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Renoprotective effect of edaravone in acute limb ischemia/reperfusion injury

Akut alt ekstremite iskemi-reperfüzyon hasarında edaravonun renal koruyucu etkisi

ÖZ
Amaç: Bu deneysel çalışmada, sıçan modelinde akut alt 
ekstremite iskemi/reperfüzyonuna bağlı böbrek hasarında 
edaravonun etkinliği araştırıldı.
Ça­lış­ma pla­nı: Bu çalışmada Haziran 2015 - Ağustos 2015 
tarihleri arasında toplam 40 erkek Wistar sıçan kullanıldı. 
Sıçanlar sham, iskemi/reperfüzyon, edaravon ve solvent 
gruplarına randomize edildi (n=10 her bir grupta). İnfrarenal 
abdominal aort 120 dk. süreyle klemlendi ve sonrasında klemp 
kaldırılarak 120 dk. reperfüze edildi. İskemi indüksiyonundan 
30 dk. önce edaravon intravenöz olarak verildi. Serum ve böbrek 
doku örnekleri biyokimyasal ve histopatolojik olarak analiz 
edildi.
Bulgular: Edaravon serum ve doku malondialdehit düzeylerini 
iskemi/reperfüzyon grubunda azalttı. Serum süperoksit 
dismutaz aktivitesi, iskemi/reperfüzyon ve solvent gruplarına 
kıyasla, edaravon grubunda anlamlı düzeyde yüksekti. Serum 
nitrik oksit düzeyi iskemi/reperfüzyon grubunda, sham 
grubuna kıyasla, rakamsal olarak yüksek bulundu. Edaravon 
serum nitrik oksit düzeyini düşürdü. Serum nitrik oksit 
düzeyi edaravon grubunda, solvent grubundan, daha düşük 
idi. Doku nitrik oksit düzeyi iskemi/reperfüzyon grubunda, 
sham grubundan, anlamlı düzeyde daha yüksek idi. İskemi/
reperfüzyon grubunda histopatolojik değişikliklerde edaravon 
ile düzelme görüldü.
So­nuç: Edaravon alt ekstremite iskemi/reperfüzyonuna bağlı 
renal hasarı azalttı. Bu nedenle, aort ve periferik damar 
cerrahisinde akut iskemi/reperfüzyon hasarını hafifletmede 
kullanılabilir.
Anah­tar söz­cük­ler: Edaravon, iskemi/reperfüzyon hasarı, alt ekstremite, 
böbrek.

ABSTRACT
Background: In this experimental study, we aimed to investigate 
the efficacy of edaravone on renal injury due to acute lower limb 
ischemia/reperfusion in a rat model.
Methods: Between June 2015 and August 2015, a total of 
40 male Wistar rats were used in this study. The rats were 
randomly divided into the sham, ischemia/reperfusion, 
edaravone, and solvent groups (n=10 in each). The infrarenal 
abdominal aorta was clamped for 120 min and was, then, 
reperfused for 120 min after clamp removal. Edaravone was 
administered intravenously 30 min before the induction of 
ischemia. Serum and kidney tissue samples were subjected to 
biochemical and histopathological analyses.
Results: Edaravone decreased the serum and tissue 
malondialdehyde levels in the ischemia/reperfusion group. The 
serum superoxide dismutase activity in the edaravone group was 
significantly higher than the ischemia/reperfusion and solvent 
groups. The serum nitric oxide level in the ischemia/reperfusion 
group was numerically higher than the sham group. The serum 
nitric oxide level was decreased by edaravone. The serum nitric 
oxide level was lower in the edaravone group than the solvent 
group. The tissue nitric oxide level was significantly higher in 
the ischemia/reperfusion than the sham group. In the ischemia/
reperfusion group, the histopathological changes were improved 
by edaravone.
Conclusion: Edaravone ameliorated renal injury caused by 
lower-limb ischemia/reperfusion. Therefore, it can be used to 
ameliorate acute ischemia/reperfusion injury during aortic and 
peripheral vascular surgery.
Keywords: Edaravone, ischemia/reperfusion injury, lower limb, 
renal.
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Ischemia/reperfusion (I/R), defined as deficient 
oxygen supply followed by the restoration of blood 
flow, can lead to irreversible damage to tissue. In 
ischemic tissues, xanthine is converted to uric acid and 
superoxide radicals, which trigger the peroxidation 
of membrane lipids, resulting in increased capillary 
permeability and filtration. Activated leukocytes 
accelerate leukocyte-endothelial cell interactions, 
leukocyte-platelet aggregation, and activation of the 
complement system.[1] Lower limb extremity I/R injury 
manifests clinically as muscle edema, compartment 
syndrome, and muscle necrosis and dysfunction. 
Inflammatory mediators which enter the systemic 
circulation from the lower limb muscle may damage 
distant organs, such as the kidneys.[2]

