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ABSTRACT

First described in 1863, Friedreich’s Ataxia (FRDA)
is a progressive hereditary neurodegenerative
disorder inherited in an autosomal recessive
manner. Caused by a trinucleotide repeat
expansion effectively preventing the production
of frataxin protein, this disease is characterized
by progressive mitochondrial damage, resulting
in cell death in organ systems most dependent on
the mitochondria for energy production,
principally the nervous system and heart. While
the exact role of frataxin is currently still
unknown, its absence results in the depression of
electron transport chain respiration, impairment
of function of iron-sulfur containing proteins
and impairment of the intrinsic intracellular
antioxidant systems. Herein, we review the
cellular events that initiate widespread organ
dysfunction and discuss ongoing research in
therapeutics aimed at inhibiting this damage and
halting or slowing the progression of FRDA,
including those on estrogen treatment from our
laboratory.
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1. INTRODUCTION

First described in a series of papers by Nikolaus
Friedreich [1, 2, 3, 4, 5], Friedreich’s ataxia (FRDA)
affects 1 in 50,000 to 1 in 20,000 worldwide
with a carrier rate of 1 in 120 to 1 in 60, making
it the most common type of inherited ataxia
worldwide [6, 7, 8, 9, 10, 11]. Although FRDA
can be diagnosed with genetic tests before birth
[12, 13, 14], FRDA usually presents clinically
around puberty, although the onset can vary from
infancy to the third decade of life [15, 16]. The
presenting symptoms are usually related to gait
and other motor symptoms, leading to progressive
ataxia [8, 15, 17]. There is a degeneration of the
dorsal root ganglia (DRG), followed by cranial
nerve and ascending spinal cord tracts, including
the spinocerebellar and corticospinal tracts and
posterior columns, resulting in hearing and ocular
abnormalities, tremor, ataxia, weakness and
sensory abnormalities [8, 16, 18, 19]. Later, extra-
neurological symptoms are common, including pes
cavitis, lateral and kyphoscoliosis and an increased
incidence of type 1 diabetes [8, 15, 17, 18, 19].
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There is also a 66-91% incidence of cardiac
symptoms, including hypertrophic cardiomyopathy
with interstitial fibrosis, the most common cause
of premature death in FRDA patients [8, 15, 18,
19, 20, 21].

2. Disease mechanism

FRDA is caused by a progressive GAA trinucleotide
repeat expansion in the first intron of the FXN
gene on chromosome 9q13-21, responsible for
producing the frataxin [22, 23], causing a self-
associating complex of triple helical DNA to
form and inducing histone deacetylation during
DNA transcription [24, 25, 26, 27, 28], preventing
effective transcription and resulting in a loss of
intracellular frataxin [6, 7, 8, 16, 29]. The exact
function of frataxin is currently unclear, although
it has been suggested that it is required for iron-
sulfur (Fe-S) cluster assembly [30, 31, 32]. Its
absence results in dysfunctional iron metabolism,
with impaired function of Fe-S cluster proteins,
including heme, electron transport chain (ETC)
proteins and the Kreb’s cycle protein, aconitase,
as well as dysregulation of the cellular redox state
[16, 33, 34], ultimately leading to widespread
progressive oxidative damage to many components
of the cell, specifically the mitochondria [35]. The
inhibition of Fe-S containing protein function
severely impairs cellular respiration [6, 36, 37],
which is further complicated by simultaneous
oxidative damage to these same mitochondrial
proteins [18, 34, 36, 38]. This mitochondrial damage
prevents the cell from being able to produce
enough ATP to match its energetic needs,
resulting in cell death [39, 40, 41], a disease
mechanism common to many neurological and
neurodegenerative diseases, including ischemic
stroke, Alzheimer’s disease and Parkinson’s
disease [42, 43, 44, 45, 46, 47, 48].

The length of the GAA triplet repeats, specifically
the shorter of the two GAA repeat alleles, is
inversely proportional to the level of frataxin
protein present in the cell and the age of disease
onset, and is directly proportional to the severity
of clinical symptoms [15, 21, 49]. Studies in yeast
have shown that the depletion of frataxin
homologues is related to oxidative damage
and results in progressive accumulation of
mitochondrial damage [35]. Cells and tissues most
dependent on aerobic respiration and oxidative

phosphorylation for ATP production are the
first to succumb to the oxidative damage,
including neurons in the brain and spinal cord,
cardiomyocytes and pancreatic beta cells. It is still
unclear why there is variable cell death and
dysfunction within these tissues, including why
certain spinal cord tracts are affected and others
are not. It should also be noted that there is a
phenotypic contribution to the disease process of
cells in these organ systems that are dysfunctional
but still viable [41].

