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Abstract: Epidemiological studies have shown that lower urinary tract symptoms, including
overactive bladder, commonly occur in both men and women, with an age-related increase
in both sexes. Vascular endothelial dysfunction and urological symptoms are common in the
metabolic syndrome; they also occur during the human ageing process and are independent
risk factors for the development of atherosclerosis and hypertension. Pelvic arterial
insufficiency may lead to impaired lower urinary tract perfusion and play an important role in
the development of bladder dysfunction such as detrusor overactivity and overactive bladder.
It seems reasonable, but has not been definitely established clinically, that chronic ischemia-
related bladder dysfunction will progress to bladder underactivity. Studies in experimental
models in rabbits and rats have shown that pelvic arterial insufficiency may result in
significant bladder ischemia with reduced bladder wall oxygen tension, oxidative stress,
increased muscarinic receptor activity, ultrastructural damage, and neurodegeneration.
Several types of drug may be able to prevent some of these changes. Even if the ;-

adrenoceptor blocker, silodosin, the phosphodiesterase type 5 inhibitor, tadalafil, the

Bs-ouq-

adrenoceptor agonist, mirabegron, and the free radical scavenger, melatonin, were unable

to prevent the development of neointimal hyperplasia and consequent luminal occlusion in
animal models, they all exerted a protecting effect on urodynamic parameters, and on the
functional and morphological changes of the bladder demonstrable in vitro. The different
mechanisms of action of the drugs suggest that many factors are involved in the pathogenesis
of chronic ischemia-induced bladder dysfunction and can be targets for intervention. Since
several of the agents tested are used clinically and effectively for relieving lower urinary

tract symptoms, the results from animal models of chronic bladder ischemia seem to have
translational value. Animal models may be of relevance for designing clinical studies to
demonstrate if a certain drug may prevent progression of ischemia-related functional and

morphological bladder changes.

Keywords: o,-adrenoceptor antagonists, animal models, fB;-a,-adrenoceptor agonists, free
radical scavengers, phosphodiesterase type 5 inhibitors

Introduction

Epidemiological studies have shown that lower
urinary tract symptoms (LUTS), including over-
active bladder (OAB), occur commonly in both
men and women, with an age-related increase in
both sexes [Irwin et al. 2011]. An estimated 45.2%
of the 2008 worldwide population (4.3 billion)
was affected by at least one LUTS and, by 2018,
an estimated 2.3 billion individuals will be
affected (18.4% increase). It is well-known that
the causes of LUTS, including OAB, are multi-
factorial and involve many pathophysiologic

mechanisms in both men and women [Roosen
et al. 2009; Banakhar er al. 2012; Meng et al.
2012]. However, particularly in the elderly, age-
ing-associated changes in pelvic vasculature, such
as atherosclerosis, may be an important contrib-
uting factor in both sexes [Ponholzer ez al. 2006].
Vascular endothelial dysfunction occurs with age-
ing and is an independent risk factor for the
development of atherosclerosis and hypertension
[Herrera er al. 2010]. Moreover, the abdominal
aorta and its branches, especially the bifurcation
of the iliac arteries, are particularly vulnerable to
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atherosclerotic lesions [Tarcan er al. 1998]. The
vascular supply to the human genitourinary tract,
including the bladder, prostate, urethra and penis,
is primarily derived from the iliac arteries, and
atherosclerotic obstructive changes distal to the
aortic bifurcation will have consequences for the
distal vasculature and for lower urinary tract
blood flow [Yamaguchi ez al. 2014]. Pinggera and
colleagues [Pinggera er al. 2008b] found that
elderly patients with LUTS had a significant
decrease in bladder blood flow in comparison
with asymptomatic young individuals. These
studies suggest that arterial occlusive disease and
concomitant chronic bladder ischemia may pro-
duce bladder dysfunction, including detrusor
overactivity (DO). However, despite intensive
study in various animal models, the mechanisms
behind changes in bladder function caused by
chronic ischemia are incompletely known, and
there is no established treatment. It has been sug-
gested by animal studies, but has not been estab-
lished clinically, that chronic ischemia-related
bladder dysfunction will progress to bladder
underactivity [Nomiya ez al. 2013a; Sagawa et al.
2013]. Nevertheless, it would be desirable to treat
not only LUTS, but also the progression of the
morphological bladder changes induced by
chronic ischemia.