Edaravone (MCI-186, 3-methyl-1-phenyl-2-
pyrazolin-5-one) is a free radical scavenger developed 
as a neuroprotectant for ischemic stroke[3] that has 
been reported to protect against I/R injury.[4-6] In 
this experimental study, we aimed to investigate the 
renoprotective effect of edaravone in rats with acute 
limb I/R injury.

MATERIALS AND METHODS
Between June 2015 and August 2015, a total 

of 40 male Wistar rats were used in this study. 
The rats were randomly divided into four groups 
(n=10 in each) as follows: Group 1 (sham): Laparotomy 
was performed without aortic occlusion; Group 2 
(I/R): The infrarenal abdominal aorta was clamped 
for 120 min followed by reperfusion for 120 min; 
Group 3 (edaravone): Edaravone at 6 mg/kg (Sigma-
Aldrich, St. Louis, MO, USA) was administered 
intravenously 30 min before ischemia, followed 
by surgery as in the I/R group; Group 4 (solvent): 
The solvent was administered intravenously 30 min 
before ischemia, followed by surgery as in the 
I/R group. Edaravone was dissolved in 1 N NaOH 
and adjusted to pH 7.34-7.35 using 1 N HCl for 
parenteral use.

The study was approved by the Animal 
Experimental Committee of Gaziosmanpaşa 
University Faculty of Medicine University, School 
of Medicine. All experiments were conducted in 
accordance with the Institutional Animal Care and 
Use Committee (IACUC) guidelines.

Surgical technique

Surgery was performed under anesthesia with 
ketamine (50 mg/kg) and xylazine (5 mg/kg) 
administered intraperitoneally without endotracheal 
intubation or mechanical ventilation. The infrarenal 

abdominal aorta was explored by a transperitoneal 
approach via midline laparotomy. Heparin 
(400 U/kg) was administered to prevent coagulation. 
An atraumatic microvascular clamp was placed 
on the infrarenal abdominal aorta for 120 min, 
and laparotomy incision was closed with 3/0 silk 
sutures. Subsequently, reperfusion was carried out 
for 120 min. After clamping, aortic ischemia was 
monitored as the loss of pulsation, and reperfusion 
was monitored as the presence of aortic pulsation 
after removing the clamp. Blood was removed by 
intracardiac puncture, transferred to biochemistry 
gel tubes, and centrifuged. The resulting serum was 
stored at -80°C. Then, both kidneys were excised: 
one was transferred to 10% formaldehyde solution for 
pathological examination and the other was stored at 
-80°C.

Biochemical examination
Superoxide dismutase (SOD) and glutathione 

peroxidase (GPx) activities and malondialdehyde 
(MDA) and nitric oxide (NO) levels were measured 
using a Superoxide Dismutase Assay Kit, Glutathione 
Peroxidase Assay Kit, TBARS Assay Kit, and Nitrate/
Nitrite Colorimetric Assay Kit, respectively (all from 
Cayman Chemical Ann Arbor, MI, USA) according to 
the manufacturer’s instructions.

The kidney tissue was weighed and homogenized 
in 50 mM phosphate buffer (pH 7.4) for 2 min using 
an Ultra-Turrax IKA T 18 homogenizer. The SOD and 
GPx activities and MDA and NO levels were assayed 
as described above.
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Figure 1. Bar graph of MDA (serum) with mean±1 standard 
deviation.
SD: Standard deviation; MDA: Malondialdehyde.
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Histopathological examination
Tissue samples were subjected to the routine 

follow-up procedure after fixation in 10% 
formaldehyde. The tissues were embedded in 
paraffin blocks and sectioned in 4-µm thickness. 
The sections were deparaffinized, stained with 
hematoxylin-eosin, and visualized by light 
microscopy. A modified version of the scoring 
system of Kocoglu et al.[7] was used for pathological 
evaluation of the severity of kidney injury. 
Histological changes were evaluated by enumerating 
necrotic and apoptotic cells, loss of tubular brush 
border, tubular dilatation, cast formation, and 

neutrophil infiltration. The scoring for kidney 
injury was as follows: 0, none; 1, 0-10%; 2, 11-25%; 
3, 26-45%; 4, 46-75%; and 5, 76-100%.