3. Treatment strategies

3.1. Iron chelators

Since there is a wealth of evidence detailing
dysregulation of iron in FRDA patients and cellular
models, drugs that have the potential for iron
chelation have been investigated for use in FRDA
[16, 41]. The accumulation of intracellular iron,
specifically around the mitochondria, increases
the levels of ROS and inhibits electron transport
chain complexes in the heart [50], further inhibiting
mitochondrial energy production [6, 36, 37]. One
such drug, deferoxamine, is able to chelate iron in
cell culture, attenuating the reduction of activity
of mitochondrial complexes; however aconitase
and frataxin mMRNA and protein levels are reduced
[51], making it a poor choice for FRDA treatment.
Iron chelators that specifically target the
mitochondria [16, 52] such as deferiprone are
currently being evaluated in vitro [53, 54] and in
clinical trials [55]. Trials with this compound
have yielded conflicting results, with some studies
showing that deferiprone reduces ROS-induced
damage and protects the mitochondria [54], while
others have suggested that it inhibited aconitase
activity [53]. Clinical trials have shown that
deferiprone reduces iron buildup in certain brain
regions with possibly improved neurological
function [55]. Compounds with phenol rings in
their structure have long been known to act as iron
chelators [56], and this property may prove to
be partially responsible for their efficacy in
protecting cell viability in FRDA fibroblast
cultures [57, 58].

3.2. Antioxidants and electron transport chain
modulators

For over a decade, much of the work in FRDA
treatment that has been done has involved the
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prevention of oxidative mitochondrial damage
and the maintenance of mitochondrial oxidative
phosphorylation function [41]. Studies have shown
that in addition to the intracellular mechanism of
FRDA, patients with the disease demonstrate
impaired manganese superoxide dismutase [59],
and have generally increased levels of lipid
peroxidation [60], general oxidative stress and
DNA damage [11]. Idebenone, currently the first
drug to reach Phase Il clinical trials for FRDA, is
a CoQq equivalent that acts by both decreasing
intracellular reactive oxygen species and by
acting as an electron shuttle between the
damaged complex | and Il in the ETC, promoting
oxidative phosphorylation in the face of impaired
mitochondrial complexes [50, 61]. This strategy
allows the cells to continue aerobically producing
high levels of ATP even with reduced ETC
complex activity. Clinical studies have found that
idebenone is able to decrease lipid peroxidation
and other markers of oxidative stress in the
heart and decrease the extent of hypertrophic
cardiomyoptahy [11, 50] and one study showed a
small improvement in ataxia [62], although there
was only a very modest increase in lifespan
associated with this treatment. It is possible that
the limited success on nervous function was due
to the initiation of treatment too late in the disease
course to prevent neuron death or lower CNS
penetration relative to cardiac levels. In early
2011, idebenone failed its phase Il clinical trial
on the basis that it did not sufficiently improve
cardiac outcomes in FRDA patients as measured
by cardiac output or left ventricular hypertrophy
[63].

A recent study has focused on methylene blue
(MB) as a potential therapy for FRDA. Methylene
blue, a drug used over the past century for cyanide
and carbon monoxide poisoning, ifosfamide
neurotoxicity, methemoglobinemia and malaria,
has much the same neuroprotective mechanism of
action as idebenone: it acts as both an antioxidant
and promotes oxidative phosphorylation, serving
as an electron carrier shuttling electrons from
NADH to cytochrome c¢ in the presence of
complex /111 damage [64]. Studies in fibroblasts
have shown that MB is effective in attenuating
ROS, increasing intracellular ATP concentrations,
enhancing oxidative phosphorylation function, and

preventing cell death in an FRDA fibroblast cell
model [65]. Other antioxidants have also been
effective in the FRDA fibroblast model. Jauslin et al.
have demonstrated that antioxidants, specifically
those targeted to the mitochondria, are able to
prevent cell death in FRDA fibroblasts [39, 40],
and that a novel compound with the active groups
of idebenone and vitamin E, Fe-Aox29, is more
potent than either idebenone or vitamin E alone or
in combination [66].

