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Abstract

Objectives: To examine the effect of combining a nonselective muscarinic receptor

antagonist, 5-hydroxymethyl tolterodine (an active metabolite of fesoterodine), with

a β3 adrenoceptor agonist, mirabegron, in a rat model of pelvic congestion.

Methods: The rat pelvic congestion model used female Sprague-Dawley rats with their

bilateral common iliac and uterine veins ligated. Expressions of M2 and M3 receptor

subtypes in the urothelium and detrusor were detected by real-time polymerase chain

reaction assays. The effects of both drugs were investigated on isolated bladder strips

contracted by electrical field stimulation. in vivo single cystometry was used to assess

the effects of 5-hydroxymethyl tolterodine and mirabegron independently or in combi-

nation on bladder capacity, micturition pressure, and threshold pressure.

Results: Pelvic congestion rats showed decreased bladder capacity compared with

controls, but micturition pressure and threshold pressure were unchanged. Pelvic

congestion model rats also demonstrated an approximately two-fold increase in

expression of both M2 and M3 receptor subtypes in the urothelium. Additive relax-

ant effects of 5-hydroxymethyl tolterodine and mirabegron were observed in vitro in

the electrical field stimulation-induced contractions of bladder strips from pelvic con-

gestion rats. In vivo, bladder capacity was increased significantly by a combination of

5-hydroxymethyl tolterodine and mirabegron, with the combined effect exceeding

the sum of the effects of monotherapies. Micturition pressure and threshold pressure

did not significantly differ between groups.

Conclusions: The combination of 5-hydroxymethyl tolterodine with mirabegron sug-

gests the potential of synergistic effects in a rat pelvic congestion model.
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1 | INTRODUCTION

Overactive bladder (OAB) syndrome is defined by the International

Continence Society as “urinary urgency, with or without urge inconti-

nence, usually with frequency and nocturia” in the absence of urinary

tract infection or other obvious pathology.1 Thus, OAB symptoms

tend to feature the following four components: urgency, urinary fre-

quency, nocturia, and urinary incontinence. Because urinary frequency

with OAB is associated with a reduction in functional bladder capacity

(BC), BC provides a metric by which pharmacologic treatment effects

can be measured.

Muscarinic receptor antagonists (antimuscarinics) and β3
adrenoceptor agonists are the currently recommended pharmaco-

logic treatments for OAB. These two classes of drugs dem-

onstrate distinct mechanisms of action: antimuscarinics reduce

detrusor overactivity by binding to muscarinic receptors,2 whereas

β3 agonists exert a relaxing effect on detrusor muscles by

binding to β3 adrenoceptors.3 Because these drugs function via

different mechanisms, the combination of antimuscarinics and β3
agonists is expected to increase efficacy compared with

monotherapy. Success in this realm has been demonstrated for

the combination of solifenacin, a selective muscarinic M3 antago-

nist, and mirabegron, a β3 adrenoceptor agonist, which led to sig-

nificant improvement of storage symptoms when used in

combination.4-7

Specifically using an M2 inhibitor in combination with a β3
adrenoceptor agonist may provide additional therapeutic benefit.

