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Abstract: Edaravone is a potent free-radical scavenger that has been in the market for more than
30 years. It was originally developed in Japan to treat strokes and has been used there since 2001.
Aside from its anti-oxidative effects, edaravone demonstrated beneficial effects on pro-
inflammatory responses, nitric oxide production, and apoptotic cell death. Interestingly, edaravone
has shown neuroprotective effects in several animal models of diseases other than stroke. In par-
ticular, edaravone administration was found to be effective in halting amyotrophic lateral sclerosis
(ALS) progression during the early stages. Accordingly, after its success in Phase III clinical stud-
ies, edaravone has been approved by the FDA as a treatment for ALS patients. Considering its
promises in neurological disorders and its safety in patients, edaravone is a drug of interest that can
be repurposed for traumatic brain injury (TBI) treatment. Drug repurposing is a novel approach in
drug development that identifies drugs for purposes other than their original indication. This re-
view presents the biochemical properties of edaravone along with its effects on several neurologi-

cal disorders in the hope that it can be adopted for treating TBI patients.
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1. INTRODUCTION
1.1. Edaravone

Towards the end of the 1980s, edaravone drug was
developed to primarily treat stroke and was approved in
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Japan, in 2001, for the treatment of acute ischemic
stroke (AIS) [1]. Although it has not been accepted for
the treatment of AIS in Western countries, it was en-
dorsed by the American Heart Association in the guide-
lines for the early management of adults with AIS [2,
3]. Later in 2001, Mitsubishi Tokyo Pharmaceutical
Inc. began clinical studies of edaravone for the treat-
ment of amyotrophic lateral sclerosis (ALS). In 2005,
edaravone was labeled as an orphan drug in Japan with
ALS as the target disease. After one Phase II and two
Phase III trials, Mitsubishi Tanabe Pharma Corporation
acquired the marketing approval in Japan, in 2015, for
the utilization of edaravone to halt the progression of
dysfunction in ALS patients. In May 2017, the US
Food and Drug Administration (FDA) approved Edara-
vone for the same aim [4].
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Edaravone belongs to the family of substituted 2-
pyrazolin-5-ones. It has the chemical name 3-methyl-1-
phenyl-2-pyrazolin-5-one. It is a white crystalline
powder that has a melting point of 129.7°C. It dissolves
in acetic acid, methanol, or ethanol, and is slightly
soluble in water or diethyl ether. Its molecular formula
is CjoH1oN,O, and it has a low molecular weight of
174.2 g/mol [5, 6]. The pKa of edaravone is 7.0; there-
fore, a dissociated anionic/hydrophilic form and a non-
dissociated neutral/lipophilic form are present at the
same time under physiological conditions [7]. Edara-
vone has been found to have three tautomeric forms:
the amine, keto, and enol forms [8]. Edaravone is syn-
thesized via a condensation reaction between phenyl
hydrazine and ethyl acetoacetate, using ethanol as a
solvent with heating reflux of 3 hours, and cooling to
crystallize [9].

The antioxidant/free-radical scavenging activity of
edaravone is its primary suggested mechanism of ac-
tion [10]. It is believed that edaravone is present close
to the cell membrane or possibly on the cell membrane
[5]. Under physiological conditions and when edara-
vone is found in its anionic form, electrons freed from
the edaravone anion can scavenge radical species con-
taining a free electron, such as a lipid peroxyl radical
(OOLe) that is created after the extraction of a proton
from an unsaturated fatty acid by the action of a free
radical. The removal of electrons from edaravone (E)
generates an edaravone radical (Ee). Then, the edara-
vone radical (E+) forms a peroxyl radical of edaravone
(E*«OO0), which integrates the O species to form a 4,5-
dione (i.e., 3-methyl-1-phenyl-2-pyrazolin-4,5-dione)
and finally 2-oxo-3-(phenylhydrazone)-butanoic acid
(OPB) [5, 11, 12]. The average terminal elimination
half-life of edaravone is 4.5-6.0 hours and of its me-
tabolites 2.0-2.8 hours. It has also been revealed that
the drug is metabolized in the liver and kidney to func-
tionally inactive sulfate and glucuronide conjugates
that are excreted in urine [6].

The main emphasis in edaravone research was given
to its ability to scavenge hydroxyl, peroxyl, and super-
oxide (O, ) radicals that lead to neuronal and vascular
damage [13, 14]. Edaravone scavenges reactive oxygen
species (ROS) and attenuates pro-inflammatory re-
sponses after brain ischemia in animals and humans. In
particular, edaravone has been shown to reduce post-
ischemic inflammation that leads to brain edema and
stroke due to neuronal and endothelial cell injury [15].
Accordingly, edaravone is believed to target and inhibit
the c-Jun N-terminal kinase (JNK) “death” pathway,
which plays an essential role in inflammation, cytokine
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production and cellular apoptosis triggered by oxida-
tive stress [16, 17]. Moreover, edaravone can impede
the action of lipoxygenase, which is an enzyme respon-
sible for lipid peroxidation [5].

Furthermore, edaravone does not only inhibit the
oxidation of low-density lipoprotein (LDL) but also
counters the oxidized LDL-mediated decrease in the
expression of endothelial nitric oxide synthase (eNOS)
[11]. Collectively, edaravone can inhibit neuronal de-
generation, vascular compartment injury, and behav-
ioral discrepancies stemming from both ischemia pro-
gression and edema. Thus, edaravone acts in a multi-
targeted manner, affecting many pathways in addition
to its antioxidant/free-radical scavenging role [10]. Due
to its potent anti-oxidant biochemical properties, eda-
ravone has demonstrated to elicit neuroprotective ef-
fects in several pre-clinical and clinical studies. The
current review highlights the promising effects of eda-
ravone in neurological disorders and its approval for
ALS treatment. Moreover, it introduces a new ap-
proach that has been adopted recently in drug devel-
opment, which is drug repurposing. This strategy aims
at identifying new uses for already approved or investi-
gational drugs, which fall outside their original medical
indication. Considering the neuroprotective role ex-
erted by edaravone, it is suggested to be a potential re-
purposed drug for TBI treatment; especially that oxida-
tive stress plays a pivotal role in the pathophysiology
of brain injuries as illustrated in Fig. (1).

