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Edaravone (Radicut), a free radical scavenger, is a potentially
useful addition to thrombolytic therapy in
patients with acute ischemic stroke (Review)
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Abstract. Acute ischemic stroke (AIS) is a major cause of
morbidity and mortality in the aging population worldwide.
Alteplase, a recombinant tissue plasminogen activator, is
the only Food and Drug Administration-approved thrombo-
lytic agent for the treatment of AIS. Only 2-5% of patients
with stroke receive thrombolytic treatment, mainly due to
delay in reaching the hospital. Edaravone is a free radical
scavenger marketed in Japan to treat patients with AIS, who
present within 24 h of the onset of symptoms. When used in
combination with alteplase, edaravone may have three useful
effects: enhancement of early recanalization, inhibition of
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alteplase-induced hemorrhagic transformation and exten-
sion of the therapeutic time window for alteplase. This is the
first review of the literature evaluating the clinical efficacy
of edaravone, aiming to clarify whether edaravone should
be further evaluated for clinical use worldwide. This review
covers both clinical and experimental studies conducted
between 1994 and 2012. Edaravone is a potentially useful
neurovascular protective agent, used in combination with
thrombolytic agents to treat >15 million patients devastated
by stroke worldwide annually. Additional clinical studies are
necessary to verify the efficacy of edaravone when used in
combination with a thrombolytic agent.
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1. Introduction

Stroke, a major health problem, is the second most
common cause of mortality worldwide (1). According to
the World Health Organization, 15 million people experi-
ence stroke each year. Of these, 5 million succumb to the
disease and another 5 million are permanently disabled
(www.strokecenter.org/patients/stats.htm). Ischemic stroke is
a major cause of adult mortality and disability, resulting in
>6 million deaths annually (1).

Intravenous administration of the recombinant tissue
plasminogen activator alteplase has been proven to improve
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the neurological outcome following an acute ischemic
stroke (AIS). The only approved treatment for patients with
AIS is the recanalization of the occluded cerebral arteries
by thrombolysis using alteplase, within the first few hours
subsequent to the onset of neurological symptoms (2-4).
Although thrombolytic treatment with alteplase is beneficial,
it must be delivered within a narrow 3-h therapeutic time
window (TTW), or brain damage may be caused. Alteplase
is neurotoxic, and its use carries a risk of hemorrhagic trans-
formation or exacerbation of brain edema (5,6). In practice,
the narrow TTW is a major limiting factor in thrombolytic
treatment using alteplase. At present, <15-40% of patients
with AIS arrive at the hospital early enough to receive this
thrombolytic treatment (7-9), and only 2-5% of patients actu-
ally receive it (10,11).

The internationally recommended dose of alteplase is
0.9 mg/kg. However, only 0.6 mg/kg is currently used in Japan
[http://www.jsts.gr.jp/guideline/048_051.pdf (in Japanese)],
possibly causing reduced efficacy. Two large post-marketing
surveys have been conducted: the safe implementation of
thrombolysis in the stroke-monitoring study (SITS-MOST)
and the Japan post-marketing alteplase registration study
(J-MARS). In the SITS-MOST, the 0.9 mg/kg dose was evalu-
ated in 6,483 European patients with AIS (12), while in the
J-MARS the 0.6 mg/kg dose was evaluated in 7,492 Japanese
patients with AIS (13). The rate of patients with complete
recovery at 3 months was the same in the two studies (39%). In
J-MARS, the free radical scavenger edaravone was adminis-
tered to 74.6% of the 7,492 patients (14). The combination with
edaravone is therefore likely to have increased the effective-
ness of the 0.6 mg/kg alteplase dose in Japanese patients with
AIS in J-MRAS. In a recent study, Kimura et al (14) reported
that edaravone enhanced recanalization in patients with AIS,
who received thrombolytic treatment using alteplase.

This review aimed to present the currently available
research findings regarding the use of edaravone, primarily in
Japan, and to discuss potential further clinical studies aimed
at assessing the usefulness of treatment with edaravone in
combination with thrombolytic agents in patients with AIS
worldwide.

2. Neuroprotective agents

Findings of a previous study estimated that more than 1,000
neuroprotective agents have been tested in animal models of
ischemic stroke. However, none of the 114 neuroprotective
agents that entered clinical trials were shown to be useful
(15). Several free radical scavengers have been assessed for
their efficacy in the treatment of AIS, yet few of these have
shown success in trials conducted in Western countries.
Several compounds have failed to prove clinical usefulness in
the treatment of AIS (15,16). Results of a large randomized
trial, the stroke-acute ischemic NXY treatment I (SAINT I)
trial (17), showed that NXY-059, a water-soluble free radical
scavenger, reduced alteplase-induced cerebral hemorrhagic
transformation. However, this scavenger is not approved for
use in patients with AIS since no significant improvement was
detected in the neurological outcomes in the SAINT II trial
(18). By contrast, clinical trials of edaravone conducted in
Japan showed better outcomes (16).

