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Abstract

Intravenous (IV) edaravone is approved as an amyotrophic lateral sclerosis (ALS) treatment. Because IV administration
places a burden on patients, development of orally administered ALS treatments is needed. Therefore, 2 phase 1 studies
of oral formulations of edaravone in healthy subjects examined the pharmacokinetics (PK), safety, racial differences,
and drug-drug interactions (DDIs) and investigated the dose of the oral formulation considered to be bioequivalent to
the approved dose of the IV formulation. Study 1 was a placebo-controlled, randomized, single-blind study of single-
ascending-dose oral edaravone with the dose range of 30 to 300 mg (n = 56). Study 2 was conducted in 2 cohorts
(n = 84); the first assessed DDIs with multiple-dose edaravone 120 mg/day given over 5 or 8 days (coadministered with
single-dose rosuvastatin, sildenafil, or furosemide), and the second evaluated PK and racial (Japanese/White) differences
in PK parameters with doses of 100-mg edaravone. The oral formulation of edaravone was well absorbed, and plasma
concentrations of unchanged edaravone increased more than dose proportionally within the dose range of 30 to 300 mg.
No effect of race on oral edaravone PK and no notable DDI effects possibly caused by orally administered edaravone
were observed. The oral edaravone formulations were safe and tolerable under the assessed conditions. Mathematical
modeling determined that equivalent exposures in plasma with the approved dose of the IV edaravone formulation, as
reported previously, could be achieved when the oral edaravone formulation was administered at a dose of ≈100 mg,
with an absolute bioavailability of ≈60%.
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Amyotrophic lateral sclerosis (ALS) is a progressive dis-
order characterized by degeneration of cerebral and
spinal cord motor neurons; although the rate of pro-
gression of the disease varies greatly among individu-
als, death occurs in ≈3 to 5 years in patients who do
not receive ventilator support.1 The global incidence of
ALS is estimated to be 1.7 per 100 000 person-years
of follow-up.2 The demographics and characteristics of
patients with ALS are similar between Japanese and
Western data sets, with the mean age of patients rang-
ing from 55 to 66 years, the median time to diagnosis
from 9 to 14 months, and with men more commonly
affected.3

Currently, few pharmacologic treatments are avail-
able for ALS, and many therapeutic approaches are
only for symptomatic management; therefore, an ongo-
ing unmet need exists for treatments that can improve
outcomes for patients with ALS.3,4 Edaravone is an
antioxidant that works by preventing oxidative stress-

induced motor neuron death; it also inhibits nitration
of tyrosine residues in the cerebrospinal fluid and
improves motor functions in vivo.4 The efficacy and
safety of edaravone for ALS has been assessed in sev-
eral clinical trials.5–14 In a pivotal phase 3 clinical study
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in patients with ALS, the primary efficacy end point
of the 24-week ALS Functional Rating Scale–Revised
score was significantly improved in the edaravone vs
placebo group (mean between-group difference ± stan-
dard error, 2.5 ± 0.8; P= .001), indicating that patients
treated with edaravone had significantly less functional
loss compared with those who received placebo.6

Edaravone has been approved for ALS treatment
in several countries, including the United States and
Japan. For ALS treatment, 60 mg of edaravone is ad-
ministered intravenously over 60 minutes once per day.
The first cycle consists of 14 consecutive dosing days
followed by a 14-day drug-free period. Subsequent cy-
cles consist of daily dosing for 10 days out of 14-day
periods, followed by 14-day drug-free periods.

The pharmacokinetic (PK) profile of intravenous
(IV) edaravone has been described previously.15,16

Edaravone undergoes hepatic and renal metabolism
to inactive sulfate and glucuronide conjugates by sul-
fotransferase and multiple uridine diphosphate glu-
curonosyltransferase isoforms, and it is excreted mainly
in urine as the glucuronide conjugate. Additionally, the
PKof edaravone is not affected by age.Moreover, based
on population PK analyses, no racial differences in the
PK of IV edaravone are expected.17 Population PK
analyses also suggest nonlinearity in the clearance of
IV edaravone and, within the IV dose range of 30 to
300 mg administered by infusion for 1 hour, an increase
in exposures (area under the plasma concentration–
time curve [AUC] and maximum plasma concentration
[Cmax]) greater than the dose ratio was observed in re-
cent clinical studies.18–20

Importantly, a need exists for an oral formulation
of edaravone for the treatment of ALS, as IV admin-
istration places a large burden on patients and care-
givers, including frequent hospital visits and injections.
However, although an oral formulation is being devel-
oped, to date, there is a paucity of data regarding its ad-
ministration. The appropriate oral edaravone dose for
ALS treatment is unknown because oral bioavailability
has not been elucidated, although the plasma exposure
of edaravone resulting in efficacy and with a sufficient
safety margin has been established. No racial differ-
ences were observed with IV edaravone; however, since
the processes involved in absorption of oral edaravone
before reaching circulating blood are not completely re-
vealed and can be altered by race or other factors, it is
important to evaluate the PK profile of the oral formu-
lation. In addition, although potential drug-drug inter-
actions (DDIs) were not an issue for IV administration
of edaravone, clinical evaluation of DDIs was consid-
ered necessary for oral administration of edaravone.