2. POTENTIAL OF EDARAVONE IN ISCHEMIC
STROKE

Several studies highlighted the use of edaravone for
the treatment of many oxidative stress-related diseases.
Growing evidence suggests this agent holds a promis-
ing potential for the treatment of some neurological
disorders such as stroke, Parkinson’s disease, spinal
cord injury, ALS and TBI [18]. Stroke, whether
ischemic or hemorrhagic, is one of the major causes of
death and disability worldwide [19]. Ischemic stroke is
associated with glucose, oxygen and ATP deprivation
due to cerebral interruption of blood supply. As a re-
sult, electrolyte imbalance in nerve cells leads to the
development of cytotoxic cerebral edema [20]. These
ischemic events stimulate oxidative stress and ROS
production [21]. Consequently, injured neurons start
breaking down while releasing damage-associated mo-
lecular patterns (DAMPs) that activate immune cells
and trigger an inflammatory response [22]. Along with
oxidative stress, post-stroke inflammatory reactions
promote endothelial damage and lead to blood-brain
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Fig. (1). Neuroprotective effects of Edaravone in TBI: The scavenging of reactive oxygen species (ROS) limits proteins and
lipids oxidation and DNA damages, thus reducing oxidative stress. Edaravone also decreases the production of inflammatory
cytokines resulting in an anti-inflammatory response. Attenuated inflammation and oxidative stress protect neurons from fur-
ther damage and result in improved neurological function and decreased apoptotic cell death. Edaravone is currently used in
stroke and ALS patients; however, the potential effects of this intervention suggest its repurposing for TBI treatment. (4 higher
resolution / colour version of this figure is available in the electronic copy of the article).

barrier (BBB) dysfunction. The resulting increased
BBB permeability allows leucocyte infiltration and ag-
gravates inflammation. The rise in water flow develops
into vasogenic edema while BBB breakdown raises the
risk of intracerebral hemorrhage (ICH) thus, increasing
neuronal death and infarct volume [23]. Delayed reper-
fusion of blood flow may account for additional BBB
disruption and vascular injury through a second burst
of ROS production [24, 25].

Rapid clinical intervention is crucial since 1.9 mil-
lion neurons die each minute before reperfusion [26].
Thrombolytic intravenous tissue plasminogen activator
(tPA) is generally used to rescue the ischemic penum-
bra from irreversible damage. This agent converts
plasminogen to plasmin and ensures clot lysis and
cerebral reperfusion. The problem is that the tPA ad-
ministration is effective only when used within 4.5
hours post-stroke. Also, it is correlated with low reca-
nalization rates (i.e. restoring blood flow), which
makes it barely useful for 2% of stroke patients in the
United States [26, 27]. Recanalization is the process of

restoring flow to occluded vessels and hence improving
clinical outcomes in AIS via regional reperfusion [28].
Currently, recanalization rates are used as biomarker
for efficacy measures of thrombolytic agents in phase
II trials [29]. In such a case, mechanical endovascular
thrombectomy is the alternative choice to remove the
clot from large vessels. The delay between symptom
onset and surgery, especially if the patient needs to be
transferred to a comprehensive stroke center, highlights
the need for neuroprotective agents to fill the gap be-
tween the onset of the stroke and thrombectomy [30].

Edaravone was first introduced in 2001 in Japan to
treat patients with cerebral infarction within 24 hours
of the onset of symptoms as shown in Table 1. This
small pharmaceutical molecule crosses the BBB and
acts directly on the central nervous system to enhance
neurological outcomes at different levels [2, 15, 30].
Data suggest that the radical scavenging properties of
this agent suppress oxidative damage. Moreover, eda-
ravone reduces neutrophil activation, inflammatory
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Table 1. Edaravone clinical trials in patients with stroke.
Trial Study Design Patient Population Outcomes Institute Refs.
Phase | -N=14 subjects MCI-186 was well Department of Clinical Yokota,
Elderly group (n=7) tolerated and no significant Pharmacology, Kitasato Kumagai et al.
Young group (n=7 difference was observed University East Hospital, 1997 [39]
-In each group, 5 subjects among plasma Kanagawa, Japan
received MCI-186 and 2 concentrations of MCI-186,
subjects received placebo its metabolites or
-Healthy male volunteers pharmacokinetics
were included parameters in the young
and elderly groups
Phase I1I Multicenter, N=252 patients Edaravone improved Several Japanese Edaravone
randomized, Edaravone group (n=125) functional institutions Acute
placebo- Placebo group (n=125) outcomes in stroke patients Infarction
controlled, Patients admitted within Study Group
double-blind 72h after AIS onset, with a 2003 [40]
study level of consciousness
between 0 (alert) and 30
(able to be aroused with
mechanical or verbal
stimuli) according to the
Japan Coma Scale were
included
Patients who could not be
aroused with forceful
mechanical stimuli (levels
100-300) were excluded
Phase IV Case cohort N=61 patients Edaravone delayed the Four stroke units in Japan: Toyoda, Fujii
study with Edaravone group (n=30) evolution of edema and National Kyushu Medical et al. 2004
historical Historical control group of infarcts, decreased Center, Fukuoka Red Cross [41]
controls similar patients (n=31) mortality rates but did not Hospital, National
Patients with ischemic improve functional Ureshino Hospital, and
stroke caused by ICA outcomes among patients Hakujyuji Hospital
occlusion and baseline
NIHSS score > 15 that
underwent an acute cranial
CT scan within 6h after
stroke onset were included
Patients with a fresh infarct
on the initial CT or baseline
NIHSS score < 15 were
excluded
Phase IV Case cohort N=147 patients Treatment with Edaravone Tochinai Daini Hospital, Ogasawara,
study with Edaravone group (n=55) prior to CEA can prevent Morioka, Japan Yamadate et
historical Historical control group of development of cognitive al. 2005 [42]
controls similar patients (n=92) impairment

Patients with ipsilateral ICA
stenosis (>70%) and useful
residual function (modified
Rankin disability scale 0,1,
or 2) who underwent CEA

with administration of
Edaravone before ICA
clamping were included

Patients who were not able to
perform neuropsychological
evaluation in Japanese were

excluded

(Table 1) contd....
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Trial

Study Design

Patient Population

Outcomes

Institute

Refs.

