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Clinical Trials in Mitochondrial Disease:
An Update on EPI-743 and RP103
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Abstract
Mitochondrial dysfunction results in the production of an abnormally high amount of reactive oxygen and nitrogen species, which
results in redox imbalance and glutathione deficiency. Therapeutics such as EPI-743 (a-tocotrienol quinone) and RP103
(cysteamine bitartrate) have the theoretical potential to improve redox imbalance by increasing intracellular glutathione and
are currently under investigation in multiple clinical trials. This review provides an update on the use of these compounds in
clinical trials related to primary and secondary mitochondrial disorders. These clinical trials have not only provided hope to
affected patients and their families and caregivers, but also will serve as important stepping stones for further studies as our
understanding of mitochondrial disease pathogenesis continues to improve.
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Mitochondrial respiratory chain dysfunction results in

decreased energy production and an increase in the generation

of intracellular reactive oxygen and nitrogen species

(RONS).1,2 Mitochondrial impairment occurs in primary

genetic disorders affecting the mitochondrial respiratory chain

but is also apparent in a number of other conditions, such as

organic acidemias and other inborn errors of metabolism, neu-

rodegenerative diseases, diabetes mellitus, and cancer.3,4

Although RONS are generated by normal function of the mito-

chondrial electron transport chain and are involved in critical

intracellular processes, such as mitochondrial biogenesis and

apoptosis, an abnormal increase in RONS damages cellular

lipids, proteins, and nucleic acids as intracellular antioxidant

systems become overwhelmed.5-7

Glutathione (L-U-glutamyl-L-cysteinylglycine), in its

reduced form, plays a key role cellular free radical defense.8

Redox imbalance and abnormally low reduced glutathione

levels may occur in both primary genetic mitochondrial dis-

orders and conditions associated with secondary mitochon-

drial impairment, including organic acidemias, Friedreich

ataxia, Parkinson disease, and Rett syndrome.4,9-14 As such,

there has been an interest in developing mitochondrial thera-

pies that have the potential to improve the intracellular glu-

tathione status. EPI-743 (a-tocotrienol quinone) and RP103

(cysteamine bitartrate) are investigational therapies that are

currently in clinical trials focusing on the treatment of mito-

chondrial dysfunction related to primary genetic

mitochondrial disease. EPI-743 is also being used in clinical

trials involving a number of conditions in which secondary

mitochondrial impairment is thought to occur. This review

will provide an update on the current clinical trials in place

for these 2 investigational compounds.

EPI-743

EPI-743 is a para-benzoquinone analog that is approximately

1000- to 10 000-fold more potent than coenzyme Q10 or ide-

benone in protecting mitochondrial and Friedreich ataxia

patient fibroblasts in an oxidative stress assay.15 This beneficial

effect may be related to an ability for EPI-743 to bind to and

modulate oxidoreductases, such as nicotine adenine dinucleo-

tide phosphate [NAD(P)H]: quinone oxidoreductase 1 (NQO1,
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T-diaphorase), resulting in increased reduced glutathione pro-

duction and improvement in redox status.15-17 Interestingly,

pretreatment of fibroblasts derived from a polymerase g defi-

ciency patient with EPI-743 before exposure of cells to a strong

oxidant resulted in a blunting of antioxidant response element

gene expression in genes under direct control of nuclear factor-

erythroid 2 p45-related factor. Heme oxygenase 1 (HMOX1),

aldo-keto reductasae (AKR1C1), thioredoxin reductase 1

(TRXR1), NAD(P)H: quinone oxidoreductase 1 (NQO1), sul-

firedoxin (SRXN1), and genes related to glutathione synthesis

were especially affected by EPI-743 pretreatment.16 Therefore,

EPI-743 may also potentially have effects related to the tran-

scription of genes involved in antioxidant defense.