Statistical analysis

Statistical analysis was performed using the IBM 
SPSS version 19.0 software (IBM Corp., Armonk, NY, 
USA). Continuous variables were presented in mean ± 
standard deviation (SD). As there were more than two 
groups, analysis of variance (ANOVA) was performed. 
If ANOVA indicated significance, the Tukey’s Honestly 
Significant Difference post-hoc test was used. A p 
value of <0.05 was considered statistically significant.
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Figure 2. Bar graph of MDA (tissue) with mean±1 standard 
deviation.
SD: Standard deviation; MDA: Malondialdehyde.

Table 1. Distributions of quantitative variables according to groups

Groups
Sham (n=10) IR (n=10) Edaravone (n=10) Solvent (n=10)

Variables Mean±SD Mean±SD Mean±SD Mean±SD p
Injury score 0.2±0.4b 3.3±0.7a 1.6±0.5c 2.7±0.7a <0.001
Superoxide dismutase (serum) 4.0±1.1ab 3.6±0.9a 4.8±0.8b 3.5±1.0a 0.020
Glutathione peroxidase (serum) 9.1±3.1 8.3±4.8 14.0±8.4 8.5±5.1 0.097
Nitric oxide (serum) 22.5±9.7a 28.7±13.6ac 23.4±8.3a 38.5±19.8bc 0.046
Malondialdehyde (serum) 1.0±0.4a 1.3±0.6b 0.6±0.4a 1.4±0.9b 0.034
Superoxide dismutase (tissue) 15.6±2.6 14.1±1.2 15.2±2.1 13.9±1.2 0.145
Glutathione peroxidase (tissue) 14.6±3.5 12.6±2.0 14.1±2.4 12.8±1.7 0.239
Nitric oxide (tissue) 57.7±8.9a 76.2±16.2b 69.8±10.5ab 65±10.3ab 0.010
Malondialdehyde (tissue) 26.9±7.0ac 38.7±14.1b 20.7±6.3c 31.4±4.6ab <0.001
For groups, different superscripts (a,b,c) in the same row  (ANOVA) indicate a statistical significant difference.
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Figure 3. Bar graph of SOD (serum) with mean±1 standard 
deviation.
SD: Standard deviation; SOD: Superoxide dismutase.
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RESULTS
Biochemical results
The serum and tissue MDA levels were higher 

in the I/R than in the sham group (p=0.034, 
<0.001) (Figures 1 and 2). However, the serum and 
tissue MDA levels were significantly lower in the 
edaravone group than in the I/R group (p<0.001) 
(Figures 1 and 2). The serum SOD activity in the 
edaravone group was significantly higher than that 
in the I/R and solvent groups (p=0.020) (Figure 3). 
There were no significant differences in the tissue 
SOD levels or the serum and tissue GPx levels among 

the groups (p=0.097). The serum NO level in the I/R 
group was numerically higher than that in the sham 
group. Although not significant, edaravone decreased 
the serum NO levels (Table 1) (Figure 4). Compared 
to the solvent group, the NO level was lower in the 
edaravone group (p=0.046); however, it did not differ 
significantly between the I/R and solvent groups. The 
tissue NO level was significantly higher in the I/R 
than in the sham group (Figures 4 and 5). There were 
no significant differences in the serum and tissue GPx 
levels among the groups (Table 1).

Histopathological findings

The histological structure in the sham group 
was normal, but the I/R group showed significant 
degeneration, necrosis of tubular epithelial cells, and 
inflammatory cell infiltration of the interstitial space 
(Figure 6). The mean renal injury score was 3.3±0.67 
in the I/R group, being significantly higher than 
that of the sham group (p<0.001). In the edaravone 
group, the mean tissue injury score was 1.6±0.52, 
being significantly lower than that of the I/R group 
(p<0.001) (Table 1) (Figure 7), and the morphology of 
glomerular capillaries was normal and minimal edema 
and congestion were observed in the interstitial space 
(Figure 7). There was no significant difference in the 
injury scores between the I/R and solvent groups.

