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Reactions of edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one) with deoxyguanosine monophosphate
(dGMP) hydroxyl radical adducts were investigated by pulse radiolysis technique. Edaravone was found to
reduce the dGMP hydroxyl radical adducts through electron transfer reactions. The rate constants of the reac-
tions were greater than 4 × 108 dm3 mol−1 s−1 and similar to those of the reactions of ascorbic acid, which is a
representative antioxidant. Yields of single-strand breaks, base lesions, and abasic sites produced in pUC18
plasmid DNA by gamma ray irradiation in the presence of low concentrations (10–1000 μmol dm−3) of edara-
vone were also quantified, and the chemical repair activity of edaravone was estimated by a method recently
developed by the authors. By comparing suppression efficiencies to the induction of each DNA lesion, it was
found that base lesions and abasic sites were suppressed by the chemical repair activity of edaravone, although
the suppression of single-strand breaks was not very effective. This phenomenon was attributed to the chem-
ical repair activity of edaravone toward base lesions and abasic sites. However, the chemical repair activity of
edaravone for base lesions was lower than that of ascorbic acid.
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INTRODUCTION

Ionizing radiation causes irreversible molecular changes (i.e.
damage) to DNA. Damage is caused by direct ionization or
reactions of hydroxyl radicals (•OH) from water radiolysis,
and includes strand breaks and base lesions. Double-strand
breaks (DSBs), consisting of two or more single-strand
breaks (SSBs) in close proximity produced in genomic
DNA, are thought to be harmful lesions that can cause
serious biological effects, such as cell death. Moreover, base
lesions can cause cell mutations that may contribute to car-
cinogenesis.
Production of these DNA lesions can be suppressed by

some chemical compounds. Dimethyl sulfoxide (DMSO),
which is used to limit the formation of DNA lesions under ir-
radiation, acts as an •OH scavenger [1, 2]. Antioxidants, such
as catechins and ascorbic acid, also reduce the formation
of DNA lesions. High reactivity between antioxidants and
oxidative radicals has been reported by several researchers
[3–10]. In addition to acting as radical scavengers, some anti-
oxidants are reported to repair the precursors of DNA lesions
(DNA radicals) by chemical reactions [11–16]. This repair
process is called ‘chemical repair’. As DNA radicals generally
have longer lifetimes than •OH in a cell or under cell-mimetic
conditions [17–19], chemical repair should be a more efficient
radioprotection process than radical scavenging. In a previous
report, the authors investigated the chemical repair activity of
ascorbic acid and found that the precursors of abasic sites
(AP sites) and other base lesions were more easily repaired
than those of strand breaks [16]. Approximately 50–60% of
these lesions were chemically repaired by ascorbic acid. On
the other hand, <10% of •OH produced from radiolysis was
scavenged by the ascorbic acid concentrations under the
experimental conditions. The results showed that the chem-
ical repair activity of ascorbic acid was more efficient than its
•OH scavenging activity. It was also suggested that ascorbic
acid might be suitable as an agent to reduce mutations.
Edaravone (Radicut®, 3-methyl-1-phenyl-2-pyrazolin-5-

one; Fig. 1), which is an artificial antioxidant with low tox-
icity, is generally known as a neuroprotective drug, and it has
been developed and clinically used in Japan since 2001. Its
medical and pharmacological effects on brain infarctions and
cardiovascular diseases have been confirmed by numerous

in vivo experiments [20–27]. The pharmacological effects of
edaravone have mainly been attributed to its reactivity with
free radicals, such as •OH and peroxide radicals [28–31].
Because edaravone has recently received much attention
for use as a radioprotector [32, 33], the authors have investi-
gated its reactions with •OH and other oxidative radicals by
pulse radiolysis and determined a pattern of reaction for edar-
avone as an antioxidant, together with the rate constants of
the reactions [29, 34]. Much information about the radical
scavenging properties of edaravone was revealed by these
experiments. However, to understand the radioprotective
effects of edaravone, other effective repair processes, such
as chemical repair properties, must also be investigated. In
the present study, pulse radiolysis using a DNA model com-
pound, deoxyguanosine monophosphate (dGMP), was con-
ducted to observe the basic reactions of chemical repair and
reactivity, and was compared with that of ascorbic acid.
Furthermore, to investigate the chemical repair activity of
edaravone on DNA lesions, yields of lesions on plasmid
DNA in gamma ray-irradiated aqueous solutions containing
several concentrations of edaravone were measured by a
method recently developed by the authors [16].

