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Objectives: 3-Methyl-1-phenyl-2-pyrazolin-5-one (edaravone) is used in clinical treatment of acute brain
infarction to rescue the penumbra, based on its ability to prevent lipid peroxidation by scavenging lipid
peroxyl radicals. Here, we show that edaravone also reacts with peroxynitrite to yield 4-NO-edaravone as
the major product and 4-NO2-edaravone as a minor product.
Results: We observed little formation of 3-methyl-1-phenyl-2-pyrazolin-4,5-dione (4-oxoedaravone) and its
hydrate, 2-oxo-3-(phenylhydrazono)butanoic acid, which are the major free radical-induced oxidation
products of edaravone, suggesting that free radicals are not involved in the reaction with peroxynitrite. The
reaction of peroxynitrite with edaravone is approximately 30-fold greater than with uric acid, a
physiological peroxynitrite scavenger (reaction rate k= 1.5 × 104 M−1 s−1 vs. 480 M−1 s−1).
Discussion: These results suggest that edaravone functions therapeutically as a scavenger of peroxynitrite as
well as lipid peroxyl radicals, which is consistent with a report that edaravone treatment reduced levels of 3-
nitrotyrosine in the cerebrospinal fluid of patients with amyotrophic lateral sclerosis.
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Introduction
Oxygen radicals play important roles in causing
ischemic and post-ischemic damage in the brain,1,2

and free radical scavengers are expected to be ben-
eficial for rescuing the penumbra from injury.
Indeed, intravenous injection of 3-methyl-1-phenyl-2-
pyrazolin-5-one (edaravone: Fig. 1)3 at a dose of
30 mg twice a day for 14 days in patients with acute
ischemic stroke, commencing within 24 hours after
onset, significantly improved the functional outcome
in a multicenter, randomized, placebo-controlled,
double-blind study.4 Accordingly, in 2001 the
Japanese Ministry of Health, Labor, and Welfare
approved intravenous infusion of 30 mg edaravone
twice a day for a maximum of 14 days for patients
with acute brain infarction within 24 hours after
onset, and edaravone is now widely used in Japan in
the treatment of acute stroke.
Edaravone inhibits lipid peroxidation as efficiently

as do well-known antioxidants such as vitamin E
(VE) and ascorbic acid (VC).3 Furthermore, a combi-
nation of edaravone with VC or VE almost completely
inhibited the oxidation of phosphatidylcholine liposomal

membrane initiated with lipid-soluble and water-
soluble azo initiators.3 The pKa value of edaravone is
7.0, and the rate of edaravone oxidation initiated
with an azo compound increases with increasing pH,
suggesting that the anionic form of edaravone is
more reactive than the non-dissociated form.3

Edaravone anion is converted to the edaravone
radical, which is oxidized to produce 3-methyl-1-
phenyl-2-pyrazolin-4,5-dione (4-oxoedaravone) and
its hydrolysate, 2-oxo-3-(phenylhydrazono)butanoic
acid (OPB), as major products of peroxyl radical-
induced oxidation (Fig. 1).3,5

The neuroprotective effect of edaravone has been con-
firmed in various animal models.6–8 Evidence that edar-
avone effectively scavenges free radicals under post-
stroke conditions was attained by quantifying the for-
mation of 14C-labeled OPB when 14C-labeled edaravone
was infused following occlusion of the rat middle cer-
ebral artery (MCA) and subsequent reperfusion.9 We
revealed that sustained free radical-induced oxidative
damage is evident in the brain for at least 7 days after
MCA occlusion and reperfusion, and repeated intrave-
nous infusion of edaravone for 14 days significantly
reduced ischemic damage to the brain.10

