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Summary

Background Friedreich’s ataxia is caused by a deficiency of
frataxin, a protein involved in regulation of mitochondrial iron
content. We have reported a combined deficiency of a Krebs-
cycle enzyme, aconitase, and three mitochondrial respiratory-
chain complexes in endomyocardial biopsy samples from
patients with this disorder. All four enzymes share iron-sulphur
cluster-containing proteins that are damaged by iron overload
through generation of oxygen free radicals. We used an in-vitro
system to elucidate the mechanism of iron-induced injury and
to test the protective effects of various substances. On the
basis of these results, we assessed the effect of idebenone
(a free-radical scavenger) in three patients with Friedreich’s
a t a x i a .

M e t h o d s Heart homogenates from patients with valvular
stenosis were tested for respiratory-chain complex I I a c t i v i t y ,
lipoperoxidation, and aconitase activity by spectrophotometric
assays, in the presence of reduced iron (Fe2 +), oxidised iron
( F e3 +), desferrioxamine, ascorbic acid, and idebenone. The
Friedreich’s ataxia patients (aged 11 years, 19 years, and 21
years) underwent ultrasonographic heart measurements at
baseline and after 4–9 months of idebenone (5 mg/kg daily).

F i n d i n g s F e2 + (but not Fe3 +) decreased complex I I activity and
increased lipoperoxidation in heart homogenate. Addition of
ascorbate or desferrioxamine increased some of the iron-
induced adverse effects. Idebenone protected against these
effects. In the three patients, left-ventricular mass index
decreased from baseline to 4–9 months of idebenone
treatment (patient 1, 145 g to 114 g; patient 2, 215 g to 
151 g; patient 3, 408 g to 279 g).

I n t e r p r e t a t i o n Our in-vitro data suggest that both iron
chelators and antioxidant drugs that may reduce iron are
potentially harmful in patients with Friedreich’s ataxia.
Conversely, our preliminary findings in patients suggest that
idebenone protects heart muscle from iron-induced injury.
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I n t r o d u c t i o n
Friedreich’s ataxia is a degenerative disease with autosomal
recessive inheritance characterised by progressive limb and
gait ataxia, areflexia and pyramidal signs in the legs, and
hypertrophic cardiomyopathy;1 , 2 the incidence is 1 per
30 000 livebirths. The disease gene encodes a ubiquitous
mitochondrial protein called frataxin.3 – 9 Friedreich’s ataxia
is primarily caused by a GAA repeat expansion in the first
intron of the frataxin gene.4

We have previously reported a combined deficiency of a
Krebs-cycle enzyme, aconitase, and three mitochondrial
respiratory-chain complexes (complexes I to III), in
endomyocardial biopsy samples from patients with
Friedreich’s ataxia.1 0 All four enzymes share iron-sulphur
cluster-containing proteins (ISP), which are extremely
sensitive to injury by oxygen free radicals.1 1 Both heart
tissue from patients with Friedreich’s ataxia and yeast
strains encoding a deleted frataxin-gene counterpart,
accumulate intracellular iron;7 , 8 , 1 2 we therefore postulated
that alteration of ISP might result from iron overload
through generation of oxygen free radicals in Friedreich’s
a t a x i a .1 0

Idebenone, a short-chain quinone analogue acts as a
potent free-radical scavenger. We investigated whether this
drug can protect mitochondrial enzymes from iron-
induced injury in vitro. Since the drug has no known side-
e f f e c t s ,1 3 , 1 4 we then investigated its effects in three patients
with Friedreich’s ataxia.

