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Introduction
cAMP and cGMP are key second messengers that regulate a
variety of physiologic functions, including vascular and nonvascular smooth muscle relaxation (Calmasini et al., 2017;
Tanaka et al., 2017), natriuresis (Ahloulay et al., 1996), cell
proliferation (Garg and Hassid, 1989), platelet function (Mellion
et al., 1981), sperm motility (Yunes et al., 2005), and fluid and
ion secretion (Vaandrager et al., 2000).
Intracellular levels of cAMP or cGMP are controlled by their
rate of formation through the activation of adenylate cyclase
(Chan and Lutfy, 2006) and soluble guanylate cyclase (sGC) or
particulate guanylate cyclase (Pyriochou and Papapetropoulos,
2005), respectively and their rate of hydrolysis by cyclic nucleotide
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greater compared with bladders stimulated with fenoterol or
forskolin alone. In the prostate and urethra, sodium nitroprusside concentration-dependently relaxed and MK 571 (20 mM)
significantly increased relaxation responses by 70% and 56%,
respectively, accompanied by greater intracellular levels of cGMP
and protein expression of p-VASP Ser239 in the prostate. Tadalafil
and BAY 41-2272 (5-cyclopropyl-2-[1-[(2-fluorophenyl)methyl]1H-pyrazolo[3,4-b]pyridin-3-yl]-4-pyrimidinamine) also relaxed
the prostate and urethra, respectively, and MK 571 markedly
enhanced this response. The stable analog of cGMP (8-Br-cGMP)
induced concentration-dependent relaxation responses in the
prostate and urethra, and MK 571 significantly increased the
relaxation response. In conclusion, to our knowledge, this is
the first study to show that efflux transporters are physiologically
active in the bladder, prostate, and urethra to control intracellular
levels of cAMP or cGMP.

phosphodiesterase (PDE) activities (Werkstrom et al., 2009).
Levels of cAMP and cGMP may also be controlled nonenzymatically by multidrug resistance proteins MRP4, MRP5, and MRP8,
which pump cAMP and/or cGMP out of the cell (Sager and Ravna,
2009). The biologic effects of cAMP and cGMP are exerted through
the activation of protein kinases A and G (PKA and PKG,
respectively), cyclic nucleotide-gate ion channels, and activation
or inhibition of PDEs (Uckert et al., 2006).
Subtypes MRP4 and MRP5 are considered the main transporters responsible for controlling cyclic nucleotide levels (Kruh
and Belinsky, 2003; Wen et al., 2015). Although both subtypes
have affinity for cAMP and cGMP (Jedlitschky et al., 2000;
Chen et al., 2001), the majority of studies have focused on the
role of MRP4, which also transports naturally occurring
metabolites (e.g., glutathione, glucoronate and sulfate conjugates, and prostanoids; Reid et al., 2003; Ritter et al., 2005; Rius
et al., 2005) as well as antiviral and antineoplastic agents
(mainly nucleoside analogs; Köck et al., 2007). Efflux of cyclic

ABBREVIATIONS: BAY 41-2272, 5-cyclopropyl-2-[1-[(2-fluorophenyl)methyl]-1H-pyrazolo[3,4-b]pyridin-3-yl]-4-pyrimidinamine; BAY 58-2667, 4[[(4-carboxybutyl)[2-[2-[[4-(2-phenylethyl)phenyl]methoxy]phenyl]ethyl]amino]methyl]benzoic acid hydrochloride; LUT, lower urinary tract; MK 571,
3-[[[3-[(1E)-2-(7-chloro-2-quinolinyl)ethenyl]phenyl][[3-(dimethylamino)-3-oxopropyl]thio]methyl]thio]propanoic acid; MRP, multidrug resistance
protein; NO, nitric oxide; p-VASP, phospho–vasodilator-stimulated phosphoprotein; PDE, phosphodiesterase; PKA, protein kinase A; PKG,
protein kinase G; sGC, soluble guanylate cyclase.