Acetylcholine (ACh), a neurotransmitter that causes bladder contrac-

tion, functions both directly, via muscarinic M3 receptor stimulation,

and indirectly, by inhibiting adenylyl cyclase (AC) via stimulation of

muscarinic M2 receptors.8 β3 adrenoceptor agonists are presumed

to cause relaxation of detrusor smooth muscles by activating AC.9

Therefore, inhibition of the M2 receptor may enhance relaxation

caused by activation of the β3 adrenoceptor in addition to M3

receptor blockade. To test this hypothesis, we examined the effect

of combining a nonselective muscarinic receptor antagonist,

5-hydroxymethyl tolterodine (5-HMT), which is an active metabolite

of fesoterodine, with mirabegron, a β3 adrenoceptor agonist. Fes-

oterodine functions as an orally active prodrug that is converted to

the active metabolite 5-HMT by nonspecific esterases. The transfor-

mation from fesoterodine to 5-HMT is extremely quick; fes-

oterodine cannot be detected in plasma after oral administration.10

5-HMT is the main active principle of fesoterodine and is a non-

selective muscarinic receptor antagonist of subtypes M1

through M5.11

Our study used a pelvic congestion (PC) rat model to examine

storage dysfunction. The PC rat demonstrates urinary frequency with

mild inflammatory changes to the bladder wall.12 Changes in M2 and

M3 receptors were assessed in addition to examining the effects on

storage function.

2 | METHODS

2.1 | Rat PC model

Forty-nine female Sprague-Dawley rats weighing 250 to 300 g were

used in this study. The study protocol was approved by the president

of the University of the Ryukyus based on the judgment of the Univer-

sity's Institutional Animal Care and Use Committee. The PC model

involved 49 rats, which were first anesthetized with 2% isoflurane. An

incision was made in the lower abdomen, followed by ligation of the

bilateral common iliac veins with metal clips and en bloc ligation of the

bilateral uterine veins, arteries, and uterine horn at a site adjacent to

the ovaries. Dilation of the distal common iliac veins was observed after

the ligation. The abdominal incision was closed, and 30 mg of ampicillin

was subcutaneously injected. Twenty-four rats were randomly divided

into three groups (5-HMT, mirabegron, and combination groups; n = 8

for each). In the sham group, the remaining eight rats were anesthetized

with isoflurane, and the bilateral common iliac veins were dissected

from the common iliac arteries.

2.2 | M2 and M3 mRNA expression in the bladder
mucosa and the detrusor muscle

The expression of M2 and M3 receptor subtypes in the rat PC models

was detected as follows. Resected tissues were stored in RNAlater

(Qiagen; Hilden, Germany) at −20�C. Bladder mucosa was carefully

removed from the bladder wall by removing the tissue adjacent to the

smooth muscle layer (n = 6) in RNAlater solution. Total RNA was

extracted from each tissue sample using a high pure tissue RNA isola-

tion kit (RNeasy Fibrous Tissue Mini Kit, Qiagen). Complementary

DNA (cDNA) was synthesized from sample total RNA using a Super-

Script VILO cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA)

according to manufacturer recommendations. Real-time polymerase

chain reaction (PCR) was performed using the TaqMan Universal Mas-

ter Mix and optimized TaqMan probe sets (Table 1). Samples were

amplified, and cycle threshold (Ct) values were measured using the

StepOne Real-Time PCR system (ThermoFisher, Waltham, MA, USA).

Amplification conditions were 95�C for 20 seconds, followed by

40 cycles of 95�C for 1 second and then 60�C for 20 seconds. The

comparative Ct method (2-ΔΔCt) was used to analyze gene expres-

sion differences between disease model rats (n = 5) and sham rats

(n = 6) with statistical significance determined using the Student's

t test.

TABLE 1 Quantitative RT-PCR primer sets obtained for
expression analyses

Functional class Genes ABI assay ID

Housekeeping gene cholinergic

receptor

Actb Rn00667869_m1

Chrm3 Rn00560986_s1

Chrm2 Rn02532311_s1

Abbreviations: RT-PCR, real-time polymerase chain reaction.
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2.3 | In vitro functional studies: Organ bath studies

The independent and combinatory relaxant effects of 5-HMT and

mirabegron on the bladder strips contracted by electrical field stimula-

tion (EFS; 1 Hz) were evaluated as follows. Bladders from PC rats

were isolated and placed immediately in ice-cold Krebs solution (NaCl

119 mM, KCl 4.6 mM, CaCl2 1.5 mM, MgCl2 1.2 mM, NaHCO3

15 mM, NaH2PO4 1.2 mM, glucose 5.5 mM). Semicircular strips of

bladders sized 1 × 2 × 5 mm were prepared from the middle third of

the detrusor. These strips were mounted in 5 mL organ baths con-

taining Krebs solution at pH 7.4 maintained at 37�C and constantly

gassed with 95% O2 and 5% CO2.