Currently, EPI-743 is in use in a number of clinical trials and

an emergency access program as described below and has been

tolerated well, without evidence of dose-limiting toxicity in

over 400 000 patient dosing days (M. Klein MD, email com-

munication, December, 2016). Although the majority of stud-

ies involving EPI-743 to date are exploratory, open-label trials

involving relatively few patients, more recent clinical trials

related to the treatment of Leigh syndrome or Friedreich ataxia

involve more patients and are randomized, double-blind, and

placebo-controlled (Table 1).

Mitochondrial Disorders

The initial experience with EPI-743 in mitochondrial disease

was reported in 13 children and 1 adult who were enrolled in a

13-week emergency treatment protocol, followed by an exten-

sion protocol, for individuals who were considered to be at risk

of progressing to end-of-life care within 90 days. The patients

had a wide range of genetically-confirmed mitochondrial

Table 1. EPI-743 and RP103 Clinical Trials in Mitochondrial Disorders and Conditions With Secondary Mitochondrial Involvement.

Patient Population Age
Study
Drug Trial Design Duration Outcomes Reference

Mitochondrial
disease (n ¼ 14)

2-27 years EPI-743 Open-label 98-444 days 11/12 survivors with clinical improvement; 3/11
partial relapse; 10/12 improvement in quality
of life (NPMDS section IV); 2 deaths

16

LHON (n ¼ 5) 8-52 years EPI-743 Open-label 204-557 days 4/5 arrested disease progression and reversal of
vision loss; 2/5 total recovery of visual acuity

18

Leigh syndrome
(n ¼ 10)

1-13 years EPI-743 Open-label 6 months Reversal of disease progression; improvement
in NPMDS, GMFM, PedsQL Neuromuscular
Module (P < .05)

19

Leigh syndrome
(n ¼ 35)

9 months-
14 years

EPI-743 Randomized, double-
blind, placebo-
controlled

36 months Decreased rate of hospitalization and serious
adverse events

–

RARS2 deficiency
(n ¼ 5)

5-13 years EPI-743 Open-label 1 year Improved neuromuscular function and redox
state; decreased seizure frequency with 2
patients showing resolution of status
epilepticus

20

Friedreich ataxia
(n ¼ 31)a

18-66 years EPI-743 Randomized, double-
blind, placebo-
controlled

28 days Dose-dependent improvement in FARS score;
no alteration in disposition index (measure of
diabetic tendency)

21

Friedreich ataxia
(n ¼ 63)

19-43 years EPI-743 Randomized, double-
blind, placebo-
controlled

2 years Dose-dependent improvement in FARS score –

Freidreich ataxia
(point mutations)
(n ¼ 4)

21-63 years EPI-743 Open-label 18 months Improvement in FARS 22

Rett syndrome
(n ¼ 24)

2.5-8 years EPI-743 Open-label 6 months Primary end point of improvement in Rett
syndrome disease severity score not met;
increase in head circumference (P ¼ .05);
improved oxygenation, hand function and
disease biomarkers in subgroup with greatest
degree of head growth

23

Parkinson disease
(n ¼ 10)

43-69 years EPI-743 Open-label 6 months Improvement in UPDRS Parts II/III; decrease in
brain glutamine/glutamate levels;
improvement of retinal function on
electroretinogram

24

Mitochondrial
disease (n ¼ 36)

2-17 years RP103 Open-label 6 months Results pending –

Abbreviations: FARS, Friedreich Ataxia Rating Scale; GMFM, Gross Motor Function Measure; LHON, Leber hereditary optic neuropathy; NPMDS, Newcastle
Paediatric Mitochondrial Disease Scale; PedsQL, Pediatrics Quality of Life Inventory; UPDRS, Unified Parkinson Disease Rating Scale.
aEPI-A0001 was used in this study, not EPI-743. EPI-A0001 is a a-tocopheryl quinone drug with a chemical structure similar to EPI-743.
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diseases (polymerase g deficiency, n ¼ 4; Leigh syndrome,