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ABSTRACT
The biologic effect of cAMP and cGMP is terminated by phosphodiesterases and multidrug resistance proteins MRP4 and
MRP5, which pump cyclic nucleotides out of the cell. Therefore,
this study aimed to characterize the role of MRP inhibitor,
MK 571 (3-[[[3-[(1E)-2-(7-chloro-2-quinolinyl)ethenyl]phenyl][[3(dimethylamino)-3-oxopropyl]thio]methyl]thio]propanoic acid), in
the bladder, prostate, and urethra of male mice by means of
functional assays, protein expression, and cyclic nucleotide quantification. The cumulative addition of MK 571 (1–30 mM) produced only small relaxation responses (approximately 25%) in all
studied tissues. In the bladder, isoprenaline/fenoterol and forskolin
concentration-dependently relaxed and MK 571 (20 mM) increased
the maximal response values by 37% and 24%, respectively. When
MK 571 was coincubated with fenoterol or forskolin, intracellular
levels of cAMP and protein expression of phospho–vasodilatorstimulated phosphoprotein (p-VASP) Ser157 were significantly
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Materials and Methods
Animals. All animal procedures and experimental protocols were
carried out according to the Ethical Principles in Animal Research
adopted by the Brazilian College for Animal Experimentation and
approved by the University of Campinas Institutional Committee for
Ethics in Animal Research (protocol number 4201-1). Twelve-week-old
male C57BL6/J mice (Central Animal House Services, University of

Campinas, Campinas, Brazil) were housed three per cage on a
12-hour/12-hour light/dark cycle.
Tissue Isolation. Strips from the detrusor and prostate and rings
from the urethra were obtained and mounted in 10 ml (bladder) or 4 ml
(prostate and urethra) organ bath containing Krebs-Henseleit solution composed of 117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM
MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, and 5.5 mM glucose
continuously bubbled with a mixture of 95% O2 and 5% CO2 (pH 7.4) at
37°C. Changes in isometric force were recorded using a Power
Laboratory system (version 7.2; ADInstruments, Sydney, Australia).
Resting tension was adjusted to 5 mN at the beginning of the
experiments for all tissues. The equilibration period was 45 minutes;
the bathing medium was changed every 15 minutes and the tension
was adjusted, only when necessary (de Oliveira et al., 2016; Calmasini
et al., 2017).
Functional Assays. First, concentration-response curves to MK
571 (1–30 mM) were determined in the bladder, prostate, and urethra
in tissues precontracted with carbachol (bladder) or phenylephrine
(prostate and bladder). Second, concentration-response curves to
several agonists that increase cAMP or cGMP were determined in
the bladder, prostate, and urethra in the absence (control) and
presence of MK 571 (20 mM), which was incubated 30 minutes before.
The protocols for each tissue were as follows: 1) bladder: isoproterenol (0.001–100 mM), fenoterol (0.001–100 mM), forskolin (0.001–100
mM), and BAY 58-2667 (4-[[(4-carboxybutyl)[2-[2-[[4-(2-phenylethyl)
phenyl]methoxy]phenyl]ethyl]amino]methyl]benzoic acid hydrochloride) (0.001–10 mM); 2) prostate: sodium nitroprusside
(0.001–100 mM), tadalafil (0.001–100 mM), 8-Br-cGMP (0.001–100 mM),
and forskolin (0.001–100 mM); and 3) urethra: BAY 41-2272 (5-cyclopropyl2-[1-[(2-fluorophenyl)methyl]-1H-pyrazolo[3,4-b]pyridin-3-yl]-4pyrimidinamine) (0.001–100 mM), sodium nitroprusside (0.001–100 mM),
8-Br-cGMP (0.001–100 mM), and forskolin (0.001–100 mM). The
bladder was precontracted with carbachol (1 mM), whereas the
prostate and urethra were precontracted with phenylephrine
(10 mM). Relaxation responses were calculated as the percentage
of the maximal changes from the steady-state contraction produced
in each tissue, and potency (pEC50) and maximal response values
(Emax) were determined.
