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The pyrazoline derivative edaravone is a potent hydroxyl radical scavenger that has been approved for atten-
uation of brain damage caused by ischemia-reperfusion. In the present work, we first determined the rate con-
stant, k,, at which edaravone scavenges radicals generated by a Fenton reaction in aqueous solution in the pres-
ence of the spin trap agent, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), which competed with edaravone. We de-
tected the edaravone radicals in the process of hydroxyl radical scavenging and found that edaravone reacts with
hydroxyl radical around the diffusion limit (k,=3.0x10'°m~'s™"). The EPR (electron paramagnetic resonance)
spectrum of the edaravone radical was observed by oxidation with a horseradish peroxidase—hydrogen peroxide
system using the fast-flow method. This radical species is unstable and changed to another radical species with
time. In addition, it was found that edaravone consumed molecular oxygen when it was oxidized by horseradish
peroxidase (HRP)-H,0, system, and that edaravone was capable of providing two electrons to the electrophiles.

The possible mechanisms for oxidation of edaravone were investigated from these findings.
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Reactive oxygen species are involved in many varied
pathological conditions such as ischemic-reperfusion in-
jury,'? cellular aging,” and progression of arteriosclerosis.”
Lipid peroxidation caused by reactive oxygen species plays
an important role in the development of edema and tissue in-
jury in ischemia-reperfusion damage in the brain.>® To atten-
uate oxidative damage, antioxidants that depend on the fol-
lowing modes of action: i) direct scavenging of free radicals,
ii) prevention of formation of free radicals, or iii) prevention
of lipid peroxidation, followed by interaction by free radicals
and unsaturated fatty acids, have been synthesized and used
both in vivo and in vitro.

Recently, a new pyrazolin compound, 3-methyl-1-phenyl-
2-pyrazolin-5-one (edaravone, Fig. 1) was shown to produce
marked attenuation of ischemic and postischemic brain
edema induced by the occlusion of the middle cerebral artery
of rats.”)

Preischemic treatment with edaravone prevented brain
edema and changes in the concentrations of sodium and
potassium ions induced by hemispheric embolization in the
rat brain.¥ In addition, postischemic treatment of edaravone
decreased cortical infarction in focal embolization of rats.” It
was reported that the pharmacological actions of edaravone
are due to its antioxidant activity. Edaravone can interact
with both peroxyl and hydroxyl radicals (*OH), followed by
the formation of a stable oxidation product (OPB: 2-oxo0-3-
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Fig. 1. Chemical Structures of Edaravone and 2-Oxo-3-(phenylhydra-
zono)-butanoic Acid (OPB)
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(phenylhydrazono)-butanoic acid) through a radical interme-
diate'™'V (Fig. 1).

It was reported that the edaravone inhibited the oxidation
of phosphatidylcholine liposomes as efficiently as 1/25 of
concentration of vitamin E.'” On the other hand, the rate
constant for hydroxyl radical and presence of free radical in-
termediates of edaravone during the course of oxidation have
not yet been reported. Therefore, here we used the fast-flow
EPR technique to detect the free radical intermediate of edar-
avone and the electron paramagnetic resonance (EPR)-spin
trapping technique to determine the rate constant for the re-
action of edaravone with hydroxyl radicals.

Experimental

Materials 3-Methyl-1-phenyl-2-pyrazolin-5-one (edaravone) was kindly
donated by Mitsubishi Pharma Co. (Osaka, Japan). Horseradish peroxidase
(HRP) was purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).
Hydrogen peroxide (H,0,), and iron(II) sulfate heptahydrate, 2,2-diphenyl-
1-picrylhydrazyl (DPPH), and cysteine were from Wako Pure Chemical In-
dustries Ltd. (Osaka, Japan). 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
was purchased from Labotec (Tokyo, Japan). Stock solution of edaravone
was prepared before experiments using 0.1 M phosphate buffer (pH 7.4).
Iron(II) was dissolved with 10 mm HCI to make a stock solution before ex-
periments. Other reagents were of the highest quality available from Wako
Pure Chemical Industries Ltd.

