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Abstract

Aim: To investigate the effect of edaravone (MCI-186), a free radical scavenger,

against ischemia/reperfusion (I/R) injury in the rat retina.  Methods: Retinal is-

chemia was induced in male Sprague–Dawley rats by elevating intraocular pres-

sure to 110 mmHg for 60 min.  The rats were intraperitoneally injected with

edaravone at a dose of 3 mg/kg at 30 min before ischemia, and then treated with

edaravone (3 mg/kg, ip) twice daily for 1 or 5 d after I/R.  The levels of malondialdehyde

(MDA) and superoxide dismutase (SOD) in the retinal tissues were determined on

d 1 after I/R injury.  The apoptosis of retinal neurons was detected on d 1 after

I/R injury by terminal deoxynucleotidyl transferase-mediated digoxigenin-dUTP

nick-end labeling staining.  The electroretinogram (ERG) was recorded on d 5 after

reperfusion.  Results: Edaravone lowered MDA levels, raised SOD activity, and

attenuated I/R-induced apoptosis of retinal neurons within the inner nuclear, gan-

glion cell, and outer nuclear layers of the rat retina.  Moreover, edaravone sup-

pressed I/R-induced reduction in a- and b-wave amplitudes of ERG.  Conclusion:

Edaravone can protect the retina from I/R injury in rats through reducing oxidative

stress and inhibiting apoptosis of retinal neurons, which suggests that edaravone

might be a potential choice for the treatment of I/R-induced eye disorders.
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Introduction

Ischemic injury to the retina is a major cause of visual

loss, and ischemia/reperfusion (I/R)-induced oxidative stress

is thought to be the direct cause of retinal injury.  Both

apoptosis and necrosis have been proven to be involved in

I/R-induced neuronal damage[1].  Neuronal apoptosis and

necrosis have been indicated to participate in I/R injury in

the rat retina at both the inner nuclear layer and outer nuclear

layer[2,3].  Superoxide dismutase (SOD) is a major scavenger

of reactive oxygen species (ROS), which are known to trig-

ger apoptosis and are massively generated during I/R[4].

Malondialdehyde (MDA), a degraded product of lipid

peroxidation, can produce cytotoxicity by reacting with the

amino of nucleic acid[5].  Our previous study showed that

changes of MDA levels and SOD activity are indicators for

lipid peroxidation degrees and therefore reflect the severity

of tissue damage[6].

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one, MCI-

186) is a free radical scavenger that has been successfully

applied for the treatment of acute cerebral ischemia[7,8].

Edaravone is considered to directly scavenge hydroxyl radi-

cal and inhibit lipoxygenase activity, which has been reported

to play an important role in cardiac I/R injury[9].  A number of

studies have shown a protective effect of edaravone against

ischemic injury in the brain and liver, even when adminis-

tered after the onset of ischemia[10,11].  Stull and colleagues

found that the action of edaravone involved hydroxyl radi-

cal scavenging and the subsequent inhibition of lipid

peroxidation chain reaction in the plasma membrane of en-

dothelial cells, neurons, and glial cells[12].  Others have re-

ported that edaravone has antioxidative effects and reduces

apoptosis[13,14].  In vitro and in vivo studies have also shown

that edaravone could effectively inhibit I/R-induced

apoptosis[15,16].  Edaravone was also suggested to have

neuroprotective effects on transient forebrain or focal is-

chemia in rodent models[17,18].  However, up to now, there are
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not many studies on the effect of edaravone against retinal

neuronal damage caused by I/R.

The purpose of the present study was to clarify whether

edaravone has protective effects against I/R-induced retinal

neuronal damage in a rat retinal I/R model.  We established a

rat retinal I/R model and determined the MDA and SOD lev-

els of the retina.  We also examined the apoptosis of retinal

neurons and the functional changes of the retina in an effort

to elucidate the mechanism by which edaravone protects

retinal neurons.  Our findings indicated that edaravone could

protect retinal neurons during retinal I/R, and improve I/R-

induced retinal dysfunction through inhibiting oxidative

stress and apoptosis.

Materials and methods

Animals  Male Sprague–Dawley rats, weighing 200–250

g, were purchased from the Shanghai Laboratory Animal

Center of the Chinese Academy of Sciences (Shanghai,

China).  The animals were housed under controlled tempera-

tures (23–25°C) on a 12 h light/12 h dark cycle (8:00–20:00

hours light, 20:00–8:00 hours dark), with free access to stan-

dard food and drinking water.  All the animals used in this

experiment received humane care, and the study was carried

out in compliance with the institutional guidelines for the

health and care of experimental animals.