Data Analysis of Functional Assays. Nonlinear regression
analysis to determine the pEC50 was carried out using GraphPad
Prism software (GraphPad Software Inc., San Diego, CA), with the
constraint that F 5 0. All concentration-response data were evaluated
for a fit to a logistics function in the following form:
E 5 Emax =ð½1 1ð10c=10xÞn 1 FÞ
where E is the maximum response produced by agonists; c is the
logarithm of the EC50, the concentration of drug that produces a halfmaximal response; x is the logarithm of the concentration of the drug;
the exponential term, n, is a curve-fitting parameter that defines
the slope of the concentration-response line; and F is the response
observed in the absence of added drug. Emax values are given in
percentages. EC50 values are presented as the negative logarithm
(pEC50) and were calculated by fitting a concentration-response
relationship to a sigmoidal model of the form log-concentration versus
response using GraphPad Prism software.
Quantification of Intracellular Levels of cGMP and cAMP in
the Bladder and Prostate. cGMP levels were determined in the
prostate in unstimulated (basal) tissues and in tissues stimulated
with sodium nitroprusside (1 mM, 10 minutes) or tadalafil (10 mM,
10 minutes) alone or in combination with MK 571 (20 mM) added
30 minutes prior. As for the cAMP quantification, bladders were
stimulated with fenoterol (3 mM, 10 minutes) or forskolin (100 mM,
10 minutes) in the absence and presence of MK 571 (20 mM, 30 minutes). After the 10-minute stimulation period, tissues were quickly
frozen in liquid nitrogen. The frozen tissues were pulverized and
homogenized in trichloroacetic acid [5% (w/v)] and centrifuged for
10 minutes at 4°C at 1500g. The tracer, samples, and standards were
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nucleotides through MRP4 has been seen in the gut (Moon
et al., 2015), vessels (Sassi et al., 2008; Krawutschke et al.,
2015), and blood cells such as erythrocytes (Wu et al., 2005) and
platelets (Borgognone and Pulcinelli, 2012; Decouture et al.,
2015). In addition, MRP4 was found in urogenital tract organs
such as the prostate, seminal vesicle, and bladder (Rius et al.,
2005). MRP4 was coexpressed with cyclooxygenase type 2 and
the microssomal prostaglandin E synthase on epithelial cells
from the seminal vesicle. MRP4 was able to export prostaglansin
E2, prostaglandin F2a, and thromboxane B2 in membrane
vesicles from MRP4-overexpressing cells, thus suggesting
that MRP4 might be involved in prostanoid transport (Rius
et al., 2005).
The tonus of smooth muscle from the urogenital tract organs
involves the network between substances released from
central and peripheral nervous systems and from the mucosa
(Fraser and Chancellor, 2003; White et al., 2013; Merrill et al.,
2016). cAMP and cGMP are considered the main inhibitory second messengers to regulate smooth muscle relaxation
of the bladder, prostate, urethra, and corpus cavernosum
(Rahnama’i et al., 2013; Mónica and Antunes, 2018).
In the bladder, the importance of the cAMP signaling
pathway in relaxing and improving cystometric parameters
in patients with lower urinary tract (LUT) symptoms (Qiu
et al., 2002) is well explored and led to the development of the
b3-adrenoceptor, mirabegron (Yamaguchi et al., 2014). In the
human prostate, expression of cAMP and cGMP PDEs was
shown at the protein and gene levels (Zhao et al., 2011;
Giuliano et al., 2013). Localization of PDE4 and PDE5, which
preferentially hydrolyze cAMP and cGMP, respectively, was
observed on the stromal and glandular areas of the transition
zone (Uckert et al., 2005). Functional assays showed that
inhibition of PDE4 and PDE5 by rolipram and sildenafil,
respectively, induced relaxation in precontracted tissues
(Kedia et al., 2009). In 2011, tadalafil, a PDE5 inhibitor, was
the first drug approved by the Food and Drug Administration (FDA) and European Medicine Agency (EMA) for use
in treating patients with LUT symptoms secondary to benign
prostatic hyperplasia (McVary et al., 2007), thus reinforcing
the clinical relevance of targeting the cGMP pathway to
induce prostate relaxation in patients with benign prostatic
hyperplasia. In the urethra, both cAMP and cGMP lead to
smooth muscle relaxation, although the role of the nitric oxide
(NO)/cGMP pathway under pathologic conditions is better
studied (Sancho et al., 2014).