3. Edaravone

Edaravone (Radicut®) is a free radical scavenger marketed
as a neurovascular protective agent in Japan by Mitsubishi
Tanabe Pharma Corporation (Osaka, Japan) for the treatment
of patients with AIS, who present within 24 h of the onset
of symptoms (19). Edaravone was approved for the treatment
of AIS in Japan in 2001, however, it remains under clinical
investigation in various other countries (20). Edaravone
is not currently approved for use in Western countries.
However, edaravone is recommended by the American Heart
Association in the guidelines for the early management of
adults with AIS (21). Edaravone exerts antioxidant effects
by inhibiting hydroxyl radical-dependent and -independent
lipid peroxidation (22,23). This antioxidant activity, the
main suggested action mechanism, may protect against free
radical-related injuries following AIS (24). Edaravone is
a low-molecular-weight agent with water- and lipid-soluble
properties, which readily crosses the blood-brain barrier,
unlike other free radical scavengers (25,26). These properties
of edaravone may explain its neurovascular protective effects
in patients with AIS, although other free radical scavengers
have not shown such effects. Several lines of evidence have
shown that edaravone has pleiotropic neurovascular protec-
tive effects subsequent to brain injury due to AIS (27-29).
AIS is associated with the release of the high-mobility group
box 1 (HMGBI), which causes apoptotic neuronal cell death
(27). In a rat ischemic stroke model, edaravone was found
to improve outcomes by attenuating the release of HMGBI
from the nuclei of neuronal cells (27). Kikuchi et al (28)
hypothesized that edaravone may also reduce aquaporin-4
levels following an ischemic event, thereby reducing edema.
Taken together, these findings indicate that edaravone may
be useful for the treatment of patients with AIS, due to its
being involved in inhibiting the deleterious molecular events
associated with brain injury. Beyond AIS, edaravone has also
been reported to have diverse protective effects against the
ischemic injury of various other organs in several animal
disease models (30-34).

The Japanese guidelines for the management of stroke
2009 suggest edaravone for the treatment of AIS as a grade B
recommendation [http://www.jsts.gr.jp/guideline/057_059.
pdf (in Japanese)]. Therefore, edaravone is now being widely
used to treat AIS in Japan (14). Clinical trial data showed
that administration of edaravone within 72 h of the onset of
AIS significantly improves the neurological outcome over a
3-month follow-up period (35). In Japan, edaravone has been
administered within 24 h of the onset of AIS in patients with
multiple stroke subtypes, such as lacunae, large-artery athero-
sclerosis and cardioembolic stroke (36-38).

For patients with non-cardioembolic AIS, the Japanese
guidelines for the management of stroke 2009 suggested the use
of the antiplatelet agent sodium ozagrel (ozagrel), as a grade B
recommendation [http://www.jsts.gr.jp/guideline/055_056.pdf
(in Japanese)]. Ozagrel and edaravone are used in combination
in the treatment of several patients with non-cardioembolic
AIS in Japan. In their study, Shinohara et al (37) directly
compared the effects of these two medications in 401 patients
with AIS in the edaravone vs. sodium ozagrel in acute non-
cardioembolic ischemic stroke (EDO trial). The ‘no symptoms’
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and ‘no significant disability’ patient rate in the edavarone and
ozagrel groups at 3 months was 57.1 and 50.3%, respectively.
Thus, edaravone was at least as effective as ozagrel for the
treatment of non-cardioembolic AIS.

The results of two clinical trials suggested a correlation
between the duration of edaravone therapy and its efficacy.
The duration of edaravone therapy affected the functional
outcome and muscle atrophy in patients with AIS. While
Naritomi et al (36) suggested that edaravone be administered
for a longer time period to improve functional outcome,
Unno et al (38) suggested the same to decrease muscle atrophy
due to disuse.