Methods. Determination of the Rate Constant for the Reaction of
Edaravone with ‘OH The rate constant for the reaction of edaravone with
"OH was determined by the method of Matuszak with slight modifica-
tions.'? Briefly, 5 ul DMPO (final conc. 1 mm), 5 ul of H,0, (final conc.
0.12mm), and various concentrations of edaravone (0—0.3 mm) were dis-
solved in air-saturated 0.1 M phosphate buffer (pH 7.0). The reaction was ini-
tiated by the addition of 5 ul of iron(Il) (final conc. 0.1 mm) to the reaction
mixture. The final volume of every sample was adjusted to 500 ul. The sam-
ple solution was transferred to a flat quartz EPR cell (Labotec Co., Ltd.,
Tokyo, Japan), which was, in turn, placed in the cavity of the EPR spectrom-
eter (JES-TE 300, JEOL Co., Ltd., Tokyo, Japan) equipped with a cavity
(ES-UCX2, JEOL) at X-band (9.5 GHz). The position of EPR cell in the
cavity was fixed for reproducibility. EPR measurements were started 40s
after the addition of iron(II).

When iron(II) is mixed with H,0,, ‘OH occurs by the Fenton reaction (Eq.

1).
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Fe?*+H,0, - Fe**+ OH+OH"~ )
d['OH
R; =g=kf[Fe”][Hzoz] 2
dt
DMPO can trap "OH at a rate of k,=4.3X10°m"'s™'9 (Eq. 2).
k
*OH+DMPO —>DMPO/ OH 3)
d[DMPO/ OH] )
R,= — - k,[ OH][DMPO] )

If edaravone is oxidized by "OH, a radical intermediate can be produced'"
(Eq. 5).

K
"OH+edaravone Hrproduct (edaravone radical) 5)
d[product] .
R, = R — = k,["OH][edaravone] (6)
Where k;, k,, and , represent the rate constants for the reaction of Fe?* with

H,0,, "OH with DMPO, and "OH with edaravone, respectively. In our exper-
imental conditions, the concentration of DMPO should exceed that of "OH.
Therefore, at steady state approximation for ["OH], R, can be expressed by
the sum of R, and R,.

R=R,+R, )]

where R, R,, and R, indicate the formation rate of "OH, DMPO/"OH, and
edaravone radical, respectively.
From Egs. (2), (4), (6), and (7), the following equation was obtained.

I k.[edaravone]

R, R, k,[DMPOIR, ®)
where &, and [DMPO] are constant, and a plot of 1/R, versus [edaravone]
gives a straight line with 1/R; as an intercept and k./(k,[DMPO]R;) as the
slope.

In these circumstances, the rate constant for the reaction of "“OH with
edaravone (k,) can be expressed by the following equation.

b= k,[DMPO]slope

interception ©)
Free Radical Analysis Using Fast-Flow EPR We adopted the HRP-H,0,
system for one-electron oxidation of edaravone. Due to the short lifespan of
edaravone radicals, we used a fast-flow method with slight modification'® to
detect them. Two reservoirs were used to supply the solutions to the flat cell.
One reservoir held 5 mm of edaravone and 60 pg/ml of HRP in 0.1 M phos-
phate buffer (pH 7.4), and the other held 2 mm of H,O,. Two 50 ml injection
syringes (Terumo Co. LTD., Tokyo Japan) were each filled with one of the
freshly prepared solutions and connected to the syringe pump (STC-525,
Terumo Co., Ltd., Tokyo, Japan) to force these solutions into the flat cell.
Polyethylene tubing was used to connect the syringes and the flat cell. At the
rates of 135ml/h for edaravone and 15ml/h for H,0,, both solutions were
introduced into the cell separately, then mixed inside the cell to detect unsta-
ble EPR species.

Specific EPR spectrometer settings are given in the figure captions. Hy-
perfine coupling constants and spectral simulations of EPR spectra were per-
formed using a computer program, Winsim.'>

Oxygen-Electrode Studies Changes with oxygen concentration were
monitored with a Clark-type oxygen electrode fitted to a 1.8 ml sample cell.
The cell was filled with phosphate buffer (0.1 M, pH 7.4); then, after 2 min
baseline measurement, 90 ul deoxygenated edaravone stock solution
(20 mm) was added. To initiate the one-electron oxidation by the HRP-H,0O,
system, 18 ul HRP stock solution (1.2 mg/ml) and 18 ul H,0, stock solution
(120 mm) were introduced into the chamber 3 min and 6 min after edaravone.

