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Friedreich’s ataxia (FRDA) is the most common fafinherited ataxia in the
world, affecting roughly 1:50,000 people in the tédi States. It is inherited in an
autosomal recessive manner due to a GAA trinudeatpeat expansion in the first
intron of the FXN gene on chromosome 9q13-21, caugene silencing and a functional
absence of the mitochondrial-localizing proteirtdsan. The frataxin protein is
responsible for the assembly of iron-sulfur centersitochondrial proteins, including
the electron transport chain complex I-11l, hemathegsis, as well as removing iron from
around the mitochondria, preventing the formatibreactive oxygen species (ROS).
The loss of FXN function causes an accumulatiomiédchondrial iron and ROS, as well
as impaired function of Fe-S centers in mitochaaldroteins, leading to mitochondrial
damage and a decrease in activity of mitochondaaiplexes I-lll. The damaged
mitochondria are unable to match ATP productiothtocell’'s energy requirements,
resulting in cell death. High energy use cell tymegh as neurons and cardiac myocytes,
depend almost entirely on oxidative phosphorylatieaving them especially vulnerable
to the mitochondrial damage caused, and it ishigrieason that these tissues are the
most severely affected by the pathogenesis of FRDA.

Cellular models of Friedreich’s Ataxia have empldyebuthionine (S,R)-
sulfoximine (BSO), a chemotherapeutic agent whicichks the rate limiting step afe
novoglutathione (GSH) synthesis, catalyzed by gammégagiylcysteine synthetase.

Studies have shown that donor fibroblasts fromdfeieh’s Ataxia patients are



extremely susceptible to this BSO-induced oxidasitress, while fibroblasts from
healthy patients are not, due the presence ofibmadtfrataxin to absorb the increased
load of cellular ROS when GSH is inhibited.

Currently, there are few effective treatment mdaedifor FRDA. Historically,
treatment has been focused on palliative careempiatiounseling, genetic counseling for
prospective parents, speech therapy, physicalgiieveneelchair and other ambulatory
device use, propranolol for tremors, dantrolenawsudor muscle spasms and
symptomatic treatment for heart disease and diabB&cently, antioxidant and
mitochondria specific iron chelation therapy haw¢htdoeen proposed as possible
therapies to treat the root cause of FRDA. Iroratien therapy works by a similar
principal, removing the iron from around the mitooldria, preventing the formation of
free radicals and preventing the associated mitodhal damage.

The neuroprotective effects of @-éstradiol (E2) have been clearly documented
for more than a decade in a variety of diseasestatolving mitochondrial disruption,
but the exact mechanism of action is currently yoonderstood. Although the
neuroprotective effects of estrogens have never teted in an FRDA model and
FRDA shows no gender-bias in incidence, some epaegic studies of FRDA have
shown a better prognosis in female patients. Simeee is a simple genetic test to
determine the presence of FRDA in the childrenleh§ FRDA carriers, it is possible to
determine the presence of Friedreich’s ataxia whbaens, years before the cardio- and
neurodegeneration and clinical symptoms beginma twindow during which
nonfeminizing estrogens and other antioxidantsatpokentially be clinically useful.

Estrogens are putative candidate drugs to proviteuaoprotective effect in Friedreich’s



ataxia. The ability of phenolic estrogens to proteainst the oxidative damage of ROS,
coupled with the possibility that they maintain theegrity of the oxidative
phosphorylation process makes them ideal for gegriment of the underlying cellular
dysfunction, not just the symptoms of FRDA.

This study will determine if E2 and estrogen-lilkeargounds can protect human
FRDA fibroblasts from oxidative insulte vitro. In addition, we will attempt to
determine the exact mechanism by which E2 actsrenadtigate the possibility of any

synergistic effects with other compounds proposeduative treatments for FRDA.
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Specific Aims:

Specific Aim 1: To determine if phenolic estrogenprotect human FRDA fibroblasts
from BSO-induced oxidative stressWe will determine the effects of E2 as well as the
ERo preferring agonist PPT and BRreferring agonist DPN on cell viability in human
FRDA fibroblasts exposed to BSO in the presenceadnsénce of the nonselective ER
antagonist ICI 182,780. This will allow us to deténe whether estrogens are
cytoprotective in this model, as well as the infloe of individual estrogen receptors on
this phenomenon. We will also examine the effeE®BYC-26 (a nonfeminizing, phenol
ring containing estrogen) and ZYC-23 (a nonfemmgzestrogen with no phenol ring) to
determine the influence of direct antioxidant pmjes of estrogen, imparted by the

phenolic ring in their structure.

Specific Aim 2: To determine the mechanism for estrogen cytoproteiin in human
FRDA fibroblasts. We will test the hypothesis that the mechanismstifogien protection
is independent of any known ER, as well as confirat estrogens act to prevent the
accumulation of ROS. We will then test if estrogans able to prevent lipid peroxidation
and whether they can prevent the collapse of tlieamondrial membrane potential in the
FRDA fibroblast model. We will also assess the Ilew# mitochondrial glutathione and
iron levels. We will then assess the function @f thitochondria in this model by
measuring intracellular ATP concentrations, ovesaitlgen consumption and
extracellular acidification rates, and aconitase iadividual ETC complex function, all

in the presence of BSO and estrogen-like compounds.
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Specific Aim 3: To determine if phenolic estrogendke compounds act synergistically
with methylene blue (MB).We will test the hypothesis that the antioxidamparties of
E2 and estrogen-like compounds, including PPT, DPING-26 and ZYC-23, will act
synergistically with the antioxidant and oxidatpeosphorylation-augmenting properties
of MB. This will be measured in terms of potencyl afficacy on cell viability of each

estrogen compound alone and in combination with MB.
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Abstract

First described in 1863, Friedreich’s Ataxia (FRO#&R progressive hereditary
neurodegenerative disorder inherited in an autokoenassive manner. Caused by a
trinucleotide repeat expansion effectively prevamtihe production of frataxin protein,
this disease is characterized by progressive nutodtial damage, resulting in cell death
in organ systems most dependent on the mitochofairenergy production, principally
the nervous system and heart. While the exactafdigataxin is currently still unknown,
its absence results in the depression of electemsport chain respiration, impairment of
function of iron-sulfur containing proteins and iampment of the intrinsic intracellular
antioxidant systems. Herein, we review the cellelants that initiate widespread organ
dysfunction and discuss ongoing research in thetageeaimed at inhibiting this damage
and halting or slowing the progression of FRDA Juding those on estrogen treatment

from our laboratory.
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Disease Mechanism & Clinical Symptoms

First described in a series of papers by NikolausdFeich [Friedreich 1863a,
1863b, 1863c; 1876; 1877], Friedreich’s ataxia (RRRBffects 1 in 50,000 to 1 in 20,000
worldwide with a carrier rate of 1 in 120 to 1 i@ Baking it the most common type of
inherited ataxia worldwide [Bradley et al., 200@n@puzano et al., 1996; Harding, 1983;
Leone et al., 1990; Pandolfo, 1998; Schulz e2809]. FRDA is caused by a progressive
GAA trinucleotide repeat expansion in the firstam of the FXN gene on chromosome
9g13-21, responsible for producing the frataxinjifaiet al., 1989; Hanauer et al., 1990],
causing a self-associating complex of triple h¢liidA to form and inducing histone
deacetylation during DNA transcription [Grabczylddusdin, 2000; Heidenfelder, 2003;
Sakamoto et al., 1999, 2001; Wells, 2008], prewengiffective transcription and
resulting in a loss of intracellular frataxin [Btag et al., 2000; Campuzano et al., 1996;
Harding, 1983; Lodi et al., 2006; Montermini et 4997]. The exact function of frataxin
is currently unclear, although it has been suggesiat it is required for iron-sulfer (Fe-
SO cluster assembly [Adinolfi et al., 2009; Prisehal., 2010; Tsai and Barondeau,
2010]. Its absence results in dysfunctional ironabelism, with impaired function of
iron-sulfur (Fe-S) cluster proteins, including herakectron transport chain (ETC)
proteins and the Kreb’s cycle protein, aconitaseyell as dysregulation of the cellular
redox state [Delatycki et al., 2000; Gakh et &00&, Lodi et al., 2006], ultimately
leading to widespread progressive oxidative danageany components of the cell,
specifically the mitochondria [Karthikeyan et &Q03]. The inhibition of Fe-S
containing protein function severely impairs celulespiration [Bradley et al., 2000;

Bulteau et al., 2004; Rotig et al., 1997], whicliugher complicated by simultaneous
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oxidative damage to these same mitochondrial pretf@l-Mahdawi et al., 1997;

Bulteau et al., 2004; Chantrel-Groussard et aD12@Gakh et al., 2006]. This
mitochondrial damage prevents the cell from beinlg &0 produce enough ATP to match
its energetic needs, resulting cell death [Jawtled., 2002, 2003; Santos et al., 2010], a
disease mechanism common to many neurological amdegenerative diseases,
including ischemic stroke, Alzheimer’s disease Radkinson’s disease [Beal, 2000;
Gibson et al., 1998; Lenaz et al., 2006, 2010; Maat al., 1989; Parker et al., 1989;
Simpkins and Dykens, 2008].

The length of the GAA triplet repeats, specifigdahe shorter of the two GAA
repeat alleles, is inversely proportional to theeleof frataxin protein present in the cell
and the age of disease onset, and is directly ptiopal to the severity of clinical
symptoms [Campuzano et al., 1997; Durr et al., 189ard et al., 1997]. Studies in
yeast have shown that the depletion of frataxin dlogues is related to oxidative
damage and results in progressive accumulationtothondrial damage [Karthikeyan et
al., 2003]. Cells and tissues most dependent arbaerespiration and oxidative
phosphorylation for ATP production are the firsstaccumb to the oxidative damage,
including neurons in the brain and spinal corddmanyocytes and pancreatic beta cells.
It is still unclear why there is variable cell deaind dysfunction within these tissues,
including why certain spinal cord tracts are a#ecand others are not. It should also be
noted that there is a phenotypic contribution todisease process of cells in these organ
systems that are dysfunctional but still viablerit®a et al., 2010].

Although FRDA can be diagnosed with genetic tbstere birth [Monros et al.,

1995; Pandolfo and Montermini, 1998; Wallis et 4889], FRDA usually presents
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clinically around puberty, although the onset canyvfrom infancy to the third decade of
life [Durr et al., 1996; Lodi et al., 2006]. Theggenting symptoms are usually related to
gait and other motor symptoms, leading to progvesaiaxia [Durr et al., 1996; Harding,
1981; Harding, 1983]. There is a degeneration eftibrsal root ganglia (DRG), followed
by cranial nerve and ascending spinal cord trawts)ding the spinocerebellar and
corticospinal tracts and posterior columns, resglin hearing and ocular abnormalities,
tremor, ataxia, weakness and sensory abnormditledahdawi et al., 2006; Durr et al.,
1996; Geoffroy et al., 1976; Lodi et al., 2006; #iag et al., 1983]. Later, extra-
neurological symptoms are common, including pegusMateral and kyphoscoliosis
and an increased incidence of type 1 diabetes [Ahdlawi et al., 2006; Dtrr et al., 1996;
Geoffroy et al., 1976; Harding, 1981; Harding, 1P83ere is also a 66-91% incidence
of cardiac symptoms, including hypertrophic cardyopathy with interstitial fibrosis,

the most common cause of premature death in FRDAma [Al-Mahdawi et al., 2006;
Durr et al., 1996; Dutka et al., 2000; Geoffroyakt 1976; Harding, 1983; Isnard et al.,

1997].
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Treatment Strategies
Iron Chelators

Since there is a wealth of evidence detailing dysliaion of iron in FRDA
patients and cellular models, drugs that have titerpial for iron chelation have been
investigated for use in FRDA [Lodi et al., 2006n&ss et al., 2010]. The accumulation of
intracellular iron, specifically around the mitocturia, increases the levels of ROS and
inhibits electron transport chain complexes intbart [Rustin et al., 1999], further
inhibiting mitochondrial energy production [Bradleyal., 2000; Bulteau et al., 2004;
Rotig et al., 1997]. One such drug, deferoxamisi@ple to chelate iron in cell culture,
attenuating the reduction of activity of mitochoiaticomplexes; however aconitase and
frataxin MRNA and protein levels are reduced [Lakt 2008], making it a poor choice
for FRDA treatment. Iron chelators that specifigadirget the mitochondria [Richardson,
2003; Lodi et al., 2006] such as deferiprone areetuly being evaluateith vitro
[Goncalves et al., 2008; Kakhlon et al., 2008] andlinical trials [Boddaert et al., 2007].
Trials with this compound have yielded conflictirggults, with some studies showing
that deferiprone reduces ROS-induced damage anecpgdhe mitochondria [Kakhlon et
al., 2008], while others have suggested that ibitdd aconitase activity [Goncalves et
al., 2008]. Clinical trials have shown that defesipe reduces iron buildup in certain
brain regions with possibly improved neurologiaahdtion [Boddaert et al., 2007].
Compounds with phenol rings in their structure hiawvg been known to act as iron
chelators [Moeller and Shellman, 1953], and thapprty may prove to be partially
responsible for their efficacy in protecting cakility in FRDA fibroblast cultures

[Richardson et al., 2011, 2012].
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Antioxidants & Electron Transport Chain Modulators

For over a decade, much of the work in FRDA treatntfeat has been done has
involved the prevention of oxidative mitochonda@mage and the maintenance of
mitochondrial oxidative phosphorylation functioref8os et al., 2010]. Studies have
shown that in addition to the intracellular meclsamiof FRDA, patients with the disease
demonstrate impaired manganese superoxide disn{itasdolfo, 2002], and have
generally increased levels of lipid peroxidatiom@&d et al., 2000], general oxidative
stress and DNA damage [Schulz et al., 2000]. Idebencurrently the first drug to reach
Phase Il clinical trials for FRDA, is a Cagequivalent that acts by both decreasing
intracellular reactive oxygen species and by acisign electron shuttle between the
damaged complex | and Ill in the ETC, promotingdative phosphorylation in the face
of impaired mitochondrial complexes [Meier and Beiy8009; Rustin et al., 1999]. This
strategy allows the cells to continue aerobicatlydoicing high levels of ATP even with
reduced ETC complex activity. Clinical studies h&wmend that idebenone is able to
decrease lipid peroxidation and other markers alaiie stress in the heart and decrease
the extent of hypertrophic cardiomyoptahy [Rustiale 1999; Schulz et al., 2000] and
one study showed a small improvement in ataxiaHi@spero et al., 2007], although
there was only a very modest increase in lifesgao@ated with this treatment. It is
possible that the limited success on nervous fanatias due to the initiation of
treatment too late in the disease course to preneron death or lower CNS penetration
relative to cardiac levels. In early 2011, ideben@aled its phase lll clinical trial on the
basis that it did not sufficiently improve cardiaatcomes in FRDA patients as measured

by cardiac output or left ventricular hypertropla@edrost et al., 2011].
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A recent study has focused on methylene blue (M8 potential therapy for
FRDA. Methylene blue, a drug used variously overpghst century for cyanide and
carbon manoxide poisoning, ifosfamide neurotoxjaigthemoglobinemia and malaria,
has much the same neuroprotective mechanism oinaasi idebenone: it acts as both an
antioxidant and promotes oxidative phosphorylatgarying as an electron carrier
shuttling electrons from NADH to cytochrome c i thresence of complex I/lll damage
[Wen et al., 2011]. Studies in fibroblasts havevahthat MB is effective in attenuating
ROS, increasing intracellular ATP concentratiom$yacing oxidative phosphorylation
function, and preventing cell death in an FRDA ditiast cell model [Yu et al., 2011].
Other antioxidants have also been effective irRR®A fibroblast model. Jauslin et al.,
have demonstrated that antioxidants, specificalbge targeted to the mitochondria are
able to prevent cell death in FRDA fibroblasts glawuet al., 2002, 2003], and that a
novel compound with the active groups of ideberame vitamin E, Fe-Aox29, is more
potent than either idebenone or vitamin E alon& aombination [Jauslin et al., 2007].

Our lab has focused on the antioxidant potentighanolic estrogens in treating
the ROS-mediated component of FRDA. We have shbanim FRDA fibroblasts,
independent of any known estrogen receptor, estragd estrogen-like compounds,
including several non-feminizing estrogens, are ablattenuate ROS and prevent cell
death [Richardson et al., 2011] through a phenaialicycling antioxidant mechanism
[Prokai et al., 2003; Prokai-Tatrai et al., 2008je potency and efficacy of these
compounds depended on having at least one phewpinrthe molecular structure, with
potency being correlated to the number of phemgisr{Behl et al., 1997; Moosmann and

Behl, 1999; Richardson et al., 2011]. In addititre EG, values for this set of
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compounds were in the low nanomolar range [Riclwards al., 2011], significantly

lower than idebenone, vitamin E or tailor-made@ntlants such as Fe-Aox29 [Jauslin et
al., 2007]. Further studies have shown that thés&@ ring containing estrogens are
able to prevent lipid peroxidation, maintain acasé activity, mitochondrial function and
ATP production in FRDA fibroblasts (Fig. 1) [Riclision et al., 2012].