4. Alteplase

The findings of recent studies suggested that the TTW for
intravenous alteplase to treat AIS may be extended from 3
to 4.5 h. The safe implementation of thrombolysis in stroke
international stroke thrombolysis registry (SITS-ISTR)
(39) and the European Cooperative Acute Stroke Study III
(ECASS TIII) (40) showed that thrombolysis is beneficial
if administered within the first 4.5 h after the onset of the
symptoms. A recent meta-analysis of 12 randomized trials
found that the administration of intravenous alteplase within
6 h after the onset of AIS improved functional outcome (41).
The extending of the time for thrombolysis in emergency
neurological deficit (EXTEND) clinical trial is ongoing. This
trial aims to analyze 400 patients who received intravenous
alteplase within 9 h after the onset of stroke symptoms
(http://clinicaltrials.gov/ct2/show/NCT00887328). The TTW
for intravenous alteplase may therefore be extended to 4.5 h or
even longer in the future. However, further extension beyond
this time period is unlikely, due to an increased risk of serious
side effects. Delayed thrombolysis may be associated with an
increased risk of hemorrhagic transformation, brain edema
and additional side effects (42). Any treatment that reduces the
risk of alteplase-associated neurovascular injury may therefore
extend the TTW for a safe and effective reperfusion therapy,
while ultimately increasing the overall efficacy of thrombolytic
therapy using alteplase. The use of a neurovascular protective
drug in combination with alteplase may increase in the future.

5. Combination therapy using alteplase and edaravone

Kimura et al (14) have recently reported that administration
of edaravone during alteplase infusion is likely to enhance
recanalization in patients with AIS. Of the 40 patients enrolled
in their study, 23 were assigned to the edaravone group
(intravenous alteplase infusion with simultaneous intravenous
edaravone) and 17 to the non-edaravone group (intravenous
alteplase infusion followed by intravenous edaravone). Early
recanalization occurred more frequently in the edaravone
group (56.5%) compared to the non-edaravone group (11.8%).
The rate of patients with ‘remarkable’ or ‘good’ recovery was
significantly higher in the edaravone (80.1%) compared to the
non-edaravone group (45.5%). Kimura et al (14) hypothesized
that the administration of edaravone during alteplase infusion
inhibited endothelial cell injury in the occluded artery, and
maintained the release of the tissue plasminogen activator
from endothelial cells, thereby enhancing early recanalization.
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In the ischemic brain, reperfusion using alteplase occa-
sionally causes catastrophic hemorrhagic transformation (43).
Certain research groups have reported that the administra-
tion of edaravone increased the survival rate, and inhibited
alteplase-induced hemorrhagic transformation, blood-brain
barrier damage and oxidative stress in the ischemic brains
of rats, and hypothesized that edaravone may reduce the
activity of matrix metalloproteinase-9 (MMP-9) (43-46). In
their study, Kano et al (47) reported that edaravone attenuated
the extravasation of alteplase through the cerebral vessels in
a rat model of AIS. Combination treatment with edaravone is
therefore expected to extend the TTW for the use of alteplase
(46). Furthermore, Isahaya ef al (48) reported that edaravone
treatment was associated with lower MMP-9 serum levels in
patients with AIS.

In a rat model of acute intracerebral hemorrhage, the
administration of edaravone attenuated neurological deficits,
brain edema, oxidative injury and iron- and thrombin-induced
neuronal injury (49). Edaravone, therefore, inhibited hemor-
rhagic transformation, while attenuating brain injury
subsequent to hemorrhage.

The rate of patients with symptomatic intracerebral
hemorrhage subsequent to alteplase infusion was negatively
correlated with the rate of combined treatment with edaravone
in several clinical trials. The rate of combined treatment
with edaravone was 0% (0/6,483 patients) in SITS-MOST
(12,50,51), 0% (0/103 patients) in the Japan alteplase clinical
trial J-ACT) (50,52), 74.2% (5,557/7492 patients) in J-MARS
(13,50) and 91.4% (53/58 patients) in the J-ACT II trial (50,53).
The rate of symptomatic intracerebral hemorrhage was 8.5%
in SITS-MOST (12,51), 5.8% in J-ACT (52), 3.5% in J-MARS
(13) and 0% in J-ACT II (53). These results indicate that
edaravone treatment may inhibit hemorrhagic transformation
in patients with AIS who receive thrombolytic treatment using
alteplase.

Edaravone has beneficial effects when used in combination
with alteplase. Furthermore, the timing of edaravone adminis-
tration (prior to, during or subsequent to alteplase infusion) is
extremely important. In Japan, two ongoing clinical trials are
likely to reveal the most effective timing for edaravone admin-
istration by investigating 10,000 patients with AIS, undergoing
thrombolytic treatment using alteplase: the postmarketing
registry on treatment with edaravone in acute cerebral
infarction by the time window of 4.5 h (PROTECT4.5) trial
[http://medical.mt-pharma.co.jp/di/radicut/rct-protect.pdf
(in Japanese)] and the tissue type plasminogen activator and
edaravone combination therapy (YAMATO) study [http://
www.kawasaki-m.ac.jp/yamato/ (in Japanese)].