It may be discussed whether the decreases in
bladder blood flow during the micturition cycle
demonstrated by, for example, Brading and col-
leagues [Brading et al. 1999] could contribute to
bladder injury in certain situations. For example,
in bladder outflow obstruction, there may be
repeated episodes of prolonged detrusor ischemia
which may cause ischemia-reperfusion injury
[Greenland and Brading, 2000, 2001]. In an
already ischemic bladder, it may be speculated
that the decrease in bladder blood flow during a
voiding cycle, particularly with high degrees of
bladder filling, may create an ischemia-reperfu-
sion episode. With time, such repeated episodes
could add further damage to the bladder.

Treatment with a,-adrenoceptor (AR) blockers
and phosphodiesterase type 5 (PDE5) inhibitors,
such as tadalafil, sildenafil and vardenafil, have
been shown to be effective for treating LUTS asso-
ciated with benign prostatic hyperplasia (BPH)
[Andersson ez al. 2013a; Soler er al. 2013] and
recently mirabegron, the [;-AR agonist, was
approved as an effective treatment of OAB
[Andersson ez al. 2013b]. Theoretically, free radical
scavengers could also offer interesting treatment

options for LUTS/OAB [Meng et al. 2012; Soler
et al. 2013]. The different mechanisms of action of
these drugs support a multifactorial pathogenesis
of LUTS/OAB. However, if chronic bladder
ischemia (see below) is a common factor contribut-
ing to these disorders, the results from the animal
models of chronic bladder ischemia may have
translational value, and may be of relevance for
designing clinical studies to demonstrate if a drug
may prevent progression of ischemia-related func-
tional and morphological bladder changes.

As discussed below, and illustrated in Figure 1,
chronic ischemia (plus repeated ischemia/reper-
fusion episodes) could lead to oxidative stress and
inflammatory changes in the bladder with release
of agents such as prostaglandins and nerve growth
factor which are importance for the generation of
DO. Eventually, progressive vascular damage and
ischemia may lead to denervation and decreases
in detrusor contractility resulting in detrusor
underactivity.

Animal models of chronic bladder ischemia
There are several published animal models of
chronic bladder ischemia [Yamaguchi ez al. 2014].
However, the effects of therapeutic interventions
have been studied in only a few of these. Even if
animal models cannot be expected to reflect a
diagnosis based on symptoms, such as OAB, they
may increase our understanding of the patho-
physiology of the different disorders leading to,
for example, OAB, and they can also be helpful in
the development of effective treatments.

Rabbit models

Azadzoi and colleagues demonstrated that bilat-
eral ligation of the vesical arteries led to extremely
severe structural and functional changes, causing
permanent damage to the bladder [Azadzoi et al.
1999a, 1999b]. They produced iliac artery occlu-
sive disease using arterial balloon endothelial
injury techniques and a 0.5% cholesterol diet in
male rabbits. This showed that moderate ischemia
caused frequent voiding, a significant increase in
the frequency of spontaneous bladder contrac-
tions and increased contractile iz vitro responses
to carbachol and electrical field stimulation with
moderate fibrosis in the bladder wall. Severe
ischemia caused severe fibrosis, very weak blad-
der contraction, and decreased contractile
responses to various stimuli. Azadzoi and col-
leagues [Azadzoi et al. 1999a, 1999b] also
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Atherosclerosis
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Figure 1. Hypothesis; atherosclerosis-induced chronic bladder ischemia can lead to detrusor overactivity and

possibly (eventually) to detrusor underactivity.

examined markers of oxidative injury and neural
density in the ischemic bladder, and demon-
strated that bladder hyperactivity under ischemic
conditions involved noxious oxidative products
and denervation. Thus there was an upregulation
of stimulatory molecules, oxidative stress-sensi-
tive genes, ultrastructural damage and neurode-
generation [Yamaguchi ez al. 2014].