DPPH Study The antioxidant efficiency of edaravone was assayed using
the DPPH radical dismutation technique with slight modification.!® Briefly,
100 ul of DPPH ethanol solution (0.4mm) was diluted with 200 ul of
ethanol, then mixed with 200 ul of buffer solution containing 0—250 um of
cysteine and edaravone (0.1 M, pH 5.5 acetate buffer for cysteine, and 0.1 m,
pH 7.4 phosphate buffer for edaravone, respectively). After 30 min of incu-
bation, the reaction mixture was transferred to the EPR quartz flat cell, then
the EPR spectrum of DPPH radical was measured. The relative concentra-
tion of DPPH radical was obtained by double integration of each spectrum
using Winsim'® and our own making software. EPR spectrometer settings
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are given in the figure caption.

Results

Rate Constant for the Reaction of Edaravone with ‘OH
Figure 2A shows the EPR spectrum of DMPO/ OH adduct
(aN=14.9 Gauss, a"'=14.9 Gauss), which was produced by
the reaction of 1 mm of DMPO with /"OH generated by the
Fenton reaction. When edaravone was added to the reaction
mixture, the EPR signal intensity decreased in proportion to
the rise in the edaravone concentration (Figs. 2B—F). The
EPR signal of DMPO/"OH adduct was unchanged by the ad-
dition of 0.3mm edaravone (Fig. 2G), suggesting that
DMPO/ OH adduct did not react with edaravone. Figure 3
shows the relationship between the reciprocal of the intensity
of DMPO/"OH adduct and sample concentrations. Here, a
linear relationship is shown that is in agreement with Eq. 8.
The rate constants obtained from Eq. 9 were found to be
3.0x10"Mm's™! for edaravone and 1.6X10'"m~'s™! for sal-
icylic acid, respectively (Table 1), and the rate constant for
salicylic acid is in agreement with the value determined pre-
viously.!” No DMPO/ OH adduct was observed 1 min after
incubation of 0.1 mm iron(IIl) with 1 mm edaravone ina 0.1 m
phosphate buffer containing 100mm DMPO (data not
shown), suggesting that edaravone did not reduce iron(III) to
iron(II), which is responsible for overestimation of "OH pro-
duction. In addition, no spectrophotometric change was ob-
served when 50 um edaravone was mixed with either 10 um
iron(IT) or 12 um H,0, in phosphate buffer (pH 7.4, 0.1 m)
(data not shown).

Edaravone Radicals Produced by the HRP-H,0, Sys-
tem We tried to detect the edaravone radical followed by
the one-electron oxidation. When edaravone was mixed with
the HRP-H,0, system using the fast-flow method, as shown
in Figs. 4A and 5, a four-line edaravone radical (g=2.00)
with a estimated coupling constant of a“'=7.0Gauss,
a™=0.9 Gauss, and ¢"=6.7Gauss was directly observed.
The edaravone radical was dependent on the presence of
HRP (Fig. 4B) and H,0, (Fig. 4C).
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Fig. 2. EPR Spectra of DMPO/'OH Adduct Obtained at Various Concen-
trations of Edaravone

A, 0.1mm Fe** and 0.12mm H,0, were introduced into 1 mm DMPO solution in
0.1 ™ phosphate buffer (pH 7.4). B, C, D, E, and F were introduced as in A, but edar-
avone (0.1, 0.2, 0.3, 0.4 and 0.5 mwm, respectively) was pre-mixed in the buffer. G, 20s
after the addition of Fe>* in solution A, 0.5 mm edaravone was introduced. EPR spec-
trometer instrumental settings were microwave, 8 mW; modulation amplitude, 1.0 G;
modulation frequency, 100 kHz; sweep time, 2 min; receiver gain, 790.
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Fig. 3. Reciprocal Plot of DMPO/"OH Adduct Intensities versus the Sam-
ple Concentration

Each signal intensity was obtained by double integration of DMPO/'OH adduct
using Winsim'? and our own making software. Open circle (O) represents the competi-
tion between DMPO and edaravone, and closed circle (@) between DMPO and sali-
cylic acid for "OH radical. EPR spectrometer instrumental settings were as in Fig. 2.

