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We examined the effects of metabolic inhibitors on skin permeation of edaravone. SKF-525A, diclofenac
sodium (DIC) and indomethacin (IND) were added to supernatant fluid (SF) of hairless rat (HR) skin
homogenate. l-Cysteine (l-Cys) and benzotriazole (BTA), as pharmaceutical additives, were added to
HR skin homogenate SF, and incubated at 37 ◦C for 30 min. Km and Vmax values were calculated. For
determination of edaravone skin permeation from edaravone/hydroxypropyl-�-cyclodextrin (HP�CD)
complex solution, HR skin was placed in a Franz diffusion cell, and kept at 37 ◦C. Edaravone/HP�CD
daravone
-Cysteine
enzotriazole
airless rat
ydroxypropyl-�-cyclodextrin

solution that contained l-Cys was put into the donor side. The relative activity in skin homogenate SF
after co-treatment with IND and SKF-525A decreased to 40.8% of the control. However, DIC and IND had
a weak inhibitory effect. For inhibition of edaravone metabolism, l-Cys and BTA had no effect on Km

value, but Vmax was significantly decreased compared with controls (*P < 0.05, Tukey–Kramer test). The
edaravone skin permeation rate and permeability coefficient from edaravone/HP�CD complex solution
with inhibitor were significantly increased compared with those without inhibitor. We suggest that the

usef
metabolism inhibitor was

. Introduction

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-one, MW 174.20;
adicut® injection 30 mg) is the world’s first neuroprotective agent,
eveloped in Japan, and it has a neuroprotective effect (Houkin et al.,
998), an effect on regional cerebral blood flow (Kawai et al., 1997),
uppresses delayed neuronal death, and shows antioxidative radi-
al scavenging (Watanabe et al., 1988, 1994; Yamamoto et al., 1997).
t has also been reported that its scavenging action is different from
hat of vitamins C and E (Watanabe et al., 2004). Edaravone has
een reported to have protective effects against cisplatin-induced
ephrotoxicity in rats (Sueishi et al., 2002). In addition, edaravone
as been reported to counteract the development of multiple low-
ose streptozotocin-induced diabetes in mice (Fukudome et al.,
008).

Moreover, when a patient with rheumatoid arthritis (RA) devel-

ped acute stroke and was treated with edaravone, polyarthralgia
mproved, with a reduction in serum C-reactive protein concentra-
ion soon after the start of treatment, and the disease activity score
f 28 also decreased (Arii et al., 2006a). RA is a chronic inflammatory
isease associated with immune abnormalities, and it is reported

∗ Corresponding author. Tel.: +81 424 95 8468; fax: +81 424 95 8468.
E-mail address: fishii@my-pharm.ac.jp (F. Ishii).

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.12.038
ul for the transdermal delivery of edaravone.
© 2008 Elsevier B.V. All rights reserved.

that oxidative stress appears to be involved in the pathogenesis
of RA (Arii et al., 2006b; Cimen et al., 2000; Ozturk et al., 1999;
Mazzetti et al., 2001; Miesel et al., 1996). Therefore, edaravone, an
antioxidant agent, might be a novel therapeutic agent from which
to develop a new strategy for RA treatment.

A phase III clinical trial of edaravone in amyotrophic lateral scle-
rosis (ALS) is in progress, and the effects on an ALS patient have
already been reported (Yoshino and Kimura, 2006).

There is evidence to suggest that allergic and inflammatory
skin diseases such as atopic dermatitis, urticaria and psoriasis are
mediated by oxidative stress (Okayama, 2005). Human skin has
a protective function, and is therefore, a potential site for the
production of free radicals. The role played by topically applied
antioxidants as inhibitors of oxidative stress damage was felt
to be worth investigation. In addition, hydroxyl radical scaveng-
ing and antipsoriatic activity of benzoic acid derivatives have
already been reported (Haseloff et al., 1990). Therefore, edar-
avone, as a radical scavenger, might be a novel therapeutic agent
from which to develop a new strategy for treatment of skin
diseases.

