
 

Beta-3 adrenoceptor signaling pathways in urothelial and smooth muscle cells 

 in the presence of succinate 

 

 

Abubakr Mossa, Monica Velasquez Flores, Hieu Nguyen, Philippe G. Cammisotto, Lysanne 

Campeau 

 

Lady Davis Research Institute, McGill University, 

Montreal, Quebec, Canada. 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.249979

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#249979 

 1 

Running title: Succinate effect on mirabegron in the bladder 

Corresponding author:  Dr Lysanne Campeau. 

    Lady Davis Research Institute 

3755, Chemin de la cote-Ste-Catherine 

H3T 1E2 Montreal, QC, Canada 

lysanne.campeau@mcgill.ca 

Number of text pages: 16 

Number of tables: 0 

Number of figures: 5 

Number of references: 54 

Number of words in the abstract:  248 

Number of words in the introduction: 474 

Number of words in the discussion: 1341 

Abbreviations: SMC: smooth muscle cells, β3-AR: β3-adrenergic receptor, NO: nitric oxide, 

GPR91: G-protein coupled receptor 91, OAB: overactive bladder syndrome, SD: Sprague-

Dawley rats, 

Section assignment: Cellular and Molecular 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 13, 2018 as DOI: 10.1124/jpet.118.249979

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#249979 

 2 

Abstract: 

Succinate, an intermediate metabolite of the Krebs cycle, can alter the metabolomics response to 

certain drugs, and controls an array of molecular responses in the urothelium through activation of 

its receptor GPR91. Mirabegron, a β3-adrenergic receptor (β3-AR) agonist used to treat overactive 

bladder syndrome, increases intracellular cyclic AMP (cAMP) in the detrusor smooth muscle cells 

(SMCs), leading to relaxation. We have previously shown that succinate inhibits forskolin-

stimulated cAMP production in urothelium. To determine whether succinate interferes with 

mirabegron-mediated bladder relaxation, we examined their individual and synergistic effect in 

urothelial and SMC signaling. We first confirmed β3-AR involvement in the mirabegron response 

by quantifying receptor abundance by immunoblotting in cultured urothelial and SMCs and 

cellular localization by immunohistochemistry in rat bladder tissue. Mirabegron increased cAMP 

levels in SMCs but not in urothelial cells, an increase that was inhibited by succinate, suggesting 

that it impairs cAMP-mediated bladder relaxation by mirabegron. Succinate and mirabegron 

increased iNOS synthesis and nitric oxide (NO) secretion only in urothelial cells, suggesting that 

its release can indirectly induces SMC relaxation. Succinate exposure decreased the expression of 

β3-AR protein in whole bladder in vivo and in SMCs in vitro, indicating that this metabolite may 

lead to impaired pharmacodynamics of the bladder. Together, our results demonstrate that 

increased levels of succinate in settings of metabolic stress, e.g. metabolic syndrome, may lead to 

impaired mirabegron and β3-AR interaction, inhibition of cAMP production, and ultimately 

requiring mirabegron dose adjustment for its treatment of overactive bladder syndrome related 

with these conditions. 
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1. Introduction 

A growing body of evidence has demonstrated the impact of body metabolites on drug efficacy 

and standard therapeutic responses. Pharmacometabolomic studies, as one of their main objectives, 

have linked the pre-treatment level of body metabolites with the patient response to treatments 

such as neuropsychiatric, anticancer and cardiovascular drugs.(Sun et al., 2013; Kaddurah-Daouk 

and Weinshilboum, 2015; Kantae et al., 2017) For instance, succinate was found to be one of the 

metabolites that affect the body response to certain drugs. (Trupp et al., 2012; Sun et al., 2013) 

Succinate, an intermediate of the citric acid cycle, increases in cases of metabolic stress such as 

hyperglycemia, insulin resistance, hypoxia and inflammation. Under these circumstances, the 

inhibition of nuclear transcription factors SIRTs results in increased production and secretion of 

succinate and upregulation in the expression of its receptor GPR91.(Li et al., 2016) Binding of 

succinate to GPR91 triggers intracellular signaling pathways involving ERK, JNK, MAPK, 

changes in intracellular calcium levels and secretion of nitric oxide (NO) in different cell types.(He 

et al., 2004; Vargas et al., 2009; Mossa et al., 2017) 

States of energy metabolism disruption (e.g. obesity, diabetes, insulin resistance), hypoxia or 

inflammation also potently affect bladder function.(Rohrmann et al., 2005; He et al., 2016) 

Overactive bladder syndrome (OAB) is characterized by urinary urgency, increased urinary 

frequency, nocturia, with or without urinary incontinence.(Abrams, 2003) This pathology affects 

both men and women, increases with age and results in significant loss of quality of life. 