Yoshida and colleagues [Yoshida ez al. 2010]
examined the functional and histological bladder
changes in the myocardial infarction-prone
Watanabe heritable hyperlipidemia rabbit. They
demonstrated that Watanabe heritable hyperlipi-
demia rabbits showed atherosclerotic changes in
the iliac arteries, an increase in connective tissues
in the bladder wall, frequent voiding and non-
voiding contractions, decreased detrusor contrac-
tion, denervation, and decreased i wvitro
contractile responses to carbachol and electrical
field stimulation. The effects of therapeutic inter-
ventions with respect to bladder dysfunction do
not seem to have been investigated in this model.

Rat models
Nomiya and colleagues [Nomiya ezt al. 2012a,
2012b] developed a rat model using techniques

similar to those Azadzoi and colleagues [Azadzoi
et al. 1999a, 1999b] had applied to rabbits. They
found that endothelial injury of the iliac arteries
combined with a 2% cholesterol diet for 8 weeks
induced arterial occlusive disease and consequent
bladder ischemia. Decreased contractile responses
to potassium chloride (KCl), carbachol and nerve
stimulation were observed. In addition, the ani-
mals exhibited increased collagen deposition in
the muscle layer, elevated oxidative stress mark-
ers, upregulation of proinflammatory cytokines
and decreased constitutive nitric oxide synthase
(NOS) expression. These changes were associated
with bladder hyperactivity defined as a significant
increase in voiding frequency without effect on
maximum pressure or residual volume.

Son and colleagues [Son et al. 2007] evaluated
voiding function in a rat model where rats were fed
a 1% cholesterol diet for 8 weeks, together with 2
weeks of NG-nitro-L-arginine methyl ester given
to induce intimal changes. They found atheroscle-
rotic changes in the iliac arteries and urodynamic
bladder hyperactivity. Rahman and colleagues
[Rahman ez al. 2007] also examined bladder func-
tion in a rat model where rats were fed a 2% cho-
lesterol and 10% lard diet alone for 6 months.
These rats showed bladder hyperactivity
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with nonvoiding contractions, hypertrophy of the
detrusor muscle and upregulation of P2X3, P2X1
and vanilloid receptorl (TRPV1) expression. In
these models, the effects of therapeutic interven-
tions with respect to bladder dysfunction do not
seem to have been investigated.

Mouse model

Shenfeld and colleagues [Shenfeld er al. 2005]
examined contractility of bladder muscle strips
from apolipoprotein E gene knockout mice known
to spontaneously develop atherosclerosis. Despite
apolipoprotein E gene knockout mice exhibiting
massive atherosclerosis of the abdominal aortas
and iliac arteries, there was no statistically signifi-
cant differences compared with strips from con-
trol C57BI/6 mice. No information on cystometric
parameters was reported, and the effects of thera-
peutic interventions with respect to bladder dys-
function were not investigated.

a,-Adrenoceptor blockade

In patients with LUTS associated with BPH, a,-
AR antagonists are still the mainstay of medical
treatment [Michel, 2010; Lepor et al. 2012;
Andersson et al. 2013a]. Such antagonists were
developed based on the hypothesis that these
drugs improve voiding dysfunction due to reliev-
ing bladder outflow obstruction, since they were
shown to relax prostatic smooth muscle and
decrease urethral pressure in animal models.
However, newer data indicate that their therapeu-
tic effects, at least partly, occur independent of
prostatic relaxation, perhaps involving direct
effects on blood vessels, urothelium, afferent
nerves, and/or smooth muscle of the urinary blad-
der [Michel, 2010]. On the other hand, it has
been shown that in rabbits with chronic pelvic
ischemia, there was an increased prostatic smooth
muscle contraction in response to the o,-AR ago-
nists, phenylephrine, and electrical field stimula-
tion [Kozlowski ez al. 2001; Azadzoi et al. 2003].
Similar results were obtained in the ischemic rat
prostate  [Zarifpour et al. unpublished
information].