n ¼ 4; mitochondrial encephalomyopathy, lactic acidosis, and

stroke-like episodes [MELAS], n ¼ 3; mitochondrial DNA

deletion syndrome n ¼ 1; and Friedreich ataxia, n ¼ 1), and

surviving patients were treated with EPI-743 for between 98

and 444 days. Of the 14 patients, 12 survived initially; a 7-year-

old girl with Alpers syndrome died of pneumonia 9 days after

starting EPI-743, and a 2-year-old boy with Leigh syndrome

secondary to mutations in SURF1 died suddenly after develop-

ing respiratory insufficiency secondary to brain stem dysfunc-

tion. Of the 12 survivors, 11 demonstrated clinical improvement,

with 3 showing partial relapse with time. The Newcastle Pae-

diatric Mitochondrial Disease Scale (NPMDS)25 was performed

before and after treatment with EPI-743; NPMDS scores were

unchanged or minimally different for sections I to III (current

clinical function, system-specific involvement, and current clin-

ical assessment), whereas 10 patients showed improvement in

section IV (quality of life).16

Of the 14 patients, 12 also underwent serial brain imaging

with technetium-99m-hexamethylpropyleneamine oxime

(HMPAO) single-photon emission computed tomography

(SPECT). The 2 patients who did not undergo HMPAO SPECT

scanning included a 7-year-old girl with severe Alpers syn-

drome who died 9 days after starting EPI-743 and a 2-year-

old girl with Leigh syndrome. A 2-year-old boy with Leigh

syndrome died suddenly after developing respiratory symp-

toms associated with brain stem disease but was able to

undergo serial HMPAO SPECT scan analysis. Hexamethylpro-

pyleneamine oxime is a lipophilic radionuclide tracer that is

redox sensitive; the tracer is retained intracellularly in the pres-

ence of sufficient reducing equivalents generated by functional

mitochondria.26 At baseline, all 12 patients showed decreased

brain HMPAO uptake compared to normal controls. After

3 months of EPI-743 therapy, whole-brain HMPAO uptake

increased significantly.16

An additional study of 22 mitochondrial disease patients

enrolled in the EPI-743 emergency treatment protocol demon-

strated a significant linear correlation between the increase in

cerebellar uptake and improvement in the Newcastle score

(r ¼ 0.623; P ¼ .00161). Furthermore, the MELAS subgroup

(n ¼ 5) in this study showed a significant relationship between

whole-brain uptake of HMPAO and the Newcastle score

(r ¼ 0.917; P ¼ .028).27

Leber Hereditary Optic Neuropathy

Subacute, painless vision loss, more commonly in males in

adolescence or early adulthood, secondary to optic nerve and

retinal ganglion cell dysfunction is the primary manifestation

of Leber hereditary optic neuropathy (LHON). Patients may

also have extraocular manifestations such as cardiac arrhyth-

mias and neurological involvement, including dystonia,

movement disorders, tremor, peripheral neuropathy, and

myopathy.28,29 Three common mitochondrial DNA pathogenic

variants (m.3460G>A in MT-ND1, m.11778G>A in MT-ND4,

and m.14484T>C in MT-ND6) are responsible for causing

LHON in about 90% of cases.30 Interestingly, the

m.14484T>C pathogenic variant is associated with the most

favorable outcomes and even spontaneous recovery of vision

in some cases.31

A case report of 2 siblings harboring the m.14484T>C var-

iant in a homoplasmic state noted a divergent clinical course,

with a younger brother receiving EPI-743 and showing a rapid

and complete recovery of vision soon after the start of therapy,

whereas the older sibling did not receive specific treatment and

underwent slow, partial visual recovery over years. The authors

speculated about the possible etiology of the divergent clinical

course in the siblings, considering (1) different nuclear genetic

backgrounds, (2) environmental factors (without obvious dif-

ference between the 2 brothers), and (3) EPI-743 therapy very

early after conversion as potential factors influencing the

observed outcomes.32

An earlier report of a small, open-label trial using EPI-743

included the m.14484T>C case of complete recovery discussed

above and 4 additional patients, 3 of whom harbored the

m.11778G>A variant and 1 the m.3460G>A variant. EPI-743

arrested disease progression and reversed vision loss in all but

1 of the 5 consecutively treated patients. No drug-related

adverse events were noted.18 Another small series evaluated