Treatments first focus on behavioral and lifestyle changes combined or followed by drug 

therapy.(Gormley et al., 2015; Corcos et al., 2017) Antimuscarinic agents have been prescribed 

but the multiple side effects (e.g. xerostomia, constipation) lead to poor adherence.(Abrams and 

Andersson, 2007) Mirabegron is a β3-adrenergic receptor (β3-AR) agonist used in the treatment 
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of overactive bladder as it presents the advantages of being well tolerated with a different side 

effect profile. Administration of mirabegron indeed leads to bladder relaxation, in vivo and in 

vitro, both in human and rodents.(Yamaguchi and Chapple, 2007; Nitti et al., 2013; Sadananda et 

al., 2013) The mechanism of mirabegron relaxing effects is thought to mainly involve binding of 

mirabegron to its receptor located on smooth muscle cells of the detrusor, increasing cAMP 

production, decreasing intracellular calcium levels and ultimately decreasing bladder contractions 

during the filling phase. This results in a reduction of urgency and incontinence episodes and a 

decreased frequency of micturition.(Yamaguchi and Chapple, 2007) 

We have previously demonstrated that succinate receptor, GPR91, is expressed by urothelial and 

smooth muscle cells (SMCs) of the bladder in rodents.(Mossa et al., 2017) GPR91 and β3-AR  

share common pathways.(Mossa et al., 2017) Taking into account the central role of succinate in 

several pathologies affecting bladder function, and the scarcity of data on its role in bladder 

physiology, we here assess how succinate might impact β3-AR activity of SMCs and urothelial 

cells. 
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2. Material and methods: 

 

2.1. Cell culture:  

Female Sprague-Dawley (SD) rats aged 3 months were housed and handled in accordance with 

the Canadian Council for Animal Care (CCAC). All protocols were approved by the Animal Ethics 

Committee of McGill University (Montreal, Canada). Animals received standard Purina chow and 

had free access to water. Cells were isolated from bladder using collagenase type IV digestion. 

Authenasia by exsanguination under anesthesia was performed and bladder was excised and 

quickly placed in cold sterile PBS (pH 7.4), cut longitudinally, spread and urothelium was carefully 

scraped and placed in DMEM medium containing 100 U/mL of collagenase IV for 15-20 minutes 

with gentle shaking. Urothelial cells were then washed twice in DMEM 10% fetal bovine serum 

(FBS), then placed in Dubelco’s DMEM low glucose/Keratinocyte (50/50) media containing FBS 

(10%), Glutamax (X1), hormones mix (insulin 5 µg/mL, dihydrocortisone 0.5 µg/mL, adenine 15 

µg/mL, ethanolamine 0.1 mM), Rho Inhibitor Y27632 (10 µM) and 1% penicillin/streptomycin 

(100 U/mL, 100 µg/mL) in a humidified incubator with 5% CO2 atmosphere. Medium was 

replaced every 2-3 days until cell confluency. Cells were starved 24 hours prior to use. 

In parallel, detrusor muscle was finely minced and incubated for 45 minutes in DMEM containing 

250 U/mL of collagenase IV, with intense shaking, then placed on a strainer (40 µm mesh) to retain 

non-digested materials. After two washings with DMEM/FBS, smooth muscle cells were seeded 

on a petri dish in DMEM medium supplemented with FBS (10%), Glutamax (1%), high glucose 

(27 mM) and penicillin/streptomycin (100 U/mL, 100 µg/mL). Incubation conditions were similar 

to those of urothelial cells. Prior to use, cells were starved for 72 hours in a normoglycemic 
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medium. Incubation with succinate at [200µM] was based on our previous study to activate GPR91 

receptor and mimic pathophysiological concentrations of succinate. (Mossa et al., 2017) 

2.2. Reagents and antibodies:  

Mirabegron was dissolved in Dimethyl sulfoxide (DMSO) and diluted in distilled water (PBS) to 

the final concentration in the culture medium. Cell responses to mirabegron were carried out at [10 

µM] based on dose response curve to obtain » 75% response (Fig. 2D). Chemicals and antibodies 

were purchased as follows: Mirabegron (Toronto Research Chemical Inc, Toronto, CA), Forskolin, 

Cyclic AMP (cAMP) ELISA kit (Cayman, Ann Harbor, MI, USA), P-JNK, JNK antibodies 

(ThermoFisher Scientific, Waltham, MA, USA), β-actin antibody (ProteinTech, Rosemont, IL, 

