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Abstract

First established as a diagnosis by Nikolaus Friedreich in 1863, Friedreich’s ataxia (FA) is an
autosomal recessive progressive neurodegenerative disorder cause by a trinucleotide repeat
expansion. FA begins with the functional absence of the FXN gene product frataxin, a protein
whose exact function still remains unknown. This absence results in impaired intracellular
antioxidant defenses, dysregulation of iron-sulfur cluster proteins, depression of aerobic electron
transport chain respiration, massive mitochondrial dysfunction, and ultimately cell death in the
brain, spinal cord and heart. Herein, we review the molecular and cellular pathogenesis leading to
widespread organ system dysfunction, as well as current therapeutic research aimed at preventing
the debilitating effects of frataxin loss and preventing the signs and symptoms associated of FA.
We also discuss the ongoing treatment strategies employed by our laboratory to prevent
mitochondrial damage using synergistic effects of 17p-estradiol and methylene blue, previously
shown by our group and others to have protective effects in human FA fibroblasts.

This article is part of a Special Issue entitled Hormone Therapy.
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1. Introduction, Symptoms and disease progression

First diagnosed by Nikolaus Friedreich in 1863 (Friedreich, 1863a, 1863b, 1863c, 1876,
1877), Friedreich’s ataxia (FA) affects 1 in 50,000 people worldwide with a carrier rate of 1
in 120 making it the most common type of inherited ataxia worldwide (Bradley et al., 2000;
Campuzano et al., 1996; Harding, 1983; Leone et al., 1990; Pandolfo, 1998; Schulz et al.,
2009). This disorder is autosomal recessive and found mainly in descendents of
Mediterranean cultures in Europe, the Middle Eastern and North Africa (Labuda et al.,
2000).

© 2013 Published by Elsevier B.V.
"Corresponding author: james.simpkins@unthsc.edu, jwsimpkins@hsc.wvu.edu (J.W. Simpkins).



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Richardson et al.

Page 2

Although FA can be diagnosed with genetic tests before birth (Monros et al., 1995; Pandolfo
and Montermini, 1998; Wallis et al., 1989), FA is usually diagnosed when the patient
becomes symptomatic. Symptoms classically begin around puberty, although the onset is
variable and can be from infancy to 25 years old (Dirr et al., 1996; Lodi et al., 2006). The
presenting symptom is most often the ataxia and general gait instability from which the
condition derives its name, with progressively worsening ataxia (Harding, 1981, 1983). The
signs, symptoms and their severity are variable. Along with the worsening ataxia, other
neurological symptoms predominate in FA, including positional and vibration loss, sensory
neuropathy, motor weakness, loss of deep tendon reflexes, lower extremity spasticity,
Babinski’s sign, sensorineural deafness, optic nerve degeneration, nystagmus, dysarthria and
dysmetria (Harding, 1981; Pandolfo, 2009; Santos et al., 2010). Patients also typically
require a wheel chair to ambulate within a decade after clinical diagnosis (Durr et al., 1996;
Harding, 1981, 1983; Montermini et al., 1997). Characteristic symptoms that are required
for official diagnosis of FA are: an autosomal recessive inheritance pattern, onset of
symptoms before 25 years old, gait ataxia, Babinski’s sign, loss of tendon reflexes and
sensory neuropathy (Harding, 1981; Santos et al., 2010).

There are also a number of later-presenting non-neurological symptoms that are typically
coexistent in FA. These include pes cavitus, lateral and kyphoscoliosis, a 10-20% incidence
of type 1 diabetes, and a 20-40% incidence of insulin resistance and glucose intolerance
(Al-Mahdawi et al., 2006; Dirr et al., 1996; Geoffroy et al., 1976; Harding, 1981; Harding,
1983). Cardiac symptoms occur in 66-91% of patients, including atrial fibrillation, left
ventricular hypertrophy and hypertrophic cardiomyopathy with interstitial fibrosis, which is
the leading cause of premature death among the FA population (Bradley et al., 2000;
Harding, 1981, 1983; Leone et al., 1990; Santos et al., 2010).