Edaravone is presently only available commercially in an

injectable form. However, it is thought that a route of administra-
tion other than by injection is necessary when edaravone is used to
treat skin diseases. Furthermore, topical administration is thought
to be the preferred route. Therefore, we studied the possibility of
transdermal absorption of edaravone.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:fishii@my-pharm.ac.jp
dx.doi.org/10.1016/j.ijpharm.2008.12.038
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diffusion cell with an effective area of 3.14 cm . Then, 1.0 ml
edaravone/HP�CD solution containing l-Cys was put into the donor
side, and distilled water into the receiver side, and these were kept
at 37 ◦C. 0.2 ml of receiver liquid was extracted after 2, 4, 6, 8 and
24 h, and 0.6 ml methanol containing methylparaben (internal stan-
4 T. Sato et al. / International Journ

Cyclodextrin improves solubility and skin permeability when it
s administered in combination with edaravone (Sato et al., 2005,
006) have been reported in pharmaceutical studies. Moreover, we
ave already reported participation of the non-enzymatic reaction

n interaction of edaravone and skin (Sato et al., 2008). In this study,
he inhibition of edaravone metabolism in the skin by pharmaceu-
ical additive agents was examined, along with the effect of these
dditives on skin permeation of edaravone.

. Materials and methods

.1. Materials

Edaravone was synthesized from ethyl acetoacetate and
henylhydrazine (Komatsu et al., 1996). Superoxide dismutase
SOD, Zn type) from Bacillus sp., SKF-525A, diclofenac sodium
DIC) and indomethacin (IND) were purchased from Wako Pure
hemical Industries (Osaka, Japan). Catalase (CAT) from bovine

iver was purchased from Merck Ltd. (Tokyo, Japan). Sodium
ydrogen sulfite (SHS), l-Cysteine (l-Cys), l-arginine (l-Arg),
-mercaptobenzimidazole (MBI) and benzotriazole (BTA) were
urchased from Kanto Chemical Co. (Tokyo, Japan). Hydroxypropyl-
-cyclodextrin (HP�CD) was obtained from Nihon Shokuhin Kako
o. Ltd. (Tokyo, Japan). All other reagents and solvents were of spe-
ial grade and used without further purification.

.2. Animals

Ten-week-old hairless (HWY) male rats were obtained from
apan SLC (Shizuoka, Japan). These animals were housed in rooms
ontrolled at 23 ± 2 ◦C and 55 ± 15% relative humidity. Pelleted
how (Certified Rodent Diet #5002; PMI Nutrition International,
SA) and water were given ad libitum. Ten-week-old hairless male

ats were used for studies of skin metabolism and permeation of
daravone. All experiments were performed under the regulations
f the Animal Ethical Committee of Mikasa Seiyaku Co. Ltd.

.3. Preparation of skin homogenate supernatant fluid (SF)

One gram of abdominal skin removed from hairless rats (HR)
as homogenized in 10 ml saline, and centrifuged at 10,000 × g for
0 min, and the SF was examined. In addition, HR skin homogenate
F was heated for 15 min at 80 ◦C to inactivate uridine diphos-
hate glucuronosyltransferase (UGT). Then, it was centrifuged at
0,000 × g for 20 min, and the SF was examined. Skin removed from
ats was stored at −80 ◦C until the experiment, and SF of centrifuged
kin homogenate was stored at −20 ◦C until the experiment.

.4. Effects of SOD, CAT, SKF-525A, DIC and IND on metabolism of
daravone in HR skin

SOD (4500 U), CAT (4500 U) or SKF-525A (0.1 mmol) in a vol-
me of 0.05 ml were added to 0.25 ml HR skin homogenate SF
eated at 80 ◦C, and 0.175 ml isotonic phosphate buffer solution (pH
.5) was added. The SFs were incubated at 37 ◦C for 30 min. Then,
.025 ml edaravone (60 nmol:2.4 �mol/ml) was added (0.5 ml total
olume), and the SFs were incubated at 37 ◦C for 30 min. Moreover,
IC (0.1 mmol) and IND (0.1 mmol)were examined in the same way,
nd they had radical scavenging activity and affinity with UGT.

