
INTRODUCTION

FRIEDREICH’S ATAXIA (FRDA) is the commonest form of
inherited ataxia with a prevalence of one or two in

40,000 individuals. FRDA is an autosomal recessive degener-
ative disorder characterized clinically by onset before the age
of 25 of progressive gait and limb ataxia, cerebellar
dysarthria, loss of limb deep tendon reflexes and position and
vibration sense, spasticity, and extensor plantar responses
(11, 16). Neuropathology in FRDA typically show early de-
generation of large sensory neurons in the dorsal root gan-
glia, followed by degeneration of sensory posterior columns,
spinal-cerebellar tracts, and cortical-spinal motor tracts, and
atrophy of the large sensory fibers in peripheral nerves. Elec-
trocardiographic or echocardiographic signs of hypertrophic
cardiomyopathy are present in a large proportion of FRDA
patients and cardiac involvement is the most common cause
of premature death (11, 16). Left ventricular histological ab-
normalities consist of myocyte hypertrophy, diffuse fibrosis,
and focal myocardial necrosis (1, 20, 42). Scoliosis and pes

cavus are found in about two thirds and diabetes or glucose
intolerance in one third (11, 16) of the patients. Hearing loss
or optic atrophy is detected in about 10% of the patients.

In most cases FRDA is due to the inheritance of two copies
of an expanded GAA triplet repeat in the first intron of the
FRDA gene on chromosome 9q13 (8). The size of the ex-
panded repeat is typically between 600 and 1200 triplets, but
alleles ranging from 44 to 1700 triplets have been reported
(11, 13, 14, 30). Normal chromosomes have FRDA gene al-
leles carrying between 8 and 22 triplet repeats (8). A smaller
proportion of patients (<5%) are compound heterozygous,
having one expansion-bearing chromosome and a deleterious
point mutation in the FRDA gene of the other (8, 11).

The phenotypic variability among patients is heavily influ-
enced by the size of the GAA expansion (11). In particular,
the age at onset correlates negatively (11, 14, 24) and the rate
of progression of the disease positively with the number of
GAA repeats in the smaller allele (11). The frequency and se-
verity of hypertrophic cardiomyopathy increase with the size
of the GAA expansion in the smaller allele (11, 12, 14, 19).
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ABSTRACT

Friedreich’s ataxia (FRDA) is the most common inherited ataxia. FRDA is an autosomal recessive degenera-
tive disorder caused by a GAA triplet expansion or point mutations in the FRDA gene on chromosome 9q13.
The FRDA gene product, frataxin, is a widely expressed mitochondrial protein that is severely reduced in
FRDA patients. The function of frataxin has not been established yet. Studies of the yeast and animal model of
the disease as well as of tissues from FRDA patients have demonstrated that deficit of frataxin is associated
with mitochondrial iron accumulation, increased sensitivity to oxidative stress, deficit of respiratory chain
complex activities and in vivo impairment of tissue energy metabolism. Pilot studies have shown the potential
effect of antioxidant therapy in this condition and provide a strong rationale for designing larger clinical ran-
domized trials. Antioxid. Redox Signal. 8, 438–443.
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Atypical clinical presentations, such as delayed age of
onset (>25 years), retained deep tendon reflexes or hyper-
reflexia, slow disease progression, are often due to short and
unstable GAA triplet repeat alleles (11, 14, 30).

PATHOPHYSIOLOGICAL FEATURES 
OF FRIEDREICH’S ATAXIA

Mutations in the FRDA gene, either GAA expansions or
point mutations, result in reduced expression of a protein
called frataxin (7) which localizes at mitochondrial mem-
branes and crests (4, 7, 22, 32). In normal subjects, the high-
est level of expression of the FRDA gene has been found in
the heart and spinal cord, intermediate levels in the cerebel-
lum, liver, skeletal muscle, and pancreas, and very little in the
cerebral cortex (8).The amount of residual frataxin in lym-
phoblastoid cell lines from FRDA patients correlates with the
GAA expansion size in the smaller allele (7) and likely repre-
sents the molecular basis of the relationship between GAA
expansion size and phenotypic expression of the disease (11).