Induction of retinal ischemia  Retinal ischemia was in-

duced by the transient elevation of intraocular pressure (IOP),

as described in detail elsewhere[19,20].  Briefly, the rats were

anesthetized with an intramuscular injection of 75 mg/kg

ketamine and 13.6 mg/kg xylazine, and the pupils were di-

lated with topical phenylephrine (2.5%) and tropicamide (1%).

The anterior chamber of the left eye was cannulated with a

27 gauge needle connected to a physiological saline reservoir.

IOP was raised to 110 mmHg by elevating the reservoir, and

retinal ischemia was confirmed by fundus examination.  Af-

ter 60 min, IOP returned to normal pressure by removing the

infusion needle from the anterior chamber.

Group assignment and drug administration  The rats

were randomly assigned to 3 groups: normal control, I/R

with vehicle, and I/R with edaravone.  Edaravone (MCI-186:

Carbiochem–Novabiochem, USA) was dissolved in 1 mL of

1 mol/L NaOH and adjusted to pH 7.4 by adding 1 mol/L HCl,

and then diluted in saline to a concentration of 3 mg/mL.

Edaravone was intraperitoneally injected to the rat I/R model

at a dose of 3 mg/kg at 30 min before ischemia, and then at 3

mg/kg (ip) twice daily for 1 or 5 d after I/R.  The rats in the I/

R with vehicle group received an injection of equal volume

of normal saline instead.  The animals in the normal control

group were normally reared without treatment.

Preparation of retinal tissue  One day after I/R injury,

the rats were killed by an anesthesia overdose.  The eyes

were enucleated, fixed in 4% paraformaldehyde for 24 h,

washed with phosphate-buffered saline (PBS), and embed-

ded in paraffin.  Five micrometer-thick sections that included

the optic disk were collected.  The sections were processed

for terminal deoxynucleotidyl transferase-mediated

digoxigenin-dUTP nick-end labeling (TUNEL).  In addition,

the enucleated eyes were put on to ice slices immediately

after harvesting.  Coronal dissection through the pars plana

was made in the enucleated eyes, the vitreous were removed,

and the retinal tissue was harvested under an operating

microscope.  The specimens were stored at –80 °C for the

biochemical assay.

Determination of MDA level and SOD activity  The retina

samples were prepared as 10% homogenate in 0.9% saline

by a homogenizer on ice according to their respective weight.

Then the homogenate was centrifuged, and the supernatant

was collected and diluted.  The assay of the MDA and SOD

levels was according to the manufacturer’s instructions of

the MDA and SOD detection kits (Nanjing Jiancheng Bioengi-

neering Institute, Nanjing, China).

TUNEL staining  The DeadEnd fluorometric TUNEL sys-

tem was provided by Promega (Madison, WI, USA).  The

paraffin sections were prepared as described by the manu-

facturer and subjected to TUNEL analysis after incubation

with proteinase K, followed by propidium iodide counterstaining.

A laser scanning confocal microscope (Zeiss 510, Jena,

Germany) was used for the observation, and Zeiss 4.6 ver-

sion software was used for image collection.  The apoptotic

photoreceptors within the retina showed a yellow fluorescence.

Electroretinography  On d 5 after I/R injury, electroretin-

ography (ERG) of the left eye was recorded in the rats of

each group.  Scotopic ERG were recorded with a ganzfeld

bowl.  The animals were initially adapted to dark overnight

before the recording of their flash ERG.  The pupils were

dilated with 1% tropicamide and 2.5% phenylephrine.  Stain-

less steel wire (0.1 mm diameter) loops were placed on the

center of the cornea.  A reference electrode was placed in the

middle of the forehead, and a grounding electrode was placed

near the tail.  All procedures were performed in dim red light,

and the rats were kept warm during and after the procedure.

The responses to a light flash (3.0 cd·s/m2) from a photic

stimulator were amplified, and the preamplifier bandwidth

was set at 0.2–300 Hz.  The amplitude of the a-wave was

measured from the baseline to the maximum a-wave trough,

and the b-wave was measured from the maximum a-wave

trough to the maximum b-wave peak.

Statistical analysis All the data were expressed as
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mean±SD, and ANOVA and Student–Newman–Keuls test

was applied.  The analysis was done with SAS 6.12 software

(Cary, NY, USA).  P<0.05 was considered significant.