As a class, a,-AR -blockers cause little reduction
of bladder outlet obstruction, and there seems to
be little association between LUTS improvement
by a,-AR antagonist treatment and changes in
bladder outlet resistance [Barendrecht er al.
2008]. In addition, these drugs improve LUTS
without bladder outflow obstruction. Pinggera

and colleagues [Pinggera er al. 2008a] reported
that o,-AR antagonists improved bladder blood
flow and symptoms in patients with LUTS, and
suggested that these drugs might ameliorate
LUTS by increasing bladder blood flow.

Goi and colleagues [Goi ez al. 2013] investigated
the effects of the selective a,,-AR antagonist, silo-
dosin, on bladder blood flow and bladder func-
tion using the rat model of chronic bladder
ischemia described by Nomiya and colleagues
[Nomiya er al. 2012a, 2012b]. Using an osmotic
pump, chronic bladder ischemia rats received
either silodosin subcutaneously at a rate of 0.1 or
0.3 mg/, or vehicle for 8 weeks. For each a,-AR
subtype, mRNA expression in bladder microves-
sels was examined by i sizu hybridization. Bladder
blood flow was measured using a laser speckle
blood flow imager, and malondialdehyde in blad-
der tissue and 8-hydroxy-2-deoxyguanosine in
urine were measured as markers of oxidative
stress. The expression of all a;-AR subtype mRNA
was observed in rat bladder microvessels. In rats
with chronic bladder ischemia, silodosin abro-
gated the decreased bladder blood flow in the
empty bladder and during bladder distension.
This observation is in agreement with the effects
of tamsulosin on bladder microcirculation in a rat
ischemia-reperfusion model [Mizuno ez al. 2010].
The levels of oxidative stress markers in the rats
studied by Goi and colleagues [Goi ez al. 2013]
were significantly decreased by silodosin adminis-
tration, and the drug ameliorated bladder overac-
tivity. The basis for the improvement in bladder
function was attributed to an improvement in
bladder blood flow.

As mentioned previously, a,-AR antagonists have
convincingly been shown to give symptomatic
relief in male patients with LUTS. If this is related
to an increase in blood flow such an effect would
also be expected in women with LUTS and void-
ing symptoms. This was found to be the case in
several clinical studies (one out of seven was ran-
domized and placebo controlled) [Meyer and
Brown, 2012]. In contrast, a randomized, double-
blind, placebo-controlled study in women with
OAB revealed no significant effect of tamsulosin
[Robinson ez al. 2007]. The divergent results may
be explained by differences in the patient popula-
tions investigated. It may be that, as with men,
o;-AR antagonists are more effective on voiding
symptoms. Considering the multifactorial causes
of OAB, it may also reflect that ischemia is only
one of the factors contributing to this syndrome.
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PDE-5 inhibition

The positive effects of PDE5-inhibitors (PDE5-I),
alone or in combination with a,-AR antagonists,
on male LUTS have been well documented
[Martinez-Salamanca et al. 2011; Gacci et al
2012]. Different PDE5-Is (e.g. sildenafil, varde-
nafil, tadalafil) alone or in combination with o,-
AR antagonists (e.g. alfuzosin or tamsulosin)
were compared with placebo or a,-AR antago-
nists alone [Martinez-Salamanca er al. 2011].
Gacci and colleagues [Gacci er al. 2012] perform-
ing a meta-analysis, demonstrated that the use of
PDES5-Is alone was associated with a significant
improvement in International Prostate Symptom
Score (IPSS) at the end of the studies compared
with placebo. The association of an o,-AR antag-
onist and a PDE5-I significantly improved IPSS
and Q. at the end of the studies compared with
a,;-AR antagonists alone. Studies on the effects of
PDE5-Is on female LUTS/OAB do not seem to
have been published.

