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Introduction: Mirabegron is available for treatment of overactive bladder
(OAB). However, mechanisms underlying symptom improvements and
long-term effects on bladder smooth muscle cells are uncertain.
Contractility and growth of bladder smooth muscle contribute to OAB, and
depend on smooth muscle phenotypes, and on muscarinic receptor
expression. Here, we examined prolonged exposure to mirabegron
(20–48 h) on phenotype markers, muscarinic receptor expression, and
phenotype-dependent functions in human bladder smooth muscle
cells (hBSMC).

Methods: Expression of markers for contractile (calponin, MYH11) and
proliferative (MYH10, vimentin) phenotypes, proliferation (Ki-67), and of
muscarinic receptors were assessed by RT-PCR. Proliferation, viability, actin
organization and contractions in cultured hBSMC were examined by EdU,
CCK-8, phalloidin staining and matrix contraction assays.

Results: Calponin-1 mRNA decreased with 100 nM and 150 nM mirabegron
applied for 20 h (0.56–0.6 fold of controls). Decreases were resistant to the
β3-AR antagonist L-748,337 (0.34–0.55 fold, 100–150 nM, 20 h). After 40 h,
decreases occured in the presence of L-748,337, but not without L-748,337.
MYH11 mRNA increased with 150 nM mirabegron (40 h, 1.9 fold). This was
partly preserved with L-748,337, but not observed after 20 h mirabegron
exposure. Vimentin mRNA reduced with 150 nM mirabegron after 20 h, but
not after 40 h, with and without L-748,337 (0.71–0.63 fold). MYH10 mRNA
expression remained unaffected by mirabegron. Exposure to 150 nM
mirabegron increased Ki-67 mRNA after 20 h in the presence of, but not
without L-748,337, and after 40 h without, but not with L-748,337.
Proliferation rates and actin organization were stable with 50–150 nM
mirabegron (24 h, 48 h). Viability increased significantly after mirabegron
exposure for 20 h, and by trend after 40 h, which was fully sensitive to L-
748,337. M2 mRNA was reduced by 20 h mirabegron, which was resistant to
L-748,337. Carbachol (3 µM) enhanced time-dependent contractions of
hBSMC, which was inhibited by mirabegron (150 nM) in late phases (24 h),
but not in early phases of contractions.
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Conclusion: Mirabegron induces dynamic phenotype alterations and
M2 downregulation in hBSMC, which is paralleled by time-shifted anticontractile
effects. Phenotype transitions may be involved in improvements of storage
symptoms in OAB by mirabegron.
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overactive bladder (OAB), lower urinary tract symptoms (LUTS), storage symptoms,
mirabegron, β3-adrenoceptor, bladder smooth muscle contraction, detrusor
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1 Introduction

Mirabegron, a β3-adrenoceptor (β3-AR) agonist, is used for
treatment of storage symptoms in overactive bladder (OAB)
(Nambiar et al., 2018; Igawa et al., 2019; Gravas et al., 2023). In
healthy conditions, voiding occurs by detrusor contraction following
activation of muscarinic receptors on bladder smooth muscle cells,
while this mechanism is overactivated and causes storage symptoms
in OAB (Michel et al., 2023). Muscarinic antagonists improve storage
symptoms and are the first-line option for medical treatment of OAB,
while long term adherence is low due to unmet expectations of
patients to this drug class along with unbalanced side effects
(Yeowell et al., 2018; Muderrisoglu et al., 2022). Mirabegron has
been introduced as an alternative and may be effective in patients
showing insufficient improvements with antimuscarinics or not
tolerating them (Oelke et al., 2013; Michel et al., 2023). While it
was initially believed thatmirabegron improves symptoms by relaxing
bladder smooth muscle via β3-AR, this concept has been challenged
following approval (Igawa et al., 2019; Huang et al., 2022). In fact,
relationships between mirabegron, smooth muscle phenotype and
muscarinic receptors are still unclear. Available in vitro studies with
mirabegron are limited to its acute effects occuring within minutes or
few hours, but did not yet include prolonged exposure in the range of
days with physiologic concentrations of mirabegron, i.e., conditions
analog to chronic treatment.

In general, phenotype plasticity of smooth muscle cells may
determine their contractility, and includes a contractile and a
non-contractile, so-called synthetic phenotype characterized by
weak contractility but high proliferation. Transitions between
both phenotypes are possible. Contractile properties depend on
expression of different isoforms of smooth muscle myosin heavy
and light chains (Babu et al., 2006). Smooth muscle myosin heavy
chain 11 (MYH11) is an abundant cytoskeletal protein in smooth
muscle cells of various organs including vessels, intestine,
bladder and uterus (Yokoyama et al., 2018). From four
investigated MYH11 isoforms, including SM-1, SM-2, SM-A
and SM-B, SM-B mRNA expression appeared most robust in
the bladder, and is required for force generation and rapid
voiding (Low et al., 2006; Li et al., 2018; Yokoyama et al.,
2018). However, loss of one, several or all isoforms affects the
contractile function of bladder smooth muscle (Low et al., 2006;
Li et al., 2018). Myosin heavy chain 10 (MYH10) is one of several
isoforms of non muscle myosin II, also known as non-muscle
myosin heavy chain B, and has been detected in smooth muscle
cells during proliferation and under some pathological
conditions (Sjuve et al., 2001; Obara et al., 2005; Hong et al.,
2015). MYH10 is involved in cell migration (Hong et al., 2015)
and downregulated in smooth muscle cells paralleled by growth

inhibition (Obara et al., 2005). Calponin is an actin filament-
associated regulatory protein primarily found in contractile
smooth muscle (Feng et al., 2019). Vimentin is expressed in
the undifferentiated and proliferative cells of mesenchymal
origin, and is used as a synthetic phenotype marker to
determine phenotypic switches of human vascular smooth
muscle cells from contractile to synthetic (Javed et al., 2020;
Zhang et al., 2021; Balint et al., 2023). However, intermediate
filaments, including desmin and vimentin, have been proposed to
be coupled to contractile units through dense bodies (Javed et al.,
2020). In a study using an animal model, vimentin was suggested
to required for active force development in airway smooth
muscles (Wang et al., 2007). Together, phenotype
transformations are characterized by changes in expression of
smooth muscle markers, such as myosin heavy chains, calponin
and vimentin, which are used as markers for phenotype
identification of smooth muscle cells (Zhong et al., 2018).

In parallel, dynamic phenotype plasticity is known from bladder
pathologies, at organ and cellular levels, including initial phases of
bladder outlet obstruction (BOO), where transient decompensation
mechanisms initiate molecular events leading to hypertrophy of
detrusor smooth muscle cells (Michel et al., 2023). The ability of
smooth muscle to compensate for increased functional demands is
associated with alterations in the expression of proteins in the thick
and thin filaments (Mannikarottu et al., 2006). Although these
transient mechanisms are known from several studies, and even
though impacts on phenotype regulation may explain symptom
improvements in OAB, effects of mirabegron on phenotype
plasticity of human bladder smooth muscle cells (i.e., contractile
vs. non-contractile phenotype) have not yet been addressed.
Similarly, effects of mirabegron on muscarinic receptors have
been examined in functional studies with acute administration of
mirabegron, while effects of long-term exposure of muscarinic
receptors in the bladder to mirabegron have not been reported.

Here, we examined effects of exposure to mirabegron for up to
2 days on phenotype markers, on muscarinic receptor expressions in
human bladder smooth muscle cells (hBSMC), and on phenotype-
dependent functions including cell viability, proliferation, actin
organization and contractility of hBSMC.

2 Materials and methods

2.1 Cell culture

Human bladder smooth muscle cells (hBSMC) were obtained
from Sciencell Research Laboratories (Carlsbad, CA,
United States) (catalog #4310, lot #5828). Information about
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the sex of donors was not provided, and not available upon
request. Cells were cultured in smooth muscle cell medium
(SMCM) (Sciencell Research Laboratories) containing fetal
bovine serum (FBS, 2%), smooth muscle cell growth
supplement (1%) and penicillin/streptomycin (1%). When the
cells reached 90% confluency, they were passaged for the next
experiments, so that cells from 1 to 10 passages were used for
experiments in this study. Before treating cells with mirabegron
(50, 100, 150 nM) or DMSO (solvent of applied drugs, for
controls; always 0.1% of medium), the medium was changed
by FBS-free medium. Subsequently, cells were incubated at 37°C
with 5% CO2 during treatment periods (20, 40 h). To assess β3-
AR-independent effects of mirabegron, experiments with
mirabegron were repeated in the presence of the β3-AR
antagonist L-748,337 (1 µM). L-748,337 was added to hBSMC
in FBS-free medium 1.5 h before addition of mirabegron.

