistent with our hypothesis. Expression of 8 adrenorecep-
tor (81, B2, and 83) mRNA has also been confirmed in human
bladder at rates of 1.5%, 1.4%, and 97%, respectively (Nomiya
and Yamaguchi, 2003). Furthermore, functional studies using
human bladder muscle strips have proposed that 83 adrenor-
eceptors are the predominant subtype for the relaxation
response (Wuest et al., 2009). The distribution of M3 musca-
rinic receptors and B3 adrenoreceptors in human bladder
tissues overlaps (Tyagi et al., 2006; Bschleipfer et al., 2007;
Otsuka et al., 2013). Combination treatment with solifenacin
and mirabegron for OAB symptoms provides better efficacy
than each monotherapy and is well tolerated over 12 months
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Fig. 6. Effects of atropine, TAS-303, and tolterodine on salivary secretion
in rats. Saliva was collected for 60 minutes at 1 hour after oral
administration of vehicle (V), atropine (10 mg/kg), TAS-303 (3, 10, 30,
100 mg/kg), or tolterodine (1, 3, 10, 30 mg/kg). Results are means + S.D.
of 12 rats in each group. "P < 0.001 vs. vehicle; Aspin-Welch’s ¢ test.
#P < 0.05; ##¥P < 0.001 vs. vehicle; Steel’s multicomparison test.
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Fig. 7. Effects of atropine, TAS-303, and tolterodine on intestinal transit
in rats. Measurement of charcoal transportation was conducted at 1 hour
after oral administration of vehicle (V), atropine (10 mg/kg), TAS-303 (3,
10, 30, 100 mg/kg), or tolterodine (1, 3, 10, 30 mg/kg). Intestinal transit (%)
is expressed as a percentage of the length at which charcoal traveled to the
total length of the colon. Results are means + S.D. of eight rats in each
group. ***P < 0.001 vs. vehicle; unpaired Student’s ¢ test. *P < 0.05 vs.
vehicle; Dunnett’s multicomparison test.

(Gratzke et al., 2018). This combination therapy has been
approved by the Food and Drug Administration. Based on
these findings, TAS-303 may exert two effects (M3 antagonism
and B3 agonism by norepinephrine elevation through NET
inhibition) and suppress bladder afferent activation or spon-
taneous detrusor contraction, implying improvement in OAB
symptoms in the clinical setting.

Antimuscarinic agents are widely used for the treatment of
OAB. However, these agents lead to various adverse events
due to antimuscarinic effects, including constipation, dry
mouth, and residual urine (Yamaguchi, 2013). These agents
are associated with a significantly higher risk of discontinu-
ation due to adverse events than placebo, and the risk of
discontinuation tends to be reduced by lowering the dose
(Chapple et al., 2008). Combination therapy with mirabegron
and solifenacin significantly ameliorates the symptoms of
OAB with no significant additional adverse events compared
with monotherapy or placebo (Abrams et al., 2015). These
findings suggest that the weaker antimuscarinic effect may
reduce the risk of the well known adverse events, and the
additional mechanism on 83-adrenoceptors is also expected to
not cause serious adverse effects.

In this report, effects of TAS-303 to induce dry mouth and
constipation would be observed at a higher dose than that
used to affect bladder function, with dissociation margins of
approximately 30 times and more than 100 times, respec-
tively. With respect to dry mouth in particular, norepineph-
rine promotes salivation by activating a1 adrenoreceptors
(Bobyock and Chernick, 1989). Therefore, norepinephrine
elevation through inhibition of norepinephrine uptake by
TAS-303 may counteract suppression of salivary secretion
due to an antimuscarinic effect.

Cardiovascular system side effects caused by B adrenore-
ceptors may occur because 8 adrenoreceptors are expressed in
the cardiovascular system or vascular smooth muscle (Brodde
and Michel, 1999; Skeberdis et al., 2008). Clinical trials
in patients with OAB with mirabegron have previously
demonstrated no evidence of increased cardiovascular risk
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over placebo (White et al., 2018). However, most clinical trials
of B3 adrenoreceptor agonists for patients with OAB excluded
those with serious cardiovascular morbidities (Andersson,
2017). Furthermore, a previous study reported that a history
of cardiovascular dysfunction may predispose patients to
these side effects (Balachandran and Duckett, 2015). Re-
cently, a double-blind, single-dose, placebo-controlled cross-
over study of TAS-303 at a dose of 18 mg was conducted in 16
patients with SUIL No reports of important safety findings,
including changes in ECG or blood pressure, were noted in this
clinical trial (Yono et al., 2017). This finding suggests that this
compound was well tolerated.

TAS-303, a selective NET inhibitor, is expected to be
effective in patients with SUI. Currently, a double-blind,
randomized, placebo-controlled phase II trial of TAS-303
in female patients with SUI is being conducted. In addition,
TAS-303 is expected to be effective against UUI because
this compound prolonged the intercontraction interval in
carbachol-induced detrusor overactivity model rats. TAS-303
at an effective dose for bladder function did not induce dry
mouth or constipation in rats, indicating that this agent will
likely have a lesser risk of antimuscarinic side effects. As no
drug has been approved for the treatment of both SUI and
UUI, TAS-303 is expected to be a new agent with therapeutic
potential and an acceptable safety profile.
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