Newly developed non-feminizing estrogens are paldrly good candidates for
neuroprotection as they are ideally suited to patethe blood brain barrier and insert
into lipid membranes preventing the sequence afainie to intracellular molecules and
organelles [Behl, 2002; Behl and Manthey, 2000;|B@ld Moosmann, 2002; Behl et al.,
1995; Rupprecht and Holsboer, 1999; Simpkins ¢2808, 2010; Walf et al., 2011],
without estrogen receptor binding ability or ferainig effects in vivo [Simpkins et al.,
2010; Yi et al., 2011]. Since FRDA can be detecfedetically before birth in the
offspring of known carriers [Monros et al., 199%n€dolfo and Montermini, 1998; Wallis
et al., 1989], there is a window of opportunity faratment before symptoms begin.
During this time frame, beginning therapy with artdant molecules could potentially
be very beneficial for preventing or delaying thsedse process, rather than attempting
to improve or suppress symptoms and recover framéuronal damage and death later

in life.
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Frataxin Level Modifiers

Another strategy in treating FRDA has been to airfge frataxin deficiency
underlying the molecular disorder of FRDA. The dé& is caused by the lack of
frataxin, caused by the GAA trinucleotide repeatisa in the first intron of the gene on
chromosome 9q13-21 [Fujita et al., 1989; Hanauat.e1990], resulting in a self-
associating complex of triple helical DNA to formepgenting effective DNA
transcription [Bradley et al., 2000; Campuzanol etl®96; Grabczyk and Usdin, 2000;
Harding, 1983; Lodi et al., 2006; Montermini et 4997; Sakamoto et al., 1999, 2001,
Wells, 2008]. This strategy is particularly appeglsince murine models indicate that a
compound may only have to raise intracellular ftataoncentration to ~25% of normal
levels to prevent cellular abnormalities and neatbgplogical findings [Miranda et al.,
2002]. Several compounds have been tested to sefeataxin levels. Histone
deacetylase inhibitors such as BML-210 have beenddo increase frataxin levels in
FRDA carriers and mice [Herman et al., 2006; Railet2008]. Recombinant
erythropoietin (EPO) has also been found to sigairftly increase frataxin protein levels
in FRDA fibroblasts [Sturm et al., 2005], although increase in MRNA levels was
observed indicating that this effect is due prifyaio post-transcriptional effects
[Acquaviva et al., 2008]. In our lab, estradiol wext observed to increase the levels of
frataxin protein in the FRDA fibroblast cell mod®&ichardson and Simpkins,
unpublished observations], although the estrogfatieih these cells is ER-independent.
In neural or cardiac tissue containingde® ERB, there is a possibility that in addition to

the observed antioxidant effects of estrogen [Rutb@n et al., 2011], there may also be
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an ER-dependent effect, including a transcripti@fggdct involving the production of

extra frataxin or other protective proteins.
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Conclusions

FRDA is a mitochondrial disease that affects tisthat are most dependent on
aerobic respiration, principally the CNS and h¢alHMahdawi et al., 2006; Durr et al.,
1996; Dutka et al., 2000]. The root cause of tisease is the absence of functional
frataxin, resulting in iron dysregulation and oxida damage to lipids and proteins,
ultimately disrupting mitochondrial function [Karkeyan et al., 2003; Pandolfo, 1998,
2002], similar to other neurodegenerative disorderh as Alzheimer’s and Parkinson’s
diseases [Beal, 2000; Gibson et al., 1998; Lenak 2006, 2010; Mizuno et al., 1989;
Parker et al., 1989; Simpkins and Dykens, 2008}ioxidant and mitochondrial
treatment of FRDA has been met with modest suceasjdebenone decreasing cardiac
complications and slightly prolonging life [Di Ppeyo et al., 2007; Rustin et al., 1999;
Schulz et al., 2000]. Since FRDA can be diagnos#drb birth [Monros et al., 1995;
Pandolfo and Montermini, 1998; Wallis et al., 198%Jgs designed to penetrate the
blood brain barrier, including those based on sfiestructures, and increase frataxin
levels, attenuate ROS or support oxidative phosgpaion could be applied in this brief
symptom-free time window to prevent or delay theadtating effects of FRDA and
neuronal death, rather than try to control symptom®verse the disease process at a

later date.
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PREFACE TO CHAPTER Il

Herein we examine the potency and efficacy ¢f-Egtradiol and several
estrogen analogues, PPT (a triphenolieEEgonist), DPN (a biphenolic BRagonist),
G1 (a nonphenolic mER agonist), ZYC-26 (a phenodimpound with no affinity for any
known ER) and ZYC-23 (a nonphenolic compound wikhaffinity for any known ER),
on cell viability in anin vitro cell model of Friedreich’s ataxia. In addition @examine
many of these estrogen-like compounds in the poesand absence of ER antagonists to
determine the portion of the compound structureortgnt to cytoprotection in this cell

model.
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Abstract

Estrogens have been shown to have protective sftect wide range of cell
types and animal models for many neurodegenerdiseases. The present study
demonstrates the cytoprotective effects ¢i-2gtradiol (E2) and estrogen-like
compounds in am vitro model of Friedreich’s Ataxia (FRDA) using humamdo
FRDA skin fibroblasts. FRDA fibroblasts are extréyngensitive to free radical damage
and oxidative stress, produced here using L-buthe(5,R)-sulfoximine (BSO) to
inhibit de novaoglutathione (GSH) synthesis. We have shown theptbtective effect of
E2 in the face of BSO-induced oxidative stressdependent of E®® ERB or GPR30 as
shown by the inability of either ICI 182,780 or Gttbinhibit the E2-mediated protection.
These cytoprotective effects appear to be depermteantioxidant properties and the
phenolic structure of estradiol as demonstratethbybservation that all phenolic
compounds tested were protective, while all nomaphe compounds were inactive, and
the observation that the phenolic compounds redtieetkvels of reactive oxygen
species (ROS), while the non-phenolic compoundsididThese data show for the first
time that phenolic E2-like compounds are potentqmtors against oxidative stress-
induced cell death in FRDA fibroblasts and are fmssandidate drugs for the treatment

and prevention of FRDA symptoms.
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Introduction

Friedreich’s Ataxia (FRDA) is the most common foofinherited ataxia in the
world, affecting 1:20,000-1:50,000 people in thatekh States [Bradley et al., 2000;
Harding, 1983; Leone et al., 1990; Pandolfo, 188julz et al., 2009]. It is inherited in
an autosomal recessive manner due to a GAA trintidierepeat expansion in the first
intron of the FXN gene on chromosome 9q13-21, caugene silencing and a functional
absence of the mitochondrial-localizing proteirtdran [Bradley et al., 2000;
Campuzano et al., 1996; Harding, 1983; Isnard.ei@87; Lodi et al., 2006; Montermini
et al., 1997]. The frataxin protein is responsibleremoving iron from around the
mitochondria, preventing the formation of reacibxgygen species (ROS) [Al-Mahdawi
et al., 2006; Babcock et al., 1997; Bradley et24Q0; Jauslin et al., 2003]. The loss of
FXN function causes an accumulation of mitochordiroa, reactive oxygen species
(ROS) and impaired function of Fe-S centers in aitmdrial proteins, leading to
mitochondrial damage and a decrease in activitpicdchondrial complexes |-
[Bradley et al., 2000; Lodi et al., 2006; Jauslimle, 2002, 2003; Rétig et al., 1997]. The
damaged mitochondria is unable to match ATP pradudo the cell’'s energy
requirements, a common mechanism of cell deathwita range of neurologic disorders
including Alzheimer’s disease, Parkinson’s diseas# Huntington’s disease [Gibson et
al., 1998; Lenaz et al., 2006, 2010; Mizuno etl#89; Simpkins and Dykens, 2008].
FRDA classically presents with a degeneration efgpinocerebellar tracts and posterior
columns of the spinal cord, resulting in gait assand tremor [Al-Mahdawi et al., 2006;
Durr et al., 1996; Geoffroy et al., 1976; Lodi &t 2006]. Also present are pes cavitus,
speech problems, lateral and kyphoscoliosis, tremeakness, diabetes and a 91%

incidence of heart disorders, such as hypertropdgnidiomyopathy with interstitial
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fibrosis, which is the most common cause of eaelgtd in FRDA patients [Al-Mahdawi
et al., 2006; Durr et al., 1996; Dutka et al., 208@0ffroy et al., 1976; Harding, 1981,
1983].

The neuroprotective effects of @-éstradiol (E2) have been clearly documented
for more than a decade [Behl et al., 1995; Bishap @impkins, 1994; Goodman et al.,
1996; Singer et al., 1996] in a variety of disests¢es involving mitochondrial
disruption, but the exact mechanism of action rsenily poorly understood [Simpkins
and Dykens, 2008; Simpkins et al., 2008, 2009]rdgsin has been demonstrated to have
antioxidant properties [Perez et al., 2006; Prekail., 2003; Prokai-Tatrai, et al., 2008;
Wang et al., 2001; Wang et al., 2003], modulaté’ @ax [Sarkar et al., 2008], stabilize
mitochondrial membrane potenti?d¥m) [Simpkins and Dykens, 2008; Wang et al.,
2001; Wang et al., 2003], maintain the activityetédctron transport chain (ETC)
complexes I, lll and IV, helping to maintain aeBTP production [Wang et al., 2001;
Jayachandran et al., 2010], and promote a favotsénce of anti-apoptotic:pro-
apoptotic proteins in the cell [Simpkins and Dyke2@08; Simpkins et al., 2009].
Although the neuroprotective effects of estrogesngeever been tested in an FRDA
model and FRDA shows no gender-bias in incidencerBt al., 1996; Geoffroy et al.,
1976], epidemiologic studies of FRDA have showretds prognosis in female patients
[Pandolfo, 1998] and the proposed mitochondrialesupmechanisms of E2 suggests a
possible role for E2 in the prevention and treathnoé®RDA symptoms [Dykens et al.,
2005].

In the present study, we show that estrogensasereell viability in FRDA

fibroblasts subjected to oxidative stressors ineamer that is independent of any known
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estrogen receptors (ER). In the FRDA fibroblast eipthe ability of E2 to provide
protection from the pro-oxidant stressors is depahdn the presence of a phenol ring,
and the potency of each compound is in part rela@ékde number of phenol groups
present in the compounds. This property makesgstsogood candidates to join the list
of cellular antioxidants proposed to alleviate #reach’s ataxia symptoms and modify

the disease process [Jauslin et al., 2003].
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Methods

Cell Culture. Fibroblasts from a 30 year old Friedreich’'s Ataf&DA) patient (Coriell
Institute, Camden NJ, USA) were maintained in Dodlmes Modified Eagle Medium
(DMEM; ThermoScientific, Waltham, MA, USA) with 10%harcoal-stripped fetal
bovine serum (CSFBS; ThermoScientific, Waltham, NUSA), 1% GlutaMAX
(ThermoScientific, Waltham, MA, USA) and 1% perliadstreptomycin (Invitrogen,
Carlsbad, CA, USA) at 3T in 90% humidity and 5% COAt the time of treatment, the
FRDA fibroblast media was changed to phenol red-sodium pyruvate-free DMEM
(ThermoScientific, Waltham, MA, USA) and 1% penriailstreptomycin. All

experiments were conducted using cell passage®15-2

Chemicals & Reagents17p-Estradiol (E2) was acquired from Steraloids, (iNewport,
RI, USA). L-buthionine (S,R)-sulfoximine (BSO) wabtained from Sigma-Aldrich (St
Louis, MO, USA). G1, an agonist at the membranegsh receptor GPR30, and G15,
an antagonist at GPR30, were obtained from Cal®ioc(San Diego, CA, USA). ICI
182,780, 4,4',4’-(4-Propyl-[1H]-pyrazole-1,3,5-thrisphenol (PPT) and
diarylpropiolnitrile (DPN) were purchased from TiscBioscience (Ellisville, MO,
USA). ZYC-26 and ZYC-23 were synthesized in theolalbories of Dr. Douglas Covey
[Perez et al., 2006]. Structures for all steroids@ovided in Figure 1 and were drawn

using ChemDraw software.

Treatment Paradigm. FRDA fibroblasts were removed from culture witB@%%

Trypsin-EDTA (Invitrogen, Carlsbad, CA, USA) ancfdd on 96-well plates at a density
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of 3000 cells per well in DMEM with 10% CSFBS, 1%u@GMAX and 1% penicillin-
streptomycin. After 24 hours the media was remauvsdireplaced with phenol red- and
sodium pyruvate-free DMEM with 1% penicillin-streptycin. The cells were then
treated for 48 hours with either dimethyl sulfoxigghicle control (DMSO; Sigma-
Aldrich, St Louis, MO, USA) or 1mM BSO in the prese of 1nM-10uM E2,
Diarylpropiolnitrile (DPN) , 4,4",4’-(4-Propyl-[1Hjyrazole-1,3,5-triyl)trisphenol (PPT),
2-adamantyl, 4 methyl estrone (ZYC-26), 2-adamat@-methyl estradiol (ZYC-23) or
G1, concentrations of estrogens known to be neategtive in various cell lines [Yi et
al., 2008], with and without the bRand ER receptor antagonist ICI 182,780 and the

membrane ER receptor (GPR30) antagonist G15.

Lactate Dehydrogenase (LDH) Cell Viability AssayAfter 48 hours of treatment 50uL
of media was removed from each of the wells ofa6evell treatment plate and placed in
a separate 96-well plate. 100 pL of a solution timg) of 12mL of 200 mM pH 8.2
Tris(hydroxymethyl)aminomethane hydrochloride (Sagidrich, St Louis, MO, USA)
with 50puL lactic acid and 4.2 mg iodonitrotetramofi chloride (INT; Sigma-Aldrich, St
Louis, MO, USA), 1.1 mg phenazine methosulphate $PBigma-Aldrich, St Louis,
MO, USA) and 10.8 m@-nicotinamide adenine dinucleotide hydrate (NADgr8a-
Aldrich, St Louis, MO, USA) is added to each wé&lhe absorbance of the resulting
reaction was read with a Tecan Infinite M200 plai@der at 490nm and recorded once
the reaction is linear for greater than 2 minu@sl| viability for each well (WellX) was
determined by: 100 — (100 * (WellX - media)/(0.1%dnX100-media)). Measurements

were then confirmed by visual inspection of the FRfibroblasts.

36



Reactive Oxygen Species Assakfter 12 hours of treatment the media was removed
from each well of the 96-well plate, and 100 pladftuM 2',7’-
Dichlorodihydrofluorescein diacetate (DCFDA; Anagpec., Fremont, CA, USA) in
phosphate buffer (PBS) was added to each well plates were returned to a’g7
incubator for 20 minutes, then each well was washeze times with PBS and the
resulting reaction was read on a Tecan Infinite M&te reader with an absorbance of

495 nm and an emission of 529 nm.

Calcein AM Cell Imaging. Cells were plated on a 96-well plate at a derdity,000

cells per well, then treated identically to thaseéhe LDH cell viability assay. After 48
hours of BSO and steroid treatment, the media e®ved from each of the wells of a
96-well treatment plate. 100 of a 1pg/mL Calcein AM (CalBiochem, San Diego, CA,
USA) in phosphate buffer pH 7.2 (PBS; Fisher SdienPittsburg, PA, USA) was added
to each of the wells and the plate was incubated@aninutes at 37C. The cells were
then photographed using a Zeiss Axio Observer ¥érted microscope and Zeiss

AxioVision 4.6 image processing software.

Data and Statistics.All data are displayed as mean + 1 standard dewialihese data
were analyzed using the ANOVA on the SYSTAdrogram with Tukey’s post hoc test
for statistical evaluation against an alpha levd).05. All bar graphs were made using
GraphPad Prism 5 and Efalculations were made with GraphPad Prism 5alor

groups, n=8 wells and experiments were repeatee titnes to ensure consistency.
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Results

Effects of BSO on cell viability FRDA fibroblasts.We determined the relative
vulnerability of human donor FRDA fibroblasts teetbffects of GSH depletion. We used
100uM to 10 mM BSO for 48 hours to inhibit the rate iliimg enzyme in thele novo
synthesis of GSHy-glutamyl cysteine synthase. There was a significaguction in cell
viability of FRDA fibroblasts in the presence of BSViability was reduced from 96.3 +
1.2% in the vehicle control to 74.7 + 2.8%, 44.3.8% and 32.3 + 4.1% in the presence
of 100uM, 1 mM and 10 mM BSO, respectively (Fig. 2). Inasimas 1 mM BSO
reduced cell viability by about 60%, we used tluaaentration to assess the

cytoprotective activity of each of the compounds.

Effects of 1B-estradiol on cell viability in BSO-treated FRDA fibroblasts. To
determine if E2 exhibited a protective effect agathe oxidative damage allowed by
BSO-induced glutathione depletion, we tested 10Xt\iM E2 in cells treated with
1mM BSO (Fig. 3). E2 produced a significant inceeascell viability (p<0.05) in
concentrations ranging from 100 nM to i (n=8), with an EGp of 15.5 nM, and near
maximum effects at tM E2. To determine if these cytoprotective effagese due to
either ERy or ER3, we used 500 nM ICI 182,780, a concentration 1faldgreater than
the 0.29 nM IG, of ICI 182,780 at both Ed&Rand ER [de Cupis et al., 1995], in
conjunction with 1 mM BSO and 100 nM E2. ICI 182)##d not significantly reduce
the viability of the FRDA fibroblasts as comparedltmM BSO and 100 nM E2

treatment. In addition, the lack of effect of etfé€l 182,780 was observed when E2 and
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ICI 182,780 were given as a 24-hour pretreatmemifblished observations).These data

indicate that E2 acts by a mechanism which is inddpnt of either E®Ror ERB.

Effects of ICI 182,780 on cell viability in BSO-trated FRDA fibroblasts. At 500 nM,
ICI 182,780 alone provided no significant increamseell viability against 1mM BSO
treatment. However ati2M, a concentration about 7000 times theplaf ICI 182,780 at
ERs, there was a statistically significant increiaseell viability (data not shown). These
data are consistent with observations that theeptioe effects of E2 are due to the
phenol ring, included in the structure of both B2 #C1 182,780 (Fig. 1), and unrelated

to either ER or ER3.

Effects of non-feminizing estrogens on cell viabtly in BSO-treated FRDA

fibroblasts. ZYC-26, a non-feminizing estrogen, has cytopravegproperties in this
FRDA fibroblast cell model with statistically sidiziant effects at concentrations ranging
from 10 nM to 1QuM (Fig. 4A). While unable to bind to either eRr ER3, ZYC-26 has

a phenolic ring as part of its structure, givingntioxidant properties similar to E2 (Perez
et al., 2006) (Fig. 1). At 100 nM, ZYC-26 increasis cell viability from 33.8 £ 7.59%
to 80.37 + 3.8%, with an Egof 23.1 nM. Conversely, ZYC-23, which does notdiia
estrogen receptors [Perez et al., 2006], had mofisignt effects on cell viability across
the 10 nM-1QuM concentration range tested (Fig. 4B). These siapgort the hypothesis
that the phenol ring is essential in the protecgiffects of estrogens and estrogen-like
compounds as ZYC-23 has an O-methyl at the 3-positf the phenol ring, eliminating

the antioxidant properties of the compound [Pete#.e2006] (Figs. 1 and 8). As is
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evident in Figure 4, the phenol ring is essentalmaintenance of cell viability in the

fibroblast FRDA disease model.

The effects of ERy and ERp preferring agonists on cell viability in BSO-treated

FRDA fibroblasts. PPT is a relatively Eérspecific agonist that has cytoprotective
effects in this cell model in the concentrationgamf 10 nM to 1M (Fig. 5A). This
compound appears to have greater protective poteacyE2. DPN is a relatively
selective ER agonist with protective effects against BSO-indlicgtotoxicity at
concentrations ranging from 100 nM to dM (Fig. 5B). Although these compounds are
specific for individual ERs, the effect of neittmmpound was inhibited by ICI 182,780,
indicating that these compounds act through a nmsimaother than their respective
estrogen receptors. Structures of the 2 compoufigsX) shows that the EBRagonist

PPT has 3 phenol rings and thefEjonist DPN has 2 phenol rings, suggesting a
possible ER-independent mechanism by which theserthounds provide
cytoprotection to FRDA fibroblasts in the present& mM BSO. The extra phenol rings
in the PPT molecule also provide a potential exgtian for the observation that PPT has
significant protective effects at 10 nM with anGf 4.6 nM, while E2 doesn’t protect
against the BSO insult until it reaches 100 nM emi@tions, and has an g©f 15.5

nM. The extra phenol rings on the DPN molecule alem to provide additional

protective potency, giving it an E§value that falls between E2 and PPT at 9.3 nM.