Peroxynitrite (ONOO−), a powerful oxidant and
nitrating agent formed by the reaction of nitric oxide
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(•NO) and superoxide anion (O.−
2 ), contributes signifi-

cantly to ischemia/reperfusion injury.11–16 The rate
constant for this reaction is reported to be 1.6 ×
1010 M−1 s−1, indicating that the reaction is diffu-
sion-controlled.17 Peroxynitrite reacts with tyrosine
residues in proteins to yield 3-nitrotyrosine residues,18

such that 3-nitrotyrosine is a good marker of peroxyni-
trite formation in vivo. 3-Nitrotyrosine has been
detected in patients with cardiac and vascular diseases,
as well as diabetes and diabetic complications.18

Although edaravone is known to react with peroxy-
nitrite,19,20 its chemical features have not as yet been
reported. Here, we show that edaravone reacts with
peroxynitrite much faster than does uric acid, a good
physiological scavenger of peroxynitrite,21–23 to
produce 4-NO-edaravone as the major reaction
product.

Materials and methods
Materials
Edaravone, uric acid, hydrogen peroxide, and sodium
nitrite were obtained from Wako Pure Chemical
(Osaka, Japan). The peroxynitrite generator 3-(4-mor-
pholinyl)sydnonimine hydrochloride (SIN-1) was pur-
chased from Dojindo (Kumamoto, Japan).
Diethylenetriaminepentaacetic acid (DETAPAC)
was obtained from Tokyo Kasei Kogyo (Tokyo,
Japan). 4-Oxoedaravone, OPB, 4-NO-edaravone, and

4-NO2-edaravone were kind gifts from Mitsubishi
Tanabe Pharma Corporation (Osaka, Japan).

Identification of reaction products of edaravone
with peroxynitrite by LC/MS
Edaravone (1.0 mM) was incubated with 1.0 mM SIN-
1 in 20 mM phosphate buffer (pH 7.4) containing 50%
methanol and 50 μM DETAPAC for 6 hours at 37°C,
and then the reaction mixture was analyzed by LC/MS.
A N(CH3)2 column (250 mm × 4.6 mm i.d., Senshu
Scientific, Tokyo, Japan) was used for product separ-
ation with 80% methanol containing 5.0 mM
ammonium acetate as the mobile phase, delivered at
1.0 ml/min. Twenty percent of the column eluate was
introduced into a Waters ZQ2000 quadrupole mass
spectrometer with negative electrospray ionization set
at −2500 V. The cone potential was maintained at
−30 V and the temperature of the N2 drying gas was
350°C. Quantified solutions of 4-NO-edaravone and
4-NO2-edaravone standards were analyzed under iden-
tical conditions.
In a parallel experiment, instead of SIN-1, hydrogen

peroxide and sodium nitrite were used to generate per-
oxynitrite.24 Identical procedures were conducted as
above.
The time courses of edaravone decay and formation

of products were determined using the above con-
ditions. 4-Oxoedaravone and OPB were analyzed as
previously described.3

Figure 1 Pathways for the reduction of lipid peroxyl radicals (LOO•) by the edaravone anion and formation of its oxidation
products.
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Competitive reaction of edaravone and uric acid
with peroxynitrite
Edaravone and uric acid (50 μM each) were added to
50 μM SIN-1 in 20 mM phosphate buffer (pH 7.4)
containing 50% methanol and 50 μM DETAPAC
under aerobic conditions at 37°C. Edaravone concen-
tration was quantified by reverse-phase HPLC analy-
sis with electrochemical detection as summarized; the
mobile phase was 50 mM NaClO4 in methanol/
water (60:40, v/v), delivered at 0.8 ml/min; the separ-
ation column was a CAPCELL PAK C18 column
(5 μm, 250 mm × 4.6 mm i.d., Shiseido, Japan). The
applied voltage to the electrochemical detector was
700 mV against an Ag/AgCl reference electrode.
Uric acid was measured on a LC-NH2 column
(5 μm, 250 mm × 4.6 mm i.d.; Supelco, USA) using
the same mobile phase and electrochemical detector
conditions as detailed above.