This analysis reports the results of 2 phase 1 stud-
ies examining the PK, safety, tolerability, and DDIs
associated with oral administration of edaravone in

healthy subjects. Specifically, the objectives of these
studies were to determine the PK profile of oral edar-
avone solution and suspension, confirm any racial dif-
ferences in the PK profile and DDIs of oral edaravone,
and to use these data in conjunction with previous IV
edaravone dosage and PK information to investigate
the oral equivalent dose to IV edaravone.

Subjects and Methods
Ethics
Before commencing the studies, the protocol and all
other appropriate documents were reviewed and ap-
proved by the Institutional Review Board of Medical
Corporation Heishinkai OPHAC Hospital (study
1) and P-one Clinic, Keikokai Medical Corporation
(study 2), as well as the Japanese Pharmaceuticals and
Medical Devices Agency. All subjects in both studies
provided written consent for participation. The studies
were conducted at Medical Corporation Heishinkai
OPHACHospital (study 1) and P-one Clinic, Keikokai
Medical Corporation (study 2). Additionally, the
studies were conducted in accordance with the ethical
principles of the Declaration of Helsinki; the Law on
Securing Quality, Efficacy and Safety of Products In-
cluding Pharmaceuticals and Medical Devices; Good
Clinical Practice; and the protocol.

Subjects
Two phase 1 studies were conducted in healthy Japanese
and White men between 20 and 45 years of age. Sub-
jects in both studies were excluded if they had a
current or previous history of cardiac, hepatic, re-
nal, gastrointestinal, respiratory, psychiatric, nervous,
hematopoietic, or endocrine diseases; a history of drug
or food allergy; a history of alcohol or drug depen-
dence; body mass index of <18.0 or >30.0 kg/m2 or
body weight of <50 kg; a positive test for hepatitis B
surface antigen, serologic test for syphilis, hepatitis C
virus antibody, or HIV antigen/antibody; any clinically
significant abnormalities in a laboratory test; had blood
donation or sampling with a total volume of ≥400 mL
within 12 weeks, ≥200 mL within 4 weeks, or ≥800 mL
within a year before providing informed consent; blood
component donation or blood sampling within 2 weeks
before providing informed consent; had undergone any
surgery; did not agree to use an effective method of
contraception from the start to 14 days after study
completion; had previously received edaravone; or had
participated in another clinical study and received an
investigational product within 12 weeks before the
study start.

Subjects in study 2 were also excluded if they had
used acetylsalicylic acid within 7 days before the study
start; had alcohol or any products containing xanthine
or caffeine within 24 hours before screening and visit
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on day −1; had nutritional supplement(s) within 7 days
before the study start; had grapefruit, grapefruit juice,
or any processed food(s) containing these substances
within 7 days before the initiation of coadministered
drug (cohort 1) or within 24 hours before each visit on
day −1 (cohort 2); had tobacco or any products con-
taining nicotine within 12 weeks before the initiation
of coadministered drug (cohort 1) or within 24 hours
before each visit on day −1 (cohort 2); or had food(s)
containing St John’s wort within 2 weeks before the ini-
tiation of coadministered drug (only in cohort 1).

Objectives
In study 1, the objectives were to evaluate the PK,
safety, and tolerability of single doses of oral edaravone
solution and suspension in healthy adult males; addi-
tionally, the PK profiles of edaravone suspension in dif-
ferent races and with different drug dissolution profiles
with regard to formulations (ie, with or without xan-
than gum) were assessed.

In study 2, the objectives were to evaluate drug in-
teractions, safety, and tolerability of sildenafil, rosu-
vastatin, or furosemide when coadministered with oral
edaravone in healthy adult males; additionally, the PK,
safety, and tolerability of single and multiple doses of
oral edaravone suspension, including any racial effects,
were assessed.

Study Design
Study 1 was a placebo-controlled, randomized, single-
blind study of oral edaravone. A single dose of oral
edaravone was used. The initial dose of edaravone was
60 mg, and the doses for the subsequent cohorts were
determined based on the results from all previous co-
horts. Accordingly, edaravone doses of 30, 60, 120, 200,
and 300 mg (without xanthan gum) and 300 mg (with
xanthan gum) were assessed. Subjects fasted for ap-
proximately 17 hours (ie, from about 13 hours [at least
10 hours] before to 4 hours after dosing).

Study 2 was conducted in 2 cohorts; the first cohort
assessed DDIs with multiple doses of oral edaravone
120 mg/day, and the second cohort evaluated PK and
racial differences in PK parameters with oral adminis-
tration of single-dose 100-mg edaravone. The dose of
edaravone in cohort 2 was set as the postulated clini-
cal oral dose that was hypothesized to yield exposure
close to that of the IV formulation (ie, a clinical dose of
60 mg) based on PK results obtained in earlier studies
(study 1 and a study with the IV formulation in healthy
volunteers18). The daily dose of edaravone in cohort 1
was set at 120mg, which exceeds the estimated oral dose
(100 mg) because the actual clinical oral dose of edar-
avone was not confirmed at the time of this study.