DISCUSSION
Distant organ injury after I/R in the lower 

extremities is a serious clinical issue. Several 
pharmacological agents can be used to prevent the 
adverse effects of free oxygen radicals, which are 
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Figure 4. Bar graph of NO (serum) with mean±1 standard 
deviation.
SD: Standard deviation; NO: Nitric oxide.
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Figure 5. Bar graph of NO (tissue) with mean±1 standard 
deviation.
SD: Standard deviation; NO: Nitric oxide.
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Figure 6. Bar graph of Injury score with mean±1 standard 
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responsible for I/R injury. However, most of these 
agents are not used clinically. Edaravone has been 
applied in patients with acute ischemic stroke since 
April 2001 in Japan based on its neurovascular 
protective effects. Edaravone has antiapoptotic, 
anti-necrotic, anti-inflammatory, and free radical-
scavenging activity in cardiovascular diseases and 
stroke, and protects the heart, blood vessels, and 
brain.[8] Also, edaravone prevents myocardial injury 
following I/R in patients with acute myocardial 
infarction.[8] Side effects of edaravone, such as 
acute renal failure, liver dysfunction, acute allergic 
reactions, disseminated intravascular coagulation, 
thrombocytopenia, and leukocytopenia, occur in 
>5% of patients, all in elderly patients with renal 
dysfunction.[8] Previous studies used a variety of 
durations of ischemia and reperfusion to induce I/R 
injury in skeletal muscle. As significant morphological 
changes in the muscle tissue can be seen after 2 h of 
ischemia, some studies of skeletal muscle I/R injury 

involved ischemia for >2 h. In studies of I/R injury to 
the skeletal muscle, irreversible histological damage 
and neutrophil accumulation occurred after 4 h of 
ischemia; the damage caused by ischemia for 4 or 6 
h did not differ significantly, but irreversible damage 
became evident after an 8-h ischemia. Therefore, we 
performed ischemia and reperfusion for 2 h each in 
this study.

Previous studies of the effects of edaravone on 
I/R injury used doses of 3 to 10 mg/kg, which are 
non-toxic to rats.[9] Zhou et al.[10] reported that 1, 
3, and 9 mg/kg edaravone ameliorated I/R injury 
in a dose-dependent manner. In the other studies, 
3 mg/kg edaravone was found to be effective against 
I/R.[11,12] Ito et al.[13] investigated the protective effect 
of edaravone against lung injury in a model of 
intestinal I/R in rats, in which reperfusion was 
performed for 120 min after occlusion of the superior 
mesenteric artery at the junction with the abdominal 
aorta for 120 min. They applied 6 mg/kg edaravone 

Figure 7. (a) Sham group (H-E ¥400). (b) Ischemia/reperfusion group (H-E ¥200). (c) Edaravone 
group (H-E ¥400). (d) Solvent group (H-E ¥400). i: Inflammatory cell infiltration; a: Degeneration and 
necrosis in tubular epithelial cells; c: Congestion.
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(the reference value used in this study) intravenously 
after reperfusion. The MDA level in lung tissue was 
significantly lower in the edaravone, compared to the 
I/R group.

The free radicals generated during I/R injury 
induce the peroxidation of membrane lipids. The level 
of MDA, the end-product of peroxidation, is used as a 
marker of lipid peroxidation and, thus, of I/R injury.[9] 
Serum and tissue MDA levels were reported to increase 
after I/R.[14-16] In this study, there was no significant 
difference in the serum MDA levels between the I/R 
and solvent groups; however, the serum and renal tissue 
MDA levels were significantly higher in the I/R and 
solvent groups, compared to those in the sham group.

 Zhang et al.[17] reported that the serum and kidney 
MDA levels were significantly higher in the I/R group 
and significantly lower in the edaravone group after 
renal I/R injury. Matsuyama et al.[18] also showed that 
edaravone protected against renal I/R injury. In the 
present study, the MDA levels in serum and renal 
tissue were significantly higher in the I/R and solvent 
groups and significantly lower in the edaravone group. 
Edaravone decreased the MDA level by suppressing 
lipid peroxidation.

Antioxidant enzymes scavenge oxygen free 
radicals. The antioxidant activity of SOD depends 
on its conversion of superoxide to hydrogen peroxide. 
Huang et al.,[16] using a rat model of skeletal muscle 
I/R, demonstrated that the SOD activity in serum 
and muscle tissue was significantly lower in the I/R 
group than in the control group, but significantly 
higher in the hydrogen-rich saline group than in the 
I/R group. Similarly, some other studies also found 
decreased serum and tissue SOD activities in models 
of I/R injury.[15,19] In the present study, the serum SOD 
activity was numerically lower in the I/R and solvent 
groups, but significantly higher in the edaravone group 
compared to the I/R group. The SOD activity in the 
renal tissue was numerically lower in the I/R group 
than in the control group and numerically higher in 
the edaravone group than in the I/R group; however, 
none of these differences were significant. Yurekli et 
al.[20] investigated the effect of pheniramine on brain 
injury related to lower-extremity I/R, carried out 24-h 
reperfusion after 1-h ischemia. The SOD activity in the 
brain tissue was significantly reduced by pheniramine. 
The reduced SOD activity in the renal tissue in this 
our study may have been caused by the relatively short 
duration of reperfusion.

