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Abstract This paper reviews the
history and pre-clinical develop-
ment of idebenone and sum-
marises the results of clinical
studies, published from 1999 to
2008, on the use of idebenone in
the treatment of patients with
Friedreich ataxia (FRDA).As a
benzoquinone that can undergo
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reversible redox reactions,
idebenone influences the electron
balance in mitochondria. In vitro
studies have shown that it acts both
as an anti-oxidant, preventing
damage to the mitochondrial
membrane, and, more importantly,
as an electron carrier, supporting
mitochondrial function and ade-
nosine triphosphate (ATP) produc-
tion. In clinical studies, idebenone
has been well tolerated by patients
with various pathological condi-
tions. The most common adverse
events have been gastrointestinal
effects of mild to moderate sever-
ity. No neurotoxic or adverse car-
diac reactions have been reported
in pre-clinical or clinical studies.
The good safety profile of ide-

benone is supported by large clini-
cal trials in Alzheimer’s disease and
by post-marketing surveillance.
Phase 1 studies demonstrated the
safety and tolerability of idebenone
at relatively high doses (up to

60 mg/kg/day). Results from 11
clinical studies (randomised, con-
trolled, and open-label trials), in-
volving a total of about 200 pa-
tients, provide evidence of
improvement in both cardiac hy-
pertrophy and neurological symp-
toms among patients with FRDA
treated with idebenone.
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The History of Idebenone

Idebenone was initially developed by Takeda Pharma-
ceuticals Company Ltd. (Takeda) for the treatment of
patients with cognitive disorders and Alzheimer’s dis-
ease and was approved in Japan in 1986 for the treat-
ment of those with decreased volition and emotional
disturbances associated with cerebrovascular disease.

Since 1999, idebenone has been studied as a possible
therapy for Friedreich ataxia (FRDA) in investigator-
initiated clinical trials, with the involvement of several
academic institutions, the U.S. National Institutes of
Health (NIH), and industry.

In the past, idebenone was referred to as a natural
compound, vitamin, or dietary supplement. However,
the U.S. Food and Drug Administration (FDA) has clas-

sified idebenone as a prescription drug under the Fed-
eral Food,Drug,and Cosmetic Act. Therefore,idebenone
will require formal approval for use in humans and is
subject to regulations governing the use of prescription
drugs in the United States [1], the EU, and other coun-
tries.

Idebenone - An Improved Benzoquinone

The benzoquinone ring of idebenone (Fig.1) can un-
dergo reversible reduction/oxidation (redox) reactions
and, similar to co-enzyme Q10, can influence the elec-
tron balance within mitochondria. It is interesting to
note that the 10-carbon atom hydroxydecyl side chain of
idebenone appears to be of the ideal length for balanc-
ing the partition co-efficient and the effects on mito-
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Fig.1 Schematic representation of
idebenone’s proposed mode of action succinate —»
as an electron carrier in the mitochon- FAD-FeS
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chondrial respiration. When compared with a series of
structural analogues, idebenone appears to have an op-
timal chemical structure for the restoration of mito-
chondrial function [2].

Early in vitro findings showed that idebenone had
anti-oxidant and cell-protective properties [3-5]. Differ-
ent sets of biochemical experiments were used to dem-
onstrate that idebenone could protect respiratory func-
tion and ameliorate energy metabolism in mitochondria
[6, 7]. Using mitochondrial assays, researchers also
showed that idebenone was rapidly oxidised by mito-
chondrial complex IIT and was readily reduced by the
ubiquinone reductase function of complex I, as well as
by complex II and glyceraldehyde-3-phosphate dehy-
drogenase [8,9].

Taken together, these data suggest that idebenone in-
teracts with the mitochondrial respiratory chain as an
electron carrier from complexes I and II to complex III,
providing support for mitochondrial function and ATP
production. In addition, idebenone acts as an anti-
oxidant, protecting membranes from damage by inhibit-
ing lipid peroxidation in mitochondria (Fig.1).