2.2 RT-PCR

hBSMCwere seeded with a density of 300,000 cells/well in 6-well
plates. After 24 h, cells were treated with mirabegron, DMSO and/or
L-748,337 for indicated periods. RNA was isolated using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) based on the manufacturer’s
instructions. RNA concentrations were measured
spectrophotometrically. cDNA was synthesized using 500 ng of
isolated RNA using a Reverse Transcription System (Promega,
Madison, WI, United States). Real-time PCR (RT-PCR) was
performed with a Roche Light Cycler (Roche, Basel, Switzerland).
Primers (with RefSeq accession no) for calponin-1 (CNN1, NM_
001299), myosin heavy chain 11 (MYH11, NM_022844), myosin
heavy chain 10 (MYH10, NM_005964), vimentin (VIM, NM_
003380), Ki67 (NM_001145966), cholinergic receptor muscarinic
3 (CHRM3, NM_000740), muscarinic 2 (CHRM2, NM_000739),
and glyceraldehyde-3-phosphate dehydrogenase for housekeeping
(GAPDH, NM_002046) were purchased from Qiagen (Hilden,
Germany). PCR reaction volume was 10 μL, which included 5 µL
FastStart DNA MasterPlus SYBR Green I (Roche, Basel,
Switzerland), 1 μL primer, 1.5 μL PCR grade water and 2.5 μL
sample. Denaturation was performed at 95°C for 10 min, and
amplification with 40 cycles, each including 10 s at 95°C, 10 s at
60°C, 15 s at 72°C. PCR product quality was demonstrated by post-
PCR melt curve analysis. All samples were determined in duplicate
and presented as means of these two replicates. Results were
expressed using the ΔΔCt method, where number of cycles (Ct)
at which the fluorescence signal exceeded a defined threshold for
GAPDH (see Supplementary Figure S1 for Ct values for GAPDH)
was subtracted from Ct values for targets (Cttarget-CtGAPDH = ΔCt),
and values were calculated as 2−ΔΔCT and normalized to the mean
values of corresponding controls.

2.3 Western blot

For protein isolation, cells were washed twice with ice-cold
phosphate-buffered saline (PBS). 400 μL of
radioimmunoprecipitation assay (RIPA) buffer (Sigma-
Aldrich, Munich, Germany) containing 1% protease inhibitor

cocktail (P8340) (Sigma-Aldrich, Munich, Germany) were
added to each flask. After keeping on ice for 1 min, cells were
scraped from flasks. Lyzed cell suspensions were incubated on
ice for 10 min, vortexed each 2 min, and centrifuged
(10,000 rpm, 5 min, 4°C). 5 μL of each sample was used for
protein determination, using a protein quantification assay kit
(catalog #740967, Macherey-Nagel, Düren, Germany) according
to the manufacturer’s instructions. Remaining samples were
boiled for 10 min with laemmli sample buffer (1610737) (Bio-
Rad, Hercules, CA, United States) containing 5% of beta-
mercaptoethanol (M6250) (Sigma-Aldrich, Munich,
Germany). Samples (30 μg/lane) were subjected to SDS
polyacrylamide gel electrophoresis, and proteins were blotted
on Protran® nitrocellulose membranes (Cytiva 10600008, Sigma-
Aldrich, Munich, Germany). For blockade of unspecific binding
sites, membranes were blocked with PBS containing 5% milk
powder (Roth, Karlsruhe, Germany) over night, and incubated
with mouse monoclonal anti β-actin antibody (sc-47778, 1:500)
(Santa Cruz Biotechnology, Santa Cruz, CA, United States),
mouse monoclonal anti calponin1/2/3 antibody (sc-136987, 1:
500) (Santa Cruz Biotechnology, Santa Cruz, CA, United States),
or mouse monoclonal anti vimentin antibody (5G3F10, 1:1000)
(Cell Signaling Technology, Beverly, MA, United States). All
primary antibodies were diluted in PBS containing 0.1% Tween
20 (PBS-T) and 5% milk powder. Subsequently, detection was
continued using secondary goat anti mouse IgG, H&L Chain
Specific Peroxidase Conjugate (401,215) (Sigma-Aldrich,
Munich, Germany) by dilutions 1:3000, 1:3000 and 1:2000,
respectively. Membranes were washed with PBS-T after any
incubation with primary or secondary antibodies. Blots were
developed with SuperSignal west pico plus chemiluminescent
substrate (34,577) (ThermoScientific, Rockford, United States)
and imaged using the ChemiDoc XRS + System (Bio-Rad,
Hercules, CA, United States). Intensities of resulting bands
for β-actin, calponin and vimentin were quantified
densitometrically using ImageJ (National Institutes of Health,
Bethesda, Maryland, United States), and bands were normalized
to β-actin in corresponding samples.

2.4 Viability assay

Cell Counting Kit-8 (CCK-8) (Sigma Aldrich, Munich, Germany)
was used to assess the cell viability. 5,000 cells were seeded to each well
of 96-well plates followed by culture for 24 h, before mirabegron,
DMSO and/or L-748,337 were added to corresponding wells. After
20 or 40 h treatment periods, 10 μL of [2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium
salt (WST-8) from the kit were added to each well and cells were
incubated for 2 h at 37°C. Finally, absorbance of eachwell wasmeasured
at 450 nm.

2.5 Proliferation assay

Proliferation rate of cells was assessed using the 5-ethynyl-
2′-deoxyuridine (EdU) based EdU-Click 555 proliferation assay
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kit (Baseclick, Tutzing, Germany), which was applied according
to the manufacturer’s instructions. hBSMC were seeded at
densities of 40,000 cells/well into 12 well-chambered
coverslips and cultured for 24 h. Subsequently, mirabegron or
DMSO were added to corresponding wells for indicated
treatment periods (24, 48 h). The medium was replaced by
10 mM EdU solution in FBS-free smooth muscle cell medium
containing mentioned drugs, 24 h before the cell fixation. Cells
were fixed by using 3.7% formaldehyde. EdU incorporated into
DNA was assessed by detection with fluorescing 5-
carboxytetramethylrhodamine (5-TAMRA). DAPI (4′,6-
diamidino-2-phenylindole) was used for counterstaining of all
nuclei. Cells were analyzed by fluorescence microscopy (Leica
LASX, Wetzlar, Germany). The number of proliferating cells
(i.e., EdU-stained cells) was calculated by using ImageJ cell
counter (National Institutes of Health, Bethesda, Maryland,
United States).

2.6 Phalloidin staining

hBSMC were plated into 12 well-chambered coverslips
(40,000 cells/well) and cultured for 24 h. After treatment
with mirabegron or DMSO for 24 or 48 h, staining was
performed with 100 μM fluoresceine isothiocyanate- (FITC-)
labelled phalloidin (Sigma-Aldrich, Munich, Germany),
according to the manufacturer’s instruction. DAPI was used
for counterstaining of all nuclei. Labelled cells were analyzed
using a laser scanning microscope (Leica LASX, Wetzlar,
Germany). Finally, staining was calculated by using ImageJ
(National Institutes of Health, Bethesda, Maryland,
United States).

2.7 Contraction assay

Contractility of cells was measured using the CytoSelect 24-
Well Cell Contraction Assay Kit (Floating Matrix Model) (Cell
Biolabs, San Diego, CA). hBSMC were cultured in flasks for 72 h
before being trypsinized and resuspended in fresh SMCM to a
dilution of 1,000,000 cells/mL. 400 μL of collagen gel working
solution, which is provided with the kit and 100 µL of the
trypsinized cell suspension were mixed before transferring to
each well of the 24-well plate, provided with the kit as well.
Subsequently, plates were incubated for 1 h (37°C, 5% CO2) for
collagen polymerization. After 1 h of incubation, 1 mL of SMCM
with or without mirabegron (150 nM) and carbachol (3 µM) were
added and incubation was continued. For monitoring of collagen
contraction, pictures were taken 10, 20, 30, 60, 120 min after
adding of SMCM with related agents, or 6, 24, 48 h after adding
SMCM with related agents. Diameters and areas of the collagen
plugs and wells on pictures were quantified using ImageJ
(National Institutes of Health, Bethesda, Maryland,
United States), and contractions were calculated as
diameter(well) - diameter(plug) (in cm; at indicated time points),
with the well diameter (1.5 cm) representing the tension at the
time point zero (i.e., when SMCM and related agents were added
to wells).

2.8 Drugs and nomenclature

Mirabegron (2-Amino-N-[4-[2-[[(2R)-2-hydroxy-2-phenylethyl]
amino]ethyl]phenyl]-4-thiazoleacetamide) is a β3-AR agonist, which
is used for medical treatment of OAB. Binding constants (Ki values) of
mirabegron amounted to 2.5 nM for β3-, 383 nM for β1-, and 977 nM
for β2-adrenoceptors in radioligand assays, performed in cells
transfected with human β-adrenoceptors (Tasler et al., 2012). Ki

values for α1-adrenoceptors were assessed as well, in competition
assays using membranes from cells transfected with human α1-
adrenoceptors, where they amounted to 0.437 µM for α1A-, 1.8 µM
for α1D-, and 26 µM for α1B-adrenoceptors (Alexandre et al., 2016).
Antagonism in functional contraction experiments with intact tissues
requires micromolar concentrations (Alexandre et al., 2016; Huang
et al., 2021). Using 50 mg/daily and multiple doses, maximum plasma
levels do not exceed 167 nM in healthy women and 137 nM in healthy
men, with maximum concentrations reached within 3–4 h and steady
state concentrations ranging lower (Krauwinkel et al., 2012).
Accordingly, concentrations from 50 to 150 nM, applied in our
study are probably specific for β3, and within the ranges of plasma
concentrations. L-748,337 (N-[[3-[(2S)-2-Hydroxy-3-[[2-[4-
[(phenylsulfonyl)amino]phenyl]ethyl]amino]propoxy]phenyl]methyl]-
acetamide), is a β-AR antagonist, with affinity values of 4, 204, 390 nM
to human β3-AR, β2-AR, β1-AR, respectively (Candelore et al., 1999).
Both mirabegron and L-748,337 were purchased from Tocris (Bristol,
United Kingdom). They were dissolved in dimethylsulfoxide (DMSO)
as 10 mM stock solutions. Aliquots of stock solutions were
stored −20°C until use.