Table 1. Rate Constants for the Reaction of Hydroxyl Radical with Edar-
avone and Known Hydroxyl Radical Scavengers

Compound Rate constant (M~ 's™) Reference
Edaravone 3.0x10' This work
Salicylic acid 1.6x10'"° This work

2.0X10'" 17)
Antipyrine 1.1x10" 46)
Formic acid 3.3x10° 17)
DMPO 4.3x%10° 13)
g=2.00
l Complete system

. 20Gauss |

Fig. 4. EPR Spectra of Edaravone Radical Observed by the Fast-Flow
Method

A, 5 mm edaravone and 60 pg/ml HRP in 0.1 M phosphate buffer (pH 7.4) were trans-
ferred to a plastic syringe, and another syringe held 6 mm H,O,. Each of the freshly pre-
pared solutions was injected into the flat cell at a flow rate of 135 ml/h and 15 ml/h, re-
spectively. B, as in A, but HRP was absent. C, as in A, but H,0, was absent. D, com-
puter simulation of spectrum A using the following hyperfine coupling constants
(@V'=7.0 Gauss, a"*=0.9 Gauss, and a""=6.7 Gauss). EPR spectrometer settings were
microwave, 8 mW; modulation amplitude, 2.0 G; modulation frequency, 100kHz;
sweep time, 4 min; receiver gain, 400.

When the initial edaravone concentration was 1 mM, an-
other edaravone radical (g=2.00) with a estimated coupling
constant of aN'=7.0 Gauss and ¢"*=0.7 Gauss appeared, fol-
lowed by a resting state of about 9 min, and maintained its
signal intensity until the end of the measurements (60 min)
(Fig. 5).

We present the computer simulation of spectrum 4A and
the three-line EPR spectrum at 60 min in Fig. 5 using each
hyperfine coupling constant mentioned above (Fig. 4D and
the bottom spectrum of Fig. 5, respectively).

Oxygen Consumption by Edaravone Radical In 1996,
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Fig. 5.

1 mm edaravone and 12 ug/ml HRP in 0.1 M phosphate buffer (pH 7.4) were trans-
ferred to one plastic syringe, and another syringe held 1.2 mm H,0,. Each of the freshly
prepared solutions was injected into the flat cell with a flow rate of 135ml/h and
15 ml/h, respectively. EPR spectra were measured under the flow condition (Fig. 5, top),
and other spectra were obtained after the flow was stopped and solutions incubated for
the indicated period. The simulated EPR spectrum of edaravone radical at /=60 min
was obtained using the following hyperfine coupling constants (¢"'=7.0 Gauss, and
a"*=0.9 Gauss). EPR spectrometer settings were as in Fig. 4.

Changes in the EPR Signals of Edaravone Radicals

Edaravone H,0, HRP ‘_,p--'
- o
B
20uM O,l 7y

3 min

Fig. 6. Oxygen Consumption by the HRP-H,0, System with Edaravone

The system contained 12 pg/ml HRP, 1.2 mm H,0, and 1 mm edaravone. A, complete
system. B, as in A, but without HRP. C, as in A, but without H,0,. D, as in A, but with-
out edaravone. The stock solution of edaravone was deoxygenated by passing through
Ar gas for 15min. The left arrow indicates the point of edaravone introduction, the
middle is H,0,, and the right is HRP. Measurements were performed at room tempera-
ture (25 °C).

Yamamoto et al. hypothesized the mechanisms for the pro-
duction of edaravone radical by a one-electron transfer from
edaravone. They expected that edaravone radical interacts
with molecular oxygen, yielding edaravone peroxyl radical.
This species, in turn, converts to 3-methyl-1-phenyl-2-pyra-
zolin-4,5-dione (4,5-dione), followed by hydrolysis to give
2-0x0-3-(phenylhydrazono)-butanoic acid (OPB) as an end-
product.'?

In contrast, Lehmann et al. reported that the edaravone
radical itself does not react with molecular oxygen.'® There-
fore, to clarify whether the molecular oxygen participates in
the oxidative pathway of edaravone, we measured the oxygen
consumption followed by the one-electron oxidation of edar-
avone by the HRP-H,0, system. As shown in Fig. 6, appar-
ent oxygen consumption was observed when edaravone was
added to the HRP-H,0, system (Fig. 6A). The oxygen con-
sumption was dependent on the presence of HRP (Fig. 6B)
and H,0, (Fig. 6C).