USA), Phospho-ERK and total ERK antibodies (R&D Systems, Minneapolis, MN, USA), iNOS 

and β3-adrenergic receptor antibody (NovusBio, Oakville, ON, Canada), Fetal bovine serum 

(FBS) (Wisent, Quebec, Canada), Penicillin/Streptomycin (VWR International, Quebec, Canada), 

BCA protein assay kit (BosterBio, Pleasantton, CA, USA), collagenase type IV (Worthington 

Biochemical Corporation, Lakewood, NJ, USA), DMEM and MCD153 media (US Biological Life 

Science, Salem, MA, USA), Glutamax and Keratinocyte medium supplemented with EGF and 

bovine pituitary extract (Gibco,  ThermoFisher Scientific, Waltham, MA, USA), ATP, D-glucose, 

ethanolamine, bovine serum albumin (BSA), succinate (Sigma-Aldrich, Oakville, ON, Canada), 

adenine (Biomatik, Cambridge, ON, Canada), dihydrocortisone (MP Biochemicals, Solon, OH, 

USA), Y27632 (Selleckchem,  Houston, TX, USA). UBO was a generous gift from Dr. T. Hebert 

(McGill University-Montreal). 

2.3. Bladder tissue: 

Bladder specimens for immunohistochemistry, immunoblotting and PCR were collected from 

Male Sprague-Dawley (SD) rats purchased from Charles River (Montreal, QC, Canada) and 
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protocol was approved by the Animal Ethics Committee of McGill University (Montreal, Canada). 

The rats had free access to food (standard Purina chow) and water and were kept on a 12-hour light 

and dark cycle. Intraperitoneal injections of succinate (50 mg/Kg-1) or saline (control) were 

performed daily (morning) for 4 weeks. 

2.4. Immunohistochemistry: 

Bladder pieces were fixed in paraformaldehyde 4% in PBS and processed for paraffin embedding. 

After rehydration, slides were heated for 20 minutes in citrate buffer (10 mM, pH 6) at 95°C. 

Tissue sections were blocked with (0.6% BSA in PBS, 0.3% Triton, 10% goat serum) for 30 

minutes, then with the primary antibody anti β3-AR (diluted 1:200 in 1% BSA, 0.3% Triton in 

PBS) overnight at 4°C. The following morning, after intense washing, secondary antibody (anti-

rabbit conjugated to Dylight 488) was added for 30 minutes. After washings with TBST 1X, slides 

were mounted in DAPI and examined by fluorescence microscopy (Leica Microsystems, Wetzlar, 

Germany). Cells grown on glass coverslips were fixed for 30 min in paraformaldehyde 4% in PBS, 

washed, permeabilized with triton X100 (0.1% in PBS pH 8), washed again and blocked in BSA 

1% for 1 hour. Incubation with primary and secondary antibodies were similar to the protocol used 

on tissue sections. 

2.5. RT-PCR:  

RNA was extract with Trigent reagent (Biomatik Corporation, Canada). RNA purity and 

concentration were assessed with a Nanodrop spectrophotometer ND-1000 (ThermoFisher Sci., 

Wilmington, DE, USA).  Primers were designed as follows: beta-actin forward 5’- CAC CCG 

CGA GTA CAA CCT TC - 3’, and reverse 5’- CCC ATA CCC ACC ATC ACA CC -3’; β3-

adrenoceptor forward 5’- TAG TCC TGG TGT GGA TCG TGT CCG C -3’and reverse 5’- GCG 

ATG AAA ACT CCG CTG GGA ACT A -3’. SensiFAST cDNA Synthesis Kit (Bioline, Taunton, 
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MA, USA) was used to synthesize cDNA that was then amplified by PCR using the 2X Taq 

FroggaMix (FroggaBio, Toronto, ON, Canada). PCR products were resolved on a 1.2 % agarose 

gel containing ethidium bromide and photographed under UV light.(Diehl et al., 2016) 

2.6. Quantitative real-time PCR: 

 Primer sequences (IDT: Integrated DNA Technology, Canada) were designed as follows: rat 

GAPDH (forward: 5’- TGC CAC TCA GAA GAC TGT GG -3’; reverse 5’- TTC AGC TCT GGG 

ATG ACC TT -3’) and β3-adrenoreceptor (forward: 5’- CGT AAC CAC CAA CCC TCT GCG 

TTA -3’; reverse 5’- ACG ATC CAC ACC AGG ACT ACT GC -3’). Reverse transcription was 

carried out using TranScript All-in-One First-Strand cDNA Synthesis Supermix for qPCR (One-

step gDNA Removal) (TransGen Biotech, Montreal, Canada). The TransStart Tip SYBR Green 

qPCR Super Mixture (TransGen Biotech, Montreal, Canada) was used for qPCR. Samples were 

placed in a 96 fast-PCR plate (Sarstedt, Montreal, Canada) and inserted in an Applied Bioscience 