Phase IV

RCT

N=51 patients
Edaravone group (n=27)
Control group (n=24)
Patients with ischemic
cerebral infarcts (cortical,
basal ganglia or brain stem
lesions) who received
Edaravone administration
within 24h of stroke onset
Patients hemorrhagic
infarction and with massive
infarcts (ischemic volume >
100 cm®) that involved
cortex and basal ganglia
were excluded

Edaravone reduced
oxidative brain damage in
patients with cortical
infarcts

Stroke care unit at the
University of Tokushima

Hospital, Japan

Uno, Kitazato
et al. 2005
[43]

Phase IV

RCT

N=38 patients
HBO-Edaravone group
(n=19)

Control group/conventional
treatment (n=19)
Patients with acute embolic
stroke involving the
anterior cerebral circulation
admitted within 48 h of the
stroke onset with NIHSS
scores on admission of 5 or
more were included
Patients with fibrinolytic
treatment, medical
contradiction for HBO
therapy, rapid improvement
of neurological signs,
seizure at stroke onset were
excluded

HBO-Edaravone therapy
appears to be effective for
the treatment of patients
with acute embolic stroke
involving the anterior
cerebral circulation

Department of stroke
treatment, Shonan
Kamakura General

Hospital, Kamakura,
Kanagawa, Japan

Imai, Mori et
al. 2006 [44]

Phase IV

RCT

N=91 patients
Edaravone group (n=42)
Control group (n=49)
Patients with aneurysmal
SAH admitted within 48h
before stroke onset were
included
Patients with pregnancy,
renal failure, hepatic
failure, and
thrombocytopenia were
excluded

Edaravone reduced the
incidence of cerebral
infarction and poor
outcome caused by cerebral
vasospasm in patients with
DINDs

Department of

Neurosurgery, Hirosaki
University, Japan

Munakata,
Ohkuma et al.
2009 [45]

Phase IV

Multicenter,
randomized,
parallel-group,
open-label trial

N=401 patients
Edaravone group (n=199)
Ozagrel group (n=202)
Patients aged > 20 years,
with motor dysfunctions in
the upper and/or lower
extremities and a
consciousness level of 0-3
(Japan Coma Scale),
admitted within 24h of
stroke onset
(atherothrombotic or
lacunar infarction) were

Edaravone is as effective as
Ozagrel for the treatment of
acute non-cardioembolic
ischemic stroke

81 institutions in Japan

Shinohara,
Saito et al.
2009 [46]

(Table 1) contd....
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Trial

Study Design

Patient Population

Outcomes

Institute

Refs.

included Patients who
had/might have
cardioembolic stroke, with
renal impairment (serum
creatinine >1.5 mg/dl);
hemorrhagic cerebral
infarction, or epidural,
intraparenchymal or
primary intraventricular
hemorrhage; transient
ischemic attack and
impairments (mRS grade
>2 before stroke onset)
were excluded

Phase IV

Randomized
controlled pilot
study

N=41 patients
Short term Edaravone
treatment group/3days

(n=21)

Long term Edaravone
treatment group/10-14 days
(n=20)

Patients aged from 20 to 79
years, with the presence of
a leg motor weakness
(NIHSS motor subscore on
admission of 2-4), and no
apparent functional
disability prior to stroke
(mRS score of 0 or 1),
admitted within 24h of
stroke onset were included.
Patients with
hypersensitivity to
Edaravone, associated
neuromuscular diseases,
obstructive femoral artery
diseases, congestive heart
failure, significant
renal/hepatic diseases,
hemorrhagic stroke, use of
thrombolytic therapy, a
Japan Coma Scale score of
20 or more, history of
neurologic dysfunction
(mRS score of >2),
artificial knee or hip joints,
serum creatinine
>1.5mg/dL, malignant
disorders, pregnancy, or
enrolled in another clinical
study were excluded

Long term Edaravone
treatment provides
myoprotective effects that
ameliorate functional
outcome in AIS patients.

19 acute stroke and
rehabilitation centers across
Japan

Naritomi,
Moriwaki et
al. 2010 [47]

Phase IV

Retrospective
cohort study

N=176 patients
Edaravone group (n=93)
Control group (n = 83)
Patients admitted to the
hospital within 24h after
AIS onset were included
Ischemic stroke patients
with unknown etiology
were excluded

Edaravone treatment
reduced the infarct volume
and improved neurological

deficits within a year,

especially for the patients
with small-vessel occlusion
strokes

Department of Stroke
Science, Research Institute
for Brain and Blood
Vessels, Akita, Japan

Nakase,
Yoshioka et
al. 2011 [48]

(Table 1) contd....
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Trial

Study Design

Patient Population

Outcomes

Institute

Refs.

Phase 11

Prospective,
open-labeled,
randomized
controlled pilot
study

N=50 patients
Edaravone group (n=25)
Control group (n=25)
Patients hospitalized within
6-72h of AIS onset were
included
Patients aged <18 years,
with history of stroke,
unclear time of onset,
thrombolytic therapy,
severe hepatic disease,
renal dysfunction,
malignancy, pregnancy, or
lactation were excluded

Edaravone effectively
improves functional
outcome in AIS

Department of Neurology,
Chbhatrapati Shahuji
Maharaj Medical
University, Lucknow, India

Sharma, Sinha
etal 2011
[49]

Phase IV

Multicenter,
single blind,
randomized,
open-labeled
study

N=40 patients
Edaravone-tPA group
(n=23)
tPA group (n=17)
Patients with M1 or M2
occlusion admitted within
3h of acute stroke onset and
who met the criteria of the
Japan Alteplase Clinical
trial were included
Patients who underwent
endovascular therapy
immediately after tPA
infusion, with renal
impairment (creatinine>1.5
g/dl), heart valve
replacements, pacemakers,
or clipping of cranial
arteries were excluded

Edaravone-tPA combined
therapy enhanced early
recanalization and
neurological recovery in
acute stroke patients

Kawasaki Medical School
and Red Cross Okayama
Hospital, Japan

Kimura, Aoki
etal 2012
[50]

Phase 1

RCT

N=30 subjects
Edaravone 20mg (n=10)
Edaravone 30mg (n=10)
Edaravone 60mg (n=10)
Non-alcoholic and non-
smokers normal healthy

subjects were included
Subjects who didn’t took
any drugs during or at least
1 week, with abnormal
electrocardiogram/blood
chemistry/urine analysis
tests, or a positive result on
the pregnancy test were
excluded

Edaravone was safe and
well tolerated in healthy
Chinese volunteers

Hospital of Nanjing
Medical University,
Nanjing, China

Li, Xu et al.
2012 [51]

Phase 11

Double blind,
placebo
controlled,
randomized
clinical trial

N=36 patients
Edaravone group 1/loading
dose 0.08 mg/kg+0.2
mg/kg/h infusion (n=12)
Edaravone group 2/loading
dose 0.16 mg/kg+0.4
mg/kg/h infusion (n=13)
Placebo group (n=11)
Patients aged from 40 to 80
years, with NIHSS score of
3-15 and fully conscious

Both dosing regimens of
MCI-186 were well
tolerated and safe for stroke
patients

Four institutions across
Europe

Kaste,
Murayama et
al. 2013 [52]

(Table 1) contd....
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Trial Study Design

Patient Population

Outcomes

Institute

Refs.