The amount of edaravone was quantified by high-performance
iquid chromatography (HPLC).
HPLC chromatograms of edaravone in HR skin SF that was
ot heated to 80 ◦C were also investigated. DIC (0.2 mmol), IND
0.2 mmol) or SKF-525A (0.1 mmol) in a volume of 0.05 ml was
dded to HR skin homogenate SF, and 0.175 ml isotonic phosphate
uffer solution (pH 7.5) was added. Then, SF was incubated at 37 ◦C
harmaceutics 372 (2009) 33–38

for 30 min. Edaravone solution (60 nmol:2.4 �mol/ml), 0.025 ml,
was added (0.5 ml total volume), and SF was incubated at 37 ◦C.
The amount of edaravone at 30 min was quantified by HPLC.

2.5. Effects of l-Cys, l-Arg, MBI and BTA as pharmaceutical
additives on inhibition of edaravone metabolism in HR skin

l-Cys, l-Arg, MBI or BTA (0.01–1.0 �mol/0.05 �l) was added to
0.25 ml HR skin homogenate SF, along with 0.175 ml isotonic phos-
phate buffer solution (pH 7.5), and incubated at 37 ◦C for 30 min.
Then, edaravone solution (2.4 �mol/ml) 0.025 ml (60 nmol) was
added (0.5 ml total volume), and the SFs were incubated at 37 ◦C for
30 min. Edaravone was quantified by HPLC after addition of 0.3 ml
methanol containing methylparaben as an internal standard.

On the other hand, the effect of l-Cys and MBI on edar-
avone metabolic rate in skin homogenate SF was investigated.
The edaravone solution (7.5–60 nmol/0.025 �l) with l-Cys and
MBI(0.1–1.0 �mol/0.05 �l) were added to 0.25 ml hairless rat skin
homogenate SF. Then 0.175 ml pH 7.5 isotonic phosphate buffer
solution was added in these SF (0.5 ml total volume). Then, they
were incubated at 37 ◦C for 30 min, and after 0.3 ml methanol con-
taining methylparaben (internal standard) was added to 0.1 ml of
each samples quantified by HPLC.

2.6. Edaravone HR skin permeation from edaravone/HPˇCD
complex

Abdominal skin removed from HR was placed in a Franz
2

Fig. 1. Effects of various drugs on metabolism of edaravone in HR skin. (A) Skin
homogenate SF heated at 80 ◦C; (B) skin homogenate SF (mean ± S.D.; n = 3; vs.
control; **P < 0.01, Tukey–Kramer test).
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ard) was added to each sample, and these samples was measured
y HPLC.

.7. Stability of edaravone in edaravone/HPˇCD complex solution

Edaravone/HP�CD solution was stored in brown glass bottles
t 50 ◦C. Samples were taken on days 14 and 28 for analysis of
daravone content at 50 ◦C by HPLC. Methanol containing methyl-
araben (internal standard) was added to each sample. We then
howed the stability of edaravone at the residual rate, which was
alculated as measured/initial concentration × 100.

.8. Determination of edaravone in samples

The HPLC LC10 system (Shimadzu) was used to determine edar-
vone in samples. Samples were analyzed on a 5-�m Nucleosil
00 C18 column (4.6 mm × 250 mm; GL Sciences, Tokyo, Japan),
t 40 ◦C. Edaravone was detected by UV at 243 nm. For measur-
ng the metabolism and skin permeation of edaravone, the mobile
hase used methanol/distilled water/acetic acid (35:65:0.1, v/v/v),
nd the flow rate of the mobile phase was 1 ml/min. Then, after
ethylparaben (internal standard) was added to each sample,

0 �l was injected onto the column. In addition, the mobile phase
sed methanol and 10 mmol sodium acetate (35:65, v/v), pH 5.5
Komatsu et al., 1996), to compare the chromatogram tR value, with
mobile-phase flow rate of 0.5 ml/min.

