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Purpose: Although metformin and sildenafil can protect various organs against ischemia/reperfusion (I/R) injuries, their ef-
fects and mechanisms of action in bladder I/R injuries remain unknown. This study investigated the effects and mechanisms 
of action of metformin and sildenafil against bladder I/R insults in rats.
Methods: One hundred male Sprague-Dawley rats were randomly divided into 5 groups, each of which contained 20 rats: a 
sham-operated group, a bladder I/R group, and bladder I/R groups treated with metformin, sildenafil, or both agents. Isch-
emia was induced by clamping the bilateral common iliac arteries with atraumatic vascular clamps for 2 hours, followed by re-
perfusion for 7 days. During this period, rats were injected once daily with 4-mg/kg metformin and/or 1-mg/kg sildenafil.
Results: I/R injuries induced increased malondialdehyde levels and myeloperoxidase activity and decreased superoxide dis-
mutase activity. These changes were attenuated by treatment with metformin and/or sildenafil. The I/R group had significantly 
higher Jun N-terminal kinase, p38 mitogen-activated protein kinase (MAPK), Bax, caspase-3, and nuclear factor-kappa B 
(NF-κB) levels, and lower extracellular signal-regulated kinase, and Bcl-2 levels in the bladder than the sham-operated group; 
these changes were significantly ameliorated by metformin and/or sildenafil treatment. No differences in the levels of these 
markers were observed between rats coadministered metformin and sildenafil and those treated with either agent alone.
Conclusions: Metformin and sildenafil protected the rat bladder against I/R injuries. This effect may have been due to the in-
hibition of reactive oxygen species production through MAPK, Bax, and Bcl-2 activation, and the restoration of inflammation 
through NF-κB inhibition. However, the combination of metformin and sildenafil was not more effective than either agent 
alone.
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INTRODUCTION

Bladder dysfunction and associated lower urinary tract symp-
toms (LUTS) are common in elderly men and women, and 
men are slightly more vulnerable [1]. LUTS in men are thought 
to be caused by mechanical obstruction of the bladder outlet 
induced by hypertrophic prostate enlargement [2]. Repeated 
hypoxia and ischemia/reperfusion (I/R) injuries related to void-
ing dysfunction due to bladder outlet obstruction induce the 
production of free radicals, leading to the generation of reactive 
oxygen species (ROS) in the bladder wall [3,4]. ROS formation 
causes age-associated damage to cells and organs, and reduces 
levels of antioxidant enzymes, thereby inducing LUTS [5].

Metformin is an antihyperglycemic drug that is frequently 
used to treat type 2 diabetes mellitus and can reduce ROS levels 
[6]. Metformin attenuates the activation of mitochondria and 
activates AMP-activated protein kinase (AMPK) [7]. AMPK is 
a key modulator of cellular energy regulation, and activated 
AMPK changes anabolic cells to a catabolic state. Recent stud-
ies have shown that activation of AMPK by metformin attenu-
ates the expression of p38 mitogen-activated protein kinase 
(p38 MAPK) and induces the expression of extracellular signal-
regulated kinase 3 (ERK3) [8]. AMPK signaling can also revers-
ibly regulate hyperactive MAPK signaling in cancer cells by 
phosphorylating its key components, RAF/KSR family kinases 
[9]. Metformin also has favorable effects on cardiovascular dis-
ease; metformin treatment decreases infarct size during I/R in-
juries in rats [10]. Low doses of metformin may ameliorate re-
nal I/R injuries by increasing the energy supply to hypoxic or-
gans and decreasing the activity of inflammation-related factors 
[11]. However, it is unclear whether metformin treatment after 
I/R injuries can prevent ROS activity in bladder tissue.

Phosphodiesterase 5 (PDE5) inhibitors such as sildenafil 
were developed to manage angina pectoris and subsequently 
have been used to treat patients with erectile dysfunction [12]. 
Sildenafil ameliorates vascular dysfunction, has been found to 
decrease the infarct area in an animal model of myocardial in-
farction [13], and has shown reno-protective efficacy in models 
of renal injury [14]. A PDE5 inhibitor was reported to increase 

blood flow to the pelvic organs, thereby improving bladder 
function, in a rat model [15]. However, the mechanisms of ac-
tion of PDE5 inhibitors on LUTS associated with I/R injuries, 
as well as the drug interactions between metformin and PDE5 
inhibitors in the bladder, remain to be determined.