2. Disease mechanism and molecular pathogenesis

The genetic basis of FA is a trinucleotide GAA repeat expansion in the first intron of the
FXN gene on chromosome 9q13-21, which normally produces frataxin protein (Fujita et al.,
1989; Hanauer et al., 1990). When this trinucleotide sequence grows beyond 100-200
repeats, a self-associating complex of triple helical DNA forms forcing histone deacetylation
during DNA to mRNA transcription, effectively preventing the production of frataxin
protein (Bradley et al., 2000; Campuzano et al., 1996; Grabczyk and Usdin, 2000a, 2000b;
Heidenfelder et al., 2003; Lodi et al., 2006; Montermini et al., 1997; Sakamoto et al., 1999,
2001; Wells, 2008). The precise cellular role of frataxin is still unclear, however its absence
results in dysfunctional iron metabolism and impaired function of iron—sulfur (Fe-S) cluster
proteins, including heme, electron transport chain (ETC) complexes and the Kreb’s cycle
protein, aconitase, as well as dysregulation of the cellular redox state (Delatycki et al., 2000;
Gakh et al., 2006; Lodi et al., 2006), ultimately leading to progressive oxidative damage to
the mitochondria (Karthikeyan et al., 2003). The damage to the mitochondria is twofold:
inhibition of Fe—S containing protein function by this oxidative damage impairs cellular
respiration and causes further increases in production of reactive oxygen species, and these
same energy producing mitochondrial Fe-S proteins are further damaged by the increased
ROS, causing a vicious cycle of mitochondrial impairment (Bradley et al., 2000; Bulteau et
al., 2004; Rétig et al., 1997). Similar to the pathogenesis of many other neurodegenerative
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disease models including those for Parkinson’s disease, Alzheimer’s disease and ischemic
stroke, this mitochondrial oxidative damage causes an impairment in aerobic ATP
production and a mismatch in the ratio of ATP production and the cellular ATP demands,
leading to cell death in tissues and organs most dependent on oxidative phosphorylation for
survival (Bulteau et al., 2004; Chantrel-Groussard et al., 2001; Gakh et al., 2006; Jauslin et
al., 2002; Santos et al., 2010).

Studies in yeast by Karthikeyan et al. (2003) have shown that the depletion of frataxin
homologs is related to oxidative damage and results in progressive accumulation of
mitochondrial damage, a key precipitating factor in symptom development. 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, giving rise to the typical neurological and
cardiac symptoms as well as the concurrent diabetes and glucose intolerance. As yet, it is
unclear why there is variable cell death and dysfunction within these specific tissues,
including why certain spinal cord tracts such as the posterior columns and spinocerebellar
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 (Santos et al., 2010).

The length of the GAA triplet repeats in the first intron of the FXN gene is an important
factor in the pathogenesis of FA. Both alleles must have >100-200 GAA repeats for FA to
be clinically apparent, however it is generally thought to be the shorter allele (the one with
the fewest repeats) that is the determinant of neurological symptoms in terms of disease
severity, age of onset and progression (Campuzao et al., 1997; Durr et al., 1997; Isnard et
al., 1997). Many of the associated neurological symptoms, including ataxia caused primarily
by loss of posterior column fibers, visual and auditory loss, dysarthria and scoliosis are
directly correlated to the number of GAA repeats on the shorter allele (Campuzano et al.,
1997; Durr et al., 1996; Isnard et al., 1997; Montermini et al., 1997). However, only 50% of
the variation in disease progression and age of onset can be explained by the length of the
GAA trinucleotide repeat expansion (Delatycki et al., 1999; Montermini et al., 1997). Other
poorly defined factors may contribute to disease progression, including genetic mosaicism
and mitochondrial genotype. The concurrent cardiomyopathy is independent of the ataxia
and other neurological symptom progression, but it generally occurs in individuals with
longer repeat sections in the smaller of the two alleles (Dirr et al., 1996; Montermini et al.,
1997). Development of diabetes or insulin resistance has no known correlation to the
number of repeats (Durr et al., 1996; Montermini et al., 1997).