Using silk ligatures, these strips were suspended between two

L-shaped hooks: one connected to a unit capable of adjusting to pas-

sive tension, and the other to a T7-15-240 force transducer (A&D

Co. Ltd., Tokyo, Japan). Isometric tension was recorded using a

Linearcorder WR3320 (Graphtec Co., Kanagawa, Japan). The strips

were subjected to a passive tension of 4 mN and allowed to equilibrate

for 45 to 60 minutes before further experiments were conducted.

The treatment concentrations of 5-HMT (1 nM) and mirabegron

(100 nM) were set by approximately 20% inhibition of bladder strip

contraction by carbachol stimulation, as previously determined in a

separate experiment (data not shown). Briefly, 5-HMT dosing was

based on data from the literature and the projected rat intravenous

dose inferred from human exposure, and effects of mirabegron on

normal bladder relaxation were studied in bladder strips from 4- to

8-week-old normal Sprague-Dawley female rats. A relaxing effect of

mirabegron was observed from a starting concentration of 10−10 M,

and the percentage of relaxation increased in a concentration-

dependent manner. The curve generated from this observation was

used to calculate a dose that induced 20% relaxation. Two platinum

electrodes were placed on each side of the strips, and EFS was deliv-

ered by an Electronic Stimulator SEN-3301 (Nihon Kohden Co.,

Tokyo, Japan) in the form of single square-wave pulses at selected fre-

quencies. The frequency, pulse duration, and voltage of stimuli were

1 Hz, 0.1 ms, and 10 V, respectively. In our preliminary experiment,

the contractile response to EFS at this stimulation condition was

tetrodotoxin (TTX)-sensitive, suggesting a predominantly nerve-

mediated response and not a muscle direct response (Yamada et al.,

unpublished data).

2.4 | Single cystometry

Four weeks after the surgery, eight sham and 24 PC rats were subcu-

taneously anesthetized with urethane (0.6 mg/kg), after which a poly-

ethylene catheter (PE-50, Clay Adams, Parsippany, NJ, USA) was

inserted transurethrally into the bladder. The catheter was connected

to a pressure transducer and an infusion pump through a three-way

stopcock. A fine polyethylene catheter was inserted into the femoral

vein for drug injection. After the isoflurane anesthesia was stopped,

rats were placed in restraining cages (Ball man cage, Yamashita Giken,

Tokushima, Japan).

For single cystometry, the bladder was filled with physiological

saline through the transurethral catheter at a rate of 0.05 mL/min.

When the bladder volume induced voiding and the maximum bladder

contraction pressure were stable after three to five cycles of single

cystometry, vehicle (5% DMA, 5% cremophor, and 90% distilled

water, at 1 mL/kg) was administered intravenously to the sham and

PC rats. After vehicle injection was confirmed to have no influence on

cystometric parameters, mirabegron (0.1 mg/kg, n = 8), 5-HMT

(0.01 mg/kg,13 n = 8), or their combination (n = 8) were administered

intravenously to PC rats, and single cystometry was repeated 1 minute

after administrations. BC was determined by multiplying the infusion

rate (0.05 mL/min) by the elapsed time from injection of physiological

saline into the bladder until commencement of urination. Residual vol-

ume was directly measured through the transurethral catheter. Voided

volume was the value obtained by subtracting the amount of residual

urine from the BC.

The following cystometric parameters were investigated: micturi-

tion pressure (MP; maximum bladder contraction pressure during mic-

turition), threshold pressure (TP; pressure at which the micturition

contraction was initiated), BC (volume of the infused saline prior to

that micturition), micturition volume (MV; volume of the expelled

urine), and residual volume after micturition. BC was the primary end-

point for the in vivo experiments.