Because we proposed to evaluate whether inhibition of
MRP4 and MRP5 synergizes with substances that increase
levels of cAMP or cGMP, this study aimed to verify the role of
MK 571 (3-[[[3-[(1E)-2-(7-chloro-2-quinolinyl)ethenyl]phenyl]
[[3-(dimethylamino)-3-oxopropyl]thio]methyl]thio]propanoic
acid), a nonselective MRP4 and MRP5 inhibitor, by means of
functional assays, protein expression, and cyclic nucleotide
quantification in the bladder, prostate, and urethra of mice.
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prepared as described in the kit instructions (cAMP or cGMP EIA kit;
Cayman Chemical, Ann Arbor, MI). The assays were performed in
duplicate, and the data are expressed in picomoles per milliliter.
Protein Expression for Phospho–Vasodilator-Stimulated
Phosphoproteins p-VASP Ser157 and p-VASP Ser239. To evaluate the expression of phospho–vasodilator-stimulated phosphoproteins p-VASP Ser157 and p-VASP Ser239 in the bladder and prostate,
tissues were stimulated with fenoterol (3 mM, 10 minutes) or sodium
nitroprusside (1 mM, 10 minutes), respectively, in the absence and
presence of MK 571 (20 mM, 30 minutes). Bladder and prostate tissues
were then homogenized in SDS lysis buffer using a sonicator (model
FB120; Fisher Scientific, Pittsburgh, PA) and centrifuged at 1500g at
4°C for 20 minutes to remove insoluble material. Protein concentrations of the supernatants were determined by the Lowry assay, and an
equal amount of protein from each sample (70 mg) was treated with
Laemmli buffer containing dithiothreitol (100 mM). Samples were
heated in boiling water for 5 minutes and resolved by SDS-PAGE
(10%). Proteins were separated by 10% polyacrylamide gels and then
electrotransfered to nitrocellulose membrane, performed for 90 minutes at a fixed amperage (0.15 mA per membrane) in a semidry device
(Bio-Rad, Irvine, CA). Nonspecific protein binding was reduced by
preincubation in blocking buffer (0.5% nonfat dried milk, 10 mM Tris,
100 mM NaCl, and 0.02% Tween 20). Anti–VASP Ser157 (rabbit, 1:
1000; Santa Cruz Biotechnology, Dallas, TX), anti–VASP Ser239
(rabbit, 1:1000, IgG; Cell Signaling Technology, Danvers, MA), and
total VASP (rabbit, 1:1000, IgG; Cell Signaling Technology) were used.
Secondary antibody was used at 1:5000 (rabbit; Cell Signaling
Technology). Densitometry was performed using ImageJ software
(National Institutes of Health, Bethesda, MD), and the results are
expressed as the ratio of the density of analyzed protein to the density
of total VASP (de Oliveira et al., 2016).
Statistical Analysis. Data are expressed as the mean 6 S.E.M.,
and n indicates the number of animals. GraphPad Prism software was

used for statistical analysis. One-way analysis of variance followed by
the Bonferroni correction was used to analyze the other parameters.
The unpaired t test was used when necessary. P , 0.05 was accepted
as significant.

Results
Concentration-Response Curves to the Nonselective
Inhibitor, MK 571, in the Bladder, Prostate, and
Urethra. Our first step was to verify whether MK 571 alone
would induce any response in the bladder, prostate, and
urethra. As shown in Fig. 1, the cumulative addition of MK
571 (1–30 mM) induced only small relaxation responses at
30 mM in the bladder (30% 6 1.5%, n 5 4; Fig. 1A), prostate
(20% 6 3.3%, n 5 4; Fig. 1B), and urethra (23% 6 4.8%, n 5 4;
Fig. 1C). Because we proposed to test the possibility that
inhibition of MRPs by MK 571 synergizes with substances that
accumulate cGMP and cAMP, all of the following assays were
carried out using 20 mM MK 571. This concentration was
chosen based on our preliminary assays, which showed that
this was the lowest concentration that potentiated the relaxation response induced by several cGMP- or cAMPincreasing substances in the bladder, prostate, and urethra
without interfering with the basal tonus.