Cohort 1 of study 2 was an open-label, add-on
study. In group 1, subjects were administered a sin-

gle dose of rosuvastatin (10 mg on day 1) and silde-
nafil (50 mg on day 4) with multiple oral doses of
edaravone (120 mg/day on days 6-13, with coadmin-
istration of 10-mg rosuvastatin on day 9 and 50-mg
sildenafil on day 12) after fasting for at least 10 hours.
In group 2, subjects were administered a single dose of
furosemide (40 mg on day 1) with multiple oral doses
of edaravone (120 mg/day on days 3-7, with coadminis-
tration of 40-mg furosemide on day 6) after fasting for
at least 10 hours (Figure S1). The choice of drugs for
inclusion within the DDI studies considered the abil-
ity of edaravone to induce cytochrome P450 3A4 at
high concentrations, the inhibitory effect of edaravone
on breast cancer resistance protein transport activity,
and the potential for inhibition of organic anion trans-
porter 3 activity by edaravone metabolites. Therefore,
sildenafil, rosuvastatin, and furosemide were chosen as
typical substrates of cytochrome P450 3A, breast can-
cer resistance protein, and organic anion transporter 3,
respectively.

Cohort 2 of study 2 was a single-dose, open-label
study. Edaravone 100 mg was orally administered to
subjects who had fasted for approximately 17 hours,
from about 13 hours (at least 10 hours) before to 4 hours
after dosing.

No subject received IV edaravone in either study.

Intervention
A commercially available product of edaravone for
IV administration was not used in these studies. The
formulation of the interventions, including the newly
developed oral solution and suspension of edaravone,
used in study 1 and study 2 are summarized in Table 1.
In study 1, the edaravone oral solution and suspension
were used, including a formulation containing xan-
than gum to modify the viscosity of the suspension.
In cohort 1 of study 2, the same oral suspension as in
study 1, but without xanthan gum, was used, while in
cohort 2 an oral suspension with various ingredients
was used. In addition to edaravone, commercially avail-
able typical substrates, rosuvastatin (Crestor tablets,
AstraZeneca), sildenafil (Viagra tablets, Pfizer), and
furosemide (Lasix tablets, Aventis Pharma) were used
in cohort 1 of study 2.

Outcomes
Assessed PK parameters included time to reach Cmax,

Cmax, AUC from time 0 to 24 hours after dosing
(AUC0-24h), AUC from time 0 to infinity (AUC0-∞),
AUC from time 0 up to the last measurable concentra-
tion (AUC0-last), and the half-life of edaravone and its
metabolites.

For PK analyses of edaravone and its metabolites,
≈4 or 5.5 mL of blood was drawn from the vein into
a vacuum tube with heparin. In study 1, blood samples
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Table 1. Composition of the Assessed Edaravone Solutions and Suspensions

Cohort Dose Formulation Race Vehicle

Study 1
6 30 mg Solution Japanese 50 mL of 0.1% polyvinyl alcohol solution
1 60 mg Solution Japanese
2 120 mg Suspension Japanese 10 mL of 0.1% polyvinyl alcohol solution
3 200 mg Suspension Japanese
7 200 mg Suspension White
5 300 mg Suspension Japanese
4 300 mg Suspension

(with xanthan)
Japanese 10 mL of 0.1% polyvinyl alcohol/

0.5% xanthan gum solution

Study 2
1 120 mg Suspension Japanese 10 mL of 0.1% polyvinyl alcohol solution
2 100 mg Suspension Japanese Ingredient Content

(with ingredients) White Polyvinyl alcohol 5 mg
Xanthan gum 15 mg
Sodium bisulfite 5 mg
l-cysteine hydrochloride hydrate 2.5 mg
Sodium hydroxide q.s.

a

Phosphoric acid q.s.
a

Simethicone emulsion 2.5 mg
d-sorbitol 2000 mg
Purified water q.s.
Total 5 mL

q.s. indicates quantum sufficient.
apH adjusting for pH 4.0-4.5 in the final formulation.

were taken before dosing and at 0.25, 0.5, 1.5, 2, 4, 6,
8, 12, 24, 36, and 48 hours after dosing. In cohort 1
of study 2, the time points of blood sampling were on
days 6, 9, and 12 for group 1 and days 3 and 6 for group
2 (before and 0.083, 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, and 12
hours after dosing); days 7, 8, 10, 11, and 13 for group
1 and days 4, 5, and 7 for group 2 (before dosing); and
day 14 for group 1 and day 8 for group 2 (24 hours
after dosing). In cohort 2 of study 2, blood samples
were taken before dosing and at 0.083, 0.25, 0.5, 1, 1.5,
2, 4, 6, 8, 12, 24, 36, and 48 hours after dosing. For PK
analyses of rosuvastatin, sildenafil, and furosemide in
cohort 1 of study 2, approximately 3, 3, and 4 mL of
blood, respectively, were drawn to a vacuum tube with
heparin on days 1 and 9 (before and 0.5, 1, 2, 3, 4, 6, 8,
12, 16, 24, and 48 hours after dosing) for rosuvastatin
and days 4 and 12 (before and 0.25, 0.5, 1, 1.5, 2, 3, 4,
6, 8, 12, 24, and 48 hours after dosing) for sildenafil
in group 1, and on days 1 and 6 (before and 0.5, 1,
1.5, 2, 3, 4, 6, 8, 12, 24, and 48 hours after dosing) for
furosemide in group 2.

