[image: image1]Concentration-dependent alpha1-Adrenoceptor Antagonism and Inhibition of Neurogenic Smooth Muscle Contraction by Mirabegron in the Human Prostate

		ORIGINAL RESEARCH
published: 24 June 2021
doi: 10.3389/fphar.2021.666047


[image: image2]
Concentration-dependent alpha1-Adrenoceptor Antagonism and Inhibition of Neurogenic Smooth Muscle Contraction by Mirabegron in the Human Prostate
Ru Huang, Yuhan Liu, Anna Ciotkowska, Alexander Tamalunas, Raphaela Waidelich, Frank Strittmatter, Christian G. Stief and Martin Hennenberg*
Department of Urology, University Hospital, LMU Munich, Munich, Germany
Edited by:
Ebru Arioglu Inan, Ankara University, Turkey
Reviewed by:
Betty Exintaris, Monash University, Australia
Fabiola Zakia Mónica, State University of Campinas, Brazil
Fabio Henrique Silva, State University of Campinas, Brazil
* Correspondence: Martin Hennenberg, martin.hennenberg@med.uni-muenchen.de
Specialty section: This article was submitted to Cardiovascular and Smooth Muscle Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 09 February 2021
Accepted: 08 June 2021
Published: 24 June 2021
Citation: Huang R, Liu Y, Ciotkowska A, Tamalunas A, Waidelich R, Strittmatter F, Stief CG and Hennenberg M (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