The present study was therefore designed to investigate the 
protective effects and mechanisms of metformin, sildenafil, and 
coadministration of both drugs on I/R injuries in the urinary 
bladder in rats.

MATERIALS AND METHODS

Animal Model and Experimental Groups
A total of 100 male Sprague-Dawley rats, 12 weeks of age and 
weighing 250–300 g, were obtained from Samtako Bio Korea 
(Osan, Korea) and housed in separate cages under a controlled 
12-hour light/12-hour dark cycle at 23°C. Animals were fed 
standard rat chow and had free access to tap water. All proce-
dures were conducted in accordance with the guidelines of the 
ethics committee and the Institutional Animal Care and Use 
Committee of Chungnam National University.

The 100 rats were randomly divided into 5 groups, each of 
which contained 20 rats: a sham-operated group, a bladder I/R 
group, and bladder I/R groups treated with metformin, silde-
nafil, or both agents. Rats in the sham-operated group were 
subjected to all surgical procedures, except for vascular clamp-
ing, and rats in the I/R group were subjected to I/R injuries. The 
animals in the sham-operated and I/R groups were injected in-
traperitoneally with 0.9% saline solution once daily for 7 days. 
Rats in the I/R plus metformin, I/R plus sildenafil, and I/R plus 
metformin and sildenafil groups were subjected to I/R injuries, 
followed by intraperitoneal injection of 4-mg/kg metformin 
[16], 1-mg/kg sildenafil [17], or 4-mg/kg metformin and 1-mg/
kg sildenafil, respectively, in 0.9% saline once daily for 7 days.

In vivo Experimental Protocol
All surgical procedures were performed under anesthesia, 
which was induced by intramuscular injection of xylazine (Rom-
pun, 10 mg/kg) and ketamine (Imalgene, 100 mg/kg). A lower 

• HIGHLIGHTS
-  Metformin and sildenafil protected the rat bladder against I/R injuries.
-  This effect may have been due to the inhibition of reactive oxygen species production through MAPK, Bax, and Bcl-2 activation, and the restoration 

of inflammation through NF-κB inhibition.
-The combination of metformin and sildenafil was not more effective than either agent alone.
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abdominal vertical incision was made. Ischemia was induced 
by clamping the bilateral common iliac arteries with atraumatic 
clamps for 2 hours. Following clamp removal, the incision site 
was sutured. Sham operations were conducted using a similar 
method, except the arteries were not clamped. During the 
7-day reperfusion period, the rats were injected once daily with 
saline or metformin and/or sildenafil. At the end of the reperfu-
sion period, the rats were euthanized using carbon dioxide gas. 
The bladders were harvested, cleared of adhering connective 
tissue, and immediately stored at -80°C or fixed in 10% phos-
phate-buffered formalin.

RT-PCR Assay
Sequences of interest were amplified from cDNA by poly-
merase chain reaction (PCR). Amplification consisted of an 
initial denaturation phase for 5 minutes at 95°C, followed by 35 
cycles of denaturation for 30 seconds at 95°C, annealing at 58°C 
for 30 seconds, and extension at 72°C for 30 seconds, and a fi-
nal extension at 72°C for 5 minutes. PCR products were ana-
lyzed by electrophoresis on a 1.2% agarose gel. The primer se-
quences are illustrated in Supplementary Table 1.

Western Blot Assay
Frozen bladder tissues were homogenized in Pro-Prep protein 
extraction solution (Intron, Daejeon, Korea). Proteins were an-
alyzed by 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene fluoride mem-
branes. The primary antibodies used are listed in Supplementa-
ry Table 2. The membranes were washed in phosphate-buffered 
saline (0.1% Tween), followed by incubation with peroxidase-
labeled secondary antibodies (Supplementary Table 2). Im-
mune-labeled proteins were detected using a SuperSignal en-
hanced chemiluminescence kit (Thermo Fisher, Waltham, MA, 
USA) and quantitated using a Western blot detection system 
(Bio-Rad, Hercules, CA, USA), with the density of each band 
normalized to that of GAPDH.