For edaravone and its metabolites, the blood was
transferred into a tubewith a stabilizer and the tubewas
centrifuged at 4°C, 1500 × g for 10 minutes. The speci-
fied amount of plasma was placed into a tube with the
fixed amount of internal standard, stabilizer, and buffer
and stored at −70°C or lower before conducting the as-

say. For other drugs, plasma was isolated and stored
soon after blood sampling. Plasma drug concentrations
were assessed using validated liquid chromatography–
mass spectrometry methodologies. The details of bio-
analytical assays are shown in Table S1. Concentra-
tions of edaravone sulfate conjugate were determined
as the edaravone concentration after hydrolysis; the de-
termined concentrations were then converted to con-
centrations of edaravone sulfate conjugate. The values
below the lower limit of quantification were designated
as 0. Assays to determine plasma concentrations of all
analytes were conducted by Sumika Chemical Analysis
Service, Ltd. (Osaka, Japan).

Safety end points included adverse events (AEs) and
treatment-related AEs, 12-lead electrocardiogram, vi-
tal signs, laboratory tests, and (only in study 2) sensory
tests.

Statistical Methods
The sample size in cohort 1 of study 2 was calculated
so that the 90% confidence interval (CI) of the mean
ratio of Cmax and AUC0-∞ of rosuvastatin, sildenafil,
or furosemide between administrations alone and with
edaravone would fall within the limits of 0.80 to 1.25.
This determination used the geometric coefficient of
variation percentage (CV%; intra-individual) of each
parameter hypothesized on the basis of available data
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from the literature21,22 and with a power of ≥80% in 2
one-sided tests with a significance level of 5%, assuming
estimatedmean ratios of 1, as no information about PK
parameters for coadministration of rosuvastatin, silde-
nafil, or furosemide with edaravone was available at the
time. The sample size in study 1 and cohort 2 of study
2 was not based on statistical calculations but was cho-
sen to allow a sufficient number of subjects to meet the
study objectives. Study 1 was to include 56 subjects (6 in
the edaravone group and 2 in the placebo group in each
cohort). Study 2 was to include 32 subjects for group 1
and 34 subjects for group 2 in cohort 1 and 18 subjects
(9 Japanese and 9 White) in cohort 2.

In both studies, PK analyses were conducted on all
subjects who received ≥1 dose of the study drug and
had evaluable data, and safety analyses were conducted
on all subjects who received ≥1 dose of the study drug.
The PK parameters in plasma were determined from
the individual concentration vs time data by noncom-
partmental analysis using WinNonlin professional ver-
sion 6.3 (Certara, Princeton, New Jersey). Statistical
analyses for rosuvastatin, sildenafil, furosemide, and
edaravone and its metabolites were performed using
data from subjects whose PK data were available at ≥1
treatment period.

In study 1, dose proportionality testing on Cmax,
AUC0-last, and AUC0-∞ of unchanged edaravone, and
the sulfate and glucuronide conjugates were performed
with log-transformed doses by power model analysis.
In this model, ln(Y) = α + β × ln(X) (where Y is the
pharmacokinetic parameter and X is the dose) was de-
scribed as a simple regression. The effect of differences
in formulation was investigated by comparing Cmax,
AUC0-24h and AUC0-∞ of unchanged edaravone and its
metabolites between the presence and absence of xan-
than gum. In both study 1 and study 2, the AUC0-24h,
AUC0-∞, and Cmax of unchanged edaravone, and the
sulfate and glucuronide conjugates of Japanese and
White subjects were compared to assess the effect on
PK by race.

In study 2, AUC0-∞, AUC0-last, and Cmax of rosuvas-
tatin, sildenafil, and furosemide alone and in the pres-
ence of edaravone were analyzed for the assessments of
effect on PK of rosuvastatin, sildenafil, and furosemide
by edaravone. A linear mixed-effects model was fitted
to log-transformed PK parameters. Estimates of least
squares mean difference between treatments were ob-
tained with their 2-sided 90%CIs for the difference.
These estimates and limits were then back-transformed
to obtain ratios of least squares geometric means. If the
90%CIs lay entirely within the limits of 0.80 to 1.25 for
the ratio of AUC0-∞ and AUC0-last, as well as Cmax, this
would provide evidence of no effect of edaravone on the
PK of rosuvastatin, sildenafil, and furosemide.

Nonlinearity in plasma exposure, as determined
from the single-dose PK analyses, made it difficult to
determine the dose of the edaravone oral suspension
that is bioequivalent to 60 mg of the IV formulation.
Therefore, it was necessary to determine the dose using
amathematical model. Bioequivalent doses of the edar-
avone oral suspension to the edaravone IV formulation
were estimated with a 4-parameter logistic model, using
log-transformed Cmax or AUC0-∞ obtained in the oral
dose range of 30 to 300 mg in study 1 and study 2 us-
ing the following nonlinear regression equation: ln(Y)=
δ + (α−δ) / [1 + (X / γ )β ], where Y is the PK param-
eter and X is the dose. These were calculated to yield
Cmax or AUC0-∞ equivalent to those after infusion of
the approved 60 mg/60 min edaravone IV formulation
(ie, 1195 ng/mLor 1738 ng·h/mL, respectively) obtained
in a previous study of the edaravone IV formulation in
healthy Japanese subjects at the therapeutic dose.18