Membrane estrogen receptor (MER/GPR30) effects orelt viability. GPR30 is a

proposed membrane-associategp®tein coupled estrogen receptor. To assessgestro
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actions through this receptor we tested a rang®mndéentrations of G1, a GPR30
preferring ER agonist. As seen in Figure 6A, theeee no significant protective effects
at any tested concentration of G1. In addition,3¥R30 antagonist G15, at
concentrations ranging from 1 nM to P, did not antagonize the cytoprotective effects
of 100nm 1B-estradiol (Fig. 6B). These data indicate thatrttenbrane associated
estrogen receptor GPR30 is not involved in thegase in cell viability seen with E2 in

FRDA fibroblasts exposed to 1 mM BSO (Fig. 3).

The effects of estrogen-like compounds on BSO-inded reactive oxygen species
(ROS) formation. We first determined the time-course of ROS formafmlowing

BSO administration to FRDA fibroblast. At 1, 2,63,12, 18 and 24 hours after BSO
treatment of FRDA fibroblasts, ROS was determingidgia DCFDA assay. Peak levels
of ROS were seen at 12 hours of treatment (datahrawn). We therefore assessed the
effects of compounds on ROS at 12 hours after B&Deatrogen treatment.

To determine if the phenol groups present in tlestegen compounds were
indeed exerting an antioxidant activity, we meadR®S following BOS in the
presence or absence of E2, PPT, DPN, ZYC-26 and-ZY &t 100 nM, a concentration
that produced near-maximal effects in the pheradimpounds. As can be seen in Figure
7, BSO doubled ROS concentrations. Those compowitdgphenol rings were effective
in preventing this BSO-induced rise in ROS, whei®é€-23 provided no significant
effect. In addition, the group treated with 1 mM@&nd 100 nM PPT, an estrogen-like

compound with 3 phenol rings (Fig. 1), had sigmifity lower ROS concentrations than

41



either the group treated with 1ImM BSO and 100 nvbEthe DMSO control group (Fig.

7), observation consistent with the enhanced pgtehPPT.

Effects of estrogens on BSO-induced cell death aseasured by the Calcein AM
Assay. To achieve a visual confirmation of the damagiriteats of BSO and the
protective effects of phenolic estrogens, FRDAdIlasts were treated with BSO (1
mM) with or without simultaneous treatment with leastrogen (100 nM) for 48 hours.
Cells were then stained with Calcein AM, which mstailive cells (31) and
photomicrographs were taken. As shown in Figurgh®, results obtained with the

Calcein AM assay were consistent with those obthwi¢h the LDH viability assay.
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Discussion

The potential role of estrogens in protection agiavarious neurodegenerative
diseases, including Alzheimer’s disease, Parkirsdisease, Huntington’s disease and
ischemic stroke has been known for over a decadhl [& al., 1995; Bishop and
Simpkins, 1994; Goodman et al., 1996; Simpkind.efl@97; Singer et al., 1996]. The
proposed mechanisms by which estrogens provideopeatection are varied [for review
see Simpkins and Dykens, 2008], but a clear cas®é&@n made for their therapeutic
efficacy in neurodegenerative disorders. Previguslyas unknown if estrogens and
estrogen-like compounds had any effect on the gathesis of Friedreich’s ataxia,
although the observation that females tend to hessesevere symptoms and a later onset
of the disease process [Pandolfo, 1998] suggestshéare is a beneficial effect of
estrogens in this disease process. For the fing, tihis study presents data showing that
estrogens and estrogen-like compounds containpigerol ring are protective against
oxidative stress in FRDA cells, and that this psscis not mediated by any known
estrogen receptor.

Friedreich’s ataxia (FRDA) is the most common farfinherited ataxia in the
world, caused by an autosomal recessive trinucleggpeat expansion in the first intron
of the FXN gene on chromosome 9g13-21 [Bradley.e2@00; Harding, 1983; Isnard et
al., 1997; Leone et al., 1990]. FRDA fibroblastgevesed in this study were taken from
a skin-punch biopsy of a 30 year old male Caucgssdirent with clinical Friedreich’s
ataxia symptoms. The cells are homozygous for th& €xpansion in the first intron of
the frataxin gene with 541 trinucleotide repeat®pa allele and 420 on the second.

Human fibroblasts contain both estrogen recepfaraabnd beta [Haczynski et al., 2002]
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as well as the membrane associated estrogen rec&PR30 [Madeo and Maggiolini,
2010]. Human FRDA fibroblasts have been used adl anodel in Friedreich’s ataxia
studies by several groups for the past 10 yeatshame become a standard cell type to
use in studying this disease process [Jauslin,2@02, 2003, 2007; Li et al., 2008; Ku
et al., 2010]. FRDA fibroblasts are extremely \arbble to oxidative damage caused by
glutathione depletion with L-buthionine (S,R)-sulimine treatment as compared to
genetically normal fibroblasts, which require a imggeceater dose of BSO to obtain a
comparable toxicity [Jauslin et al., 2002], andas been shown that antioxidants,
specifically those targeted at the mitochondriaedfective at protecting the FRDA
fibroblasts from oxidative stress [Jauslin et 2003]. FRDA fibroblasts, while not
primary neurons or cardiocytes, are an acceptecehiodFriedreich’s Ataxia as a
disease process [Jauslin et al., 2002, 2003] thtagght that the oxidative damage
induced by the depletion of glutathione by BSOhis tell type may be analogous to the
pathogenic process that is occurring in both th&@Nd heart, leading to the clinical
symptoms of Friedreich’s ataxia [Bradley et al.0@0Lodi et al., 2006].

In this study, we have shown that estrogen-relatedpounds are able to protect
FRDA fibroblast cell from BSO-induced oxidative dage. These effects are
independent of the action on ERERB or GPR30 as indicated by the lack of inhibition of
the cytoprotection induced by E2, ZYC-26, PPT oNJ# IC1 182,780 or G15 and the
lack of efficacy of G1 in promoting cell viabilityt appears that the potential protective
effects of estrogen-like compounds are dependensamntrinsic antioxidant properties as
determined by the inclusion of a phenol ring inth@ecule’s structure (Figs. 1 and 7).

The protective effect of antioxidants has been shpmeviously [Jauslin et al., 2003] and
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is reinforced here by the fact that ZYC-26, whi@s fa phenolic ring, is cytoprotective
against a BSO-induced insult while ZYC-23, whicmi@ons no such structure, is not

(Fig. 4). Furthermore, PPT, which contains 3 phemgs and has a significant protective
effect at 10 nM and an Egof 4.6 nM, is a more potent cytoprotectant whemgared to
17B-estradiol or ZYC-26, which contain only 1 and k®s protective with E{g values
between 15 and 23 nM (Figs. 3 and 5A). DPN, a camgavith 2 phenol rings, was
observed to have intermediate cytoprotective pgtenith a EGo of 9.3 nM (Fig. 5B).

In addition, although it is an EBRand ER antagonist, ICI 182,780 has a protective effect
at concentrations of 2M (data not shown), likely due to the phenol ringts structure
(Fig. 1).

All of the phenolic compounds provided a statishcsignificant reduction in
ROS in FRDA fibroblasts when given with 1 mM BSChile compounds without phenol
rings did not (Fig. 7). Moreover, the 3 phenol rcantaining PPT (Fig. 1) is far more
effective at reducing the levels of ROS than EZY€-26, which contain 1 phenol ring
or DPN, which contains 2. This is consistent wita finding that PPT is a more potent
cytoprotectant against BSO-induced oxidative strésese observations provide a
potential mechanism for the attenuation of the Bff€cts seen with all phenolic steroids
tested (Figs. 3-5).

These data support the hypothesis that estrogetescpagainst oxidative damage
to the mitochondria in FRDA fibroblasts by direatiaxidant properties, rather than by
stimulation of any known estrogen receptor, and tiese antioxidant properties are
dependent on the presence of at least one phegahrthe molecular structure. Since

there is a simple genetic test that can be dorteenhildren of known FRDA allele
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carriers, it is possible to determine the presaid&iedreich’s ataxia in newborns, years
before the cardio- and neurodegeneration and alisgmptoms begin, a time window
during which estrogens and other antioxidants cpoléntially be clinically useful. This
study presents the first data supporting estrogadsnon-feminizing estrogens as a
potential drug for the treatment and preventiothefsymptoms of clinical Friedreich’s

ataxia.
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Figure legends

Figure 1. Structures of compounds assessed for protectiamstgBSO toxicity in FRDA

fibroblasts.

Figure 2. Effects of BSO on cell viability of FRDA fibrobles Depicted are mean + SD

for n= 8 per group. * indicated p<0.05 versus viehaontrol.

Figure 3. Effects of 1B-estradiol on cell viability in BSO-treated FRDAfoblasts.
Depicted are mean + SD for n= 8 per group. * intidgp<0.05 versus BSO alone-treated

cells. ICl indicated ICI 182,780.

Figure 4. Effects of non-feminizing estrogens on cell viapiin BSO-treated FRDA
fibroblasts. Depicted are mean + SD for n= 8 peugr * indicated p<0.05 versus BSO
alone-treated cells. ICI indicates ICI 182,780. Z2&(A) indicates 2-adamantyl, 4

methyl estrone. ZYC-23 (B) indicates 2-adamantyd;®@ethyl estradiol.

Figure 5. Effects of an ER preferring agonist, PPT (A), and an [ERreferring agonist
DPN, (B) on cell viability in BSO-treated FRDA fibiolasts. Depicted are mean + SD for

n= 8 per group. * indicated p<0.05 versus BSO alneated cells.

Figure 6. Effects of the membrane ER-preferring agonist(&1 on cell viability in

BSO-treated FRDA fibroblasts, and effects of thembene ER-preferring antagonist,
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G15 (B), on E2-induced enhancement of cell viabintBSO-treated FRDA fibroblasts.
Depicted are mean + SD for n= 8 per group. * intidgy<0.05 versus BSO alone-treated

cells.

Figure 7. Effects of E2, PPT, DPN, ZYC-26 and ZYC-23 on thenation of ROS in
BSO-treated FRDA fibroblasts. All steroid concetitnas were 100nM. Depicted are
mean = SD for n= 8 per group. * indicated p<0.0Bus BSO alone-treated cells. t
indicated p<0.05 versus BSO + E2/DPN/ZYC-26 treatdtigroups and p<0.05 versus

DMSO vehicle control treated cells.

Figure 8. Calcein AM stained cells visually showing the effeof E2, ZYC-26, ZYC-23,

PPT, DPN, G1 and G15 on cell viability in BSO-teshERDA fibroblasts. BSO

concentration was 1mM and all steroid concentratiware 100nM. Scale bar = 2080.
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Figure 6
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Figure 7
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Figure 8
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PREFACE TO CHAPTER IlI
In the previous chapter, we determined that estréige compounds are able to
protect Friedreich’s ataxia fibroblasts from a BB@tced oxidative insult independently
of any known ER, provided that their structure eomd at least one phenol ring. Here we
provide more evidence for the ER-independent natfitkis phenomenon using R- and
S-Equol, enantiomers containing two phenol ring# wnly the S-form having

significant binding ability at ER the only ER present in FRDA fibroblasts
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Abstract

Estradiol (E2) is a very potent cytoprotectant agba wide variety of cellular
insults in numerous different cell models, incluygla Friedreich’s ataxia (FRDA) model.
Previously, we demonstrated that estrogen-like @amgds are able to prevent cell death
in an FRDA model seemingly independent of any knesatnogen receptor (ER) by
reducing reactive oxygen species (ROS) and thenasttal downstream effects of ROS
buildup including oxidative damage to proteins &pills and impaired mitochondrial
function. Here we support the finding that thiseeffof E2 is ER-independent by first
demonstrating that our cell model lacksdEdhd expresses only low levels of [ERhen
evaluating the effects of the potent soy-derive@ BBonist S-equol and its significantly
less potent enantiomer, R-equol. Our results detrategshat these biphenolic
compounds, while significantly less potent andoaifious than E2, provide statistically
similar attenuation of ROS and cytoprotection agiaam oxidative insult caused by L-
buthionine (S,R)-sulfoximine (BSO). These data camthat the protection seen

previously with E2 was indeed unrelated to ER gdi
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Introduction

First recognized in 1863 [Freidreich, 1863a, 1963§3c], Friedreich’s Ataxia
(FRDA) is a hereditary ataxia characterized by ailogomal recessive GAA trinucleotide
repeat in thé&XN gene, resulting in the absence of frataxin prdtderding, 1983;
Campuzano et al., 1996Without sufficient levels of frataxin, cells areabie to
maintain function of Fe-S cluster proteins esséftramitochondrial respiration and their
cellular redox state leading to mitochondrial dysfion, insufficient energy production
and ultimately cell death, beginning in organs vgtbater energy requirements, such as

the heart, brain and spinal cord [for review semt8s et al., 2010].

First detected in humans in 1982 [Axelson et &82], equol is a biphenolic
isoflavone metabolized from the soy product daidbsi intestinal flora [Wang et al.,
2005; Price and Fenwick, 1985; Kelly et al., 1983]14-59% of the human population
[Akaza et al., 2004]. Equol is known to act as atioxidant [Pereboom et al., 1999;
Mitchell et al., 1998], decreases circulating egtis and androgens [Duncan et al.,
2000], inhibits DHT binding to its receptor [Lunta., 2004] and decreases risks of
prostate [Lund et al., 2004; Azaka et al., 2004tchill et al., 2000] and breast cancer
[Frankenfelt et al., 2004]. Separation of racengjaa mixtures shows that S-equol binds
with very high affinity to ER, while its enantiomer, R-equol has a far lowematff for
ERB, instead showing a preference fordeRIuthyala et al., 2004; Setchell et al., 2005].
These enantiomers allow for the discrimination lestweffects due to antioxidant effects

and those due to BRactivation.
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We have previously shown that phenolic estrogeashble to prevent BSO-
induced FRDA skin fibroblast death, as well as klte formation of ROS [Richardson
et al., 2011], prevent lipid peroxidation, proteiemnage, depletion of ATP and support
the mitochondria and oxidative phosphorylation [Rison et al., 2012]. In the present
study, we provide further evidence that E2 actam¥Ri- and ER-independent
mechanism. We demonstrate a lack otx&#Rd a very low level of ERin FRDA
fibroblasts by western blot. In addition, we shawapnacologically that ERis not
contributing to this process, as R- and S-equotsatistically equivalent efficacies and
potencies, represented here agB@lues. These data indicate that it is the phemig
present in the compound structure of equol andriE2nat intrinsic receptor binding
ability that is responsible for cytoprotective et®in this FRDA cell model. Although
these compounds are substantially less effica@adspotent than compounds previously
used [Richardson et al., 2011], this pharmacolagpdel lends support to the non-

receptor mediated, non-genomic antioxidant mechanisE2.
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Methods

Cell Culture. Fibroblasts from a 30 year old Friedreich’s Ataf&DA) patient (Coriell
Institute, Camden NJ, USA) were maintained in Dotlmes Modified Eagle Medium
(DMEM; ThermoScientific, Waltham, MA, USA) with 10%harcoal-stripped fetal
bovine serum (CSFBS; ThermoScientific, Waltham, NUSA), 1% GlutaMAX
(ThermoScientific, Waltham, MA, USA) and 1% periaistreptomycin (Invitrogen,
Carlsbad, CA, USA) at 3T in 90% humidity and 5% COAt the time of treatment, the
FRDA fibroblast media was changed to phenol red-sodium pyruvate-free DMEM
(ThermoScientific, Waltham, MA, USA) and 1% peniaistreptomycin. Experiments

were conducted using cell passages 15-19.

Chemicals & Reagents17p-Estradiol (E2) was acquired from Steraloids, (iNewport,
RI, USA). L-buthionine (S,R)-sulfoximine (BSO) wabtained from Sigma-Aldrich (St
Louis, MO, USA). R- and S- Equol were obtained fritva laboratory of Dr Robert J

Handa at The University of Arizona.

Treatment Paradigm. FRDA fibroblasts were removed from culture witR%®%
Trypsin-EDTA (Invitrogen, Carlsbad, CA, USA) andfgd on 96-well plates at a density
of 3,000 cells per well in DMEM with 10% CSFBS, XtutaMAX and 1% penicillin-
streptomycin. After 24 hours the media was remavsdireplaced with phenol red- and
sodium pyruvate-free DMEM with 1% penicillin-streptycin. The cells were then
treated for 12 to 48 hours with either dimethyfaxide vehicle control (DMSO; Sigma-

Aldrich, St Louis, MO, USA) or 1mM BSO in the prese of E2, R-equol or S-equol
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((3S)-3-(4-Hydroxyphenyl)-7-chromanol). This duaatiof exposure was chosen based
on our observation of BSO-induced enhacement of RIAZ hours and cell death at 48

hours [Richardson et al., 2011].

Calcein AM Cell Viability Assay. Cells were plated on a 96-well plate at a derwity
5,000 cells per well, then treated with vehiclelorM BSO. After 48 hours of BSO
treatment, the media was removed, apd)/mL Calcein AM (CalBiochem, San Diego,
CA, USA) in phosphate buffer pH 7.2 (PBS; FisheeS8ific, Pittsburg, PA, USA) was
added to each well and the plate was incubatetiCfoninutes at 3. Cell viability was
determined with a Tecan Infinite M200 (Tecan Systeimc., San Jose, CA) plate reader

with an excitation of 490nm and emission of 520nM&hours.

Reactive Oxygen Species Assakfter 12 hours of treatment the media was removed
from each well of the 96-well plate, and 100 pladfuM 2°,7°-
Dichlorodihydrofluorescein diacetate (DCFDA; Anag§pec., Fremont, CA, USA) in
PBS was added to each well. The plates were retuma 37C incubator for 20

minutes, then each well was washed three timesRB® and the resulting reaction was
read on a Tecan Infinite M200 plate reader wittabsorbance of 495 nm and an

emission of 529 nm.

Data and Statistics.All data are displayed as mean + 1 standard dewialihese data
were analyzed using the ANOVA against an alphal lei/8.05. All bar graphs were

made using GraphPad Prism 5 andg&g@lculations were made with GraphPad Prism 5.
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For all groups, n=8 wells and experiments wereatgzbthree times to ensure

consistency.
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Results

The effects of R- and S-equol on cell viability ilBBSO-treated FRDA fibroblasts.To
determine the effect of R- and S-equol on cell Nitghwe first assessed their protective
potential compared to Bfestradiol (E2) at 100 nM, a concentration previpgiown to
be very protective in this cell model [Richardsomle, 2011]. At 100 nM, both R- and S-
equol provided statistically significant protectioompared to the BSO-alone treated
group, however the two groups did not differ sigraihtly from each other (Fig. 2a). E2
also provided significantly more protection thather of these two compounds (Fig. 2a).
A dose-response assessment showed that R- andoShegre almost identical
cytoprotective profiles at all concentrations (F2g), and Eg evaluation demonstrated
that the two have statistically equivalentdgg€alues (Table 1), indicating that the

cytoprotective effect is not due to stimulation=sp.