(NIHSS item la=0),
functionally independent
prior to the stroke
(prestroke mRS 0-2) and
admitted within 24 h of
stroke onset were included.
Patients on antibiotic or
thrombolytic therapy, with
ICH, severe concomitant
illnesses (life expectancy<6
months), severe kidney
disorder, estimated
creatinine clearance of <30
ml/min, severe hepatic
disorder, elevated liver
enzymes were excluded

Double blind,
placebo
controlled,
randomized
clinical trial

N=65 patients
Edaravone, aspirin and
atorvastatin group (n=35)
Aspirin and atorvastatin
group (n=30)

Acute diabetic stroke
patients admitted within 24
h of stroke onset were
included
Patients who received
intravenous rtPA within 3h
of stroke onset and patients
with severe heart, liver and
renal dysfunction; acute
cerebral hemorrhage, SAH,
brain tumor, infectious and
demyelinating
encephalopathy,
schizophrenia and dementia
were excluded

Edaravone appears as a
promising neuroprotective
agent against cerebral
ischemic injury in diabetic
patients

Stroke Unit, Department of
Neurology, Eighth
Hospital, Jiangsu
University, China

Zheng and
Chen 2016
[53]

Phase IV multicenter,
prospective,
randomized,
open-label

study

N=165 patients

Early group/Edaravone

started before or during tPA
(n=82)

Late group/Edaravone
started after tPA (n=83)
Patients aged >20 years,
with stroke secondary to

occlusion of the M1 or M2
portion of the MCA and
admitted within 4.5 hours
of the stroke onset were
included.

Patients with a malignant
profile, occlusion of the
ICA, bilateral symptomatic
MCA occlusion, serum
creatinine >1.5 mg/dL, and
a history of allergy to
Edaravone were excluded

The timing of Edaravone
infusion does not affect the
rate of early recanalization,

the occurrence of ICH, or

the favorable outcome in
stroke patients

Seventeen hospitals in
Japan

Aoki, Kimura
etal 2017
[54]

(Table 1) contd....
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Edaravone + traditional
treatment (n=56)
Control group/ traditional
treatment (n=56)
Patients aged from 18 to 85

clinical efficacy of stent
implantation by reducing
depression severity and the
occurrence of PSD in
intracranial artery stenosis

University, China

Trial Study Design Patient Population Outcomes Institute Refs.
Phase I1 RCT N=130 patients Edaravone appears to be a Department of Neurology, | Sun, Xu ef al.
Edaravone group (n=65) safe treatment that improve Linzi District People’s 2019 [55]
Control group (n=65) the degree of neurological Hospital,
Patients with acute cerebral impairment, functional Zibo, Shandong, China
infarction were included movement, and living
Patients with cerebral quality in patients with
hemorrhage, coma, drug acute cerebral infarction
allergy, mental disorder,
and other severe organic
lesions in the brain, were
excluded
Non RCT N=112 patients Edaravone improved the Renmin Hospital, Wuhan Kong, Jiang et

al. 2020 [56]

years, who underwent
intracranial artery stenosis
(>70%) and intracranial
stenting, with normal
stenotic vascular diameter,
no serious neurological
dysfunction after stroke, no
history of recent hemorrhagic
disease, no disease requiring
surgery in the near future,
one or more risk factors of
atherosclerosis, more than
three months’ treatment with
anti-platelet aggregation
drugs with no positive effect
were included
Patients aged less than 18
and more than 85 years, with
other intracranial lesions,
other causes of arterial
stenosis, extreme stenosis or
stenosis with difficulty in
surgery, severe liver or
kidney dysfunction, serious
systemic diseases, previous
mental disorders were
excluded

patient

cytokine production and inducible NOS (iNOS) ex-
pression to resolve inflammation. It is also known to
decrease detrimental neuronal NOS (nNOS) and to in-
crease beneficial endothelial NOS (eNOS) expression
in rats [15, 31-33]. On another level, this agent sup-
presses cellular death and cerebral edema to prevent
increased cerebral infarction in the ischemic brain [10].
More specifically, edaravone targets the JNK pathway
to block apoptosis [34] and downregulates aquaporin-4
[35, 36] and vascular endothelial growth factor (VEGF)
expression in order to control vascular permeability
and to attenuate cerebral edema [37, 38].

Knowing that intravenous tPA administration may
be linked with the occurrence of serious side effects
such as ICH and that edaravone reduces tPA induced
ICH via inhibition of MMP-9 expression [57, 58], it
becomes obvious that the combined Edaravone-tPA
therapy is a safer choice in ischemic stroke patients.
Several research papers including the YAMATO study
demonstrated that edaravone administrated with, before
or after tPA enhanced thrombolysis and improved early
neurological outcomes by preventing oxidative damage
[54, 59-63]. Better outcomes such as greater functional
independence at hospital discharge, reduced ICH, and
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lower mortality rates are also associated with the eda-
ravone-thrombectomy combined therapy [64]. Due to
the promising effects of edaravone in the Japanese
population, edaravone’s therapeutic benefit needs to be
investigated in a more diverse population [65].

Studies in animal models suggest that edaravone
might present a novel therapeutic approach for Parkin-
son’s disease and ischemic spinal cord injury patients
[18]. In Parkinson’s disease, edaravone neuroprotective
effects are mostly attributed to its anti-oxidative, anti-
inflammatory and anti-apoptotic properties [66-68]. On
the other hand, research showed that edaravone sup-
presses oxidative stress and prevents tissue injury by
reducing oxidative DNA damage and nNOS expression
in ischemic spinal cord injury models. eNOS upregula-
tion appears to be of great importance for the mainte-
nance of vascular integrity [69-72]. In addition to oxi-
dative stress suppression, edaravone administration is
associated with delayed neuronal apoptosis, thereby
preventing tissue damage and ensuring faster recovery
of spinal cord injury [73, 74]. Finally, edaravone injec-
tion after transplantation of Schwann cells at the spinal
cord injury site in rats improved neurological function
by increasing the regeneration capacity of nerve fibers
[75].

