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Abstract
Friedreich’s Ataxia is the most common inherited ataxia in man. It is a mitochondrial disease
caused by severely reduced expression of the iron binding protein, frataxin. A large GAA triplet
expansion in the human FRDA gene encoding this protein inhibits expression of this gene. It is
inherited in an autosomal recessive pattern and typically diagnosed in childhood. The primary
symptoms include severe and progressive neuropathy, and a hypertrophic cardiomyopathy that
may cause death. The cardiomyopathy is difficult to treat and is frequently associated with
arrhythmias, heart failure, and intolerance of cardiovascular stress, such as surgeries. Innovative
approaches to therapy, such as histone deacetylase inhibitors, and enzyme replacement with cell
penetrant peptide fusion proteins, hold promise for this and other similar mitochondrial disorders.
This review will focus on the basic findings of this disease, and the cardiomyopathy associated
with its diagnosis.
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INTRODUCTION
Friedreich’s Ataxia (FA) is the most common inherited ataxia in man. It is a relentlessly
progressive cardio- and neurodegenerative disease typically beginning in childhood that
leads to loss of motor skills and ultimately, inability to stand or walk within 10–15 years of
onset [1]. It is caused by reduced expression of the protein frataxin, which is a small protein
encoded in the nucleus and imported into the mitochondrial matrix. Patients develop a
primary neurodegeneration of the dorsal root ganglia leading to the hallmark clinical
findings of progressive ataxia [2–3] and debilitating scoliosis. Of particular note is that these
patients also develop a severe cardiomyopathy leading to death in the 3rd to 5th decade of
life [4]. There is no cure for this mitochondrial disease.

BACKGROUND
Friedreich’s Ataxia was originally described in 1863 by the German neurologist and
pathologist, Nikolaus Friedreich, when he noted the onset of cardiac disturbance, ataxic gait,
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nystagmus, and loss of sensation in 6 patients across 2 families [5]. Physical diagnosis was
later based on the clinical triad of hypoactive knee and ankle jerks, progressive cerebellar
dysfunction, and pre-adolescent disease onset as described by McKusick [6]. Autopsies of
patients with FA have shown degeneration of the spinocerebellar and lateral corticospinal
tracts, and loss of cerebellum and dorsal root ganglia which explains the loss of
proprioception and coordination in affected patients. Thus, muscle strength may remain
good but there is loss of motor control. In heart, the left ventricular myocardium is most
often moderately to severely hypertrophied in either a concentric or asymmetric distribution,
and has a high degree of fibrosis and cardiomyocyte loss at time of death. FA is typically
diagnosed around the age of puberty although it ranges from 5–15 years of age, and a late
onset diagnosis has been described in some patients between 20–30 years of age. Diagnosis
today is confirmed by PCR analysis of the triplet expansions within the FRDA gene. As is
typical of mitochondrial diseases, those tissues with higher energy requirements and greater
oxidant stress manifest symptoms earliest. Thus, neurologic symptoms consisting of loss of
motor skills and cardiac dysfunction are the most common findings, although blindness,
diabetes, and hearing loss are frequently diagnosed as well.

GENETICS
The incidence of FA is approximately 1 in 30,000 people (prevalence of 1:50,000) with
equal frequency in males and females [7] and a carrier frequency of 1:60 to 1:120 [8–11].
The inheritance is autosomal recessive. It is highly unusual in that it is predominantly
(>95%) caused by a GAA triplet expansion in the first intron of the human frataxin gene
(FRDA) on chromosome 9q21.11 (reviewed in [4,12]).

The triplet expansion found in FA, which often exceeds 800 repeats, causes the formation of
a triple-stranded DNA helix as a result of the GAA repeats forming non-Watson-Crick
pairings with the bases of the DNA double helix [13]. In contrast, most triplet expansions
that cause disease are typically located in exons encoding the protein and thus, their
expression causes protein mutations and inactivation. Triplex DNA can develop even more
complicated structures, such as sticky DNA [14], leading to transcriptional inhibition and
partial silencing of the FRDA locus with loss or severe reduction of frataxin protein (FXN).
Additionally, GAA triplet expansions may also trigger chromatin condensation making the
affected region of genomic DNA transcriptionally inactive [15]. Thus, in FA the protein
expression is severely reduced but whatever protein is expressed is normally processed by
mitochondria. This forms the basis for innovative therapy development today.