EPI-743 in 3 Italian patients (a female with the m.3460G>A

variant and 2 males with the m.11778G>A variant) at the stage

of monocular vision loss. Following 3 days of EPI-743 therapy,

all 3 patients showed improved visual function in the affected

eye, with absence of disease in the second eye.33

Leigh Syndrome

Leigh syndrome is a severe mitochondrial encephalopathy, pri-

marily affecting the basal ganglia, thalamus, and brain stem,

that is associated with significant neurological impairment in

affected individuals. Multiple pathogenic variants, in both

nuclear and mitochondrial DNA, cause Leigh syndrome.34

An open-label study of EPI-743 therapy in 10 children with

genetically-confirmed Leigh syndrome caused by pathogenic

variants in a number of different genes showed stabilization

and even reversal of disease progression. Outcome measures

included the Newcastle Paediatric Mitochondrial Disease

Scale, Gross Motor Function Measure, and PedsQL Neuromus-

cular Module. Overall, a statistically significant improvement

was noted for each of the primary end points (P < .05). Adverse

events related to taking EPI-743 were not observed.19 Enrolled

patients also had glutathione levels measured before and after

treatment with EPI-743 in order to determine the effect of

therapy on redox imbalance. Not surprisingly, Leigh syndrome

patients had decreased total and reduced glutathione levels in

peripheral blood lymphocytes as well as high levels of oxidized

glutathione at baseline. Following treatment with EPI-743, a

marked increase in reduced glutathione (P < .001) and a 96%
decrease in the ratio of oxidized to reduced glutathione

(P < .001) was noted.17

More recently, EPI-743 has been used in a randomized,

double-blind, placebo-controlled clinical trial in children with

Enns and Cohen 3



Leigh syndrome (NCT01721733; NCT02352896). Enrolled

patients first participated in a 6-month placebo-controlled

phase, which was followed by a 30-month extension phase to

assess the long-term drug safety and impact on disease mor-

bidity. In the initial 6-month placebo-controlled phase, treat-

ment with EPI-743 was associated with fewer patients

requiring hospitalization or experiencing serious adverse

events as compared with those patients who received placebo

(11.8% vs 42.8%). Analysis of extension phase data showed

that there was a progressive decline in hospitalizations and

serious adverse events from the first 6 months of EPI-743

treatment to months 19 to 24. When adjusted for the number

of patients, the number of hospitalizations per patient declined

by 40%. On further examination of the hospitalization rate in

the cohort initially randomized to receive placebo, there was a

73% decrease in per-patient hospitalizations following EPI-743

treatment when compared to the initial period during which

patients received placebo (M. Klein, MD, email communica-

tion, December, 2016; manuscript in preparation; data pre-

sented in part at the United Mitochondrial Disease

Foundation Annual Meeting, Seattle, Washington, USA,

2016).

RARS2 Deficiency

Autosomal recessive pathogenic variants in the RARS2 gene,

which codes for the mitochondrial arginyl-transfer RNA

synthetase, have been associated with an early onset encepha-

lopathy characterized by microcephaly, profound developmen-

tal delay, intractable seizures, spastic-dystonic quadriplegia,

and, in most cases, pontocerebellar hypoplasia. Affected chil-

dren have decreased levels of oxidative phosphorylation com-

ponents, with variably decreased mitochondrial respiratory

chain activities in multiple complexes, and biochemical

evidence of mitochondrial impairment.35-37 To date, approxi-

mately 30 patients have been reported with pathogenic variants

in RARS2.35 In an open-label study, 5 children with RARS2

deficiency were given EPI-743 over a 12-month treatment

phase, followed by an ongoing extension phase. All patients

demonstrated reversal of disease progression regardless of the

severity of clinical involvement at baseline. Two children

showed resolution of status epilepticus, and the other 3 patients

demonstrated a reduction in seizure frequency and duration.20

All patients remain active on EPI-743 with continued improve-

ment in seizure frequency and duration (M. Klein, MD, email

communication, December, 2016).