Determination of the rate constant of edaravone
reaction with peroxynitrite
To determine the rate constant (kE) of the reaction of
edaravone with peroxynitrite, we performed a com-
petitive reaction of edaravone and uric acid with per-
oxynitrite, since the rate constant (kUA) of uric acid
with peroxynitrite is established to be 480 M−1 s−1.21

The rate constants were calculated as the ratio of
each substrate concentration divided by initial concen-
trations, according to the equation:

kE/kUA = ln edaravone[ ]/ edaravone[ ]0
( )

/

ln uric acid[ ]/ uric acid[ ]0
( )

Results and discussion
Reaction products of edaravone with
peroxynitrite
Figure 2A shows the HPLC–UV (240 nm) chromato-
gram analysis of the reaction solution obtained when
1.0 mM edaravone was incubated with 1.0 mM SIN-
1 in 20 mM phosphate buffer (pH 7.4) containing
50% methanol and 50 μM DETAPAC under aerobic
conditions at 37 °C for 1 hour. Two products were
detected and eluted at 7.9 and 13.8 minutes as major
and minor products, respectively. For comparison,
authentic 4-NO-edaravone and 4-NO2-edaravone
were eluted also at 7.9 and 13.8 minutes, respectively
(Fig. 2B and C). Additionally, the MS spectra of com-
pounds eluted at 7.9 and 13.8 minutes were identical to
those of 4-NO-edaravone and 4-NO2-edaravone,
respectively (Fig. 3A and B). We contend that the
major and minor products in the reaction of edaravone
with peroxynitrite are 4-NO-edaravone and 4-NO2-
edaravone, respectively. We confirmed that reaction
of edaravone with peroxynitrite prepared from

hydrogen peroxide and sodium nitrite gave identical
products (data not shown).

Electrophilic addition of peroxynitrite at the C4
position of edaravone gives 4-NO-edaravone and 4-
NO2-edaravone as shown in equations (1) and (2).
We deduce that equation (1) is the major pathway of
this reaction since 4-NO-edaravone is the predominant
product. (see (1 and 2) at the bottom of next page)

Figure 4 shows the time courses of edaravone, 4-
NO-edaravone, 4-NO2-edaravone, 4-oxoedaravone,
and OPB concentrations when 1.0 mM edaravone
was incubated with 1.0 mM SIN-1 in 20 mM phos-
phate buffer (pH 7.4) containing 50% methanol and
50 μM DETAPAC under aerobic conditions at
37 °C. 4-NO-edaravone was the major product of
this reaction. However, its yield accounted for only
30–40% of the amount of edaravone consumed. This
discrepancy may be ascribed to poor quantification
caused by tailing of 4-NO-edaravone chromatographic
peak as shown in Fig. 2A and B. This peak tailing may
be caused by isomerization equilibrium of the NO

Figure 2 A HPLC–UV (240 nm) chromatogram (A) of the
reaction solution obtained by treating 1.0 mM edaravone with
1.0 mM SIN-1 in 20 mM phosphate buffer (pH 7.4) containing
50%methanol and 50 μMDETAPAC under aerobic conditions
at 37 °C for 1 hour. Authentic 4-NO-edaravone (B) and 4-NO2-
edaravone (C) eluted at 7.9 and 13.8 minutes, respectively,
under identical HPLC conditions. Chromatographic peaks
were monitored at m/z= 202.0 and 218.0, respectively.
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adduct to its oxime form (equation (3)), which
would be expected to interact strongly with the
HPLC analytical dimethylamino column. (see (3) the
equation at the bottom of next page)

4-Oxoedaravone, the free radical oxidation product
of edaravone, was present at time 0 prior to the reac-
tion onset of edaravone with peroxynitrite and is
attributed to be an impurity of commercially available