BASIC FINDINGS
Frataxin is an essential and highly conserved protein expressed in most eukaryotic
organisms (reviewed by Puccio and Koenig [16]). It is expressed in virtually all tissues of
the mammalian body and functions in mitochondrial iron homeostasis [17]. The 210 amino
acid precursor FXN protein (23.1 kDa) contains a mitochondrial targeting sequence at the
amino terminus that is processed in 2 steps by the mitochondrial matrix processing peptidase
as it is imported into the matrix [18]. The mature form of FXN has been shown to be cleaved
at amino acid 81 upon import into mitochondria yielding a 130 amino acid, 14.2 kDa protein
[19–20].

Frataxin has been shown to bind iron along an acid ridge, although the binding affinity is
quite low. Furthermore, human frataxin has been proposed to undergo iron-independent
assembly into larger oligomeric subunits [21] capable of detoxifying iron by catalyzing the
oxidation of Fe(II) to Fe(III) and storing the latter form as ferrihydrite mineral within the

Payne Page 2

Prog Pediatr Cardiol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



large oligomer that it forms [22–23]. The iron loading capacity of FXN is significant and
may exceed 50–75 iron atoms per subunit in a 48-subunit oligomer [24].

Although the exact function of FXN has not been defined, available data strongly suggests
that FXN functions in the de novo biosynthesis of Fe-S clusters by presenting iron to IscU
scaffold proteins [25–26]. It is also probable that FXN participates in heme production due
to it’s interaction with ferrochelatase [27], as well as cytosolic Fe-S cluster proteins [28]. In
its absence, free iron accumulates in mitochondria and is associated with loss of activity of
Fe-S containing proteins [29], and loss of energy production [30–31] with probable cell
death via apoptosis [32]. Given that there are a significant number of multi-subunit protein
complexes in mitochondria with a Fe-S cluster and which also participate in electron
transfer, it is highly likely that the decrease in FXN causes free radical generation and
oxidant stress via electron loss and interaction with free iron [33].

ANIMAL MODELS
The development of animal models mimicking FA has been invaluable both for the study of
the basic biology, as well as the clinical implications of this disease. Although highly useful,
each of these models also has significant limitations. Two basic strategies have been used to
recapitulate this disease in the mouse. In the first, a conditional ablation of the mouse FRDA
gene was accomplished by the Puccio lab. Here, exon 4 of the FRDA gene was deleted using
Cre mediated excision in a tissue specific fashion [34]. This causes complete absence of the
FXN protein only in the target tissues. This was necessary because complete ablation of the
FRDA gene in the mouse was embryonic lethal demonstrating the importance of early
frataxin expression [35]. However, when the FRDA gene was ablated in heart and brain, or
in heart alone (skeletal muscle expression was also ablated but has no phenotype), then
significant phenotypes were generated that recapitulated many features of FA. For example,
mice in which the FRDA gene was ablated in brain (neural tissues) and heart demonstrated a
severe neurologic phenotype as well as cardiomyopathy (dilated) and very short lifespan
[34]. These mice grow poorly (Figure 1A) when compared with their heterozygous
littermates, and demonstrate ataxia and loss of proprioception on behavioral studies such as
the rotarod. As with FA in the human heart, there is clear evidence of iron deposition in their
hearts as shown by the Perls’ stain in Figure 1B. In contrast, mice in which the FRDA gene
was ablated only in sarcomeric tissues (heart and skeletal muscle) predictably did not have
ataxia but developed a cardiac phenotype of hypertrophic cardiomyopathy very reminiscent
of the human heart disease [36]. Thus, this strategy mimics the phenotype of the human
disease well, but not the correct genotype. They also are lacking any FXN protein in the
affected tissues (“knocked out”) whereas humans have residual low level expression of FXN
protein and thus, have a more variable presentation. These mice are especially useful for
study of the histology of FA, as well as developing protein or enzyme replacement therapies,
such as with cell penetrant peptide fusion proteins [37], e.g., TAT-Frataxin.