7500 Fast Real-time PCR System. Dissociation curves confirmed the specificity of the signals. 

Data were analyzed using the ΔΔCT method.(Livak and Schmittgen, 2001) 

2.7. Nitric oxide (NO) enzymatic essay: 

Samples of media were analyzed for the amount of NO using a colorimetric method involving 

sulphanilamide/1-(naphthyl-ethylenediamine dihydrochloride (NEDD) as described.(Grisham et 

al., 1996) 

2.8. Western blotting: 

 Cells were homogenized in RIPA buffer containing anti-proteases (Roche Diagnostics, 

Indianapolis, IN, USA). Proteins concentration in lysate was measured by Micro BCA assay 

kit (Boster, CA, USA) and equal amounts of protein (20 – 40 µg) were loaded on 8% 

polyacrylamide gel and then electro-transferred to PVDF membranes. After blocking in 5% non-
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fat milk in TBST for one hour, overnight incubation with primary antibodies (4ºc) was carried out 

in the following concentrations: (1:2000 for p-ERK, p-JNK, ERK and JNK, 1:1000 for iNOS, 

1:2000 for β3-AR and 1:10,000 for β-actin) . Secondary antibodies conjugated with HRP were 

used the following day (anti-mouse or anti-rabbit at concentration 1:5000 in 5% non-fat 

milk/TBST for 1 hour at room temperature) and bands were revealed using a Luminata Crescendo 

HRP substrate (Millipore, Billerica, MA, USA) and quantified by ImageJ (open access software 

by National Institutes of Health, Maryland, USA). For the relative protein quantification, β-actin 

was used as a reference “house-keeping” protein for β3-AR and iNOS, and unphosphorylated ERK 

and JNK were used to quantify p-ERK and p-JNK, respectively. β-actin was selected as a house-

keeping protein as it was not found to be affected by mirabegron treatment after 3 days in bladder 

tissue extracts.(Imamura et al., 2017) We have also utilized β-actin as a reference protein for 

succinate as it did not change with succinate incubation.(Mossa et al., 2017) Furthermore, in all 

blotting experiments, β-actin was incubated with relevant antibodies and exposed independently. 

It did not show variation among samples in response to treatment conditions, when loading the 

same concentration of proteins lead to equivalent β-actin band densities across different 

samples. Representable blottings of the protein of interest and the reference protein are shown in 

figures as indicated in legends. 

2.9. Statistical analysis: 

Results were expressed as median and standard error of the mean (SEM). Statistical significance 

was expressed as P value of < 0.05, <0.01 and <0.001. Comparisons were performed with 

independent student t-test and one-way ANOVA (post hoc Tukey HSD test) as indicated in the 

legends. GraphPad software was used for statistical analyses. 
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3. Results:  

3.1. Characterization of the β3-AR in cell culture and tissue samples 

We first confirmed β3-AR receptor involvement in the mirabegron response by quantifying 

receptor abundance by immunoblotting in cultured urothelial and SMCs and cellular localization 

by immunohistochemistry in rat bladder tissue. Urothelial and SMCs in culture express mRNA for 

the β3-AR as revealed by RT-PCR using beta-actin as a control (Fig. 1A, left). Expression is 

significantly higher in SMCs as measured by qPCR (Fig. 1A, right). Immunoblotting showed that 

SMCs express twice the amount of receptor (Fig. 1B). Immunohistochemistry confirmed the 

expression in cell culture (Fig. 1C). On rat bladder sections, the receptor was found in the 

urothelium, connective tissue and the SMCs of the detrusor (Fig. 1D). 