Results
Subject Disposition and Characteristics
All study groups were generally comparable regarding
baseline demographic characteristics (Table S2). Study
1 included 56 subjects with a mean ± standard devia-
tion (SD) age of 25.8 ± 5.0 years and weight of 65.7 ±
9.7 kg. Study 2 included 84 subjects: 32 and 34 sub-
jects in groups 1 and 2 of cohort 1, respectively, with
respective mean ± SD ages of 32.6 ± 6.2 years and
31.0 ± 7.3 years, and weights of 67.3 ± 7.5 kg and
68.1± 8.9 kg; 9 subjects each in the Japanese andWhite
groups of cohort 2 with mean ± SD ages of 32.3 ±
9.1 years and 33.9± 8.5 years, andweights of 67.8± 7.2
and 73.4 ± 9.0 kg, respectively. In both studies, subject
medical history, complications, allergic history, drink-
ing status, and smoking status were consistent with the
inclusion and exclusion criteria.

Single-Dose Edaravone Pharmacokinetics
The single-dose PKfindings of unchanged edaravone in
study 1 are summarized in Table 2 and Figure 1A. Af-
ter oral administration in a fasted condition, edaravone
was well absorbed with a time to reach Cmax of 0.3 to
0.8 hours. The Cmax and AUC of unchanged edaravone
increased as the dose increased within the range of 30
to 300 mg. Using a power model, the Cmax (slope, 1.55;
95%CI, 1.36-1.73), AUC0-last (slope, 1.60; 95%CI, 1.48–
1.73), and AUC0-∞ (slope, 1.59; 95%CI, 1.47–1.72) of
unchanged edaravone increased more than the dose ra-
tio over the dose range of 30 to 300 mg.

In study 2, single-dose administration of 100-mg
edaravone under fasted conditions resulted in generally
similar PK parameters as those obtained at a compara-
ble dose in study 1 (Table 2; Figure 1B).
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Table 2. Plasma PK Parameters of Unchanged Edaravone in Studies 1 and 2

Study 1

Cohort
Dose
(mg) Formulation Race Statistics

tmax

(h)
Cmax

(ng/mL)
AUC0-24h

(ng·h/mL)
AUC0-∞
(ng·h/mL)

t1/2
(h)

6 (N = 6) 30 Solution Japanese Mean (SD) 0.4 (0.1) 208 (112) 285 (113) 284 (111) 2.4 (0.7)
CV% 36.5 53.8 39.6 39.0 30.6

1 (N = 6) 60 Solution Japanese Mean (SD) 0.3 (0.1) 755 (356) 816 (231) 814 (235) 3.2 (0.9)
CV% 35.0 47.1 28.3 28.9 28.7

2 (N = 6) 120 Suspension Japanese Mean (SD) 0.4 (0.1) 1735 (738) 2242 (911) 2259 (929) 5.1 (1.5)
CV% 36.5 42.5 40.6 41.1 28.4

3 (N = 6) 200 Suspension Japanese Mean (SD) 0.4 (0.1) 4933 (1268) 6254 (1236) 6313 (1246) 9.1 (2.4)
CV% 31.0 25.7 19.8 19.7 26.2

7 (N = 6) 200 Suspension White Mean (SD) 0.6 (0.3) 3692 (1529) 4935 (1980) 4979 (2012) 6.5 (1.7)
CV% 49.0 41.4 40.1 40.4 26.7

5 (N = 6) 300 Suspension Japanese Mean (SD) 0.8 (0.4) 5426 (2496) 9034 (2738) 9121 (2755) 9.1 (3.3)
CV% 55.8 46.0 30.3 30.2 36.5

4 (N = 6) 300 Suspension Japanese Mean (SD) 0.6 (0.3) 8805 (933) 11319 (1053) 11431 (1057) 11.8 (4.1)
(with xanthan) CV% 45.0 10.6 9.3 9.2 34.8

Study 2, Cohort 2

N
Dose
(mg) Formulation Race Statistics

tmax

(h)
Cmax

(ng/mL)
AUC0-24h

(ng·h/mL)
AUC0-∞
(ng·h/mL)

t1/2
(h)

9 100 Suspension Japanese Mean (SD) 0.4 (0.3) 1810 (850) 1603 (414) 1647 (433) 9.3 (4.9)
(with ingredients) CV% 70.2 46.9 25.8 26.3 52.2

9 100 Suspension White Mean (SD) 0.4 (0.2) 1484 (920) 1362 (362) 1423 (391) 16.2 (15.8)
(with ingredients) CV% 54.7 62.0 26.6 27.5 97.3

AUC, area under the plasma concentration–time curve; AUC0-24h, AUC from time 0 to 24 hours after dosing; AUC0-∞, AUC from time 0 to infinity;
Cmax,maximum plasma concentration; CV%, coefficient of variation percentage; PK, pharmacokinetic; SD, standard deviation; t1/2, half-life; tmax, time to
reach maximum plasma concentration.