Results

Administration of edaravone reduced MDA production and

enhanced SOD activity in I/R-induced retinal tissues  To

estimate the antioxidative effect of edaravone, the MDA lev-

els and SOD activity of the retina tissue were measured on d 1

after I/R.  MDA is a marker of lipid peroxidation.  In this study,

MDA content in the retinal tissues of the vehicle group was

significantly higher than that of the normal control group

(7.96±0.84 nmol/mg protein vs 5.21±0.23 nmol/mg protein,

P<0.01) after I/R injury.  Edaravone significantly inhibited MDA

production in the retina tissue after I/R compared with the ve-

hicle group (5.45±0.57 nmol/mg protein vs 7.96±0.84nmol/mg

protein, P<0.01).  Data are shown in Figure 1A.

SOD is a pivotal enzyme scavenging ROS in vivo.  SOD

activity in the retinal tissue was significantly reduced in the

vehicle group than in the normal control group after I/R in-

jury (61.46±9.71 U/mg protein vs 37.52±9.43 U/mg protein,

P<0.01).  Edaravone significantly prevented the decrease of

SOD activity compared with the vehicle group (37.52±9.43

U/mg protein vs 58.14±11.37 U/mg protein, P<0.01).  Data are

shown in Figure 1B.

Edaravone treatment attenuated I/R-induced retinal neu-

rons apoptosis  The fluorescence detection of retinal neu-

ronal apoptosis was examined on d 1 after I/R.  Data are

shown in Figure 2.  The retina cell nuclei were negative for

TUNEL staining in the rats of the normal control group (Figure

2A) with no yellow fluorescence.  Abundant yellow fluores-

cent retinal neuronal nuclei were found within the inner

nuclear, ganglion cell, and outer nuclear layers in the vehicle

group (Figure 2B).  However, in the rats treated with

edaravone (Figure 2C), only sparse yellow fluorescent nu-

clei were noticed in the TUNEL staining within the retina.

Edaravone treatment prevented I/R-induced reduction of

a- and b-wave amplitudes  To evaluate the functional changes

induced by I/R injury, ERG were recorded on d 5 after I/R

injury.  Data are shown in Figure 3A.  Compared with the

normal control group, I/R-induced injury caused a 48% and

72% reduction in the a- and b- wave amplitudes, respectively.

However, in the edaravone-treated group, the reduction in

the a- and b-wave amplitudes was approximately 25% and

29%, respectively.  The a- and b-wave amplitudes were sig-

nificantly enhanced in the edaravone-treated group com-

pared with the vehicle group (P<0.01).  Figure 3B shows the

typical ERG records of 3 groups at d 5 after I/R.  The a- and b-

waves amplitudes were significantly lower in the vehicle

group than in the normal control group.  In contrast, the a-

and b-wave amplitudes of ERG were clearly enhanced in

edaravone-treated I/R rats.

Discussion

In the present study, we evaluated the effect of edaravone

on the retinal damage caused by I/R in a rat retinal I/R model.

We found that edaravone improved the oxidative parameters

of the retinal tissue in the I/R model and prevented retinal

neurons from apoptosis, indicating that edaravone has pro-

tective effects on retinal cells after retinal I/R injury.

Oxygen is critical for life and for the maintenance of meta-

bolic processes; however, reactive metabolites of oxygen

can be toxic to cells.  In particular, the cellular damage that

occurs secondary to ischemia may be exacerbated by the

sudden reintroduction of oxygen into tissues during

reperfusion, triggering free radical cascades that overwhelm

endogenous free radical scavengers.

Edaravone has potent hydroxy radical scavenging activ-

ity[7].  It can eliminate hydrogen oxide radicals that trigger

Figure 1.  Effects of edaravone on MDA levels and SOD activity in

the retinal tissue from I/R-induced retinal injury rats.  Animals were

killed on d 1 after I/R injury. MDA levels (A) and SOD (B) activity

were measured according to the manufacturer’s instructions.  Data

are expressed as mean±SD and are representative of 3 experiments

(n=6).  cP<0.01 vs I/R with vehicle group.
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lipid peroxidation and subsequently inhibit the initiation and

progression of lipid peroxidation induced by hydrogen per-

oxide radicals[21].  Edaravone can interact with both peroxyl

and hydroxyl radicals, producing a stable oxidation product

(OPB, 2-oxo-3-[phenylhydrazono]-butanoic acid)[22].