The antioxidant activity of GPx is conferred 
by its reduction of H2O2 to H2O. Yurekli et al.[20] 

showed that the GPx activity in the brain tissue 
was significantly decreased by I/R and significantly 
increased by pheniramine. Moreover, the GPx activity 
in the serum and spinal cord tissue was significantly 
decreased by I/R and significantly increased by 
cilostazol.[15] In the present study, the GPx activity in 
serum and renal tissue was decreased in the I/R and 
solvent groups and increased in the edaravone group 
compared to the I/R group; however, the differences 
were not significant, likely due to the relatively short 
duration of reperfusion.

Nitric oxide mediates tissue damage during I/R 
injury; however, its cytoprotective and cytotoxic effects 
hamper the full elucidation of its role. Inducible NOS 
(iNOS) is upregulated in response to inflammatory 
stimuli such as endotoxins, cytokines, and lipid 
mediators. Surges in NO production mediated by 
iNOS are cytotoxic and have been implicated in 
inflammatory damage to the heart, kidney, liver, 
brain, intestine, and skeletal muscle. During the later 
stages of reperfusion, production of proinflammatory 
cytokines induces the expression of iNOS, leading 
to high (picomolar) concentrations of NO. This is 
converted to peroxynitrite and other products with 
pro-oxidant activity, leading to tissue destruction.[21] 
Skeletal muscle is reportedly impacted by the NO 
generated by iNOS. Barker et al.[22] reported that the 
area of necrosis was greater in wild-type mice than in 
iNOS-knockout mice, the difference being significant 
after 90 min of ischemia. Hori et al.[23] demonstrated 
that the iNOS level was increased by I/R and decreased 
by edaravone. Kirisci et al.[24] evaluated the effect of 
adrenomedullin on I/R injury in the skeletal muscle 
of rats; the NO level in muscle tissue was significantly 
higher in the I/R group, compared to the control group 
and significantly lower in the adrenomedullin group, 
compared to the I/R group. The NO level in the rat lung 
was reported to be significantly increased by I/R and 
significantly decreased by melatonin.[25] In the present 
study, edaravone decreased the serum and tissue NO 
levels after I/R.

Inflammatory mediators transported in blood from 
muscle tissue cause injury to distant organs, principally 
the lungs and kidneys.[26] Ischemia/reperfusion 
injury induces acute kidney injury. Renal tubules 
are susceptible to ischemia, and I/R results in the 
death of epithelial cells in tubular regions.[27] Kocoglu 
et al.[7] induced renal I/R injury by clamping and 
declamping the renal artery; the kidneys of rats with 
untreated I/R injury exhibited tubular cell swelling, 
cellular vacuolization, pyknotic nuclei, medullary 
congestion, and moderate-to-severe necrosis. Khajuria 
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et al.[28] reported the swelling of tubular cells, medullar 
congestion, and renal cell necrosis in renal tissue 
affected by I/R. In a model of myonephropathic 
metabolic syndrome, which was induced by clamping 
the bilateral common femoral arteries for 5 h followed 
by the removal of the clamp to allow reperfusion, 
edaravone ameliorated renal tissue damage by reducing 
cellular infiltration.[29] In our I/R model, significant 
degeneration and necrosis of tubular epithelial cells and 
inflammatory cell infiltration of the interstitial space 
in the renal tissue were observed. Edaravone restored 
the normal morphology of glomerular capillaries and 
reduced edema and congestion in the interstitial space. 
In addition, edaravone significantly decreased the 
renal injury score.

There are some limitations to this study. In this 
study, only 6 mg/kg edaravone was used and, therefore, 
further studies should evaluate the effects of other 
doses of edaravone. In addition, we were able to 
evaluate only one duration of I/R and further studies 
examining the impact of edaravone on I/R of different 
durations are warranted.

In conclusion, edaravone ameliorated renal injury 
caused by lower-limb ischemia/reperfusion in our 
study. Therefore, edaravone has a potential for treating 
acute ischemia/reperfusion injury during aortic and 
peripheral vascular surgery, although further studies 
are still needed to confirm these findings.
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