The lack of frataxin is associated with mitochondrial dys-
function and intramitochondrial iron accumulation. Studies
of yeast disrupted for YFH1 (yeast frataxin homologue) gene
have demonstrated that lack of the yeast frataxin homologue
leads to a severe defect of mitochondrial respiration, loss of
mitochondrial DNA, intramitochondrial iron accumulation,
and increased sensitivity to oxidative stress (4, 15, 22, 44).
Iron is a highly reactive species and is potentially toxic by
virtue of its capacity to produce free oxygen radicals via iron-
catalyzed Fenton chemistry. Excessive production of free rad-
icals would damage lipids, proteins, and mtDNA. Accumula-
tion of iron in the heart in FRDA was first demonstrated more
than 20 years ago (23, 38) but only recently was it shown that
the positive iron staining pattern in cardiac tissue from FRDA
patients was granular in appearance and had a distribution
consistent with mitochondrial iron accumulation (5). In the
same study, iron accumulation was also found in hepatocytes
and the spleen of FRDA patients. In cardiac muscle samples
from FRDA patients collected by biopsy or at postmortem,
reduced activities of respiratory chain complexes I, II, and III
and of the Krebs cycle enzyme aconitase have been found
(Fig. 1) (5, 36). These enzymes all contain iron-sulfur (Fe-S)
clusters, and therefore frataxin could play a role in mitochon-
drial iron metabolism and the formation of Fe-S centers, or,
alternatively, these enzymes may be targeted because of their
particular sensitivity to damage by oxygen free radicals (36).
In fibroblast lines from FRDA patients mitochondrial iron
was increased by 40–50% (10, 45) while total cellular iron
content was unchanged (10). Residual low levels of frataxin
expression in human cells are likely to be responsible for the
substantially less marked iron overload found in human tis-
sues compared to that found in YFH1 knockouts (4, 15). Fi-
broblasts from FRDA patients do, however, show an in-
creased sensitivity to H2O2 and iron stress (45).

There are evidences of an impairment in vivo of glu-
tathione homeostasis and antioxidant enzymes in patients
with Friedreich’s ataxia, suggesting a relevant role of free
radical cytotoxicity in the pathophysiology of the disease. In

fact, a reduction of free glutathione levels in the blood of pa-
tients with Friedreich’s ataxia, a total glutathione concentra-
tion comparable to the controls, and a significant increase of
glutathione bound to hemoglobin in erythrocytes have been
demonstrated in FRDA patients (31), also associated with a
significant elevation in the superoxide dismutase/glutathione
peroxidase activity ratio and with an 83% rise of glutathione
transferase activity in the blood (41).

Despite the increasing evidence that the deficit of frataxin
is associated with impairment of mitochondrial oxidative
phosphorylation and mitochondrial iron accumulation,
frataxin function is still unknown. FRDA is an autosomal re-
cessive disorder; therefore, animal models must be created by
knockout or knockdown of the gene. Knockout of the frataxin
gene leads to early embryonic death, indicating the impor-
tance of this gene in early development (9). Partial knock-
down of frataxin resulting in 30–40% of protein production
does not produce a clinical phenotype, indicating that a small
residual amount of frataxin is sufficient for normal function.
A conditional knockout mouse model of muscle frataxin
leads to death at 10–12 weeks (33, 40). Abnormalities began
at week 4 with a 50% reduction in complex II activity, cardiac
function remained normal at this time. By week 5, however,
there was an increase in left ventricular mass, left ventricular
end systolic and diastolic diameter, and a 24% reduction in
the shortening fraction. At week 6, cardiac output was down
15% and there was evidence of abnormal mitochondrial mor-
phology. Week 7 showed a 67% decrease in shortening frac-
tion and a surprising reduction in oxidized protein. By week
8, cardiac output was 67% of control, complex II activity was
down 80%, but there was no evidence of mitochondrial iron
accumulation. At week 9, mitochondrial iron was elevated but
lipid peroxidation was decreased. Idebenone treatment 90
mg/kg/day delayed the onset of cardiac abnormalities by only
one week and prolonged lifespan by 10%. The therapy had no
protective effect on complex II activity.
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FIG. 1. Activities of respiratory chain complexes and aconi-
tase assessed in the heart of patients with Friedreich’s
ataxia (FRDA) and controls. CxI, CxII/III, and CxIV repre-
sent citrate synthase (CS) ratios of mitochondrial respiratory
chain complexes I, II/III, and IV, respectively. Values are ex-
pressed as means ± SEM.
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The potential protective effect of antioxidant treatment in
this murine model was assessed by overexpression of Cu-Zn
superoxide dismutase (SOD) and a Mn SOD mimetic. How-
ever, there was no evidence of a protective effect on the de-
velopment or severity of the cardiomyopathy, and no benefit
on survival (39). Mn SOD protein expression fell by approxi-
mately 50% compared to controls in the heart at 10 weeks.
There was no increase in oxidized protein levels in either
heart or cerebellum. These results would suggest that frataxin
deficiency does not lead to oxidative stress and alternative
mechanisms may be involved in mediating the neurodegener-
ation associated with deficiencies of iron sulfur proteins.