The precise mechanism(s) of action of PDE5-Is
on LUTS remains to be elucidated. PDE5-Is may
act on several pathways including upregulating
nitric oxide/cyclic guanosine monophosphate
activity, downregulating Rho-kinase activity,
modulating autonomic nervous system overactiv-
ity and bladder and prostate afferent nerves,
increasing pelvic blood perfusion, and reducing
inflammation. PDE5-Is have been shown to
reduce nonvoiding contractions and bladder
afferent nerve firing in decerebrate spinal cord-
injured rats, and to reduce mechanosensitive
afferent activities of both Ad- and C-fibers in an
irritated or overextended bladder model
[Andersson ez al. 2011; Giuliano ez al. 2013].

To investigate the effect of tadalafil on chronic
ischemia-related bladder dysfunction, Nomiya
and colleagues [Nomiya ez al. 2013b] used adult
male Sprague-Dawley rats divided into control,
arterial endothelial injury (AI), and Al with tada-
lafil treatment (Al-tadalafil) groups. The Al and
Al-tadalafil groups underwent endothelial injury
of the iliac arteries and received a 2% cholesterol
diet following Al. Al-tadalafil rats received tadala-
fil (2 mg/kg/day) orally for 8 weeks after Al. The
control group received a regular diet. After 8
weeks, urodynamic investigation was performed,
and after sacrificing the animals, bladder tissue
was harvested for pharmacological studies, and
the iliac arteries and bladders were examined his-
tologically. In the Al-tadalafil group neointimal
formation and luminal occlusion were not

prevented. However, there were significant
improvements in all the functional and morpho-
logical parameters compared with the Al group. In
the Al group, the micturition interval was signifi-
cantly shorter (5.4 £ 0.5 versus 11.1 £ 1.1 min),
and bladder capacity and voided volume were
lower than in controls. In witro, contractile
responses of bladder strips to KCl, electrical field
stimulation and carbachol were significantly lower
after Al than in controls. The AI group showed a
significantly increased percentage of collagen in
the bladder wall (37.4 = 1.8%) compared with the
controls (21.5 £ 1.8%). Even though the direct
mechanisms by which tadalafil protected bladder
function and morphology were not established,
these findings suggest (provided they can be trans-
lated into a clinical setting) that PDE5-Is may not
only be able to reduce LUTS, but also have an
effect on the progression of the underlying disor-
der. A factor that may limit the translational value
of the results is that the tadalafil dose used is very
high compared with what is used in humans.

Free radical scavenging

At high concentrations, free radicals and radical-
derived, nonradical reactive species are hazardous
for living organisms and damage all major cellular
constituents. At moderate concentrations, how-
ever, nitric oxide (NO), superoxide anion, and
related reactive oxygen species (ROS) play an
important role as regulatory mediators in signaling
processes [Droge, 2002]. Oxidative stress is char-
acterized by either short-term or chronic increase
in the level of ROS, which, due to their high reac-
tivity, induce oxidation of such vital cellular com-
ponents as proteins, lipids, and nucleic acids; this
process being the main cause of organ dysfunction
[Droge, 2002; Kirpatovsky er al. 2013]. Oxidative
stress associated with chronic bladder ischemia
may lead to bladder dysfunction and possibly even
to underactive bladder. In most cases mitochon-
dria, being responsible for ROS generation and
transformation, play the key role in ischemic
pathogenesis. Mice with mutation in the Immp2l
gene have been shown to have high superoxide ion
levels due to increased mitochondrial superoxide
production. They also had bladder dysfunction,
mainly characterized by emptying abnormalities in
young males and increased detrusor activity in old
females [Soler ez al. 2010].

The need to maintain intracellular ROS at a level
allowing normal intracellular signaling is an obvi-
ous strategy of ischemic organ protection [Droge,
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2002]. Studies in an experimental model in rabbits
suggested that lack of perfusion and subsequent
accumulation of oxidative stress and nitrosative
elements in atherosclerosis-induced chronic blad-
der ischemia may contribute to deterioration of
microvasculature, nerve fibers, epithelium and
smooth muscle cells by lipid peroxidation, protein
oxidation and DNA damage [Azadzoi ez al. 2010,
2011]. Thus, control of oxidative stress as a pro-
phylactic treatment may have beneficial effects on
chronic ischemia-related bladder dysfunction.