Other HPLC conditions were the same as those used for
etabolism and skin permeation of edaravone.
.9. Statistical analysis

Inhibition of edaravone metabolism in skin was evaluated by
ukey–Kramer test. Then, HR skin permeation was evaluated by t

Fig. 2. HPLC chromatograms of edaravone in HR skin homogenate SF tr
harmaceutics 372 (2009) 33–38 35

test. In addition, P < 0.05 was considered statistically significant in
all statistical analyses. The results are presented as means ± S.D.

3. Results

3.1. Determination of edaravone

During the skin metabolism, skin permeation and stability stud-
ies of edaravone, the retention time of edaravone was almost
10 min. On the other hand, in comparison of HPLC chromatograms,
the retention time was almost 19.5 min. The concentration of
edaravone was 1.5–100 nmol for the skin metabolism studies,
and 0.125–20 �g/ml for the skin permeation and stability studies.
HPLC demonstrated good linearity, with a correlation coefficient of
>0.9999.

3.2. Effects of SOD, CAT, SKF-525A, DIC and IND on metabolism of
edaravone in HR skin

The effects of inhibition by SOD, CAT, SKF-525A, DIC and IND
on metabolism of edaravone in skin homogenate SF heated at
80 ◦C and skin homogenate SF are shown in Fig. 1A and B. In skin
homogenate SF heated at 80 ◦C, although the skin homogenate SF
inactivated an UGT by heating, it showed activity for metabolism
of edaravone. SOD and CAT treatments significantly decreased
edaravone metabolism in skin compared with the control level
(P < 0.01, Tukey–Kramer test). SKF-525A, which is a non-specific
P450 inhibitor, significantly decreased edaravone metabolism com-

pared with the control level (P < 0.01, Tukey–Kramer test). DIC and
IND significantly decreased edaravone metabolism compared with
the control level (P < 0.01, Tukey–Kramer test). However, they had a
weak effect compared with that of SKF-525A. In addition, the effect
of SKF525A on skin homogenate SF was lower than that with skin

eated by DIC, IND or SKF-525A. ( ) Relative activity (% of control).
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Table 1
Km and Vmax of inhibition of edaravone metabolism in the HR skin for various inhibitors vs. 0 �M, Tukey–Kramer test.

Km (nM) Vmax (nM/min/mg tissue)

l-Cys BTA l-Cys BTA

0 �M 17.54 ± 6.57 11.04 ± 4.70
0.1 �M 14.43 ± 2.78 13.85 ± 4.67 1.55 ± 0.33** 3.27 ± 0.43**

1 4.44

M

h
s
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h
t

.0 �M 12.73 ± 1.87 18.09 ±
ean ± S.D. n = 3.

** P > 0.01.

omogenate SF heated at 80 ◦C, and SOD and IND had no effect on
kin homogenate SF.

HPLC chromatograms of edaravone in HR skin homogenate SF
re shown in Fig. 2. The retention time of edaravone was ∼19.5 min
Fig. 2A). Peak tR value of 8–9 min in skin homogenate SF after treat-

ent with DIC did not differ from that of the controls, and inhibitory
ctivity did not appear (Fig. 2B). Following treatment with 0.2 mmol
ND, the relative activity of skin homogenate SF was 69.6% of the
ontrol, and peak tR value of 8–9 min was decreased compared with
hat of the control and DIC-treated sample (Fig. 2C). The relative
ctivity in skin homogenate SF after co-treatment with 0.2 mmol
ND and 0.1 mmol SKF-525A decreased to 40.8% of the control level,
nd peak tR value of 8–9 min disappeared (Fig. 2D).