Introduction: Mirabegron is available for treatment of storage symptoms in overactive bladder, which may be improved by β3-adrenoceptor-induced bladder smooth muscle relaxation. In addition to storage symptoms, lower urinary tract symptoms in men include obstructive symptoms attributed to benign prostatic hyperplasia, caused by increased prostate smooth muscle tone and prostate enlargement. In contrast to the bladder and storage symptoms, effects of mirabegron on prostate smooth muscle contraction and obstructive symptoms are poorly understood. Evidence from non-human smooth muscle suggested antagonism of α1-adrenoceptors as an important off-target effect of mirabegron. As α1-adrenergic contraction is crucial in pathophysiology and medical treatment of obstructive symptoms, we here examined effects of mirabegron on contractions of human prostate tissues and on proliferation of prostate stromal cells.
Methods: Contractions were induced in an organ bath. Effects of mirabegron on proliferation, viability, and cAMP levels in cultured stromal cells were examined by EdU assays, CCK-8 assays and enzyme-linked immunosorbent assay.
Results: Mirabegron in concentrations of 5 and 10 μM, but not 1 µM inhibited electric field stimulation-induced contractions of human prostate tissues. Mirabegron in concentrations of 5 and 10 µM shifted concentration response curves for noradrenaline-, methoxamine- and phenylephrine-induced contractions to the right, including recovery of contractions at high concentrations of α1-adrenergic agonists, increased EC50 values, but unchanged Emax values. Rightshifts of noradrenaline concentration response curves and inhibition of EFS-induced contractions were resistant to L-748,337, l-NAME, and BPIPP. 1 µM mirabegron was without effect on α1-adrenergic contractions. Endothelin-1- and U46619-induced contractions were not affected or only inhibited to neglectable extent. Effects of mirabegron (0.5–10 µM) on proliferation and viability of stromal cells were neglectable or small, reaching maximum decreases of 8% in proliferation assays and 17% in viability assays. Mirabegron did not induce detectable increases of cAMP levels in cultured stromal cells.
Conclusion: Mirabegron inhibits neurogenic and α1-adrenergic human prostate smooth muscle contractions. This inhibition may be based on antagonism of α1-adrenoceptors by mirabegron, and does not include activation of β3-adrenoceptors and requires concentrations ranging 50-100fold higher than plasma concentrations reported from normal dosing. Non-adrenergic contractions and proliferation of prostate stromal cells are not inhibited by mirabegron.
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INTRODUCTION
Mirabegron is a β3-adrenoceptor agonist, and has been approved for medical treatment of storage symptoms due to overactive bladder (OAB) (Oelke et al., 2013; Chapple et al., 2014; Nambiar et al., 2018). Storage symptoms are caused by involuntary detrusor contractions (Andersson and Arner, 2004). In view that mirabegron inhibits bladder smooth muscle contractions in vitro, symptom improvements by mirabegron may result from direct β3-adrenoceptor-induced smooth muscle relaxations in the bladder wall (Andersson and Arner, 2004; Takasu et al., 2007; Svalo et al., 2013). In men, lower urinary tract symptoms (LUTS) include obstructive symptoms, which are commonly attributed to benign prostatic hyperplasia (BPH) and may occur alone or together with storage symptoms (Oelke et al., 2013). Increased prostate smooth muscle tone in BPH holds a central role in pathophysiology and medical treatment of obstructive symptoms (Oelke et al., 2013; Hennenberg et al., 2014). Thus, impaired voiding and impaired bladder emptying in BPH may be caused by urethral obstruction due to increased prostate smooth muscle tone (Oelke et al., 2013; Hennenberg et al., 2014). Consequently, drugs for medical treatment of LUTS suggestive of BPH include α1-adrenoceptor antagonists (α1-blockers) as the first-line option and the phosphodiesterase five inhibitor tadalafil, which both inhibit prostate smooth muscle contraction and are applied for rapid symptom improvement (Michel and Vrydag, 2006; Oelke et al., 2013). Apart from intraprostatic smooth muscle tone, prostate growth may contribute to urethral compression as well in BPH, so that 5α-reductase inhibitors are used to reduce prostate growth and to prevent disease progression and complications (Oelke et al., 2013; Hennenberg et al., 2014).
Following its approval for treatment of storage symptoms, possible actions of mirabegron on BPH-related symptoms have been considered. However, available findings from clinical and preclinical studies are conflicting. Clinical trials mostly demonstrated that mirabegron does not improve obstructive symptoms in BPH (Nitti et al., 2013; Liao and Kuo, 2018), but are contrasted by few experimental studies suggesting that mirabegron induces smooth muscle relaxation of prostate tissues in vitro (Calmasini et al., 2015; Alexandre et al., 2016). Thus, the actions of mirabegron on the prostate are poorly understood, although the drug is clinically used in patients with LUTS. Previous studies addressing effects of mirabegron on prostate smooth muscle contraction were mostly based on rodent tissues and included only one series using human tissues and no data regarding neurogenic or non-adrenergic contractions (Calmasini et al., 2015; Alexandre et al., 2016). Non-adrenergic smooth muscle contractions in the prostate can be induced by endothelin-1 or thromboxane A2, and have been supposed to contribute to prostate smooth muscle tone in parallel to α1-adrenoceptors, or even to maintain urethreal obstruction during treatment with α1-blockers (Hennenberg et al., 2014). β3-Adrenergic smooth muscle relaxation may principally occur by formation of the second messenger cAMP, but may involve cAMP-independent mechanisms and nitric oxide/cGMP-mediated relaxation as well (Flacco et al., 2013; Bussey et al., 2018; Maki et al., 2019; Okeke et al., 2019). Prostate growth, in turn, is largely androgen-dependent and may be involve stromal and epithelial hyperplasia (Strand et al., 2017). In addition, α1-adrenoceptor-mediated proliferation of prostate cells has been repeatedly suggested, although α1-blockers do not reduce prostate volume in patients with BPH (Oelke et al., 2013). Considering that β3-adrenergic proliferation has been reported from non-prostatic smooth muscle cells (Hadi et al., 2013), β3-adrenergic or mirabegron-induced proliferation of prostate smooth muscle cells appears generally possible as well, but has not yet been addressed.
Although the affinity of mirabegron is highest for β3-adrenoceptors, off-target effects became obvious following its introduction for treatment of storage symptoms (Dehvari et al., 2018; Igawa et al., 2019; Michel, 2020). Specifically, antagonism of α1-adrenoceptors by mirabegron has been proposed, which was mostly based on evidence from non-human tissues, including the urethra, prostate, vas deferens, and aorta (Alexandre et al., 2016; Michel, 2020). Assuming that this antagonism also occurs in the prostate and acknowledging that α1-adrenoceptors are an important target for medical treatment in BPH, it can presently hardly explained why the improvements of LUTS by mirabegron are apparently restricted to storage symptoms and do not include obstructive symptoms. Regarding that mirabegron is available for clinically used for LUTS treatment in at least several countries and regions, while its actions are incompletely understood and off-target effects are obvious, improved understanding of its actions in the lower urinary tract appears appropriate. Here, we addressed the effects of mirabegron on human prostate smooth muscle contraction, induced by neurogenic stimulation, adrenergic agonists and non-adrenergic mediators, and using different mirabegron concentrations. In parallel, we examined effects of mirabegron on proliferation of prostate stromal cells, as adrenoceptors were repeatedly suspected to regulate cell cycle and growth.
MATERIALS AND METHODS
Human Prostate Tissues
Human prostate tissues were obtained from patients who underwent radical prostatectomy for prostate cancer (n = 109). Patients with previous transurethral resection of the prostate were excluded. This study was carried out in accordance with the Declaration of Helsinki of the World Medical Association and has been approved by the ethics committee of the Ludwig-Maximilians University, Munich, Germany. Informed consent was obtained from all patients. All samples and data were collected and analyzed anonymously. Accordingly, not patients’ data were analyzed or related with sampled tissues. Following removal of prostates from patients, macroscopic pathologic examination and sampling were performed within approximately 30 min. Organ bath studies were started within 1 h following sampling, i. e. approximately 1.5 h following surgical removal of the organs. For transport and storage, organs and tissues were stored in Custodiol® solution (Köhler, Bensheim, Germany). For macroscopic examination and sampling of prostate tissues, the prostate was opened by a single longitudinal cut reaching from the capsule to the urethra. Subsequently, both intersections were checked macroscopically for any obvious tumor infiltration. Tissues were taken solely from the transitional, periurethral zone, considering the fact that most prostate cancers arise in the peripheral zone (Pradidarcheep et al., 2011; Shaikhibrahim et al., 2012). In fact, tumor infiltration in the periurethral zone (where sampling was performed) was very rare (found in less than 1% of prostates). Prostates showing tumors in the periurethral zone upon macroscopic inspection were not subjected to sampling and were not included in this study. BPH is present in ca. 80% of patients with prostate cancer (Alcaraz et al., 2009; Orsted and Bojesen, 2013). The age of patients undergoing radical prostatectomy at our department averages out at 66 ± 7 years (mean ± standard deviation, n = 4,003 patients) (Grabbert et al., 2018), where the prevalence of histological BPH may range between 60 and 70% (Lepor, 2004). Typically, most tissues previously sampled under the same conditions in our studies showed a prostate-characteristic architecture with composition of glands and smooth muscle-rich stroma (Wang et al., 2015; Wang et al., 2016), while tissue containing only stroma without glands is usually limited to the anterior parts of the human prostate (Chakrabarty et al., 2019).
Organ Bath
Prostate strips (6 × 3 × 3 mm) were mounted in 10 ml aerated (95% O2 and 5% CO2) tissue baths (Danish Myotechnology, Aahus, Denmark) with four chambers, containing Krebs-Henseleit solution (37 C, pH 7.4). Preparations were stretched to 4.9 mN and left to equilibrate for 45 min. In the initial phase of the equilibration period, spontaneous decreases in tone are usually observed. Therefore, tension was adjusted three times during the equilibration period, until a stable resting tone of 4.9 mN was attained. After the equilibration period, maximum contraction induced by 80 mM KCl was assessed. Subsequently, chambers were washed three times with Krebs-Henseleit solution for a total of 20 min, followed by addition of mirabegron (1 μM, 5 µM or 10 µM) or equivalent amounts of solvent for controls. Cumulative concentration response curves for contractile agonists, or frequency response curves for electric field stimulation (EFS) were constructed 30 min after addition of mirabegron or solvent. Concentration ranges for contractile agonists included 0.1–100 µM for all three α1-adrenergic agonists (noradrenaline, methoxamine, phenylephrine), 0.01–30 µM for U46619, and 0.01–3 µM for endothelin-1. Application of EFS simulates action potentials, resulting in contractions of human prostate tissues by the release of endogenous neurotransmitters, including noradrenaline. Accordingly, tetrodotoxin inhibited EFS-induced contractions under our and similar conditions, as previously reported (Yu et al., 1994; Angulo et al., 2012; Li et al., 2020; Spek et al., 2021). For EFS, tissue strips were placed between two parallel platinum electrodes connected to a CS4 stimulator (Danish Myotechnology, Denmark). Square pulses with durations of 1 ms were applied with a voltage of 20 V, for a train duration of 10 s. EFS-induced contractile responses were studied at frequencies of 2, 4, 8, 16, and 32 Hz, with train intervals of 30 s between stimulations.
In further experiments, EFS- and noradrenaline-induced contractions (frequency and concentration response curves) were induced after addition of mirabegron (10 µM) or solvent as described above, but in the presence of L-748,337 (1 µM), l-NAME (200 µM) or BPIPP (30 µM) in all chambers of one experiment. Thus, one of these compounds was added to all four tissues of the same experiment, following washout of KCl and 20 min before addition of mirabegron or solvent. In another series of experiments, tissues were contracted with 80 mM KCl as described above. However, instead of washing out KCl after the maximum contraction was reached, cumulative concentrations of mirabegron were added after a stable precontraction was attained. Typically, the stable tension has been reached within approximately 10 min after addition of KCl, either after a more or less pronounced maximum peak contraction, or following a continous increase to the plateau without peak contraction. The first two concentrations (1 μM, 3 µM) were left for 5 min, until the last concentration was applied (10 µM) and left for further 10 min, i. e. until the end of the experiment.