Effect of Differences in Formulation on Edaravone
Pharmacokinetics
The findings regarding the assessment of plasma PK
parameters of unchanged edaravone after oral adminis-
tration of 300-mg edaravone suspension with xanthan
gum vs without xanthan gum in a fasted condition in
Japanese healthy subjects in study 1 are summarized
in Table 2. The AUC0-24h and AUC0-∞ of unchanged
edaravone for the suspension with xanthan gum were
slightly greater than without xanthan gum, and the
Cmax for the suspension with xanthan gum was greater
than without xanthan gum.

Effect of Race on Edaravone Pharmacokinetics
The findings regarding the effect of race on unchanged
edaravone PK after oral administration in studies 1 and
2 are summarized in Table 2. No remarkable differences
betweenWhite and Japanese subjects under fasted con-
ditions were observed at doses of 200 mg or 100 mg of
edaravone. However, the CV% tended to be greater in
White than in Japanese subjects in study 1.

Drug-Drug Interactions with Edaravone
The DDI findings from cohort 1 of study 2 are sum-
marized in Table 3 and Figure 2. No clinically relevant
differences in plasma concentrations of rosuvastatin,
sildenafil, and furosemide administered alone or coad-
ministered with oral edaravone were observed. Notably,
for each of these combinations, the 90%CI for the ratio
waswithin the range of 0.8 to 1.25, which is the criterion
for declaration of no effect on rosuvastatin, sildenafil,
and furosemide PK from edaravone coadministration.

Multiple-Dose Edaravone PK
The multiple-dose PK results for unchanged edaravone
in cohort 1 of study 2 are summarized in Figure 3 and
Table 4. No accumulation in Cmax and AUC were ob-
served between the first dose and the repeated adminis-
tration of edaravone.

Edaravone Metabolite Concentrations and Pharma-
cokinetic Parameters Over Time
The PK parameters of edaravone metabolites after
oral edaravone administration in study 1 and study
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Figure 1. Mean plasma concentrations of unchanged edaravone over time after single-dose administration of edaravone in study
1 (A) and cohort 2 in study 2 (B). Data are shown as mean ± standard deviation. The number of subjects in each cohort is
denoted by N. In (A), Japanese subjects were included in all cohorts apart from cohort 7, which included White subjects. aWith
xanthan gum.

2 are summarized in Tables S3 and S4, respectively.
In study 1, the Cmax and AUC of sulfate conjugate
were higher than those of unchanged edaravone in
all cohorts. Although the AUC of glucuronide conju-
gate was higher than that of unchanged edaravone in
all cohorts, the Cmax was lower in cohorts receiving
200 mg or 300 mg of edaravone. Analysis in study 1
of dose proportionality of the metabolites found that
both AUC0-last and AUC0-∞ increased dose propor-
tionally (slope, 0.99; 95%CI, 0.88-1.10 for the sulfate
conjugate; slope, 1.08; 95%CI, 0.97-1.19 for the glu-
curonide conjugate; same slope values for AUC0-last and
AUC0-∞ for each metabolite), while the Cmax increased
less than the dose ratio (slope, 0.69; 95%CI, 0.57-0.81
for the sulfate conjugate; slope, 0.81; 95%CI, 0.71-0.90
for the glucuronide conjugate) within the dose range of
30 to 300 mg. The Cmax of both metabolites increased

dose proportionally within the dose range of 30 to
120 mg.

Additionally, the PK parameters of the metabolites
were similar between Japanese and White subjects and
between the formulation with and without xanthan
gum. In study 2, no remarkable changes were observed
in the PK parameters of sulfate and glucuronide conju-
gates in the oral administration of edaravone after re-
peated administrations.

Modeling to Determine the Bioequivalent Oral Dose
to Intravenous Edaravone
Based on the regression curve obtained with the 4-
parameter logistic model, oral edaravone doses pro-
ducing an AUC0-∞ equivalent to that of the approved
60mg/60min edaravone IV formulationwere calculated
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Figure 2. Mean plasma concentrations of sildenafil alone and in combination with edaravone (A), furosemide alone and in combination
with edaravone (B), and rosuvastatin alone and in combination with edaravone (C) in study 2. Data are shown as mean ± standard
deviation. Each panel includes data for 0 to 24 or 48 hours as well as 0 to 4 or 12 hours.
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Figure 3. Plasma concentration profiles of unchanged edaravone over time after multiple administrations of edaravone in groups 1
and 2 of cohort 1 in study 2. In group 1, edaravone was administered once daily for 8 days from days 6 to 13 with coadministration
of 10 mg of rosuvastatin on day 9 (fourth edaravone dosing) and 50 mg of sildenafil on day 12 (seventh edaravone dosing). In group
2, edaravone was administered once daily for 5 days from days 3 to 7 with coadministration of 40 mg of furosemide on day 6 (fourth
edaravone dosing). aOne subject withdrew from the study before the administration of sildenafil and edaravone.

Table 4. Plasma PK Parameters of Unchanged Edaravone After Multiple Doses in Cohort 1 of Study 2

Group
Dose
(mg)

Day
(Dose Number) Statistics

tmax

(h)
Cmax

(ng/mL)
AUC0-24h

(ng·h/mL)
t1/2
(h)

1 (N = 31
a
) 120 Day 6 (first)

b
Mean (SD) 0.3 (0.1) 2724 (1533) 2599 (725) 5.2 (1.1)
CV (%) 33.6 56.3 27.9 21.3

Day 9 (fourth)
b

Mean (SD) 0.3 (0.1) 2302 (943) 2554 (659) 6.6 (1.2)
CV (%) 38.5 41.0 25.8 17.9

Day 12 (seventh)
b

Mean (SD) 0.3 (0.2) 2455 (1111) 2618 (702) 6.7 (1.3)
CV (%) 54.3 45.3 26.8 19.5

2 (N = 34) 120 Day 3 (first)
c

Mean (SD) 0.3 (0.2) 2180 (1035) 2522 (912) 4.7 (0.9)
CV (%) 57.2 47.5 36.2 19.7

Day 6 (fourth)
c

Mean (SD) 0.3 (0.2) 2074 (1051) 2718 (1004) 5.5 (0.6)
CV (%) 51.7 50.7 36.9 10.9

AUC, area under the plasma concentration–time curve; AUC0-24h, AUC from time 0 to 24 hours after dosing; Cmax, maximum plasma concentration;
CV%, coefficient of variation percentage; PK, pharmacokinetic; SD, standard deviation; t1/2, half-life; tmax, time to reach maximum plasma concentration.
a
One subject withdrew from the study before the administration of sildenafil and edaravone.

b
Edaravone was administered once daily for 8 days from days 6 to 13 with coadministration of 10 mg of rosuvastatin on day 9 and 50 mg of sildenafil

on day 12.
c
Edaravone was administered once daily for 5 days from days 3 to 7 with coadministration of 40 mg of furosemide on day 6.

to fall in the range of 100 to 105 mg (Figure 4). The
Cmax after administration of 100 to 105 mg oral edar-
avone was predicted to be higher than the Cmax after in-
fusion of the 60 mg/60 min edaravone IV formulation
since the oral edaravone dose producing a Cmax equiv-
alent to that of the edaravone IV was calculated to be
approximately 85 mg.

Safety
In study 1, no serious AE was reported, and one
treatment-emergent AE led to study discontinuation

(moderate conjunctivitis in a subject who received
200 mg of edaravone; not considered related to edar-
avone by the investigator). One treatment-emergent AE
was considered reasonably related to edaravone (mild
headache in a subject who received 200mgof edaravone
and recovered without sequelae).

In study 2, no serious AE was reported and no AE
led to study discontinuation. All AEs were mild in
severity and resolved or were resolving without med-
ical treatment. The one subject withdrawal from this
study before edaravone administration was not related
to safety issues.
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Figure 4. Mathematical 4-parameter logistic modeling of area under the curve (AUC) vs edaravone dose (A,B) and maximum plasma
concentration (Cmax) vs edaravone dose (C) obtained in pharmacokinetic studies in healthy subjects. (B) shows data magnified from
(A). The x-axis in (C) is also magnified. AUC0-∞ and Cmax of IV edaravone are the values for the IV formulation of edaravone at a
dose of 60 mg/60 min. (A and B) AUC0-∞ of IV edaravone = 1738 ng·h/mL. (C) Cmax of IV edaravone = 1195 ng/mL.AUC, area under
plasma concentration–time curve; AUC0-∞, AUC from time 0 to infinity; Cmax, maximum plasma concentration; IV, intravenous.

Discussion
These 2 phase 1 studies determined the PK profile of
oral edaravone formulations, confirmed that there were
no remarkable racial differences in the PK profile and
a minimal risk of DDIs with oral edaravone, and de-
termined the oral equivalent dose to IV edaravone. Im-
portantly, single-dose oral edaravone up to a dose of
300 mg and multiple-dose oral edaravone at 120 mg
once daily over 8 days were well tolerated, and no safety
concerns were identified.

The oral suspension of edaravone was well ab-
sorbed, and plasma concentrations of unchanged
edaravone increased more than dose proportionally
within the dose range of 30 to 300 mg based on the
dose proportionality test. The dose proportionality
analysis on Cmax between unchanged edaravone and
its metabolites showed that the slope of unchanged
edaravone was greater than the proportional slope (ie,
1) and those of the metabolites were lower than the
proportional slope. This suggests that greater increases
in plasma exposures of unchanged edaravone relative
to the dose ratio were attributable to metabolic satura-
tion of sulfate and glucuronide conjugates occurring in
the first-pass metabolism. As for the dose-proportional
increases in AUCs of the metabolites, when higher
doses of edaravone were administered, which led to
saturated metabolism, continuous generation of the

metabolites due to maintained higher concentrations
of unchanged edaravone, as suggested by the delayed
time to Cmax, was considered to compensate for the
less-than-dose-proportional increase in Cmax. Addi-
tionally, when edaravone was orally administered once
daily for up to 8 days, no significant accumulation in
plasma concentration was observed for unchanged
edaravone or the sulfate and glucuronide conjugates.
Steady state was considered achieved within 4 re-
peated administrations based on the comparisons
of plasma concentrations at the end of the dosing
interval over the dosing durations and of PK pa-
rameters between the first dose and with repeated
administration of edaravone. Observed half-lives sup-
ported that no significant accumulation occurred and
that a small number of doses are required to reach
steady state.