The cardiac findings in these conditional knockout mice are very similar to the hearts of
patients with FA. In addition to iron deposition in the myocardium mentioned above, they
also show a cardiomyopathy on echocardiography with evidence of diastolic dysfunction.
For example, in Figure 2 the echocardiograms from a normal littermate mouse and a
conditional FRDA knockout are shown. The M-mode of the normal mouse (Figure 2A)
shows good left ventricular function and a normal mitral inflow pattern based on the E-A
waveform. In panel B of the same figure, the M-mode demonstrates a dilated, poorly
contractive left ventricle with slower heart rate and reversal of the E-A waveforms.
Examination of the cardiomyocyte ultrastructure by electron microscopy is particularly
informative in these mice. In Figure 3A and B, a normal mouse heart demonstrates normally
shaped mitochondria tightly packed between rows of sarcomeres. Alignment of sarcomeres
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is highly regular and robust. In contrast, Figure 3C and D demonstrate the severe
disorganization of the cardiomyocyte from an FRDA conditional knockout mouse heart.
Here, there are very few sarcomeres remaining and mitochondria have proliferated
extensively. There is little evidence of the tight relationship between energy generating
mitochondria and the site of ATP utilization (sarcomere) seen in the normal mouse
cardiomyocyte. This parallels exactly what is found in the human heart [38] and has strong
clinical implications for patients with FA: left ventricular contractile function will ultimately
decrease due to loss of contractile proteins and disruption of the normal mitochondria to
sarcomere relationship.

In the second strategy, mice have been generated in which there is a ‘knock in’ of the
pathologic human FRDA gene with GAA repeats into the mouse by both the Pook lab [39]
and the Pandolfo lab [40]. In these models, the native mouse FRDA genes have been ablated
(KO) leaving expression of frataxin dependent only on the human FRDA gene, which also
contains the triplet expansion region. The phenotype is less severe in these animals however;
the genotype more accurately mimics the human disease. These animals have been
especially useful for study of therapeutic approaches that increase transcription of the FRDA
gene containing the triplet expansion, such as histone deacetylase inhibitors (HDAC
inhibitors) [41].

CLINICAL FINDINGS
The clinical symptoms of FA are manifested as loss of coordination and motor control,
diabetes, and a hypertrophic cardiomyopathy associated with death [2]. Other clinical
findings, such as visual impairment, slurred speech, diabetes, and hearing loss are also
frequently reported. There is a correlation between GAA repeat number and the onset and
severity of clinical symptoms with higher repeat numbers typically associated with earlier
onset, and a more severe cardiomyopathy [42–44]. The patient disease course typically
reflects the length of the shorter allele, and compound heterozygous patients have been
described in which one allele contains a point mutation and the other a triplet expansion.

The cardiomyopathy in FA is hypertrophic and typically maintains adequate systolic
function [45] until shortly before death [44]. Cardiac MRI demonstrates the severe
hypertrophy very well as shown in Figure 4A and B, but echocardiography is also excellent
for long term evaluation of left ventricular wall thickness and function. Both ventricles are
affected and arrhythmias are common, especially those of atrial origin. Although the
primary cause of death in FA is heart failure [46], surprisingly little has been written about
the natural history and pathology of the FA heart with most publications focusing instead on
the dramatic neuropathology (Figure 5).

Myocardial energy generation is significantly reduced in FA patients when compared with
controls, and this reduction correlates with the degree of hypertrophy [47] or may even
precede it’s development [31]. Use of the antioxidant and co-enzyme Q mimetic, Idebenone,
may help improve myocardial energy deficiency and decrease hypertrophy [48–49]. In short
term (1 year) studies, this has been true. Longer term studies using Idebenone have shown a
reduction in cardiac mass but have not shown a decrease in arrhythmias or progression of
heart failure [50–51] and there is no research on the clinical relevance of these changes.
Antioxidant therapies have not shown any benefit or improvement in neurologic symptoms
[52–53].

Variability in the cardiac phenotype has been noted by multiple authors [45,54].
Hypertrophy may progress to dilation with time giving the appearance by echocardiography
that there is improvement of ventricular hypertrophy [54]. Earlier echocardiography and
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radionuclide studies have shown good systolic function of both ventricles but impaired
diastolic filling [55–56]. These findings are consistent with the histological appearance of
fibrosis in the left ventricular wall and suggest that there may be diastolic dysfunction in the
FA heart. Virtually all hearts are affected in FA and subtle EKG findings are frequently
among the earliest findings of cardiomyopathy. In Figure 6A and B, EKGs from two
patients demonstrate the non-specific T-wave changes often seen in the lateral chest leads.
EKG, however, is not diagnostic of FA and has not shown utility for prognosis in this
disease.