Each independent experiment was performed using tissue from one prostate, which was examined with mirabegron and as control group (DMSO as solvent for mirabegron). Only one concentration response or frequence response curve was recorded with each tissue. Wherever possible, double determinations were performed. For double determinations, two from the four organ bath channels filled with tissue from the same prostate were examined with mirabegron, and the two others were used as controls (DMSO). From a total of 104 organ bath experiments including frequency and concentration response curves with two groups (mirabegron and control), double determinations in both groups were possible in 86 experiments. In the remaining experiments, the amount of sampled tissues did not allow filling of two channels for both groups, so that single determinations were peformed in one group, or rarely in both groups. However, each experiment contained at least one sample for both groups, resulting in paired samples. Allocations to the control and drug group were changed for each experiment. For each but one series (as indicated), five of such independent experiments were performed. In experiments addressing mirabegron effects on precontracted tissues, double determination was possible in four out of five experiments.
For calculation of EFS- and agonist-induced contractions, tensions were expressed as percentage of maximum 80 mM KCl-induced contractions, as this may correct different stromal/epithelial ratios and different smooth muscle content, resulting from varying phenotypes and degrees of BPH, or from any other individual variation and heterogeneity between prostate samples and patients. In fact, normalization to KCl allows to examine possible alterations of receptor responsiveness, whereas correlations between agonist-induced force and ring weight, length, or cross-sectional area may be weak or lacking in organ bath experiments, at least in some tissue types (Erdogan et al., 2020). In addition to construction of concentration response curves, EC50 values for contractile agonists and Emax values were calculated by curve fitting. Curve fitting was performed for each single experiment, using GraphPrism 6 (Statcon, Witzenhausen, Germany), and values were analyzed as described below. In experiments addressing effects of mirabegron on KCl-precontracted tissues, tensions after mirabegron are expressed as percentage of the stable, KCl-induced precontration (text) and as percentage decrease from precontraction (figure).
Cell Culture
WPMY-1 cells are a SV40 large-T antigen-immortalized cell line, obtained from the stroma of a human prostate without prostate cancer (Webber et al., 1999). According to the typical composition of the prostate stroma, where smooth muscle cells are the predominant cell type, WPMY-1 cells show characteristics of myofibroblasts and prostate smooth muscle cells, including expression of vimentin, a-smooth muscle actin (α-SMA), calponin and α1A-adrenoceptors, but lacking expression of cytokeratins and tyrosine hydroxylase (Webber et al., 1999; Wang et al., 2015; Wang et al., 2016). WPMY-1 cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA, United States of America), and cultured in RPMI 1640 (Gibco, Carlsbad, CA, United States) supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin at 37 C with 5% CO2. Before addition of mirabegron or DMSO (solvent for mirabegron) to cells, the medium was changed to a FCS-free medium.
Proliferation Assay
Proliferation rate of cells was assessed using the 5-ethynyl-2’-deoxyuridine- (EdU-)based EdU-Click 555 proliferation assay kit (Baseclick, Tutzing, Germany), which was applied according to the manufacturer’s instructions. In this assay, incorporation of EdU into DNA of proliferating cells is assessed by detection with fluorescing 5-carboxytetramethylrhodamine (5-TAMRA). 30,000 cells were placed in each well of a 16-well chambered coverslip (Thermo Scientific, Waltham, MA, United States), and cultured for 24 h. Subsequently, the medium was replaced by 10 mM EdU solution in FCS-free smooth muscle cell medium containing mirabegron or DMSO. 24 h later, cells were fixed with ROTI® Histofix 4% solution (Roth, Karlsruhe, Germany). Counterstaining of all nuclei was performed with DAPI. Finally, analysis was performed by fluorescence microscopy (excitation: 546 nm; emission: 479 nm) using a laser scanning microscope (Leica SP2, Wetzlar, Germany). Stainings were quantified using “ImageJ” (National Institutes of Health, Bethesda, Maryland, United States).
Viability Assay
Viability was assessed using the Cell Counting Kit-8 (CCK-8) (Sigma-Aldrich, Munich, Germany). Cells were seeded in 96-well plates (5,000 cells/well), and cultured for 24 h. Subsequently, mirabegron in indicated concentrations or DMSO in corresponding amounts were added, and cells were cultured for further 48 h until assessment. Finally, 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, and absorbance in each well was measured at 450 nm after incubation for 2 h at 37 C.
cAMP ELISA
For each sample, 106 cells were seeded to cell culture flasks and cultured for two days in RPMI containing 10% FCS (12 ml). Three days later, the medium was changed to medium without FCS (12 ml) after washing with phosphate-buffered saline (PBS), and mirabegron (in final concentrations of 1 µM or 10 µM) or DMSO in corresponding amounts were added. After 30 min, cells were lyzed for 10 min with 0.1 M HCl, centrifuged, and supernatants were subjected to cAMP determination using an enzyme-linked immunosorbent assay (ELISA) (ADI-900-066, Enzo Life Sciences, Farmingdale, NY, United States), according to the manufacturer’s instructions and using acetylation. All samples were measured twice, i. e. in double determinations.
Materials, Drugs, and Nomenclature
Mirabegron (2-Amino-N-[4-[2-[[(2 R)-2-hydroxy-2-phenylethyl]amino]ethyl]phenyl]-4-thiazoleacetamide) is an adrenoceptor ligand, which is available as a β3-adrenoceptor agonist for medical treatment of storage symptoms due to overactive bladder. In fact, its affinity is highest for β3-adrenoceptors, although its selectivity has been questioned, as explained in the introduction and discussion. Stock solutions (10 mM) were prepared with DMSO, and aliquots were stored at -20°C until use. L-648,377 (N-[[3-[(2S)-2-Hydroxy-3-[[2-[4-[(phenylsulfonyl)amino]phenyl]ethyl]amino]propoxy]phenyl]methyl]-acetamide) is a β-adrenoceptor antagonist, with Ki values of 4, 204, and 390 nM for β3-, β2-and β1-adrenoceptors, respectively (Candelore et al., 1999). Stock solutions (10 mM) were prepared with DMSO, and aliquots were stored at -20 C until use. Nω-nitro-L-arginine methyl ester (l-NAME) acts as an ubiquitous inhibitor of nitric oxide synthases (NOS) following hydrolysis by intracellular esterases and was applied using a final concentration of 200 μM, which inhibits all three NOS isoforms. Aqueous stock solutions (10 mM) were freshly prepared before each experiment. BPIPP 5-(3-bromophenyl)-5,11-dihydro-1,3-dimethyl-1H-indeno [2′,1':5,6]pyrido [2,3 days]pyrimidine-2,4,6(3H)-trione] is a non-competitive inhibitor of guanylyl and adenylyl cyclases, which inhibits cGMP synthesis induced by nitric oxide or natriuretic peptides, and forskolin- and isoproterenol-induced cAMP synthesis (Kots et al., 2008). Stock solutions (2 mM) were freshly prepared with DMSO before each experiment. Phenylephrine (R)-3-[-1-hydroxy-2-(methylamino)ethyl]phenol and methoxamine (α-(1-Aminoethyl)-2,5-dimethoxybenzyl alcohol) are α1-selective adrenoceptor agonists. Aqueous stock solutions (10 mM) of noradrenaline, phenylephrine, and methoxamine were freshly prepared before each experiment. Aqueous stock solutions of endothelin-1 (0.4 mM) were stored at −20°C as small aliquots, so that repeating freezing and thawing cycles were avoided. U46619 ((Z)-7-[(1S,4R,5R, 6S)-5-[(E, 3S)-3-hydroxyoct-1-enyl]-3-oxabicyclo [2.2.1]heptan-6-yl]hept-5-enoic acid) is an agonist of the TXA2 receptor and was dissolved in ethanol. As thromboxane A2 is highly unstable, U46619 is commonly used as a thromboxane A2 receptor agonist. Stock solutions (10 mM) were stored at −80°C until use. Miragebron was obtained from Tocris (Bristol, United Kingdom). U46619 and endothelin-1 were obtained from Enzo Life Sciences (Lörrach, Germany). L-NAME, Noradrenaline, phenylephrine, and methoxamine were obtained from Sigma-Aldrich (Munich, Germany).
Data and Statistical Analyses
Data in concentration and frequence response curves are presented as means ± standard deviation (SD) with the indicated number (n) of independent experiments. One-way analysis of variance (ANOVA) was used for comparison of whole concentration/frequence response curves, and two-way ANOVA was used for comparison of contractions at single concentrations. Data of EC50 and Emax values and from cell culture experiments are presented in scatter plots, including all single values. For comparison of paired groups in datasets containing Emax and EC50 values, a paired Student’s t-test was applied. Tensions following addition of mirabegron on precontracted tissues were compared to tensions before addition of mirabegron by a Dunn’s test, as non-parametric comparison has been recommended to normalized data including a control group without variance (Curtis et al., 2018). Apart from cAMP measurements, multiple groups in cell culture experiments were compared to one control by a Dunnett’s test, which allows comparison of a number of treatments with a single control. Values from cAMP measurements were compared by paired Student’s t-test. All tests were performed using the SPSS® version 20 (IBM SPSS Statistics, IBM Corporation, Armonk, New York, United States), with the exception of Dunn’s test, which was performed using GraphPrism6. p values < 0.05 were considered significant. In parallel to concentration and frequence response curves and scatter plots in figures, effect sizes are reported in the text and tables, according to recent recommendations (Michel et al., 2020). Mean differences (MD) with 95% confidence intervals (CI) were calculated for tensions at each frequence and agonist concentration and are reported in tables. MDs with 95% CIs for EC50 values were calculated using SPSS® version 20. Calculation of effect sizes in EFS-induced contractions and in assays for proliferation and viability were based normalization of values in inhibitor groups to corresponding value in the control group in the same experiment, and formation of means and 95% CIs from these values.
The present study and analyses have exploratory character, but are not designed to test a pre-specified, or statistical null hypothesis (Michel et al., 2020). In fact, important features of hypothesis-testing studies are lacking, including definition of a tested hypothesis, blinding or a preset study plan based on biometric calculation of groups sizes, as defined by recent guidelines (Michel et al., 2020). According to these guidelines (Michel et al., 2020), p values were used sparingly, so that reporting of p values is limited to figures but no p values are repeated in the text, and p values of 0.05 or higher are not indicated. Consequently, data sets without p values do not show significant differences. According to the exploratory study design, p values reported here should be considered as descriptive and not as hypothesis-testing (Michel et al., 2020).
The minimum number of experiments and group sizes in organ bath experiments was pre-planned as n = 5/group, as a calculation of descriptive p values was intended. Thus, data were extracted and analyzed, after five experiments of a series were performed. Originally, we intended to decide whether a series is continued or not following this interim analysis of five independent experiments. Thus, increasing the number of experiments in a series was scheduled, if these initial results did not reveal p values < 0.05, but suggested that an effect could be expected. Discontinuation was intended, if no effect was seen in concentration response curves, or if descriptive p values < 0.05 were obtained in concentration/frequence response curves (at single frequencies/agonist concentrations, and/or between whole groups). This procedure was possible, as our study was explorative but not designed to test a pre-specified statistical null-hypothesis (Michel et al., 2020). In fact, flexible group sizes have been recommended by guidelines for experimental design and analysis in experimental pharmacology, if data are characterized by large variations, what applies here (Curtis et al., 2015; Curtis et al., 2018). In fact, all except one series of organ bath experiments revealed conclusive findings after five independent experiment. Consequently, all but one groups included in the statistical analyses were based on five independent experiments and included tissues from five patients in each group. The exception is a series containing nine indepdendent experiments, as four further experiments were performed after the results of five initial experiments were of limited conclusiveness. Any comparison (e. g. by statistical tests) was confined to paired samples (i. e. tissues from the same prostate), precluding any comparison between different series. According to the paired design (allocation of samples from each tissue to the control and inhibitor groups), groups being compared with each other by statistical tests showed identical group sizes. Cell culture experiments addressing efffects of mirabegron on cAMP formation included four (instead of five) independent experiments for technical reasons. Thus, the kit size allowed measurement of samples from four, but not five experiments. As the results from four initial experiments did not provide a basis to expect any significant effects of mirabegron, the series was discontinued after these four experiments and not subjected to statistical analysis.