.3. Effects of l-Cys, l-Arg, MBI and BTA as pharmaceutical

dditives on inhibition of edaravone metabolism in HR skin

The inhibitory effects of amino acids and the azole compounds
s pharmaceutical additives on edaravone metabolism in HR skin

ig. 3. Effects of pharmaceutical additives on metabolism of edaravone in skin
omogenate SF. (A) Amino acids; (B) azole compounds (vs. control, Tukey–Kramer
est *P > 0.05. Mean ± S.D., n = 3).
0.85 ± 0.37** 1.28 ± 0.30**

are shown in Fig. 3. Metabolism of edaravone in skin homogenate SF
was decreased in a dose-dependent manner by amino acids. It was
significantly decreased to 94.84 ± 8.93, 70.35 ± 3.28, 27.69 ± 10.63%
(mean ± S.D.) of the control level by 0.01, 0.1 and 1.0 �M l-Cys,
respectively (*P < 0.05, Tukey–Kramer test). Edaravone metabolism
was significantly decreased to 62.5–66.6% of the control level
by 0.05–1.0 �M l-Arg (*P < 0.05, Tukey–Kramer test), but this did
not appear to be dose-dependent. l-Cys decreased edaravone
metabolism more than IND or SKF525A. Edaravone metabolism
was significantly decreased in a dose-dependent manner by MBI
and BTA (*P < 0.05, Tukey–Kramer test). Moreover, MBI and BTA
decreased edaravone metabolism more than did IND and SKF525A.

The effects of l-Cys and BTA on rate of edaravone metabolism in
HR skin homogenate SF are shown in Table 1. l-Cys and BTA had no
effect on Km value, but Vmax was significantly decreased compared
with the controls (*P < 0.05, Tukey–Kramer test).

3.4. Edaravone HR skin permeation from edaravone/HPˇCD
complex

Effect of l-Cys on edaravone HR skin permeation from
edaravone/HP�CD complex solution is shown in Fig. 4 Edar-
avone skin permeation rate and permeability coefficient from
edaravone/HP�CD complex solution with l-Cys were significantly
increased compared with those without l-Cys (t test **P < 0.01), but
diffusion coefficient did not differ (Fig. 5).

3.5. Stability of edaravone in edaravone/HPˇCD complex solution

Stability of edaravone in samples stored in brown glass bottles
at 50 ◦C is shown in Table 2. The mean residual level of edaravone
in the sample without inhibitors stored at 50 ◦C was 93% of the

initial level. On the other hand, through the initial 14 days, the mean
residual level of edaravone in the samples that contained several
inhibitors stored at 50 ◦C was 100% of the initial level. By day 28,
the mean residual level was >99%. Therefore, edaravone was stable
under both conditions.

Fig. 4. HR skin permeation profiles of edaravone from edaravone/HP�CD complex
with inhibitor (edaravone/HP�CD solution (0.7% edaravone) containing l-Cys shown
in Table 2) and without inhibitor (edaravone/HP�CD solution (0.7% edaravone) not
containing l-Cys).
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Fig. 5. Effects of inhibitor on edaravone skin permeability from edaravone/HP�CD
complex. (A) Diffusion coefficient; (B) permeation rate; (C) permeability coefficient
(t test **P < 0.01, mean ± S.D., n = 3).

Table 2
Stability of edaravone in cyclodextrin solution.

w/v (%)

1 2 3 4 5

Edaravone 0.7 0.7 1.0 1.0 2.0
HP�CD 10.0 10.0 20.0 20.0 40.0
SHS 0.1 0.1 0.1 1.2
l-Cys 0.6 0.6
BTA 0.6
Total volume (ml) 100.0 100.0 100.0 100.0 100.0

50 ◦C storage Residual ratio%

14 days 100.3 ± 0.8 100.7 ± 1.7 93.7 ± 0.6 100.1 ± 0.5 102.5 ± 2.4
2
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8 days 103.2 ± 2.0 103.5 ± 0.2 93.6 ± 1.4 99.8 ± 0.8 99.6 ± 1.8

hese samples were added to pH 4.5 citric acid buffer, which was diluted to 1/10, to
ive a total volume of 100 ml.