Friedreich Ataxia

Friedreich ataxia is an autosomal recessive neurodegenerative

disorder caused by abnormal GAA trinucleotide repeat expan-

sion in FXN, the gene-encoding frataxin. During childhood,

affected individuals typically present with progressive ataxia,

dysarthria, weakness, absent lower limb reflexes, and a

decrease in proprioception and vibratory sensation. Diabetes

mellitus and cardiomyopathy are other common clinical

findings.38 An initial study involving a drug related to

EPI-743 in chemical structure (EPI-A0001, a-tocopheryl qui-

none) in 31 adults with Friedreich ataxia used the disposition

index, a measure of diabetic tendency, as the primary clinical

trial outcome measure (NCT01035671). The Friedreich Ataxia

Rating Scale (FARS) was used as a secondary neurological

outcome measure.39 No significant difference was observed

in the disposition index between treated patients and controls

after 4 weeks of therapy. However, a dose-dependent improve-

ment in the FARS score was observed; patients on low-dose

A0001 improved by 4.9 points (P¼ .4), whereas those on high-

dose therapy improved by 6.1 points (P < .01).21

In a phase 2 double-blind placebo-controlled trial of

EPI-743 in adults with Friedreich ataxia (NCT01728064),

EPI-743 showed a statistically significant improvement in neu-

rological function and disease progression when compared to

an age-, gender- and disease severity–matched natural history

cohort as measured by the FARS. There was an overall

improvement of 1.8 points on the FARS score following

24 months of treatment, compared to a 4.8 point worsening

in the natural history cohort (P < .0001). The improvement in

FARS score was dose dependent; patients who received

EPI-743 at 400 mg 3 times daily for the entire 24-month study

period registered the greatest degree of improvement

(cf. 200 mg 3 times daily). Furthermore, there was an associ-

ation with delay in starting EPI-743 and treatment effect

(M. Klein, MD, email communication, December, 2016;

manuscript in preparation; data presented at the Friedreich’s

Ataxia Research Alliance Annual Meeting, Tampa, Florida,

USA, 2016).