Results are presented as mean values ± SE, and comparisons were

made between before and after intravenous drug administration and

among groups. Differences within groups were assessed by Dunnett

test, Dun's test, and analysis of variance (ANOVA). Differences were

considered statistically significant when P < 0.05.

3 | RESULTS

3.1 | Expression of M2 and M3 muscarinic receptors
mRNA in PC rats

Expressions of both the M2 and M3 muscarinic receptor subtypes in

the bladder mucosa of PC rats were 2.17 (± 0.55 SE) and 1.87 (± 0.34)

times higher than those in sham rats, respectively. Expressions of

these receptor subtypes in the bladder detrusors of PC rats were simi-

lar to those in the sham rats (0.8 [± 0.10] times for M2; 0.98 [± 0.10]

for M3). No statistically significant differences between the PC and

sham groups were observed.

3.2 | In vitro relaxant effects by the combination of
5-HMT and mirabegron on bladder detrusor from
PC rats

The relaxant effects of 5-HMT and mirabegron on EFS-induced con-

traction of bladder strips from PC rats showed that these drugs

respectively inhibited 16.2% and 17.5% of the contractions induced

by EFS. The concentration-relaxant response was 33.1% when the

drugs were used in combination (Figure 1), demonstrating an additive

relaxant effect (P < 0.05 vs individual treatments).
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3.3 | Single cystometry

Cystometric parameters after vehicle administration were used as

controls. BC and MV were significantly lower in PC rats compared

with sham rats, but other parameters did not differ between groups

(Figures 2 and 3).

In PC rats, administration of 5-HMT or mirabegron led to slight

and statistically insignificant increases in BC and decreases in

MP. Residual volume did not change after administration of 5-HMT or

mirabegron. However, combination treatment with both drugs

increased BC (from 0.55 ± 0.02 mL to 0.93 ± 0.06 mL; P < .01) com-

pared with either monotherapy group (Figure 4). Residual volume was

also increased (from 0.02 ± 0.01 mL to 0.21 ± 0.10 mL; P < 0.05) after

combination treatment, but there was no significant difference com-

pared with either monotherapy group. The decrease in MP was

greater in the combination group than in the monotherapy groups,

but this difference was but not statistically significant. Other parame-

ters did not change after combination treatment in comparison to

before treatment.

4 | DISCUSSION

Our study found that expression of both M2 and M3 receptor sub-

types in the mucosa was approximately twice as high in PC model rats

as in sham-operated rats. Additive relaxant effects of 5-HMT and

mirabegron were observed in the EFS-induced contractions of bladder

strips from PC rats. Although in vivo experiments found that intrave-

nous administration of low doses of 5-HMT or mirabegron did not

influence any single cystometry parameters, combined treatment with

these agents significantly increased BC in PC rats, suggesting a poten-

tial synergistic effect.

Our study used female PC rats, which showed frequent micturi-

tion and a decrease of BC. Pelvic venous congestion reduces blood

flow to the bladder,14 which is presumed to be one of the causal fac-

tors of idiopathic OAB.15 Pelvic venous congestion might also induce

hypoxia of the bladder. The expression of both M2 and M3 receptor

subtypes in the urothelium were up-regulated in this model.
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Up-regulation of M2 and M3 has also been observed in other lower

urinary tract symptoms models, including models of stroke and spinal

cord injury,16,17 as well as in humans with idiopathic detrusor overac-

tivity.18 In OAB, urinary frequency is developed along with reduction

of functional BC, so the PC rat was suitable as an animal model of

OAB. Because BC is a general metric by which the pharmacologic

effects of drugs can be measured, BC was established as the primary

endpoint in this in vivo study.

The detrusor strip contraction experiments detected an additive

relaxant effect of 5-HMT and mirabegron on EFS-induced
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contractions, which was likely caused by the independent effects of

different mechanisms of action. 5-HMT and mirabegron might act

independently on detrusor constrictions.