No data or experiments were excluded from analyses. An exception is, to some extent, that values for contraction levels at high agonist concentrations were omitted for curve fitting in three experiments, where maximum contractions in control groups were already attained at moderate concentrations. Thus, curve fitting requires clearly sigmoidal character of concentration response curves. Otherwise, any calculated EC50 or Emax value will be marked as ambigous (or impossible to obtain). Consequently, only the parts showing sigmoidal character were considered in these three experiments, what was the case in control groups of three experiments with noradrenaline (controls for 10 µM mirabegron without futher interventions, where only ranges from 0.1 to 3 μM and 0.1–30 µM noradrenaline were used for curve fitting in two experiments; control for 10 µM mirabegron with BPIPP, where only the range from 0.1 to 10 µM noradrenaline was used for curve fitting in one experiment), and one experiment with U46619 (only 0.01–3 µM U46619 was used for curve fitting in one experiment). However, for diagrams showing concentration response curves, all values were used.
RESULTS
Effects of Mirabegron on Electric Field Stimulation-Induced Contractions
EFS induced frequence-dependent contractions of human prostate tissues, which were inhibited by 10 and 5 µM mirabegron, but remained unchanged by 1 µM mirabegron (Figure 1). Inhibitions were clearest at frequencies of 16 and 32 Hz (Figure 1) (Table 1). Contractions were inhibited by 78% [66 to 91] at 16 Hz and by 79% [68 to 90] at 32 Hz by 10 µM mirabegron (Figure 1A), and by 57% [30 to 84] at 16 Hz and by 59% [31 to 86] at 32 Hz by 5 µM mirabegron (Figure 1B).
[image: Figure 1]FIGURE 1 | Effects of mirabegron on EFS-induced contractions of human prostate tissues. Contractions of prostate tissues from the periurethral zone were induced by EFS in an organ bath, 30 min after addition of mirabegron in concentrations of 10 µM (A), 5 µM (B) or 1 µM (C), or an equivalent amount of DMSO (controls), which was used as solvent for mirabegron. Shown are data from n = 5 patients in each diagram, which are means ± SD in frequency response curves (#p < 0.05 for control vs. mirabegron by two-way ANOVA, and p values for whole groups in inserts from 1-way ANOVA).
TABLE 1 | Mean differences (MD) for EFS-induced contractions of human prostate tissues after application of mirabegron (1, 5, 10 µM) or DMSO for controls, shown for each applied frequence and with 95% confidence intervals (CI) (in square brackets, low to high) (% of KCl-induced contractions). Differences in contraction at given frequencies were calculated for each single experiment (i. e., between mirabegron and control group, for corresponding, paired samples from the same prostate in each single experiment), and are expressed as MD with 95% CI.
[image: Table 1]Effects of Mirabegron on α1-Adrenergic Contractions
All three α1-adrenergic agonists (noradrenaline, methoxamine, phenylephrine) induced concentration-dependent contractions of human prostate tissues, resulting in sigmoidal concentration response curves in control groups. 10 and 5 μM, but not 1 µM of mirabegron caused rightshifts of concentration response curves of all three α1-adrenergic agonists (Figures 2–4). Rightshifts included inhibition of contractions at submaximum agonist concentrations, but recovery of contractions at high agonist concentrations (Figures 2, 3) (Table 2), and increased EC50 values, but unchanged Emax values calculated by curve fitting (Figures 2, 3).
[image: Figure 2]FIGURE 2 | Effects of 10 µM mirabegron on α1-adrenergic contractions of human prostate tissues. Contractions of prostate tissues from the periurethral zone were induced by cumulative concentrations of noradrenaline (A), methoxamine (B) or phenylephrine (C) in an organ bath, 30 min after addition of mirabegron or an equivalent amount of DMSO (controls), which was used as solvent for mirabegron. Shown are data from n = 5 patients in each diagram, which are means ± SD in frequency response curves (#p < 0.05 for control vs. mirabegron by two-way ANOVA, and p values for whole groups in inserts from 1-way ANOVA), and Emax and EC50 values for single experiments (calculated by curve fitting) in scatter plots (p value from paired Student’s t-test).
[image: Figure 3]FIGURE 3 | Effects of 5 µM mirabegron on α1-adrenergic contractions of human prostate tissues. Contractions of prostate tissues from the periurethral zone were induced by cumulative concentrations of noradrenaline (A), methoxamine (B) or phenylephrine (C) in an organ bath, 30 min after addition of mirabegron or an equivalent amount of DMSO (controls), which was used as solvent for mirabegron. Shown are data from n = 5 patients in each diagram, which are means ± SD in frequency response curves (#p < 0.05 for control vs. mirabegron by two-way ANOVA, and p values for whole groups in inserts from 1-way ANOVA), and Emax and EC50 values for single experiments (calculated by curve fitting) in scatter plots.
[image: Figure 4]FIGURE 4 | Effects of 1 µM mirabegron on α1-adrenergic contractions of human prostate tissues. Contractions of prostate tissues from the periurethral zone were induced by cumulative concentrations of noradrenaline (A), methoxamine (B) or phenylephrine (C) in an organ bath, 30 min after addition of mirabegron or an equivalent amount of DMSO (controls), which was used as solvent for mirabegron. Shown are data from n = 5 patients in each diagram, which are means ± SD in frequency response curves, and Emax and EC50 values for single experiments (calculated by curve fitting) in scatter plots.
TABLE 2 | Mean differences (MD) for noradrenaline-, methoxamine- and phenylephrine-induced contractions of human prostate tissues after application of mirabegron (1, 5, 10 μM) or DMSO for controls, shown for each applied agonist concentration and with 95% confidence intervals (CI) (in square brackets, low to high) (% of KCl-induced contractions). Differences in contraction at given agonist concentrations were calculated for each single experiment (i. e., between mirabegron and control group, for corresponding, paired samples from the same prostate in each single experiment), and are expressed as MD with 95% CI.
[image: Table 2]After application of 10 µM mirabegron, contractions induced by noradrenaline, methoxamine, and phenylephrine at concentrations up to 10 µM were lower compared to corresponding control groups (Figure 2) (Table 2). At concentrations of α1-adrenergic agonists of 100 μM, contractions were similar after 10 µM mirabegron and in control groups (Figure 2) (Table 2). The EC50 for noradrenaline was increased by approximately one log unit, from 0.5 µM [−0.3 to 1.4] in controls to 5.1 µM [2.1 to 8.1] by 10 µM mirabegron (MD 4.5 µM [1.9 to 7.1]). The EC50 for phenylephrine was increased from 7.4 µM [−4.1 to 18.8] in controls to 29.1 µM [4.2 to 54.1] by 10 µM mirabegron (MD 21.9 µM [−1 to 44.6]). The EC50 for methoxamine was increased approximately 20-fold, from 3.9 µM [−3.9 to 11.7] in controls to 83.3 µM [−84.9 to 251.6] by 10 µM mirabegron (MD 79.4 µM [−60.4 to 219.3]).
After application of 5 µM mirabegron, contractions induced by noradrenaline, methoxamine, and phenylephrine at concentrations up to 10 µM were lower compared to corresponding control groups (Figure 3) (Table 2). At concentrations of α1-adrenergic agonists of 30–100 μM, contractions were similar after 5 µM mirabegron and in control groups (Figure 3) (Table 2). The EC50 for noradrenaline was increased from 1.1 µM [0.3 to two] in controls to 4.7 µM [0.2 to 9.3] by 5 µM mirabegron (MD 3.6 µM [−0.2 to 7.4]). The EC50 for phenylephrine was increased from 2.8 µM [−2.4 to 7.9] in controls to 19 µM [−10.8 to 48.8] by 5 µM mirabegron (MD 16.2 µM [−8.9 to 41.4]). The EC50 for methoxamine was increased from 19.4 µM [−23.6 to 62.4] in controls to 55.6 µM [−20 to 131.2] by 5 µM mirabegron (MD 36.2 µM [−36.1 to 108.4]).
After application of 1 µM mirabegron, no changes in concentration response curves were observed compared to corresponding controls, apart from slight decreases in contractions induced by 30 and 100 µM phenylephrine (Figure 4) (Table 2). In contrast to mirabegron at concentrations of 5 and 10 μM, mirabegron at a concentration of 1 µM did not increased EC50 values of α1-adrenergic agonists (Figure 4).
Effects of Mirabegron on Non-adrenergic Contractions
U46619 and endothelin-1 induced concentration-dependent contractions of human prostate tissues (Figure 5). U46619-induced contractions were slightly inhibited by 10 µM mirabegron, reflected by concentration response curves and by increased EC50 values (Figure 5A) (Table 3). EC50 values for U46619 were approximately doubled, from 91 nM [−93 to 275] in controls to 206 nM [−102 to 513] by 10 µM mirabegron (MD 115 nM [−183 to 412]). However, Emax values calculated by curve fitting remained unchanged by 10 µM mirabegron (Figure 5A). Contractions induced by endothelin-1 remained unchanged by mirabegron, including concentrations response curves, EC50 values, and calculated Emax values (Figure 5B) (Table 3).
[image: Figure 5]FIGURE 5 | Effects of 10 µM mirabegron on non-adrenergic contractions of human prostate tissues. Contractions of prostate tissues from the periurethral zone were induced by cumulative concentrations of the thromboxane A2 analog U46619 (A) or endothelin-1 (B) in an organ bath, 30 min after addition of mirabegron or an equivalent amount of DMSO (controls), which was used as solvent for mirabegron. Shown are data from n = 5 patients in each diagram, which are means ± SD in frequency response curves (p value for whole groups in insert from 1-way ANOVA), and Emax and EC50 values for single experiments (calculated by curve fitting) in scatter plots.
TABLE 3 | Mean differences (MD) for U46619- and endothelin-1induced contractions after application of mirabegron (10 µM) or DMSO for controls, shown for each applied agonist concentration and with 95% confidence intervals (CI) (in square brackets, low to high) (% of KCl-induced contractions). Differences in contraction at given agonist concentrations were calculated for each single experiment (i. e., between mirabegron and control group, for corresponding, paired samples from the same prostate in each single experiment), and are expressed as MD with 95% CI.
[image: Table 3]Effects of Mirabegron on KCl-Precontracted Tissues
Following precontraction with 80 mM KCl and achievement of a stable precontraction, mirabegron was added in cumulative concentrations. At concentrations of 1 and 3 μM, both left for 5 min before the next concentration was added, mirabegron did not change KCl-induced tensions (Figure 6A). Thus, average tensions amounted to 102% of KCl precontraction [99 to 105] after 1 µM mirabegron, and to 97% of KCl precontraction [89 to 104] after 3 µM mirabegron. After addition of 10 µM mirabegron, moderate decreases of KCl precontraction were observed (Figure 6A), appoaching to an average tension of 79% of KCl precontraction [68 to 90] within 10 min, i. e. to the end of the experiment.
[image: Figure 6]FIGURE 6 | Effects of mirabegron on KCl-precontracted human prostate tissues, and on EFS- and noradrenaline-induced contractions in the presence of L-748,377. In (A), prostate tissues were precontracted with 80 mM KCl. After a stable precontraction was attained, mirabegron was added in cumulative concentrations (1–10 µM). Shown are data from n = 5 patients together with means, which are expressed as percentage decrease from the KCl-induced precontraction (#p < 0.05 vs. precontraction before mirabegron by Dunn’s test). Note that KCl-induced contractions were set to 100% and all values before mirabegron reflect 0% relaxation (dotted line). In (B) and (C), contractions of prostate tissues from the periurethral zone were induced by EFS (B) or noradrenaline (C) in an organ bath, 50 min after adddition of L-748,377 (1 µM) to all tissues and 30 min after addition of mirabegron (10 µM) or an equivalent amount of DMSO (controls), which was used as solvent for mirabegron. Shown are data from n = 5 patients in each diagram, which are means ± SD in frequency response curves (#p < 0.05 for control vs. mirabegron by two-way ANOVA, and p values for whole groups in inserts from 1-way ANOVA).
Effects of L-748,377 on Mirabegron-Induced Contraction Inhibition
Frequence-dependent contractions by EFS and concentration-dependent contractions by noradrenaline were induced following application of 10 µM mirabegron or a corresponding amount of DMSO, but all in the presence of L-748,377 (1 µM). Similar to experiments without L-748,377 (3.1, 3.2), mirabegron inhibited EFS-induced contractions, and caused rightshifts of concentration response curves for noradrenaline. Again, inhibitions of EFS-induced contractions were clearest at frequencies of 16 and 32 Hz (Table 4). In the presence of L-748,377, contractions were inhibited by 60% [34 to 85] at 16 Hz and by 65% [41 to 90] at 32 Hz by 10 µM mirabegron (Figure 6B). Rightshifts of concentration response curves for noradrenaline included inhibition of contractions at noradrenaline concentration up to 10 μM, but recovery of contractions at high agonist concentrations (Figure 6C) (Table 5), and increased EC50 values, but unchanged Emax values calculated by curve fitting (Figure 6C) in the presence of L-748,377. At noradrenaline concentrations of 30 and 100 μM, contractions were similar after 10 µM mirabegron and in control groups (Figure 6C) (Table 5). The EC50 for noradrenaline was increased from 4.8 µM [−5.2 to 14.8] in controls to 12.3 µM [0.7 to 23.9] by 10 µM mirabegron in the presence of L-748,377 (MD 7.5 µM [−5.2 to 20.2]).