Rarely, Friedreich ataxia may be caused by a point mutation

in FXN on 1 allele in combination with a typical GAA trinu-

cleotide repeat expansion on the other allele. Four patients

treated with EPI-743 in an open-label study of Friedreich ataxia

patients who harbor a point mutation on 1 FXN allele

(NCT01962363) showed clinical improvement as assessed by

FARS score over 18 months of therapy. After 6 months of

EPI-743 treatment, total FARS score improved an average of

9%, with bulbar and upper limb coordination subscales

showing the most improvement. No serious adverse events

were observed.22

Rett Syndrome

Rett syndrome is a progressive neurodevelopmental disorder

primarily affecting girls and characterized by a period of nor-

mal development followed by acquired microcephaly and neu-

rological regression. Mitochondrial dysfunction, with resulting

redox imbalance and increased oxidative stress, has been impli-

cated in the pathogenesis of Rett syndrome.40,41 In a 6-month,

randomized, double-blind, placebo-controlled trial involving

24 Rett syndrome patients aged 2.5 to 8 years (NCT01822249),

those who were treated with EPI-743 showed a statistically

significant increase in head circumference relative to placebo

patients. Head growth in the treatment group was 0.75 cm,

compared to 0.29 cm in the placebo group (P ¼ .05). In a

4 Journal of Inborn Errors of Metabolism & Screening



subgroup of children with the greatest degree of head growth,

improvements in oxygenation, hand function, and disease

biomarkers were also observed.23

Parkinson Disease

Parkinson disease is a common neurodegenerative disorder that

is characterized by a loss of dopaminergic neurons of the sub-

stantia nigra and subsequent rigidity, bradykinesia, resting tre-

mor, and postural instability. Mitochondrial dysfunction, free

radical generation, and redox imbalance appear to play a role in

disease pathogenesis.42,43 A phase 2a open-label pilot study

was performed in order to determine whether EPI-743 might

have potential benefit in the treatment of Parkinson disease

(NCT01923584). Ten patients with Parkinson disease were

enrolled and 3 discontinued the study after 3 months for rea-

sons unrelated to EPI-743 therapy. The Unified Parkinson Dis-

ease Rating Scale (UPDRS),44 electroretinography, and brain

metabolite levels as measured by magnetic resonance spectro-

scopy (MRS) were used as the clinical outcome measures. Six

of 7 patients with follow-up MRS studies showed improvement

in an objective marker of brain oxidative stress, namely, a

decrease in glutamine/glutamate levels in the basal ganglia

opposite the side most severely affected by Parkinson disease.

In addition, there was a statistically significant improvement in

retinal function on evaluation by electroretinogram. Clinically,

patients demonstrated an improvement in UPDRS scores that

approached statistical significance.24

N-Acetylcysteine and Cysteamine Bitartrate
Delayed-Release (RP103)

N-acetylcysteine (NAC) and cysteamine are other compounds

that have the potential to increase intracellular reduced glu-

tathione, but there is limited clinical trial experience to

date.45,46 NAC is well-known for its therapeutic effects in

acetaminophen-induced liver failure, and as a mucolytic for

the treatment of cystic fibrosis. N-acetylcysteine has also been

used to treat a variety of other conditions, such as chronic

obstructive pulmonary disease, diabetes mellitus, and patients

infected with HIV.46 N-acetylcysteine has the ability to

improve markers of oxidative stress in cell lines derived from

patients with mitochondrial respiratory chain disorders or Hun-

tington disease and in a Huntington disease animal model.47-49

There have been case reports in which NAC was used to treat

primary mitochondrial disorders. For example, 2 mitochondrial

disease patients who had significant liver dysfunction, includ-

ing elevated transaminases and coagulation abnormalities,

showed normalization of laboratory studies within 3 to 7 days

after starting NAC.50 However, the evidence base for the use of

NAC in treating mitochondrial disorders is limited. To our

knowledge, controlled clinical trials that explore the efficacy

of NAC in these conditions have not yet been performed but are

clearly needed. N-acetylcysteine has been used in controlled

trials in various conditions with likely secondary mitochondrial

involvement, including Alzheimer disease, amyotrophic lateral

sclerosis, and autism.51 Although no improvement in survival

or disease progression was noted in those with amyotrophic

lateral sclerosis, patients with Alzheimer disease showed

improvement in some measures of cognitive ability after NAC

supplementation. Patients with autism have shown improve-

ment in some aberrant behaviors, especially irritability, follow-

ing treatment with NAC.51

N-acetylcysteine, in combination with metronidazole, has

been used in an open-label clinical study to treat ethylmalonic

encephalopathy, a disorder caused by mutations in ETHE1.