3.2. Mirabegron-stimulated cAMP synthesis 

To determine how succinate influences cAMP production in both urothelial and SMCs, 

mirabegron and forskolin, a receptor-independent stimulator of adenylate cyclase (Seamon et al., 

1981), were used to stimulate its levels. In urothelial cells (Fig. 2A) and SMCs (Fig. 2B) forskolin 

(5 µM) increased cAMP levels while succinate (200 µM) abolishes this increase. Mirabegron did 

not increase intracellular cAMP in urothelial cells (Fig. 2C) while it dose-dependently stimulated 

it in SMCs (Fig. 2D). Mirabegron (10 µM) incubated for 20 minutes led to an increase of cAMP 

levels in SMCs that were inhibited by succinate pre-incubation for 30 minutes (IC50 = 0.98 mM) 

(Fig. 2E) or 24 hours (Fig. 2F), suggesting that succinate impairs cAMP-mediated bladder 

relaxation by mirabegron in vivo. No effect of mirabegron and pre-incubation with succinate could 

be seen in urothelial cells (Fig. 2E).  
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3.3. Nitric oxide secretion 

We previously reported that succinate potently stimulates iNOS synthesis and nitric oxide 

secretion in SD rat urothelial cells.(Mossa et al., 2017) To determine whether NO production 

participates in mirabegron relaxation, we demonstrated that both succinate and mirabegron 

increased iNOS synthesis and NO secretion only in urothelial cells, suggesting that its release 

indirectly induces SMC relaxation. 

Urothelial cells and SMCs were incubated with succinate (200 µM) or mirabegron (10 µM) or 

both products for 24 hours. Controls were carried out in parallel. In urothelial cells, nitric oxide 

levels and iNOS content were increased by succinate or mirabegron, with no additive or synergistic 

effects when combined, while no change was observed in SMCs (Fig. 3A). This suggests that NO 

release indirectly induces SMC relaxation. 

Urothelial cells intracellular pathways involved in NO secretion were examined by using pertussis 

toxin (PTX) (100 ng/mL for 18 hours), an inhibitor of protein Gi (Moss et al., 1984), PD98059 (10 

µM for 30 minutes), inhibitor of MAPK (Alessi et al., 1995), and L-NAME (1 mM, for 30 

minutes), non-specific inhibitor of NO synthase (Rees et al., 1990). Mirabegron stimulation of 

nitric oxide secretion was abolished by pre-incubation with PTX, PD98059 and L-NAME, 

demonstrating involvement of protein Gi, the MAPK pathway and NO synthase (Fig. 3B). 

Forskolin (5 µM for 20 minutes) by itself decreased NO production, suggesting that the presence 

of cAMP inhibits nitric oxide secretion (Fig. 3B). Succinate-stimulated NO secretion was sensitive 

to UBO (100 nM for 30 minutes), an inhibitor of protein Gq (Gao and Jacobson, 2016), PD98059 

(10 µM) and L-NAME (1 mM), suggesting a potentially common pathway with mirabegron (Fig. 

3B). 
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3.4. Activation of JNK and ERK pathways 

Succinate binds its receptor GPR91 on urothelial cells to activate many pathways, two of them 

being JNK and ERK.(Mossa et al., 2017) Cells were incubated with succinate (200 µM) or 

mirabegron (10 µM) or both, for a short term (2 minutes for ERK phosphorylation and 10 minutes 

for JNK phosphorylation). In urothelial cells, both compounds increased phosphorylation of JNK 

and ERK, with no additional effect when combined (n=5) (Fig. 4A). In SMCs, only mirabegron 

stimulated JNK phosphorylation (Fig 4B). No increase of P-ERK could be detected (n=5) (Fig. 

4B). 

3.5. Succinate inhibition of β3-AR expression in tissue and cell cultures 

To determine if the presence of succinate impacts the amount of bladder β3-AR and potential 

downstream activity, we analyzed its expression using real-time PCR and immunoblotting in 

different conditions. In rats treated chronically for 4 weeks with a daily succinate intraperitoneal 

injection (50 mg/Kg-1), protein levels of β3-AR in whole bladder samples were decreased 

compared to saline-treated control animals, while mRNA levels were unaffected (Fig. 5A). 

Exposure of SMCs (Fig. 5B) to succinate (200 µM) for 24 hours yielded similar results. On the 

other hand, succinate did not have any effects on urothelial cells β3-AR levels (Fig. 5C). Decreased 

expression of β3-adrenergic receptor protein in whole bladder in vivo and in SMC in vitro after 

exposure to succinate indicates that this metabolite may change mirabegron pharmacodynamics at 

the bladder. 
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4. Discussion 

In this study, after confirming the expression of GPR91 and β3-AR in urothelial and smooth 

muscle cells of SD rat bladder, we demonstrated that pre-incubation of SMCs with succinate 

reduced cAMP production induced by mirabegron. Furthermore, succinate administration 

decreased the expression of β3-AR in vivo and SMCs culture conditions. This effect can interfere 

with cAMP production; the main pharmacologically induced pathway by which mirabegron 

relaxes bladder wall through β3-AR. Together, our results demonstrate that increased levels of 

succinate present in settings of metabolic stress, e.g. metabolic syndrome, would affect mirabegron 

and β3-AR pharmacodynamics at the bladder and prevent cAMP production, ultimately requiring 

mirabegron dose adjustment for its treatment of overactive bladder syndrome related with these 

conditions. 