MK 571 Potentiated the Relaxation Induced by
Substances That Increase Intracellular Levels of cAMP
in the Bladder. cAMP accumulation is considered the most
important pathway that induces bladder relaxation during
the filling phase to store urine (Oger et al., 2007). The
nonselective and b2-selective adrenoceptors isoprenaline
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Fig. 1. (A–C) Concentration-response curves to MK 571 (1–30 mM) in the isolated bladder (A), prostate (B), and urethra (C) from mice in tissues
precontracted with carbachol (1 mM) or phenylephrine (10 mM). Data are the mean 6 S.E.M. (n = 4 animals).

MRP Inhibition Increases Cyclic Nucleotide Levels in the LUT

141

(0.001–30 mM) and fenoterol (0.001–30 mM), respectively,
induced concentration-dependent relaxation responses with
Emax values of 50% 6 5.0% (n 5 5; Fig. 2A) and 59% 6 6.1%
(n 5 5; Fig. 2B). In the presence of MK 571 (20 mM), the Emax
value of isoproterenol or fenoterol was increased by approximately 37% (P , 0.05). To rule out that the effect of MK
571 could only be observed with the activation of b-adrenoceptors,
we also tested the effect of the adenylate cyclase activator,
forskolin. A 24% increase in the Emax of forskolin was observed
in the presence of MK 571 (P , 0.05) (Fig. 2C).
Accumulation of cGMP also induces smooth muscle relaxation in the bladder, although this effect is more pronounced when substances are given in vivo rather than
in vitro (Oger et al., 2010). BAY 58-2667 is a potent sGC
activator that induces smooth muscle relaxation. In this
study, BAY 58-2667 concentration-dependently relaxed the
bladder, with pEC50 and Emax values of 7.16% 6 0.33% and
38% 6 5.8% (Fig. 2D), respectively. However, MK 571 did not
enhance the relaxation response induced by BAY 58-2667.
Effect of MK 571 on Intracellular Levels of cAMP and
p-VASP Ser157 Phosphorylation in Bladders Stimulated with cAMP-Accumulating Substances. Incubation
of fenoterol (from 4.6 6 0.42 to 20.3 6 3.1 pmol/ml) or forskolin
(from 4.6 6 0.42 to 28.3 6 6.34 pmol/ml) in the bladder
significantly increased intracellular levels of cAMP above
baseline. Preincubation with MK 571 further increased intracellular levels of cAMP by 60% and 92%, respectively, in
tissues stimulated with fenoterol or forskolin (Fig. 3A).

Phosphorylation of VASP at Ser157 (p-VASP Ser157) is an
established marker to analyze PKA activity (Joshi et al.,
2011). Coincubation of MK 571 (20 mM) with fenoterol increased expression of p-VASP Ser157 compared with tissues
incubated only with fenoterol (Fig. 3B). MK 571 (20 mM) when
added alone did not enhance cAMP (Fig. 3A) nor did p-VASP
157 levels.
MK 571 Potentiated the Relaxation Induced by
cGMP-Accumulating Substances in the Prostate and
Urethra. NO released from nitrergic nerve terminals is an
important nonadrenergic, noncholinergic neurotransmitter in
the LUT organs. The NO-cGMP pathway’s contribution to
induce prostate or urethral relaxation has been demonstrated
in several mammals, including rats (Zarifpour et al., 2015),
mice (Alexandre et al., 2014), rabbits, and humans (Calmasini
et al., 2016). Therefore, the role of MK 571 (20 mM) in the
prostate and urethra was also investigated in the presence of
substances that increase intracellular levels of cGMP.
First, we tested an NO donor in the prostate (Fig. 4A) and
urethra (Fig. 5A). Sodium nitroprusside concentrationdependently relaxed the prostate (pEC50 5 6.94% 6 0.31%,
Emax 5 31.8% 6 3.16%, n 5 7) and urethra (pEC50 5 6.35% 6
0.10%, Emax 43.6% 6 4.40%, n 5 5). Preincubation with MK
571 (20 mM) significantly potentiated the relaxation induced
by sodium nitroprusside by 70% and 56% (P , 0.05),
respectively.