3. EDARAVONE APPROVAL FOR AMYOTRO-
PHIC LATERAL SCLEROSIS (ALS)

Amyotrophic lateral sclerosis (ALS), commonly
known as Lou Gehrig’s disease, is a lethal neurodegen-
erative disease characterized by gradual loss of upper
and lower motor neurons. ALS leads to progressive
muscle atrophy and, eventually, death within 2-5 years
of onset, on average, due to respiratory failure [76].
According to the most recent registry data, the esti-
mated ALS prevalence in the USA for 2014 was 5
cases per 100,000 people [77]. Although the exact
mechanisms leading to motor neuron degeneration re-
main unclear, it is believed that oxidative stress plays a
pivotal role in the development of ALS [78-80]. Over
200 ALS clinical trials have been performed, yet no
therapeutic drug has succeeded [76, 81]. Riluzole was
approved by the FDA in the early 1990s, and could
improve the quality of life of ALS patients, delaying
deterioration [82]. Over the past years, several experi-
mental interventions delayed disease progression in
ALS preclinical studies, but either failed to be efficient
in clinical trials or are still in Phase I-III. Recently, eda-
ravone was launched as a therapeutic drug for ALS in
Japan and Korea in 2015, and was later approved by
the FDA in 2017 and in Canada in 2018 [83].
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Evidence from in vivo and in vitro studies along
with the biochemical properties of edaravone indicate
that its protective effects are mediated by targetting
oxidative stress. In the wobbler mice model, a sporadic
ALS-like model, edaravone (1 or 10 mg/kg) or vehicle
was administered daily intraperitoneally in a random-
ized blind protocol [84]. After 4 weeks, in comparison
with the vehicle-treated animals, a higher dose of eda-
ravone treatment attenuated forelimb deformity and
muscle weakness and significantly increased muscle
weight, fiber diameter, and number of spinal motor
neurons. Furthermore, in the SODI transgenic (H46R)
rat model of ALS, lifetime and duration of illness along
with motor function were evaluated after intravenous
administration of edaravone (1.5 or 3 mg/kg/h) or sa-
line by continuous perfusion (lh per day) for 2 days
[85]. Lifetime and duration of illness increased in a
dose-dependent manner in animals treated with edara-
vone; however, the changes did not reach statistical
significance. Nevertheless, edaravone treated male rats
demonstrated significantly better performance in the
landing foot-splay test. Similarly, in the SODI1 trans-
genic mouse ALS model, animals treated in blind, ran-
domized protocol with multiple doses of edaravone
intraperitoneally administered, demonstrated slow
symptom progression and attenuated motor neuron de-
generation [86]. Higher doses of edaravone (15mg/kg)
treatment reduced the 3-nitrotyrosine/tyrosine ratios
(markers of protein nitration) and significantly de-
creased the area of abnormal SODI deposition in the
spinal cord. Also, treated animals demonstrated better
motor performance and stronger grip strength, and a
reduction in weight loss compared to vehicle-treated
mice. Consequently, clinical trials with edaravone in
ALS were initiated based on the promising results of
preclinical studies [87].

Three human comparison trials of edaravone were
performed; one Phase II open-label trial and two Phase
IIT placebo-control randomized controlled trials in
which the primary outcome evaluated was the motor
function of ALS patients (described in Table 2) [88]. In
all clinical trials, the drug was administered intrave-
nously once daily for 14 days, followed by a 14-day
drug-free period as the initial treatment cycle. Subse-
quent treatment cycles included daily dosing of edara-
vone for 10 or 14 days, each followed by a 14-days
drug-free period (second or later cycles) [89]. The ALS
Functioning Rating-Scale-Revised (ALSFRS-R) is a
widely used validated rating tool to monitor the pro-
gression of disability in ALS patients [90]. This 12-
item scale, as a primary endpoint, was used in all the
clinical studies of edaravone [91].
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Table 2. Edaravone clinical trials in ALS patients
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Trial Stu.d y Patient Population Outcomes Institute Refs.
Design
Phase I1 Open-label -N=20 -Significant decline in Department of Yoshino
-Age: >20 ALSFRS-R score Neurology, Kohnodai and
-Patients received either 30 mg | -Reduction of 3NT levels Hospital, National Kimura,
(n=5) or 60 mg (n=15) in CSF Center of Neurology 2006 [92]
-Duration: 6 months Edaravone was safe and and Psychiatry; Japan
well tolerated
Phase I1I Double- -N=206 No statistically 29 Sites in Japan Abe,
(NCTO00330681) blind, -Age: 20-75 significant difference in conducted in Itoyama et
parallel- -Duration of disease within 3 ALSFRS-R score compliance with Good al., 2014
group, years Clinical Practice [93]
placebo- - Japanese ALS severity (GCP)
controlled, classification of 1 or 2
RCT -FVC 270%
-Placebo vs 60 mg edaravone
Duration: 12-week observation
period followed
by 24-week treatment period
Phase I1I Double- -N=134 -Significant decrease in 31 Hospitals in Japan The
(NCTO01492686) blind, -Age: 20-75 ALSFRS-R score conducted in Writing
parallel two- -Japan ALS severity 1 or 2 - Improvement in compliance with Good Group on
arm, -Score of >2 on all 12 items of ALSAQ-40 Clinical Practice behalf of
placebo- the ALSFRS-R -No serious adverse (GCP) the
control, RCT -Disease duration <2 years effects Edaravone
-FVC =80% (MCI-186)
-Placebo vs 60 mg edaravone ALS 19
-Duration: 12-week Study
observation period followed Group,
by 24 weeks of treatment 2017 [94]

The first trial that evaluated the efficacy and safety
of edaravone was a phase-1I open-label study in 20
ALS patients demonstrating positive results [92]. Pa-
tients received either 30 mg (n=5) or 60 mg (n=15)
edaravone intravenously administered once per day for
2 weeks followed by a 2 weeks observation period (6
cycles of treatment over 6 months). The efficacy was
assessed in the 60 mg group in which edaravone treat-
ment within 6 months resulted in a significant decline
in the ALSFRS-R score (2.3 = 3.6 points) compared
with the 6-month period prior to edaravone administra-
tion (4.7 £ 2.1 points); the difference between the two
was 2.4 + 3.5 points (Wilcoxon signed rank test,
p=0.039). Additional effect of the intervention (secon-
dary endpoint) was evaluated which is the level 3-
nitrosine (3NT, marker of oxidative stress) in cerebro-
spinal fluid (CSF) [92]. Levels of CSF 3NT were
markedly reduced to almost undetectable levels in
nearly all patients treated with 60 mg edaravone. In this
study, edaravone showed an optimal safety profile be-
ing well-tolerated with no clinically significant adverse
drug reactions.

Of interest, one Phase-III major confirmatory dou-
ble-blind, parallel-group, placebo-controlled study
(MCI 186-16: NCT00330681) was conducted at 29
sites in Japan, showing insignificant improvement in
functional ability [93]. ALS patients received edara-
vone 60 mg (n=102) or placebo (n=104) intravenous
infusion over 60 mins once per day for the first 14 days
(cycle 1) and for 10 days during cycles 2 to 6. Edara-
vone treated groups reduced the ALSFRS-R score (-
5.70, p=0.85) compared with the placebo group (-6.35,
p=0.84) but did not show a statistically significant dif-
ference between the two groups (p=0.411). This study
failed to demonstrate the efficacy of edaravone to delay
the progression of the disease. However, a hypothesis-
driven post hoc analysis suggested that edaravone was
efficacious in a restricted subgroup, that included pa-
tients with milder symptoms and shorter duration of
illness [95].