The effects of R- and S-equol on BSO-induced reacé oxygen species (ROS)
formation. To determine the effects of R- and S-equol on Rhaation, these two
compounds were again compared to E2 (Fig. 3a). B8@ed a 2-fold increase of ROS,
which was prevented by 100 nM concentrations off=2guol and S-equol. None of
these groups differed from each other. In addittodpse response curve for R- and S-
equol shows that there is no significant differeimcthe ROS attenuation profiles of these
two compounds at any concentration (Fig. 3b), &iedBG, values do not differ

significantly (Table 1).
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Discussion

FRDA is the most common of the inherited ataxiasldvavide, affecting an
estimated 1:50,000 to 1:20,000 people [Hardind.efi883; Santos et al., 2010]. With
the effective loss of functional frataxin throughaill organ systems, and the resulting
ROS proliferation and mitochondrial respiration siqment, cells in organs most
dependent on ATP production begin to degeneratarpidlino, 2011; Santos et al.,
2010]. This results in the loss of cells in thetpdsr columns and spinocerebellar tracts
of the spinal cord, resulting in tremor and ataamwell as lateral and kyphoscoliosis,
weakness, speech problems, pes cavitus, an indreeséence of diabetes mellitus and
glucose intolerance and cardiac disorders, sutly@ertrophic cardiomyopathy with
interstitial fibrosis [Santos et al., 2010]. Diseasset and severity is variable depending
on the number of GAA trinucleotide repeats pregetite first intron of thé&=XN gene,
although this alone is not able to account forfthlecourse of the disease process
[Klopstock et al., 1999]. A study of an Italian pdgtion has suggested that females may
have less severe symptoms and a later onset whighedavith males that have similar

numbers of repeats, possibly indicating a hormooial [Leone et al., 1990].

Estrogen and non-feminizing estrogens have beenrstmbe potently
cytoprotective in many different cell and animaldets of disease states [Behl, 2002;
Simpkins, et al., 1997], including a FRDA cell mbffeichardson et al., 2011]. Previous
observations have demonstrated that antioxidaspgogally mitochondrially targeted
antioxidants [Jauslin et al., 2002; Jauslin et28Q3], including estrogen receptor

agonists and non-feminizing estrogens [Richards@h €2011] are protective against
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FRDA. These effects have been shown to be ER imilgpe and are instead based in the

antioxidant properties of phenolic estrogens [Prekal., 2003; Prokai et al., 2006].

Equol is a naturally derived biphenolic (Fig. 1d@uct of soy digestion in a
substantial percentage of the American populatkafga et al., 2004]. It is created by
intestinal flora as a racemic mixture of the R- &fbrms, with the S-form being very
selective for ER, the only ER present in FRDA fibroblasts [Richaml®t al., 2012]
while the R-form is only a very weak agonist astreceptor [Muthyala et al., 2004;
Setchell et al., 2005]. Our results indicate thdtile not as potent or efficacious as E2
(Fig. 2a and 3a) [Richardson et al., 2011], thafd S-forms of equol are equally
effective in attenuating ROS (Fig. 3b, Table 1) anelventing cell death (Fig. 2b, Table
1). These data indicate that equol, specificaléyribn-feminizing R-equol, could
potentially be used to prevent or delay cell desatti pathologic symptoms in FRDA and
supports our previous hypothesis that estrogenelikepounds are acting in a manner

unrelated to any known ER [Richardson et al., 2B&ithardson et al., 2012].

Acknowledgements We would like to thank Dr Robert J Handa for pohrg us with
the R- and S-equol compounds. We would also likbaok Yogesh Mishra for help with

ChemDraw software.
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Figure legends

Figure 1. Structures of compounds assessed for protectiamstgBSO toxicity in FRDA

fibroblasts.

Figure 2. A.) Effects of 1B-estradiol, R-equol and S-equol on cell viabiltyBSO-
treated FRDA fibroblasts at 100nM. B.) Effects eEguol and S-equol on cell viability
in BSO-treated FRDA fibroblasts. Depicted are ne&D for n= 8 per group. *
indicated p<0.05 versus BSO alone-treated celisditated p<0.05 versus BSO + R- or

S-equol.

Figure 3. A.) Effects of 1B-estradiol, R-equol and S-equol on ROS accumulation
BSO-treated FRDA fibroblasts at 100nM. B.) Effeatd®k-equol and S-equol on ROS
accumulation in BSO-treated FRDA fibroblasts. D&grcare mean + SD for n= 8 per

group. * indicated p<0.05 versus BSO alone-treatdis.
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Figure 3
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Table 1.ECsp values for R- and S-equol with respect to celbility and ROS
attenuation.

Cell Viability

Compound EC50(nM) Standard Error (nM])
R-Equol 440.5 21.11
5-Equol 459.9 12.75
Reactive Oxygen Species

Compound EC50(nM) Standard Error (nM)
R-Equol 413.9 34.91
5-Equol 439.1 33.77
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PREFACE TO CHAPTER IV
Having shown conclusively that estrogens proteistdéll type from oxidative
insult by a non-ER mediated mechanism in chapteasd Ill, we investigated the
mechanism of the estrogen action by determiningéugialae of events beginning with
BSO treatment and ending with cell death 48 hoatex | Here we illustrate that estrogen
cytoprotection is due to attenuation of reactivggen species and prevention of

subsequent oxidative damage to mitochondrial corapisn
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Abstract

Estrogen and estrogen-related compounds have bheamdgo have very potent
cytoprotective properties in a wide range of disgasdels, including am vitro model
of Friedreich’s ataxia (FRDA). This study descrilagsotential estrogen receptor (ER)-
independent mechanism by which estrogens act tegirbuman FRDA skin fibroblasts
from a BSO-induced oxidative insult resulting framhibition of de novoglutathione
(GSH) synthesis. We demonstrate that phenolic @strsy independent of any known ER,
are able to prevent lipid peroxidation and mitoatread membrane potentiah¥’m)
collapse, maintain ATP at near control levels, éase oxidative phosphorylation and
maintain activity of aconitase. Estrogens did hotyever, prevent BSO from depleting
GSH or induce increased production of GSH. Thepmyttective effects of estrogen
appear to be due to a direct overall reductiorxidative damage to the mitochondria,
enabling the FRDA fibroblast mitochondria to gemesufficient ATP for energy
requirements and better survive oxidative streees& data support the hypothesis that
phenol ring containing estrogens are possible ciatelidrugs for the delay and/or

prevention of FRDA symptoms.
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Introduction

First reported in 1863 by Nikolaus Friedreich [Eneich, 1863a, 1863b, 1863c],
Friedreich’s Ataxia (FRDA) has an incidence of 188D-1:20,000 and a carrier rate of
1:120-1:60 in the Caucasian population of the Wh&éates, making it the most prevalent
form of hereditary ataxia [Delatycki et al., 20B€arding, 1983; Harding and Zilkha,
1981; Lodi et al., 2006]. This disorder is inhetifa an autosomal recessive manner
caused by a GAA repeat expansion in the first mobthe FXN gene on chromosome
9g13-21 [Fujita et al., 1989; Hanauer et al., 1988lising a self-associating complex of
sticky DNA to form, hindering transcription [Sakataeet al., 2001] and significantly
reducing the expression of frataxin [Al-Mahdawaét 2006; Campuzano et al., 1996;
Montermini et al., 1997; Santos et al., 2010]. Thenber of GAA repeats on the smaller
allele is inversely proportional to the intracedlulevels of frataxin [Campuzano et al.,
1997] and positively correlated to the severitpaftient symptoms [Durr et al., 1996;
Isnard et al., 1997]. Although the exact role atdixin is currently unclear, its loss has
two direct effects in several reported tissue typapaired formation of iron-sulfur (Fe-
S) clusters and a rise in intracellular reactivggen species (ROS) [Delatycki et al.,
2000; Gakh et al., 2006; Lodi et al., 2006; Saetosl., 2010]. The decrease in Fe-S
containing proteins, such as heme, electron trabspain (ETC) complexes I-11l and the
Kreb’s cycle protein aconitase severely impairsutad respiration [Bradley et al., 2000;
Bulteau et al., 2004; Rétig et al., 1997], whiclugher complicated by simultaneous
oxidative damage to these mitochondrial proteinsNidhdawi et al., 2006; Bulteau et
al., 2004; Chantrel-Groussard et al., 2001; Galkdl.eRP006; Prokai et al., 2007]. These

events all culminate in an inability of the mitociuia to fulfill the cell's energy
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requirements resulting in cell death [Santos e8&l10], a mechanism of death common
to many neurodegenerative diseases [for reviewSiagkins and Dykens, 2008;

Simpkins et al., 2008].

First established more than a decade ago [Bedil,et995; Bishop and Simpkins,
1994], the neuro- and cytoprotective effects d§-Estradiol (E2) are well known.
However the exact mechanisms remain elusive [Singo&nd Dykens, 2008; Simpkins
and Singh, 2008]. There are now numerous repoawisky that estrogen and estrogen-
like compounds are effective in protecting agaigtide variety of insults in numerous
different cell types [Behl, 2002], including hum@nedreich’s ataxia skin fibroblasts
[Richardson et al., 2011]. In a previous study slvewed that several estrogen-like
compounds are extremely potent and efficaciouspegtectants of human FRDA
fibroblasts against L-buthionine (S,R)-sulfoximiBS0O)-induced oxidative stress
independent of any known estrogen receptor (ER)H&idson et al., 2011]. This effect
appears to be dependent on the presence of ableagthenol ring in the molecular
structure of the compound and is at least in pagttd antioxidant properties and the
attenuation of reactive oxygen species [Richaragal., 2011], a strategy previously
investigated with other potential antioxidants glauet al., 2002, 2003, 2007; Lodi et al.,
2006; Santos et al., 2010]. However, as in othkraoel animal disease models, the

precise mechanism of estrogen action in Friedreiakéxia is not yet fully understood.

In this study, we investigate the mechanism abgsin action in human FRDA
skin fibroblasts. Using BSO to induce oxidativeest, we show that all phenolic
estrogen-like compounds tested are able to atterR@S production [Richardson et al.,
2011], prevent lipid peroxidation and maintain raitondrial function. This occurs
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without the prevention of BSO-induced reductiomghiftathione (GSH). These effects are
also independent of any known ER. These data pieéere indicate that estrogens
effectively prevent pro-oxidant stress in the mitmedria [Jauslin et al., 2002, 2003; Lodi
et al., 2006] by preventing the excess ROS assatigith FRDA from damaging

mitochondrial enzymes and inducing cell death.
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Methods

Cell Culture. Fibroblasts from a 30 year old FRDA patient, ob¢difrom Coriell
Institute (Camden, NJ, USA) were maintained in @atto’s Modified Eagle Medium
(DMEM; ThermoScientific, Waltham, MA, USA) with 10%harcoal-stripped fetal
bovine serum (FBS; ThermoScientific), 1% GlutaMAMérmoScientific) and 1%
penicillin-streptomycin (Invitrogen, Carlsbad, CASA) at 37C, 5% CQ and 90%
humidity. Before vehicle or BSO treatment, FRDAr@iblast media was changed to
phenol red- and sodium pyruvate-free DMEM (Thermefdic) containing 1%
penicillin-streptomycin. All experiments were comted with FRDA cells from passage

14-21.

Chemicals & Reagents17B-Estradiol (E2) was obtained from Steraloids, (iINewport,
RI, USA). L-buthionine (S,R)-sulfoximine (BSO) wasquired from Sigma-Aldrich (St
Louis, MO, USA). ICI 182,780, 4,4’,4’-(4-Propyl-[]Hbyrazole-1,3,5-triyl)trisphenol
(PPT) and diarylpropionitrile (DPN) were purchasexn Tocris Bioscience (Ellisville,
MO, USA). ZYC-26 and ZYC-23 were synthesized in @mvey laboratory [Perez et al.,
2006]. Structures for these steroids were drawnguShemDraw software

(CambridgeSoft, Cambridge, MA), and are provide#&io 1.

Steroid Treatment. FRDA fibroblasts were plated in 24- or 96-welltelaat a density of
3,000-35,000 cells per well in DMEM with 10% FBSp GlutaMAX and 1% penicillin-
streptomycin. After 24 hours the growth media wexaaoved and replaced with the

phenol red- and sodium pyruvate-free DMEM. Thescedre then treated for 12-48
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hours, depending on the assay, with either dimethiybxide vehicle control (DMSO;
Sigma-Aldrich, St Louis, MO, USA) or 1mM BSO in thessence of 100nM E2, DPN,
PPT, ZYC-26 or ZYC-23, concentrations of estrogka-inolecules which have been
shown to be neuroprotective in various cell linésdt al., 2008] and cytoprotective in

this FRDA fibroblast line [Richardson et al., 2011]

Calcein AM Cell Imaging. Cells were plated on a 96-well plate at a derdity,000

cells per well, then treated with vehicle or 1 m8®. After 24, 36 and 48 hours of BSO
treatment, the media was removed, apd)/mL Calcein AM (CalBiochem, San Diego,
CA, USA) in phosphate buffer pH 7.2 (PBS; FisheeS8ific, Pittsburg, PA, USA) was
added to each well and the plate was incubatetifoninutes at 3. The cells were
then photographed using a Zeiss Axio Observer ¥értaed microscope (Carl Zeiss

Microlmaging, Thornwood, NY).

Lactate Dehydrogenase (LDH) Cell Viability AssayAfter 48 hours of treatment 50 pL
of media was removed from each well of the 96-pkdte and placed in a separate 96-
well plate. A 100 pL solution consisting of 12 mt290 mM pH 8.2
Tris(hydroxymethyl)aminomethane hydrochloride (Sagidrich, St Louis, MO, USA)
with 50 pL lactic acid and 4.2 mg iodonitrotetramol chloride (INT; Sigma-Aldrich, St
Louis, MO, USA), 1.1 mg phenazine methosulphate $Bigma-Aldrich, St Louis,

MO, USA) and 10.8 m@-nicotinamide adenine dinucleotide hydrate (NADgr8a-
Aldrich, St Louis, MO, USA) was added to each w&he absorbance of the resulting

reaction was read with a Tecan Infinite M200 plai@der at 490 nm and recorded once
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the reaction is linear for greater than 2 minu@sl| viability for each well (WellX) was
determined by: 100 — (100 * (WellX - media)/(0.1%dnX100-media)). Measurements

were then confirmed by visual inspection of the FRfibroblasts.

Western Blots.FRDA fibroblasts and 661W photoreceptor cells wgr@vn in 10 cm
plates until ~80% confluent. The cells were thenaesd from the plates using rubber
cell scrapers and sonicated in RIPA lysis buffet.ofvry assay was run to determine
protein concentration for normalization andz2pof protein was loaded into each
western blot well. ER and ER were detected using ERH-184) rabbit polyclonal 1IgG
antibody and ER (H-150) rabbit polyclonal IgG antibody, obtainedrh Santa Cruz
Biotechnology (Santa Cruz Biotechnology, Inc., &adtuz, CA, USA). GAPDH (6C5)
mouse monoclonal IgG antibody, also obtained frant& Cruz Biotechnology, was

used as a control to ensure equivalent loadingaiem loaded into each well.

Lipid Peroxidation Assay. Cells were plated on 10 cm dishes and grown a80%6
confluent. The cells were then treated with DMS@iegke control or BSO and 100 nM
E2, PPT, DPN, ZYC-26 or ZYC-23 in phenol red- andism pyruvate-free DMEM for
24 hours. At the end of treatment, the FRDA fibesitd were removed from the plates
using a rubber cell scraper and treated accordiniget Cayman 8-Isoprostane EIA
protocol (Cayman Chemical Company, Ann Arbor, Mie resulting absorbance was

read on a Tecan Infinite F200 plate reader (Tegatess, Inc., San Jose, CA) at 340nm.
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Aconitase AssayCells were plated in 10 cm dishes and grown wi@i% confluent.
The cells were then treated with DMSO vehicle aardr BSO and 100 nM E2, PPT,
DPN, ZYC-26 or ZYC-23 in phenol red- and sodiumywate-free DMEM for 24 hours.
At the end of treatment, the FRDA fibroblasts wem@oved from the plates using a
rubber cell scraper and treated according to than@a protocol. The resulting

absorbance was read on a Tecan Infinite F200 patder at 340 nm.

Mitochondrial Respiration Measurement. Human FRDA fibroblasts were plated in a
24-well Seahorse XF-24 assay plate at 35,000 aelsand grown in FBS-containing
DMEM media for 24 hours before being treated withex BSO or DMSO vehicle
control and steroids for another 24 hours in FB%®F Rhenol-red-free DMEM media. On
the day of metabolic flux analysis, cells were aethto unbuffered DMEM media
(DMEM base medium supplemented with 25 mM gluca®emM sodium pyruvate, 31
mM NaCl, 2 mM GlutaMax, pH 7.4) and incubated at’@7n a non-CQincubator for 1
hr. All media was adjusted to pH 7.4 on the dagssay. Eight baseline measurements of
OCR and ECAR were taken before sequential injeafanitochondrial inhibitors,
oligomycin (10uM), FCCP (1uM) and rotenone (@M). Four measurements were taken
after each addition of mitochondrial inhibitor befanjection of the next inhibitor.
Oxygen consumption rate (OCR, an indicator of otegphosphorylation) and
extracellular acidification rate (ECAR, an indicatd glycolysis) were automatically
calculated and recorded by the Seahorse XF-24 adt{Seahorse Bioscience, North

Billerica, MA, USA).
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ATP Assay.Cells were plated on 10 cm dishes and grown un@Pe-8onfluent. The
cells were then treated with DMSO vehicle contmroB&0O and 100nM E2, PPT, DPN,
ZYC-26 or ZYC-23 in phenol red- and sodium pyruveiteee DMEM for 24 hours. At the
end of treatment, the FRDA fibroblasts were remdvenh the plates using a rubber cell
scraper and treated according to the Abcam pro{@dmam Inc., Cambridge, MA), then
was read with an excitation of 535 nm and emissid®87 nm on a Tecan Infinite F200

plate reader.

Mitochondiral Membrane Potential (A¥Ym) Measurement.Cells were plated on 96-
well plates at a density of 3,000 cells/well. Tiei<were then treated with DMSO
vehicle control or BSO and 100 nM E2, PPT, DPN, Z¥&or ZYC-23 in phenol red-
and sodium pyruvate-free DMEM for 36 hours. A flescence resonance energy transfer
(FRET) assay was used in this study to measurechotalrial membrane potential
collapse. In this assay, nonyl acridine orange (NEf@xo Life Sciences Inc., Plymouth
Meeting, PA, USA) was used to stain cardiolipirthe inner mitochondrial membrane.
Tetramethylrhodamine, ethyl ester, perchlo(@dRE; AnaSpec Inc., Fremont, CA,
USA) was added simultaneously with NAO to the calture to quench the NAO
fluorescent signal, and incubated for 20 minuted7aE in the dark. As mitochondrial
membrane potential collapsed at 36 hours after BE&ment, TMRE was released from
the mitochondria, allowing the NAO fluorescent sigire to be read with an excitation of
495nm and an emission of 519nm with a Tecan I®RROO plate reader [Dykens et al.,

2002; Dykens and Stout, 2001; Wang et al., 2006].
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Glutathione Assay.Cells were plated on 10 cm dishes and grown un@Pe-8onfluent.
The cells were then treated with DMSO vehicle aardr BSO and 100 nM E2, PPT,
DPN, ZYC-26 or ZYC-23 in phenol red- and sodiumywate-free DMEM for 24 hours.
At the end of treatment, the FRDA fibroblasts wem@oved from the plates using a
rubber cell scraper and treated according to than@a protocol. The resulting

absorbance was read on a Tecan Infinite F200 patder at 410 nm.