At the microscopic level, changes in the left ventricle include cardiomyocyte hypertrophy,
focal necrosis, and diffuse fibrosis [57]. Electron microscopy shows mitochondrial
proliferation, loss of contractile sarcomeres, and electron dense particles within
mitochondria that may represent iron deposition [38]. This is strikingly similar to what is
found in the mouse heart in which FXN is deficient (see Figure 3C and D). Recent studies of
patients with FA using cardiac MRI and adenosine showed that the heart has significantly
decreased myocardial perfusion reserve index, which paralleled the onset of metabolic
syndrome [58]. Furthermore, the impaired perfusion reserve did not correlate with degree of
hypertrophy or fibrosis suggesting that this may be an important tool to identify potential
therapeutic targets to prevent heart failure development or progression.

The clinical implications of these findings are that the cardiac output of affected patients in
FA may reflect the characteristics of a restrictive cardiomyopathy with a greater dependence
on heart rate to maintain adequate output. Thus, there will predictably be an increase in left
ventricular filling pressures with resultant atrial arrhythmias, which are commonly seen in
advanced FA. Use of after load reducing agents, such as losartan or ACE inhibitors, may be
beneficial in long term treatment of this heart disease. This may also decrease physiologic
incentive for cardiac hypertrophy and energy utilization by ventricular cardiomyocytes. In
contrast, those agents that slow heart rate and decrease oxygen utilization, such as carvedilol
or other β-adrenergic blocking agents, may not be well tolerated. If diastolic filling is
impaired due to a restrictive characteristic of this cardiomyopathy, then slowing the heart
rate would predictably decrease cardiac output. For example, carvedilol is beneficial in adult
onset ischemic cardiomyopathy, but had little effect on cardiomyopathies of childhood
where the etiology of the heart failure is much different and variable [59].

TREATMENT
Treatment options at present logically include antioxidants, such as Idebenone, and iron
chelation such as deferiprone [60–61]. Although early clinical trials have shown modest
biochemical improvement [62], these therapies have not shown substantial sustained clinical
improvement as they are designed to control downstream events resulting from the loss of
FXN. It is also probable that significant and permanent damage has already occurred by the
time the diagnosis of FA is made making these therapeutic approaches less effective. Recent
studies have supported earlier intervention. For example, Boddaert et al, showed that iron
chelation with a membrane permeant chelator that shuttles iron to transferrin reduced brain
iron load and had greatest effect in the youngest patients [63]. If confirmed, this is a strong
argument for beginning therapy for FA as early as possible and supports the drive towards
newborn screening for FA (see commentary by G. Isaya [64]). Necessary expansion of
newborn screening to include new diseases, such as FA, was advocated in a recent
publication putting forth recommendations for uniform newborn screening [65], and work is
already underway at Mayo Clinic to develop a protein-based assay for screening newborns
for FA (supported by the Friedreich’s Ataxia Research Alliance). However, despite
concerted clinical efforts with antioxidant and iron chelation strategies, no therapy has been
substantially effective in this disease.
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FUTURE DIRECTIONS
Friedreich’s Ataxia is a multisystem disorder that serves as a paradigm for mitochondrial
disease. The gene defect is known, the affected organelle is known, and the inheritance is
well understood and common. New discovery is rapidly advancing our understanding of the
basic biology of FA and lessons learned here have high potential for application to other
mitochondrial diseases. From a clinical research standpoint, there is a great need to
understand the natural history and outcome of the heart disease in FA. Given the relatively
less amount of literature examining the heart in FA compared with the neurologic and
histological phenotype, greater emphasis on clinical studies and trials examining this
mitochondrial cardiomyopathy are badly needed to advance our clinical understanding and
speed development of therapies.