The Safety Profile of Idebenone

For more than 20 years, the clinical safety and tolerabil-
ity of idebenone have been studied in phase 1 to phase 3
clinical trials for various therapeutic applications, and
additional data have been collected from post-market-
ing reports. It is estimated that more than 8 million pa-
tients have been exposed to idebenone. According to the
original product label for cognitive disorders, the rec-
ommended dose of idebenone was 90mg/day. In the
Takeda phase 3 clinical program for Alzheimer’s disease,
approximately 1100 patients received daily idebenone
doses up to 1080 mg; more than 100 of these patients re-
ceived idebenone for longer than 1 year. In the recently
completed phase 1 and 2 trials in FRDA, 92 patients re-
ceived a dose of 900 mg/day or more for periods of up to
6 months. This number includes patients with body

peroxidation

weight less than 45kg, who received a weight-adjusted
daily dose of 450 mg.

Idebenone generally is well tolerated. The most com-
monly reported adverse events are gastrointestinal ef-
fects, such as diarrhoea, nausea, and dyspepsia of mild
to moderate severity. Ongoing and future studies will
help investigators ascertain whether the uncommon in-
stances of increased liver function test results and re-
duction in blood cell counts were caused by idebenone.
Of particular relevance in FRDA is that no concerns re-
garding neurotoxic or adverse cardiac reactions have
emerged in pre-clinical or clinical studies.

Evidence for Clinical Efficacy of Idebenone in FRDA

Until very recently, most clinical trials that investigated
the efficacy of idebenone in FRDA were conducted with
low, body weight-adjusted doses of idebenone (gener-
ally 5mg/kg/day). On the basis of encouraging results
from phase 1 trials in FRDA showing the safety and tol-
erability of higher doses of idebenone (up to 60 mg/kg/
day for 1 month) [10], more recent clinical trials have
studied the efficacy of idebenone at doses up to ~50mg/
kg/day.

Early clinical studies of idebenone at a dose of 5mg/
kg/day mainly demonstrated the efficacy of idebenone
in FRDA-associated cardiomyopathy. More recent trials
have shown improved neurological function, particu-
larly with higher doses of idebenone. To date, efficacy
data have been reported from 11 clinical studies of ideb-
enone in the treatment of FRDA. Tablel provides an
overview of clinical trials published from 1999 to 2008
[11-22]. Most of these studies were open label, but three
were randomised, double-blind, placebo-controlled tri-
als. An open-label study investigated the effects of ideb-
enone on a urinary biomarker for oxidative stress [11],
while all remaining studies assessed the efficacy of ideb-
enone on cardiac hypertrophy and/or neurological func-
tion. Until August 2008, the number of patients with
FRDA included in published prospective intervention
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trials ranged from 3 to 48 per trial, ~200 patients in to-
tal.

Evidence for Efficacy of Idebenone on Hypertrophic
Cardiomyopathy in FRDA

Overall, in published studies, idebenone consistently
improved cardiac hypertrophy in patients with FRDA,
and this typically was expressed as reduction in inter-
ventricular septal wall thickness (SWT), left ventricular
posterior wall thickness (PWT), or left ventricular mass
index (LVMI). In patients with FRDA who received
idebenone at a minimum dose of 5 mg/kg/day for at least
6 months, these anatomical cardiac parameters consis-
tently improved [12-15], as did cardiac function, mea-
sured as changes in shortening fraction or cardiac strain
[13, 15].

The first clinical trial with idebenone in patients with
FRDA reported that idebenone at 5mg/kg/day reduced
SWT, PWT, and LVMI in three patients with FRDA after
4 to 9 months of therapy [12]. One patient from this orig-
inal cohort showed reduced cardiac hypertrophy over a
5-year treatment period [16]. A subsequent series of tri-
als largely confirmed the positive effect of idebenone on
cardiac hypertrophy, with the exception of one placebo-
controlled study [17]. It is important to note that this
study analysed effects after only 1.5 months of ideb-
enone treatment, which is probably too short a period
for the drug’s pharmacological action on cardiac hyper-
trophy to become clearly evident.