Data and Statistics.All data are displayed as mean + 1 standard dewialihese data
were analyzed using ANOVA against an alpha levél.05. All graphs were made using
GraphPad Prism 5. For all groups, n=8 wells anc&arpents were repeated three times

to ensure consistency.
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Results

Timeline of events in BSO-induced FRDA fibroblast ell death. It was previously
reported that after the application of 1 mM BSQ@géascale cell death occurs at 48 hours
(Fig. 3a) [Jauslin et al., 2002; Richardson et2011], with a peak ROS level at 12 hours
[Richardson et al., 2011]. Here we have determagdheline of events beginning with
BSO treatment that lead to death in these FRDAblasts. At 12 hours, ROS levels
peak at 2-3 fold greater than control in an estnggeventable manner. This is followed
by a rise in lipid peroxidation, impairment of adgase activity, disruption in
mitochondrial respiration and reduced ATP conteé@4ahours (Figs. 4, 5, 6 and 7) and
collapse of the mitochondrial membrane potentiififi) at 36 hours (Fig. 8) in estrogen-
preventable manners. Finally, at 48 hours thevadespread cell death, which can be

significantly reduced by phenolic estrogens (Fly). [Richardson et al., 2011].

Human FRDA fibroblasts express small amounts of ER but not ERe. To determine
the presence or absence ofdedhd ER in human FRDA fibroblasts, western blots were
run showing the intracellular presence of theségnns. Our western blots indicate the
absence of E&in human FRDA fibroblasts and the presence of gemgll amounts of
ERB compared with 661W cells (Fig. 2). These dataagriéh our previous
pharmacological observations utilizing ICl 182, %8@ ZYC compounds, showing that
estrogen is likely not acting through any known t&Rroduce its effects on cell viability

and instead acts to block production of free rddiffaichardson et al., 2011].
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Effects of steroids on cell viability in BSO-treatd FRDA fibroblasts. It has been
previously reported that after the application @hi! BSO, large scale death occurs at 48
hours (Fig. 3a) [Jauslin et al., 2002; Richardsoal.e2011], with peak ROS levels at 12
hours [29]. To determine the effect of 100 nM ERTPDPN, ZYC-26 and ZYC-23 on
BSO-treated fibroblasts, we measured cell viabilisya LDH assay (Fig. 3b). BSO
decreased cell viability from 96+£1% in DMSO-conteells to 47+7%. All of the

phenolic steroids provided significant protectiari@0 nM, with E2 at 91+1%, PPT at
94+6%, DPN at 94+4% and ZYC-26 at 89+5%. ZYC-23 hadsignificant effect at 100
nM with an average cell viability of 49+5%, agailicating that the phenolic ring is the

crucial part of the estrogen molecule in providangtection in this cell type (Fig. 1).

Effects of estrogens on lipid peroxidation measureants.To determine the extent of
lipid peroxidation produced by BSO-related oxidatstress, 8-isoprostane was measured
at 24 hours, in DMSO control and BSO-treated aalthe presence and absence of E2,
PPT, DPN, ZYC-26 and ZYC-23 (Fig. 4). BSO increaseslevel of lipid peroxidation

by more than 1.5-fold over DMSO control cells, asasured by intracellular 8-
isoprostane concentration at 24 hours. This iner@aBpid peroxidation was prevented

by each of the phenolic estrogens, but not ZYCh2fcating that the antioxidant
properties of the phenolic rings of these compowardsable to prevent not only ROS
accumulation, but also the resulting oxidative dgent intracellular molecules in these

cells.
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Effects of estrogens on aconitase activitAconitase, an enzyme in the Kreb’s cycle
responsible for conversion of citrate to isocityadean iron-sulfur containing protein
extremely sensitive to reactive oxygen specieshasdeen shown to be significantly
inhibited in human FRDA cardiomyocytes, althougt incother tissues [Lodi et al.,
2006]. Here, we show that in human FRDA fibrobldkese was more than a 50%
decrease in aconitase activity in cells treatett wimM BSO, and this was patrtially
prevented with co-treatment of all tested phenediztogens, but not ZYC-23 (Fig. 5).
There was a trend toward compounds with increasetbers of phenolic rings having an
increased protective effect in terms of aconitaswigy levels. This suggests that
estrogens are preventing the loss of aconitasetsdily preventing ROS damage to this

enzyme.

Effects of estrogens on mitochondrial respirationTo determine if BSO decreases the
level of aerobic ATP production, we assessed tlyg@x consumption rate (OCR) with a
Seahorse XF-24 metabolic flux analysis (Fig. 6&80Binduced oxidative stress
significantly decreased both the basal respiratatgy (Fig. 6b) and the maximal
respiratory rate (Fig. 6¢) suggesting that at 2drb@f BSO treatment there was already
permanent damage inflicted on the mitochondriaerbsgtingly, in the BSO-treated cells,
the maximal respiratory rate (45.4+1.0pMoles/mipswgignificantly lower than the basal
respiratory rate in the DMSO vehicle control c€l6.1+2.0pMoles/min) (Fig. 6a). Both
E2 and ZYC-26 were able to partially offset therdased respiratory capacity in both
basal and maximal states (Fig 6a). These two emtogre statistically equivalent in

terms of basal respiratory rate rescue, however-28@ppears to be less efficacious at
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preventing mitochondrial impairment under the maalistate (Figs. 6b and 6c). In all
measurements, ZYC-23 provided no significant ineeda OCR compared to BSO-alone
treated cells. Extracellular acidification rate @&&), a measure of anaerobic glycolysis
was not statistically altered in any of the foungps (data not shown). Importantly, all of
the differences noted in Figures 6a-6¢ can bebatid solely to mitochondrial
dysfunction in living FRDA fibroblasts, as thereswao significant cell death present at
24 hours (Fig. 3a). These data indicate that phenglcontaining estrogens are able to
partially prevent BSO-induced free radical damagthé mitochondria, independent of

any known ER, while non-phenol ring containing @géns are not.

Effects of estrogens on cellular ATP concentrationlo determine the effect of

phenolic estrogens on ATP production, we evaluasath of these estrogen-like
compounds with an intracellular ATP concentratiesay. Although ATP production and
concentration in FRDA fibroblasts is relatively lawder baseline conditions compared
to other cell types such as primary neurons, BgBifstantly reduced the intracellular
ATP content by about 35% beyond this level, anctfiieat was partially prevented by the
phenolic estrogens E2, PPT, DPN and ZYC-26, butheton-phenolic ZYC-23 (Fig.

7).

Mitochondrial Membrane Potential (A¥m) Collapse.To determine the effect of
estrogens on mitochondrial membrane potential pséaan event following ROS-
induced mitochondrial damage and preceding cellhdeae assessed each of our

phenolic and non-phenolic compounds with a FRE&yas$ 36 hours after BSO
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treatment, a time point at which there was a pesskin NAO fluorescence in the BSO
treated cells (data not shown). At 36 hours, be$ayeificant cell death occurs (Fig. 3a),
there was a 4-5 fold increase in NAO fluorescend830 treated cells compared with
DMSO controls. This effect was prevented by thetamidof 100 nM of the phenolic
estrogens E2, PPT, DPN and ZYC-26, but not ZYCR§.(8). These data indicate that
estrogen-like compounds are able to prevent oxidatiress induced collapse/®¥m,

an event indicating mitochondrial function disraptithat occurs prior to cell death (Fig.
3a), and that this effect is dependent on the poesef a phenol ring in the molecular

structure.

Effects of estrogens on glutathione concentration3.o determine if estrogens were
acting to prevent BSO-induced declines in GSH, sseased GSH concentrations in
control cells and those treated with BSO for 24reoBSO significantly reduced the
levels of GSH below baseline control, and nonéefdstrogen-like compounds assayed
had any effect on GSH concentrations (data not sholihese data show that estrogens
are not acting simply to prevent BSO from depletghgathione or to induce glutathione

synthesisn vitro.
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Discussion

The potential for estrogens to protect a numbeliftérent cell and tissue types
against a wide range of insults has been knowmfire than a decade [Behl, 2002;
Bishop and Simpkins, 1994; Simpkins and Singh, 208@ile clinical trials for
estrogens have fallen short of expectations [Singp&ind Singh, 2008], there is still
considerable evidence that estrogens have signif@tential to act as neuroprotective
agents in Alzheimer’s disease, Parkinson’s disaaskeemic stroke, traumatic brain
injury and many other acute and chronic neuroldgitaies [Grandbois et al., 2000;
Simpkins et al., 1997; Simpkins and Singh, 2008gdliton et al., 2010]. We have also
previously reported that Bfestradiol and other estrogen-like compounds aestab
significantly attenuate ROS production and prewefitdeath in a human Friedreich’s
ataxia skin fibroblast model [Richardson et al.1P0 While the exact mechanism of
estrogen neuroprotection is currently unclear,ghgmounting evidence that the
protective effects of estrogen-related compoundg @caur in cells in a nongenomic
manner, independent of estrogen receptor activaiahsubsequent gene expression
[Behl and Manthey, 2000; Behl and Moosmann, 2008k& and Simpkins, 2007;
Rupprecht and Holsboer, 1999; Simpkins and Dyk2d88]. The antioxidant properties
of estrogens [Prokai et al., 2006] are due to tesgnce of a phenol at position 3 on the
A-ring of estrogens [Prokai et al., 2003; Prokad &mpkins, 2007]. This phenol ring is
responsible for attenuating ROS created by thedrergactionn vitro, produced in this
study using BSO, by a cyclic phenol-quinol mechanjBrokai et al., 2003].

FRDA is the most common inherited ataxia in theldjaaffecting at least

1:50,000 individuals in the United States [Hardib@83]. Initiated by an autosomal
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recessive GAA repeat expansion in the first inmbthe FXN gene on chromosome 9
[Fujita et al., 1989; Hanauer et al., 1990], thera depletion of frataxin protein in all of
the affected individual’s cells, resulting in sev@npairment of mitochondrial respiration
[Santos et al., 2010]. Classically, FRDA symptoragib to appear in patients with >100
GAA repeat sections in the first intron of the F)§Bine, with the number of repeats on
the smaller allele being proportional to the clatidisease state [Durr et al., 1996; Isnard
et al., 1997], although the number of GAA repeatsot fully predict the extent and
course of the disease process [Klopstock et @911The impairment of mitochondrial
respiration primarily affects tissues that arertiest dependent on oxidative
phosphorylation to survive, the dorsal rood gan@RG), posterior columns,
corticospinal and spinocerebellar tracts of thealptord, the cerebellum,
cardiomyocytes and pancreatic beta cells [for redee: Marmolino, 2011; Santos et al.,
2010]. Studies have found that along with geneitdechondrial dysfunction, there are
significant decreases specifically in activity cbaitase and complex I-1ll in the heart,
although not in skeletal muscle, cerebellum or OBR@dley et al., 2000; Lodi et al.,
2006].

In the present study, human FDRA fibroblasts vadrained from skin-punch
biopsies of a 30-yr-old FRDA patient from CorieklCRepositories, a widely accepted
cell model for studying FRDA [Jauslin et al., 20@R03, 2007; Li et al., 2008]. These
cells were homozygous for the FRDA trinucleotidee&t with 541 repeats present on the
first allele and 420 present on the second. BSOusad in this model to inhibite novo
glutathione synthesis, depleting an important camepo of these cell’s intrinsic defenses

against ROS and allowing for the accumulation ofSRfoduced by natural cellular
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processes, resulting in cell death [Richardson.e2@11]. The mechanism by which

BSO inhibits production of GSH and results in caath is depicted in Figure 9. Because
they are lacking in frataxin, FRDA fibroblasts @adremely sensitive to BSO-induced
oxidative stress compared with normal fibroblastsuklin et al., 2002], and thus are used
as ann vitro model of the long-term consequences of abseriratFrataxin has been
shown to be influential in the production of Fel@ster containing proteins [Bradley et
al., 2000; Gille and Reichmann, 2011; Gonzalez-Gsla., 2005] and to prevent
intracellular ROS rise caused by the toxic effeftexcess intracellular iron [Gakh et al.,
2006]. In this model, the rise in ROS resultingirthe lack of both frataxin and GSH
impairs Fe-S cluster proteins and damages key coamis of the mitochondria, reducing
ATP production and resulting in cell death (Fig. 9)

Here we show that phenolic ring containing estnsgare able to prevent ROS-
induced damage of intracellular lipids and protearsd are able to maintain
mitochondrial function despite severe oxidativesst All of the phenolic compounds
tested have been previously shown to prevent aease in intracellular ROS
[Richardson et al., 2011], and they are furthee ablprevent subsequent damage caused
by these ROS. Figures 4 and 5 show that phendlicgens prevent oxidative damage to
cellular lipids and to the Kreb’s cycle proteinpatase. It has previously been
established that E2 is capable of increasing levedgonitasen vitro andin vivo, and it
is thought that this effect is mediated by a reducin ROS-related damage to aconitase
[Nilsen et al., 2007; Razmara et al., 2008]. Osuls indicate that ZYC-26 is able to
prevent loss of aconitase activity, while ZYC-23 @, which argues that E2 increases

aconitase activity levels by reducing ROS-medialachage to this protein in this cell
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type. Phenolic estrogens also prevent damage tamitoehondria and disruption of its
function, as seen by maintenance of oxidative phagpation and oxygen consumption

rates (Fig. 6), maintenance of near normal ATPIltewecells treated with phenolic
estrogens (Fig. 7), and the preventiomdfm collapse (Fig. 8). It has been previously

shown that E2 is capable of enhancing overall moodrial respiration with the
Seahorse assay [Yao et al., 2011]. In this studghesv here that mitochondrial function
is greatly impaired by BSO, and that the maximaRX$@en in BSO-treated fibroblasts is
less than the resting OCR in DMSO control cellg(B@a). The fact that the baseline
resting OCR s statistically lower in BSO-treatdatdblasts (Fig. 6b) indicates that there
is permanent damage to the mitochondria in thed® ate?4 hours after BSO treatment,
prior to any cell death (Fig. 3a) [Richardson et2011].This BSO-induced
mitochondrial damage can be prevented by eithesrE2Y' C-26, but not ZYC-23 in both
resting and maximal respiratory states (Figs. @bGxa), indicating that the cellular
respiratory depression observed in BSO-treated FRRIXAblasts is due to oxidative
damage to the mitochondria and that phenolic estrogre acting to prevent this
oxidative damage in an ER-independent manner. Bab@se data produced in these
experiments corresponds to the decrease in inlugaeATP concentration observed in
BSO-treated cells (Fig. 7).

Taken together with results published previousligfrdson et al., 2011], these
observations demonstrate that an oxidative insoliyces a large increase in reactive
oxygen species, leading to consequent lipid, pnaed organelle damage, mitochondrial
membrane collapse and cell death. Similar to studiéissue samples from human

FRDA patients [Bradley et al., 2000; Lodi et aD0B], our results demonstrate that there
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is significant damage to the mitochondria resultmthe inability of the ATP producing
components of the cell to meet energy requiremésdsing to large-scale cell death.
This can be prevented by the simultaneous appicati phenolic estrogens, which
effectively reduces the extent of the oxidativaulhef individual cells and prevents
organelle damage. These data provide a potenticthamesm for the protective properties
of phenolic estrogens in this system.

These data support the growing body of evidendeetftaogens can act to protect
cells and tissues from damage inflicted by neuredetative disease by nongenomic
means [Behl and Moosmann, 2002; Prokai and SimpRid&7; Rupprecht and Holsboer,
1999; Simpkins et al., 2008]. Since FRDA can beljgted and diagnosed very early
[Monros et al., 1995; Pandolfo and Montermini, 198&llis et al., 1989], there is a
window of opportunity to begin treatment in newlmrmpears before any of the
devastating cardiac or neurological symptoms bagaevelop, a time period in which
non-feminizing estrogen-like compounds may provedwery efficacious. This study
presents the first potential mechanism by whichogsins may be acting to prevent cell
death in FRDA and illustrates that non-feminizistyegens are an attractive class of

candidate drugs for the prevention and delay of RRPmptoms.
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Figure Legends

Figure 1. Structures of compounds assessed for protectianst@SO toxicity in FRDA

fibroblasts.

Figure 2. Western blot showing the presence of small amoafER3 and the absence of

ERa in FRDA fibroblasts compared with 661W photoreoceiells.

Figure 3. A.) Calcein AM imaging demonstrating cell viabilibetween vehicle control
and BSO treatment groups at 24, 36 and 48 houate Har = 200m. B.) Effects of E2,
PPT, DPN, ZYC-26 and ZYC-23 on cell viability in BSreated FRDA fibroblasts. All
steroid concentrations were 100nM and BSO concgoriravas 1mM. Depicted are mean

+ SD for n= 8 per group. * indicated p<0.05 verB®&0O alone-treated cells.

Figure 4. Effects of E2, PPT, DPN, ZYC-26 and ZYC-23 omacellular lipid
peroxidation in BSO-treated FRDA fibroblasts. Ak®id concentrations were 100nM
and BSO concentration was 1mM. Depicted are meab for n= 8 per group. *
indicated p<0.05 versus BSO alone-treated cellsnérmalized 8-isoprostane control

concentration = 6.23pg/mL.

Figure 5. Effects of E2, PPT, DPN, ZYC-26 and ZYC-23 on #téivity of aconitase in

BSO-treated FRDA fibroblasts. All steroid concetitias were 100nM and BSO

95



concentration was 1mM. Depicted are mean = SD #08 per group. * indicated p<0.05

versus BSO alone-treated cells.

Figure 6. Effects of E2 and ZYC-26 on mitochondrial functiorBSO-treated FRDA
fibroblasts. A.) Oxygen consumption rate (OCR; Migbes/min) B.) Basal respiratory
rate (in pMoles/min) C.) Maximal respiratory rate pMoles/min) All steroid
concentrations were 100nM and BSO concentrationiwad. Depicted are mean = SD

for n= 8 per group. * indicated p<0.05 versus B3@he-treated cells.

Figure 7. Effects of E2, PPT, DPN, ZYC-26 and ZYC-23 on itteacellular ATP
content inside of BSO-treated FRDA fibroblasts. #t#roid concentrations were 100nM
and BSO concentration was 1mM. Depicted are meab for n= 8 per group. *
indicated p<0.05 versus BSO alone-treated cellB%d0ormalized ATP control

concentration = 501pM.