We previously demonstrated the presence of the GPR91 receptor in urothelial and smooth muscle 

cells from SD rat bladder (Mossa et al., 2017) and showed a higher expression of this receptor in 

urothelial cells. Here, RT-PCR, qPCR, immunoblotting and immunohistochemistry confirmed the 

presence of β3-AR in culture of both cell types from SD rats, with higher expression of β3-AR in 

SMCs. In bladder tissue, staining for the receptor was observed intensively in the urothelium and 

slightly fainter in the detrusor muscle, as previously reported by others, confirming the poor 

specificity of the antibody in immunofluorescence staining.(Kullmann et al., 2011) The selectivity 

of mirabegron to β3-AR in rat bladder was confirmed previously by other teams as shown by dose-

response relaxation curve of mirabegron on rat bladder strips. The relaxation curves were 

unaffected neither by high concentrations of the β1-adrenoceptor selective antagonist CGP-

20712A nor by the β2-adrenoceptor selective antagonist ICI-118,551, demonstrating that 

mirabegron in rat bladder binds exclusively β3-adrenoceptors.(Hatanaka et al., 2013) 
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GPR91 and β3-AR receptors are traditionally linked to protein Gi and Gs, respectively. Forskolin, 

a receptor-independent stimulator of adenylate cyclase (Seamon et al., 1981), increased cAMP 

synthesis, demonstrating the ability of urothelial cells and SMCs to synthesize cAMP. These 

increases were abolished by succinate, in the short- and long-term incubation, confirming the 

activation of protein Gi by GPR91 in both cell types.(Mossa et al., 2017) On the other hand, 

mirabegron dose-dependently increased cAMP in SMCs while there was no effect in urothelial 

cells, suggesting that β3-AR receptors are linked to protein Gs in SMCs but not in urothelial cells. 

The absence of cAMP secretion in response to mirabegron in urothelial cells could be to its 

stimulation of α2-adrenergic receptors (Michel, 2016), highly expressed in urothelial cells (Michel 

and Vrydag, 2006), that can decrease cAMP production.(Weiss et al., 1987; Hancock et al., 1995) 

On the other hand, in some tissues, β3-AR signals through the Gi pathway. In adipocytes for 

example, β3-AR agonist activates ERK1 and ERK2 by the stimulation of protein Gi.(Gerhardt et 

al., 1999; Soeder et al., 1999) In the heart, β3-agonists possess negative inotropic effects by 

stimulating protein Gi as well.(Gauthier et al., 1996) 

Notably, mirabegron-stimulated increases in cAMP in SMCs were dose-dependently inhibited by 

succinate while there was no effect in urothelial cells. The IC50 of succinate (0.98 mM) was in the 

range of pathophysiological concentrations encountered in case of metabolic diseases (Sadagopan 

et al., 2007; Toma et al., 2008) or cancer (Sullivan et al., 2016). Therefore, incremental dose 

adjustments of mirabegron may be required for adequate efficacy of OAB treatment in these 

conditions. Mirabegron is approved for the treatment of OAB in approximately 50 countries 

worldwide. In North America, the initial dosing recommended is 25 mg daily, with an increase to 

50 mg daily based on individual patient efficacy and tolerability, with adequate renal and hepatic 

function. 
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Nitric oxide secretion and iNOS expression were increased in urothelial cells by succinate and 

mirabegron while no stimulation could be detected in SMCs. No synergistic or additive effect 

could be seen, suggesting a common pathway of action. β3-AR receptors have been reported to 

increase activity of NOSs, increasing nitric oxide release, in urothelial cells (Birder et al., 2002) 

and in the cardiovascular system (Moens et al., 2010), among other tissues. In urothelial cells, 

increase in NO release by mirabegron results from recruitment of protein Gi by β3-AR receptors 

(Gerthoffer, 2005; Li et al., 2007) and requires activation of ERK/MAPK pathways (Gerhardt et 

al., 1999; Gerthoffer, 2005; Li et al., 2007) that in turn activate iNOS synthesis (Xu et al., 2006). 