Second, we tested other substances that also increase cGMP
levels in the prostate and urethra. Tadalafil, a PDE5 inhibitor,
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Fig. 2. Effect of MK 571 on relaxation responses induced by cAMP- and cGMP-stimulating substances in the isolated bladder. (A–D) Concentrationresponse curves to isoprenaline (0.001–100 mM; A), fenoterol (0.001–100 mM; B), forskolin (0.01–100 mM; C), and BAY 58-2667 (0.001–10 mM; D) in the
absence (control) and presence of MK 571 (20 mM) in tissues precontracted with carbachol (1 mM). Data are the mean 6 S.E.M. (n = 4 to 5 animals). *P ,
0.05 compared with the control curves.
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was approved for use in treating patients with overactive
bladder secondary to benign prostatic hyperplasia with or
without erectile dysfunction (Giuliano et al., 2013). MK
571 markedly enhanced the relaxation induced by tadalafil
by 97% (Fig. 4B). Our previous study showed that the sGC
stimulator, BAY 41-2272, relaxed the urethra in mice; this
class of drug could be an interesting option in situations in
which the level of NO is reduced (Alexandre et al., 2014).
Preincubation with MK 571 markedly increased the Emax
values of BAY41-2272 by 46% (Fig. 5B).

8-Br-cGMP is a cell-permeant cGMP analog with greater
resistance to hydrolysis by PDE than its parent compound,
cGMP. Relaxation induced by 8-Br-cGMP was greatly enhanced in the presence of MK 571 in all studied concentrations
in both the prostate (Fig. 4C) and urethra (Fig. 5C), thus
reinforcing the functional role of MRPs in these organs to
entrap cGMP into cells.
Because substances that increase cAMP also relax the
prostate and urethra, we also assessed the role of MK
571 (20 mM) in tissues stimulated with forskolin with or without

Fig. 4. Effect of MK 571 on relaxation responses induced by cAMP- and cGMP-stimulating substances in the isolated prostate. (A–D) Concentrationresponse curves to sodium nitroprusside (0.001–100 mM; A), tadalafil (0.001–100 mM; B), 8-Br-cGMP (0.001–100 mM; C), and forskolin (0.001–100 mM;
D) in the absence (control) and presence of MK 571 (20 mM) in tissues precontracted with phenylephrine (10 mM). Data are the mean 6 S.E.M. (n = 4–7
animals). *P , 0.05; **P , 0.01; ***P , 0.001 compared with the control curves. SNP, sodium nitroprusside.
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Fig. 3. Intracellular levels of cAMP and p-VASP Ser157 protein expression in the bladder. (A) Intracellular levels of cAMP were determined in
unstimulated (basal) tissues and in tissues stimulated with fenoterol (3 mM) or forskolin (100 mM) in the absence and presence of MK 571 (20 mM). Data
represent the mean 6 S.E.M. (n = 4–6). *P , 0.05; #P , 0.05 compared with fenoterol/forskolin alone and basal, respectively. (B) Expression of p-VASP
Ser157 and total VASP was determined in unstimulated (basal) tissues and tissues stimulated with fenoterol (3 mM) alone or in the presence of MK
571 (20 mM). Data are the mean 6 S.E.M. (n = 5–7). **P , 0.001 compared with tissues stimulated with fenoterol. DMSO, dimethylsulfoxide.
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MK 571. Although forskolin concentration-dependently relaxed
the prostate (Fig. 4D) and urethra (Fig. 5D), MK 571 did not
significantly affect this response. These results suggest that, at
least in the prostate and urethra, inhibition of MRPs seems to
not regulate intracellular levels of cAMP.
Effect of MK 571 on Intracellular Levels of cGMP and
p-VASP Ser239 Phosphorylation in the Prostate Stimulated with cGMP-Accumulating Substances. MK
571 (20 mM) increased intracellular levels of cGMP by 4- and
2-fold, respectively, in the prostate stimulated with sodium
nitroprusside or tadalafil compared with the drugs added
alone (Fig. 6A).
Phosphorylation of VASP at Ser239 is an established
marker for the analysis of PKG activity in several smooth
muscle tissues (Joshi et al., 2011). A 2-fold increase in p-VASP
Ser239 was observed in tissues treated with MK 571 plus
sodium nitroprusside compared with sodium nitroprusside
alone. Neither cGMP levels (Fig. 6A) nor phosphorylation
levels (Fig. 6B) were affected when MK 571 was added alone.