2.9 Statistical analysis

Data analyses were performed using Graphpad Prism (version
10.0.1, GraphPad Software Inc., San Diego, CA, United States). Each
series was pre-planned to contain five single experiments. However,
Western blot analyses were based on seven individual experiments,
because we assumed in advance that detection may typically fail in
some samples. As all experiments with successfull detection were
included to analysis, these results are based on more than five
experiments. This procedure is in line with the explorative
character of this study (Michel et al., 2020). To compare groups
treated with different mirabegron concentrations versus controls
(solvent-treated), one-way ANOVA or Kruskal Wallis test were
performed, depending on data distribution. If the data showed
Gaussian distribution, ordinary one-way ANOVA was used
followed by Dunnett’s multiple comparisons test. Otherwise,
i.e., if the data distribution was non-Gaussian, Kruskal Wallis test
was performed followed by Dunn’s multiple comparisons test. To
compare treated groups vs. the control group at each time point in
contraction assays, linear regression of two-way ANOVA was used
followed by Dunnett’s multiple comparison test. Data in scatter plots
include values from all independent experiment (with each single
value from an independent experiment reflecting means of double or
triple determination), together with means. Data in diagrams
showing contractions over time are means with standard
deviations (SD). P values < 0.05 were considered statistically
significant. Since our study shows an expolatory character, p
values need to be considered as descriptive, instead of

Frontiers in Pharmacology frontiersin.org04

Muderrisoglu et al. 10.3389/fphar.2024.1446831

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1446831


hypothesis-testing (Michel et al., 2020). In line with the recent
recommendations (Michel et al., 2020), p values were used
sparingly, and relevant effect sizes were reported as folds of
means of corresponding controls with 95% confidence intervals
(CI) in the text, which were calculated using Graphpad Prism. No
data were excluded from each analysis. Due to technical reasons,
incubation times differed between experiments including mRNA
detection (20, 40 h) and functional experiments (24, 48 h). Initially,
incubation for 24–48 h was planned for RT-PCR samples as well, but
detection completely failed in these samples, for unknown (probably
technical) reasons. Consequently, new samples with different, but
similar incubation periods were prepared and analyzed.

3 Results

3.1 Effects of mirabegron on contractile
phenotype markers

Calponin-1 mRNA expression decreased with 100 nM and
150 nM of mirabegron, applied for 20 h. Values for mRNA
expression amounted to 0.74 fold (0.43, 1.04) of mean of
controls with 50 nM, 0.6 fold (0.45, 0.75) with 100 nM (p =
0.0225) and 0.56 fold (0.38, 0.74) with 150 nM (p = 0.0082). No
reductions were observed after 40 h, where values mounted to

1.41 fold (1.24, 1.58) of mean of controls with 50 nM, 1.12 fold
(0.92, 1.32) with 100 nM and 1.22 fold (0.92, 1.52) with
150 nM (Figure 1A).

With preceding addition of L-748,337 (1 µM), mRNA
expression of calponin-1 reduced with mirabegron after both
20 and 40 h. Referred to means of controls, calponin-1 mRNA
levels amounted to 0.92 fold (0.57, 1.27) with 50 nM, 0.55 fold (0.2,
0.9) of with 100 nM (p = 0.0144) and 0.34 fold (0.26, 0.41) with
150 nM (p = 0.0006) after 20 h, and to 0.89 fold (0.3, 1.48) with
50 nM, 0.48 fold (0.32, 0.63) with 100 nM (p = 0.0495) and 0.6 fold
(0.35, 0.86) with 150 nM after 40 h (Figure 1B).

Protein expression of calponin-1 did not differ between groups
(Figure 1C; Supplementary Figure S2) after 24 h. Mean ratios of
band intensities for calponin-1 and beta actin mounted to 0.79 (0.47,
1.1) for controls, 0.74 (0.37, 1.1) with 50 nM, and 0.68 (0.42, 0.93)
with 100 nM mirabegron.

In contrast, expression of MYH11 mRNA increased with
150 nM of mirabegron applied for 40 h, while it remained
unchanged after 20 h. Referred to means of controls, increases
amounted to 1.78 fold (1.28, 2.28) with 50 nM, 1.89 fold (1.24,
2.53) with 100 nM, and 1.9 fold (1.43, 2.38) with 150 nM (p = 0.0333)
after 40 h (Figure 1D).

Increases were preserved in the presence of L-748,337. Values
amounted to 1.21 fold (0.93, 1.49) of means of controls with 50 nM,
1.73 fold (−0.13, 3.59) with 100 nM and 1.34 fold (1.07, 1.62) with

FIGURE 1
Effects of mirabegron on contractile phenotype markers in hBSMC. mRNA expressions of calponin-1 (CNN-1) (A), calponin-1 in the presence of L-
748,337 (1 µM) (B), myosin heavy chain 11 (MYH11) (D) andmyosin heavy chain 11 in the presence of L-748,337 (1 µM) (E)were determined by RT-PCR after
20 h or 40 h of mirabegron exposure or after analog treatment with solvent (controls). Protein expressions of calponin-1 are shown as ratios of band
intensities, together with representative Western blots (C). Shown are all data from n = 5 independent experiments for RT-PCR, and n = 7 independent
experiments for Western blot (see Supplementary Figure S2 for blots from each experiment), together with means, and with p values from Kruskal Wallis
followed by Dunn’s multiple comparisons test (A,D) and ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test (B,C,E) (*p < 0.05, **p <
0.01, ***p < 0.001 vs. control).
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150 nM after 20 h, and to 1.36 fold (1.2, 1.5) with 50 nM (p = 0.0342),
1.45 fold (1.13, 1.78) with 100 nM (p = 0.0058) and 1.25 fold (1.01,
1.49) with 150 nM after 40 h (Figure 1E).

3.2 Effects of mirabegron on non-
contractile phenotype markers

MYH10 mRNA expression was mostly unchanged in
mirabegron-treated groups, both with or without L-748,337
(Figures 2A, B). Slight increases were observed after 40 h,
amounting to 1.18 fold (0.64, 1.72) of mean of controls with
50 nM, 1.53 fold (1.27, 1.79) with 100 nM, and 1.51 fold (0.38,
2.65) with 150 nM (Figure 2A).

In contrast, vimentin mRNA expression reduced with 150 nM
mirabegron after 20 h, both with or without L-748,337, but was
stable after 40 h among all groups. Referred to mean of controls,
vimentin mRNA mounted to 0.88 fold (0.7, 1.06) with 50 nM,
0.77 fold (0.53, 1.02) with 100 nM, and 0.71 fold (0.5, 0.92) with
150 nM (p = 0.0269) (Figure 2C). With L-748,337, they amounted to
1.02 fold (0.77, 1.27) of means of controls with 50 nM, 0.79 fold
(0.58, 0.99) with 100 nM, and 0.63 fold (0.55, 0.7) with 150 nM (p =
0.035) (Figure 2D).

Protein expression of vimentin was similar among groups
(Figure 2E; Supplementary Figure S2). The mean ratios of band
intensities for vimentin and β-actin were 1.16 (0.7, 1.62) for controls,
1.12 (0.58, 1.67) with 50 nM, and 1.08 (0.63, 1.51) with 100 nM
mirabegron after 24 h.

3.3 Effects of mirabegron on proliferation

Expression of Ki67 mRNA was mostly stable in groups treated
for 20 h with mirabegron, but increased to 1.6 fold (0.95, 2.25) of
mean of controls with 50 nM, 1.6 fold (1.03, 2.2) with 100 nM and
2.1 fold (1.5, 2.6) with 150 nM (p = 0.036) after 40 h (Figure 3A).
However, increases after exposure to mirabegron for 20 h were
observed in the presence of L-748,337, mounting to 0.99 fold (0.85,
1.13) of mean of controls with 50 nM, 1.23 fold (0.98, 1.49) with
100 nM and 1.3 fold (1.12, 1.49) with 150 nM (p =
0.0223) (Figure 3B).

In contrast, proliferation rates assessed by EdU assays were
similar among groups, on average reaching 19% (12.5, 25.1) in
controls, and 20% (16.2, 23.7), 18% (14.6, 21.5) and 23% (12.4, 33.8)
with 50 nM, 100 nM and 150 nM of mirabegron after 24 h. After
48 h, average proliferation rates reached 11% (3.5, 17.5) in controls,

FIGURE 2
Effects of mirabegron on non-contractile phenotype markers in hBSMC. mRNA expressions of myosin heavy chain 10 (MYH10) (A), myosin heavy
chain 10 in the presence of L-748,337 (1 µM) (B), vimentin (VIM) (C) and vimentin in the presence of L-748,337 (1 µM) (D)were determined by RT-PCR after
20 h or 40 h of mirabegron exposure or after analog treatment with solvent (controls). Protein expressions of vimentin are shown as ratios of band
intensities, together with representative Western blots (E). Shown are all data from n = 5 independent experiments for RT-PCR, and n = 6 independent
experiments for Western blot (see Supplementary Figure S2 for blots from each experiment), together with means, and with p values from Kruskal Wallis
followed by Dunn’s multiple comparisons test (A) and ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test (B–E) (*p < 0.05, **p <
0.01 vs. control).
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and 12% (4.1, 20.0), 8% (2.2, 14.3) and 11% (2.1, 20.2) with 50 nM,
100 nM and 150 nM of mirabegron (Figure 3C).

3.4 Effects of mirabegron on actin
organization

All control and mirabegron-treated groups were characterized
by distinct and visible actin filaments, visualized by phalloidin
staining (Figure 4A). Actin in these cells was organized to long
filaments and bundles, showing parallel arrangement and shared
orientation. Percentages of phalloidin-stained actin areas were
similar with all concentrations and both exposure durations.
Average phalloidin-stained areas reached 7.2% (3.8, 10.6) in
controls and 5.9% (3.2, 8.6), 7% (1.8, 12.0) and 6.7% (3.4, 10.0)
with 50 nM, 100 nM and 150 nM of mirabegron, after 24 h.
Similarly, average phalloidin-stained areas reached 8.3% (2.9,
13.8) in controls and 8.2% (4.1, 12.3), 6.1% (2.7, 9.6) and 7.6%
(2.9, 12.2) with 50 nM, 100 nM and 150 nM of mirabegron,
after 48 h.

3.5 Effects of mirabegron on cell viability

Cell viability was increased by 16% (−22.6, 53.8) with 100 nM
mirabegron and 31% (14.3, 47.2) with 150 nM mirabegron (p =
0.0036) after 20 h, compared to means of controls. By trend,

increases maintained after 40 h, including increases by 19% (0.6,
37.8) with 50 nM mirabegron, by 19% (1.7, 36.3) with 100 nM
mirabegron and 21% (−19.9, 62.3) with 150 nM mirabegron
(Figure 4B). No alterations were observed in the presence of L-
748,337 (Figure 4C).

3.6 Effects of mirabegron on
muscarinic receptors

Expression of M3 mRNA was slightly reduced in mirabegron-
treated groups after 20 h. The levels were 0.66 fold (−0.04, 1.4) of
mean of controls with 50 nM, 0.58 fold (0.28, 0.89) with 100 nM and
0.77 fold (0.37, 1.17) with 150 nM. Values after 40 h were 1.04 fold
(0.26, 1.8) of mean of controls with 50 nM, 1.33 fold (0.91, 1.76) with
100 nM and 0.76 fold (0.38, 1.14) with 150 nM (Figure 5A).
M3 mRNA was undetectable in samples including L-748,337, for
unknown reasons.

M2 mRNA expression amounted to 0.71 fold (−0.06, 1.4) of
mean of controls with 50 nM, 0.49 fold (0.18, 0.8) with 100 nM and
0.46 fold (0.21, 0.72) with 150 nM after 20 h. After 40 h, M2 mRNA
expressions were mostly stable with mirabegron (Figure 5B).

In the presence of L-748,337, M2 mRNA expression
decreased significantly in groups treated for 20 h with 100 nM
and 150 nMmirabegron. Values amounted to 1.3 fold (0.63, 1.88)
of mean of controls with 50 nM, 0.47 fold (0.23, 0.71) with
100 nM (p = 0.05), and 0.32 fold (0.23, 0.4) with 150 nM (p =

FIGURE 3
Effects of mirabegron on proliferation in hBSMC. mRNA expressions of Ki-67 (A) and of Ki-67 in the presence of L-748,337 (1 µM) (B) were
determined by RT-PCR after 20 h or 40 h of mirabegron exposure or after analog treatment with solvent (controls). Proliferation was assessed by EdU
assays (red, proliferating cells; blue, nonproliferating cells; scale bars: 50 µm), after treatment with mirabegron or solvent (controls) as indicated (C).
Shown are all data from n = 5 independent experiments, together with means, and with p values from Kruskal Wallis followed by Dunn’s multiple
comparisons test (A, 20 h; C, 48 h) and ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test (A, 40 h; B,C, 24 h) (*p < 0.05, **p <
0.01 vs. control).
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0.0106). No decreases were seen after 40 h with mirabegron and
L-748,337 (Figure 5C).

3.7 Effects of mirabegron on cell contraction
in hBSMC

Contraction of hBSMC was assessed by matrix contraction
assays, 10–120 min after seeding to matrix plugs, and 6–48 h
after seeding in another series (Figure 6A). Contractions
increased over time in all groups. Compared to controls,
contractions were increased with 150 nM mirabegron by 11%
(−17.3, 38.6), 7% (−14.1, 28.4), 2% (−27.9, 30.9) after 60, 90,
120 min respectively, and with 3 µM carbachol by 31% (−1.6,
63.5), 35% (−5.7, 75.1), 19% (−23.3, 60.9) after 60, 90, 120 min
respectively (Figure 6B). However, with 3 µM carbachol plus 150 nM
mirabegron, contractions were similar to the control group, except
of a slight decrease by 5% (−39.7, 30.2) after 120 min (Figure 6B).
After 6, 24 and 48 h, contractions were elevated vs. the control group
by 14% (2.5, 25.3), 17% (7.8, 25.7) (p = 0.0105), 16% (1.4, 30.5) with
3 µM carbachol, and by 7% (−4.2, 17.9), 5% (−6.6, 16.5), 8% (−5.0,
21.6) with 150 nM mirabegron (Figure 6C). In the 3 µM carbachol
plus 150 nMmirabegron group, contractions increased by 8% (−9.1,
24.9), 11% (−4.9, 27.4), 9% (−5.2, 23.3) after 6, 24, 48 h, respectively
compared to the control group (Figure 6C). By comparison of the
control group with all other groups, the increase was only significant
for carbachol after 24 h (p = 0.0105), but not significant for carbachol
plus mirabegron after 24 h (Figure 6C).

4 Discussion

Our findings suggest dynamic effects of exposure to mirabegron
for up to 48 h on phenotype markers in hBSMC, paralleled by
attenuation of muscarinic receptor mRNA and by changes in
phenotype-dependent functions. In fact, mechanisms underlying
symptom improvements by mirabegron in OAB are unclear, and
molecular impacts of exposure exceeding few hours are unknown in
bladder cells, as previous in vitro studies were to the best of our
knowledge limited to acute effects. Effects observed in our study
occured with concentrations in the range of known plasma levels,
and point to dynamic, phenotype-related changes of hBSMC by
mirabegron, including markers for contractile and non-contractile
phenotypes of smooth muscle cells. Despite concentration ranges
suggesting specificity for β3-AR, effects of mirabegron were partly
resistant, and partly sensitive to a β3-AR antagonist. Together, our
observations from long-term exposure of hBSMC to mirabegron
may provide new explanations for clinical effects of
mirabegron in OAB.

Calponin-1 is specifically expressed in differentiated smooth
muscle cells and promotes contractility (Liu and Jin, 2016; Feng
et al., 2019). MYH11 abounds in smooth muscle cells including
vascular smooth muscles, bladder, intestine and uterus (Yokoyama
et al., 2018) and takes part in smooth muscle contraction as well (Li
et al., 2018). Four MYH11 isoforms have been identified in human
tisssues, including SM1, SM2, SM-A and SM-B (Yokoyama et al.,
2018). In our present study, we observed decreases of calponin-1
mRNA expressions with mirabegron after 20 h, which was resistant

FIGURE 4
Effects of mirabegron on actin organization and cell viability in hBSMC. Actin organization of cells was assesed by phalloidin staining, after treatment
with mirabegron or solvent (controls) as indicated. Actin polymers were stained by phalloidin (red), nuclei were counterstained with DAPI (blue) (scale
bars: 50 µm) (A). Viability was assessed by CCK-8 assay, after 20 h or 40 h of mirabegron exposure in absence (B) or presence (C) of L-748,337 (1 µM), or
after analog treatment with solvent for controls. Shown are all data from n = 5 independent experiments, together with means, and with p values
from Kruskal Wallis followed by Dunn’s multiple comparisons test (A,C, 40 h) and ordinary one-way ANOVA followed by Dunnett’s multiple comparisons
test (B,C, 20 h) (**p < 0.01 vs. control).
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FIGURE 5
Effects of mirabegron onmuscarinic receptors in hBSMC. mRNA expressions of muscarinic M3 receptor (A), muscarinic M2 receptor (B), muscarinic
M2 receptor in the presence of L-748,337 (1 µM) (C) were determined after 20 h or 40 h of mirabegron exposure or after analog treatment with solvent
(controls). Shown are all data from n = 5 independent experiments, in scatter plots with means (A–C) and together with p values from Kruskal Wallis
followed by Dunn’smultiple comparisons test (A,B, 20 h;C, 40 h) and ordinary one-way ANOVA followed by Dunnett’smultiple comparisons test (B,
40 h; C, 20 h) (*p < 0.05 vs. control; p values ≥ 0.05 not shown).
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to β3-AR antagonist. Consequently, mirabegron may contribute to
relaxation of hBSMC by attenuating the contractile marker
calponin-1, even independently from β3-adrenergic effects but
with known plasma concentrations, and at least within 20 h of
exposure. In a previous study, the β3-AR agonist
BRL37344 decreased the expression of α-smooth muscle actin,
which was increased after pathological hydrostatic pressure in
hBSMC (Lai et al., 2019). Our current findings are in line with
this study, as both suggest reducing effects of β3-AR agonists on
contractile filaments in hBSMC. Interestingly, shared effects in both
studies may not necessarily be attributed to β3-AR activation, as the
applied concentration of BRL37344 was probably unspecific for β3-
AR (Lai et al., 2019), and because mirabegron effects on calponin-1
were resistant to L-748,337.

Unlike calponin-1, MYH11 increased after 40 h exposure of
mirabegron in our present study. Actin-myosin interactions are the
key mechanism for smoothmuscle contraction, and both calponin-1
and SM-B myosin (one of the isoforms of MYH11) affect this cross-

bridge cycling at different kinetic steps (Arner and Malmqvist, 1998;
Babu et al., 2006). Babu et al. reported upregulation of calponin-1 in
SM-B myosin null mice (Babu et al., 2006), suggesting that this
upregulation may be a compensatory mechanism to maintain cross-
bridge cycling in the absence of SM-B. Our findings may confirm
this mutual regulation, as we observed an opposing regulation of
calponin-1 and MYH11. Thus, upregulation of MYH11, occuring
time-shifted to downregulation of calponin-1, may represent a
compensatory mechanism to maintain contractility of hBSMC
against the reduction of calponin-1 induced by mirabegron.
Besides, increases of MYH11 reduced with L-748,337, suggesting
a role of β3-AR-mediated mechanisms in contractile myosin
expression. Maccari et al. reported downregulation of cardiac
contractile beta myosin heavy chains (βMHC) in mice hearts by
intermittent beta blockade, while continuous inhibition of the
adrenergic cascade caused upregulation on βMHC (Maccari
et al., 2020). In addition, treatment with the β antagonist
metoprolol in idiopathic dilated cardiomyopathyc patients

FIGURE 6
Effects of mirabegron on cell contraction in hBSMC. Contraction of hBSMC was assessed by matrix contraction assays (A), 10–120 min (B) and
6–48 h (C) after seeding to matrix plugs. Drugs (and solvents for controls) were added with seeding to matrix plugs, as indicated. Contractions are
expressed as changes in plug diameter during indicated periods. Shown are all data from n = 5 independent experiments, as means with standard
deviation, and together with p values from linear regression of two-way ANOVA followed by Dunnett’s multiple comparison test (*p <
0.05 vs. control).
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downregulated βMHC expessions (Lowes et al., 2002). Thus, effects
of adrenergic signaling on MHC expression in the heart are obvious
across these previous studies, while our findings show this
relationship for the first time in bladder smooth muscle cells.
Similar to our study, these previous studies point to highly time-
dynamic patterns of these regulations.

While mRNA expression of MYH10 tended to increase after
40 h mirabegron exposure, vimentin mRNA was reduced with or
without L-748,337, reflecting phenotype-associated transitions in
hBSMC as well. Vimentin, and MYH10 have been previously
considered as markers for synthetic phenotypes of smooth
muscle cells, characterized by proliferation and low contractility
(Obara et al., 2005; Zhong et al., 2018; Zhang et al., 2021). Previous
studies reporting switches from contractile to synthetic phenotypes
included vascular smooth muscles (Zhong et al., 2018; Cao et al.,
2022) and coronary arterial myocytes from CD38 gene deficient
mice (Xu et al., 2015), and upregulation of vimentin during this
transition. In another study, overexpression of vimentin did not alter
contractile markers in murine bladder smooth muscles (Javed et al.,
2020). On the other hand, however, vimentin is required for smooth
muscle contraction, and lack of vimentin attenuates contractile
responses to mechanical stimuli or to agonist stimulation (Tang,
2008). Our current and previous findings may suggest that patterns
of phenotype transitions may differ between hBSMC and vascular
SMCs, together pointing to bladder- or organ-specific phenotype
plasticity, which merits further investigations. As it is believed that
mirabegron has relaxing effects on hBSMC and we found that
mRNA levels of calponin-1 and vimentin (which are both
essential for contraction) were downregulated by mirabegron, we
may conclude that mirabegron reduces contractile responses by
attenuating contractile proteins. Actin-dependent mechanisms are
obviously not involved, as organization of phalloidin-stained actin
filaments was not affected by mirabegron.

In our study, cell viability increased with mirabegron after 20 h
and still slightly after 40 h, which was sensitive to a β3-AR
antagonist. Our findings oppose observations in prostate stromal
cells, where a slight reduction of viability was observed with
mirabegron, which was considered as negligible (Huang et al.,
2021). Relationships between cell viability and adrenergic
stimulation were studied in various cell types. In osteocytic
MLO-Y4 cells treated with isoprenaline, enhanced cell viability
was dependent on β2-adrenergic signalling (Yao et al., 2017). In
contrast, an adrenergic effect on cell viability was shown in murine
luteal cells, by increases with norepinephrine and decreases with
isoprenaline, revealing that luteal cell viability is positively affected
by α-adrenergic activation (Wang et al., 2016). Although these and
other studies (Hennenberg and Michel, 2023) provide insights of
adrenergic stimulation on survival of non-muscle cells, evidence for
β3-adrenergic effects on smooth muscle cell viability is still
highly limited.

In our EdU assays, mirabegron did not affect the proliferation
rate of hBSMC. Similarly, BRL37344 did not affect cell proliferation
under pathological hydrostatic pressure in hBSMC in a previous
study (Lai et al., 2019). Another study, however, reported decreases
in myocyte size by BRL37344 in the murine heart (Watts et al.,
2013). Different from the unchanged proliferation rate, we observed
increased expression of Ki67, a proliferation marker, after 40 h of
mirabegron exposure, which was inhibited by L-748,337.

Interestingly, Ki67 expression increased after 20 h of mirabegron
exposure only in the presence of L-748,337, but not with mirabegron
alone. Ki67 expression commonly, but not necessarily parallels
functional changes in proliferation. Similar to our study,
discrepant results for Ki67 expression and proliferation have
been previously observed as well, and may be caused by
alternative splicing of the N-terminus of Ki67, which may
differentially affect proliferation (Schmidt et al., 2004). As
mirabegron-induced increases in viability occured despite
unchanged proliferation, the enhanced viability was probably
attributed to mechanisms other than proliferation. Apart from
proliferation, increases in viability may be imparted by
suppression of apoptosis or cell death. While our current data do
not allow conclusions to that, impacts of mirabegron on apoptosis
and cell death may be subject of follow-up studies. Together, β3-AR-
mediated growth responses may in fact exist in bladder smooth
muscle, but they are apparently highly dynamic, and outcomes do
not depend on β3-AR alone. Further studies are required,
preferentially in vivo and in knockout models, to understand
physiological and net effects of β3-AR regulation in detrusor
growth and in bladder smooth cell muscle proliferation.

Our findings suggest that mirabegron may downregulate
expression of muscarinic receptors in hBSMC after 20 h,
especially M2, but possibly also the M3 subtype. In human
bladder smooth muscle cells, M3 is the subtype predominantly
accounting for cholinergic contractions, e.g., during voiding, even
though M2 has a higher abundance (Michel et al., 2023). Obviously,
the downregulation of M2 occured independently from β3-AR
activation, as it was even greater with L-748,337. According to
documents submitted for approval to the FDA, mirabegron binds
to muscarinic M2 receptors (FDA, 2012). Binding of mirabegron to
muscarinic receptors was also observed in rat bladders by
radioligand binding assay (Yamada et al., 2021). In both models,
however, affinities ranged above 2 μM, which is much higher than
the concentration applied by us. Carbachol-precontracted rat
bladder strips are relaxed concentration-dependently by
mirabegron, but decreases in tensions are in fact small (Yamada
et al., 2021). In human detrusor strips, mirabegron did not inhibit
the maximum, full contractions by carbachol (Huang et al., 2022).
Consequently, previous observations from tissue models exposed for
short periods to mirabegron and often using unphysiologically high
concentrations were probably insufficient to explain symptom
improvements in OAB. Downregulation of muscarinic receptors,
and of contractile proteins such as calponin may offer a new
explanation for clinical effects of mirabegron. However, these
effects appeared to be compensated after 40 h in our model, at
least at mRNA level. While detection of M2 protein expression may
adequately complete our mRNA findings, the use of antibodies for
muscarinic receptors, and for a number of other G protein-coupled
receptors has been discouraged, as their (subtype-)specificity was
found to be limited (Jositsch et al., 2009; Michel et al., 2009;
Pradidarcheep et al., 2009). In fact, we initally tried to detect
M3 in our samples. However, no signals at all, or no bands with
sizes matching the molecular weight of M3 (66 kDa) were obtained
(Supplementary Figure S3). As all detected bands had wrong sizes
and were probably unspecific, we refrained from further attempts to
detect M2 or M3. At this stage, it appears possible that further
contractile proteins, not being included in our study are regulated by
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mirabegron as well. Moreover, phenotype changes may not
necessarily be completed within 48 h, and may continue (also
with further proteins) after 40 h, when M2 and calponin are
compensated (40 h) and thus, under conditions reflecting chronic
treatment of OAB with mirabegron. Thus, follow-up studies may
include longer exposure times, and further proteins.

Our contraction assays confirmed, that 150 nM mirabegron
may reduce cholinergic contractions of hBSMC, whereas it did
not reduce time-dependent contractions without carbachol. The
inhibition set in during advanced stages of carbachol-induced
contractions, starting around 1 h after contraction initiation and
still persisting after 24 h, but was not observed in earlier phases
of the contraction. Onset of muscarinic receptor downregulation
may not be excluded within this period, and may thus account
for the anticontractile effect, even though our earliest data from
RT-PCR were obtained after 20 h. While cholinergic detrusor
contractions are primarily attributed to M3 (Schneider et al.,
2004), M2 may be involved in development of bladder smooth
muscle tension as well and even represents the major subtype in
the human detrusor (Mansfield et al., 2005; Sellers and Chess-
Williams, 2012). The role of M2 receptors in contraction seems
to be of indirect character, by inhibiting β-adrenergic relaxation
responses (Hegde and Eglen, 1999; Ma et al., 2002; Giglio and
Tobin, 2009). Based on our current findings, mirabegron may
relax bladder smooth muscle by changes at expression level,
including contractile proteins and including phenyotype
transitions. These changes are obviously dynamic, and may
involve further proteins, not being investigated here. Thus,
M2 and calponin downregulation may not necessarily be
involved in therapeutic effects, as they were compensated
after 40 h, along with the increased MYH11 expression.
Contractions in matrix contraction assays are time-
dependent, occuring over time even without further
interventions. Therefore, and as polymerization of the matrix
plug is required, the assay is suitable to investigate cell
contractions on time scales of hours or days, whereas agonist-
induced contractions of tissues occur within seconds to minutes.
Similar to tissue contractions, time-dependent contractions of
hBSMC in this assay are enhanced by cholinergic agonists,
possibly resembling tonic tissue contractions commonly
examined with bladder tissues. Different from tissue
contractions, where individual variations in
microenvironments (collagen content, extracellular matrix
composition, pathologies) may differentially influence
contractility, contractions in the matrix assay occur under
homogenous conditions, i.e., in a defined collagen matrix.
Together, the matrix contraction assay partly, though not
fully reflects the situation in tissues, and intracellular
signaling pathways may or may not be shared by both models.

Mirabegron is available for treatment of storage symptoms in
OAB, where it can be chronically applied. Remarkably, however,
available in vitro studies were limited to acute effects in ranges of
minutes or few hours, not allowing changes on expression levels.
Even though our conditions, including application for 20–48 h
may not fully reflect chronic treatment in vivo, our study may be
closer to clinical settings compared to previously investigated
acute applications. In view of our findings and as changes may
continue beyond 48 h, follow-up studies with longer exposure up

to 14 days merit further interest. Similarly, a number of in vitro
studies used mirabegron concentrations exceeding its plasma
levels (167 nM) or its affinity for β3-AR (2.5 nM) (Krauwinkel
et al., 2012; Tasler et al., 2012). Mirabegron concentrations
applied here (50–150 nM) are probably specific for β3-AR, as
they are lower than affinities for β1 (383 nM) or β2 (977 nM)
(Tasler et al., 2012). Thus, blockade of β1 and β2 by L-
748,337 can not be excluded in our experiments, but
involvements of these subtypes seem unlikely with
50–150 nM mirabegron. Finally, β3 is the major β-AR subtype
in the human bladder, whereas β-adrenergic responses in the rat
bladder are mixed β2/β3-responses and largely mediated by the
β2-AR in the mouse bladder (Hennenberg and Michel, 2023).
Nevertheless, we speculate that effects seen with mirabegron in
the presence of L-748,337 may not necessarily be mirabegron
effects, i.e., no true β3-independent mirabegron effects, but
could be attributed to L-748,337, as its concentration was not
selective for the β3-AR. Whether these effects are attributed to
adrenoceptors at all or not, can not be finally estimated on the
basis of previous or our current data.

5 Conclusion

Mirabegron reduces cholinergic contractile responses in
hBSMC, and alters the expressions of contractile proteins and
downregulates M2 muscarinic receptor mRNA. These effects
may be part of phenotype changes induced by chronic
exposure to mirabegron, consistently reflected by loss of
contractility and enhanced viability. Effects occured with
concentrations in the range of plasma concentrations, and
may therefore explain improvements of storage
symptoms in OAB.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans
in accordance with the local legislation and institutional
requirements because only commercially available established
cell lines were used.

Author contributions

AM: Conceptualization, Formal Analysis, Investigation,
Project administration, Writing–original draft. AC: Formal
Analysis, Investigation, Writing–original draft. BR:
Investigation, Writing–review and editing. SH: Investigation,
Writing–review and editing. SQ: Investigation, Writing–review
and editing. AT: Writing–original draft. CS: Conceptualization,

Frontiers in Pharmacology frontiersin.org12

Muderrisoglu et al. 10.3389/fphar.2024.1446831

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1446831


Funding acquisition, Resources, Writing–review and editing.
MH: Conceptualization, Formal Analysis, Funding acquisition,
Investigation, Project administration, Supervision,
Writing–original draft.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Deutsche Forschungsgemeinschaft [grant
number HE 5825/9-1]. The funding source was not involved in
study design, in collection, analysis and interpretation of data, in the
writing of the report, or in the decision to submit the article for
publication.

Acknowledgments

We thank Maximilian M. Saller (Department of
Orthopaedics and Trauma Surgery, Musculoskeletal
University Center Munich (MUM), University Hospital, LMU
Munich, Germany) for support with immunofluorescence
microscopy.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1446831/
full#supplementary-material

References

Alexandre, E. C., Kiguti, L. R., Calmasini, F. B., Silva, F. H., Da Silva, K. P., Ferreira, R.,
et al. (2016). Mirabegron relaxes urethral smooth muscle by a dual mechanism
involving β3 -adrenoceptor activation and α1 -adrenoceptor blockade. Br.
J. Pharmacol. 173, 415–428. doi:10.1111/bph.13367

Arner, A., and Malmqvist, U. (1998). Cross-bridge cycling in smooth muscle: a short
review. Acta Physiol. Scand. 164, 363–372. doi:10.1111/j.1365-201x.1998.tb10694.x

Babu, G. J., Celia, G., Rhee, A. Y., Yamamura, H., Takahashi, K., Brozovich, F. V., et al.
(2006). Effects of h1-calponin ablation on the contractile properties of bladder versus
vascular smooth muscle in mice lacking SM-B myosin. J. Physiol. 577, 1033–1042.
doi:10.1113/jphysiol.2006.118828

Balint, B., Bernstorff, I. G. L., Schwab, T., and Schafers, H. J. (2023). Age-dependent
phenotypic modulation of smooth muscle cells in the normal ascending aorta. Front.
Cardiovasc Med. 10, 1114355. doi:10.3389/fcvm.2023.1114355

Candelore, M. R., Deng, L., Tota, L., Guan, X. M., Amend, A., Liu, Y., et al. (1999).
Potent and selective human beta(3)-adrenergic receptor antagonists. J. Pharmacol.
Exp. Ther. 290, 649–655.

Cao, G., Xuan, X., Hu, J., Zhang, R., Jin, H., and Dong, H. (2022). How vascular
smooth muscle cell phenotype switching contributes to vascular disease. Cell. Commun.
Signal 20, 180. doi:10.1186/s12964-022-00993-2

FDA. 2012. Pharmacology/toxicology NDA/BLA review and evaluation (NDA 202-
611) Available at : www.accessdata. fda.gov/drugsatfda_docs/nda/2012/
202611Orig1s000PharmR.pdf [Accessed].

Feng, H. Z.,Wang, H., Takahashi, K., and Jin, J. P. (2019). Double deletion of calponin 1 and
calponin 2 in mice decreases systemic blood pressure with blunted length-tension response of
aortic smooth muscle. J. Mol. Cell. Cardiol. 129, 49–57. doi:10.1016/j.yjmcc.2019.01.026

Giglio, D., and Tobin, G. (2009). Muscarinic receptor subtypes in the lower urinary
tract. Pharmacology 83, 259–269. doi:10.1159/000209255

Gravas, S., Gacci, M., Gratzke, C., Herrmann, T. R. W., Karavitakis, M., Kyriazis, I.,
et al. (2023). Summary paper on the 2023 European association of urology guidelines on
the management of non-neurogenic male lower urinary tract symptoms. Eur. Urol. 84,
207–222. doi:10.1016/j.eururo.2023.04.008

Hegde, S. S., and Eglen, R. M. (1999). Muscarinic receptor subtypes modulating
smooth muscle contractility in the urinary bladder. Life Sci. 64, 419–428. doi:10.1016/
s0024-3205(98)00581-5

Hennenberg, M., and Michel, M. C. (2023). Adrenoceptors in the lower urinary tract.
Handb. Exp. Pharmacol. doi:10.1007/164_2023_678

Hong, H., Kim, J., and Kim, J. (2015). Myosin heavy chain 10 (MYH10) is required for
centriole migration during the biogenesis of primary cilia. Biochem. Biophys. Res.
Commun. 461, 180–185. doi:10.1016/j.bbrc.2015.04.028

Huang, R., Liu, Y., Ciotkowska, A., Tamalunas, A., Waidelich, R., Strittmatter, F., et al.
(2021). Concentration-dependent alpha1-adrenoceptor antagonism and inhibition of
neurogenic smooth muscle contraction by mirabegron in the human prostate. Front.
Pharmacol. 12, 666047. doi:10.3389/fphar.2021.666047

Huang, R., Tamalunas, A., Waidelich, R., Strittmatter, F., Stief, C. G., and Hennenberg,
M. (2022). Inhibition of full smooth muscle contraction in isolated human detrusor tissues
by mirabegron is limited to off-target inhibition of neurogenic contractions. J. Pharmacol.
Exp. Ther. 381, 176–187. doi:10.1124/jpet.121.001029

Igawa, Y., Aizawa, N., and Michel, M. C. (2019). beta3 -Adrenoceptors in the normal
and diseased urinary bladder-What are the open questions? Br. J. Pharmacol. 176,
2525–2538. doi:10.1111/bph.14658

Javed, E., Thangavel, C., Frara, N., Singh, J., Mohanty, I., Hypolite, J., et al. (2020).
Increased expression of desmin and vimentin reduces bladder smooth muscle
contractility via JNK2. FASEB J. 34, 2126–2146. doi:10.1096/fj.201901301R

Jositsch, G., Papadakis, T., Haberberger, R. V., Wolff, M., Wess, J., and Kummer,
W. (2009). Suitability of muscarinic acetylcholine receptor antibodies for
immunohistochemistry evaluated on tissue sections of receptor gene-deficient
mice. Naunyn Schmiedeb. Arch. Pharmacol. 379, 389–395. doi:10.1007/s00210-
008-0365-9

Krauwinkel, W., van Dijk, J., Schaddelee, M., Eltink, C., Meijer, J., Strabach, G.,
et al. (2012). Pharmacokinetic properties of mirabegron, a β3-adrenoceptor agonist:
results from two phase I, randomized, multiple-dose studies in healthy young and
elderly men and women. Clin. Ther. 34, 2144–2160. doi:10.1016/j.clinthera.2012.
09.010

Lai, J., Ai, J., Luo, D., Jin, T., Liao, B., Zhou, L., et al. (2019). β-Adrenoceptor signaling
regulates proliferation and contraction of human bladder smooth muscle cells under
pathological hydrostatic pressure. J. Cell. Biochem. 120, 17872–17886. doi:10.1002/jcb.
29056

Li, M., Li, S., Rao, Y., Cui, S., and Gou, K. (2018). Loss of smoothmuscle myosin heavy
chain results in the bladder and stomach developing lesion during foetal development in
mice. J. Genet. 97, 469–476. doi:10.1007/s12041-018-0930-z

Liu, R., and Jin, J. P. (2016). Calponin isoforms CNN1, CNN2 and CNN3: regulators
for actin cytoskeleton functions in smooth muscle and non-muscle cells. Gene 585,
143–153. doi:10.1016/j.gene.2016.02.040

Lowes, B. D., Gilbert, E. M., Abraham, W. T., Minobe, W. A., Larrabee, P., Ferguson,
D., et al. (2002). Myocardial gene expression in dilated cardiomyopathy treated with
beta-blocking agents. N. Engl. J. Med. 346, 1357–1365. doi:10.1056/NEJMoa012630

Low, R., Leguillette, R., and Lauzon, A. M. (2006). (+)Insert smooth muscle myosin
heavy chain (SM-B): from single molecule to human. Int. J. Biochem. Cell. Biol. 38,
1862–1874. doi:10.1016/j.biocel.2006.03.014

Frontiers in Pharmacology frontiersin.org13

Muderrisoglu et al. 10.3389/fphar.2024.1446831

https://www.frontiersin.org/articles/10.3389/fphar.2024.1446831/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2024.1446831/full#supplementary-material
https://doi.org/10.1111/bph.13367
https://doi.org/10.1111/j.1365-201x.1998.tb10694.x
https://doi.org/10.1113/jphysiol.2006.118828
https://doi.org/10.3389/fcvm.2023.1114355
https://doi.org/10.1186/s12964-022-00993-2
www.accessdata.fda.gov/drugsatfda_docs/nda/2012/202611Orig1s000PharmR.pdf
www.accessdata.fda.gov/drugsatfda_docs/nda/2012/202611Orig1s000PharmR.pdf
https://doi.org/10.1016/j.yjmcc.2019.01.026
https://doi.org/10.1159/000209255
https://doi.org/10.1016/j.eururo.2023.04.008
https://doi.org/10.1016/s0024-3205(98)00581-5
https://doi.org/10.1016/s0024-3205(98)00581-5
https://doi.org/10.1007/164_2023_678
https://doi.org/10.1016/j.bbrc.2015.04.028
https://doi.org/10.3389/fphar.2021.666047
https://doi.org/10.1124/jpet.121.001029
https://doi.org/10.1111/bph.14658
https://doi.org/10.1096/fj.201901301R
https://doi.org/10.1007/s00210-008-0365-9
https://doi.org/10.1007/s00210-008-0365-9
https://doi.org/10.1016/j.clinthera.2012.09.010
https://doi.org/10.1016/j.clinthera.2012.09.010
https://doi.org/10.1002/jcb.29056
https://doi.org/10.1002/jcb.29056
https://doi.org/10.1007/s12041-018-0930-z
https://doi.org/10.1016/j.gene.2016.02.040
https://doi.org/10.1056/NEJMoa012630
https://doi.org/10.1016/j.biocel.2006.03.014
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1446831


Ma, F. H., Higashira-Hoshi, H., and Itoh, Y. (2002). Functional muscarinic M2 and
M3 receptors and beta-adrenoceptor in cultured rat bladder smooth muscle. Life Sci. 70,
1159–1172. doi:10.1016/s0024-3205(01)01488-6

Maccari, S., Pace, V., Barbagallo, F., Stati, T., Ambrosio, C., Gro, M. C., et al. (2020).
Intermittent β-adrenergic blockade downregulates the gene expression of β-myosin
heavy chain in the mouse heart. Eur. J. Pharmacol. 882, 173287. doi:10.1016/j.ejphar.
2020.173287

Mannikarottu, A. S., Disanto, M. E., Zderic, S. A., Wein, A. J., and Chacko, S.
(2006). Altered expression of thin filament-associated proteins in hypertrophied
urinary bladder smooth muscle. Neurourol. Urodyn. 25, 78–88. doi:10.1002/nau.
20121

Mansfield, K. J., Liu, L., Mitchelson, F. J., Moore, K. H., Millard, R. J., and Burcher, E.
(2005). Muscarinic receptor subtypes in human bladder detrusor and mucosa, studied
by radioligand binding and quantitative competitive RT-PCR: changes in ageing. Br.
J. Pharmacol. 144, 1089–1099. doi:10.1038/sj.bjp.0706147

Michel, M. C., Cardozo, L., Chermansky, C. J., Cruz, F., Igawa, Y., Lee, K. S., et al.
(2023). Current and emerging pharmacological targets and treatments of urinary
incontinence and related disorders. Pharmacol. Rev. 75, 554–674. doi:10.1124/
pharmrev.121.000523

Michel, M. C., Murphy, T. J., and Motulsky, H. J. (2020). New author guidelines for
displaying data and reporting data analysis and statistical methods in experimental
biology. Mol. Pharmacol. 97, 49–60. doi:10.1124/mol.119.118927

Michel, M. C., Wieland, T., and Tsujimoto, G. (2009). How reliable are G-protein-
coupled receptor antibodies? Naunyn Schmiedeb. Arch. Pharmacol. 379, 385–388.
doi:10.1007/s00210-009-0395-y

Muderrisoglu, A. E., Oelke, M., Schneider, T., Murgas, S., de la Rosette, J., and Michel,
M. C. (2022). What are realistic expectations to become free of overactive bladder
symptoms? Experience from non-interventional studies with propiverine. Adv. Ther.
39, 2489–2501. doi:10.1007/s12325-022-02114-4

Nambiar, A. K., Bosch, R., Cruz, F., Lemack, G. E., Thiruchelvam, N., Tubaro, A., et al.
(2018). EAU guidelines on assessment and nonsurgical management of urinary
incontinence. Eur. Urol. 73, 596–609. doi:10.1016/j.eururo.2017.12.031