MATERIALS ANDMETHODS

Samples
Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one), Tris, boric
acid, ethylenediaminetetraacetic acid (EDTA)·2Na·2H2O,
sodium hydrate (NaOH), 1% bromophenol blue, Orange G,
NaH2PO4 and Na2HPO4 were purchased from Wako Pure
Chemical Industries, Ltd (Osaka, Japan). Ascorbic acid and
deoxyguanosine monophosphate (dGMP) were purchased
from Sigma–Aldrich (St Louis, MO). Formamidopyrimidine-
DNA glycosylase (Fpg), endonuclease III (Nth), endonucle-
ase IV (Nfo), and reaction buffer solutions used for the treat-
ment of these enzymes were purchased from New England
BioLabs Inc. (Ipswich, MA). Stock solutions of the enzymes
(concentrations of 10 U μl−1 for Nth and Nfo, and 8 U μl−1

for Fpg) and the reaction buffers were stored at −20°C. Nth
protein mainly excises ring-saturated pyrimidines (e.g.
5,6-dihydrothymine [DHT]), thymine glycol, and AP sites.
Fpg protein excises mainly 2,6-diamino-4-hydroxy-5-N-
methyl formamidopyrimidine, 7,8-dihydro-8-oxo-2′-deoxy-
guanine (8-oxoGua) and AP sites. Nfo protein excises
various AP sites [35, 36]. Water (>18 MΩ) purified by
Milli-Q system (Millipore, Billerica, MA) was used to make
all aqueous solutions.
Phosphate buffer solutions (pH 6.9) were prepared from

NaH2PO4. 2H2O and Na2HPO4. 12H2O. TBE buffer solu-
tions consisted of 8.9 × 10−2 mol dm−3 Tris, 8.9 × 10−2 mol
dm−3 boric acid, and 2 × 10−3 mol dm−3 EDTA. The loading
buffer solutions for electrophoresis consisted of 2% (w/v) g
dm−1, bromophenol blue, 2% (w/v) Orange G, 30% (w/v)
glycerol, and 1 × 10−2 mol dm−3 EDTA. The pH of the TBEFig. 1. Chemical structure of edaravone in water.
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buffer and the loading buffer were adjusted to 8·0 with 1N
NaOH. The deionized water and buffer solutions were steri-
lized at 120°C for 20 min before sample preparation.

Pulse radiolysis
Pulse radiolysis experiments were carried out at The
University of Tokyo using an electron linear accelerator
(energy: 35 MeV; pulse width: 10 ns). Details of the experi-
mental setup are described elsewhere [29, 34]. All irradiated
solutions were adjusted to pH 6.9 by 1.0 × 10−2 mol dm−3

phosphate buffer. Since the sample solutions containing anti-
oxidants could be spontaneously oxidized in an aerated solu-
tion, they were freshly prepared and quickly deaerated using
N2O gas for 15 min. Dosimetry was carried out using an
N2O-saturated 1 × 10−2 mol dm−3 KSCN aqueous solution,
taking Gε as 5.2 × 10−4 m2 J−1 at 475 nm [37]. An absorbed
dose of 9 Gy per pulse was used in this experiment.
Electron beam irradiation causes water radiolysis, generat-

ing many kinds of reactive species. To observe the reactions
of chemicals with •OH, other radical species need to be
quenched. N2O gas is often used to scavenge hydrated elec-
trons, one of the main products of water radiolysis, and
convert them to •OH [38]. The scheme for water radiolysis
and the reaction of N2O have been described previously [34].
The conversion of hydrated electrons to •OH is completed
within 10 ns. Under these experimental conditions, hydrated
electrons react predominantly with N2O because the concen-
tration and the rate constant of N2O are both much higher
than those of the antioxidants [39]. The yield of •OH has
been estimated at 0.59 μmol J−1 [40].

Gamma ray irradiation of DNA solutions
Plasmid DNA pUC18 (2686 bp) was obtained from E. coli
JM109 by Qiagen HiSpeed Plasmid Kit (Qiagen, Hilden,
Germany) and purified by dialysis using a nitrocellulose
membrane of pore size 0.025 μm (Millipore, Billerica, MA).
After dialysis, it was confirmed by agarose electrophoresis
that >90% of the plasmids were intact (closed circular form).
Plasmids were stored at −20°C at a concentration of
1.88 × 10−1 g dm−3 dissolved in 2.0 × 10−2 mol dm−3 phos-
phate buffer solution (pH 6.9).
DNA stock solutions were diluted with 2.0 × 10−2 mol dm−3

phosphate buffer solution (pH 6.9) to a concentration of
1.0 × 10−2 g dm−3 for irradiation samples. Edaravone was
added to the solutions just before irradiation. The concentrations
of edaravone were adjusted to 0, 10, 100 and 1000 μmol dm−3.
As the number of electrons of the solutes was less than that of
water in a unit volume, over 99% of the radiation energy was
believed to be deposited onto the water molecules under these
conditions. Thus, DNA damage was predominantly induced by
free radicals, such as •OH, produced from water radiolysis.
Irradiation conditions were the same as in the previous

experiment [16]. For irradiation, 100 μdm3 samples were
placed into 1.5-ml polypropylene tubes (Eppendorf, Hamburg,

Germany). Each tube was placed into 20 ml of icy water main-
tained at 4°C during irradiation and exposed to 60Co gamma
rays under aerobic conditions using a gamma ray apparatus
(The University of Tokyo, Tokyo, Japan). The dose rate, mea-
sured by a Fricke dosimeter, ranged from 0.05–3.2 Gy min−1,
depending on the position of samples. Each sample was irra-
diated at least three times.
After irradiation the lesions were detected as strand breaks

by electrophoresis. To detect base lesions and AP sites, irra-
diated samples were treated with Nth, Fpg, and Nfo before
electrophoresis. The details have been described previously
[16]. The dose response of the residual closed-circular DNA
was determined from the logarithmic loss. A D37 value,
which represents the dose of radiation required to give on
average one SSB per plasmid molecule, was calculated from
the slope of the response curve. The chemical yield of the
SSBs (Gssb) is represented using the value of D37 as follows:

Gssb ¼ ½ plasmid�
rD37

; ð1Þ

where [plasmid] is the molar concentration of plasmid DNA
molecules in an irradiated solution, and ρ is the density of
the solution (~1.0 kg dm−3). Yields of base lesions revealed
by the enzymatic treatments, Genzyme (= Nth, Fpg or Nfo) were
determined by subtracting the yield of SSBs in the incubated
samples without the enzyme, Genz−, from that in the solution
incubated with the enzyme, Genz+.

Genzyme ¼ Genzþ � Genz�: ð2Þ

RESULTS

Reactivity of antioxidants with dGMP radicals
Transient absorption spectra (Fig. 2) were obtained by pulse
radiolysis of N2O-saturated solution containing 2.0 × 10−3

mol dm−3 dGMP and 1.0 × 10−4 mol dm−3 edaravone at pH
6.9. Under these conditions, it is calculated that 94% of •OH
was scavenged by dGMP based on a competition reaction
between dGMP [41] and edaravone [29]. Therefore the spec-
trum obtained 1 μs after pulse irradiation is due to the absorp-
tion spectrum of dGMP hydroxyl radical adducts [42].
According to a previous report, this broad spectrum consists
of absorption bands of two different dGMP hydroxyl radical
adducts, G•8-OH (~300 nm) and G•4-OH (~600 nm) [43].
Absorption spectrum of dGMP hydroxyl radical adducts
obtained 80 μs after the pulse irradiation by pulse radiolysis
of the N2O-saturated solution of 2.0 × 10−3 mol dm−3 dGMP
without edaravone is also shown in the inset of Fig. 2. This
spectrum showed that these dGMP radicals were relatively
stable in the solution without edaravone. From the time pro-
files in Fig. 3 and the spectrum in the inset of Fig. 2, it is
clear that the decay rate of absorbance at 320 and 600 nm
depended on the concentrations of edaravone. These profiles

Chemical repair activity of free radical scavenger edaravone 61



show that these dGMP hydroxyl radical adducts were
scavenged by edaravone. Rate constants of the reactions were
found to be 4.1 × 108 dm3 mol−1 s−1 and 4.3 × 108 dm3

mol−1 s−1 from the absorbance decay at 320 and 600 nm. On
the other hand, the absorbance at 350 nm almost remained
unchanged by the addition of edaravone (Fig. 3b). It seems
that the edaravone radical, the absorption peak of which is
~350 nm, was produced by these reactions (see Discussion).
Transient absorption spectra of a N2O-saturated solution

containing 2.0 × 10−3 mol dm−3 dGMP and 1.0 × 10−4 mol
dm−3 ascorbic acid determined 1 and 80 μs after the pulse
irradiation were also obtained to compare with that of edara-
vone (Fig. 4). Under the experimental conditions, the absorp-
tion spectrum of dGMP hydroxyl radical adducts was
observed 1 μs after pulse irradiation because it was calculated
that >97% of •OH was scavenged by dGMP based on a
competition reaction between dGMP and ascorbic acid. The
rate constant of the reaction between ascorbic acid and •OH,
(4.5 ± 0.3) × 109 dm3 mol−1 s−1, which was determined in
this study by measuring the buildup rate of ascorbate radical
after pulse irradiation of N2O-saturated solutions containing
0.2–1.0 × 10−3 mol dm−3 ascorbic acid at pH 6.9, was used
for the competition reaction. The absorbance derived from
dGMP hydroxyl radical adducts decreased, with an increase
in a strong absorption band at 360 nm. This spectral alter-
ation, which was also reported previously by O’Neill [42], is
believed to be due to electron transfer reactions of dGMP
hydroxyl radical adducts and ascorbic acid, resulting in the
production of an ascorbate radical. The rate constants of the
decay at 320 and 600 nm were found to be 4.1 × 108 dm3

mol−1 s−1 and 4.2 × 108 dm3 mol−1 s−1, respectively. These
values are similar to the reported value measured by O’Neill,
(4.8 ± 0.5) × 108 dm3 mol−1 s−1 and are almost the same as
those of the reactions of edaravone and dGMP hydroxyl
radical adducts.

Gamma ray-irradiation of plasmid DNA solutions
containing edaravone
The semi-log plots of the dose–response curves of fractions
of closed-circular forms in gamma ray-irradiated pUC18
plasmid DNA (1.0 × 10−2 g dm−3) aqueous solutions, with or
without 100 μmol dm−3 edaravone, are shown in Fig. 5. The
fractions of closed circular forms of DNA in the solutions
incubated at 37°C for 1 h, with or without Nth, are also
plotted. The dose–response curve of closed-circular forms in
DNA incubated without Nth was slightly steeper than that of
closed-circular forms in DNA without incubation, regardless
of whether ascorbic acid was added (see the circle and square
symbols in Fig. 5). This indicates that heat treatment during
incubation induced damage in heat labile sites [44]. On the
other hand, closed-circular forms in DNA incubated with
Nth decreased drastically. This indicates that a lot of Nth-
sensitive sites are produced in irradiated DNA. The results
were similar to the results of the previous experiments in
DNA solutions containing ascorbic acid [16]. Nth-sensitive
lesions and strand breaks, which are produced by irradiation,
were suppressed by edaravone. The chemical yields of pro-
mpt SSBs and Nth-, Fpg- and Nfo-sensitive sites (GSSB,
GNth, GFpg, GNfo) in the absence and presence of 10, 100 and
1000 μmol dm−3 edaravone were determined (Table 1). The
ratio of the yield of each lesion produced in the presence of
edaravone to the yield produced in the absence of edaravone
(G0) was calculated for each concentration (shown in Fig. 6
as ‘G/G0’). The G/G0 ratio decreased with increasing con-
centrations of edaravone. At the lower concentrations (10
and 100 μmol dm−3), the production of Nfo-sensitive sites
(AP sites) has a tendency to be more suppressed than that of
SSBs. The Nth- and Fpg-sensitive sites (AP sites and other
base lesions) also had lower ratios than those of prompt
SSBs, though the margin of error for the experimental data
was large.
According to our previous paper on ascorbic acid, the

enzyme-sensitive lesions with lower G/G0 ratios indicate a
higher level of chemical repair activity of ascorbic acid at AP
sites and other base lesions. The chemical repair efficiency
was estimated by the parameter, p, which represents the frac-
tion of chemically repairable yields in all detected lesions,
obtained by a simple model of a competition reaction (16).
The value of p represents the proportion of lesions potential-
ly repairable by an antioxidant. Enzyme-sensitive lesions
were more easily repaired by edaravone than SSBs (Fig. 6),
although the error margins of the G/G0 ratios of Fpg- and
Nth-sensitive lesions were rather large. The value of p for
edaravone was also determined for each lesion (Table 1). The