This recruitment of protein Gi by β3-AR receptors goes along well with lack of cAMP increase by 

mirabegron in urothelial cells. On the other hand, succinate receptor joins up with MAPK pathway 

in a protein Gi-independent fashion but protein Gq-dependent way. Both compounds are sensitive 

to L-NAME, confirming the involvement of NOS enzymes. Finally, forskolin per se inhibits NO 

synthesis in the urothelial cells while it increases cAMP release. This suggests that NO synthesis 

by urothelial cells, as demonstrated in b cells of pancreas and glial cells, is affected by cAMP 

levels where NOS expression and NO synthesis are decreased by high cAMP levels.(Beshay and 

Prud'homme, 2001; Won et al., 2001) 

ERK and JNK are essential in the control of stress, inflammation, cell growth and apoptosis by 

cells.(Tawadros et al., 2002; Swiatkowski et al., 2003)  In the case of bladder, an increase in 

bladder pressure (increase in mechanical stress) increases phosphorylation of JNK, in particular in 

the urothelium in vivo (Tawadros et al., 2002) and in SMCs in vitro (Kushida et al., 2001). 

Similarly, elevated intravesical pressure activates ERK in the urothelium but not in the detrusor 

muscle.(Sano et al., 2016) It is well established that β3-AR receptors stimulate phosphorylation of 

ERK proteins in a cAMP/adenylate cyclase independent way, but in a protein Gi/ERK or 
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PI3K/MAPK pathway.(Gerhardt et al., 1999; Soeder et al., 1999; Hutchinson et al., 2002) The 

classic p38/PKC pathway is also required by GPR91 in urothelial cells (Mossa et al., 2017) and in 

other cell types (Tchivileva et al., 2009), confirming that our findings are in line with the literature. 

Succinate via GPR91 receptor and mirabegron via β3-AR activation may participate in the 

adaptation of the bladder during mechanical stress. 

β3-AR receptor mRNA was unaffected by succinate both in vivo and in vitro. On the other hand, 

the density of the receptor itself at the protein level was decreased in rats after 4-week exposure to 

succinate as well as in SMCs in culture after 24 hours of incubation with pathophysiological 

concentrations of succinate. During hypoxia and in metabolic diseases such as diabetes, succinate 

levels are elevated.(Rohrmann et al., 2005; He et al., 2016) In Wistar rats, exposure to hypoxic 

environment for several days decreases the density of β-adrenergic receptors in the heart (Mardon 

et al., 1998) and lungs (Shaul et al., 1990). In case of diabetes, the amount of β3-AR in prostate 

and heart decreases dramatically.(Gousse et al., 1991; Haley et al., 2015) Our results are in 

accordance with studies reporting pathologic states linked to high systemic succinate levels that 

are linked with a decreased expression of β3-AR. The lower expression of β3-AR in the detrusor 

in these conditions specifically may affect the pharmacodynamics of β3-agonists such as 

mirabegron on bladder relaxation. The downregulation of β3-AR in the bladder with chronic 

exposure to succinate could explain the smaller bladder capacity in SD rats injected chronically 

with succinate in our previous study.(Velasquez Flores et al., 2018) In addition to the structural 

changes we observed such as increased collagen density and altered nerve profile, the low 

expression of β3-AR in these bladders might reduce adrenergic-dependent bladder relaxation and 

further worsen the bladder capacity.   
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Our findings do not provide a clear explanation about the decreased expression of β3-AR protein 

despite the unchanged β3-AR mRNA. Further studies are needed to understand the post-

translational modification, enhanced internalization or degradation of this receptor in response to 

metabolic diseases. Co-localization of the GPR91 and β3-AR receptors in cell culture and bladder 

sections would also help to identify the proportional expression of each receptor in response to 

succinate exposure. Shortage of specific GPR91 antibody to GPR91 prevents us from clarifying 

this question. Furthermore, clinical trials studies about mirabegron efficacy in specific patient 

population with OAB with details about subjects’ metabolic profile are lacking.   

Taken together, our results show that pathophysiological concentration of succinate shares 

common pathways with mirabegron on bladder cell signaling. However, high concentrations of 

succinate might blunt mirabegron effects on the detrusor by diminishing the ability of β3-AR to 

activate synthesis of cAMP and, in the long term by decreasing the density of the β3-AR. This 

pharmacometabolomic interaction should be taken into account to guide drug selection and drug 

dosing for OAB treatment in patients suffering from pathologies linked to high systemic levels of 

succinate. 
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Legends to figures 

Figure 1. Detection of β3-adrenergic receptors in cell culture and SD rat bladder. (A) RT-PCR 

revealed the presence of β3-AR in culture of urothelial and smooth muscle cells from SD rats (β–

actin was used as control). Quantitative PCR showed a higher expression of β3-AR in SMCs (n=4, 