Figure 3 MS spectra of the products eluted at 7.9 (A) and 13.8 minutes (B), identified as 4-NO-edaravone and 4-NO2-edaravone,
respectively.
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edaravone. All of the 4-oxoedaravone slowly hydro-
lyzed to OPB (Fig. 4). These results indicate that for-
mation of hydroxyl radical (•OH) and nitrogen
dioxide (•NO2) by dissociation of protonated peroxy-
nitrite (ONOOH)18,25,26 was not involved in the reac-
tion of edaravone with peroxynitrite.
In studies of the pathogenesis of many disease states,

it is often necessary to distinguish the roles of free
radical-induced oxidation of lipids and peroxynitrite
formation in vivo. Clinical dosing of edaravone fol-
lowed by detection of 4-oxoedaravone (or OPB) and
4-NO-edaravone, respectively, might be good
markers for this purpose.

Reactivity of edaravone with peroxynitrite
To examine the reactivity of edaravone with peroxyni-
trite, we compared the rate constant of edaravone with
that of uric acid, 480 M−1 s−1.21 Fig. 5 shows the
decay of edaravone and uric acid, when equimolar
concentrations of the two substrates were treated
with peroxynitrite. The decrease of edaravone was
much faster than that of uric acid, and the ratio of
reactivity of edaravone to that of uric acid was calcu-
lated to be 30.6± 5.2 (n= 5). From this we calculated
the rate constant for the reaction of edaravone with
peroxynitrite to be approximately 1.5 × 104 M−1 s−1.
The physiological concentration of uric acid in
healthy human plasma is about 300 μMand an achiev-
able concentration of edaravone is 50 μM.3 In such
condition, edaravone is expected to scavenge peroxyni-
trite about 5 (=30 × 50/300) times faster than does
uric acid.

Potential targets of edaravone treatment
Reduced plasma (serum) levels of uric acid, one of the
most important endogenous peroxynitrite scavenger,
have been reported in patients with multiple sclerosis,
Parkinson’s disease, Alzheimer’s disease, and optic
neuritis,27 as well as amyotrophic lateral sclerosis
(ALS).28 Edaravone has been reported to alleviate pro-
gression of ALS29 and this is now under investigation
at a clinical scale. We believe scavenging of peroxyni-
trite by edaravone contributes significantly to edara-
vone’s efficacy, since 3-nitrotyrosine levels in the
cerebrospinal fluid of patients with ALS are reported
to be lower by this treatment.29 Edaravone treatment

Figure 4 Time course of changes in the concentrations of
edaravone (•) and 4-NO-edaravone (■) when 1.0 mM
edaravone was treated with 1.0 mM SIN-1 in 20 mM
phosphate buffer (pH 7.4) containing 50% methanol and
50 μM DETAPAC under aerobic conditions at 37 °C. The
inset figure shows changes in 4-NO2-edaravone (▴),
4-oxoedaravone (○), and OPB (□).

Figure 5 Time course in the decay of edaravone (•) and uric acid (○) when 50 μM of each compound was admixed with 50 μM
SIN-1 in 20 mM phosphate buffer (pH 7.4) containing 50%methanol and 50 μMDETAPAC under aerobic conditions at 37 °C. The
inset table gives kE/kUA calculated from five independent measurements.
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of ALS patients is found to increase their plasma uric
acid level.30 Therefore, edaravone may be therapeuti-
cally useful in various diseases that present with
increased 3-nitrotyrosine levels in plasma and
tissues18 and/or low plasma uric acid.
In conclusion, we found the free radical scavenger

drug, edaravone, reacts strongly with peroxynitrite to
produce 4-NO-edaravone as its major product.
Furthermore, this electrophilic addition of peroxyni-
trite does not accompany the formation of damaging
free radicals such as hydroxyl radical and nitrogen
dioxide. Subsequent to edaravone administration,
4-NO-edaravone can be used accordingly as a foot-
print of peroxynitrite formation in vivo. The reactivity
of edaravone towards peroxynitrite is approximately
30 times greater than that of uric acid, suggesting the
usefulness of edaravone treatment for patients with
high 3-nitrotyrosine and/or low plasma uric acid levels.
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