Figure 8. Effects of E2, PPT, DPN, ZYC-26 and ZYC-23 on tldlapse of

mitochondrial membrane in BSO-treated FRDA fibrekda All steroid concentrations

were 100nM and BSO concentration was 1mM. Depiatednean + SD for n= 8 per

group. * indicated p<0.05 versus BSO alone-treatdis.

Figure 9. Proposed mechanism offtEstradiol in BSO-treated FRDA fibroblasts.
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Figure 1
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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PREFACE TO CHAPTER V
It has been shown that both estrogens and methilaeéhave significant potent
cytoprotective potential against oxidative damagthé mitochondria in Friedreich’s
ataxia fibroblasts. Here we investigate the po&idr these compounds to have additive
or synergistic effects when given in combinationages that alone would be

nonprotective.
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Abstract

Methylene blue, estrogen and estrogen-like compstiagte been demonstrated
to have protective effects in many different mogdeisluding ann vitro model of
Friedreich’s ataxia. This study evaluates the fil#tsi that these compounds could act
synergistically if given in combination, alleviatimany of the pharmacokinetic and
pharmacodynamic problems associated with treatnresttiding toxic effects. Using the
Friedreich’s ataxia fibroblast cell model in congtion with L-buthionine (S,R)-
sulfoximine (BSO), which inhibitde novaglutathione (GSH) synthesis and subjects the
cells to oxidative stress, we evaluate the protegiotential of 1 pM-1@M estrogen and
ZYC-26 in combination with the non-protective 1 mvkthylene blue and 1 pM-1M
methylene blue in combination with 10 nM estrogeZ¥C-26, non-protective
concentrations of these compounds. We discovegdiimultaneous methylene blue
treatment significantly lowers the B{ralue of both estrogen and ZYC-26 ~10-fold and
~12-fold respectively, and simultaneous estrogeatrirent significantly lowers the B
value of methylene blue by ~11-fold, although theneo statistical change with
simultaneous ZYC-26 treatment. These data showtlleat is a synergistic effect
between these compounds, with a protective effeaiming with concentrations that
would be non-protective alone. This strengthensatigeament for further evaluating both
estrogens and methylene blue as potential therégidise prevention or delay of

Friedreich’s ataxia symptoms.
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Introduction

First diagnosed by Nikolaus Friedreich in 1863 ¢Hreich 1863a, 1863b, 1863c],
Friedreich’s ataxia (FRDA) affects 1 in 50,000 pleoporldwide with a carrier rate of 1
in 120 making it the most common type of inheriéaixia worldwide [Bradley et al.,
2000; Campuzano et al., 1996; Harding, 1983; Lestra., 1990; Pandolfo, 1998; Schulz
et al., 2009]. The genetic basis of FRDA is a trieatide GAA repeat expansion in the
FXN gene on chromosome 9, which normally producasxin protein [Fujita et al.,
1989; Hanauer et al., 1990]. When this trinuclemsdgquence grows beyond 100-200
repeats, a self-associating complex of triple laeli2NA forms forcing histone
deacetylation during DNA to mRNA transcription,egffively preventing the production
of frataxin protein [Bradley et al., 2000; Campuzaat al., 1996; Grabczyk and Usdin,
2000; Heidenfelder, 2003; Lodi et al., 2006; Monten et al., 1997; Sakamoto et al.,
1999, 2001; Wells, 2008]. The precise cellular aflérataxin is still unclear, however its
absence results in dysfunctional iron metabolischierpaired function of iron-sulfur
(Fe-S) cluster proteins, including heme, electrangport chain (ETC) complexes and
the Kreb’s cycle protein aconitase, as well asetysiation of the cellular redox state
[Delatycki et al., 2000; Gakh et al., 2006; Lodaét 2006], ultimately leading to
progressive oxidative damage to the mitochondrar{ikeyan et al., 2003]. Similar to
the pathogenesis of many other neurodegeneraseasks, this mitochondrial oxidative
damage causes an impairment in aerobic ATP pramtuaetd a mismatch in the ratio of
ATP production to the cellular ATP demands, leadmgell death in tissues and organs
most dependent on oxidative phosphorylation fovisat [Bulteau et al., 2004; Chantrel-

Groussard et al., 2001; Gakh et al., 2006; Jaeslat., 2002; Santos et al., 2010].
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Symptoms usually present in FRDA patients beforgedys of age with gait ataxia
caused by degeneration of sensory neurons, dasaganglia, spinocerebellar,
corticospinal and posterior column tracts, as aglthe rarer auditory and visual deficits,
tremor, weakness and other sensory abnormalitesscavitus, lateral and kyphoscoliosis
and an increased incidence of type 1 diabetes.&1¥atients have cardiac complications
with hypertrophic cardiomyopathy being the most own cause of premature death
[Bradley et al., 2000 ; Durr et al., 1996; Dutkakf 2000; Lodi et al., 2006; Geoffroy et
al., 1976; Harding, 1981; Harding, 1983; Isnardlet1997 ; Seznec et al., 2004; Simon
et al., 2004].

Currently, there is no viable treatment optionF&®DA patients. Idebenone
(IDB), the only drug approved for phase Il trisdsshumans showed initial promise in
both cellular [Jauslin et al., 2002, 2007] and mennodels [Seznec et al., 2004] of
FRDA, however it recently failed its phase Il tram the basis that it did not improve
cardiac function or hypertrophic cardiomyopathydkedrost et al., 2011]. Methylene
blue (MB) has been used for many different indmadiin the past century, including for
neuroprotection and improvement of neurologicattion in Alzheimer’s disease
models [Atamna and Kumar, 2010; Oz et al., 20Xt|nal disease [Zhang et al., 2006],
optic neuropathy [Rojas et al., 2009a], Parkinsadimsgase models [Rojas et al., 2009b;
Wen et al., 2011], a stroke model [Wen et al., 2@t recently in cytoprotection of
FRDA fibroblasts against oxidative stress [Yu et2011]. The mechanism of MB
protection in neurodegenerative states is thoughetdue to both its antioxidant
capabilities and its ability to shuttle electroheough a damaged or otherwise

nonfunctional electron transport chain [Wen et2011]. Estrogen (E2) too has long
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been known to have neuroprotective effects in awatiety of neurological disorders in
many different model systems [Behl, 2002; Simplahal., 2008], including in this cell
model of FRDA [Richardson et al., 2011]. We recghtpothesized the mechanism of
E2 in the FRDA cell model to be due to direct axitiant action of the phenol ring and
preservation of mitochondrial integrity independgwf any known estrogen receptor
[Richardson et al., 2011, 2012].

In this study, we evaluate various combinationtbd, MB, E2 and the non-
feminizing estrogen ZYC-26 [Perez et al., 2006;Mardson et al., 2011, 2012],
evaluating in each a full dose-response curve mgigom 1 pm to 1@M with non-
protective concentrations of the other compoundsstablish any synergistic
relationships. We show that simultaneous 1 nM Mfatiment effectively increases the
potency of E2 (~10-fold) and ZYC-26 (~12-fold) anéatment with 10 nM E2 increases
the potency of MB (~11-fold). We observed no sigrafit change to the potency of MB
with the addition of 10 nM ZYC-26, and no interactibetween E2 and IDB.
Furthermore, we found no significant effects of IBBne over the 1 pM-10M range

tested.
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Methods

Cell Culture. Fibroblasts from a 30 year old Friedreich’'s Ataf&DA) patient (Coriell
Institute, Camden NJ, USA) were maintained in Dodlmes Modified Eagle Medium
(DMEM; ThermoScientific, Waltham, MA, USA) with 10%tal bovine serum (FBS;
ThermoScientific, Waltham, MA, USA), 1% penicillstreptomycin (Invitrogen,
Carlsbad, CA, USA) and 1% GlutaMAX (ThermoScierdifat 37C in 5% CQ and 90%
humidity. At the time of treatment, the FRDA fibtabt media was changed to phenol
red- and sodium pyruvate-free DMEM (ThermoSciea)iéind 1% penicillin-

streptomycin. All experiments were conducted usielyj passages 14-19.

Chemicals & Reagents17p-Estradiol (E2) was acquired from Steraloids, [iNewport,
RI, USA). L-buthionine (S,R)-sulfoximine (BSO) wabtained from Sigma-Aldrich (St
Louis, MO, USA). Idebenone was purchased from Sigiazaich. MB was obtained

from Taylor Pharmaceuticals (Decatur, IL). ZYC-263rsynthesized in the laboratories
of Douglas Covey [Perez et al., 2006]. Structucesafl steroids are provided in Figure 1

and were drawn using ChemDraw software.

Treatment Paradigm. FRDA fibroblasts were removed from culture witB@%%
Trypsin-EDTA (Invitrogen, Carlsbad, CA, USA) anchfgd on 96-well plates at a density
of 3,000 cells per well in DMEM with 10% CSFBS, BBtutaMAX and 1% penicillin-
streptomycin. After 24 hours the media was remavsdireplaced with phenol red- and
sodium pyruvate-free DMEM with 1% penicillin-streptycin. The cells were then

treated for 48 hours with either DMSO or 1mM BSQha presence of 1 nM-10 uM EZ2,
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ZYC-26, MB or idebenone = combinations of 1-10nM EXC-26, MB or idebenone,
concentrations of estrogens known to be neuropieéein various cell lines [Jauslin et

al., 2002; Richardson et al., 2011; Yi et al., 4008

Calcein AM Cell Viability Assay. Cells were plated on a 96-well plate at a derwity
3,000 cells per well, then treated with vehicledlorM BSO. After 48 hours of BSO
treatment, the media was removed, apd)/mL Calcein AM (CalBiochem, San Diego,
CA, USA) in phosphate buffer pH 7.2 (PBS; Fishee8ific, Pittsburg, PA, USA) was
added to each well and the plate was incubatetiCfaoninutes at 3. Cell viability was
determined with a Tecan Infinite M200 (Tecan Systeimc., San Jose, CA) plate reader

with an excitation of 490nm and emission of 520nM&hours.

Data and Statistics All data are displayed as mean * 1 standard dewiaiihese data
were analyzed using ANOVA against an alpha levél.056. All bar graphs were made
using GraphPad Prism 5 and g Calculations were made with GraphPad Prism 5. For

all groups, n=8 wells and experiments were repeidtee times to ensure consistency.

113



Results

Effects of estrogen and methylene blue on cell vidity in BSO-treated FRDA
fibroblasts. A dose response curve of MB was evaluated from t@iDuM with and
without the non-protective E2 dose of 10 nM (Fig)s.and 4b) in BSO-treated cells. We
found significant protection in the BSO and MB-adreated cells between 10 nM and 1
uM, with maximal effects at 100 nM and toxicity & M. With the addition of 10 nM
E2 the curve shifted significantly to the left indiing an increase in potency of MB.
There was also a significant protective effect aMLMB in the presence of estrogen, an
increase in efficacy from 10 nM+IM and protection from toxicity at oM (Fig. 2a).

The addition of estrogen significantly reduced Bt&, of MB from 9.7 nM to 880 pM
(Fig. 5 and Table 1). A dose response curve of B2 also evaluated from 1 pM to 10
uM with and without the non-protective MB dose afi (Fig. 2a) in BSO-treated cells.
There was again a significant left-shift of the\E&bility curve with 10 nM-1QuM being
protective in the presence of MB, while only 100-40uM was protective without it
(Fig. 2b). There was also a small increase in &ffydetween 100 nM-1@M with 1 nM

MB and an ~11-fold decrease in thesgEig. 5 and Table 1).

Effects of ZYC-26 and methylene blue on cell viakity in BSO-treated FRDA
fibroblasts. In this study, a dose response curve of cell vitghih BSO-treated cells was
run with 1 pM to 1QuM of MB with and without the non-protective 10 nl®ig. 3b) of
the non-feminizing estrogen compound ZYC-26 in B$&xted cells. Here we found no
significant increase in efficacy or potency (Ficarkd Table 1), although there was a

small but significant protective effect against tbeic effects of 1uM MB in the ZYC-
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26 treated cells (Fig. 3a). Conversely, figure Boves that in FRDA fibroblasts treated
with ImM BSO and 1 pM-1QM ZYC-26 there is no significant increase in eftiga
produced by the addition of 1 nM MB to any of théZ26 doses, however there is a
significant increase in potency as illustrated bgfashift of the dose-response curve and
~12-fold increase in ZYC-26 potency with @alues falling from 55.41 nM and

4.64nM with the addition of 1 nM MB present.

Effects of E2 and idebenone on cell viability in BS-treated FRDA fibroblasts. We
ran a dose response curve of idebenone from 1 piML@ith and without the non-
protective E2 dose of 10 nM (Figs. 2b and 4b), @ddot find any significant protection
of idebenone by itself with significant toxicity 40 uM. The addition of 10 nM estrogen
to this curve did not detectably increase the potealthough there appears to be a small
increase in efficacy in the 1-10 nM idebenone raigg. 4a). No EC50 value could be
determined for idebenone with or without 10 nM ERthe dose response curve of E2
from 1 pM to10uM =* the non-protective idebenone dose of 10 nM.(Bg) there was
also no detectible significant difference to thégpay or efficacy of E2 in the presence
of idebenone. There was, however, a consistent teemard the E2 curve with 10 nM
idebenone being more efficacious at each dose @2 general trend toward a left
shift of the E2 dose response curve. There wasatistecally significant change in the
ECso of E2 in the presence of idebenone (Fig. 5 andeThb The lack of idebenone
efficacy was a surprising result as other group&tiaund that there was a protective
effect of idebenone in other FRDA fibroblast ceiels [Jauslin et al., 2003, 2007]. The

specific cell line of FRDA fibroblasts used in tkesxperiments has been previously
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shown not to respond favorably to idebenone treatifénpublished Observations, Yu

and Yang, 2011].
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Discussion

FRDA fibroblasts, including the cell line used éenave been utilized as an
initial screening tool for drugs designed to treRDA by several different groups
[Jauslin et al., 2002, 2003, 2007; Richardson.e®éll1, 2012; Yu et al., 2011]. Taken
from skin-punch biopsies used to diagnose FRDAGddity, the fibroblasts used here
were taken from a 30-year old male Caucasian FR&#ept with clinical signs of the
disease and homozygous GAA expansion, with 54lidlaotide repeats on the first
allele and 420 on the second. These cells als@aitond detectable ERprotein and only
small quantities of ERas measured by western blot [Richardson et al2]20
Friedreich’s ataxia can be understood as a gedssticder as well as a metabolic disorder
[Santos et al., 2010]. The lack of frataxin causgdAA repeats in the first intron of the
FXN gene in this cell type impairs the functionf&-S cluster proteins, which is
complicated by oxidative stress, produced in higangities in these cells by the failing
mitochondria and increased free iron moleculed=e@aton chemistry further inhibiting
oxidative phosphorylation complexes and aconiasét¢Bu et al., 2004; Chantrel-
Groussard et al., 2001; Delatycki et al., 2000;ilegdal., 2006; Santos et al., 2010]. BSO
is to inhibit the rate limiting step of glutathiosgnthesis, artificially raising the levels of
ROS produced naturally in cells and organ systdftistad by FRDA [Jauslin et al.,
2002, 2003; Richardson et al., 2011, 2012] to mitmécredox conditions found in human
FRDA. FRDA fibroblasts are significantly more vutable to the oxidative stress
induced by BSO than regular fibroblasts [Jauslialt2002; Yu et al., 2011], and so are

used here as an vitro model of FRDA.
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Phenol rings on E2 and other estrogens includiegeR: agonist PPT, the R
agonist DPN and other non-feminizing estrogens these compounds very potent
antioxidant properties [Richardson et al., 201 Bfr&gens are ideally designed to
penetrate the blood brain barrier and insert indonioranes stopping the cascade of ROS,
lipid and protein oxidation and mitochondrial daredxy a cyclic and reusable phenol-
quinol reaction [Prokai et al., 2003, 2006; Prakad Simpkins, 2007]. In the FRDA
fibroblast cell line, we have shown that there ogent cytoprotective effect with any
phenol ring containing estrogen-like compound,udaig both E2 and the non-
feminizing ZYC-26, attenuating ROS, preventingdipieroxidation and Fe-S enzyme

damage, maintaining mitochondrial function andaoéllular ATP concentration and
preventing mitochondrial membrane potentiat{m) collapse and cell death

[Richardson et al., 2012]. All of these effects mependent of any known estrogen
receptor, and are believed to be dependent onithet dntioxidant properties of phenol
rings with the number of phenol rings present icheeompound directly correlated to the
potency of that compound [Richardson et al., 20MB.is also able to attenuate the ROS

and cell death induced by BSO in this cell typewa#l as preventing the reduction in
complex I-1ll and IV activity anda¥Wm collapse in response to BSO treatment [Yu et al.,

2011]. The mechanism of MB has been hypothesizedttas both an antioxidant and
electron shuttle in oxidative phosphorylation, supipg the mitochondria against a
variety ofin vitro andin vivoinsults [Wen et al., 2011].

In the present study, we assessed for any possildiéive or synergistic reactions
between E2, ZYC-26, MB and idebenone in terms aharease in either potency or

efficacy. We found that the addition of 1 nM MB ieases both the potency of E2 and
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ZYC-26, ~10-fold and ~12-fold respectively (Fig.daTable 1). In addition, the non-
protective 1 nM concentration of MB (Fig. 2a) sfgrantly increases the efficacy of E2
in the 100 nM to 1M range and causes E2 to have a significant prgeetfect at 10
nM while there is no protective effect at this centration in the BSO- and E2-alone
treated cells (Fig. 2b). The addition of the noatpctive concentration of 10 nM E2 also
produces an increase in MB potency of ~11 fold (bignd Table 1). There is also a
significant increase in efficacy between 10niVL, a new protective effect at 1 nM and
a small but significant protection from the toxiteets of MB at 1QuM (Fig. 2a). We
found no increase in the potency or efficacy of Migh the addition of the non-
protective 10 nM ZYC-26 (Fig. 5 and Table 1). Thewas, however, still a protective
effect against the toxic effects of i1 MB with 10 nM ZYC-26 (Fig. 3a). Idebenone,
which has been shown to be protective in FRDA fiaists [Jauslin et al., 2002, 2007],
although not in this specific line of FRDA fibrokta [Unpublished Observations, Yu and
Yang, 2011], did not have any discernable protectiffects in the 1 pM-10M range
tested, although it did have a very large toxieetfat 1QuM (Fig. 4a). We found no
significant interactions between E2 and idebenboethere were non-significant trends
toward additive effects. Figure 4a shows that 1@&®increases the efficacy of
idebenone in the 1 nM-100 nM range, but offersigaicant protection against the
toxicity of 10uM idebenone. There was also a consistent trendrtbaraincreased
protective effect of E2 from 1 pM to 1M with the addition of 10nM idebenone,
although there was no measurable increase in pp{éig. 5 and Table 1).