Our lab has focused on the antioxidant potential
of phenolic estrogens in treating the ROS-
mediated component of FRDA. We have shown
that in FRDA fibroblasts, independent of any
known estrogen receptor, estrogen and estrogen-
like compounds, including several non-feminizing
estrogens, are able to attenuate ROS and prevent
cell death [57] through a phenol-quinol cycling
antioxidant mechanism [67, 68]. The potency and
efficacy of these compounds depended on having
at least one phenol ring in the molecular structure,
with potency being correlated to the number of
phenol rings [57, 69, 70]. In addition, the ECs
values for this set of compounds were in the low
nanomolar range [57], significantly lower than
idebenone, vitamin E or tailor-made antioxidants
such as Fe-Aox29 [66]. Further studies have
shown that these phenol ring containing estrogens
are able to prevent lipid peroxidation, maintain
aconitase activity, mitochondrial function and
ATP production in FRDA fibroblasts (Fig. 1) [58].

Newly developed non-feminizing estrogens are
particularly good candidates for neuroprotection
as they are ideally suited to penetrate the blood
brain barrier and insert into lipid membranes
preventing the sequence of oxidation to
intracellular molecules and organelles [71, 72, 73,
74, 75, 76, 77, 78], without estrogen receptor
binding ability or feminizing effects in vivo
[77, 79]. Since FRDA can be detected genetically
before birth in the offspring of known carriers
[12, 13, 14], there is a window of opportunity for
treatment before symptoms begin. During this
time frame, beginning therapy with antioxidant
molecules could potentially be very beneficial for
preventing or delaying the disease process, rather
than attempting to improve or suppress symptoms
and recover from the neuronal damage and death
later in life.
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Fig. 1. Proposed mechanism of 17p-Estradiol in BSO-treated FRDA fibroblasts.

3.3. Frataxin level modifiers

Another strategy in treating FRDA has been to
correct the frataxin deficiency underlying the
molecular disorder of FRDA. The disorder is
caused by the lack of frataxin, caused by the GAA
trinucleotide repeat section in the first intron
of the gene on chromosome 9q13-21 [22, 23],
resulting in a self-associating complex of triple
helical DNA to form preventing effective DNA
transcription [6, 7, 8, 16, 24, 26, 27, 28, 29]. This
strategy is particularly appealing since murine
models indicate that a compound may only have
to increase intracellular frataxin concentration
to ~25% of normal levels to prevent cellular
abnormalities and neuropathological findings [80].
Several compounds have been tested to increase
frataxin levels. Histone deacetylase inhibitors such
as BML-210 have been found to increase frataxin
levels in FRDA carriers and mice [81, 82].
Recombinant erythropoietin (EPO) has also been
found to significantly increase frataxin protein levels
in FRDA fibroblasts [83], although no increase in
MRNA levels was observed indicating that this
effect is due primarily to post-transcriptional
effects [84]. In our lab, estradiol was not observed
to increase the levels of frataxin protein in the
FRDA fibroblast cell model [Richardson and
Simpkins, unpublished observations], although the
estrogen effect in these cells is ER-independent.

In neural or cardiac tissue containing ERa or ER,
there is a possibility that in addition to the
observed antioxidant effects of estrogen [57],
there may also be ER-dependent effects, including
a transcriptional effect involving the production of
extra frataxin or other protective proteins.

4. CONCLUSIONS

FRDA is a mitochondrial disease that affects tissues
that are most dependent on aerobic respiration,
principally the CNS and heart [15, 18, 20]. The root
cause of the disease is the absence of functional
frataxin, resulting in iron dysregulation and oxidative
damage to lipids and proteins, ultimately disrupting
mitochondrial function [10, 35, 59], similar to other
neurodegenerative disorders such as Alzheimer’s
and Parkinson’s diseases [42, 43, 44, 45, 46, 47,
48]. Antioxidant and mitochondrial treatment of
FRDA has been met with modest success, with
idebenone decreasing cardiac complications and
slightly prolonging life [50, 62, 85]. Since FRDA
can be diagnosed before birth [12, 13, 14], drugs
designed to penetrate the blood brain barrier,
increase frataxin levels, attenuate ROS or support
oxidative phosphorylation could be applied in this
brief symptom-free time window to prevent or
delay the devastating effects of FRDA and neuronal
death, rather than try to control symptoms or
reverse the disease process at a later date.
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