Immunohistochemical Analysis of Caspase-3 Activity
Rat bladder tissue samples were immediately fixed in formalin, 
dehydrated in graded ethanol, cleared in xylene, and embedded 
in paraffin blocks using automatic processing and embedding 
equipment (Tissue Tek VIP; Sakura Finetek, Torrance, CA, 
USA). The paraffin-embedded tissue samples were sectioned, 
and then sections were deparaffinized in xylene and rehydrated 
using a series of increasing ethanol concentrations. The sections 

were incubated overnight with an anti-caspase-3 antibody (di-
luted 1:500, Cell Signaling Technology, Danvers, MA, USA), 
followed by washing and incubation with secondary antibodies 
(EnVision+ System HRP-labeled polymer anti-rabbit, Dako; 
Agilent Technologies, Santa Clara, CA, USA). The sections 
were developed by incubation in diaminobenzidine tetrachlo-
ride solution and counterstained with Mayer’s hematoxylin.

Biochemical Analysis of Enzyme Activity
Superoxide dismutase (SOD; Abcam, Cambridge, UK) activity, 
reported as U/mg tissue, was determined by measuring en-
zyme-mediated inhibition of nitroblue tetrazolium reduction 
[18]. One unit of SOD was defined as the enzyme activity that 
inhibited nitroblue tetrazolium reduction by 50%. Malondial-
dehyde (MDA; Abcam, Cambridge, UK) levels in bladder tis-
sues, expressed as nmol/g tissue, were analyzed using a method 
based on the reaction of MDA with thiobarbituric acid at 95°C 
[19], which produces a pink pigment with maximum absorp-
tion at 532 nm. Bladder injury was quantified by measuring 
myeloperoxidase (MPO; Abcam, Cambridge, UK) activity (ex-
pressed as U/g) after adding O-dianisidine dihydrochloride and 
hydrogen peroxide [20].

Statistical analysis
All data were statistically analyzed using SPSS ver. 18.0 (SPSS 
Inc., Chicago, IL, USA). Data are expressed as mean±standard 
error of the mean. Three or more groups were compared using 
the Kruskal-Wallis test, and the P-value was adjusted with the 
Bonferroni correction. A P-value <0.05 was considered to indi-
cate statistical significance.

RESULTS

ERK1, JNK1, and p38 MAPK Expression
We first assessed whether treatment with metformin or silde-
nafil could modulate the intracellular MAPK signaling pathway 
in bladder tissue after I/R injuries. The mRNA and protein ex-
pression levels of key molecules in this signaling pathway, 
ERK1, Jun N-terminal kinase 1 (JNK1), and p38 MAPK, were 
investigated using reverse-transcription PCR (RT-PCR) and 
Western blotting, respectively.

Tissue samples from the I/R group had significantly higher 
levels of JNK1 and p38 mRNA and significantly lower levels of 
ERK1 mRNA than bladder tissue from the sham-operated 
group (Fig. 1A). Treatment of I/R-subjected rats with metfor-
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min or sildenafil significantly reduced the expression of JNK1 
and p38 mRNA and significantly enhanced the expression of 
ERK1 mRNA.

Western blotting analysis showed that phospho-JNK1(p-
JNK1) and p-p38 MAPK levels were higher, and phospho-
ERK1(p-ERK1) levels were lower, in bladder tissue samples 
from I/R-subjected rats than in samples from sham-operated 
rats (Fig. 1B). The treatment of I/R-subjected rats with metfor-
min or sildenafil significantly reduced the levels of p-JNK1 and 
p-p38, and increased the level of p-ERK1.

Bax and Bcl-2 Expression
The RT-PCR analysis showed that the level of Bax mRNA was 
significantly higher, the level of Bcl-2 mRNA was significantly 
lower, and the ratio of Bax/Bcl-2 mRNA was significantly high-
er in the I/R group than in the sham-operated group (Fig. 2A). 
Treatment of I/R-subjected rats with metformin or sildenafil 
significantly increased the level of Bcl-2 mRNA and the Bax/
Bcl-2 mRNA ratio, and significantly reduced the level of Bax 
mRNA.

Western blotting assays of Bcl-2 and Bax protein expression 
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Fig. 1. The effects of metformin and sildenafil on mitogen-activated protein kinase expression in bladder tissue. (A) Images and 
graphs of reverse-transcription polymerase chain reaction analyses of relative levels of extracellular signal-regulated kinase (ERK), Jun 
N-terminal kinase (JNK), and p38 mRNAs in bladder tissue samples. (B) Images and graphs of Western blot analyses of relative levels 
of ERK, JNK, and p38 proteins in bladder tissue. Results presented as mean±standard error of the mean. p-ERK, phospho-ERK; p-
JNK, phospho-JNK. *P<0.05, **P<0.01 compared with the sham-operated group. †P<0.05, ‡P<0.01 compared with the ischemia/
reperfusion (I/R) group.
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showed that the level of Bcl-2 protein was significantly lower, 
and the level of Bax protein expression and the Bax/Bcl-2 ratio 
were significantly higher, in the I/R group than in the sham-op-
erated group (Fig. 2B). I/R-subjected rats treated with metfor-
min and I/R-subjected rats treated with sildenafil had signifi-
cantly higher levels of Bcl-2 protein expression, significantly 
higher Bax/Bcl-2 ratios, and significantly lower levels of Bax 
protein expression than I/R-subjected rats.

NF-κB Expression
RT-PCR analysis showed that the level of NF-κB mRNA was 
significantly higher in the I/R group than in the sham-operated 
group (Fig. 3). Sildenafil and metformin significantly reduced 

the level of NF-κB mRNA. Western blotting analysis showed 
similar results; I/R injury increased the expression of NF-κB 
protein, and treatment with metformin or sildenafil reduced 
the I/R-mediated increase in NF-κB protein expression. In ad-
dition, metformin reduced the I/R-induced increase in NF-κB 
expression to a greater extent than sildenafil in both RT-PCR 
and Western blotting analyses (P<0.05).

The Effects of Coadministering Metformin and Sildenafil
The effects of coadministering metformin and sildenafil on 
mRNA and protein levels were compared with those of metfor-
min only by RT-PCR and western blotting experiments (Fig. 4). 
RT-PCR analysis of mRNAs encoding 7 proteins (ERK, JNK, 
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Fig. 2. The effects of metformin and sildenafil on Bax and Bcl-2 expression in bladder tissue. (A) Image and graphs of reverse-tran-
scription polymerase chain reaction (RT-PCR) analysis of the relative expression of Bax and Bcl-2 mRNA and the Bax/Bcl-2 mRNA 
ratio in bladder tissue samples. (B) Images and graphs of Western blot analysis of the relative expression of Bax and Bcl-2 proteins and 
the Bax/Bcl-2 protein ratio in bladder tissue samples. Results are presented as mean±standard error of the mean. *P<0.05, **P<0.01 
compared with the sham-operated group. †P<0.05, ‡P<0.01 compared with the ischemia/reperfusion (I/R) group.
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Fig. 3. The effects of metformin and sildenafil on nuclear factor-kappa B (NF-κB) expression in bladder tissue. (A) Representative im-
ages of reverse-transcription polymerase chain reaction (RT-PCR) and Western blotting analyses of NF-κB expression. (B) Graphs of 
RT-PCR and Western blot analyses of the relative expression of NF-κB mRNA and protein. Results are presented as mean±standard 
error of the mean. **P<0.01 compared with the sham-operated group. ‡P<0.01 compared with the ischemia/reperfusion (I/R) group.
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p38, Bax, Bcl-2, NF-κB, and caspase-3) showed that coadminis-
tration of metformin and sildenafil significantly altered the level 
of caspase-3 mRNA, but did not alter the expression of the oth-
er 6 mRNAs. Western blotting analysis yielded similar results; 
coadministration of metformin and sildenafil significantly al-
tered only the level of caspase-3 protein. These results showed 
that coadministration of metformin and sildenafil did not syn-
ergistically affect the pathways associated with MAPKs, Bax/
Bcl-2, and NK-κB activation.

The Effects of Metformin and Sildenafil on Oxidative Stress 
Parameters
The mean levels of MDA and MPO, which are markers of lipid 
peroxidation levels, were significantly higher in the I/R group 
than in the sham-operated group (Fig. 5, Table 1). Treatment of 
I/R-subjected rats with sildenafil and/or metformin significant-
ly decreased the levels of MDA and MPO. There was no signifi-
cant difference between the activity of either enzyme in I/R-
subjected rats coadministered metformin and sildenafil and I/
R-subjected rats treated with metformin. SOD activity was sig-
nificantly lower in the I/R group than in the sham-operated 
group. Treatment with metformin and/or sildenafil increased 
SOD activity. There was no significant difference in SOD activi-
ty between I/R-subjected rats co-administered metformin and 
sildenafil, and I/R-subjected rats treated with metformin.

Caspase-3 Activation
Apoptosis in the rat bladder was evaluated by immunohisto-
chemically estimating the expression of cleaved caspase-3. Rep-
resentative histological images from each group are shown in 
Fig. 6A, with the brown color indicating caspase-3 antibody 
staining in the cytoplasm of urothelial cells. Cleaved caspase-3 
levels were lowest in the sham-operated group and highest in 
the I/R group. Treatment of I/R-subjected rats with metformin 
and/or sildenafil significantly reduced the expression of cleaved 
caspase-3, although there was no significant difference between 
rats treated with both metformin and sildenafil and those treat-
ed with either agent alone.

Immunohistochemical findings were confirmed by RT-PCR 
and western blotting analyses (Fig. 6B). RT-PCR analysis showed 
that the expression of caspase-3 mRNA was significantly higher 
in I/R-treated rats than in sham-operated rats. Metformin treat-
ment significantly reduced caspase-3 mRNA levels. Although 
sildenafil also reduced caspase-3 mRNA expression slightly, this 
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Fig. 5. The activity of malondialdehyde (MDA), myeloperoxi-
dase (MPO), and superoxide dismutase (SOD) enzymes in the 
5 groups of rats. *P<0.05 compared with the control group. †P< 
0.05 compared with the ischemia/reperfusion (I/R) group.

Table 1. The activity of superoxide dismutase (SOD), malondialdehyde (MDA), and myeloperoxidase (MDA) in the 5 groups of rats

Group MDA (nM) MPO (U/g protein) SOD (%)

Control 0.068±0.0073 0.418±0.089 87.43±0.96

I/R 0.120±0.0059 0.671±0.053 49.69±1.44

Metformin 0.074±0.0089 0.350±0.031 75.08±0.78

Sildenafil 0.072±0.0036 0.276±0.024 73.07±0.63

Metformin plus sildenafil 0.08±0.0027 0.336±0.010 66.94±0.33

Values are presented as mean±standard error of the mean.
I/R, ischemia/reperfusion.



292    www.einj.org

Park, et al.  •  Metformin and Sildenafil in Bladder InjuryINJ

Int Neurourol J  December 31, 2021

Fig. 6. The effects of metformin and sildenafil on the expression of caspase-3 and cleaved caspase-3 in bladder tissue. (A) Immunohis-
tochemical analysis of cleaved caspase-3 expression in the sham-operated (a), ischemia/reperfusion (I/R) (b), I/R plus metformin (c), 
I/R plus sildenafil (d), and I/R plus metformin and sildenafil (e) groups. The brown staining indicates caspase-3 expression. The scale 
bar indicates 100 μm (bottom). (B) Images and graphs of reverse-transcription polymerase chain reaction and Western blot analyses 
of the relative expression of caspase-3 mRNA and protein. Results are presented as mean±standard error of the mean. **P<0.01 
compared with the sham-operated group. ††P<0.01 compared with the I/R group.
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effect was not statistically significant. Western blotting analysis 
also showed that cleaved caspase-3 expression was higher in I/R-
subjected rats than in sham-operated rats; metformin or silde-
nafil treatment significantly reduced the I/R-induced increase in 
cleaved caspase-3 levels.

DISCUSSION

A variety of medicinal agents that inhibit oxidative stress and 
cellular inflammation protect the bladder against ROS insults 

following I/R injuries in animal models [21]. For example, met-
formin reduces ROS activity and restores ROS-induced vascu-
lar dysfunction [22], counteracts increases in MDA levels and 
ROS production, and ameliorates decreases in antioxidative 
substrates [23,24]. In a bladder I/R model, administration of 
sildenafil was found to increase oxygen saturation and bladder 
compliance, leading to restoration of microcirculation in the 
bladder wall [25]. Sildenafil may also have anti-inflammatory 
effects, inhibiting the production of ROS and proinflammatory 
enzymes [26]. We found that metformin and/or sildenafil re-
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stored SOD activity and MDA and MPO levels in a rat model 
of I/R-induced bladder injury. Thus, treatment with metformin 
or sildenafil may reduce I/R-induced oxidative stress and in-
flammation in bladder tissue, an effect related to the suppres-
sion of ROS activity.

MAPKs are important components of a physiologically im-
portant intracellular signaling pathway. MAPKs are important 
for cell survival and apoptosis; therefore, the control of these 
pathways is paramount in determining cell fate [27]. MAPKs 
can be activated by various stimuli. In general, ERK is activated 
in association with growth factors, and JNK and p38 MAPK re-
spond to stress stimuli. These members of the MAPK family 
are not independent and have interactions that either stimulate 
or inhibit each other in cellular systems [28]. ROS can induce 
or regulate the activation of MAPK signaling pathways [29], 
and a cellular stimulus that induces ROS production can also 
activate MAPK signaling pathways in various cell types [30]. 
However, the mechanisms by which ROS activate MAPK sig-
naling pathways in bladder I/R injuries are not well understood.
In the present study, we observed that I/R-induced injuries 
downregulated ERK expression and upregulated JNK and p38 
expression, and that these changes were reversed after metfor-
min and/or sildenafil treatment. However, coadministration of 
metformin and sildenafil was not more effective than either 
alone in activating MAPKs. Few studies have investigated drug 
interactions between metformin and PDE5 inhibitors. Silde-
nafil attenuated, not enhanced, the vaso-relaxant effect of met-
formin and completely blocked the vaso-relaxant effects of low 
concentrations of metformin [31]. Pharmacokinetic results 
showed that metformin and udenafil each competitively inhib-
ited the metabolism of the other drug via hepatic cytochrome 
p450 3A1/2 [32]. Thus, our coadministration results may be as-
sociated with interactions between these drugs that inhibit me-
tabolism.

Apoptosis is regulated by various molecular factors, includ-
ing Bax and Bcl-2. Bax, a proapoptotic antagonist of Bcl-2 ex-
pression, is a Bcl-2 binding protein, whereas Bcl-2 inhibits 
apoptosis and prolongs cell survival [33]. In our study, the Bax/
Bcl-2 ratio paralleled the activation of JNK and p38 MAPK. 
The increased ratio resulting from I/R injuries was ameliorated 
by administration of metformin and/or sildenafil. Metformin 
and sildenafil may inhibit apoptosis through activation of 
MAPK signaling pathways by reducing the Bax/Bcl-2 ratio. In 
addition, ROS activity has been shown to enhance NF-κB acti-
vation. Activated NF-κB increases the expression of genes en-

coding inflammation-related transcripts and may play a key 
role in neutrophil accumulation during reperfusion injury. 
Metformin has been reported to inhibit NF-κB through activa-
tion of AMPK. Metformin also suppresses the expression of 
proinflammatory molecules by blocking the expression of NF-
κB in vascular cells [34]. Our study found that I/R injuries in 
the bladder increased NF-κB activity, indicating that I/R inju-
ries enhance cellular inflammation. The increase in NF-κB ac-
tivity was reversed by treatment with metformin and/or silde-
nafil, suggesting that inhibition of NF-κB activity may play an 
important role in mediating bladder I/R injury. In addition, the 
I/R-induced increase in NF-κB activity was reduced signifi-
cantly more by metformin than by sildenafil, demonstrating the 
anti-inflammatory action of metformin.

In this study, we showed that metformin and sildenafil pro-
tected the bladder against I/R-induced injuries by inhibiting 
ROS production via activation of the MAPK and Bax/Bcl-2 sig-
naling pathways, as well as by suppressing inflammation via in-
hibition of NF-κB activity. Moreover, metformin had a signifi-
cantly greater effect on the MAPK signaling pathway and NF-
κB activity than sildenafil, while the effects of these 2 drugs on 
oxidative stress did not differ. Coadministration of metformin 
and sildenafil was not more effective than administration of ei-
ther drug alone.

SUPPLEMENTARY MATERIALS

Supplementary Tables 1 and 2 can be found via https://doi.org/ 
10.5213/inj.2142206.103.
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