In vivo experiments found that the combination of 5-HMT and

mirabegron demonstrated a potential synergistic effect on BC in PC

rats. BC was increased by 0.37 mL under the combination therapy,

which was greater than the sum of the increase following either mon-

otherapy (0.07 mL each for 5-HMT and mirabegron). Expression of

M2 was twice as high in PC model rats as in sham-operated rats. As

MP and TP remained unchanged in these experiments, the increase in

BC was not mediated by development of voiding dysfunction. In com-

parison, only an additive effect on detrusor constrictions was

absorbed in vitro. The difference between the in vivo study and

in vitro study results may be a result of the efferent pathway via

urothelium. Changes in the urothelium and afferent and efferent

nerves, as well as myogenic changes in the detrusor, are known to be

main contributing factors to the pathology of OAB.19 Afferent nerves,

especially mechanosensitive Aδ- and C fibers, are known to be

responsive to bladder contractions.20 Recent reports have character-

ized the inhibitory effects of mirabegron on Aδ fibers by β3
adrenoceptor stimulation20 and the effect of 5-HMT on capsaicin-

sensitive C fibers by antagonizing bladder muscarinic receptors.21

Other antimuscarinics have also shown similar effects.20,21 These

studies suggest that the primary mechanism underlying the synergistic

effects of combination therapy may be the inhibition of ACh by

5-HMT via the M2 receptor, which would restore primary activity of a

β3 agonist. In the case of the drugs used in this study, high expression

of ACh and M2 might inhibit the activity of mirabegron by blocking

AC in pathologic situations. The potential synergistic effects of com-

bined administration of 5-HMT with mirabegron might therefore

involve the restoration of mirabegron's effects by 5-HMT. A similar

result was reported with the combination of a β3 agonist (vibegron)

and a nonselective antimuscarinic agent (tolterodine).22 The increase

in BC was greater when vibegron was coadministered with

tolterodine compared to coadministration with darifenacin, a selective

M3 antagonist, in rhesus monkeys.

Before fesoterodine and mirabegron can be used in combination

in clinical practice, potential for pharmacokinetic drug-drug interac-

tions should be investigated. For fesoterodine and mirabegron, this

has been predicted based on well-established physiologically based

pharmacokinetic models (Simcyp). The increase in the peak plasma

concentration and the area under the plasma concentration-time

curve of 5-HMT following concomitant administration of mirabegron

and fesoterodine was <25%, which was not considered to be a clini-

cally relevant drug-drug interaction for fesoterodine.23

Lastly, the potential for an overall increase in side effects from

combining drug therapies utilizing different mechanisms of action

must also be explored. Such side effects may be difficult to determine

based on in vitro studies alone, given potential differences between

antimuscarinic selectivity behavior with in vitro assays versus in vivo

systems.24 Evidence supports that fesoterodine and 5-HMT both bind

bladder and detrusor tissue with higher affinity than the parotid gland

competitively and reversibly,25 indicating their selectivity for the

target tissues. Another modeling and simulation study showed that

when fesoterodine and mirabegron were coadministered, predicted

changes in 5-HMT plasma concentrations were clinically insignificant,

and did not warrant changes in the recommended daily dose of fes-

oterodine when given with mirabegron.26 Notably, no differences

were observed in side effects reported in a clinical trial by treatment

groups receiving nonselective or selective antimuscarinics alongside a

β3 agonist.27 Collectively, these studies suggest that combined use of

nonselective antimuscarinics and β3 agonist therapies is unlikely to

significantly increase overall side effects.

In conclusion, this study demonstrated the potential of syner-

gistic effects of combining fesoterodine and mirabegron in PC rats

given subtherapeutic doses of 5-HMT and mirabegron. Combined

therapies of fesoterodine and mirabegron may more effectively

provide relief compared to monotherapies in clinical practice; how-

ever, further work is needed regarding the safety and efficacy of

concurrent treatment.
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