. Discussion

SKF-525A as a non-specific P450 inhibitor inhibits oxidization
f P450, but SOD and CAT do not have this effect (Hayashi et al.,
005). The metabolism of edaravone by intravenous administration

n the rat does not involve oxidation by P450, and it is mediated
y glucuronic acid and sulfuric acid conjugation (Komatsu et al.,
996). It was thought that peak tR value of around 8.3 min shown
n Fig. 2 was glucuronic acid, because glucuronic acid has already
een reported to have a peak tR value of 8–9 min (Komatsu et al.,
996; Sato et al., 2008). On the other hand, IND and DIC have affinity
o UGT, but to different UGT family members (Kuehl et al., 2005).
n IND, the decrease in peak tR value of 8–9 min, suggested that
he production of the glucuronide may have been inhibited. The

etabolism of edaravone in HR skin is considered to be mediated
ia UGT and reactive oxygen species (ROS) (Sato et al., 2008).

IND, DIC and SKF-525A have radical scavenging actions, which
ave been reported previously (Prasad and Laxdal, 1994; Towner et
l., 2002). However, we examined skin metabolism of edaravone
n the presence of compounds already used as pharmaceutical
dditives because we cannot generally use IND and SKF-525A as
harmaceutical additives. In these experiments, we found that
mino acids and azole compounds acted as pharmaceutical addi-
ives, and they inhibited skin metabolism of edaravone.

In the skin, l-Cys, MBI and BTA had a higher inhibition effect in

dose-dependent manner than did IND and SKF-525A. For inhibi-

ion of edaravone metabolism by l-Cys and BTA, Km values did not
iffer significantly compared with the Km values in the absence of

nhibitors, but Vmax decreased. Therefore, it was thought that these
nhibitors acted by non-competitive inhibition.
harmaceutics 372 (2009) 33–38 37

After intravenous administration of edaravone, keto–enol, glu-
curonide and sulfate metabolites of edaravone have been reported
as detected; therefore, it is thought that metabolism of edaravone is
related to keto–enol transformation (Komatsu et al., 1996). Further-
more, 50% of edaravone is present as anions under physiological
conditions. Therefore edaravone scavenges various radicals, and
this produces the reaction product (2-oxo-3-(phenylhydrazono)-
butanoic acid, OPB) which does not have a radical scavenging action
(Watanabe et al., 2004). Therefore, in the skin, it is suggested that
these drugs inhibited metabolism of edaravone by stabilizing the
ketone that is a reactive site of edaravone. However, stability was
not thought to play a role in skin permeation of edaravone. On
the other hand, sulfhydryl compounds enhance skin permeation
of Spantide II, by interacting with keratin in the corneous cell, and
that it is thought that the permeation route is transcellular (Babu
et al., 2004). Therefore, in skin permeation of edaravone as a rad-
ical scavenger, it is necessary to consider inhibition of edaravone
metabolism by the skin and interaction between the inhibitor and
keratin.

Metabolism of edaravone by ROS is rapid compared with that
by the conjugation enzyme UGT. Therefore, for transdermal admin-
istration of edaravone, it is thought that metabolism must be
minimized following topical treatment in order to increase drug
absorption. In the edaravone/HP�CD complex solution, which con-
tained an inhibitor, the edaravone concentration did not decrease
for 28 days at 50 ◦C. Therefore, in this study, it was thought that the
metabolic inhibitor was useful for the transdermal administration
of edaravone.

5. Conclusion

We suggest that the metabolic inhibitor was useful for the
transdermal administration of edaravone. Therefore, transdermal
administration of edaravone as a radical scavenger might be a novel
therapeutic approach from which to develop a new strategy for the
treatment of skin diseases.