3. Therapeutic Strategies

Currently, there is no viable treatment option for FA patients. Treatment and therapeutic
strategies in FA has been divided into four categories: palliative and symptomatic
treatments, iron chelators, antioxidants and frataxin level modifiers. Palliative treatments has
typically consisted of the use of wheelchairs in later stages of the disease, f-blockers, ACE-
inhibitors and surgery for cardiac manifestations and physical therapy (Bradley et al., 2000;
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Campuzano et al., 1996; Pandolfo, 2009). Iron chelation, antioxidants, frataxin level
modification and estrogen/methylene blue therapy are considered below.

3.1. Iron Chelators

There is a great deal of evidence that implicates dysregulation of iron and impaired iron
homeostasis as a pathological hallmark of FA in cellular and animal models, as well as FA
patients (Santos et al., 2010). As such, much effort has been expended in designing and
testing drugs with iron chelating potential for use in FA (Lodi et al., 2006; Santos et al.,
2010). Iron accumulation is known to increase the intracellular concentration of ROS by
Fenton chemistry, and these ROS damage mitochondrial energy producing proteins in
cardiac and neuronal cells (Bradley et al., 2000; Bulteau et al., 2004; Rétig et al., 1997;
Rustin et al., 1999). Several iron chelators that target the mitochondria (Richardson, 2003)
have been evaluated in both in vitro models (Goncalves et al., 2008; Kakhlon et al., 2008)
and in clinical trials (Boddaert et al., 2007), including deferoxamine and deferiprone.
Deferoxamine has not performed well in FA, as it is able to chelate iron in cell culture, but it
decreases the mMRNA levels of both aconitase and frataxin, making it unsuitable for use in
FA (Li et al., 2008). Deferiprone has had mixed results in its assessments as well. It
successfully protected the mitochondria and reduced ROS damage to mitochondrial proteins
in one study (Kakhlon et al., 2008) and reduced iron buildup in the brain with a small
improvement in neurological function in another study (Boddaert et al., 2007), however it
also reduces the activity of aconitase (Goncalves et al., 2008).

3.2. Antioxidants

Additionally, much work has been done in evaluating the potential of antioxidants in
preventing mitochondrial damage and preserving aerobic respiration. Patients with FA have
increased oxidative stress and resulting DNA damage (Schulz et al., 2000), increased
system-wide levels of lipid peroxidation (Emond et al., 2000) and impaired ROS defenses
including manganese superoxide dismutase (Pandolfo, 2002). The first drug to reach Phase
I11 clinical trials for FA, idebenoneg, is a CoQ1g analog that both shuttles electrons between
damaged ETC complex proteins and attenuates intracellular ROS, utilizing both mechanisms
for promoting increased oxidative phosphorylation and aerobic respiration in FA (Meier and
Buyse, 2009; Rustin et al., 1999). Idebenone improved intracellular markers of ROS damage
and FA symptoms in both cellular (Jauslin et al., 2002, 2007) and murine models (Seznec et
al., 2004). Clinical studies of this compound were initially promising as one study showed a
decrease in neurologic symptoms (Di Prospero et al., 2007), while multiple studies showed
decreases in oxidative stress, lipid peroxidation and a slowing of the progression of heart
disease (Rustin et al., 1999; Schulz et al., 2000). In 2011, however, idebenone failed its
Phase 111 study because it was found not to significantly improve lifespan or adequately
improve cardiac outcomes in patients (Lagedrost et al., 2011). This failure does not rule out
antioxidants or ETC modifiers as potential therapeutic agents however. The Phase 111 trial
was conducted in older individuals who already had clinical symptoms of FA, indicating
that they had significant neuron and cardiomyocyte dysfunction and death, outcomes that
likely cannot be overcome with pharmacotherapy. Similar compounds may be able to
prevent these outcomes if given before cellular dysfunction has given way to cell death or
widespread organ system dysfunction.
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3.3. Frataxin level Modifiers