The definitive Phase III trial (MCI186-19:
NCTO01492686) was a double-blind, parallel two-arm,
placebo-control study performed in Japan over the
course of 24 weeks and led to the approval of edara-
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vone [94]. Eligibility was restricted to patients aged 20-
75 years, with Japan ALS severity 1 or 2, a score for
each item of ALSFRS-R >2 points, definite or probable
ALS based on El Escorial revised criteria, disease dura-
tion <2 years, and forced vital capacity (FVC) 80% or
more. A total of 134 patients were randomized and al-
located to two groups, edaravone 60 mg (n=68) or pla-
cebo (n=66) intravenous infusion. In the first cycle, the
drug was administered for 14 days followed by 2-
weeks drug-free period; and in cycle 2 and thereafter,
the drug administration was for 10 days within a 14 day
period followed by the 2-weeks drug-free period.
ALSFRS-R score, as a single read out measure, was -
5.01 (SE 0.64) in edaravone group and -7.50 (0.66) in
the placebo group demonstrating that edaravone treat-
ment significantly decreased the score by 2.49 (SE
0.76, 95% CI 0.99-3.98, p=0.0013) exhibiting less de-
cline from the baseline by 33%, showing greater func-
tional ability. It should be noted that in a survey pro-
vided by the Northeast ALS Consortium, a 25% or
higher change in ALSFRS-R score was considered
clinically meaningful [96]. Furthermore, compared
with the baseline, improvements in ALSAQ-40 (ALS
Assessment Questionnaire) were higher in the treated
group than the placebo group. However, there was no
significant difference in FVC, modified Norris scale,
grip strength, pinch strength, or ALS severity classifi-
cation in patients given edaravone compared with pla-
cebo. No serious adverse events were noted in this
study. Furthermore, in order to investigate the longer-
term efficacy of edaravone in ALS, an open-label 24-
week extension study was performed [97]. Following
the double-blind period of the second phase III study,
65 patients who had received edaravone remained on
treatment (edaravone-edaravone) and 58 patients who
received placebo switched to edaravone (placebo-
edaravone). After 48 weeks in total, the mean change
in ALSFRS-R score was -8.0+5.6 in edaravone-
edaravone group and -10.94+6.9 in placebo-edaravone
group. The change observed in the ALSFRS-R score
was almost linearly through Cycles 1-12 in the edara-
vone-edaravone group. Accordingly, based on the re-
sults obtained, a recent post hoc analysis was con-
ducted comparing the effects of edaravone for 48
weeks with that of placebo for 24 weeks followed by
edaravone for 24 weeks, or projected placebo from
baseline through week 48. The analysis performed by
linear regression model and linear mixed model sug-
gested that edaravone is beneficial in ALS patients
even after 6 months in which its efficacy is maintained
for up to 1 year [98].
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In November 2019, Mitsubishi Tanabe Pharma De-
velopment America enrolled the first patient in a Phase
III study (NCT04165824) evaluating whether an oral
suspension formulation of edaravone is also safe and
effective in ALS patients. The completion date of this
study is estimated to be in June 2021; no statistical out-
come has yet been published [88].

Approval of edaravone in the US highlights a new
approach to clinical trials that can be applied in other
neurodegenerative diseases, where there is still a sub-
stantial unmet medical need. In fact, this was the first
drug approved by the FDA based on trials conducted
outside the US and involving a relatively small popula-
tion size [91]. This highlights the potential of this neu-
roprotective drug, which could show promises in the
treatment of other neurologic disorders, such as TBI.

4. DRUG REPURPOSING OF EDARAVONE IN
TBI

Drug repurposing, repositioning, or re-profiling, is a
frequently-used strategy that consists of identifying
new uses for existing, already approved drugs. This
alternative to drug development is gaining in popular-
ity, in part, due to the decline in the efficiency of tradi-
tional research and development (R&D) approaches
[99, 100]. Although modern technologies have allowed
tremendous advances in the scientific field, the number
of new US FDA-approved drugs per billion US dollars
spent on research has halved every 9 years for the past
few decades [99]. While it was initially believed that
the millions of US dollars invested in high-throughput
screening would yield a 20-fold increase in R&D effi-
ciency, the outcomes did not match the expectations
[101]. This decline has been termed “Eroom’s law”, in
contrast to the more recognized “Moore’s law”, the
latter denoting exponential growth [99].

The challenges faced by the conservative R&D ap-
proaches include the tightening of FDA regulations,
inflation and pricing, and competitions with generics
[101, 102]. On average, conventional R&D approaches
require US $2-3 billion investment for 13 to 15 years
before the drug actually makes it to the market [103].
Alternatively, drug repurposing is far less expensive,
and averages at US $300 million with a mean time of
6.5 years to reach the market [100, 103]. In this con-
text, drug repurposing is of particular interest in TBI
drug development, a field researched for years, with
billions of dollars invested, yet without any single drug
approved as a standard of care [104]. In the context of
TBI, several caveats further complicate traditional
R&D approaches. For example, the animal models
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used do not always accurately typify the heterogeneity
and complexity of the human clinical TBI [105]. Drug
repurposing bypasses preclinical studies and over-
comes this hindrance [103]. In addition, neurologic
conditions frequently share aspects of their pathologi-
cal events, and drugs approved for the treatment of one
condition could contribute to the treatment of other en-
tities [106]. Drug repurposing; thus, streamlines the
process of drug development, cuts on time and price,
decreases the risk versus benefit trade-off, and allows
the trial of already approved-safe drugs, directly in
phase II clinical trials [101, 103]. Importantly, this ap-
proach could unmask pathological pathways implicated
in TBI [100], revealing potential targets and contribut-
ing to the scientific knowledge underlying this condi-
tion.

Edaravone acts as a free radical scavenger, a proc-
ess implicated in the pathophysiology of TBI [107]. In
addition, it was shown to rescue oligodendrocyte pre-
cursor cells differentiation post hypoxic stress [108],
reduce inflammation and ischemia-induced microglial
activation [109], and attenuate white matter damage
[110]. The drug is also being investigated for its remye-
lination potential in multiple sclerosis [111]. Thus, the
above-mentioned effects and targets of edaravone make
it attractive for the treatment of TBI. In the next sec-
tion, the outcomes of the most significant studies that
investigated the therapeutic effects of edaravone in TBI
are discussed.

4.1. TBI and Edaravone: Dose, Therapeutic Win-
dow, and Time Frame

TBI is a detrimental neurological condition that oc-
curs subsequent to a mechanical insult to the brain. It is
a public health concern that disables millions of people
worldwide and causes a tremendous economic burden.
Approximately, 75% of TBI patients suffer from mild
injuries, known as concussions, and most of them never
seek medical help implying that most of the injuries
never really get diagnosed [112, 113]. Accordingly, the
real impact and cost of TBI may be much more than
estimated.