References

Arii, K., Kumon, Y., Ikeda, Y., Suehiro, T., Hashimoto, K., 2006a. Edaravone inhibits
rheumayoid synovial cell proliferation and migration. Free Radic. Res. 40,
121–125.

Arii, K., Kumon, Y., Ikeda, Y., Suehiro, T., Hashimoto, K., 2006b. Edaravone
inhibits the disease activity in rheumatoid arthritis. J. Clin. Pharm. Ther. 31,
197–199.

Babu, R.J., Kikwai, L., Jaiani, L.T., Kanikkannan, N., Armstrong, C.A., Ansel, J.C., Singh,
M., 2004. Percutaneous absorption and anti-inflammatory effect of a substance
P receptor antagonist: Spantide II. Pharm. Res. 21, 108–113.

Cimen, M.Y., Cmen, O.B., Kacmaz, M., Ozturk, H.S., Yorgancioglu, R., Durak, I., 2000.
Oxidant/antioxidant status of the erythrocytes from patients with rheumatoid
arthritis. Clin. Rheumatol. 19, 275–277.

Fukudome, D., Matsuda, M., Kawasaki, T., Ago, Y., Matsuda, T., 2008. The radical
scavenger edaravone counteracts diabetes in multiple low-dose streptozotocin-
treated mice. Eur. J. Pharmacol. 583, 164–169.

Kuehl, G.E., Lampe, J.W., Potter, J.D., Bigler, J., 2005. Glucuronidation of nonsteroidal
anti-inflammatory drugs: identifying the enzymes responsible in human liver
microsomes. Drug Metab. Dispos. 33, 1027–1035.

Haseloff, R.F., Blasig, I.E., Meffert, H., Ebert, B., 1990. Hydroxyl radical scavenging
and antipsoriatic activity of benzoic acid derivatives. Free Radic. Biol. Med. 9,
111–115.

Hayashi, S., Yasui, H., Sakurai, H., 2005. Essential role of singlet oxygen species in
cytochrome P450-dependent substrate oxygenation by rat liver microsomes.
Drug Metab. Pharmacokinet. 20, 14–23.

Houkin, K., Nakayama, N., Kamada, K., Noujou, T., Abe, H., Kashiwaba, T., 1998.
Neuroprotective effect of the free radical scavenger MCI-186 in patients with
cerebral infarction: clinical evaluation using magnetic resonance imaging and
spectroscopy. J. Stroke Cerebrovasc. Dis. 7, 315–322.
Kawai, H., Nakai, H., Suga, M., Yuki, S., Watanabe, T., Saito, K.I., 1997. Effects of a
novel free radical scavenger, MCI-186, on ischemic brain damage in the rat
distal middle cerebral artery occlusion model. J. Pharmacol. Exp. Ther. 281,
921–927.

Komatsu, T., Nakai, H., Takamatsu, Y., Morinaka, Y., Watanabe, K., Shinoda, M., Iida, S.,
1996. Pharmacokinetic studies of 3-methyl-1-phenyl-2-pyrazolin-5-one (MCI-



3 al of P

M

M

O

O

P

S

S

Yamamoto, T., Yuki, S., Watanabe, T., Mitsuka, M., Saito, K., 1997. Delayed neuronal
8 T. Sato et al. / International Journ

186): metabolism in rats, dog and human. Drug Metab. Pharmacokinet. 11,
451–462.

azzetti, I., Grigolo, B., Pulsatelli, L., Pulsatelli, L., Dolzani, P., Silvestri, T., Roseti,
L., Meliconni, R., Facchini, A., 2001. Differential roles of nitric oxide and oxygen
radicals in chondrocytes affected by osteoarthritis and rheumatoid arthritis. Clin.
Sci. (Lond.) 101, 593–599.

iesel, R., Murphy, M.P., Kroger, H., 1996. Enhanced mitochondrial radical production
in patients with rheumatoid arthritis correlates with elevated levels of tumor
necrosis factor alpha in plasma. Free Radic. Res. 25, 161–169.