IN VIVO TISSUE ENERGY METABOLISM 
IN FRIEDREICH’S ATAXIA PATIENTS

The effect of frataxin deficiency on tissue oxidative me-
tabolism of FRDA patients has been assessed in vivo using
phosphorus magnetic resonance spectroscopy (31P-MRS).
Magnetic resonance spectroscopy (MRS) is a noninvasive
technique that allows, using clinical MR scanners, the mea-
surement of several compounds as well as cytosolic pH in
vivo without the use of radioactive tracers. The major com-
pounds detectable are ATP, phosphocreatine (PCr), and inor-
ganic phosphate (Pi) (Fig. 2). Free (metabolically active)
[ADP], the major regulator of the oxidative phosphorylation,
can be calculated from the MRS data using the creatine ki-
nase equilibrium expression (3). 

Cardiac bioenergetics were assessed in vivo in FRDA pa-
tients with and without left ventricular hypertrophy (27). Car-
diac PCr to ATP ratios in the FRDA group as a whole were re-
duced by about 40% (Fig. 3). Cardiac PCr/ATP ratios were
significantly reduced compared to controls in both groups of
FRDA patients with normal and hypertrophic heart (27).
These findings represented the first evidence in humans that
cardiac PCr/ATP can be reduced in the absence of either fail-
ing contractile function or hypertrophy. In FRDA the hyper-
trophic process may be compensatory and caused or con-
tributed to by the bioenergetics deficit, which is also known
to stimulate myocyte hypertrophy (34). This hypothesis is
supported by the frequent finding of hypertrophic cardiomy-
opathy in patients with a deficit of oxidative phosphorylation
due to mutations of mitochondrial DNA (2).

Two independent 31P-MRS studies of the calf muscle have
shown a reduced rate of mitochondrial ATP synthesis in
FRDA patients (25). This is a typical finding in patients
with mitochondrial myopathies due to mtDNA mutations.
The same studies also showed that the in vivo deficit of mi-
tochondrial ATP synthesis rate was strongly dependent on
the size of the GAA repeats in the smaller allele: the higher
the number of GAA repeats the lower the mitochondrial
ATP synthesis rate. This is clear evidence that the GAA ex-
pansion is the cause of the mitochondrial deficit and sug-
gests a link between the degree of mitochondrial respiration
deficit and clinical expression of the disease in other tis-
sues. The length of the GAA expansion has been shown to
determine the amount of frataxin expressed (7). Therefore,
the residual expression of frataxin probably determines the
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FIG. 2. Energy metabolism in Friedreich’s ataxia. Top:
31P-MRS cardiac spectrum collected from apex and part of the
septum and posterior wall of a healthy subject. 2–3 DPG indi-
cates 2–3 diphosphoglycerate, PCr phosphocreatine, and �, �,
and  �, the three phosphate groups of ATP. Bottom: Axial MR
image showing the location of the surface coil. Signal localiza-
tion was achieved by slice selection (transverse slice), elimina-
tion of signal from anterolateral chest wall skeletal muscles
using an oblique presaturation slab (shaded region) and phase
encoding into 1 cm thick contiguous coronal slices (dotted
lines).
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FIG. 3. Cardiac bioenergetics in vivo. Reduced cardiac
phosphocreatine to ATP ratio (PCr/ATP) in Friedreich’s
ataxia (FRDA) patients. Values are expressed as means ± SD.
*p < 0.001.
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reduced skeletal muscle mitochondrial ATP production rate
detected in vivo.

Consistently, noninvasive continuous near infrared muscle
spectroscopy (NIRS), that assesses the delivery and utiliza-
tion of oxygen in response to exercise, showed in several
FRDA patients features consistent with inadequate oxygen
utilization by muscle (28).

THERAPEUTIC PROSPECTIVE

The pathophysiological model of FRDA based on yeast
and human studies (Fig. 4) indicates two possible therapeutic
approaches: iron-chelation and antioxidant therapy. The pos-
sible role of iron-chelation therapy was recently evaluated
(43). Serum iron, representing available tissue iron supply,
and serum ferritin, representing total iron storage, were as-
sessed in FRDA patients. The measurements were within the
normal range in all FRDA patients indicating that iron-
chelation therapy may not be beneficial to FRDA patients.
These results are not entirely unexpected because in FRDA
there is a redistribution of iron rather than an increase in total
iron storage. Studies of the yeast model of FRDA have shown
a small increase in total cellular iron levels in association
with a 10–12 times increase in mitochondrial iron content (4,
15). Similarly, selective accumulation of intramitochondrial
iron has been found in fibroblasts (10) and cardiac samples of
FRDA patients (5). Taken together, these findings suggest
that iron-chelation therapy may not be beneficial to FRDA
patients unless targeting specifically mitochondrial iron. The
potential role of iron chelators 2-pyridylcarboxaldehyde ison-
icotinoyl hydrazone (PCIH) analogues, as agents to remove
mitochondrial iron deposits, have been recently under investi-
gation (35). These ligands have been specifically designed to
enter and target mitochondrial iron pools, which is a property
lacking in desferrioxamine, the only chelator in widespread
clinical use that because of its hydrophilicity would probably
be prevented from access to mitochondria.