In conclusion, these data show that both E2 andakéBriable candidate drugs

for the treatment and prevention of FRDA signs syrdptoms, either alone or in
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combination. With the recent failure of idebenong@hase Il trials [Lagedrost et al.,
2011], new compounds are needed to prevent thestégway neurological and cardiac
damage seen in FRDA patients. Because of theiectisp mechanisms of action, E2
and MB are both ideal candidates for correctingnitracellular redox state and
maintaining mitochondrial integrity, however at desigh enough to produce effects in
both cardiac and neurological tissues their tokeots may outweigh any protective
effects. This study is the first to show that irmtmnation, these two drugs produce
cytoprotective effects at much lower concentrati@iswing for the possibility of
significant cardio- and neuroprotection at muchdovevels of each, well below their

toxic range.

Acknowledgements:We would like to thank Maninder Malik for all oEhhelp with

ChembDraw software in figure 1.
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Figure Legends

Figure 1. Structures of compounds assessed for protectians@SO toxicity in FRDA

fibroblasts.

Figure 2. A.) Effects of MB in the presenca)(and absenceof of 10 nM E2. BSO
concentration is 1 mM and MB concentration varresf1 pM to 1QuM. * indicated
p<0.05 versus MB alone-treated cells. B.) Effe¢tE2in the presenca) and absence
(o) of 1 nM MB. BSO concentration is 1mM and E2 cantcation varies from 1 pM to

10 uM. * indicated p<0.05 versus E2 alone-treated cells

Figure 3. A.) Effects of MB in the presence)(and absence§ of 10 nM ZYC-26. BSO
concentration is 1 mM and MB concentration varresf1 pM to 1QuM. * indicated
p<0.05 versus MB alone-treated cells. B.) Effe¢t&8Y)C-26 in the presenca) and
absenceq) of 1 nM MB. BSO concentration is 1mM and ZYC-2hcentration varies

from 1 pM to 10uM. * indicated p<0.05 versus ZYC-26 alone-treatetisc

Figure 4. A.) Effects of idebenone in the presensgdnd absenceof of 10 nM E2.
BSO concentration is 1 mM and idebenone conceatrataries from 1 pM to 10M. *
indicated p<0.05 versus idebenone alone-treatésl &) Effects of E2 in the presence
(m) and absenceo} of 10 nM idebenone. BSO concentration is 1mM B&d
concentration varies from 1 pM to L®. * indicated p<0.05 versus E2 alone-treated

cells.
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Figure 5. Comparison of E€g values for all of the interactions measured: E2+E. nM
MB, E2 + 10 nM idebenone, ZYC-26, ZYC-26 + 10 nM M#8B, MB + 10 nM E2 and

MB + 10 nM ZYC-26. * indicated p<0.05 versus E2,Z¥6 or MB alone-treated cells.
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Figure 2.

A
. O OnM E2
§100. P 10nM E2
Fy
3 754
8
>
= 950
@
S
o 254
o
C L L} L} L L} LJ L} LJ L
O NI AN N OO O O D
S o N PSS
Q¥ O NN
MB [nM]
B
. O OnM MB
§_100. @ ® InMNMB
Py
'S 75
S
S
£ 30
Q
2
o 25
o
C LJ L] L} LJ L]

O MNDMNMAN N O O O 8
) N '\Qs

E2 [nM]

124



Figure 3.
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Figure 4.
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Figure 5.
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Table 1.EGCso values for interaction studies.

Cell Viability ECsg
Compound

E2

E2 + 1nM MB

E2 + 10nM Idebenone

ZYC-26
ZYC-26 + 1nM MB

MB
MB + 10nM E2
MB + 10nM ZYC-26

ECso (nM) 95% Confidence Interval (nM)
46.79 39.63-52.27
4.03 2.46-5.55
30.77 17.71-49.12
55.41 26.61-79.21
4.64 1.03-8.28
9.70 9.31-10.09
0.88 0.76-1.03
8.14 7.45-9.73
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Friedreich’s ataxia (FRDA) can be viewed as botfeaetic disease and a
mitochondrial disease. While the GAA trinucleoti@peat in the first intron of the FXN
gene gives it a unique cause among neurodegereeths®ases, the oxidative damage to
and eventual collapse of mitochondrial functiorsuteng from the lack of the FXN gene
product frataxin, is a common link between it arahmother age-related neurological
disorders such as Alzheimer’s disease, Parkingis&ase, Huntington’s disease and
ischemic stroke [Beal, 2000; Gibson et al., 19%haz et al., 2006, 2010; Mizuno et al.,
1989; Parker et al., 1989; Simpkins and Dykens8R0bstrogens have been shown to be
very potent and effective neuroprotectants in mangtro andin vivo models of these
diseases [Behl, 2002; Simpkins et al., 2008, 2Q020], although there has been
considerable difficulty in translating this to résun human studies, most notably the
Women'’s Health Initiative (WHI) study [Simpkins a&ihgh, 2008]. Many of the
problems associated with using estrogen or othenbwe therapies in humans comes
from the problems associated with &Binding, which has led to the development of
selective estrogen receptor modulators (SERMs)émer non-feminizing estrogens,
which are inactive at either ERr both ER and ER [Perez et al., 2006]. Our studies
have focused on certain properties of-Estradiol, most notably the presence of a phenol
in the A ring of the molecule [Prokai et al., 20@906; Prokai and Simpkins, 2007;
Richardson et al., 2011; Richardson et al., 204124, include a wide range of estrogen-
like molecules with varying numbers of phenol rirg&l estrogen receptor binding
capabilities (Table 1) to evaluate a possible meisia for estrogens to act in an ER-
independent manner. Our cell type, human FRDA blasts, provide an ideal

environment to study the effects of ER-independetibn. Despite previous reports
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indicating that certain human fibroblasts contaRuEERB and the putative membrane
ER GPR30 [Haczynski et al., 2002; Madeo and Maguid?010], our own studies
suggest that these FRDA fibroblasts do not corE&ta and only very small amounts of
ERB [Richardson et al., 2012] which doesn’t seem tatigloute to the potency or efficacy
of estrogen-like compounds in this model [Richardand Simpkins, 2012].

We began these experiments by testing the percaitity of FRDA fibroblasts
under a series of conditions [Richardson et all120_-buthionine (S,R)-sulfoximine
(BSO) was used in these experiments to inhibiddeaovosynthesis of glutathione
(GSH) [Jauslin et al., 2002, 2003], impairing tled’s defenses against oxidative stress,
resulting in cell death 48 hours after treatmeng. $kiowed that any compound tested
with a phenol ring (E2, DPN, PPT, ZYC-26, R- an&®aol) very potently prevented
this widespread cell death, while those withoutaheings (ZYC-23, G1 and G15) did
not. This effect was ER-independent, as it waslmtked by any ER antagonist used,
and in fact the ER inhibitor ICI 182,780, which ludes a phenol ring as part of its
structure, was protective at concentrations ofiM2 In addition, the Egp values were
measured for each of the phenolic steroids (Taplard it was determined that there is
an inverse relationship between the potency ottdmepound in terms of BEgand the
number of phenol rings present in the structurgui@ 1 shows that compounds with one
phenol ring (E2 and ZYC-26) have Rvalues ranging from 15.5-23.1 nM, while DPN
with 2 phenol rings has an Bf 9.6 nM and PPT with 3 phenol rings has an&<€
4.6 nM. Compounds with no phenol ring (G1, G15 aN&-23) had no measurable
protective properties and were given ansg&@ >10,000 nM, the highest concentration

measured [Richardson et al., 2011].
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We further investigated the protective phenomemnathis cell model by
attempting to determine the mechanism of E2 primtectWe assayed for reactive oxygen
species with a DCFDA assay [Richardson et al., R0ipld peroxidation, aconitase
activity, ATP production, oxidative mitochondriairfction, GSH concentration and
mitochondrial membrane potential collapse [Richandst al., 2012], as well as frataxin
protein levels (see appendix II). It was determitied phenol ring-containing estrogens
attenuated ROS, thus preventing lipid peroxidaéind damage to mitochondrial proteins
such as aconitase. This preserved ATP productidroaidative mitochondrial function
in terms of oxygen consumption rate and preveritectollapse of mitochondrial
membrane potential. The decreased levels of GSkRIBSO treated cells was not
altered, nor was the levels of frataxin increaseéstrogen treated cells. From these data,
we concluded that in this system, estrogens anegaas antioxidants, preventing the
oxidative damage to the cells that is seen in B&&e¢d cells and with individuals with
FRDA [Edmond et al., 2000; Lodi et al., 2006; Pdf@@®002; Schulz et al., 2000].

These data represent a start to determining tleepiotential for estrogens,
specifically non-feminizing estrogens to be used &reatment for FRDA patients. While
these experiments have shown that estrogens ctatpvery basic cell types in am
vitro environment, much work remains to be done to detex their efficacy as clinical
drugs for this condition. To this enid, vitro studies must be translatedimovivo ones
before the chosen compounds can be assessedioaktrials. We know these drugs are
very potent cytoprotectants, however in whole ahshadies a wide range of other
factors must be considered. Idebenone, the praapgoxidant and mitochondrial

stabilizer in FRDA, has not proven to be a vergetilve drug clinically [Santos et al.,
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2010]. While it has been shown to improve cardiatcfion and pathology, most studies
have not found any improvement in the ataxia oepotteurological components of the
disease, and while the mortality-related effecésstatistically significant, they represent
only a meager increase in life. These findingstHate the myriad of other factors that
must be taken into account; pharmacokinetic andnpheodynamic factors are important
considerationfn vivo, as is the effect on cells that do contairuEER ER3, and a viable
drug candidate must be active past the blood lirainer (BBB). Timing of drug

delivery is also vital to the success of a potéwliag. Since the FRDA genotype is
present at birth, but the phenotype does not retssdf until childhood to puberty, there
is a significant window of time to begin treatmémprevent the mitochondrial damage
that is a hallmark of this condition before sympsopegin. This window is important to
understand, as many investigators believe thgpalsefailure of estrogen-like drugs in
other disease states may be due to an incorreetstadding of the degenerative process,
resulting in administration far too late in the csriof the disease, a time point in which
hormone therapies may well do more harm than gGbudical trials must utilize this
window if they are to be successful, since therdetbn of the specific spinal cord
columns and other neurological, cardiac and endedrssues is generally irreversible.
Estrogens are potentially a very powerful tool imediorating the devastating disease
process in FRDA, however before they can be inttedwas candidate drugs many more
studies must be conducted. There are severaleffenurine models of FRDA, and
estrogens would first have to successfully be shtmaprevent or delay symptom onset in
these animals. This requires both behavioral atltbpagic data showing improvement in

disease progression. Drugs would also have toreersed in phase | and phase Il trials.
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Several ER agonists are already in clinical trials for otiredications, such as
LY500307 [http://clinicaltrials.gov/ct2/show/NCT020707]. We have shown that this
compound is somewhat protective in our human FRiDfoblast cell line (see appendix
1), indicating that it is a more likely candidafter use in future animal and human
studies.

Overall, we have made the first step in establgleistrogen-like compounds as a
possible therapy for FRDA. While there is much wtwrlbe done, these data are
encouraging in that they represent another avemparsue in developing therapeutics
for this condition, and provide another framewark tinderstanding the sequence of
intracellular events that lead from the geneticaabrality to the visible signs and
symptoms in patients. Lastly, estrogens have bedelywshown to have beneficial
effectsin vivo andin vitro for other degenerative disease [Behl, 2002], sacaess in
treating FRDA with these drugs could potentiallyused to understand and develop
treatment strategies for other neurodegenerats@ades with similar mitochondrial

mechanisms of action.
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Figure Legends

Figure 1. Graph showing the inverse relationship betweemthaber of phenol rings in
the molecular structure vs the Egf the compounds (in nM). E2, PPT, DPN, ZYC-26

and G1 are used in this figure.
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Table 1.Steroids used and compound properties.

Compound Name ER Binding Phenol Rings EDs, (nM) 95% Confidence Interval

17B-Estradiol (E2) |ERa/ERB/GPR30 1 15.5 10.2-23.5

PPT ERa 3 4.6 1.7-12.3

DPN ERB 2 9.3 7.2-12.1

G1 GPR30 0 >10,000

G15 GPR30 Antagonist 0 >10,000

ZYC-23 N/A 0 >10,000

ZYC-26 N/A 1 23.1 11.9-44.9
ERa/ERPB

IC1 182,780 Antagonist 1 >500

137



APPENDIX |

Friedreich’'s Ataxia Fibroblasts Have an Increased
Vulnerability to BSO

Timothy E. Richardson and James W. Simpkins
Institute for Aging and Alzheimer’s Disease Resbarc
Department of Pharmacology & Neuroscience
University of North Texas Health Science Center

Fort Worth, TX 76107

Short Title: Friedreich’s Ataxia and BSO

Key Words: BSO, 1B-estradiol, Friedreich’s Ataxia, mitochondria

Supported in part by NIH Grants P01 AG100485, PGR2550, and P01 AG027956
and NIA Grant T31 AG020494.

*To whom correspondence should be addressed at:
3500 Camp Bowie Blvd
Fort Worth, TX 76107

817-735-0498

james.simpkins@unthsc.edu

138



Abstract

Human Friedreich’s ataxia skin fibroblast cells @édeen previously shown to be
extremely sensitive to free radical damage andatixid stress compared with wild type
fibroblasts. In this study, we use L-buthionineRBsulfoximine to inhibide novo
glutathione synthesis, depressing an important compt of the intracellular defense
against oxidative stress. The effective lack otaghione allows reactive oxygen species,
produced naturally via processes such as oxidatvesphorylation, to damage key
components of the cellular machinery. In this siwdy confirm that at 48 hours the cell
viability is significantly decreased in Friedreistataxia fibroblasts treated with 1mM L-

buthionine (S,R)-sulfoximine, but not in normal evtlype fibroblasts.
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Introduction

Friedreich’s ataxia (FRDA) is an autosomal recessigurodegenerative disease, and the
most common form of inherited ataxia worldwide [y et al., 2000; Geoffroy et al.,
1976; Harding, 1981]. Cells from FRDA patients |atkficient quantities of the protein
frataxin, resulting from a trinucleotide repeat axpion in the first intron of the FXN
gene [Fujita et al., 1989; Hanauer et al., 1998 Toss of frataxin impairs the iron sulfur
centers in specific energy-generating mitochongmniateins, disrupts the cellular redox
state and leads to general mitochondrial damagaikly resulting in cell, organ and
tissue dysfunction and death [Chantrel-Groussaad. €2001; Durr et al., 1996; Rétig et
al., 1997]. It has been shown previously that sedifferent FRDA fibroblast cell lines
are significantly more vulnerable to L-buthionif®&R)-sulfoximine (BSO)-induced
stress than age matched fibroblasts [Jauslin,2@02]. In this model, BSO inhibits
gamma-glutamylcystein synthetase, the enzyme ohag pysteine and glutamate
together into gamma-glutamylcysteine, the firspsiad rate limiting enzyme in the
production of glutathione (GSH). This loss of GSitlier impairs the ability of the
FRDA cells to manage oxidative stress producedutgfitanormal cellular processes,
including oxidative phosphorylation, resulting ielladeath [Dtirr et al., 1996]. Since
normal fibroblasts do not have any frataxin ledai@mality, they are relatively
unaffected by the BSO-induced decrease in GSHabaA8 hours their cell viability is

not significantly decreased [Jauslin et al., 2002].

In this study, we repeat the initial experimerftdauslin et al. [2002] to verify
that our FRDA fibroblasts are affected by BSO ahd8rs after administration, while the

normal fibroblasts are not. This serves as a vitidaf the FRDA fibroblasts as a
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cellular model for FRDA and confirms a previousBtermined underlying difference

between FRDA and normal fibroblasts [Jauslin et24l02, 2003].
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Methods

Cell Culture. Fibroblasts from a 30 year old FRDA patient armbthfrom an age-
matched control, both obtained from Coriell InggtCamden, NJ, USA) were
maintained in Dulbecco’s Modified Eagle Medium (DMEThermoScientific,

Waltham, MA, USA) with 10% charcoal-stripped feltavine serum (FBS;
ThermoScientific), 1% GlutaMAX (ThermoScientifiché 1% penicillin-streptomycin
(Invitrogen, Carlsbad, CA, USA) at 37, 5% CQ and 90% humidity. The cells were
then treated for 48 hours with either dimethyl sxifle vehicle control (DMSO; Sigma-
Aldrich, St Louis, MO, USA) or 1mM BSO. All experints were conducted with FRDA

cells from passage 15-17 and normal fibroblassdetim passage 16-18.

Calcein AM Cell Imaging and Cell Viability. Cells were plated on a 96-well plate at a
density of 3,000 cells per well, then treated wighicle or 1mM BSO. After 48 hours of
BSO treatment, the media was removed, apd/nL Calcein AM (CalBiochem, San
Diego, CA, USA) in phosphate buffer pH 7.2 (PB&Her Scientific, Pittsburg, PA,
USA) was added to each well and the plate was mteabfor 10 minutes at 32. The
cells were then photographed using a Zeiss Axice®les Z1 inverted microscope (Carl
Zeiss Microlmaging, Thornwood, NY). Cell viabilityas determined with a Tecan
Infinite M200 plate reader with an excitation ofo#®n and emission of 520nm at 48

hours.
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Results

Effects of BSO on cell viability FRDA fibroblasts.Here, we investigated the relative
vulnerability of human donor FRDA and normal fibladts to the effects of GSH
depletion. We used 1 mM BSO for 48 hours to inhibé rate limiting enzyme in trae
novosynthesis of GSH;-glutamyl cysteine synthase, a concentration tleahad
previously determined would significantly reducd g&bility in FRDA fibroblasts
[Richardson et al., 2011]. There was a significaduction in cell viability of FRDA
fibroblasts in the presence of BSO, but not in redrfiibroblasts. Viability was reduced
from 97.4 + 3.9% in the vehicle control to 50.4.8% in the BSO treated FRDA
fibroblasts, compared with a non-significant retwcof 100 = 4.0% in the vehicle
control to 87.2 + 6.0% in the BSO treated normaldblasts (Fig. 1). In addition, we
demonstrated visually the significant reductiothie BSO treated FRDA fibroblasts

compared with the other three groups via Calcein #iddned pictomicrographs (Fig. 2).
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Figure Legends

Figure 1. Effects of BSO on cell viability of FRDA and norhfdoroblasts. BSO
concentration was 1mM. Depicted are mean = SD #08 per group. * indicated p<0.05

versus vehicle control.