Disease pathogenesis relates to a secondary inhibition of cyto-

chrome c oxidase, short chain fatty acid oxidation, and other

enzymes. Ethe1-deficient mice treated with NAC had a pro-

longed life span, and 5 patients with ethylmalonic encephalo-

pathy demonstrated marked clinical improvement following

combined therapy. Improvements consisted of increased body

weight and reduction, followed by virtual disappearance, of

important clinical features of this disease, including diarrhea,

petechiae, and acrocyanosis. Furthermore, plasma ethylmalo-

nic acid and serum thiosulfate, a toxic marker of disease,

decreased during combined therapy.52

Cysteamine bitartrate (cysteamine), an established therapy

for cystinosis, works by decreasing the abnormal lysosomal

storage of cystine. Cysteamine also promotes the transport of

cysteine into cells, which has the potential to increase intracel-

lular glutathione levels.46 Cysteamine has been shown to

improve symptoms in mouse models of Huntington disease and

has been used in a small open-label clinical trial in patients with

Huntington disease.53 Clinical efficacy was not demonstrated,

although the trial established a safe cysteamine dosage regimen

in patients with Huntington disease.53,54 Cysteamine bitartrate

delayed-release (RP103) is a microsphere formulation associ-

ated with decreased gastrointestinal symptoms.55 RP103 is cur-

rently being used in a randomized, controlled, double-blind

multicenter trial for Huntington disease (NCT02101957) and

an open-label study in children with mitochondrial disease

(NCT02023866) but results have not yet been published. The

multiinstitutional mitochondrial trial included children aged

2 to <18 years with molecularly genetic confirmation of a

mitochondrial disease. The primary endpoint of the study was

the changes in the NPMDS (sections I-IV), with secondary

endpoints including safety, pharmacodynamics, pharmacoki-

netics, and glutathione studies. As additional secondary end-

points, investigators also chose 2 standard assessments related

to the predominant symptoms present in a given subject,

including myopathy, dystonia, ataxia, retarded motor develop-

ment, reduced activities of daily living, and vision. Children

were treated in an open-label fashion, with dose escalation

based on their tolerance of the drug up to a total dose of 1.3

g/m2/d. A total of 53 patients were screened and 36 enrolled in

the study. Twenty-five patients completed the full 24 weeks of

study. Reasons for early withdraw included noncompliance (n

¼ 2), adverse event (n ¼ 3), and withdraw of consent (n ¼ 1).

Patients completing the initial study were allowed to enroll in a

continuation study (NCT01197378). The study was terminated

by the sponsor and data analysis is in progress.
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We are still at a relatively early stage in the development of

therapies for mitochondrial disorders. However, multiple clin-

ical trials related to improving cellular redox status in patients

with primary or secondary mitochondrial disorders are cer-

tainly encouraging. Such clinical trials not only have provided

hope to the patients and their families and caregivers, but also

will serve as important stepping stones for further studies as our

understanding of mitochondrial disease pathogenesis continues

to improve.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: GME and

BHC report receiving funding for being an investigator in clinical

trials related to EPI-743 (BioElectron Technology Corporation,

previously known as Edison Pharmaceuticals, Inc) and RP-103

(Horizon Pharmaceuticals, Inc, Raptor Pharmaceuticals, Inc), and

GME has received unrestricted gift research funds from Edison

Pharmaceuticals, Inc.

References

1. Wallace DC. Mitochondrial diseases in man and mouse. Science.

1999;283(5407):1482-1488.

2. St-Pierre J, Buckingham JA, Roebuck SJ, Brand MD. Topology

of superoxide production from different sites in the mitochon-

drial electron transport chain. J Biol Chem. 2002;277(47):

44784-44790.

3. Enns GM. The contribution of mitochondria to common disor-

ders. Mol Genet Metab. 2003;80(1-2):11-26.

4. Atkuri KR, Cowan TM, Kwan T, et al. Inherited disorders

affecting mitochondrial function are associated with glutathione

deficiency and hypocitrullinemia. Proc Natl Acad Sci U S A.

2009;106(10):3941-3945.

5. Esposito LA, Melov S, Panov A, Cottrell BA, Wallace DC. Mito-

chondrial disease in mouse results in increased oxidative stress.

Proc Natl Acad Sci U S A. 1999;96(9):4820-4825.

6. Forman HJ, Dickinson DA. Oxidative signaling and glutathione

synthesis. Biofactors. 2003;17(1-4):1-12.

7. Wright AF, Jacobson SG, Cideciyan AV, et al. Lifespan and

mitochondrial control of neurodegeneration. Nat Genet. 2004;

36(11):1153-1158.

8. Cadenas E. Mitochondrial free radical production and cell signal-

ing. Mol Aspects Med. 2004;25(1-2):17-26.

9. Merad-Boudia M, Nicole A, Santiard-Baron D, Saille C, Cebal-

los-Picot I. Mitochondrial impairment as an early event in the

process of apoptosis induced by glutathione depletion in neuronal

cells: relevance to Parkinson’s disease. Biochem Pharmacol.

1998;56(5):645-655.

10. Piemonte F, Pastore A, Tozzi G, et al. Glutathione in blood of

patients with friedreich’s ataxia. Eur J Clin Invest. 2001;31(11):

1007-1011.

11. Hargreaves IP, