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ABSTRACT
Aim: Renal ischemia-reperfusion injury (RI/RI) damages many organs, especially the kidney. Phosphodiesterase (PDE) 5 inhibitors has antioxidant 
and anti-inflammatory effects. Avanafil (AVA) is a second-generation PDE 5 inhibitor with greater PDE isoform selectivity. The aim of this study is 
to investigate the effects of AVA on RI/RI in rats.

Materials and Methods: Forty rats were randomly divided into five groups (n=8): Sham; AVA 10; RI/RI; RI/RI + 5 mg/kg AVA, and RI/RI + 10 mg/
kg AVA. RI/RI in rats was established by clamping renal artery. An acute surgical experiment was performed for the induction of renal ischemia 
for 45 min by renal artery clamping followed by reperfusion for 24 h. Kidney tissues were investigated biochemically [malondialdehyde (MDA) 
and glutathione (GSH) with ELISA], molecularly [relative quantification of IL-1β, nuclear factor-kappa B (NF-κB), and tumor necrosis factor-alpha 
(TNF-α) mRNA gene expression with qRT-PCR], and histopathologically (staining with Harris hematoxylin and eosin Y).

Results: AVA administration ameliorated disturbances in MDA and GSH levels caused by RI/RI. AVA treatment improved the increase in the mRNA 
expressions of IL-1β, NF-κB, and TNF-α in kidney tissues induced ischemia/reperfusion injury. AVA administration ameliorated histopathologic injury 
in kidney tissues caused by renal ischemia reperfusion. Moreover, the values closest to those of the sham group were obtained by administering 10 
mg/kg AVA to rats with RI/RI.

Conclusion: AVA administration improved renal ischemia/reperfusion-induced tissue injury by alleviating oxidative stress and inflammatory 
cascades that could be important in ischemia-reperfusion injury. These findings may provide a mechanistic basis for using AVA to treat RI/RI.
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ÖZ
Amaç: Renal iskemi-reperfüzyon hasarı (RI/RI) başta böbrek olmak üzere birçok organa zarar verir. Fosfodiesteraz (PDE) 5 inhibitörleri, antioksidan 
ve anti-enflamatuvar etkilere sahiptir. Avanafil (AVA), daha yüksek PDE izoform seçiciliğine sahip ikinci nesil bir PDE 5 inhibitörüdür. Bu çalışmanın 
amacı sıçanlarda RI/RI üzerine AVA’nın etkilerini incelemektir.

Gereç ve Yöntem: Kırk sıçan rastgele beş gruba (n=8) ayrıldı: Kontrol; AVA 10 mg/kg; RI/RI; RI/RI + 5 mg/kg AVA ve RI/RI + 10 mg/kg AVA. RI/RI 
sıçan modeli, renal arter klemplenerek oluşturuldu. Renal arter klempleme ile 45 dakika renal iskemi indüksiyonu ve ardından 24 saat reperfüzyon 
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INTRODUCTION

Kidneys are one of the most perfused organs in the body, making 
them extremely vulnerable to changes in blood perfusion1. They 
play a pivotal role in physiological functions2. In the situation 
of ischemia/reperfusion, both molecular and cellular events 
set off an inflammatory cascade that disrupts the normal 
function of tissues by releasing reactive oxygen species (ROS), 
amplifying the actions of cytokines, and recruiting leukocytes. 
Reperfusion is the critical process of providing substrate and 
oxygen for adenosine triphosphate synthesis to the ischemic 
tissue. Nevertheless, it exacerbates tissue damage by producing 
additional ROS3. Exaggerated ROS generation causes renal 
ischemia-reperfusion injury (RI/RI) via ROS-induced anomalous 
signal pathways, inflammatory infiltration, cellular disorder, 
and renal cell death4. Moreover, reperfusion duration and the 
re-oxygenation stage are the key causes of negative impacts on 
the kidney, according to a growing body of evidence5. RI/RI can 
occur following an infarction, sepsis, or organ transplantation, 
and it magnifies tissue injury by activating an inflammatory 
cascade that involves ROS, chemokines, proinflammatory 
cytokines, and leukocytes6. The generated ROS triggers lipid 
peroxidation [with malondialdehyde (MDA) generated as 
the end product]7. Increased MDA levels with lipid oxidation 
damage cell membrane functions and cellular integrity8,9. 
Increasing the concentrations of nonenzymatic compounds 
such as glutathione (GSH) stimulates the cellular defense 
system against oxidative damage10. In addition, I/R-induced 
ROS production causes the activation of nuclear factor-kappa 
B (NF-κB)11. NF-κB  activation increases the transcription of 
pro-inflammatory cytokines including tumor necrosis factor-
alpha (TNF-α)12. TNF-α can exacerbate the harm to tissues 
and organs by promoting the production of IL-1β and other 
inflammatory markers13. Thus, many different inflammatory 
mediators take part in RI/RI. Consequently, pharmacological 
agents with multiple effects including anti-oxidative and anti-
inflammatory, and inhibiting tubular necrosis features may be 
a hopeful approach for avoiding renal tissue injury.

Phosphodiesterase (PDE) 5 inhibitors are a widely used primary 
treatment of erectile dysfunction as well as many other 
illnesses, such as prostatic hyperplasia, hypertension, and 
coronary heart disease14. Preclinical studies have shown that 
PDE 5 inhibition may mitigate oxidative and inflammatory 
damage to the kidneys, resulting in decreased albuminuria, 
glomerular hyperfiltration and hypertrophy, and decreased 
glomerulosclerosis overall15. These renoprotective impacts and 
enhancements in renal tissue injury could be attributed to PDE 
5 inhibitor activity through both hemodynamic and intrarenal 
antioxidant, anti-inflammatory, and anti-proliferative 
mechanisms16. Avanafil (AVA) is a second-generation PDE 5 
inhibitor. The Food and Drug Administration and the European 
Medicines Agency introduced AVA in 2013 as PDE 5 inhibitor 
compounds17. AVA is more PDE isoform selective and has 
different physical and chemical characteristics from first-
generation PDE 5 inhibitors18. In experimental studies, the 
defensive impacts of various PDE 5 inhibitors on ischemia/
reperfusion-induced tissue injury have been individually 
proven in diverse tissues, including the myocardium19, spinal 
cord20, brain21, ovary22, and even kidney14. AVA’s effects in 
various renal situations such as nephropathy have also been 
studied23,24. However, the effect of AVA on renal tissue injury 
ischemia/reperfusion-induced is not known. In light of this 
knowledge, we designed to investigate the possible protective 
effects of AVA on RI/RI in rats. Furthermore, the underlying 
mechanisms were investigated molecularly, biochemically, and 
histopathologically.

MATERIALS AND METHODS

Animals

In this study, 40 Wistar rats aged 4-5 months (weight: 250-
290 gr) were purchased from Atatürk University Medical 
Experimental Application and Research Center. All the animals 
were kept in standard plastic cages under standard conditions 
(temperature: 22±1 °C, relative humidity: 40-80%, 12 h light-
dark cycle). Throughout the experiment, the animals had 

için akut bir cerrahi deney yapıldı. AVA, iskemiden 6 ve 1 saat önce oral olarak sonda ile uygulandı. Yirmi dört saatlik reperfüzyondan sonra 
moleküler ve biyokimyasal inceleme için böbrek dokuları çıkarıldı. Böbrek dokuları biyokimyasal [ELISA ile malondialdehit (MDA) ve glutatyon (GSH)], 
moleküler [qRT-PCR ile IL-1β, nükleer faktör-kappa B (NF-κB), and tümör nekroz faktörü-alfa (TNF-α) mRNA gen ekspresyonları] ve histopatolojik 
(Harris hematoksilen ve eosin Y ile boyama) olarak incelendi.

Bulgular: AVA uygulaması, RI/RI’nin sebep olduğu MDA ve GSH düzeylerindeki değişiklikleri iyileştirdi. AVA tedavisi iskemi/reperfüzyon hasarından 
kaynaklanan böbrek dokularındaki IL-1β, NF-κB ve TNF-α mRNA gen ekspresyonlarındaki artışı düzeltti. AVA uygulaması renal iskemi reperfüzyonun 
neden olduğu böbrek dokularındaki histopatolojik hasarı iyileştirdi. Ayrıca kontrol grubuna en yakın değerler RI/RI’li sıçanlara 10 mg/kg AVA 
uygulanması ile elde edildi.

Sonuç: AVA uygulaması, iskemi/reperfüzyon hasarında önemli olabilecek oksidatif stresi ve enflamatuvar kaskadları hafifleterek RI/RI kaynaklı doku 
hasarını iyileştirmiştir. Bu bulgular, RI/RI’yi tedavi etmek için AVA kullanımına ilişkin mekanik bir temel sağlayabilir.

Anahtar Kelimeler: Anti-enflamatuvar, antioksidan, avanafil, fosfodiesteraz 5 inhibitörü, renal iskemi/reperfüzyon hasarı
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unlimited access to the usual rat water and food (ad libitum). 
All experimental procedures were carried out in accordance 
with national guidelines for the use and care of laboratory 
animals. 

This animal study and all its protocols were approved by Atatürk 
University Medical Experimental Application and Research 
Center of Ethics Committee on 04-04-2022 with document 
number E-75296309-050.01.04-2200103613.

Chemicals

The PDE 5 inhibitor, AVA (Qty: 1g)  was purchased from the 
BLDpharm Company (Cat. No: BD289977, MW: 483.95). 
Xylazine (Basilazin 2%) was obtained from BioTek, Turkey. 
Ketamine (Ketalar 500 mg/10 mL) was obtained from Pfizer, 
Turkey. The lab experiments required additional chemicals, all 
of which were bought from Sigma and Merck (Germany).

Experimental Strategy 

The 40 rats were randomly separated into 5 groups (n=8 per 
group, Table 1). AVA (5 and 10 mg/kg) was orally administered 
by gavage 6 and 1 h before the operation, as the half-life of 
the AVA is 6 hours, in related groups25,26.

Surgical Procedure for Inducing Renal Ischemia/
Reperfusion Injury

All animals were anesthetized with an injection of 80 mg/kg 
ketamine + 8 mg/kg xylazine). After disinfecting the dorsal 
wall, a 2.5 cm longitudinal incision was made along the 
posterior dorsal midline area and a right nephrectomy was 
performed. To achieve RI/RI, a clamp was applied to the vessels 
for 45 minutes, occluding the renal artery in the kidney. The 
organ itself was protected from harm with extra care. Color 
changes throughout the entire kidney provided evidence for 
the occlusion’s effectiveness. The rats were then carefully 
reperfused for 24 hours to provide blood flowed into the 
kidneys after the clamp was removed (Table 1)27,28. All the 
animals were kept warm after surgery to protect them from 
hypothermia. After the completion of the 24 h reperfusion 

phase, all rats were anesthetized with a high dose of ketamine-
xylazine. All kidney tissues were collected and kept at -80 °C 
for biochemical and molecular investigations and at 10% 
formalin solution for histopathological investigations.

Biochemical Investigations

100 mg of all specimens reserved for biochemical investigations 
were treated with 1 mL of PBS, ground in liquid nitrogen 
with a Tissue Lyser II (Qiagen), and centrifuged. Supernatants 
obtained by centrifugation were used as sample. MDA levels29 
and GSH30 levels were determined with an enzyme-linked 
immunosorbent assay (ELISA) reader31. MDA and GSH levels 
of the kidney tissues were expressed respectively as nmol/mg 
protein. The mean and standard deviation for each set of data 
was displayed per mg of protein.

Protein Determination

Utilizing commercial protein standards (Sigma Aldrich, total 
protein kit-TP0300-1KT-(USA), the Lowry technique was 
employed to calculate the protein concentrations32.

Molecular Investigations 

Gene Expressions Analyses

A qRT-PCR was designed to assess interleukin 1 beta (IL-1β), 
NF-κB, and tumor necro factor-α (TNF-α) mRNA expression 
levels. In order to do this, kidney tissues were homogenized, 
RNA was isolated, cDNA was created, and the expression levels 
of various mRNAs were quantitatively assessed.

RNA Extraction from Kidney Tissues

Kidney tissue specimens were measured separately at 20 mg. 
Specimens were stabilized in RNAlater RNA Stabilization 
Reagent (Qiagen) and homogenized with the Tissue LyserII 
(Qiagen). Using the RNeasy Mini Kit Qiagen and following 
the manufacturer’s instructions in Qiaqube (Qiagen, Hilden, 
Germany), total RNA was purified. The total amount of mRNA 
was determined utilizing nanodrop spectrophotometry (All 
Sheng) at 260 nm33. 

Table 1. Experimental groups and designs to investigate the effects of AVA in the renal tissue on RI/RI

Groups 6 and 1 h before the 
operation 0th hour ischemia-induced 45 min after 

ischemia 24 h after reperfusion-induced

1 Sham Sham operation Sacrification

2 AVA 10 mg/kg AVA Sham operation Sacrification

3 RI/RI Ischemia Reperfusion Sacrification

4 RI/RI + AVA 5 mg/kg AVA Ischemia Reperfusion Sacrification

5 RI/RI + AVA 10 mg/kg AVA Ischemia Reperfusion Sacrification

AVA: Avanafil, AVA 5: 5 mg/kg AVA, AVA 10: 10 mg/kg AVA, RI/RI: Renal ischemia/reperfusion injury
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Reversed Transcriptase Reaction and cDNA Synthesis

cDNA production from total RNA was performed with a high 
capacity cDNA reverse transcription kit (Applied Biosystems, 
Foster City, CA, USA). 10 μL RNA was used for each reaction. 
cDNA synthesis was achieved with T100 Thermal Cycler (BIO-
RAD) according to temperature measurements. By using 
nanodrop spectrophotometry (All Sheng), the quantity of 
cDNA was determined, and the obtained cDNA was kept at -20 
°C. For the cDNA synthesis reaction, the following ingredients 
were used: total RNA (10 µL), 25X dNTP mix (0.8 µL), 10X RT 
random primers (2 µL), reverse transcription 10X buffer (2 µL), 
diethylpyrocarbonate H2O (4.2 µL) and MultiScribe reverse 
transcriptase (1 µL). The cDNA concentrations were assessed 
and quantified using the Epoch Spectrophotometer System 
and Take3 Plate (Biotek)34,35.

Quantitative Determination of IL-1β, NF-κB, and TNF-α 
mRNA Gene Expression by qRT-PCR

Utilizing the StepOnePlus qRT-PCR system technology (Applied 
Biosystems, USA) and cDNA produced from RNA of rats, analyses 
of relative and IL-1β, NF-κB, and TNF-α expression analyses were 
carried out, as previously described36. TaqMan  Gene Expression 
Assays: Rat IL-1β (Rn00580432_m1), rat NFKβ (Rn01399583_
m1), and rat TNF-α (Rn00562055_m1) primers were used for 
the real-time polymerase chain reaction. β-actin (housekeeping 
gen) (Rn00667869_m1) expression results in each tissue were 
used as the reference gene. Amplification and quantification 
processes were performed on Corbett Rotor-Gene (Thermo Fisher 
Scientific) device. The following TaqMan® Gene Expression Assays 
for 100ng cDNA were pipetted for 40 cycles with 100 ng cDNA, 
10 μL TaqMan Master Mix, and 1 μL Assay and completed to 20 μL 
with RNase-free H2O. The cycle threshold (Ct) is the cycle count 
at which the quantity of fluorescent signal observed in qRT-PCR 
experiments exceeds the lowest value. Ct values were transformed 
automatically into delta delta Ct (2-∆∆Ct)37 and the findings were 
statistically analyzed.

Histopathological Analysis 

The preparation phase of solutions, dehydration and clearing 
of tissue samples, section planning, and staining with Harris 
Hematoxylin and Eosin Y were all done by previous studies 
for histopathological assessment38. The kidney tissue sections 
obtained from rats for histopathological analysis were quickly 
fixed in a 3.7% formaldehyde (10% formalin) solution for 
48 h. For each series of increasing alcohol concentrations of 
50%, 70%, 80%, 96%, and 99%, all tissues were preserved for 
1 hour to test for dehydration. The tissues were cleared for 
three to fifteen minutes in a solution of xylene. For infiltration, 
it was preserved in liquid paraffin that was molten. Tissues 
were meticulously blocked in paraffin after being processed. 
Each paraffin block of tissue was cut to a thickness of 5 

micrometers for histopathological analysis after blocking. 
On the slide covered in adhesive, paraffin sections were cut. 
All slides were then stained using Harris hematoxylin and 
eosin Y. For histopathological examinations, tubular necrosis, 
inflammation, and hemorrhage areas in kidney tissues were 
evaluated by light microscope. 

Statistical and Semi-quantitative Analysis

For the statistical analysis of molecular results (IL-1β, NF-kB, 
and TNF-α) and biochemical results (MDA and GSH), we used 
GraphPad Prism, version 5.0, and the results are presented 
as the means±standard deviation. Comparisons between 
the groups were performed using the One-Way ANOVA and 
Tukey’s multiple comparison tests; significance was accepted 
at p<0.05. P value less than 0.05 was considered statistically 
significant. Significant differences were detected among all 
groups, compared to the sham group (#p<0.05, ##p<0.01, 
###p<0.001) and compared to the RI/RI group (*p<0.05, 
**p<0.01, ***p<0.001).

For comparison of histopathological data among all groups and 
to better show the extent of tissue damage, the presence of 
tubular necrosis, inflammation, and hemorrhage findings were 
scored semiquantitatively as none: 0, few: 1, moderate: 2, and 
severe: 3. For each tissue slide, at least five areas were assessed 
at ×100 magnification, and the median staining concentration 
score was taken into consideration. The One-Way ANOVA and 
Tukey’s multiple comparison tests were used to compare the 
groups (*p<0.0)39. 

RESULTS

Impacts of AVA on Oxidant and Antioxidant Parameters in 
Renal Tissue 

MDA (Figure 1A) and GSH (Figure 1B) levels were investigated 
to research the antioxidant impact of AVA. MDA levels, a sign 
of the oxidant situation, increased in the RI/RI group (p<0.001). 
AVA administration reduced MDA levels in a dose-dependent 
manner, in comparison to the RI/RI group. GSH levels, a sign of 
the antioxidant situation, were dramatically lower in the RI/RI 
group in comparison to the sham group (p<0.001). In a dose-
dependent manner, the AVA therapy reduced the drop in GSH 
levels brought on by ischemia/reperfusion.

Impacts of AVA on Anti-inflammatory Parameters in Renal 
Tissue

To investigate the anti-inflammatory effect of AVA, IL-1β 
(Figure 2A), NF-kB (Figure 2B), and TNF-α (Figure 2C) mRNA 
expression levels in the renal tissue of rats were analyzed. 
IL-1β, NF-kB, and TNF-α mRNA expression, signs of the anti-
inflammatory situation, were significantly increased in the RI/
RI group, compared to those in the sham group (p<0.001). The 
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Figure 2. The molecular results of the effects of AVA in the renal tissue on RI/RI. A) IL-1β mRNA expression levels. B) NF-κB 
expression levels. C) TNF-α mRNA expression level. AVA 5: 5 mg/kg AVA; AVA 10: 10 mg/kg AVA. The expression of mRNAs was 
detected using qRT-PCR analysis. β-actin was used as the reference gene. GraphPad Prism, version 5.0 was used for the statistical 
analysis, and the results are presented as the means±standard deviation. Comparisons between the groups were performed using the 
One-Way ANOVA and Tukey’s multiple comparison tests; p value less than 0.05 was considered statistically significant. Significant 
differences were detected among all groups, compared to the sham group (#p<0.05, ##p<0.01, ###p<0.001) and compared to the 
RI/RI group (*p<0.05, **p<0.01, ***p<0.001)

AVA: Avanafil, RI/RI: Renal ischemia/reperfusion injury, MDA: Malondialdehyde, GSH: Glutathione, NF-κB: Nuclear factor-kappa B, TNF-α: Tumor 
necrosis factor-alpha

Figure 1. The biochemical results of the effects of AVA in the renal tissue on RI/RI. A) MDA levels (nmol/mg protein). B) GSH 
levels (nmol/mg protein). AVA 5: 5 mg/kg AVA; AVA 10: 10 mg/kg AVA. The levels of MDA and GSH were measured according to 
the modified methods with an ELISA reader. GraphPad Prism, version 5.0 was used for the statistical analysis, and the results are 
presented as the means±standard deviation. Comparisons between the groups were performed using the One-Way ANOVA and 
Tukey’s multiple comparison tests; p value less than 0.05 was considered statistically significant. Significant differences were 
detected among all groups, compared to the sham group (#p<0.05, ##p<0.01, ###p<0.001) and compared to the RI/RI group 
(*p<0.05, **p<0.01, ***p<0.001)

AVA: Avanafil, RI/RI: Renal ischemia/reperfusion injury, MDA: Malondialdehyde, GSH: Glutathione
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AVA treatment improved the increase in IL-1β, NF-kB, and 
TNF-α mRNA expression induced by ischemia/reperfusion in a 
dose-dependent manner (p<0.001).

Impacts of AVA on Histopathological Changes in Renal 
Tissue

Light Microscopy Results

To investigate the histopathological effect of AVA in RI/RI, 
kidney tissue samples were stained with Harris Hematoxylin and 
Eosin Y staining and evaluated by a light microscope. (Figure 
3A-E). Also, semi-quantitative scoring of histopathologic 
findings was shown in Figure 3F.

Under light microscopy, normal-looking glomerular structures, 
and distal and proximal tubule structures were observed 
in the kidney tissues of the sham group (Figure 3A). In 
the kidney tissues of the AVA10 group, no pathological 
damage was observed. The light microscopic findings of the 
histopathological appearance of this group’s glomerular, distal, 
and proximal tubule structures were similar to those of the 
sham group (Figure 3B).

Signs of severe tissue injury caused by ischemia/reperfusion 
were observed in the kidney tissue samples of the RI/RI group. 
In the kidney tissues of this group, hemorrhage areas in which 
erythrocyte cells formed piles were observed around the 
glomerulus, distal and proximal tubules (star). Inflammatory 
cells were found in some areas (ring). Along with dilatation in 
glomerular structures, deteriorations due to necrotic cell death 
were observed in proximal and distal tubules (Figure 3C). The 
histopathological injury resulting from ischemia/reperfusion 
improved in AVA-administered groups, depending on the dose 
(Figure 3D, 3E). Furthermore, the histopathological appearance 
of the 10 mg/kg AVA-administered group was similar to the 
sham group (Figure 3E). 

DISCUSSION

RI/RI is a pathological condition that causes additional organ 
damage in ischemic tissues by causing low blood supply, 
followed by the restoration of blood flow40. RI/RI damages 
many organs, especially the kidney, which raises the mortality 
rate. RI/RI is regarded as a significant cause of end-stage 
renal failure and chronic renal failure. Kidney transplantation, 
embolism trauma, vascular and cardiac surgery, atherosclerosis, 

Figure 3. Pathologic changes: Hematoxylin-eosin staining findings and histological total tissue damage scoring results of the 
effects of AVA in the renal tissue on RI/RI. A) Sham group, B) AVA-10 group, C) RI/RI group, D) RI/RI + AVA 5 group, E) RI/RI + AVA 
10 group, F) Histopathology scoring graph (star: Hemorrhage, ring: Inflammatory cells, arrowhead: Tubular necrosis) (*p<0.0)

AVA: Avanafil, RI/RI: Renal ischemia/reperfusion injury
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and chronic renal artery stenosis are a few of the conditions 
that can expose the kidneys to RI/RI41. Additionally, RI/
RI is the cause of acute kidney injury in more than 60% of 
patients42. Reperfusion of the ischemic kidney leads to necrosis 
or apoptosis, which exacerbates the inflammatory and 
oxidative condition and harms cellular honesty. The primary 
pathophysiological mechanisms of this situation involve 
the release of ROS and the generation of pro-inflammatory 
mediators43. With this information in mind, In the present 
study, we aimed to determine the effects of AVA, which is a 
PDE 5 inhibitor on RI/RI in rats by biochemical, molecular, and 
histopathological analyses.

ROS and oxidative stress are crucial factors in the development 
of renal tissue injury44. Exaggerated ROS production throughout 
RI/RI may result in endothelial dysfunction, tubular injury, and 
interstitial inflammation. Thus, oxidative stress is important in 
the development of RI/RI45,46. The MDA level is a sign of lipid 
peroxidation, free oxygen radical content, and the extent of 
renal tissue injury caused by these radicals47,48. GSH is essential 
in endogenous protection against oxygen-free radicals49. We 
investigated oxidative stress factors related to RI/RI; GSH, and 
the lipid peroxidation product MDA. Previous studies have 
shown that after RI/RI, MDA level is increased and GSH level 
is decreased50,51. Also, Prem and Kurian52 demonstrated that 
markers of oxidative stress were significantly raised in a rat 
model of RI/RI. Our research detected the levels of GSH and 
MDA in kidney tissue and we found that compared to the 
sham group, the MDA level in the kidney tissue of rats in the 
RI/RI group was significantly increased while GSH levels were 
significantly decreased, suggesting that after RI/RI, oxidative 
stress reaction was aggravated in the kidney tissues. Conversely, 
in the RI/RI plus AVA groups, GSH levels importantly raised 
and MDA levels importantly reduced depending on the AVA 
doses. These effects of AVA seemed to be associated with the 
inhibition of oxidative stress, to a lesser extent, inflammatory 
responses. These findings demonstrated that AVA enhanced 
the oxidative situation. As a result, it reduced oxidative stress 
and alleviated RI/RI. Chowdari Gurram et al.53 reported that 
AVA significantly reduced the markers of oxidative stress in a 
mice model. In addition, some researchers also reported that 
AVA significantly improved oxidative parameters54. Similarly, 
it has previously been established that PDE 5 inhibitors have 
a protective impact by regulating oxidative stress in kidney 
tissue55,56. Consistent with other findings reported in the 
literature, our result suggests that AVA treatment reduces 
oxidant parameter generation while increasing anti-oxidant 
parameter generation.

Inflammation is important in tissue repair, which is a response 
to damage57. ROS induces tissue injury in a range of manners 
involving inflammatory response, mitochondrial dysfunction, 
ER, and oxidative stress58. As a result, blocking ROS generation 