In a 6-month open-label study of 38 patients with
FRDA (aged 4 to 22 years), M-mode echocardiography
was used for cardiac assessment [13]. After 6 months of
treatment with idebenone, the LVMI was reduced in 31
of 38 patients, with a reduction of 20 % or greater in 17
of 38 patients. Overall, the reduction in LVMI was highly
significant (mean reduction, 27 % + 6 %; P<0.001 com-
paring before versus after treatment). Reduced shorten-
ing fraction at baseline was observed in 6 of 38 patients;
after idebenone treatment, the shortening fraction im-
proved in 5 of the 6 patients. In one patient, reduction in
LVMI and improvement in shortening fraction were ob-
served only after the idebenone dose was increased to
10mg/kg/day. In this study, no significant correlation
between patient age and the responsiveness of cardiac
hypertrophy to idebenone was found, suggesting that
the efficacy of idebenone in the amelioration of cardio-
myopathy in FRDA is not limited to younger patients. In
this study, a positive therapeutic response to idebenone
was not correlated with either the genotype (number of
GAA repeats of the shorter allele) or the stage of cardiac
disease.

The positive effects of idebenone on cardiomyopathy
were confirmed in a double-blind, randomised, placebo-
controlled study of 29 adults with FRDA diagnosed with

cardiac hypertrophy (defined as SWT or PWT >12 mm)
[14]. Patients were stratified according to their septal
thickness at baseline (group 1, 12 to 14mm; group 2,
>14mm), were assessed with the use of echocardiogra-
phy, and were randomly assigned to receive idebenone
5mg/kg/day (n=14) or placebo (n=15) for 12 months;
the mean daily dose of idebenone was 324 mg/day (range,
240 to 450 mg). At 6 and 12 months, significant improve-
ments were observed in SWT and left ventricular mass
(LVM). At 12 months, SWT showed a 4.6 % reduction in
the idebenone group versus a 5.5% increase in the pla-
cebo group (P=0.004), and LVM showed a 5.6 % reduc-
tion versus a 10.7% increase in the placebo group
(P=0.01). No significant changes in ejection fraction
(EF) were reported, because none of the enrolled pa-
tients had pathological functional indices at baseline
(EF>50% for all patients during the 12-month period).

In a prospective, open-label study, eight patients with
FRDA (aged 9 to 27 years) with concentric left ventricu-
lar hypertrophy at baseline were investigated [15]. After
12 months of idebenone therapy (5mg/kg/day), mean
LVMI was reduced from 130+27 g/m? to 109 28 g/m?
(P=0.03), and this reduction was accompanied by a
non-significant reduction in the thickness of the inter-
ventricular septum and of the posterior wall. Fractional
shortening and EF were normal at baseline in all pa-
tients and did not change significantly during treatment.
In contrast, at the start of treatment, myocardial defor-
mation properties (assessed by tissue Doppler imaging)
were reduced for left ventricular longitudinal and radial
function. During idebenone treatment, both properties
showed early and significant improvement. This study
suggested that the reduction in cardiac hypertrophy is
preceded by an early and linear improvement in myo-
cardial function. Indeed, improvements in regional de-
formation indices occurred as early as 4 months after
treatment was initiated, and these indices continued to
change over the 12 months of the study. During further
prospective treatment of this patient cohort, cardiac hy-
pertrophy and systolic function indices remained stable
for a period of 5 years (GB, unpublished data).

An open-label study investigated 10 children and 14
adults with FRDA treated with idebenone for up to 5
years, with doses starting at 5 mg/kg/day and increasing
to 10mg/kg/day (children) or 20mg/kg/day (adults)
[18]. Among paediatric patients, measures of cardiac hy-
pertrophy (SWT and PWT) remained stable over the en-
tire study period, and after therapy, only 2 of 10 patients
showed impaired heart function. In adult patients, hy-
pertrophic cardiomyopathy (SWT, PWT, and LVMI) did
not change during the study period; fractional shorten-
ing and EF slightly declined initially but stabilised later
in the trial when the daily idebenone dose was increased.
Results of this study suggest that idebenone treatment
prevents progression of cardiomyopathy, which would
be expected in the natural course of FRDA. However, the



uncontrolled design of the study does not allow a defin-
itive conclusion.

A long-term, prospective, follow-up study provided
data from 61 adult patients with FRDA who were treated
with idebenone at a dose of 5mg/kg/day [19]. LVMI de-
creased by 4.1+ 1.5g/m? per year,and PWT decreased by
0.4£0.08 mm per year, while EF decreased slightly. Con-
trol patients in this study were too few to allow determi-
nation of whether the evolution of cardiomyopathy
would have been different in untreated patients.