Patients and methods
The patients treated were an 11-year-old girl, and two young
adults (aged 19 and 21 years). Informed consent was given. The
diagnosis of Friedreich’s ataxia was confirmed by detection of a
trinucleotide-repeat expansion in the first intron of the frataxin
gene (patient 1, expansion of 2·6 kb and 5·0 kb; patient 2 2·8 kb
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Figure 1: Effects of various substances on complex I I in human
heart homogenates
A: loss of complex I I activity in presence of Fe2 + compared with control and
full protection of complex I I activity by 250 mmol/L desferrioxamine.
B: protection of complex I I by idebenone (60 mmol/L) in the presence of
succinate (10 mmol/L); either succinate or oxidised idebenone alone was
not protective.
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and 3·5 kb; patient 3 3·1 kb and 4·6 kb; controls below 75 bp).
For molecular analyses, the total DNA extracted from leucocytes
was amplified by PCR with previously designed conditions and
p r i m e r s .1 0 The patients received idebenone (5 mg/kg daily, in
three doses) for 4–9 months. Heart measurements were made by
the same two ultrasonographers with the same ultrasonographic
scanner (Acuson XP128, Mountain View, CA, USA), in the M-
mode, on parasternal, longitudinal, and transversal views. The
scan was repeated three times on each view, with no substantial
variations recorded.

Samples of human heart (10 mg) were obtained surgically with
parental consent from three patients (10–15 years of age) with
valvular stenosis and no evidence of mitochondrial deficiency.
Homogenates were immediately prepared on ice,1 5 f i l t e r e d
through a 90 mm nylon net, sampled, and frozen at –80ºC for the
enzyme studies. Complex II activity in freeze-thaw heart
homogenates was measured by an assay of
dichlorophenolindophenol (DCPIP) quinone reductase activity.1 5

Aconitase activity, corresponding to the combined mitochondrial
and cytosolic enzyme activities, was measured by
spectrophotometry as aconitate accumulation at 240 nm in the
presence of citrate.1 0 Idebenone oxidation/reduction status
was measured by ultraviolet spectrophotometry (extinction
coefficient 12·5 (nmol per L)–1 c m– 1 at 275 nm; band-pass 2 nm).
All measurements were done with a DW2000 Aminco
Spectrophotometer (SLM Instruments, Urbana, UL, USA).1 5

Cis-parinaric acid was used as a fluorescent probe
for lipoperoxidation1 6 in a LS540B Spectrofluorimeter
(Perkin-Elmer, Beaconsfield, UK; excitation 318 nm, 5 nm
band-pass; emission 410 nm, 5 nm band-pass). 

R e s u l t s
There was a rapid loss of complex II activity (more than
75%) in the presence of reduced iron (5 nmol/L/Fe2 +;
figure 1) but no loss of activity was observed when
oxidised iron (Fe3 +) was substituted for Fe2 + (not shown).
Idebenone efficiently protected complex II activity against
iron-induced injury when reduced in the respiratory chain
by succinate (figure 1). In the absence of succinate,
idebenone remained oxidised and was ineffective as was

succinate alone. Reduced iron also triggered a rapid
membrane lipoperoxidation (figure 2). Similarly, the
reduction of oxidised iron by ascorbic acid caused
lipoperoxidation in our system (figure 2). Idebenone
protected membrane lipids against iron-induced injury,
again only in the presence of succinate.

Desferrioxamine, a widely used iron chelator that is
known to remove membrane-bound iron, fully protected
complex II from iron injury (figure 1). By contrast, in the
presence of desferrioxamine, reduced iron decreased the
activity of aconitase (basal rate 75 nmol min- 1 m g- 1 [SD 8];
desferioxamine alone 73 nmol min- 1 m g- 1 [SD 11]; Fe2 +

alone 75 nmol min- 1m g- 1 [SD 11] desferrioxamine plus Fe2 +

12 nmol min- 1 m g-1 [SD 2]). This soluble enzyme of the
Krebs cycle also controls cellular iron homoeostasis.1 7

Thus, iron bound to membranes did not affect soluble
enzymes but chelation of the iron by desferrioxamine
induced a rapid loss of aconitase activity. Our in-vitro
findings suggest caution about desferrioxamine
administration in Friedreich’s ataxia, because this drug
could exacerbate toxic effects of iron on Krebs-cycle
enzymes in heart and possibly other organs affected by the
d i s e a s e .