DPPH Radical Scavenging Activity by Edaravone
DPPH has been used to verify the antioxidative activity of
various sorts of antioxidants on the basis of following equa-
tion;'”

DPPH +HX - DPPHH+'X (where HX represents antioxidant)

Watanabe et al. reported that edaravone was oxidized to
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Fig. 7. Effect of Edaravone and Cysteine on DPPH Radical

The reaction mixture consisting of 80 um DPPH, 0—100 um edaravone (A, left) and
cysteine (A, right) was incubated for 30 min at room temperature, then the EPR spec-
trum was measured. Edaravone and cysteine were dissolved with 0.1 M phosphate of pH
7.4 and 0.1 m acetate buffer of pH 5.5, respectively. The relative DPPH radical concen-
tration was obtained by double integration of each EPR spectrum, then it was plotted
against edaravone (B, open circle) and cysteine (B, closed circle) concentrations. EPR
spectrometer settings were the same as Fig. 4 but microwave, 20 mW; modulation am-
plitude, 1.0 G; sweep time, 1 min; receiver gain, 250.

OPB when it was incubated with DPPH, a stable free
radical.>” However, the ratio between DPPH and edaravone
was not mentioned. Therefore we used DPPH to titrate the
oxidizable groups of edaravone.’’ When edaravone was
added to the reaction mixture containing 80 mm DPPH fol-
lowed by incubation of 30 min, the EPR signal intensity de-
creased in proportion to the rise in the edaravone concentra-
tion, and its activity was more efficient than the same con-
centration of cysteine (Fig. 7A). To quantify the reactivity of
edaravone to DPPH radical, we calculated the DPPH radical
concentration by double integration of each EPR spectrum,
then plotted the DPPH radical concentration versus sample
concentrations (Fig. 7B). It was reported that cysteine quanti-
tatively scavenges the DPPH radical (DPPH’+cysteine-
SH — DPPHH +cysteine-S"),'*?" and this was in good agree-
ment with our result (Fig. 7B). On the other hand, from the
interception value of edaravone at the DPPH radical concen-
tration of zero, it appeared that one molecule of edaravone
scavenged two DPPH radicals.

Discussion

With the increase in the average life expectancy, the inci-
dence of cardiovascular diseases such as stroke, myocardial
infarction, and hypertension continues to grow. In the clinical
management of stroke, a variety of drugs are prescribed de-
pending on their pharmacological properties. For example,
tissue plasminogen activator (tPA),>? N-methyl-p-aspartate
(NMDA) antagonists,” ?> sodium channel antagonist,’®
calcium channel antagonist,”” chlormethiazole,?® glutamate-
release inhibitor,”® an interferer with nitric oxide’s effects,’”
an alleviator of free fatty acid,’” and a free radical scav-
enger’>* have been used.

Edaravone is a newly developed free radical scavenger that
has been approved in Japan as a neuroprotective drug for at-
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tenuation of brain ischemic damage in stroke since 2001. In
animal experiments®’>*3% and in in vitro studies,'” it ap-
peared that edaravone had potent free radical scavenging ef-
fects in experimental ischemia.

It was reported that edaravone reduced hydroxyl radical
level on cerebral ischemia following rat middle cerebral
artery occlusion using salicylate system® and edaravone in-
teracts other lipid-derived radical species'® though, few de-
tailed studies have been reported. Therefore, in this study, we
further examined the reaction mechanisms for one-electron
oxidation of edaravone.

First, we determined the rate constant of edaravone for hy-
droxyl radical at neutral pH. The rate constant of edaravone
for hydroxyl radical (3.0xX10""m 's™") was double that of
salicylate (1.6X10'""m~'s™ "), a potent hydroxyl radical scav-
enger.'”*” The combination of salicylate hydroxylation and
the microdialysis technique is widely recognized as an evalu-
ation method for hydroxyl radical formation in living sys-
tems.*®3? It was reported that edaravone administration to
the experimental animals significantly reduced the formation
of dihydroxybenzoic acid in middle cerebral artery (MCA)
occlusion®® and transient cerebral ischemia in rats.*” These
results are supported by our present finding that edaravone
acts as a hydroxyl radical scavenger similar to salicylate.

Next, we studied the radical scavenging mechanisms of
edaravone. In 1989, Lehmann et al. first reported the EPR
signal of edaravone by both HRP-H,0, and potassium hexa-
cyanoferrate-mediated oxygenation systems with a 1:1:1
three-line signal and a coupling constant of a™=6.7 Gauss.'®)
Interestingly, this EPR signal was augmented with a lag time
(ca. 2min), and it was dependent on the H,0, concentration.
In general, it has been accepted that the oxidation rate by the
HRP-H,0, system is fast,*" and this suggested the possibil-
ity for the existence of another edaravone radical species dur-
ing the earlier period.