In conclusion, considerable clinical data demonstrate
that idebenone can ameliorate hypertrophic cardiomy-
opathy in patients with FRDA who have increased SWT,
PWT, or LVMI, and that this effect is maintained over the
long term. As a consequence,idebenone already is widely
used in the treatment of patients with FRDA.

Efficacy of Idebenone on Neurological Symptoms
of FRDA

Initially, clinical data on the effects of idebenone on neu-
rological aspects of FRDA were limited and primarily
negative. Anecdotal observations suggested that ideb-
enone treatment was associated with reduced general
weakness, improvement in fine movement (e.g., hand-
writing) and speech, and decreased difficulty in swal-
lowing [13]. However, other studies in which neurologi-
cal assessment scales such as the International
Cooperative Ataxia Rating Scale (ICARS) were used did
not confirm an effect of low-dose (5mg/kg/day) ideb-
enone on neurological function in patients with FRDA
[14, 15].

In contrast to findings in adult patients,another study
reported neurological efficacy in a cohort of nine pa-
tients aged 11 to 19 years with FRDA treated with ideb-
enone for 1 year at a dose of 5mg/kg/day [20]. ICARS
scores showed significant improvement from baseline
after 3,6,and 12 months of treatment (P=0.017,P=0.012,
and P=0.007, respectively), indicating the possibility of
arapid onset of efficacy in young patients. A recent study
described 10 children (aged 8 to 18 years) and 14 adults
(aged 18 to 46 years) with FRDA who were treated for up
to 5 years with idebenone [18]. In children, dosing
started at 5 mg/kg/day for 18 months with a subsequent
increase to 10 mg/kg/day; in adults, the same starting
dose was given for 1 year, with subsequent increases to
10 mg/kg/day and then to 20 mg/kg/day. ICARS scores in
all 10 children improved during the first 12 months of
treatment and were stable for ~3 to 4 years, but they de-
clined thereafter, reaching values at the end of the 4- to
5-year treatment period that were similar to baseline
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values. In the cohort of adult patients, ICARS scores
worsened throughout the entire observation period. Be-
cause this study lacked a placebo arm, no conclusions
can be drawn regarding the possible influence of ideb-
enone on the rate of decline in patients with FRDA.

Another open-label study reported neurological im-
provement, especially in dysarthria (speech), handwrit-
ing,manual dexterity,and fatigue, in patients with FRDA
treated with idebenone 5 mg/kg/day and followed for up
to 3.5 years while on therapy [21].

A rationale for high-dose idebenone treatment in
FRDA was established in phase la and 1b trials con-
ducted by the NIH [10]. These studies showed that ideb-
enone, given at a single oral dose of up to 75 mg/kg or at
a dose of 60 mg/kg daily over 1 month, was safe and gen-
erally well tolerated in patients of all age groups with
FRDA. This work also defined the maximum dose of
idebenone to be used in clinical efficacy trials as total
plasma idebenone increased in proportion to the dose,
up to, but not beyond, a dose of 55 mg/kg/day.

On the basis of this information, a double-blind, ran-
domised, placebo-controlled trial of 48 paediatric pa-
tients with FRDA was conducted by the NIH in collabo-
ration with Santhera Pharmaceuticals (NICOSIA trial).
This 6-month study tested three dose levels of idebenone
given as weight-adjusted, fixed doses up to a maximum
daily dose of 1350 mg/day for patients of body weight
<45kg and 2250mg/day for patients of body weight
>45kg. Idebenone, particularly when given at higher
doses and to ambulatory patients, improved neurologi-
cal function (measured by ICARS) and activities of daily
living, which were secondary end points in this study.
(See the article in this supplement by Schulz, DiPros-
pero, and Fischbeck for additional details.)

In summary, existing clinical data have provided en-
couraging evidence that idebenone can ameliorate hy-
pertrophic cardiomyopathy in patients with FRDA. Re-
cent clinical data indicate that idebenone, when given at
higher doses, also improves neurological function in
young patients with FRDA.Idebenone appears to be safe
and well tolerated in patients with FRDA. Double-blind,
randomised, placebo-controlled clinical trials are ongo-
ing in Europe and the United States to confirm the safety
and efficacy of idebenone in FRDA, particularly when
given at higher doses.
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