Many studies have documented that melatonin,
the major secretory product of the pineal gland,
has potent endogenous free radical scavenging
and antioxidative properties and protects against
oxidative insults [Reiter er al. 2000]. Melatonin
treatment was shown to reduce oxidative stress
and to improve ageing-associated deficits in blad-
der function [Gomez-Pinilla er al. 2007a, 2007b,
2008]. It was also demonstrated that melatonin
could reverse the reduced contractile responses of
rat bladder strips to carbachol and prevent oxida-
tive tissue damage following ischemia/reperfusion
after clamping of the aorta [Sener ez al. 2003].

Nomiya and colleagues [Nomiya ez al. 2013b]
investigated the potential therapeutic benefit of
melatonin in chronic ischemia-related bladder dys-
function, using the previously described rat model.
Adult male Sprague-Dawley rats were divided into
control, arterial injury (AI) and Al with melatonin
treatment low- (AI-ML)/high-dose (AI-MH)
groups. Al, AI-ML and AI-MH groups underwent
endothelial injury of the iliac arteries and received
a 2% cholesterol diet following Al. AI-ML and
AI-MH rats were treated with melatonin 2.5 or 20
mg/kg/day orally for 8 weeks after Al. The control
group received a regular diet. After 8 weeks, urody-
namic investigation was performed and bladder
tissues and iliac arteries were processed for phar-
macological studies, and examined by immunohis-
tochemical and histological methods. Iliac arteries
from AI rats displayed neointimal formation and
luminal occlusion, and this was not prevented in
the AI-ML and AI-MH groups. In the Al group,
micturition interval was significantly shorter, and
bladder capacity and voided volume lower than in
the controls. Contractile responses of bladder
strips to KCl, electrical field stimulation and car-
bachol were significantly lower after Al than in the
controls. The AI bladders showed significantly
increased collagen ratio, oxidative stress and iNOS
expression, and decreased constitutive NOS
expression compared with the controls. In the

AI-ML group, the beneficial effects failed to reach
statistical significance. However, in the AI-MH
group, melatonin significantly improved oxidative
stress and NOS expression, and there were signifi-
cant improvements in all the functional and mor-
phological parameters compared with the Al
group. The mechanism by which chronic treat-
ment with melatonin protected bladder function
and morphology was suggested to be through its
free radical scavenging and antioxidative proper-
ties. The melatonin doses used in this study were
very high compared with what is usually prescribed
for human use. This may limit the translational
value of the results, which nevertheless illustrates
that the treatment principle may be effective.

Several other agents possessing such properties
have been shown to have protective effects against
ischemia-reperfusion bladder injuries, for exam-
ple, co-enzyme Q [Juan er al. 2008; Kim ez al.
2013], N-acetylcysteine [Shin er al. 2014], evi-
prostat [Matsui ez al. 2012; Kawai ez al. 2013] and
edaravone [Matsumoto et al. 2010]. Some of
these agents may also be useful for protection
against the effects of chronic bladder ischemia.

B;-Adrenoceptor agonists

The clinical efficacy of the $;-AR agonist, mirabe-
gron, is well established [Andersson er al. 2013a
and 2013b; Sanford, 2013; Chapple et al. 2014].
Stimulation of B;-ARs relaxes detrusor smooth
muscle, and consequently decreases afferent sign-
aling from the bladder, improves bladder compli-
ance on filling, and increases bladder capacity. The
generally accepted molecular mechanism by which
B-ARs mediate detrusor relaxation in most species,
is activation of adenylyl cyclase and subsequent
formation of cyclic adenosine monophosphate
(cAMP), which activates protein kinase A (PKA).