TABLE 4 | Mean differences (MD) for EFS-induced contractions of human prostate tissues after application of either L-748,337, l-NAME, or BPIPP both to control and mirabegron groups, followed by application of mirabegron (10 µM) or DMSO for controls, shown for each applied frequency and with 95% confidence intervals (CI) (in square brackets, low to high) (% of KCl-induced contractions). Differences in contraction at given frequencies were calculated for each single experiment (i. e., between mirabegron and control group, for corresponding, paired samples from the same prostate in each single experiment), and are expressed as MD with 95% CI.
[image: Table 4]TABLE 5 | Mean differences (MD) for noradrenaline-induced contractions of human prostate tissues after application of either L-748,337, l-NAME, or BPIPP both to control and mirabegron groups, followed by application of mirabegron (10 µM) or DMSO for controls, shown for each applied agonist concentration and with 95% confidence intervals (CI) (in square brackets, low to high) (% of KCl-induced contractions). Differences in contraction at given agonist concentrations were calculated for each single experiment (i. e., between mirabegron and control group, for corresponding, paired samples from the same prostate in each single experiment), and are expressed as MD with 95% CI. Data are based on experiments on series with n = 5 prostates for each mirabegron concentration and corresponding controls with L-748,337 and l-NAME and n = 9 prostates with BPIPP, i. e. 19 prostates in total.
[image: Table 5]Effects of L-NAME and BPIPP on Mirabegron-Induced Contraction Inhibition
Frequence-dependent contractions by EFS and concentration-dependent contractions by noradrenaline were induced following application of 10 µM mirabegron or a corresponding amount of DMSO, but all in the presence of either L-NAME (200 µM) or BPIPP (30 µM) in different series. Similar to experiments without L-NAME or BPIPP (3.1, 3.2), mirabegron inhibited EFS-induced contractions in the presence of L-NAME or BPIPP. Again, inhibitions of EFS-induced contractions were clearest at frequencies of 16 and 32 Hz (Table 4). In the presence of L-NAME, EFS-induced contractions were inhibited by 47% [22 to 72] at 16 Hz and by 59% [24 to 95] at 32 Hz by 10 µM mirabegron (Figure 7A). In the presence of BPIPP, EFS-induced contractions were inhibited by 89% [80 to 98] at 16 Hz and by 89% [82 to 96] at 32 Hz by 10 µM mirabegron (Figure 7B). Rightshifts of concentration response curves for noradrenaline by mirabegron were obvious in the presence of L-NAME, and still persisted, although less proncounced, in the presence of BPIPP (Figures 7C,D). Using both compounds, rightshifts included inhibition of contractions at noradrenaline concentration up to 10 μM, but recovery of contractions at high agonist concentrations (Figures 7C,D) (Table 5), and increased EC50 values, but unchanged Emax values calculated by curve fitting (Figures 7C,D). At noradrenaline concentrations of 30 and 100 μM, contractions in the presence of either L-NAME or BPIPP were similar after 10 µM mirabegron and in control groups (Figures 7C,D) (Table 4). In the presence of L-NAME, the EC50 for noradrenaline was increased from 2.5 µM [−0.5 to 5.6] in controls to 9.8 µM [2.2 to 17.4] by 10 µM mirabegron (MD 7.3 µM [0.5 to 14]). In the presence of BPIPP, the EC50 for noradrenaline was increased from 2.6 µM [−0.4 to 5.5] in controls to 4.8 µM [1.3 to 8.3] by 10 µM mirabegron (MD 2.2 µM [−6.5 to 2]). The Emax for noradrenaline-induced contractions was reduced from 89% of KCl-induced contractions [55 to 123] in controls to 73% of KCl-induced contractions [54 to 93] by 10 µM mirabegron in the presence of BPIPP (MD 15 percentage points [−52 to 20]).
[image: Figure 7]FIGURE 7 | Effects of mirabegron on EFS- and noradrenaline-induced contractions of human prostate tissues in the presence of l-NAME or BPIPP. Contractions of prostate tissues from the periurethral zone were induced by EFS (A, B) or noradrenaline (C, D) in an organ bath, 50 min after adddition of either l-NAME (200 µM) (A, C) or BPIPP (30 µM) (B, D) to all tissues and 30 min after addition of mirabegron (10 µM) or an equivalent amount of DMSO (controls), which was used as solvent for mirabegron. Shown are data from n = 5 patients in each diagram in (A–C) and from n = 9 patients in (D), which are means ± SD in frequency response curves (#p < 0.05 for control vs. mirabegron by two-way ANOVA, and p values for whole groups in inserts from 1-way ANOVA).
Effects of Miragebron on Viability, Proliferation and cAMP Formation in Stromal Cells
Proliferation remained virtually unaffected by application of mirabegron in concentrations of 500 nM, 1 and 10 µM for 24 h, although slight decreases in average proliferation indexes occured (Figure 8A). Compared to controls, proliferation rate was decreased by 4.8% [2.5 to 7] by 500 nM mirabegron, 6.4% [1.3 to 11.5] by 1 µM mirabegron, and 8.2% [3.5 to 12.8] by 10 µM mirabegron. Similarly, the viability remained virtually unaffected by application of mirabegron in concentrations of 500 nM, 1 and 10 µM for 48 h, although slight decreases occured (Figure 8B). Compared to controls, viability was decreased by 11.5% [6.9 to 16.1] by 500 nM mirabegron, 14.8% [8.7 to 20.8] by 1 µM mirabegron, and 17.2% [11.4 to 22.9] by 10 µM mirabegron. Neither 1 µM mirabegron, nor 10 µM mirabegron, both applied for 30 min, changed the cAMP levels in cultured stromal cells (Figure 8C). cAMP concentrations in lysates amounted to 98 nM [86 to 111] after incubation with 1 µM mirabegron and to 99 nM [87 to 112] in corresponding controls, and to 100 nM [79 to 122] after incubation with 10 µM mirabegron and to 104 nM [95 to 113] in corresponding controls.
[image: Figure 8]FIGURE 8 | Effects of mirabegron on proliferation, viability and cAMP formation in human prostate stromal cells. In (A), proliferation was assessed by EdU assays (red, proliferating cells; blue, non-proliferating cells), following incubation of WPMY-1 cells with DMSO (controls) or mirabegron in indicated concentrations for 24 h. Proliferation is expressed as percentage of cells showing proliferation, referred to the number of all cells in a microscopic field. In (B), viability was assessed by CCK-8 assays, following incubation of WPMY-1 cells with DMSO (controls) or mirabegron in indicated concentrations for 48 h. Viability is expressed as extinction (OD), which is the final readout of CCK-8 assays. In (C), cAMP in lysates was assessed by ELISA following incubation of cultured stromal cells with 1 µM or 10 µM mirabegron for 30 min, and in corresponding controls. In (A) and (B), all single values together with means and p values (Dunnett’s test) from five independent experiments for each setting are shown, together with pictures from represenative experiments from EdU assay. In (C), all single values with means from four independent experiments are shown.
DISCUSSION
The findings of this study suggest that mirabegron may act as an α1-adrenoceptor antagonist on adrenergic smooth muscle contractions and inhibits neurogenic contractions in the human prostate, using concentrations of 5 µM or higher in vitro. In contrast, mirabegron did not show effects using 1 μM, or on non-adrenergic contractions or proliferation of stromal cells. Obviously, effects of mirabegron in the human prostate are limited to off-target effects and require high concentrations, while β3-adrenoceptor-specific effects are obviously lacking.
In our contraction experiments using α1-adrenergic agonists, mirabegron showed typical characteristics of an antagonist, including rightshifts of concentration response curves, increased EC50 values for α1-adrenergic agonists, and unchanged Emax values. These features were observed and confirmed using three different α1-adrenergic agonists. Curve fitting was not possible for EFS-induced contractions, due to lacking sigmoidal character of frequence repsonse curves. EFS-induced contractions of human prostate tissues are supposed to mediated by release of endogenous neurotransmitters and subsequent α1-adrenergic contractions (Yu et al., 1994; Angulo et al., 2012; Spek et al., 2021). Thus, the inhibition of EFS-induced contractions by miragebron may result from antagonism of α1-adrenoceptors as well. As effects on endothelin-1- or U46619-induced contractions were lacking or neglectable despite reaching significance level, effects of mirabegron in our experiments were obviously largely or completely limited to antagonism of α1-adrenoceptors. We were particular interested in addressing the effects on these non-adrenergic inhibitors, because they induce contractions of prostate smooth muscle in parallel to α1-adrenoceptors and have been suspected to account for limitations of α1-blockers, which are well-known from LUTS treatment (Hennenberg et al., 2014; Hennenberg et al., 2017; Yu et al., 2019). Our findings are in line with observations from mouse urethra smooth muscle, where mirabegron did not inhibit endothelin-1- or vasopressin-induced contractions (Alexandre et al., 2016).
To confirm that the observed inhibition of EFS-induced contractions and the rightshifts of noradrenaline-induced contractions by mirabegron were not imparted by activation of β3-adrenoceptors, we repeated these experiments in the presence of L-748,377 in all samples, i. e. in samples with mirabegron and DMSO. The effect of mirabegron turned out as resistant to L-748,377, supporting the idea that the inhibition and rightshifts of contractions are rather caused by antagonism of α1-adrenoceptors than by activation of β3-adrenoceptors. We applied L-748,377 in a concentration of 1 μM, which should antagonize β3-and β2-, and (at least partially) β1-adrenoceptors, considering reported Ki values of 4, 204 and 390 nM for β3-, β2-and β1-adrenoceptors (Candelore et al., 1999). An involvement of β1-adrenoceptors appears unlikely anyway, as the presumed relevance of this subtype is low or neglectable in prostate smooth muscle (Michel and Vrydag, 2006). β-Adrenoceptors, including β3-adrenoceptors may act via cAMP, or via nitric oxide-induced cGMP formation, which may both cause smooth muscle relaxation (Flacco et al., 2013; Bussey et al., 2018). Accordingly, we assessed impacts of the NOS inhibitor l-NAME, and an inhibitor of guanylyl and adenylyl cyclases, BPIPP on mirabegron effects. Again, inhibition of EFS-induced contractions were obvious in the presence of l-NAME or BPIPP. Similarly, rightshifts of concentration response curves were observed in the presence of both compounds, although being clearest with l-NAME and less pronounced under BPIPP. Consequently an involvement of β-adrenoceptors in mirabegron effects appears unlikely. In line with these findings from functional experiments using prostate tissues, mirabegron did not increase cAMP levels in cultured stromal cells, using concentrations of 1 µM or 10 µM applied for the same period as in the organ bath, i. e. 30 min. Finally, mirabegron did not induce relaxation of KCl-precontracted tissues at concentrations of 1 µM or 3 μM, which should be expected if it acts by β3-adrenoceptor-induced cAMP formation. Whether the small relaxant effects observed after 10 µM mirabegron and 20 min after application of the first concentration represent a mirabegron effect (regardless whether β3-adrenoceptor-specific or by other mechanisms) or reflects spontaneous decreases of tension, can be hardly estimated, as no controls of KCl-induced contractions but without mirabegron were included.
We applied different concentrations of mirabegron, and observed no effects using 1 μM, but obvious effects using 5 μM, and strong effects using 10 µM mirabegron. Together, this points to an EC50 and KD value of mirabegron binding to α1-adrenoceptors, which is far higher than previously reported β3-adrenoceptor-specific EC50 and Ki values. Mirabegron has been described and introduced as a β3-adrenoceptor agonist. Binding assays pointed to Ki values of 2.5 nM for human β3-adrenoceptors, and 383 and 977 nM for human β1-and β2-adrenoceptors, respectively (Tasler et al., 2012). In chinese hamster ovary (CHO) cells transfected with human β3-adrenoceptors, mirabegron induced cAMP formation with an EC50 of 22.4 nM, while EC50 values ranged higher than 10 µM following transfection with β1-or β2-adrenoceptors (Takasu et al., 2007). Similar values by the same assays were reported for rat β-adrenoceptors, amounting to EC50 values for mirabegron of 19 nM with rat β3-adrenoceptors, 610 nM with β1-adrenoceptors, and undeterminable, because sumless EC50 with β2-adrenoceptors (Hatanaka et al., 2013). In vitro, mirabegron relaxed human and non-human detrusor tissues, with EC50 values depending on precontraction, species, and disease. Following precontraction with 1 µM carbachol, mirabegron-induced relaxations were observed with EC50 values of 588 nM in normal detrusor tissues, 912 nM in detrusor tissues from patients with bladder outlet obstruction (BOO), but 3.89 µM in detrusor tissues from patients with BOO and detrusor overactivity (DO), with maximum relaxations of 28–36% (Svalo et al., 2013). Another study reported EC50 values of 780 nM for relaxation of human bladder strips precontracted with 100 nM carbachol, and of 5.1 µM for relaxation of rat bladder strips precontracted with 1 µM carbachol (Takasu et al., 2007). Together, these observations suggested β3-adrenoceptor-mediated relaxations in the bladder, and were the basis for clinical trials addressing the effects of mirabegron on storage symptoms in patients with OAB and subsequent approval for this indication.