From the findings presented here, two types of edaravone
radicals were detected when edaravone was oxidized by the
HRP-H,0, system. The first EPR signal (four-line signal,
estimated hyperfine coupling constants: @"'=7.0 Gauss,
a™=0.9 Gauss, and a"'=6.7 Gauss) was observed only under
fast-flow conditions because it is unstable (Figs. 4A, 5). The
second one (three-line signal, estimated hyperfine coupling
constants: a™'=7.0 Gauss and a"*>=0.7 Gauss) was observed
after a lag time (9 min, Fig. 5), and the hyperfine coupling
constant was in agreement with the value reported earlier.'®
From the results observed here, it was expected that 1) edar-
avone produces at least two kinds of EPR-detectable radical
intermediates, 2) molecular oxygen is required (Fig. 6) dur-
ing oxidization by the HRP-H,O, system under aerobic con-
ditions, and 3) edaravone can offer two electrons to the elec-
trophiles (Fig. 7).

Our hypothetical mechanism of the oxidation of edaravone
is presented in Chart 1. At physiological pH, edaravone ex-
ists in an anionic form, because the pK, value is 7.0."” When
edaravone was oxidized by hydroxyl radicals or other elec-
trophiles, an edaravone radical consistent with the four-line
EPR signal was first produced by one-electron oxidation
(radical species 1 in Chart 1) at a rate of 3.0x10""m 's™!,
This edaravone radical intermediate immediately interacts
with molecular oxygen to form edaravone peroxyl radical'®
(Fig. 6). If the oxygen molecules were absent, 4,4-bis-(3-
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Chart 1. Hypothetical Reaction Mechanism of Edaravone Decomposition
by Oxidation

methyl-1-phenyl-2-pyrazolin-5-on-4-yl)-3-methyl-1-phenyl-
2-pyrazolin-5-one (TP) would be produced as reported previ-
ously by the radical-radical interaction.”” Two molecules of
edaravone peroxyl radical react with each other, then produce
two molecules of edaravone alkoxyl radical with elimination
of one molecule of molecular oxygen.*” The hydrogen re-
arrangement reaction results in the progressive appearance of
a second radical species® (radical species 2, in Chart 1)
(Fig. 5). 4,5-Dione could be produced by elimination of a hy-
drogen atom and one electron, following the generation of
OPB by hydrolysis.'” The formation of 4-hydroxy-4-(3-
methyl-1-phenyl-1H-pyrazolin-5-on-4-yl)-3-methyl-1-
phenyl-1H-pyrazolin-5-one (BPOH) is expected to be due to
the interaction between 4,5-dione and edaravone.?”

These hypotheses are in consistent with the predicted reac-
tion mechanisms using the electron density functional tech-
nique.'"” This scheme can be summarized as follows:

edaravone+0,+H,0 » OPB+2H"+2¢~

In conclusion, it appeared that edaravone is capable of
transferring two electrons to electrophiles, and interacts with
hydroxyl radical at a rate of 3.0X10'"°m™'s™! in aqueous so-
lution, which is same order (=10"m"'s™!) as that of well
known antioxidants such as ascorbic acid (10'°m 's™!),
vitamin E (10 's™!) and butylated hydroxyltoluene
(6X10"°M's™1* In addition, Yamamoto et al. reported
that 50 mm edaravone inhibited the aerobic oxidation of
phosphatidylcholine liposomal membranes, initiated both
with a water-soluble initiator 2,2'-azobis(2-amidino-
propane)dihydrochloride (AAPH) and with a lipid-soluble
initiator 2,2'-azobis(2,4-dimethylvaleronitrile) (AMVN), as
efficiently as did 100 mm ascorbate and 2 mm vitamin E, re-
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spectively.'” These data suggest that edaravone may work as
a good antioxidant. It remains unclear that hydroxyl radical
scavenging activity is totally responsible for the physiologi-
cal effects of edaravone, and whether edaravone radicals 1 or
radicals 2 mainly contribute to the antioxidant activity in vivo
from these results. Due to the high reactivity of hydroxyl rad-
ical for organic compounds with a diffusion-controlled rate
(=10""m"'s™Y), it is likely that a sub-millimolar or greater
concentration would be required to be able to compete for
"OH.* Therefore, it is necessary to study the accumulation
of edaravone in the injured region of the brain and to clarify
the interactions between edaravone or its radical intermedi-
ates with physiological high molecular compounds for atten-
uation of brain damage through free radical scavenging.
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