Discussion
Our results clearly show that MK 571 markedly enhanced
relaxation induced by substances that increase cAMP or
cGMP levels accompanied by greater intracellular levels of
these nucleotides, hence activating the p-VASP Ser157 and
p-VASP Ser239 signaling pathways in the bladder and
prostate/urethra, respectively. Interestingly, 20 mM MK

571 alone did not enhance smooth muscle relaxation, implying
that MRP function is favored under conditions in which
intracellular cyclic nucleotide levels rise.
MK 571 is considered the major pharmacological tool to
evaluate the role of MRP4 or MRP5 in controlling cyclic
nucleotide levels. MK 571 leads to greater intracellular levels
of cAMP/cGMP in different cells and tissues such as the
intestinal epithelium (Li et al., 2007), pulmonary artery (Hara
et al., 2011), platelets (Borgognone and Pulcinelli, 2012), and
fibroblasts (Sinha et al., 2013). In hearts from aged rats
(Carillion et al., 2015) and in pulmonary arteries from patients
with pulmonary hypertension (Hara et al., 2011), MK 571 induced positive chronotropism and vasodilation due to the rise
in cAMP and cAMP/cGMP levels, respectively.
MRP4 has a relatively high affinity for both cAMP (45 mM)
and cGMP (10 mM) in membrane vesicles (Kruh and Belinsky,
2003). cAMP and cGMP levels were greater than MRP41/1 in
mouse embryonic fibroblasts from MRP42/2 mice, leading
to increased migration. However, cyclic nucleotide accumulation was even greater in the presence of cAMP- and cGMPstimulating substances such as forskolin and zaprinast,
respectively, than in unstimulated cells. In MRP4-overexpressing
NIH 3T3 cells transfected with cAMP and cGMP sensors, prior
incubation with MK 571 (20 mM) rapidly increased levels of
both cAMP and cGMP as detected by Förster resonance energy
transfer emission, although the effect of MK 571 was more
pronounced on cAMP levels (50% increase) than cGMP (7%
increase) (Sinha et al., 2013).
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Fig. 5. Effect of MK 571 on relaxation responses induced by cAMP- and cGMP-stimulating substances in the isolated urethra. (A–D) Concentrationresponse curves to sodium nitroprusside (0.001–100 mM; A), BAY 41-2272 (0.001–1 mM; B), 8-Br-cGMP (0.001–1 mM; C), and forskolin (0.001–100 mM; D)
in the absence (control) and presence of MK 571 (20 mM). Data are the mean 6 S.E.M. (n = 4–6 animals). *P , 0.05 compared with the control curves.
SNP, sodium nitroprusside.
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The functional role of MRP5 is less studied than that of
MRP4. For instance, the amount of [3H]-cGMP taken by
membrane vesicles in V79 lung Hamster fibroblasts overexpressing human MRP5-cDNA was 4-fold higher than [3H]cAMP. The apparent affinity (Km) for cGMP was 2.1 6 0.2 mM
compared with 379 6 24 mM for cAMP, whereas the transport
efficiency (Vmax/Km) was 23 times higher for cGMP, thus
suggesting that MRP5 is a physiologic transporter for cGMP
(Jedlitschky et al., 2000). Because of the lack of selective
pharmacological inhibitors for MRP5, more studies are needed
to evaluate whether MRP5 is as important as MRP4 in
regulating intracellular levels of cGMP in different cell types.
In the human urogenital tract, MRP4 expression was
observed in the plasma membrane of the ureter mucosa, in
the basolateral membrane of glandular epithelial cells of the
prostate, and in smooth muscle cells of the bladder and corpus
cavernosum (Rius et al., 2005). However, Rius et al. (2005) did
not evaluate the expression of MRP5. The location of MRP4 in
the membrane is cell and tissue specific, implying that
substrate transport can occur into the blood and urine or
toward adjacent cells into the extracellular matrix.
cAMP/PKA is considered the major pathway that induces
relaxation in the bladder of several species, including rats
(Werkström et al., 2009), mice (Akakpo et al., 2017), rabbit
(Qiu et al., 2002), and humans (Hayashi et al., 2016). Sevenday treatment with the adenylate cyclase activator, colforsin,
normalized cystometric parameters and reversed and restored
protein expression of phosphorylated myosin phosphatase
target subunit 1, which is involved in smooth muscle contraction, in mice lacking the S-nitrosoglutathione reductase
enzyme (which presented greater voiding and nonvoiding
contraction frequencies compared with the wild type). These
results led Akakpo et al. (2017) to conclude that cAMP
reversed the bladder dysfunction seen in this animal model.