With regard to therapeutic development for FA, multiple lines of investigation are
aggressively pursuing innovative strategies and will likely have application to other
mitochondrial disorders as well. Two strategies are worthy of note and directly attack the
problem in FA. In the first, the goal is to improve the ability of the DNA transcription
machinery to read through the diseased FRDA gene by maintaining the DNA in an
‘uncompacted’ state. Thus, Joel Gottesfeld reported earlier that histone deacetylase
inhibitors (HDAC inhibitors) would increase frataxin mRNA transcript and could increase
FXN protein levels of cells in culture [15]. When HDAC inhibitors were applied to the
Friedreich’s Ataxia mice with expression of the diseased human FRDA gene (the ‘knock in’
mouse above), there was an increase in FXN protein [41]. This strategy also has significant
potential for application to other triplet expansion diseases.

In the second approach, our laboratory has pursued an enzyme replacement strategy where
the missing protein, FXN, is genetically fused to a cell penetrant peptide, TAT, to deliver the
protein into the cell and mitochondria. We have reported earlier that TAT was capable of
pulling exogenous proteins across cell and mitochondrial membranes to deliver a cargo to
the matrix of mitochondria in both isolated cells and tissues of the intact mouse [37,66–67].
TAT will even cross the placenta to deliver proteins to mitochondria of the fetus [68] thus
offering the potential for initiating therapies for mitochondrial defects prior to birth. Studies
are underway using the conditional ablation knock out mice from the Puccio lab to explore
this approach. Early results are highly promising (data in preparation) and other
investigators have also recently reported that TAT can deliver therapeutic proteins in mouse
or human models of disease [69–71].

SUMMARY
In summary, our understanding of Friedreich’s Ataxia is advancing rapidly and will likely
have application to other mitochondrial diseases. Novel therapeutic development is being
aggressively pursued and takes advantage of recent discoveries at the bench that may be
moved into patient care. There is a significant need to focus greater attention on the heart
disease in FA to understand its long term outcome and to develop new therapeutic strategies
using existing medications and approaches.
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Figure 1.
Panel A: Mouse model of Friedreich’s Ataxia. Mouse labeled ‘FRDA mouse’ has a
conditional ablation of exon 4 in the FRDA gene in heart and brain. Below is an age
matched, littermate heterozygous mouse (‘Normal mouse’). Panel B: Perls’ Stain for iron
deposition in heart from a 28 day old conditional FRDA KO mouse. Arrow points to
staining from iron deposition.
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Figure 2.
Echocardiogram from mice. Panel A shows excellent left ventricular function by M-mode
echocardiography in a normal mouse. Distance in mm shown on right. Heart rate is shown
below and is 407 beats per minute. The side panel shows mitral valve inflow with a normal
E-A inflow pattern. Velocity in m/s shown on right. Panel B shows poor left ventricular
function in a FRDA KO mouse. The left ventricular chamber is dilated compared with the
normal heart. Heart rate is slower at 197 beats per minute. Side panel show mitral valve
inflow with E-A reversal indicative of severe cardiomyopathy.

Payne Page 12

Prog Pediatr Cardiol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Electron microscopy of heart sections from mouse model of Friedreich’s Ataxia. Panels A
and B are from a wild type mouse showing normal mitochondria (white arrows) in rows
between abundant, well ordered sarcomeres (“S’). Panels C and D are from a conditional
knockout mouse with ablation of the FRDA locus in heart and brain. Notice extreme
proliferation of mitochondria (Panel C, white arrows) with intramitochondrial deposits
(Panel D). There is a severe loss of sarcomeres (S). Bar = 500 nm in all 4 panels.

Payne Page 13

Prog Pediatr Cardiol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Cardiac MRI of a 10 year old male with Friedreich’s Ataxia. Panel A: Long axis view of
hyperdynamic heart with contrast showing severe hypertrophy of left ventricular walls and
mid-cavitary obliteration in systole. Ejection fraction = 81%. Panel B: Short axis of heart in
systole showing hypertrophic cardiomyopathy. Bar = 5 cm in both panels.
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Figure 5.
Graph of publications on Friedreich’s Ataxia from 1966–2010. Publications on the
cardiomyopathy in this disease are significantly less in number when compared with those
investigating the dramatic neurologic disease of Friedreich’s Ataxia.
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Figure 6.
EKGs from 2 patients with Friedreich’s Ataxia showing non-specific T-wave abnormalities,
e.g., flattened or inverted T-waves in the lateral chest leads. Panel B has a superior axis.
Although EKG is abnormal in >90% of cases, it is not prognostic in this disease.
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