is an effective method for RI/RI protection. RI/RI is a significant 
pathological condition and an inflammatory reaction in which 
the NF-kB family is crucial. ROS generation activates NF-kB, 
which then triggers ICAM-1 expression. Nevertheless, ROS and 
inflammatory reactions play important parts in the development 
of ischemia/reperfusion injury via NF-kB and the ICAM-1 
progression59. By secreting TNF-α, which controls a spectrum of 
immune, inflammatory, and hematopoietic responses, immune 
cells play a crucial role in the inflammatory process60. TNF-α 
can stimulate the production of other inflammatory markers, 
including IL-1β, and aggravate the damage of tissues and 
organs13. Furthermore, the importance of the inflammatory 
response in RI/RI, which leads to the activation of IL-1, makes 
IL-1 a valuable target in RI/RI by modulating its effect. Hence, 
it is crucial for RI/RI treatment to reduce proinflammatory 
cytokines including IL-1β, NF-kB, and TNF-α61. In light of this 
information, in this study, the IL-1β, NF-κβ, and TNF-α mRNA 
expression in kidney tissues after RI/RI and treatment with AVA 
were evaluated to appraise the possible medical significance 
of AVA in RI/RI. We found that compared to the sham group, 
the IL-1β, NF-κβ, and TNF-α mRNA expression levels in the RI/
RI group were significantly increased, suggesting that after RI/
RI, the inflammatory reaction was aggravated in the kidney 
tissues. These results are consistent with previous research 
that found RI/RI-induced increases in cytokine levels62,63. 
Embaby et al.64 demonstrated that renal TNF-α and NF-κB 
mRNA expressions increased in acute RI/RI in rats. Çakır et 
al.65 showed that levels of IL-1β, NF-κβ, and TNF-α mRNA 
expressions increased in rats with RI/RI. In addition, several 
recent studies have shown that the levels of anti-inflammatory 
cytokines, including IL-1β, NF-κβ, and TNF-α, increase after 
RI/RI66,67. The current findings demonstrated that AVA fixed 
modifications to anti-inflammatory parameters were caused 
by RI/RI, indicating the strong anti-inflammatory feature of 
AVA. These findings indicated that AVA reduced tissue injury by 
avoiding RI/R-induced increases in cytokine levels. As a result, 
the anti-inflammatory effect of AVA appears to be related to 
the reduction of oxidative damage. AVA’s anti-inflammatory 
effects, including suppression of pro-inflammatory cytokines, 
have earlier been shown in various animal models. Aydin 
et al.68 demonstrated that AVA modulated NF-kB and IL-1 
β levels in the LPS-induced acute lung injury model in rats. 
Chowdari Gurram et al.53 demonstrated that AVA improved 
neuroinflammatory cytokines such as Tnf R1 and NF-kB in LPS-
induced neuroinflammation in mice. Likewise, it has earlier 
been established that PDE 5 inhibitors have a protective role 
via inhibition of IL-1, NF-kB, and TNF-α in prostate ischemia69 
and acute kidney toxicity70 models. Consistent with previous 
research, our findings show that AVA decreases tissue injury by 
avoiding the increase in IL-1β, NF-kB, and TNF-α levels due to 
ischemia/reperfusion.
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Regarding the histopathological scores in the current 
investigation, the histological total tissue damage score was 
quite high in the RI/RI group, while the score was reduced in the 
groups treated with 5 and 10 mg/kg of AVA. In the RI/RI group, 
kidney tissues also showed severe pathological alterations. The 
RI/RI group displayed hemorrhage, extensive inflammatory cell 
infiltration, and necrosis. However, in the groups that received 
5 and 10 mg/kg of AVA, the histological aspect of the kidney 
tissues was nearly normal. Our biochemical and molecular 
findings were corroborated by our histology findings.

Study Limitations

The limitations of this study include the fact that biochemical 
markers such as SOD data and renal function markers such as 
BUN could not be investigated. We think that further more 
detailed studies are now needed for a clearer understanding 
of the effect mechanism revealed in this study. However, this 
study is particularly valuable and original as the first to reveal 
the effect of AVA on RI/RI. We hope that the study will lead to 
further studies.

CONCLUSION

Based on the biochemical, molecular, and histopathological 
findings, we have shown that AVA significantly improved 
ischemia/reperfusion-induced renal injury. AVA may intervene 
with both anti-inflammatory and antioxidant processes that 
may be essential in renal ischemia/reperfusion damage. The 
effects of AVA on RI/RI may be related to the treatment 
(1) reducing immunopositivity of inflammatory cytokines 
including IL-1β, NF-kB, and TNF-α, (2) alleviating adverse 
changes in oxidative stress-related components including MDA 
and GSH, (3) reducing severe histopathological modifications. 
AVA should be considered as a potential therapeutic agent in 
addition to surgery in the clinical treatment of RI/RI. These 
findings may provide a mechanistic basis for using AVA to 
treat ischemia/reperfusion-induced renal injury.
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