6. Newer thrombolytic agents

In a significant number of patients, intravenous thrombolysis
using the second generation thrombolytic agent alteplase
is ineffective. Patients with proximal occlusion or a large
thrombus have lower rates of recanalization (54). Alteplase has
several shortcomings: it increases the risk of hemorrhage, it is
suppressed by the plasminogen-activator inhibitor and it has
neurotoxic side effects (54). Newer thrombolytic agents, such
as tenecteplase, reteplase and desmoteplase, offer pharmaco-
kinetic and hemodynamic advantages over alteplase and have
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been, or are currently being, tested for safety and efficacy in
clinical trials (54,55).
Tenecteplase, a third generation thrombolytic agent, is
a genetically-engineered mutant tissue plasminogen acti-
vator, with pharmacokinetic advantages over alteplase (56).
Tenecteplase offers high fibrin selectivity, a long half-life, as
well as an increased thrombolytic potency on platelet-rich
clots (57). It conserves fibrinogen at therapeutic doses and
is not inhibited by the plasminogen-activator inhibitor (57).
Parsons et al (58) recently reported a phase IIB trial, which
found that tenecteplase was associated with a markedly better
reperfusion and clinical outcomes, without a significant differ-
ence in cerebral hemorrhage when compared to alteplase, in
75 patients treated within 6 h after the onset of AIS.
Reteplase, a third generation thrombolytic agent, is a
recombinant non-glycosylated form of alteplase, with a
longer half-life and better thrombus penetration compared
to alteplase (57). However, reteplase seems to cause a greater
adenosine diphosphate- and thrombin-induced platelet
aggregation and a greater glycoprotein IIb/IIla expression
compared to alteplase, which is theoretically a disadvantage
(54). Recently, Misra et al (59) reported that high intra-arterial
doses of reteplase proved to be safe when administered with
or without mechanical thrombolysis in 197 patients with AIS,
also undergoing a full-dose intravenous alteplase treatment.
Desmoteplase (Desmodus rotundus salivary plasminogen
activator) is a fourth generation thrombolytic agent with
several theoretical advantages. It demonstrates minimal
neurotoxicity, a high selectivity and specificity for fibrin and
a long half-life, allowing for it to be administered as a single
bolus (60,61). Two phase II trials demonstrated its safety and
efficacy: desmoteplase in acute ischemic stroke (DIAS) (62)
and desmoteplase for acute ischemic stroke (DEDAS) (63).
However, the DIAS-2 phase III trial did not replicate the
positive efficacy findings of the phase II trial (64). Additional
randomized phase III clinical trials (DIAS-3 and DIAS-4)
are currently being conducted, with a planned sample size of
320 patients with vessel occlusion or high-grade stenosis of the
proximal cerebral arteries on MRI or CT-angiography (65).
At present, the evidence for clinically effective throm-
bolysis in the treatment of AIS is the strongest for tenecteplase,
although more effective agents are currently being investi-
gated. As edaravone may have beneficial effects when used
in combination with newer thrombolytic agents, it should be
further investigated in future clinical trials. Currently, the
combination of edaravone and alteplase is likely to be the
optimal treatment for patients with AIS, although the combi-
nation of edaravone with one of the newer thrombolytic agents
may be even more effective.

7. Conclusion

To increase the number of patients with AIS, able to benefit
from the alteplase treatment in the future, the inhibition of
hemorrhagic transformation and the extension of the TTW
are extremely important. At present, the only neurovas-
cular protective agent to achieve these effects is edaravone.
Furthermore, edaravone enhances the effectiveness of recana-
lization by alteplase. However, the currently available global
clinical evidence for the efficacy of edaravone is inadequate.

A large-scale multi-arm clinical trial to evaluate combina-
tion therapy in Western countries should be conducted if the
findings of the previous study showing the efficacy of edara-
vone can be reproduced. The potential clinical usefulness of
edaravone in a neurovascular protective treatment should be
examined in combination with thrombolytic treatment using
various agents, such as alteplase, tenecteplase, reteplase and
desmoteplase. Edaravone needs to be further studied in a
well-controlled clinical trial using a standard dose, treatment
duration and time to unequivocally ascertain its efficacy. In
a clinical trial of the combination therapy using edaravone
and various thrombolytic agents, the initial goal should be to
provide evidence of the inhibition of hemorrhagic transforma-
tion, the extension of the TTW for the thrombolytic agent and
enhanced recanalization.
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