One of the most promising treatment strategies for FA is to increase the intracellular content
of frataxin, thus preventing the cascade of protein dysfunction and ROS mediated damage
that ultimately leads to the clinical syndrome. Several compounds have been used to combat
the FXN gene silencing and increase frataxin levels. Erythropoietin (EPO) has been shown
to significantly increase frataxin protein levels in human-derived fibroblasts (Sturm et al.,
2005). This treatment modality would also likely necessitate the use of recurrent
phlebotomies, since the physiologic effect of EPO increases the production of erythrocyte
lines. EPO was shown to increase only frataxin protein, without a concurrent rise in frataxin
MRNA levels, signifying that this effect is likely due to post-translational effects promoting
the translation of frataxin mMRNA into protein (Acquaviva et al., 2008). Other compounds
have also shown success in increasing frataxin protein levels: the histone deacetylase
inhibitors BML-210 and compound 106 (Herman et al., 2006; Rai et al., 2008) have had
modest successes in lymphocytes and FA mouse models.

3.4. 17p-Estradiol and methylene blue interaction

17p-Estradiol (E2) has long been known to have neuroprotective effects in a wide variety of
neurological disorders in many different model systems (Behl, 2002; Simpkins et al., 2008).
Previously, we have shown that estrogens are able to attenuate reactive oxygen species,
prevent the resulting lipid and protein damage, improve mitochondrial function and promote
survival in human FA fibroblasts in a non-genomic ER-independent manner (Richardson et
al., 2011, 2012), likely through direct antioxidant effects mediated by phenol-quinol cycling
(Prokai et al., 2003; Prokai-Tatrai et al., 2008). The potency and efficacy of estrogen-
derived compounds depends in FA fibroblasts on the presence of at least one phenol ring in
the structure and potency is directly correlated to the number of phenol rings (Behl et al.,
1997; Moosmann and Behl, 1999; Richardson et al., 2011). Estrogens are ideal candidate
drugs for FA in that they contain a phenol ring which has been shown to act as an
antioxidant and iron chelator. E2 also has been shown to stabilize the mitochondrial
membrane potential, maintain activity of ETC complexes, maintain aerobic respiration and
maintain a favorable balance of anti-apoptotic:pro-apoptotic proteins (Simpkins and Dykens,
2008; Perez et al., 2006; Prokai et al., 2003; Prokai-Tatrai et al., 2008; Wang et al., 2001;
Wang et al., 2003; Jayachandran et al., 2010). It is also able to intercalate into membranes
and stop the lipid peroxidation cascades, and so is well suited to protect mitochondria and
other organelles from ROS-mediated damage (Simpkins et al., 1997; Simpkins et al., 2008;
Simpkins et al., 2010; Yi et al., 2011).