2 replicates) (Student t-test P<0.005). (B) Immunoblotting showed a higher amount of β3-AR in 

SMCs (Student t-test P<0.01) (n=6, 2 replicates). (C) Immunohistochemistry confirmed the 

presence of β3-AR in cell culture. From left to right, negative control of urothelial cells, urothelial 

cells, negative control of SMCs, SMCs (bar = 50 µm). (D) In SD rat bladder sections, β3-AR was 

expressed in different layers of the bladder wall. Left: negative control without primary 

antibody(bar = 100 µm), Middle: bladder section from SD rats with positive signal (green 

fluorescence) in urothelium (Uro), lamina propria (LP) and detrusor smooth muscle cells (SM), 

lumen at top of the section, blue fluorescence for nuclei (DAPI) (bar = 100 µm), Top-right: β3-

AR green florescence in urothelial layer (bar = 50 µm), bottom-right: β3-AR green fluorescence 

in detrusor smooth muscle cells (bar = 50 µm). 

Figure 2. Mirabegron and succinate effects on cAMP synthesis. In (A) urothelial cells and (B) 

SMCs, forskolin (10 µM) led to an increase in cAMP levels that was prevented by pre-incubation 

with succinate (200 µM) (n=6, 2 replicates) (one-way ANOVA **P<0.01 compared with control). 

(C) β3-AR agonist mirabegron did not change cAMP levels in urothelial cells (n=6, 4 replicates). 

(D) In SMCs, mirabegron dose-dependently increased cAMP levels (EC50 = 4.83 µM) (n=6, 3 

replicates). (E). Succinate dose-dependently decreased mirabegron-stimulated cAMP rise in SMCs 

(IC50=0.98 mM) (n=6, 4 replicates) while it had no effect in urothelial cells. (F) SMCs incubated 

for 24 hours with succinate (200 µM) were unable to synthesize cAMP in the presence of 

mirabegron (10 µM) (n=5, 2 replicates) (one-way ANOVA *P<0.05 compared with control). 
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Figure 3. Secretion of nitric oxide (NO) in cell cultures. (A) Succinate (200 µM) or mirabegron 

(10 µM) incubated with urothelial cells for 24 hours increases secretion of nitric oxide (NO) 

detected in culture medium and synthesis of iNOS detected by Western blotting. In SMCs, no 

stimulation was observed in NO secretion. (n=6, 3 replicates). One-way ANOVA *P<0.05 

compared with controls (Ctl). (B) In urothelial cells, Mirabegron-stimulated increase of NO was 

abolished by pre-incubation with PTX for 18 hours (100 ng/mL), PD98059 for 30 minutes (10 

µM) or L-NAME for 30 minutes (1 mM). Forskolin alone (5 µM for 20 minutes) decreased basal 

levels of nitric oxide. Succinate-stimulated secretion of NO in urothelial cells was completely 

inhibited by UBO for 30 minutes (100 nM), PD98059 (10 µM) or L-NAME (1 mM) but unaffected 

by PTX (100 ng/mL). (n=6, 3 replicates) One-way ANOVA **P<0.01, *P<0.05 compared with 

controls (Ctl), $$P<0.01, $P<0.05 compared with mirabegron alone.  

 

Figure 4. Activation of ERK and JNK pathways in urothelial and smooth muscle cells by succinate 

and mirabegron. (A) Urothelial cells were incubated with succinate (200 µM) or mirabegron (10 

µM) or both.  Succinate and mirabegron increased phosphorylation of JNK (after 10 minutes) and 

ERK (after 2 minutes), with no additional effect when combined (n=5, 2 replicates). (B) In SMCs, 

mirabegron stimulated JNK phosphorylation (Fig 4B). No increase of P-ERK could be detected in 

neither cell types (n=5, 2 replicates) (Fig. 4B). ANOVA one-way, **P<0.01, *P<0.05, compared 

to Controls (Ctl). 

Figure 5. Decrease of β3-receptors synthesis by succinate. (A) Rats injected daily for 4 weeks with 

succinate (Suc) (50 mg/Kg/day) intraperitoneally displayed a decrease in the levels of β3-AR 

protein of whole bladder samples compared to saline-injected controls detected by Western 

blotting, while β3-AR mRNA levels were unchanged (n=6, 2 replicates). (B) SMCs isolated from 
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SD rats and incubated for 24 hours with succinate (200 µM) displayed similar results (n=6, 2 

replicates). (C) Urothelial cells were not affected. (n=6, 2 replicates) Student t-test *P<0.05. 
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