Obara, K., Bilim, V., Suzuki, K., Kobayashi, K., Hara, N., Kasahara, T., et al. (2005).
Transforming growth factor-beta1 regulates cell growth and causes downregulation of
SMemb/non-muscle myosin heavy chain B mRNA in human prostate stromal cells.
Scand. J. Urol. Nephrol. 39, 366–371. doi:10.1080/00365590500192918

Oelke, M., Bachmann, A., Descazeaud, A., Emberton, M., Gravas, S., Michel, M. C.,
et al. (2013). EAU guidelines on the treatment and follow-up of non-neurogenic male
lower urinary tract symptoms including benign prostatic obstruction. Eur. Urol. 64,
118–140. doi:10.1016/j.eururo.2013.03.004

Pradidarcheep, W., Stallen, J., Labruyere, W. T., Dabhoiwala, N. F., Michel, M. C., and
Lamers, W. H. (2009). Lack of specificity of commercially available antisera against
muscarinergic and adrenergic receptors. Naunyn Schmiedeb. Arch. Pharmacol. 379,
397–402. doi:10.1007/s00210-009-0393-0

Schmidt, M. H., Broll, R., Bruch, H. P., Finniss, S., Bogler, O., and Duchrow, M.
(2004). Proliferation marker pKi-67 occurs in different isoforms with various cellular
effects. J. Cell. Biochem. 91, 1280–1292. doi:10.1002/jcb.20016

Schneider, T., Fetscher, C., Krege, S., and Michel, M. C. (2004). Signal transduction
underlying carbachol-induced contraction of human urinary bladder. J. Pharmacol.
Exp. Ther. 309, 1148–1153. doi:10.1124/jpet.103.063735

Sellers, D. J., and Chess-Williams, R. (2012). Muscarinic agonists and antagonists:
effects on the urinary bladder. Handb. Exp. Pharmacol., 375–400. doi:10.1007/978-3-
642-23274-9_16

Sjuve, R., Haase, H., Ekblad, E., Malmqvist, U., Morano, I., and Arner, A. (2001).
Increased expression of non-muscle myosin heavy chain-B in connective tissue cells of
hypertrophic rat urinary bladder. Cell. Tissue Res. 304, 271–278. doi:10.1007/
s004410000262

Tang, D. D. (2008). Intermediate filaments in smooth muscle. Am. J. Physiol. Cell.
Physiol. 294, C869–C878. doi:10.1152/ajpcell.00154.2007

Tasler, S., Baumgartner, R., Behr-Roussel, D., Oger-Roussel, S., Gorny, D., Giuliano,
F., et al. (2012). An aryloxypropanolamine hβ3-adrenoceptor agonist as bladder smooth
muscle relaxant. Eur. J. Pharm. Sci. 46, 381–387. doi:10.1016/j.ejps.2012.03.001

Wang, J., Tang, M., Jiang, H., Wu, B., Cai, W., Hu, C., et al. (2016). The role
of adrenergic activation on murine luteal cell viability and progesterone production.
Theriogenology 86, 1182–1188. doi:10.1016/j.theriogenology.2016.04.008

Wang, R., Li, Q. F., Anfinogenova, Y., and Tang, D. D. (2007). Dissociation of Crk-
associated substrate from the vimentin network is regulated by p21-activated kinase on
ACh activation of airway smooth muscle. Am. J. Physiol. Lung Cell. Mol. Physiol. 292,
L240–L248. doi:10.1152/ajplung.00199.2006

Watts, V. L., Sepulveda, F. M., Cingolani, O. H., Ho, A. S., Niu, X., Kim, R., et al.
(2013). Anti-hypertrophic and anti-oxidant effect of beta3-adrenergic stimulation in
myocytes requires differential neuronal NOS phosphorylation. J. Mol. Cell. Cardiol. 62,
8–17. doi:10.1016/j.yjmcc.2013.04.025

Xu, M., Li, X. X., Wang, L., Wang, M., Zhang, Y., and Li, P. L. (2015).
Contribution of Nrf2 to atherogenic phenotype switching of coronary arterial
smooth muscle cells lacking CD38 gene. Cell. Physiol. Biochem. 37, 432–444.
doi:10.1159/000430366

Yamada, S., Chimoto, J., Shiho, M., Okura, T., Morikawa, K., Wakuda, H., et al.
(2021). Possible involvement of muscarinic receptor blockade inmirabegron therapy for
patients with overactive bladder. J. Pharmacol. Exp. Ther. 377, 201–206. doi:10.1124/
jpet.120.000301

Yao, Q., Liang, H., Huang, B., Xiang, L.,Wang, T., Xiong, Y., et al. (2017). Beta-adrenergic
signaling affect osteoclastogenesis via osteocytic MLO-Y4 cells’ RANKL production.
Biochem. Biophys. Res. Commun. 488, 634–640. doi:10.1016/j.bbrc.2016.11.011

Yeowell, G., Smith, P., Nazir, J., Hakimi, Z., Siddiqui, E., and Fatoye, F. (2018). Real-
world persistence and adherence to oral antimuscarinics and mirabegron in patients
with overactive bladder (OAB): a systematic literature review. BMJ Open 8, e021889.
doi:10.1136/bmjopen-2018-021889

Yokoyama, U., Arakawa, N., Ishiwata, R., Yasuda, S., Minami, T., Goda, M., et al.
(2018). Proteomic analysis of aortic smooth muscle cell secretions reveals an association
of myosin heavy chain 11 with abdominal aortic aneurysm. Am. J. Physiol. Heart Circ.
Physiol. 315, H1012-H1018–H1018. doi:10.1152/ajpheart.00329.2018

Zhang, C. Y., Hu, Y. C., Zhang, Y., Ma, W. D., Song, Y. F., Quan, X. H., et al. (2021).
Glutamine switches vascular smooth muscle cells to synthetic phenotype through
inhibiting miR-143 expression and upregulating THY1 expression. Life Sci. 277,
119365. doi:10.1016/j.lfs.2021.119365

Zhong, W., Li, B., Yang, P., Chen, R., Wang, C., Wang, Z., et al. (2018). CD137-
CD137L interaction modulates neointima formation and the phenotype transformation
of vascular smooth muscle cells via NFATc1 signaling. Mol. Cell. Biochem. 439, 65–74.
doi:10.1007/s11010-017-3136-4

Frontiers in Pharmacology frontiersin.org14

Muderrisoglu et al. 10.3389/fphar.2024.1446831

https://doi.org/10.1016/s0024-3205(01)01488-6
https://doi.org/10.1016/j.ejphar.2020.173287
https://doi.org/10.1016/j.ejphar.2020.173287
https://doi.org/10.1002/nau.20121
https://doi.org/10.1002/nau.20121
https://doi.org/10.1038/sj.bjp.0706147
https://doi.org/10.1124/pharmrev.121.000523
https://doi.org/10.1124/pharmrev.121.000523
https://doi.org/10.1124/mol.119.118927
https://doi.org/10.1007/s00210-009-0395-y
https://doi.org/10.1007/s12325-022-02114-4
https://doi.org/10.1016/j.eururo.2017.12.031
https://doi.org/10.1080/00365590500192918
https://doi.org/10.1016/j.eururo.2013.03.004
https://doi.org/10.1007/s00210-009-0393-0
https://doi.org/10.1002/jcb.20016
https://doi.org/10.1124/jpet.103.063735
https://doi.org/10.1007/978-3-642-23274-9_16
https://doi.org/10.1007/978-3-642-23274-9_16
https://doi.org/10.1007/s004410000262
https://doi.org/10.1007/s004410000262
https://doi.org/10.1152/ajpcell.00154.2007
https://doi.org/10.1016/j.ejps.2012.03.001
https://doi.org/10.1016/j.theriogenology.2016.04.008
https://doi.org/10.1152/ajplung.00199.2006
https://doi.org/10.1016/j.yjmcc.2013.04.025
https://doi.org/10.1159/000430366
https://doi.org/10.1124/jpet.120.000301
https://doi.org/10.1124/jpet.120.000301
https://doi.org/10.1016/j.bbrc.2016.11.011
https://doi.org/10.1136/bmjopen-2018-021889
https://doi.org/10.1152/ajpheart.00329.2018
https://doi.org/10.1016/j.lfs.2021.119365
https://doi.org/10.1007/s11010-017-3136-4
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1446831

	Dynamic phenotypic shifts and M2 receptor downregulation in bladder smooth muscle cells induced by mirabegron
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 RT-PCR
	2.3 Western blot
	2.4 Viability assay
	2.5 Proliferation assay
	2.6 Phalloidin staining
	2.7 Contraction assay
	2.8 Drugs and nomenclature
	2.9 Statistical analysis

	3 Results
	3.1 Effects of mirabegron on contractile phenotype markers
	3.2 Effects of mirabegron on non-contractile phenotype markers
	3.3 Effects of mirabegron on proliferation
	3.4 Effects of mirabegron on actin organization
	3.5 Effects of mirabegron on cell viability
	3.6 Effects of mirabegron on muscarinic receptors
	3.7 Effects of mirabegron on cell contraction in hBSMC

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