kayama, Y., 2005. Oxidative stress in allergic and inflammatory skin diseases. Curr.
Drug Targets Inflamm. Allergy 4, 517–519.

zturk, H.S., Cimen, M.Y., Cimen, O.B., Kacmaz, M., Durak, I., 1999. Oxidant/
antioxidant status of plasma sample from patients with rheumatoid arthritis.
Rheumatol. Int. 19, 35–37.

rasad, K., Laxdal, V.A., 1994. Hydroxyl radical-scavenging property of indomethacin.
Mol. Cell. Biochem. 136, 139–144.
ato, T., Mizuno, K., Ishii, F., 2005. Effects of various cyclodextrins on solubility and
penetration through the synthesized membrane of edaravone. Mater. Technol.
23, 403–408.

ato, T., Mizuno, K., Ishii, F., 2006. Effects of hydroxypropyl-�-cyclodextrin on the
transdermal delivery of edaravone through hairless rat skin. Mater. Technol. 24,
79–84.
harmaceutics 372 (2009) 33–38

Sato, T., Mizuno, K., Ishii, F., 2008. In vitro metabolism study of edaravone in Wistar
and hairless rat skin. Biol. Pharm. Bull. 31, 1150–1154.

Sueishi, K., Mishima, K., Makino, K., Itoh, Y., Tsuruya, K., Hirakata, H., Oishi, R., 2002.
Eur. J. Pharmacol. 451, 203–208.

Towner, R.A., Mason, R.P., Reinke, L.A., 2002. In vivo detection of aflatoxin-induced
lipid free radicals in rat bile. Biochim. Biophys. Acta 1573, 55–62.

Watanabe, T., Yuki, S., Egawa, M., Nishi, H., 1994. Protective effects of MCI-186 on
cerebral ischemia: possible involvement of free radical scavenging and antioxi-
dant actions. J. Pharmacol. Exp. Ther. 268, 1597–1604.

Watanabe, T., Morita, I., Nishi, H., Murota, S., 1988. Preventive effect of MCI-186 on 15-
HPETE induced vascular endothelial cell injury in vitro. Prostaglandins Leukot.
Essent. Fatty Acids 33, 81–87.

Watanabe, T., Tanaka, M., Watanabe, K., Takamatsu, Y., Tobe, A., 2004. Research
and development of the free radical scavenger edaravone as neuroprotectant.
Yakugaku Zasshi 124, 99–111.
death prevented by inhibition of increased hydroxyl radical formation in a tran-
sient cerebral ischemia. Brain Res. 762, 240–242.

Yoshino, H., Kimura, A., 2006. Investigation of the therapeutic effects of edaravone,
a free radical scavenger, on amyotrophic lateral sclerosis (phase II study). Amy-
otroph. Lateral Scler. 7, 241–245.


	A novel administration route for edaravone: I. Effects of metabolic inhibitors on skin permeability of edaravone
	Introduction
	Materials and methods
	Materials
	Animals
	Preparation of skin homogenate supernatant fluid (SF)
	Effects of SOD, CAT, SKF-525A, DIC and IND on metabolism of edaravone in HR skin
	Effects of l-Cys, l-Arg, MBI and BTA as pharmaceutical additives on inhibition of edaravone metabolism in HR skin
	Edaravone HR skin permeation from edaravone/HPbetaCD complex
	Stability of edaravone in edaravone/HPbetaCD complex solution
	Determination of edaravone in samples
	Statistical analysis

	Results
	Determination of edaravone
	Effects of SOD, CAT, SKF-525A, DIC and IND on metabolism of edaravone in HR skin
	Effects of l-Cys, l-Arg, MBI and BTA as pharmaceutical additives on inhibition of edaravone metabolism in HR skin
	Edaravone HR skin permeation from edaravone/HPbetaCD complex
	Stability of edaravone in edaravone/HPbetaCD complex solution

	Discussion
	Conclusion
	References