Methylene blue (MB) has been used for many different indications in the past century,
including for neuroprotection and improvement of neurological function in Alzheimer’s
disease (Atamna and Kumar, 2010; Oz et al., 2011), retinal disease (Zhang et al., 2006),
optic neuropathy (Rojas et al., 2009a), a Parkinson’s model (Rojas et al., 2009b; Wen et al.,
2011), a stroke model (Wen et al., 2011) and recently in cytoprotection of FA fibroblasts
against oxidative stress (Yu et al., 2011). The mechanism of MB protection in
neurodegenerative states is thought to be due to both its antioxidant capabilities and its
ability to shuttle electrons through a damaged or otherwise nonfunctional electron transport
chain (Wen et al., 2011), similar to that of idebenone.
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Here, we further evaluated the synergistic mechanisms between these two promising
compounds (Fig. 1) in an FA fibro-blast cell model. A dose-response curve of MB was
evaluated from 1 pM to 10 pM with and without a non-protective E2 dose of 10 nM (Fig.
2a) in BSO-treated cells. We found significant protection in the BSO and MB-alone treated
cells between 10 nM and 1 uM, with maximal effects at 100 nM and toxicity at 10 uM. With
the addition of 10 nM E2 the curve shifted significantly to the left indicating an increase in
potency of the MB. There was also a significant protective effect at 1 nM MB in the
presence of estrogen, an increase in efficacy from 10 nM to 1 uM and protection from
toxicity at 10 UM (Fig. 2a). The addition of estrogen significantly reduced the ECsq of MB
from 9.7 nM to 880pM. A dose-response curve of E2 was also evaluated from 1pM to 10
UM with and without a non-protective MB dose of 1 nM (Fig. 2a) in BSO-treated cells.
There was again a significant left-shift of the E2 viability curve with 10 nM to 10 uM being
protective in the presence of MB, while only 100 nMm to 10 pM was protective without it
(Fig. 2b). There was also a small increase in efficacy between 100 nM and 10 uM with 1 nM
MB and an ~11-fold decrease in the ECgq. (For materials and methods regarding these
experiments see: Richardson et al., 2011.)

Depending upon the extent to which the therapeutic window for post-menopausal estrogen
therapy is a reflection of the CNS toxic effects of estrogens overriding its beneficial effects
(See Braunn, this Edition), our data indicated that the combination of an estrogen with MB
may in part extend this therapeutic window and provide greater potential use of estrogens
after the menopause.

4. Conclusions

FA is a genetic as well as mitochondrial disease with a mechanism of action of cellular and
mitochondrial damage similar to Alzheimer’s disease, Parkinson’s disease and ischemic
stroke (Beal, 2000; Gibson et al., 1998; Lenaz et al., 2006; Mizuno et al., 1989; Simpkins et
al., 1997; Simpkins and Dykens, 2008). It is characterized by absence of functional frataxin,
resulting in massive intracellular oxidative damage to the mitochondria and other organelles,
lipids and proteins as well as resulting in iron dysregulation (Karthikeyan et al., 2003;
Pandolfo, 1998; Santos et al., 2010). Currently there are no accepted treatments that address
the underlying cause of this disorder, and with idebenone failing its Phase Il clinical trial,
we have not yet been able to significantly prevent cardiac damage or adequately prolong life
(Lagedrost et al., 2011). Since FA can be diagnosed genetically at birth (Monros et al., 1995;
Pandolfo and Montermini, 1998; Wallis et al., 1989), drugs that can penetrate into the brain
and attenuate ROS, remove accumulated iron deposits, support oxidative phosphorylation or
significantly increase intracellular frataxin levels, including those based on the phenolic
estrogen structures, could be used to prevent or delay FA symptoms and cell death. This
strategy bypasses the previously attempted methods of controlling or reversing symptoms or
attempting to slightly prolong life. It will take a concerted effort to tie together all of these
strategies and identify individuals who are at risk before significant and irreversible
neurologic and cardiac damage has occurred.
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Fig. 1.
Structures of compounds assessed for protection against BSO toxicity in FA fibroblasts.
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Fig. 2.

Ag Effects of MB in the presence (M) and absence (O) of 10 nM E2. BSO concentration is 1
mM and MB concentration varies from 1 pM to 10 uM. * indicated p<0.05 versus BSO
alone-treated cells. # indicated p<0.01 versus 10 uM MB treated cells. B.) Effects of E2 in
the presence (M2) and absence (O) of 1 nM MB. BSO concentration is 1 mM and E2
concentration varies from 1 pM to 10 uM. * indicated p<0.05 versus BSO alone-treated
cells.
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