Racial differences in the PKof unchanged edaravone
and its metabolites were examined at oral edaravone
doses of 200 mg and 100 mg, the latter of which is
closer to the dose that provides equivalent plasma
exposures to approved IV edaravone of 60 mg.18 No-
tably, there were no remarkable differences in the PK
profile of unchanged edaravone, or the sulfate and
glucuronide conjugates between healthy Japanese and
White subjects. The slight differences in PK parameters
by race could be associated with body weight differ-
ences because the differences became smaller when
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adjusted for body weight. The relatively high CV%
observed in the White population might be caused by
the individual differences in body weight. However,
since nomarked differences were observed, it is unlikely
that there are clinically meaningful alterations in PK
parameters based on race.

The Cmax and AUC of unchanged edaravone in the
suspension with xanthan gum, which was added to
increase the viscosity of the suspension, were greater
and slightly greater, respectively, than without xanthan
gum. This showed that increasing viscosity by the addi-
tion of xanthan gum does not interfere with the absorp-
tion of edaravone. Notably, the addition of xanthan
gum is pharmaceutically favorable because it can main-
tain high dispersibility via increasing viscosity in the
formulation. In addition, increased viscosity of the oral
formulation can also prevent accidental aspiration dur-
ing swallowing and is therefore favorable for patients
with ALS.

No clinically relevant differences in the plasma con-
centration of rosuvastatin, sildenafil, and furosemide
administered alone or coadministered with edaravone
were observed. Edaravone, rosuvastatin, sildenafil,
and furosemide alone and rosuvastatin, sildenafil, or
furosemide coadministered with edaravone were well
tolerated, and there were no safety concerns identified.
These findings suggest that, as with IV edaravone, there
is minimal risk of DDIs caused by oral edaravone coad-
ministered with various therapeutic agents. Although
the PK of oral edaravone was found not to be affected
by dosing in combination with coadministered drugs
used in this study, the direct DDI effects on edaravone
PK have not been evaluated when used in combina-
tion with specific inhibitors and inducers that may be
encountered in clinical practice. Nonetheless, we con-
sider that the effect on edaravone PK would not be
significant with such coadministered compounds, con-
sidering the elimination route of edaravone via sulfate
and glucuronide conjugation followed by renal elimina-
tion because it is reported that sulfate conjugation and
glucuronide conjugation are less susceptible to drug
interactions.23–25

Overall, by comparing the data from our study
of oral edaravone and a prior study of the IV
formulation,18 we can see that following Cmax, oral
edaravone elimination was triphasic, as was observed
for IV edaravone. Sulfate and glucuronide conjugates
of oral edaravone were the main metabolites ob-
served, which is consistent with the observation after
IV infusion.15 Moreover, the abundance ratio of the
metabolites in plasma following oral dosing was similar
to that observed after IV dosing16; as a result, we can de-
duce that there is no new metabolic pathway specific to
the absorption process, including first-passmetabolism,
with oral edaravone.

Nonlinearity observed in the relationship between
dose and PK necessitated using a mathematical model
to determine the dose of the edaravone oral suspen-
sion that provides equivalent plasma exposures to
that of the IV formulation observed in the previous
study. Accordingly, oral edaravone doses producing an
AUC0-∞ equivalent to that of the approved 60 mg/60
min edaravone IV formulation were calculated to fall
in the range of 100 to 105 mg. By comparing these
doses to provide postulated equivalent AUC0-∞, the
absolute bioavailability is estimated to be 57% to
60%, which is attributed to absorption and first-pass
metabolism; however, the absolute bioavailability may
vary depending on the oral dosage because of nonlin-
ear plasma exposure. Oral edaravone at these doses can
be expected to provide sufficient efficacy to patients
when compared with the IV formulation because the
postulated plasma concentrations for oral edaravone
were not less than those of the IV formulation with
an equivalent AUC0-∞ and higher Cmax. However,
actual comparisons of plasma exposures between the
approved 60 mg/60 min edaravone IV formulation
and oral edaravone at estimated equivalent doses in
additional clinical studies are necessary because of the
uncertainty of a mathematical model for oral dose esti-
mation. In addition, this estimation is based on the PK
results in healthy subjects, not in patients with ALS. Al-
though no significant alteration in the PK of edaravone
caused by ALS is expected, the edaravone PK profile in
patients with ALS has not yet been examined. Clinical
studies in patients with ALS are also necessary to
further determine the safety profile of oral edaravone,
particularly because the effect of higher Cmax at the
postulated oral clinical dose compared with the IV for-
mulation on the safety profile should be investigated,
and because only a small number of subjects were
included in our study to establish the safety outcomes
with oral edaravone at the postulated clinical dose.

In conclusion, the findings from these 2 phase 1 stud-
ies in healthy subjects showed no effect of race on oral
edaravone PKor notableDDI effects of oral edaravone,
and this formulation appears safe and tolerable under
the assessed conditions with a safety profile that is com-
parable to that of IV edaravone assessed in previous
clinical trials.5–14 These studies also show that plasma
exposure of oral edaravone that is not less than the IV
edaravone formulation with an equivalent AUC0-∞ can
be achieved when the oral suspension of edaravone is
administered at a dose of ≈100 mg.
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