Figure 2. Calcein AM stained cells visually showing the etteof BSO on cell viability

of FRDA and normal fibroblasts. Scale bar =200
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Abstract

Estrogen has been shown to have cytoprotectivetsféa a wide range of
differentin vitro andin vivo models, including a human Friedreich’s ataxia ceddel.
Some of these models have been shown to act wedEERB to increase transcription of
various gene products crucial to cell survival, lerlother studies have shown estrogen to
act extra-genomically and independent of any knestnogen receptor. Although our
previous results indicate that estrogen prote@sditells without interacting with any
estrogen receptors in this cell model, it is pdsdibat the protective effects are due to an
estrogen-mediated increase in the levels of fratprotein. In the present study, we use
western blotting to determine if there is any iriséhe levels of frataxin protein in these

cells subsequent to estrogen administration.
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Introduction

At its core, Friedreich’s ataxia (FRDA) is a genetisease resulting from the
absence of intracellular frataxin protein [Brad&tyal., 2000; Campuzano et al., 1996;
Harding, 1983; Lodi et al., 2006; Montermini et 4997] due to a trinucleotide repeat
expansion in the first intron of the FXN gene, efieely preventing its transcription.
While the role of frataxin is not currently certainis involved with iron regulation and
iron delivery to mitochondrial proteins containiag iron-sulfur (Fe-S) cluster [Delatycki
et al., 2000; Gakh et al., 2006; Lodi et al., 208éntos et al., 2010]. As a result of the
lack of this protein, there are a host of mitoch@addlefects, including impaired Fe-S
protein assembly and function such as aconitaseraiod¢hondrial oxidative
phosphorylation complexes and an overall impairnoétihe redox capabilities, leading
to widespread cellular damage [Babcock et al., 186di et al., 2006; Santos et al.,
2010]. For this reason, many studies have focusemhtioxidants to correct the redox
state and prevent oxidative damage [Jauslin e2@02, 2003, 2007; Richardson et al.,
2011, 2012] or raise the levels of frataxin to fiumeal levels. There has been some
success increasing frataxin levels using historeelylase inhibitors [Herman et al.,
2006], erythropoietin (EPO) [Acquaviva et al., 2088urm et al., 2005], and compounds
that bind directly to the GAA repeats and incre@aescription [Burnett et al., 2006;

Grabczyk and Usdin, 2000a].

Estrogens have been found to be potently protecti’R DA fibroblasts,
attenuating reactive oxygen species (ROS) [Ricloar@s al., 2011] and preventing lipid
peroxidation, aconitase damage, mitochondrial fonampairment and mitochondrial

membrane potential collapse, as well as maintaiAiig production [Richardson et al.,
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2012]. Our working hypothesis has been that phereslirogens acts as direct
antioxidants, attenuating ROS and preventing tth@wnstream effects. It is possible,
however, that the mechanism of estrogen actiohigncell models is to increase the
levels of frataxin, thereby preventing cell dedthis is unlikely, since these cells do not
contain appreciable amounts of B ER3 [Richardson et al., 2012] and the protective
effects of estrogen are not inhibited by ER ant&iensuch as ICI1 182,780. In this study,
we use western blots to rule out the possibiligt #strogens simply enhance the
transcription of functional frataxin protein, adgdimore weight to the idea that estrogens
are acting non-genomically to prevent oxidative dgein the human FRDA fibroblast

model.
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Methods

Cell Culture. Fibroblasts from a 30 year old FRDA patient, okedifrom Coriell
Institute (Camden, NJ, USA) were maintained in [@atto’s Modified Eagle Medium
(DMEM; ThermoScientific, Waltham, MA, USA) with 10%harcoal-stripped fetal
bovine serum (FBS; ThermoScientific), 1% GlutaMAMérmoScientific) and 1%
penicillin-streptomycin (Invitrogen, Carlsbad, CBSA) at 37C, 5% CQ and 90%

humidity. Experiments were conducted with cellsrirpassage number 16.

Steroid Treatment. FRDA fibroblasts were plated in 10 cm plates umifty in DMEM
with 10% FBS, 1% GlutaMAX and 1% penicillin-streptgcin and grown until ~80%
confluent with media replaced every three daysnMQ7B-Estradiol (E2) or 0.1%
DMSO control was added to each of the wells andplates of the FRDA fibroblast
cells were grown each for 0, 1, 2, 3, 6, 12, 24 48¢hours, then removed using a rubber
scraper and sonicated in RIPA lysis buffer3-E&tradiol used in this trial was obtained

from Steraloids, Inc. (Newport, RI, USA).

Western Blots.A Lowry assay was run to determine protein coneiotn for
normalization and 20y of protein was loaded into each western blot,wéth human
brain tissue used as the control, followed by dedated with estrogen for 0, 1, 2, 3, 6,
12, 24 and 48 hours. Frataxin was detected usinguse monoclonal anti-frataxin
antibody (18A5DB1) obtained from Abcam MitoScien¢dbcam, Inc., Cambridge,

MA, USA) at a 1:400 dilution. GAPDH (6C5) mouse matonal IgG antibody, obtained
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from Santa Cruz Biotechnology (Santa Cruz Biotetbgny Inc., Santa Cruz, CA, USA),

was used as a control to ensure equivalent loadfipgotein loaded into each well.
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Results

The intracellular levels of frataxin are not statigically increased by estrogen
administration. To determine the presence or absence of frataximei human FRDA
fibroblast cell type, western blots were run canfing the absence of this protein
compared to the positive control human brain sartleThere is little to no induction of
frataxin expression by estrogen at any of the pwmiats: 0, 1, 2, 3, 6, 12, 24 or 48 hours
(Fig. 1), indicating that the mechanism of actiondstrogen in this disease model is
unrelated to the intracellular levels of frataxiiis agrees with our previous data
showing that estrogen is not inhibited by ICI1 1&® TRichardson et al., 2011] and that
these cells do not express significant quantitfédsRu or ERB [Richardson et al., 2012]
and provides further evidence for our hypothesis &strogen is acting via nongenomic

means, likely as an antioxidant in this model.
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Figure Legends

Figure 1. Western blot showing the relative absence of fratprotein (FXN) in FRDA
fibroblasts at O, 1, 2, 3, 6, 12, 24 and 48 hoot pstrogen administration compared
with a positive control (+) that consisted of huntaain tissue. Also shown are GAPDH

markers to ensure equal protein loading in eachefvells.

154



Figure 1

+ 0 1 2 3 6 12 24 A48

GAPDH—> s e cos o cams S s S S
(36kDa)
FXN=—> - e
(17kDa}

155



APPENDIX IlI

ERP Agonists in Phase Il Clinical Trials Protect Friedeich’s
Ataxia Fibroblasts Against BSO-Induced Oxidative Stess

Timothy E. Richardson, Maricelie Dugal and JamMésSimpkins
Institute for Aging and Alzheimer’s Disease Resbharc
Department of Pharmacology & Neuroscience
University of North Texas Health Science Center

Fort Worth, TX 76107

Short Title: Friedreich’s Ataxia and BSO

Key Words: BSO, 1B-estradiol, Friedreich’s Ataxia, mitochondria

Supported in part by NIH Grants P01 AG100485, PGR2550, and P01 AG027956
and NIA Grant T31 AG020494.

*To whom correspondence should be addressed at:
3500 Camp Bowie Blvd
Fort Worth, TX 76107

817-735-0498

james.simpkins@unthsc.edu

156



Abstract

We have previously shown that estrogens have patignt cytoprotective effects
in the Friedreich’s ataxia fibroblast cell modekluding DPN, an estrogen recepfior
preferring agonist. The present study examineptoctive potential of other estrogen
receptory agonists and selective estrogen receptor modsl#tat have already been
used in clinical trials for other indications. Have confirm our previous observation that
DPN is protective against a 1mM L-buthionine (SgR}foximine induced oxidative
insult at 200nM, and show that the other biphenadimpounds, LY500307 and
raloxifene are potently protective in this modehil the non-phenolic compound
tamoxifen is not. These data show that LY500307¢kwhas already qualified as a safe

drug is a possible candidate drug for the treatrardtprevention of Friedreich’s ataxia.
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Introduction

Friedreich’s ataxia (FRDA) is a disease primarilylee mitochondria. Caused by
a genetic defect in frataxin production [Bradleykt 2000; Campuzano et al., 1996;
Lodi et al., 2006; Pandolfo, 1998], there is ingudint delivery of iron to iron-sulfur (Fe-
S) containing proteins such as heme, aconitaselactton transport chain complexes,
impairing their formation and function [Babcockagt 1997; Santos et al., 2010]. In
addition, frataxin is also partially responsible bonding up free mitochondrial iron and
helping to maintain the intracellular redox stddelpatycki et al., 2000; Gakh et al., 2006;
Lodi et al., 2006]. Fe-S complex containing praseispecifically aconitase, are also
damaged by reactive oxygen species (ROS) in th¢Addilahdawi et al., 1997; Bulteau
et al., 2004; Chantrel-Groussard et al., 2001; Galdl., 2006], and so their function is
further impaired by the ROS build up produced by ldck of frataxin. The oxidative
damage seen in FRDA to the mitochondria is cumudadind progressive [Karthikeyan et
al., 2003], resulting in a mismatch between enelgyand and energy production ending
in cell death. This occurs first in the tissued tr@ most dependent on oxidative
phosphorylation to produce ATP and have the highestunt of frataxin production in
normal individuals [Al-Mahdawi et al., 2006; Durra., 1996; Dutka et al., 2000], such
as the heart and spinal cord, although it is stiknown why certain ascending spinal
cord tracts are affected while other areas of thenkand spinal cord are virtually
undamaged [Santos et al., 2010].

Because of the contribution of the redox staté¢odffected cells, several studies
have focused on antioxidants as a potential thekgyslin et al., 2002, 2003, 2007],

recently including phenolic estrogens [Richardsbal.g 2011, 2012]. Because of the
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problems with hormone therapy illustrated by theriéo’s Health Initiative much of the
translational research involving estrogens has peéonn hold [Simpkins and Singh,
2008], making it difficult for many estrogen-likermpounds to be viewed as viable
candidate drugs. For this reason, much of the rels@éa recent years has focused on non-
feminizing estrogens. There have been several typestrogen-related drugs that have
been successfully brought into the clinic, inclgdthe selective estrogen receptor
modulators (SERMs). One particular compound, LY®)3& Benzopyran selective
estrogen receptor beta agonist (SERBA) has beemrstwbe selective at FRn CD-1
mice and showed beneficial effects in benign ptaskyperplasia (BPH) in this model
[Norman et al., 2006]. The phase Il clinical troed LY500307 was stopped in October
2011 due to a lack of efficacy in treating BPH
[http://clinicaltrials.gov/ct2/show/NCT01097707pWwever it passed a phase | clinical
trial, indicating that it is a reasonably safe arell tolerated compound for humans.
LY500307 is a biphenolic drug, similar to our prawsly tested DPN compound
[Richardson et al., 2011], and likely to show sanpotency and efficacy in terms of
preventing cell death in our human FRDA fibroblastdel. Since this drug has been
already evaluated as safe for humans, it is anllerteandidate drug for consideration
for treating FRDA.

In this study, we evaluate the potential for LY5003raloxifene and tamoxifen
compared to DPN to protect FRDA fibroblasts froS0O-induced oxidative insult in
terms of cell viability. We show that the phenaigicontaining compounds DPN,
LY500307, and raloxifene are all capable of prewveninuch of the cell death associated

with BSO treatment, while the non-phenolic tamoxife not. These data indicate that
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LY500307 is a very efficacious compound in prevegibxidative damage from killing
FRDA fibroblasts, and since it has already been@mu as safe in a phase | clinical
trial, it is a good candidate drug for further stddr prevention of FRDA pathology and

symptoms.
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Methods

Cell Culture. Fibroblasts from a 30 year old FRDA patient, ob¢difrom Coriell
Institute (Camden, NJ, USA) were maintained in @atto’s Modified Eagle Medium
(DMEM; ThermoScientific, Waltham, MA, USA) with 10%harcoal-stripped fetal
bovine serum (FBS; ThermoScientific), 1% GlutaMAMérmoScientific) and 1%
penicillin-streptomycin (Invitrogen, Carlsbad, CASA) at 37C, 5% CQ and 90%
humidity. Before vehicle or BSO treatment, FRDAr@iblast media was changed to
phenol red- and sodium pyruvate-free DMEM (Thermefdic) containing 1%
penicillin-streptomycin. All experiments were comted with FRDA cells from passage

15-18.

Chemicals & ReagentsL-buthionine (S,R)-sulfoximine (BSO) was acquifeam
Sigma-Aldrich (St Louis, MO, USA). Diarylpropionitee (DPN) was purchased from
Tocris Bioscience (Ellisville, MO, USA). LY50030loxifene and tamoxifen were
purchased from Selleck Chemicals (Houston, TX, USAjuctures for these steroids are

provided in Fig. 1.

Steroid Treatment. FRDA fibroblasts were plated in 24- or 96-welltelaat a density of
3,000 or 5,000 cells per well in DMEM with 10% FBIS% GlutaMAX and 1%
penicillin-streptomycin, depending on the assayeA?4 hours the growth media was
removed and replaced with the phenol red- and sogyruvate-free DMEM. The cells
were then treated for 48 hours, depending on thayasvith either dimethyl sulfoxide

vehicle control (DMSO; Sigma-Aldrich, St Louis, MOSA) or 1ImM BSO in the
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presence of 1 nM-10M DPN, LY500307, raloxifene or tamoxifen, concetitras of
estrogen-like molecules which have been shown toelieoprotective in various cell
lines [Yi et al., 2008] and cytoprotective in tiHRDA fibroblast line [Richardson et al.,

2011].

Calcein AM Cell Viability Assay. Cells were plated on a 96-well plate at a dersity
3,000 cells per well, then treated with vehiclddorM BSO and simultaneous DPN,
LY500307, raloxifene or tamoxifen treatment. A& hours of BSO treatment, the
media was removed, anduy/mL Calcein AM (CalBiochem, San Diego, CA, USA) in
phosphate buffer pH 7.2 (PBS; Fisher ScientifittsBurg, PA, USA) was added to each
well and the plate was incubated for 10 minute73E. Cell viability was determined
with a Tecan Infinite M200 (Tecan Systems, Incn 3ase, CA) plate reader with an

excitation of 490nm and emission of 520nm at 48&&ou

Calcein AM Cell Imaging. Cells were plated on a 96-well plate at a derdity,000

cells per well, then treated with vehicle or ImM@®&nd DPN, LY500307, raloxifene or
tamoxifen. After 48 hours of BSO treatment, the rmadas removed, andplg/mL
Calcein AM (CalBiochem) in phosphate buffer pH {PBS; Fisher Scientific) was
added to each well and the plate was incubatetifoninutes at 3. The cells were
then photographed using a Zeiss Axio Observer ¥érted microscope (Carl Zeiss

Microlmaging, Thornwood, NY).
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Results

The effects of LY500307 on cell viability in BSO-teated FRDA fibroblasts.To
determine if LY500307 had a protective effect ceuinig the oxidative damage caused
by glutathione depletion allowed by BSO treatme tested 1 pM-LM LY in cells
treated with 1mM BSO (Fig. 2). LY500307 had a digant protective effect (p<0.05) at
100 nM, 1uM and 10uM (n=8), although it seemed to exhibit a toxic effbeginning at
1 uM-10 uM. The EGp of LY500307 was at 65.2 nM, with near maximal efeat 100
nM. Since these cells lack significant quantitie&Ba or ERB [Richardson et al., 2012],
it can be concluded that LY500307, anfE$elective agonist, is acting independently of
these receptors in this model, likely by direci@atiant effects provided by the phenol

rings in its structure, similar to our previous eb&tions [Richardson et al., 2011, 2012].

The effects of a single dose of DPN, LY500307, raltene and tamoxifen on cell
viability in BSO-treated FRDA fibroblasts. To compare the effects of LY500307 to the
previously tested DPN [Richardson et al., 2011] atier well known SERM compounds
raloxifene and tamoxifene, we tested the dose &Q0B07 that produced maximum
efficacy,100 nM, of each compound with a Calcein As&ay (Fig. 3). There was no
statistically significant difference between DPN,300307 and raloxifene, the three
biphenolic compounds assayed at 100nM. All threwiged significant protection
against the BSO-induced oxidative insult. Tamoxitéee non-phenolic compound,
provided no significant protection and the measwedbviability was not significantly
different from the BSO alone treated cells. Thiaiagrovides evidence that it is the

phenol rings providing antioxidant related protectinot ER binding ability that is
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responsible for the protection seen in LY500307 @ther estrogen like compounds.
Calcein AM images visually showing the protectionypded by DPN, LY500307 and

raloxifene, but not tamoxifen are also shown (Big.
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Discussion

FRDA is a devastating neurological disease thatlises degeneration of the
dorsal root ganglia (DRG), progressive gait atatkxenor, weakness, sensory
abnormalities, pes cavitus, lateral and kyphossdijdype 1 diabetes and cardiac
abnormalities, including hypertrophic cardiomyopatine leading cause of premature
death in these patients [Al-Mahdawi et al., 2006r2t al., 1996; Dutka et al., 2000;
Geoffroy et al., 1976; Harding, 1981; Harding, 198Bard et al., 1997; Lodi et al.,
2006]. With an incidence of 1:50,000-1:20,000 ardaier rate of 1:120-1:60 in the
United States Caucasian population, it is the mmostmon form of inherited ataxia
worldwide [Harding, 1983]. As yet, there is vertglé successful treatment for the
disorder [Lodi et al., 2006; Santos et al., 20Mjch of the research thus far has focused
on the redox state within the affected cells, lrgdo the development and use of novel
antioxidants targeting the mitochondria, aimedrat/enting damage to this organelle and
preventing cell death [Jauslin et al., 2002, 2QIR)7]. Recently, our lab has proposed
the use of phenol ring containing estrogens aslleiantioxidant based on the
successful prevention of cell death in a human FRiD®blast cell line treated with
BSO [Richardson et al., 2011].

This study examines the initial viability of compuls already approved as safe
for human use for other indications [http://cliftcals.gov/ct2/show/NCT01097707] for
use as FRDA therapies. We show that a dose of M)Q¥500307 is able to prevent
cell death at a level comparable to other estrofRichardson et al., 2011] and other
novel antioxidants synthesized specifically to titéés disorder [Jauslin et al., 2002,

2003, 2007]. Since FRDA is genetically presentidhpbut symptoms do not arise until
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early childhood, there is a window of time to begeatment with an antioxidant to
prevent cell death and symptom development. Thise frame is ideal to treat with a
non-feminizing estrogen, as this would allow formal endocrine development but
possibly delay or even prevent the devastating $ymg and premature death seen in

FRDA patients.

166



Figure Legends
Figure 1. Structures of compounds assessed for protectiansSO toxicity in FRDA

fibroblasts.

Figure 2. Dose response curve of 1 pM-181 LY500307 in the presence of 1 mM BSO.
Depicted are mean + SD for n= 8 per group. * intidg<0.05 versus BSO alone-treated

cells.

Figure 3. Effects of DPN, LY500307, Raloxifene and Tamoxitencell viability in
BSO-treated FRDA fibroblasts. BSO concentration tvasM and all steroid
concentrations were 100 nM. Depicted are mean f08D= 8 per group. * indicated

p<0.05 versus BSO alone-treated cells.

Figure 4. Calcein AM stained cells visually showing the effeof DPN, LY500307,

Raloxifene and Tamoxifen on cell viability in BSé@#&ted FRDA fibroblasts. BSO

concentration was 1 mM and all steroid concentmatiwere 100 nM. Scale bar = 200.
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Figure 4
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