No alterations in the protein expression of phosphorylated
endothelial or neuronal nitric oxide synthase were observed in
colforsin-treated animals (Akakpo et al., 2017). To date, the
b3-adrenoceptor agonist mirabegron is the newest therapeutic
option for treating patients with overactive bladder, with
fewer side effects than antimuscarinic therapy (Staskin et al.,
2018). Therefore, we focused the majority of our analysis on

the role of MK 571 in the presence of substances that increase
cAMP. Whereas 20 mM MK 571 produced only small relaxation responses and did not enhance basal levels of cAMP
or p-VASP Ser157, a marked increase in relaxation, accompanied by enhanced levels of cAMP and p-VASP Ser157 above
baseline, was observed in the presence of cAMP-accumulating
substances such as isoproterenol, fenoterol, and forskolin.
Another interesting finding was that relaxation induced by
the stable analog of cAMP (8-Br-cAMP) was enhanced in the
presence of MK 571, thus reinforcing the physiologic role of
MRP4 to entrap cAMP.
Impairment of the NO signaling pathway has been shown to
contribute to detrusor hyperactivity, since chronic inhibition
by the nonselective NO inhibitor, N-nitroarginine methyl
ester (Mónica et al., 2008), or deletion of the neuronal nitric
oxide synthase gene led to detrusor overactivity or hypertrophic bladder and reduced urethral smooth muscle relaxation
(Burnett et al., 1997). However, when substances that increase intracellular levels of cGMP (e.g., sodium nitroprusside
or sildenafil) were added in vitro only, small relaxation
responses (approximately 20%–40%) were observed at high
concentrations (above 10 mM) in the bladder of rats (Morelli
et al., 2009) and humans (Fusco et al., 2012). On the other
hand, a marked improvement in bladder function was observed when tadalafil (Minagawa et al., 2012) or sGC modulators (Mónica et al., 2011; Leiria et al., 2014) were given
chronically to rats (Nomiya et al., 2013). More studies are
needed to determine whether improvement in the overactive
bladder under chronically cGMP-increasing substances is due
to a direct effect on the smooth muscle or vascular bed, a
decrease in afferent fiber firing, or relaxation of the bladder
outlet. In our study, MK 571 did not enhance BAY
58-2667–induced relaxation, thus suggesting that MRPs do
not seem to control cGMP intracellular levels under physiologic conditions.
NO released from nitrergic nerves is an important neurotransmitter in the LUT that stimulates sGC to accumulate
cGMP to induce relaxation in the urethra (Friebe and
Koesling, 2003), prostate (Calmasini et al., 2016), and corpus
cavernosum (Mills et al., 2001). However, the role of NO as an
inhibitory mediator in the outflow region of the LUT is well
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Fig. 6. Intracellular levels of cGMP and p-VASP Ser239 protein expression in the prostate. (A) Intracellular levels of cGMP were determined in
unstimulated (basal) tissues and in tissues stimulated with sodium nitroprusside (1 mM) or tadalafil (10 mM) in the absence and presence of MK
571 (20 mM). Data are the mean 6 S.E.M. (n = 4–7). *P , 0.05 compared with sodium nitroprusside or tadalafil when added alone. (B) Protein expression
of p-VASP Ser239 and total VASP was determined in unstimulated (basal) tissues and tissues stimulated with sodium nitroprusside (1 mM) alone or in
the presence of MK 571 (20 mM). Data are the mean 6 S.E.M. (n = 10–13). **P , 0.0001 compared with tissues stimulated with sodium nitroprusside;
#
P , 0.05 compared with basal levels. DMSO, dimethylsulfoxide; SNP, sodium nitroprusside.
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