Our findings are rather in line with previous studies reporting effects and α1-adrenergic antagonism of mirabegron in several smooth muscle-rich organs, than with studies reporting β3-adrenergic relaxations by mirabegron. Thus, concentration response curves for phenylephrine-induced contractions of mouse urethral tissues were shifted right concentration-dependently by mirabegron, with 0.1 µM mirabegron showing no effects, 1 µM mirabegron showing moderate shifts, and 30 µM increasing the EC50 of phenylephrine by approximately 1.5 magnitudes (Alexandre et al., 2016). Consequently, higher concentrations were used for other tissues in the same study, resulting in clear shifts by the lowest applied mirabegron concentration of 10 μM, and again increases in EC50 values of approximately 1.5 magnitudes for noradrenaline-induced contractions of rat vas deferens and rat aorta, and for phenylephrine-induced contractions of rat prostate tissues by 100 µM mirabegron (Alexandre et al., 2016). Similar to our data, concentration response curves fully recovered at higher concentrations of α1-adrenergic agonists, and no decreases in maximum contractions were observed (Alexandre et al., 2016). Ki values of mirabegron are available for all three subtypes of α1-adrenoceptors from competition assays using membranes of HEK-293 cells, and point to binding constants of 0.437 µM for α1A-, 1.8 µM for α1D-, and 26 µM for α1B-adrenoceptors (Alexandre et al., 2016). This affinity pattern is in line with the functional data, taking the organ-specific subtype expression into account, imparting α1A-mediated contractions in the urethra, prostate and vas deferens, and α1D-mediated contractions in the aorta (Alexandre et al., 2016). In the human and non-human prostate, α1A is the predominant subtype, and accounts mostly, if not exclusively for α1-adrenergic contractions (Michel and Vrydag, 2006; Hennenberg et al., 2014). According to the low affinity of mirabegron for α1B-adrenoceptors in binding assays, α1B-mediated contractions in the rat spleen were not affected even by 100 µM mirabegron (Alexandre et al., 2016).
Previous findings from human prostate tissues are, to the best of our knowledge, limited to one series of experiments in a study addressing effects of mirabegron in rabbit and human prostates. Therein, 1 and 10 µM caused obvious inhibitions of maximum contractions of human prostate tissues induced by phenylephrine (Calmasini et al., 2015). In parallel, and similar to our findings, 10 µM increased the EC50 of phenylephrine from 5.7 to 35 μM, while 1 µM mirabegron was without effect on EC50 (Calmasini et al., 2015). EFS-induced contractions of rabbit prostate tissues were inhibited by 10 µM mirabegron, to similar extent as in our study using human tissues, but not inhibited by 1 µM mirabegron (Calmasini et al., 2015). However, and in contrast to our and other previous data suggesting no effects from lower mirabegron concentrations in the prostate, relaxation of phenylephrine-precontracted rabbit prostate tissues by mirabegron have been reported and pointed to an EC50 of mirabegron around 1 µM (Calmasini et al., 2015). Tissues in our study were sampled from the transitional, periurethral zone, which has been supposed to contribute most of all three prostate zones to urethral obstruction and voiding symptoms (Pradidarcheep et al., 2011). Growth of the transitional zone underlies BPH, but also occurs throughout life (Pradidarcheep et al., 2011; Timms and Hofkamp, 2011). However, patterns of contractility and smooth muscle tone differ between the three prostate zones and change with age (Lee et al., 2017; Chakrabarty et al., 2019). Consequently, our findings can not be necessarily extrapolated to the central or peripheral zones and do not cover all age groups, what may represent putative limitations of our study.
Although compounds antagonizing α1-adrenoceptors may be generally attractive in the context of BPH and are often considered as promising candidates for drug treatment of voiding symptoms, this does certainly not apply here. Taking our current and previous findings using human prostate tissues in vitro into account, any beneficial effect of mirabegron on voiding symptoms would require concentrations of 5 µM or higher, but could not be expected using 1 µM. However, maximum plasma concentrations of mirabegron after therapeutic dosing (50 mg daily) do not exceed 137 nM in men (Krauwinkel et al., 2012; Dehvari et al., 2018; Igawa et al., 2019). Accordingly, effects of mirabegron on voiding or voiding symptoms were reported only rarely, and most studies suggested no effects on urinary flow rate or prostate symptom scores (Nitti et al., 2013; Liao and Kuo, 2018). On the other hand, improvements of urinary flow rate and total symptom scores have been reported following add-on of mirabegron (50 mg/d) to α1-blockers in patients with mixed LUTS and α1-blocker-resistant symptoms, reaching similar values known for α1-blockers alone (Matsuo et al., 2016; Kang and Chung, 2020). Both studies were not placebo-controlled and did not include more than 50 patients. Consequently, these findings were not confirmed by a placebo-controlled, double-blinded phase four study, suggesting that add-on of mirabegron to an α1-blocker does not result in clinical meaningful improvements of maximum urinary flow rate (Herschorn et al., 2021). Plasma levels corresponding to a concentration of 5 µM in vitro and calculable effects on voiding symptoms would require dosages highly exceeding the established standard dosages of 50–100 mg daily. Safety and plasma levels of mirabegron have been addressed in phase I studies using daily doses up to 300 mg, which was well tolerated and resulted in maximum plasma concentrations of 961 nM in men (Krauwinkel et al., 2012). Extrapolating to a plasma concentration of 5 µM (which is the concentration, where antagonism was observed in our in vitro experiments), daily doses around 1,500 mg would be required to obtain such plasma levels, which have not yet been examined in safety studies. Thus, a physiological or clinical relevance of α1-adrenoceptor antagonism by mirabegron appears unlikely.
Thus, α1-adrenoceptor antagonism by mirabegron in the human prostate requires concentrations ranging around two log units higher than the Ki values in biochemical assays or than plasma concentrations during therapeutic dosing. Based on recent extrapolations, discrepancies of such extent are not sufficient to translate to clinically noticable effects. Thus, it has been proposed that β-adrenergic ligands showing binding to α1-adrenoceptors will only show α1-adrenoceptor-dependent effects, if the affinity difference is below one log unit, and higher differences will result in a receptor occupation of less than 10% (Michel, 2020). In fact, similar dual actions have been observed for several β-adrenoceptor ligands, in addition to mirabegron, so that such estimations are in fact possible (Michel, 2020).
It has been repeatedly proposed that adrenoceptors may promote and regulate proliferation and growth of different cell types. Findings from cell culture studies, animal models, and analyses of human tissues from patients being treated with α1-blockers suggested that α1-adrenoceptors induce proliferation and suppress apoptosis (Golomb et al., 1998; Kyprianou et al., 1998; Chon et al., 1999; Glassman et al., 2001; Turkeri et al., 2001; Anglin et al., 2002; Erdogru et al., 2002; Marinese et al., 2003; Kojima et al., 2009; Chagas-Silva et al., 2014; Nascimento-Viana et al., 2019; Liu et al., 2020). Proliferation and growth induced by β3-adrenoceptors has been proposed for several cell types, including few studies addressing smooth muscle and vascular cells (Hadi et al., 2013; Garcia-Alvarez et al., 2016). Accordingly, effects of mirabegron on proliferation and viability of prostate stromal cells appeared theoretically possible to us, so that we carried out experiments addressing the effects of mirabegron in WPMY-1 cells. Although some slight decays in proliferation and viability occured and were even significant, their extent was rather neglectable and too small to assume any clinically relevance. Thus, on the basis of our data, any effect of mirabegron on stromal growth or prostate size can not be expected in vivo, even not at dosages resulting in antagonism of α1-adrenoceptors (i. e. 50–100-fold of clinically used dosage). In fact, the clinical relevance of α1-adrenergic prostate growth, seen in experimental models is obviously limited. Based on a high number of clinical trials, there is a broad consensus that α1-blockers do not reduce prostate size in patients with BPH (Oelke et al., 2013). However, we did not examine effects on growth of glandular epithelial cells, which may take part in hyperplastic growth as well (Strand et al., 2017), so that any effect of mirabegron on prostate growth can not be fully excluded on the basis of our findings.
CONCLUSION
Mirabegron inhibits neurogenic and α1-adrenergic human prostate smooth muscle contractions. This inhibition may be based on antagonism of α1-adrenoceptors by mirabegron, and does probably not include activation of β3-adrenoceptors and requires concentrations ranging 50–100 fold higher than plasma concentrations reported from normal dosing. Non-adrenergic contractions and proliferation of prostate stromal cells are not inhibited by mirabegron.
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
The studies involving human participants were reviewed and approved by Ethics committee of the Ludwig-Maximilians University, Munich, Germany. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
RH, CGS and MH contributed conception and design of the study; RH, YL, AT, RW, FS, and CGS contributed to collection of human prostate tissues; RH, YL, AT, and MH performed organ bath experiments; AC performed cell culture experiments, RH, AC and MH analyzed the data; MH wrote the first draft of the manuscript; RH and AC wrote sections of the manuscript; RH, YL, AC, AT, RW, FS, and CGS critically revised the manuscript. All authors contributed to manuscript revision, read and approved the submitted version.
FUNDING
This work was supported by grants from the Deutsche Forschungsgemeinschaft (DFG) (grant HE 5825/8-1), and the China Scholarship Council (CSC) (grants 201706370083 (BL), 202008080134 (RH). Both funding sources were 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.
REFERENCES
 Alcaraz, A., Hammerer, P., Tubaro, A., Schröder, F. H., and Castro, R. (2009). Is There Evidence of a Relationship between Benign Prostatic Hyperplasia and Prostate Cancer? Findings of a Literature Review. Eur. Urol. 55 (4), 864–875. doi:10.1016/j.eururo.2008.11.011
 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 (3), 415–428. doi:10.1111/bph.13367
 Andersson, K.-E., and Arner, A. (2004). Urinary Bladder Contraction and Relaxation: Physiology and Pathophysiology. Physiol. Rev. 84 (3), 935–986. doi:10.1152/physrev.00038.2003
 Anglin, I. E., Glassman, D. T., and Kyprianou, N. (2002). Induction of Prostate Apoptosis by α1-adrenoceptor Antagonists: Mechanistic Significance of the Quinazoline Component. Prostate Cancer Prostatic Dis. 5 (2), 88–95. doi:10.1038/sj.pcan.4500561
 Angulo, J., Cuevas, P., Fernández, A., La Fuente, J. M., Allona, A., Moncada, I., et al. (2012). Tadalafil Enhances the Inhibitory Effects of Tamsulosin on Neurogenic Contractions of Human Prostate and Bladder Neck. J. Sex. Med. 9 (9), 2293–2306. doi:10.1111/j.1743-6109.2012.02821.x
 Bussey, C. E., Withers, S. B., Saxton, S. N., Bodagh, N., Aldous, R. G., and Heagerty, A. M. (2018). β3 -Adrenoceptor Stimulation of Perivascular Adipocytes Leads to Increased Fat Cell-Derived NO and Vascular Relaxation in Small Arteries. Br. J. Pharmacol. 175 (18), 3685–3698. doi:10.1111/bph.14433
 Calmasini, F. B., Candido, T. Z., Alexandre, E. C., D'Ancona, C. A., Silva, D., de Oliveira, M. A., et al. (2015). The Beta-3 Adrenoceptor Agonist, Mirabegron Relaxes Isolated Prostate from Human and Rabbit: New Therapeutic Indication?Prostate 75 (4), 440–447. doi:10.1002/pros.22930
 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 (2), 649–655.
 Chagas-Silva, F., Nascimento-Viana, J. B., Romeiro, L. A. S., Barberato, L. C., Noël, F., and Silva, C. L. M. (2014). Pharmacological Characterization of N1-(2-Methoxyphenyl)-N4-Hexylpiperazine as a Multi-Target Antagonist of α1A/α1D-adrenoceptors and 5-HT1A Receptors that Blocks Prostate Contraction and Cell Growth. Naunyn-schmiedeberg's Arch. Pharmacol. 387 (3), 225–234. doi:10.1007/s00210-013-0935-3
 Chakrabarty, B., Lee, S., and Exintaris, B. (2019). Generation and Regulation of Spontaneous Contractions in the Prostate. Adv. Exp. Med. Biol. 1124, 195–215. doi:10.1007/978-981-13-5895-1_8
 Chapple, C. R., Cardozo, L., Nitti, V. W., Siddiqui, E., and Michel, M. C. (2014). Mirabegron in Overactive Bladder: a Review of Efficacy, Safety, and Tolerability. Neurourol. Urodynam. 33 (1), 17–30. doi:10.1002/nau.22505
 Chon, J. K., Borkowski, A., Partin, A. W., Isaacs, J. T., Jacobs, S. C., and Kyprianou, N. (1999). Alpha 1-adrenoceptor Antagonists Terazosin and Doxazosin Induce Prostate Apoptosis without Affecting Cell Proliferation in Patients with Benign Prostatic Hyperplasia. J. Urol. 161 (6), 2002–2008. doi:10.1016/s0022-5347(05)68873-8
 Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H., Giembycz, M. A., et al. (2018). Experimental Design and Analysis and Their Reporting II: Updated and Simplified Guidance for Authors and Peer Reviewers. Br. J. Pharmacol. 175 (7), 987–993. doi:10.1111/bph.14153
 Curtis, M. J., Bond, R. A., Spina, D., Ahluwalia, A., Alexander, S. P. A., Giembycz, M. A., et al. (2015). Experimental Design and Analysis and Their Reporting: New Guidance for Publication in BJP. Br. J. Pharmacol. 172 (14), 3461–3471. doi:10.1111/bph.12856
 Dehvari, N., da Silva Junior, E. D., Bengtsson, T., and Hutchinson, D. S. (2018). Mirabegron: Potential off Target Effects and Uses beyond the Bladder. Br. J. Pharmacol. 175 (21), 4072–4082. doi:10.1111/bph.14121
 Erdogan, B. R., Karaomerlioglu, I., Yesilyurt, Z. E., Ozturk, N., Muderrisoglu, A. E., Michel, M. C., et al. (2020). Normalization of Organ bath Contraction Data for Tissue Specimen Size: Does One Approach Fit All?Naunyn-schmiedeberg's Arch. Pharmacol. 393 (2), 243–251. doi:10.1007/s00210-019-01727-x
 Erdoğru, T., Ciftcioglu, M. A., Emreoglu, I., Usta, M. F., Koksal, T., Ozbilim, G., et al. (2002). Apoptotic and Proliferative index after Alpha-1-Adrenoceptor Antagonist And/or Finasteride Treatment in Benign Prostatic Hyperplasia. Urol. Int. 69 (4), 287–292. doi:10.1159/000066120
 Flacco, N., Segura, V., Perez-Aso, M., Estrada, S., Seller, J., Jiménez-Altayó, F., et al. (2013). Different β-adrenoceptor Subtypes Coupling to cAMP or NO/cGMP Pathways: Implications in the Relaxant Response of Rat Conductance and Resistance Vessels. Br. J. Pharmacol. 169 (2), 413–425. doi:10.1111/bph.12121
 García-Álvarez, A., Pereda, D., García-Lunar, I., Sanz-Rosa, D., Fernández-Jiménez, R., García-Prieto, J., et al. (2016). Beta-3 Adrenergic Agonists Reduce Pulmonary Vascular Resistance and Improve Right Ventricular Performance in a Porcine Model of Chronic Pulmonary Hypertension. Basic Res. Cardiol. 111 (4), 49. doi:10.1007/s00395-016-0567-0
 Glassman, D. T., Chon, J. K., Borkowski, A., Jacobs, S. C., and Kyprianou, N. (2001). Combined Effect of Terazosin and Finasteride on Apoptosis, Cell Proliferation, and Transforming Growth Factor-? Expression in Benign Prostatic Hyperplasia. Prostate 46 (1), 45–51. doi:10.1002/1097-0045(200101)46:1<45::aid-pros1007>3.0.co;2-u
 Golomb, E., Kruglikova, A., Dvir, D., Parnes, N., and Abramovici, A. (1998). Induction of Atypical Prostatic Hyperplasia in Rats by Sympathomimetic Stimulation. Prostate 34 (3), 214–221. doi:10.1002/(sici)1097-0045(19980215)34:3<214::aid-pros9>3.0.co;2-h
 Grabbert, M., Buchner, A., Butler-Ransohoff, C., Kretschmer, A., Stief, C. G., and Bauer, R. M. (2018). Long-term Functional Outcome Analysis in a Large Cohort of Patients after Radical Prostatectomy. Neurourology and Urodynamics 37 (7), 2263–2270. doi:10.1002/nau.23557
 Hadi, T., Barrichon, M., Mourtialon, P., Wendremaire, M., Garrido, C., Sagot, P., et al. (2013). Biphasic Erk1/2 Activation Sequentially Involving Gs and Gi Signaling Is Required in Beta3-Adrenergic Receptor-Induced Primary Smooth Muscle Cell Proliferation. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1833 (5), 1041–1051. doi:10.1016/j.bbamcr.2013.01.019
 Hatanaka, T., Ukai, M., Watanabe, M., Someya, A., Ohtake, A., Suzuki, M., et al. (2013). In Vitro and In Vivo Pharmacological Profile of the Selective β3-adrenoceptor Agonist Mirabegron in Rats. Naunyn-schmiedeberg's Arch. Pharmacol. 386 (3), 247–253. doi:10.1007/s00210-012-0821-4
 Hennenberg, M., Acevedo, A., Wiemer, N., Kan, A., Tamalunas, A., Wang, Y., et al. (2017). Non‐Adrenergic, Tamsulosin‐Insensitive Smooth Muscle Contraction Is Sufficient to Replace α 1 ‐Adrenergic Tension in the Human Prostate. Prostate 77 (7), 697–707. doi:10.1002/pros.23293
 Hennenberg, M., Stief, C. G., and Gratzke, C. (2014). Prostatic α1-adrenoceptors: New Concepts of Function, Regulation, and Intracellular Signaling. Neurourol. Urodynam. 33 (7), 1074–1085. doi:10.1002/nau.22467
 Herschorn, S., McVary, K. T., Cambronero Santos, J., Foley, S., Kristy, R. M., Choudhury, N., et al. (2021). Mirabegron vs Placebo Add-On Therapy in Men with Overactive Bladder Symptoms Receiving Tamsulosin for Underlying Benign Prostatic Hyperplasia: A Safety Analysis from the Randomized, Phase 4 PLUS Study. Urology 147, 235–242. doi:10.1016/j.urology.2020.09.040
 Igawa, Y., Aizawa, N., and Michel, M. C. (2019). β 3 ‐Adrenoceptors in the normal and Diseased Urinary Bladder-What Are the Open Questions?Br. J. Pharmacol. 176, 2525–2538. doi:10.1111/bph.14658
 Kang, T. W., and Chung, H. C. (2020). Add-on Treatment with Mirabegron May Improve Quality of Life in Patients with Benign Prostatic Hyperplasia Complaining of Persistent Storage Symptoms after Tamsulosin Monotherapy. Ther. Adv. Urol. 12, 175628722097413. doi:10.1177/1756287220974130
 Kojima, Y., Sasaki, S., Oda, N., Koshimizu, T.-A., Hayashi, Y., Kiniwa, M., et al. (2009). Prostate Growth Inhibition by Subtype-Selective Alpha1 -adrenoceptor Antagonist Naftopidil in Benign Prostatic Hyperplasia. Prostate 69 (14), 1521–1528. doi:10.1002/pros.21003
 Kots, A. Y., Choi, B.-K., Estrella-Jimenez, M. E., Warren, C. A., Gilbertson, S. R., Guerrant, R. L., et al. (2008). Pyridopyrimidine Derivatives as Inhibitors of Cyclic Nucleotide Synthesis: Application for Treatment of Diarrhea. Proc. Natl. Acad. Sci. 105 (24), 8440–8445. doi:10.1073/pnas.0803096105
 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 (10), 2144–2160. doi:10.1016/j.clinthera.2012.09.010
 Kyprianou, N., Litvak, J. P., Borkowski, A., Alexander, R., and Jacobs, S. C. (1998). Induction of Prostate Apoptosis by Doxazosin in Benign Prostatic Hyperplasia. J. Urol. 159 (6), 1810–1815. doi:10.1016/s0022-5347(01)63162-8
 Lee, S. N., Chakrabarty, B., Wittmer, B., Papargiris, M., Ryan, A., Frydenberg, M., et al. (2017). Age Related Differences in Responsiveness to Sildenafil and Tamsulosin Are Due to Myogenic Smooth Muscle Tone in the Human Prostate. Sci. Rep. 7 (1), 10150. doi:10.1038/s41598-017-07861-x
 Lepor, H. (2004). Pathophysiology, Epidemiology, and Natural History of Benign Prostatic Hyperplasia. Rev. Urol. 6 Suppl 9 (Suppl. 9), S3–S10.
 Li, B., Wang, X., Wang, R., Rutz, B., Ciotkowska, A., Gratzke, C., et al. (2020). Inhibition of Neurogenic and Thromboxane A 2 ‐induced Human Prostate Smooth Muscle Contraction by the Integrin α2β1 Inhibitor BTT‐3033 and the Integrin‐linked Kinase Inhibitor Cpd22. Prostate 80 (11), 831–849. doi:10.1002/pros.23998
 Liao, C.-H., and Kuo, H.-C. (2018). Mirabegron 25 Mg Monotherapy Is Safe but Less Effective in Male Patients with Overactive Bladder and Bladder Outlet Obstruction. Urology 117, 115–119. doi:10.1016/j.urology.2018.03.038
 Liu, Q.-m., Xiao, Q., Zhu, X., Chen, K.-f., Liu, X.-w., Jiang, R.-c., et al. (2020). Inhibitory Effect of α1D/1A Antagonist 2-(1h-Indol-3-Yl)-N-[3-(4-(2-Methoxyphenyl) Piperazinyl) Propyl] Acetamide on Estrogen/androgen-Induced Rat Benign Prostatic Hyperplasia Model In Vivo. Eur. J. Pharmacol. 870, 172817. doi:10.1016/j.ejphar.2019.172817
 Maki, T., Kajioka, S., Itsumi, M., Kareman, E., Lee, K., Shiota, M., et al. (2019). Mirabegron Induces Relaxant Effects via cAMP Signaling‐dependent and ‐independent Pathways in Detrusor Smooth Muscle. Lower Urinary Tract Symptoms 11 (2), O209–O217. doi:10.1111/luts.12247
 Marinese, D., Patel, R., and Walden, P. D. (2003). Mechanistic Investigation of the Adrenergic Induction of Ventral Prostate Hyperplasia in Mice. Prostate 54 (3), 230–237. doi:10.1002/pros.10170
 Matsuo, T., Miyata, Y., Kakoki, K., Yuzuriha, M., Asai, A., Ohba, K., et al. (2016). The Efficacy of Mirabegron Additional Therapy for Lower Urinary Tract Symptoms after Treatment with α1-adrenergic Receptor Blocker Monotherapy: Prospective Analysis of Elderly Men. BMC Urol. 16 (1), 45. doi:10.1186/s12894-016-0165-3
 Michel, M. C. (2020). α1-adrenoceptor Activity of β-adrenoceptor Ligands - an Expected Drug Property with Limited Clinical Relevance. Eur. J. Pharmacol. 889, 173632. doi:10.1016/j.ejphar.2020.173632
 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 (1), 49–60. doi:10.1124/mol.119.118927
 Michel, M. C., and Vrydag, W. (2006). α1 -, α2 - and β-adrenoceptors in the Urinary Bladder, Urethra and Prostate. Br. J. Pharmacol. 147 (Suppl. 2), S88–S119. doi:10.1038/sj.bjp.0706619
 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 (4), 596–609. doi:10.1016/j.eururo.2017.12.031
 Nascimento-Viana, J. B., Alcántara-Hernández, R., Oliveira-Barros, E., Castello Branco, L. A., Feijó, P. R., Soares Romeiro, L. A., et al. (2019). The α1-adrenoceptor-mediated Human Hyperplastic Prostate Cells Proliferation Is Impaired by EGF Receptor Inhibition. Life Sci. 239, 117048. doi:10.1016/j.lfs.2019.117048
 Nitti, V. W., Rosenberg, S., Mitcheson, D. H., He, W., Fakhoury, A., and Martin, N. E. (2013). Urodynamics and Safety of the β 3 -Adrenoceptor Agonist Mirabegron in Males with Lower Urinary Tract Symptoms and Bladder Outlet Obstruction. J. Urol. 190 (4), 1320–1327. doi:10.1016/j.juro.2013.05.062
 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 (1), 118–140. doi:10.1016/j.eururo.2013.03.004
 Okeke, K., Michel-Reher, M. B., Gravas, S., and Michel, M. C. (2019). Desensitization of cAMP Accumulation via Human β3-Adrenoceptors Expressed in Human Embryonic Kidney Cells by Full, Partial, and Biased Agonists. Front. Pharmacol. 10, 596. doi:10.3389/fphar.2019.00596
 Ørsted, D. D., and Bojesen, S. E. (2013). The Link between Benign Prostatic Hyperplasia and Prostate Cancer. Nat. Rev. Urol. 10 (1), 49–54. doi:10.1038/nrurol.2012.192
 Pradidarcheep, W., Wallner, C., Dabhoiwala, N. F., and Lamers, W. H. (2011). Anatomy and Histology of the Lower Urinary Tract. Handb Exp. Pharmacol. 202, 117–148. doi:10.1007/978-3-642-16499-6_7
 Shaikhibrahim, Z., Lindstrot, A., Ellinger, J., Rogenhofer, S., Buettner, R., Perner, S., et al. (2012). The Peripheral Zone of the Prostate Is More Prone to Tumor Development Than the Transitional Zone: Is the ETS Family the Key?Mol. Med. Rep. 5 (2), 313–316. doi:10.3892/mmr.2011.647
 Spek, A., Li, B., Rutz, B., Ciotkowska, A., Huang, R., Liu, Y., et al. (2021). Purinergic Smooth Muscle Contractions in the Human Prostate: Estimation of Relevance and Characterization of Different Agonists. Naunyn-schmiedeberg's Arch. Pharmacol. doi:10.1007/s00210-020-02044-4
 Strand, D. W., Costa, D. N., Francis, F., Ricke, W. A., and Roehrborn, C. G. (2017). Targeting Phenotypic Heterogeneity in Benign Prostatic Hyperplasia. Differentiation 96, 49–61. doi:10.1016/j.diff.2017.07.005
 Svalø, J., Nordling, J., Bouchelouche, K., Andersson, K.-E., Korstanje, C., and Bouchelouche, P. (2013). The Novel β3-adrenoceptor Agonist Mirabegron Reduces Carbachol-Induced Contractile Activity in Detrusor Tissue from Patients with Bladder Outflow Obstruction with or without Detrusor Overactivity. Eur. J. Pharmacol. 699 (1-3), 101–105. doi:10.1016/j.ejphar.2012.11.060
 Takasu, T., Ukai, M., Sato, S., Matsui, T., Nagase, I., Maruyama, T., et al. (2007). Effect of (R)-2-(2-Aminothiazol-4-yl)-4′-{2-[(2-hydroxy-2-phenylethyl)amino]ethyl} Acetanilide (YM178), a Novel Selective β3-Adrenoceptor Agonist, on Bladder Function. J. Pharmacol. Exp. Ther. 321 (2), 642–647. doi:10.1124/jpet.106.115840
 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 (5), 381–387. doi:10.1016/j.ejps.2012.03.001
 Timms, B. G., and Hofkamp, L. E. (2011). Prostate Development and Growth in Benign Prostatic Hyperplasia. Differentiation 82 (4-5), 173–183. doi:10.1016/j.diff.2011.08.002
 Türkeri, L. N., Ozyürek, M., Ersev, D., and Akdaş, A. (2001). Apoptotic Regression of Prostatic Tissue Induced by Short-Term Doxazosin Treatment in Benign Prostatic Hyperplasia. Arch. Esp Urol. 54 (2), 191–196.
 Wang, Y., Gratzke, C., Tamalunas, A., Wiemer, N., Ciotkowska, A., Rutz, B., et al. (2016). P21-Activated Kinase Inhibitors FRAX486 and IPA3: Inhibition of Prostate Stromal Cell Growth and Effects on Smooth Muscle Contraction in the Human Prostate. PLoS One 11 (4), e0153312, doi:10.1371/journal.pone.0153312
 Wang, Y., Kunit, T., Ciotkowska, A., Rutz, B., Schreiber, A., Strittmatter, F., et al. (2015). Inhibition of Prostate Smooth Muscle Contraction and Prostate Stromal Cell Growth by the Inhibitors of Rac, NSC23766 and EHT1864. Br. J. Pharmacol. 172 (11), 2905–2917. doi:10.1111/bph.13099
 Webber, M. M., Trakul, N., Thraves, P. S., Bello-DeOcampo, D., Chu, W. W., Storto, P. D., et al. (1999). A Human Prostatic Stromal Myofibroblast Cell Line WPMY-1: a Model for Stromalepithelial Interactions in Prostatic Neoplasia. Carcinogenesis 20 (7), 1185–1192. doi:10.1093/carcin/20.7.1185
 Yu, Q., Gratzke, C., Wang, Y., Wang, X., Li, B., Strittmatter, F., et al. (2019). New Strategies for Inhibition of Non‐adrenergic Prostate Smooth Muscle Contraction by Pharmacologic Intervention. Prostate 79 (7), 746–756. doi:10.1002/pros.23780
 Yu, S.-M., Ko, F.-N., Chueh, S.-C., Chen, J., Chen, S.-C., Chen, C.-C., et al. (1994). Effects of Dicentrine, a Novel α1-adrenoceptor Antagonist, on Human Hyperplastic Prostates. Eur. J. Pharmacol. 252 (1), 29–34. doi:10.1016/0014-2999(94)90571-1
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.
Copyright © 2021 Huang, Liu, Ciotkowska, Tamalunas, Waidelich, Strittmatter, Stief and Hennenberg. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-666047-t005.jpg
Noradrenaline concentration