Treatment of the patients with idebenone for 4–9
months was accompanied by substantial decreases in
septal thickness, left-ventricular wall thickness, and left-
ventricular mass index (table). In addition, in patient 1 the
shortening fraction was substantially improved; left-
ventricular outflow obstruction decreased (from 40 mm Hg
to 10 mm Hg gradient pressure, based on doppler flow) so
b-blocker treatment could be discontinued in this patient.
Preliminary data on the neurological consequences of
short-term treatment suggest that ataxia and deep-tendon
reflexes did not change after 4–9 months. However,
strength and delicate movements (eg, handwriting)
improved, according to parents and teachers.

Parameters Patient 1 Patient 2 Patient 3

Baseline 9 months Change (%) Baseline 4 months Change (%) Baseline 4 months Change (%)

Septal thickness (cm) 1·74 1·12 236 1·51 1·02 232 1·50 1·03 231
LV posterior-wall thickness (cm)* 1·18 1·04 212 1·07 0·86 220 1·41 1·30 28
Shortening fraction (%) 47 60 28 37 34 28 37 38 0
LV mass index (g) 145 114 221 215 151 230 408 279 232

LV=left-ventricular. *Diastole.

Heart measurements by ultrasonography at baseline and after 4–9 months of idebenone treatment

Figure 2: Effects of various substances on lipid peroxidation in human heart homogenates
A: lipoperoxidation in presence of Fe2 + or Fe3 + plus ascorbic acid.
B: protection of membrane lipids by idebenone plus succinate; either succinate or idebenone alone was not protective.
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Figure 3: Mechanism of iron toxicity and postulated effect of idebenone in Friedreich’s ataxia
A: lack of frataxin leads to mitochondrial iron overload with generation of oxygen free radicals, which damage ISP of respiratory-chain enzymes.
B: idebenone (Q), when reduced by the respiratory chain (QH), acts as a free-radical scavenger, enabling reconstitution of ISP and subsequent reactivation of
respiratory chain.

D i s c u s s i o n
Friedreich’s ataxia has been linked to a deficiency of
frataxin, a protein that probably acts as a regulator of iron
transport into the mitochondria.5 – 9 We have previously
h y p o t h e s i s e d1 0 that the disease stems from a mitochondrial
iron overload, which triggers the generation of oxygen free
radicals. These radicals are toxic for the ISP of the mito-
chondrial respiratory chain and the Krebs cycle (figure 3 ) .

We have developed an experimental system that mimics
the iron-induced damage observed in heart biopsy material
from patients with Friedreich’s ataxia.1 0 In this study iron
triggered rapid membrane lipoperoxidation and caused loss
of activity in membrane-anchored respiratory enzymes
(complex II) in control heart homogenates in vitro. The
oxidation/reduction status was important: reduction of Fe3 +

by ascorbic acid caused cell injury in our system. For this
reason, reducing agents (ascorbic acid and glutathione)
should be regarded as harmful drugs in patients with iron
overload, for these drugs may reduce free iron in vivo. In
patients with iron overload ascorbate led to increased
peroxidation (triggered by the ascorbate/iron salt
m i x t u r e ) .1 8 Similarly, although desferrioxamine protected
complex II from iron injury, the drug caused pronounced
loss of aconitase activity in the presence of Fe2 + in our
system. Based on these results, we suggest that patients
with Friedreich’s ataxia should not be given water-soluble
chelators or antioxidant drugs that may reduce iron.

Idebenone, a short-chain quinone known to cross cell
membranes readily (including the blood-brain barrier),1 3 , 1 4

protected heart homogenate from iron-induced injury. 4–9
months idebenone administration to three patients with
Friedreich’s ataxia was associated with a substantial
decrease in myocardial hypertrophy. Randomised studies
are a wider way to see whether these results can be
confirmed and clarify whether idebenone also improves
neurological signs, particularly hand clumsiness, slurred
voice, muscle weakness, tremor, gait ataxia, and asynergia
or dysmetria.
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