Fig. 2. Transient absorption spectra obtained 1 μs (closed circles)
and 80 μs (open squares) after irradiation by pulse radiolysis of a
N2O-saturated aqueous solution containing 2 × 10−3 mol dm−3

dGMP, 1.0 × 10−4 mol dm−3 edaravone, and 2.0 × 10−2 mol dm−3

phosphate buffer at pH 6.9. Inset: the transient spectrum obtained
80 μs after irradiation by pulse radiolysis of a N2O-saturated
aqueous solution containing 2 × 10−3 mol dm−3 dGMP.
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value of p for Nfo-sensitive sites was 0.56 ± 0.13, indicating
that about half of the precursors of AP sites could be chem-
ically repaired by edaravone. On the other hand, the p values

for edaravone to Nth- and Fpg-sensitive sites were ~0.3,
showing that ~30% of the precursors of these lesions could
be chemically repaired. Thus, edaravone can chemically
repair precursors of AP sites and other base lesions more
easily than those of SSBs. As these enzyme-sensitive lesions
can cause cell mutations, this result suggests that edaravone
may have a potentially beneficial role in the suppression of
cell mutations under irradiation.
As mentioned above, two types of dGMP hydroxyl radical

adducts, G•8-OH and G•4-OH, are mainly produced through
the reaction of guanine and •OH. These radicals are known to
be precursors of 8oxoG, which is an Fpg-sensitive lesion. In
this gamma ray irradiation experiment, the inhibition of
Fpg-sensitive lesions was observed by adding edaravone.
This result was consistent with the results of our pulse radi-
olysis experiments, in which G•8-OH and G•4-OH were sca-
venged by the antioxidants.

DISCUSSION

Reduction reaction of edaravone
The decay rate of absorbance at 320 and 600 nm depends on
the concentrations of edaravone (Fig. 3), which indicates that

Fig. 3. Time profiles of absorbance at (a) 320, (b) 350 and (c) 600 nm of the solutions containing several concentrations of
edaravone and 2 × 10−3 mol dm−3 dGMP at pH 6.9.

Fig. 4. Transient absorption spectra obtained 1 μs (closed circles)
and 80 μs (open squares) after irradiation by pulse radiolysis of a
N2O-saturated aqueous solution containing 2 × 10−3 mol dm−3

dGMP, 1.0 × 10−4 mol dm−3 ascorbic acid, and 2.0 × 10−2 mol dm−3

phosphate buffer at pH 6.9.
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the decay of the dGMP hydroxyl radical adducts is attribut-
able to the reactions with edaravone. However, unlike the
result for ascorbic acid (Fig. 4), the definite absorption bands
of edaravone radicals that should be produced as a result of
the reactions were not observed. In our previous report,
one-electron oxidized edaravone radicals, the molecular
coefficient of which at 345 nm was (2.60 ± 0.10) × 103 dm3

mol−1 cm−1 [29], were produced by reactions of edaravone
with oxidizing radicals. The molecular coefficient of the
edaravone radicals is almost the same as that of dGMP
hydroxyl radical adducts, which is calculated from Fig. 2
using the yield of •OH in N2O-saturated solutions, 0.59 μmol
J−1 [40], as the yield of dGMP hydroxyl radical adducts.
Therefore, it was presumed these dGMP hydroxyl radical
adducts were reduced by edaravone through electron transfer
reactions, from which a one-electron oxidized edaravone
radical was produced. This pattern of reaction is similar to that

of ascorbic acid. Pulse radiolysis experiments showed that
edaravone can reduce dGMP hydroxyl radical adducts through
electron transfer reactions with high rate constants in the same
manner as ascorbic acid.

Comparison of chemical repair activity
of edaravone with that of ascorbic acid
In our previous report, 50–60% of the precursors of the
enzyme-sensitive lesions were chemically repaired by ascor-
bic acid [16]. The results of the present experiment show
that the chemical repair activity of edaravone on enzyme-
sensitive lesions is lower than that of ascorbic acid. On the
other hand, the values of p for both edaravone and ascorbic
acid to SSBs were almost zero, indicating that SSBs are
seldom repaired by either edaravone or ascorbic acid.
As discussed above, the pattern of reaction of edaravone to

dGMP hydroxyl radical adducts and the rate constants were
similar to those of ascorbic acid. However, the chemical
repair activity of edaravone against the precursors of
Fpg-sensitive lesions, which include 8oxoG, was relatively

Fig. 6. Ratios of the chemical yields of prompt SSBs and of Nth-,
Fpg- and Nfo-sensitive sites obtained in the presence of edaravone
at several concentrations (G) to the yields obtained without
edaravone (G0).

Fig. 5. Dose–response curves of the remaining fraction of closed
circular plasmid DNA in 2.0 × 10−2 mol dm−3 phosphate buffer
(pH 7) aqueous solution of 1.0 × 10−2 g dm−3 pUC18 plasmid
DNA with 100 μmol dm−3 edaravone (open symbols). The results
of our previous study in DNA solution without the addition of
antioxidants are also plotted (closed symbols) [11]. Circles: DNA
directly analyzed without any chemical treatments after irradiation;
diamonds: DNA incubated with Nth treatment after irradiation;
squares: DNA incubated without Nth treatment after irradiation.

Table 1. Chemical yields (G values) of strand breaks and of Nth-, Fpg- and Nfo-sensitive sites, and the
fraction of repairable precursors of DNA lesions (p)

[Eda] (μmol dm−3)
p

0 10 100 1000

G (10−3 μmol J−1) Nth-sensitive lesions 4.7 ± 1.2 1.5 ± 0.8 0.29 ± 0.05 0.056 ± 0.003 0.36 ± 0.13
Fpg-sensitive lesions 7.3 ± 2.2 2.5 ± 0.6 0.43 ± 0.15 0.090 ± 0.014 0.35 ± 0.13
Nfo-sensitive lesions 2.9 ± 0.5 0.67 ± 0.21 0.12 ± 0.06 0.031 ± 0.007 0.56 ± 13
SSBs 6.4 ± 2.2 2.9 ± 0.3 4.3 ± 0.8 0.055 ± 0.013 0.13 ± 0.09

K. Hata et al.64



low. Several reasons can be suggested to explain this differ-
ence. First, the reactivity of edaravone with other precursors
of Fpg-sensitive lesions might be different from that of ascor-
bic acid. This could be verified by pulse radiolysis experi-
ments using other DNA model compounds, such as those
used in previous experiments performed by Shi et al. [45].
Another reason could be the difference in accessibility to the
precursors of lesions on DNA, which is attributable to the
structures of the antioxidants. Measuring the chemical repair
activity of derivatives of antioxidants might be a useful way
to investigate their accessibility in terms of structure–activity
relationships.
Some sulfhydryl compounds, such as glutathione, are also

known to show chemical repair activity via hydrogen dona-
tion reactions [12, 41]. Applying the methods used in this
study to sulfhydryl compounds might help improve our
understanding of their chemical repair activity and provide
some information about the differences observed in the
chemical repair activities between antioxidants and sulfhy-
dryl compounds.

CONCLUSIONS

The conclusions obtained from the pulse radiolysis ex-
periment in dGMP solutions and the gamma ray irradiation
experiment in plasmid DNA solutions are summarized as
follows.
(i) Edaravone reduced dGMP hydroxyl radical adducts

through electron transfer reactions, from which a
one-electron oxidized edaravone radical was produced. The
pattern of reaction and the rate constants were similar to
those of ascorbic acid.
(ii) By adding edaravone into plasmid DNA solutions

before gamma ray irradiation, Nth-, Fpg- and Nfo-sensitive
lesions were suppressed. This phenomenon was attributed to
the chemical repair reactions of edaravone. However, the
suppression of SSBs was not effective.
(iii) The efficiency of the chemical repair reaction of edar-

avone on Nth- and Fpg-sensitive lesions was relatively lower
than that of ascorbic acid. Further studies will be required to
elucidate the reasons for this difference.
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