The pathogenesis of TBI comprises a primary injury
or immediate physical damage and a secondary injury,
which consists of a long-term cascade of biochemical
events. The latter includes, and is not limited to, oxida-
tive stress, apoptosis and inflammation, all of which
ultimately lead to additional neuronal death and further
deterioration of brain functions [114, 115]. Depending
on the physical mechanism of insult, TBI can be (a)
closed head, (b) open or penetrating, and (c) explosive
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blast TBI. Closed head TBI is usually caused by strong
and compression contact force that disrupts the normal
functioning of the brain beneath the site of impact
causing immediate damage to brain vasculature and
neuronal cells [116]. The open or penetrating head in-
jury occurs when an object penetrates the skull and
breaches the dura mater into brain parenchyma. Com-
pared to closed head TBI, ruptured brain tissues imme-
diately cause cerebral edema, intracranial hemorrhage,
focal damages, and ischemia [117]. Explosive blast
TBI has been considered a unique category of head
injury as a result of the high prevalence of casualties
suffering from war-related TBI in the 20" century
[118]. This type of brain injury results from pressure
shock waves generated from explosive forces that
transmit a significant amount of energy across the bony
skull into the enclosed brain parenchyma [119, 120].
The kinetic energy generated during the blast leads to
brain deformation, which results in a widespread dif-
fuse injury in white and gray matter, associated with
vasospasm, BBB disruption, hyperemia, contusion and
cerebral edema [121]. Furthermore, research has shown
that post-traumatic stress disorder is significantly asso-
ciated with explosive blast TBI, in which there is a
high incidence rate among its survivors [122-125].

Although TBI is considered a significant leading
cause of death and disability worldwide, no FDA-
approved drug made it to the market yet. In fact, more
than 30 clinical trials of TBI drugs have failed over the
past three decades [116, 126, 127]. Promising and
novel therapeutic approaches have shown beneficial
effects in preclinical studies and phase I/II trials; how-
ever, most of these trials turned out to be unsuccessful
in phase III clinical trials. Since no treatment has been
effective in ameliorating the outcomes of injury; thera-
peutics currently focus on alleviating the impact of
secondary injury and managing its biochemical con-
tributors. For mild TBI, patients may not require any-
thing other than rest and over-the-counter pain reliev-
ers. However, preventing future concussion is consid-
ered critical [128]. For moderate-to-severe injuries,
patients would require an immediate treatment that fo-
cuses on preventing death, such as stabilizing the per-
son’s vital organ functions, ensuring proper breathing,
and preventing further brain damage. Depending on the
injury and the overall situation, a surgery may be
needed [128]. Additional measures,such as nutritional
supplements and rehabilitation may be considered.

Based on the growing evidence of the role of neu-
roinflammation and oxidative stress in TBI, anti-
oxidants are being considered as potential therapeutics
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[129-132]. Oxidative damage plays a crucial role in
secondary brain neuronal dysfunction and death [133]
in which uncontrolled ROS form an endless pool of
free radicals, exceeding the cell intrinsic sequestration
ability and further contributing to the secondary injury.
The highly reactive free radicals interact with other
molecules such as DNA, proteins, and lipids via pairing
with the single electrons causing their oxidation. In
particular, lipid peroxidation (LP) affects neural cell
membranes, and causes neural cell death. This mecha-
nism has been shown to significantly contribute to mul-
tiple aspects of TBI pathophysiology [134]. Conse-
quently, using exogenous antioxidants improves the
cellular defense mechanism and exerts neuroprotective
effects [132, 135]. In the last 10 years, edaravone with
its multiple advantageous biological properties has
been considered a promising candidate for the man-
agement of TBI. Since the exact mechanism of action
of edaravone remains unknown, animal experiments,
though scarce, have been implemented to elucidate its
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role and effect in TBI. In fact, the potential neuropro-
tective effects of edaravone are believed to be due to its
anti-oxidative property (shown in Fig. 2).

In most of the rodent studies, edaravone was given
intravenously at the dosage of 1.5mg/kg or 3mg/kg
[136, 137]. In addition, the effects of edaravone were
only studied at acute and subacute time points (1, 3, or
7 days) [138, 139]. Regarding the time window, a study
found that Edaravone can exert a therapeutic effect
when administered up to 6 hours after injury [136]. On
the other hand, in one study on closed head injury, eda-
ravone only exerted a significant effect when it was
administered 1 hour after injury, and the effect was
dose-dependent [140].

4.2. Effects of Edaravone in TBI
4.2.1. Providing Neuroprotection

Using the controlled cortical impact and weight
drop models, several studies on rodents showed that

Edaravone

—
o

Fig. (2). Anti-Oxidative and Anti-Inflammatory Actions of Edaravone: The exact mechanism of action of edaravone is not
fully investigated, but it is suggested that it exerts its neuroprotective effects through its anti-oxidative characteristics. Upon a
TBI insult, edaravone would upregulate (left) Nrf2 expression along with its downstream regulators (HO-1 and NQO-1), pro-
moting the expression of antioxidants. Moreover, it would inhibit (right) the production of pro-inflammatory cytokines and
free radicals. Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase 1; NOO-1: Quinone oxidoreductase 1,
SOD: Superoxide dismutase; GPx: Glutathione peroxidase; ROS: Reactive oxygen species; H,0,: Hydrogen peroxide; NO:
Nitric oxide; iNOS: Inducible nitric oxide synthase; TNFa: Tumor necrosis factor a. (4 higher resolution / colour version of

this figure is available in the electronic copy of the article).
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edaravone could significantly reduce the injury or le-
sion volume, as evident by H&E, Fluorojade B and
Toluidine blue staining [136, 137, 141]. Edaravone
treated animals also demonstrated a significant increase
in the number of Nissl-positive neurons in the injured
area and hippocampus [137, 141]. Moreover, the apop-
totic index (using the terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling; TUNEL) assay was
significantly decreased in the edaravone group at 24
hours post injury [141]. Similarly, single-stranded
DNA (ssDNA) and 8-hydroxy-20-deoxyguanosine (8-
OHdG), two DNA damage and apoptosis markers,
were shown to be significantly attenuated in the dam-
aged brain area at acute and sub-acute time points (1,3
and 7 days) after TBI [138, 139]. Using electron mi-
croscopy, slightly irregular nuclear membranes and
lack of perinuclear edema in neurons coupled with ab-
sence of degeneration in small-sized myelinated axons
and non-myelinated axons were observed in the edara-
vone-treated group compared to extensive irregularity,
margination and clumping of neurons in the TBI group.
Edaravone was also capable of attenuating caspase-3
activity at the impact area, as evidenced by Western
blotting and immune-fluorescence data [137].