The excessive free radical production and deficit of oxidative
phosphorylation shown in FRDA suggests that the mitochondrial
respiration deficit may be amenable to treatment with antioxi-
dants. In a few studies so far the effect of antioxidant therapy on
cardiac and neurological symptoms/signs has been evaluated.

Three FRDA patients were first treated for 4 to 9 months
with idebenone (5 mg/kg/daily), a short chain quinone ana-
logue which acts as a free-radical scavenger (37). Idebenone
administration resulted in a reduction in septal thickness
ranging from 31% to 36% and of the left ventricle posterior
wall from 8% to 20%. These results were then confirmed by
the same group that showed a reduction in left ventricular
mass equal or more than 20% in 17 out of 38 FRDA patients
(18), and by two more recent idebenone trials (6, 29).

The effect of another antioxidant treatment, Coenzyme
Q10, 400 mg/day plus vitamin E, 2100 IU/day, on in vivo car-
diac and calf muscle energy metabolism, left ventricle hyper-
trophy (LVH), and ataxia has been evaluated in ten FRDA pa-
tients (26). After 6 months of therapy, cardiac PCr to ATP
ratio increased by more than 50% in the patients as a group.
Skeletal muscle mitochondrial Vmax for ATP production, after
6 months of CoQ10 and vitamin E treatment, increased by
34% in the patients’ group.

Echocardiography showed unchanged interventricular sep-
tum and posterior wall thickness in patients with and without
LVH. FRDA patients, assessed neurologically using the semi-
quantitative International Cooperative Ataxia Rating Scale
(ICARS), showed lack of progression of their neurological
deficits after 6 months of therapy (26). The followup of the
same patients after 4 years of CoQ10 and vitamin E demon-
strated a sustained improvement in cardiac and skeletal mus-
cle bioenergetics throughout the therapy period (Fig. 5) and a
significantly increased fractional shortening on echocardiog-
raphy after the first 3 years of treatment (17). Comparison
with cross-sectional data from 77 FRDA patients the change
in total ICARS and kinetic scores over the period of the trial
were better than predicted for 7 patients, but the posture and
gait and hand dexterity scores progressed as predicted (17).

Antioxidants targeted to mitochondria appear to be a promis-
ing approach to slow disease progression. To validate this hy-
pothesis, the efficacy of mitochondria-targeted and untargeted
antioxidants derived from coenzyme Q10 and from vitamin E at
preventing cell death due to endogenous oxidative stress has
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FIG. 4. Pathophysiological model. Schematic representa-
tion of the events associated with frataxin deficit and con-
tributing to cell death in Friedreich’s ataxia.
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FIG. 5. Followup after Coenzyme Q10 plus vitamin E treat-
ment. Cardiac phosphocreatine to ATP ratio (PCr/ATP) (left)
and calf muscle maximum rate of mitochondrial ATP produc-
tion (Vmax) (right) in controls and Friedreich’s ataxia (FRDA)
patients before and after 3, 6, 12, 24, 36, and 48 months of an-
tioxidant therapy (Coenzyme Q10 plus vitamin E). Values are
expressed as means ± SD. *p < 0.05 compared to pre-therapy.
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been recently investigated in cultured fibroblasts from FRDA
patients in which glutathione synthesis has been blocked. The
mitochondria-targeted antioxidant MitoQ was several hundred-
fold more potent than the untargeted analog idebenone. The 
mitochondria-targeted antioxidant MitoVit E was 350-fold
more potent than the water soluble analog Trolox (21). This is
the first demonstration that mitochondria-targeted antioxidants
prevent cell death caused by endogenous oxidative damage. Tar-
geted antioxidants may have therapeutic potential in FRDA and
in other disorders involving mitochondrial oxidative damage.

CONCLUSIONS

During the last decade, the progress made in our under-
standing of the pathogenic mechanisms underlying FRDA has
been remarkable. Although the precise function of frataxin
still remains to be defined, FRDA has clearly been identified
as a nuclear-encoded mitochondrial disorder characterized by
deficiency of activity of respiratory chain complexes and in-
tramitochondrial iron accumulation. Preliminary clinical
studies have indicated the potential efficacy of antioxidant
therapy in this condition. However, larger randomized trials
will have to confirm whether an early diagnosis of FRDA can
be exploited to initiate antioxidant treatment and prevent the
progression of this disorder.

ABBREVIATIONS

Fe-S, iron-sulfur; FRDA, Friedreich’s ataxia; ICARS,
International Cooperative Ataxia Rating Scale; LVH, left
ventricle hypertrophy; PCIH, 2-pyridylcarboxaldehyde isoni-
cotinoyl hydrazone; PCr, phosphocreatine; Pi, inorganic
phosphate; 31P-MRS, phosphorus magnetic resonance spec-
troscopy; SOD, superoxide dismutase.
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