0.1uM 03uM 1uM 3uM 10uM 30 M 100 uM

L- “1[-21100]  -107[-21110-02] -21.4[-418t0-1] -435(-100.710228] -299(-8191022.1] 98[-20410489] 132 [-357 to 62.1]
748,337

-NAME ~ -55(-119100.8] -186[-30to-7.3] -323(-52410-12.1] ~78.4[-13610-209] -745(-130t0-186] -20(-8881048:8 ~-11.6(-80.9t057.7]
BPIPP  -55(-1161007] -166[-349t017)  -21.1(-422100]  -208[-52410107) -222[-6710126] -11.4[-47.810249] -3.7[-33.4 to 26]





OPS/xhtml/nav.xhtml
Contents

		Cover

		Concentration-dependent alpha1-Adrenoceptor Antagonism and Inhibition of Neurogenic Smooth Muscle Contraction by Mirabegron in the Human Prostate		Introduction

		Materials and Methods		Human Prostate Tissues

		Organ Bath

		Cell Culture

		Proliferation Assay

		Viability Assay

		cAMP ELISA

		Materials, Drugs, and Nomenclature

		Data and Statistical Analyses





		Results		Effects of Mirabegron on Electric Field Stimulation-Induced Contractions

		Effects of Mirabegron on α1-Adrenergic Contractions

		Effects of Mirabegron on Non-adrenergic Contractions

		Effects of Mirabegron on KCl-Precontracted Tissues

		Effects of L-748,377 on Mirabegron-Induced Contraction Inhibition

		Effects of L-NAME and BPIPP on Mirabegron-Induced Contraction Inhibition

		Effects of Miragebron on Viability, Proliferation and cAMP Formation in Stromal Cells





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		References









OPS/images/fphar-12-666047-t004.jpg
EFS, frequence

2Hz
L-748,337 04151022
L-NAME -3[-891029)
BPIPP -18[-4610 1]

Data are based on experiments on series with n

4Hz

-16[-461013
-4.4[-129t04.1]
-35[-6.910-0.2)

prostates for each setting, i.

8Hz
-33[-82101.6]
6.1 [16.6t0 4.4]

-8.7 [-156t0 -1.8)

e. 15 prostates in total.

16 Hz

-126[-214 10 -39]
~10.9 [-25.4 t0 3.6]
~18.2[-25.6 to ~10.8]

32Hz

-30.1 [-44.3 to ~15.9]
-36.1 [-58.7 to ~13.4]
322 [-41.7 to -21.6]





OPS/images/fphar-12-666047-t003.jpg
Concentration of contractile agonist

001 M 0.03 M

U46619 71376 ~10.2 [-41.4
1023.3) to21]

Endothelin-1  -3.1 [-15.1 -56[-37.3
t088] t026.1]

Data are based on experiments on series with n

0.1 pM 03uM 1uM
~11[-44.3 -7.9 [-40.6 -9 [-41.1
to 22.4] t024.8] t023.1)
65 [-39.1 -138[-493 06 [-58.9
t0.26.1) to21.) 1060.2)

3uM

-83[-324
10 15.8)
-65[-67.6
1054.6)

10 uM

-7.81-29.9
to 14.2)

prostates for each mirabegron concentration and corresponding controls, i. e. 10 prostates in total.

30 uM

-92[-30.1
to118)





OPS/images/fphar-12-666047-t002.jpg
Mirabegron
(M)

5

10

Noradrenaline concentration

0.1 M

6[-15.1
t022.4]
-105[-313
1010.4]
~17.6[-35.3t00]

0.1 yM

-16(-49101.8)

44 [-12.7
1039
-89[-17.2
t0-0.7)

0.1 uM

87104
to27.7)
-84[-22105.3)

-23[-491002)

0.3uM

5[-48 10 55.1]
-22.7[-54.6109.2)

-61.6 [-1089
to-14.3)

0.3uM
-0.5[-49t04)
-6.9[-19.3t0 55]

-193(-27.9
to ~10.6]

03puM
22[-2091025.2)
~16.7 [-44.7

to 11.4]
~14.1[-80.602.3)

1M 3uM 10 M
~109 [-107.4 228[-118 10 146 [-104 to
10 85.5) 163.7) 1333
437 [-94.7 -67.7 [-152.5 -61.4 [-183.1
t07.4) t0-17.2) 10 60.4]
692 [-132.2 76,6 [-135 -53.5 [-107.1
t0-6.3) to-18.7) 1002

Methoxamine concentration

1uM 3um 1o0um
-11.4[-39.7 -22.3(-70.8 -7.4[-528
10 169] 1026.2] to 38.1]
-9.1[-203t0 2.1 -25.3(-50.7 -35.9(-69.7 t0 2]
100.02]
-44.2 [-60.8 -61.7 [-103 -75.3[-184.1
to -27.6] to -20.4] t0 33.6]

Phenylephrine concentration
1M 3uM 10uM

-28(-605t054.8] -3[-72310663 -19.9(-641024.3]

242 [-55.1 -479[-748 -305 [-902
10 6.7) to -21.1] t029.3]

-182(-33.3 -439[-707  -44(-944106.4)
to-3.1] to-17.2)

30 UM
0 [-91.1t0 95]
-9(-98 10 80]

11[-21.4 10 43.4]

30 uM

47 [-33.9
10.24.6]
-16.3(-48t0 15.4]

-419(-1483
1064.5]

30uM

-329(-86.3
10206]
-14.7 [-57.9
t028.5]
-23.2[-55.5
092

Data are based on experiments on series with n = § prostates for each mirabegron concentration and corresponding controls, i. e. 45 prostates in total,
Bold values are aither concentrations of adreneroic agonists (horizontal, value with Lnit (=uM)), or concentrations of mirabegron frevical, valus, unit is above (=after mirabegron”ll.
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