Edaravone has previously been reported to protect organs,

such as the brain[17,18], heart[23,24], kidney[25], and liver[26,27]

from free radical-mediated injury.  However, the direct scav-

enging property of edaravone in retinal I/R injury in rats

remains to be explored.

As a major cause of tissue damage, ROS mainly consist

of superoxide anions produced by the mitochondrion, hy-

drogen peroxide produced by superoxide anions in presence

of SOD, and peroxynitrite produced by superoxide anions in

presence of nitrogen monoxidum[28].  Previous studies have

proven that SOD administration can protect the retina from

I/R injury[29].  Compared with other production of lipid

peroxidation, MDA has a longer life span and is more favor-

able for the evaluation of the severity of tissue damage[30].

In the present study, we found that the retinal antioxidants

in the I/R with vehicle group were excessively consumed

after I/R injury, and the tissue lipids were severely damaged.

Our data revealed that edaravone significantly reduced MDA

levels and enhanced SOD activity of the retinal tissue.  This

suggests that edaravone can remove free radicals and there-

fore inhibit lipid peroxidation.  Dilsiz et al used vitamin E as

a reference drug to treat retinal I/R injury in a similar study[31]

and found that vitamin E decreased MDA levels in the reti-

nal tissue, reduced consumption of GSH, and inhibited the

activation of caspase-3.  In our future study we may also use

vitamin E as a positive control.

In the present study, TUNEL-positive staining, particu-

larly in the inner nuclear, ganglion cell and outer nuclear

layers, was evident on d 1 after I/R, which is consistent with

Figure 2.  Edaravone attenuated I/R-induced retinal neurons apoptosis.  Animals were killed on d 1 after I/R injury (n=3).  No TUNEL-positive

cells were noticed in the normal control group (A).  Abundant yellow fluorescent nuclei in the inner nuclear, ganglion cell, and outer nuclear

layers in the I/R with vehicle group (B) were observed.  Sparse yellow fluorescent nuclei were found in the inner nuclear, ganglion cell, and outer

nuclear layers in the I/R with edaravone group (C), which are represented by arrows.
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results from previous studies[2,3].  The TUNEL analysis re-

vealed abundant positive yellow fluorescent cells in the inner

nuclear, ganglion cell, and outer nuclear layers in the I/R with

vehicle group, but only sparse positive cells in the edaravone-

treated group, which once again indicates that apoptosis pro-

duces retinal neuronal death after I/R injury, and edaravone

reduces cell apoptosis by scavenging free radicals.  Similar

results were also obtained by other authors[32,33].

IOP was elevated above the systolic blood pressure for

60 min, and during this period, the blood supply to the retina

is drastically reduced, as indicated by a whitening of the

fundus.  This insult caused partial irreversible damage to the

retina demonstrated by the ERG data where the a- and b-

wave amplitudes are significantly reduced on d 5 after I/R.

The a-wave provides information about the photoreceptors,

while the b-wave provides information on the physiology of

the ON-bipolar and Müller cells[34,35].  Therefore, it is clear

that the outer retina was physiologically affected following

I/R.  More importantly, in the present study, the reduction in

Figure 3.  Edaravone inhibited the reduction of a- and b-wave ampli-

tudes of the ERG.  ERG were recorded on d 5 after I/R injury, and a-

and b-wave amplitudes were measured.  Data are expressed as mean±SD

(n=8).  cP<0.01 vs I/R with vehicle group (A).  (B) individual charac-

teristic ERG recordings of 3 groups.

the a- and b-wave amplitudes caused by I/R was signifi-

cantly improved in animals treated with edaravone.  A previ-

ous study showed that edaravone could decrease calcium

overloading, increase mitochondrial potential, and reduce

neuronal apoptosis through inhibiting lipid peroxidation in

the rat hippocampal I/R model[15].  Wen et al reported that

edaravone could relieve oxidative stress through inhibiting

the JNK–c-Jun pathway in the senile rat cerebral I/R model

and therefore protect cerebral neurons[14].  The present study

has indicated the involvement of antioxidative and anti-

apoptotic effects of edaravone on photoreceptor cells in the

rat retinal I/R model, but whether these 2 pathways also ap-

ply to the retinal I/R injury model warrants further study.

In conclusion, edaravone can protect retinal neurons

during retinal I/R and improve I/R-induced retinal dysfunc-

tion through inhibiting oxidative stress and apoptosis.  Fur-

ther study is warranted to determine the clinical use of

edaravone in the treatment of I/R-related eye disorders.
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