4.2.2. Fighting Oxidative Stress

An important role has been attributed to edaravone
in fighting oxidative stress in TBI. The total level of
nitrotyrosine, a biomarker of peroxynitrite oxidant pro-
duction, was significantly decreased after edaravone
administration. Also, edaravone potentially suppressed
the ROS production cycle, as evident by the minimal
generation of O, following Hydroethidium (HEt) su-
peroxide indicator injection. The expression of Nuclear
factor erythroid 2-related factor 2 (Nrf2), an anti-
oxidant enzyme, and its downstream genes [(Heme
oxygenase 1 (HO-1) and quinone oxidoreductase 1
(NQO-1)] were elevated by edaravone [136]. Similarly,
intraperitoneal injection of edaravone in mice follow-
ing TBI reduced hydrogen peroxide levels (H,0O,), in
addition to enhancing glutathione peroxidase (GPx),
superoxide dismutase (SOD), NQO-1 and HO-1
levels[141]. The study confirms for the first time that
edaravone is potentially effective in exerting neuropro-
tection by promoting Nrf2 expression, besides inhibit-
ing NF-kB-mediated inflammation, thereby improving
neurological function, attenuating neuronal apoptosis
and inhibiting oxidative stress. Moreover, in a mouse
model of concussion, nitrotyrosine levels were de-
creased in the cortex and hippocampus when edaravone
was administered [140]. In another study, edaravone
treatment notably attenuated oxidative stress as evident
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by the decrease in Malondialdehyde [(MDA), a reac-
tive aldehyde formed from lipid peroxidation caused by
ROS] and nitric oxide (NO) levels. The anti-oxidant
capacity of edaravone was also demonstrated by the
increase in the activity of SOD and the reduction in the
activity of inducible nitric oxide synthase [(iNOS), an
enzyme mainly expressed in macrophages to produce
NO and vasodilation] [137]. Moreover, at acute (day 1
and 3) and sub-acute (day 7) time points following
TBI, in the edaravone treated group, 4-hydroxy-2-
nonenal (4-HNE, another lipid peroxidation marker)
immunopositive cells were scarcely present around the
damaged brain area [138, 139]. Similarly, in a mouse
model of concussion, 4-HNE levels were significantly
suppressed in the cortex and hippocampus 1-day post-
injury, when edaravone was administered immediately
after concussion [140].

4.2.3. Suppressing the Immune Response

Several studies investigated the potential effects of
edaravone on the inflammatory response, including the
release of cytokines. Edaravone administration signifi-
cantly reduced the production of tumor necrosis factor
o (TNFa) and interleukins 6 and 1-b (IL-6, IL-1b), as
well as the levels of their mRNASs in brain tissues; this
was paralleled by a concurrent increase in the levels of
the anti-inflammatory cytokine IL-10. In addition, nu-
clear NF-kB expression levels were reduced compared
with untreated controls. There was also a negative cor-
relation between the inflammatory cytokines and the
anti-oxidant enzyme SOD, and a positive correlation
with MDA, suggesting a link between edaravone’s ef-
fect on oxidative stress and neuro-inflammation [137,
141]. Edaravone is also capable of suppressing astro-
gliosis, vimentin and S-100 positive cells, and cells
expressing microglia activation markers (OX42) in
brain tissue surrounding the cortical contusion [137].

4.2.4. Increasing Stem Cell Number

A significant increase in nestin-positive cells (neural
precursor marker) was noted around the damaged area
in the edaravone treated group at 3 and 7 days after
TBI. Similarly, the number of isolated and cultured
spheres in the edaravone treated group was signifi-
cantly increased compared to the saline vehicle group
[138]. In addition, there was a significant increase in
the number of Hu-positive cells (neuronal cell marker)
at 7 days following TBI in the edaravone treated group
[139].

4.2.5. Modifying Behavior

The role of edaravone in modulating the behavioral
response in rodents has also been taken into account.
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The neurological severity score (NSS) of mice in the
TBI group was significantly higher compared to the
edaravone treated group [141]. In addition, the per-
formance of injured rats in beam-balancing and pre-
hensile traction test was enhanced following edaravone
treatment. This was correlated with increased numbers
of hippocampal CA3 neurons [137]. In a mouse model
of brain concussion, depressive-like behavior was pre-
vented by edaravone, as evident by the decrease in im-
mobility time in the forced swim test (FST), and the
latter was negatively correlated with the increase in the
dose administered [140].

4.2.6. Use of Edaravone in Clinical Studies

Unlike the numerous clinical trials of edaravone
performed in ALS [92-94] and stroke patients [2, 10,
15], its overall safety and efficacy in patients with TBI
are still uncertain. In fact, studies on edaravone in the
clinical setting are still uncommon, especially with the
technical difficulties that are accompanied with the
measurement of biomarkers. The first study to provide
pharmacologic evidence on the edaravone efficacy was
performed in 2006 on 17 patients with neurotrauma.
The study designed a technique to detect alkoxyl radi-
cals (OR ) based on electron spin resonance (ESR), a
spin-trapping analysis, that can detect the formation of
OR adducts from mixing methemoglobin (MetHb)
with fertbutyl hydroperoxide (--BuOOH). High levels
of OR were observed in the blood samples of all pa-
tients and were significantly reduced at 20 minutes af-
ter the intravenous administration of 30 mg edaravone.
On the other hand, OR  levels in the 4 patients who did
not receive edaravone remained unchanged [142].

CONCLUSION

As discussed, edaravone is a prominent neurothera-
peutic drug with the potential to target the secondary
injury of TBI. As proposed, edaravone could poten-
tially reduce brain edema, BBB permeability, neuronal
apoptosis, and, most importantly, neuroinflammation
and oxidative stress. Taken together, these findings
provide evidence that edaravone might prove to be
clinically optimal to ameliorate TBI outcomes. Edara-
vone treatment, in fact, alleviated cerebral dysfunction
following TBI, suggesting its potential as an effective
clinical therapy.

Several adverse side effects have been associated
with edaravone administration, including rhabdomy-
olysis, fulminant hepatitis, thrombocytopenia, renal
toxicity and acute lung injury [10, 46, 143]. However,
these available clinical data do not reflect population
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diversity since most studies were performed in Japan
during the last two decades. More diverse representa-
tion in clinical trials is fundamental to determine the
perfect timing for edaravone administration, appropri-
ate dosage and duration of treatment, possible combi-
nation treatments, and possibly to elucidate the mecha-
nisms of action.

LIST OF ABBREVIATIONS

TBI = Traumatic brain injury

ROS = Reactive oxygen species

ALS = Amyotrophic lateral sclerosis

tPA = Tissue plasminogen activator

SOD = Superoxide dismutase
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Nrf2 = Nuclear factor erythroid 2-related factor 2
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