This enzyme, in turn, phosphorylates specific
proteins resulting in detrusor relaxation. cAMP is
one of the most potent signaling molecules to sta-
bilize the vascular endothelial barrier [Schlegel
and Waschke, 2013]. In hypoxic endothelial cells
in culture, cAMP was shown to decrease through
a reduction of adenylyl cyclase activity, and warm
ischemia is known to decrease the cAMP concen-
tration in the liver, heart, and kidney [Pinskey
et al. 1993; Minor er al. 1999; Riera er al. 2001].
Therefore, it might be reasonable to assume that
this also occurs in bladder tissue in chronic
ischemia. Since urine storage and distension
induce vessel compression and in turn worsen
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ischemia/hypoxia by consuming more energy dur-
ing the voiding phase [Greenland et al. 2000;
2001], a cAMP decreasing effect can be thought
of as a defensive mechanism under ischemic con-
ditions. If mirabegron mediates bladder relaxa-
tion by increasing cCAMP in the chronic ischemic
bladder, this can be expected to affect the
restrained cell metabolism under ischemic condi-
tions, and raises the question of whether mirabe-
gron treatment may have a negative impact on the
chronic ischemic bladder. However, there is evi-
dence suggesting that, in the bladder, K* channels
mediating hyperpolarization, particularly BK,
channels, may be more important in $;-AR medi-
ated relaxation than cAMP [Frazier et al. 2005;
Petkov, 2011].

Sawada and colleagues [Sawada er al. 2013]
investigated the effect of mirabegron in a one of
the previously described rat models of chronic
ischemia-related bladder dysfunction [Nomiya
et al. 2012a, 2012b]. They used male Sprague-
Dawley rats which were divided into different
groups: control (m = 10), arterial endothelial
injury (Al; » = 16), and Al with mirabegron treat-
ment (Al-mirabegron; » = 10). The AI and
Al-mirabegron groups underwent endothelial
injury of the iliac arteries and received a 2% cho-
lesterol diet following AI. Al-mirabegron rats
received mirabegron (10 mg/kg/day) orally for 8
weeks. The control group received a regular diet.
After 8 weeks, urodynamic investigation was per-
formed in awake animals. Pharmacological i
vitro studies and histological examination of the
iliac arteries and bladders were performed. The
neointimal formation and luminal occlusion of
the iliac arteries demonstrated by the ischemia in
both AI and Al-mirabegron rats was not pre-
vented by mirabegron treatment. Micturition
interval (MI), bladder capacity (Bcap) and voided
volume (VV) in the AI group were significantly
less than in the control group (p < 0.01). In the
Al-mirabegron group MI, Bcap and VV were sig-
nificantly larger than in the Al group (p < 0.05),
however, significantly less than in the control
group (p < 0.05). Contractile responses of blad-
der strips to KCI, electrical field stimulation and
carbachol were significantly lower after Al than in
controls; responses in preparations from
Al-mirabegron treated animals were similar to
those of controls. The Al group showed a signifi-
cantly higher percentage of bladder wall collagen
(28.6 £ 1.57%) compared with the controls (8.65
+ 0.67%) and Al-mirabegron treated animals
(17.2 £ 2.32%).

Even if the mirabegron dose used in this study
may potentially limit the translational value of the
results it seems as if in the chronically ischemic
rat bladder, treatment with mirabegron protects
bladder function and morphology, and if the
results are valid for humans, they support $;-AR
agonism as a potential treatment of chronic
ischemia-related bladder dysfunction.

Summary

Chronic bladder ischemia secondary to athero-
sclerosis and vascular dysfunction may be an
important pathogenetic factor in age-related blad-
der dysfunction. Oxidative stress, proinflamma-
tory cytokines in the bladder, increased collagen
deposition, endothelial dysfunction (decreased
eNOS expression), decreased nNOS and increased
iNOS, increases of stimulatory molecules in the
urothelium and lamina propria and sensitization
of afferent nerves may on the one hand lead to
DO/OAB and, via denervation (sensory and
motor) and decreased muscle contractility, to
underactive bladder. Different therapeutic princi-
ples, which clinically have shown positive effects in
the treatment of LUTS/OAB, seem to have pro-
tective effects in a rat model of chronic bladder
ischemia. Although the doses of the drugs used are
high compared to the doses used in humans and
that this may increase the risk of producing effects
not seen in humans, this model may have transla-
tional value, and may be of relevance for designing
clinical studies to demonstrate if a drug may pre-
vent progression of ischemia-related functional
and morphological bladder changes.
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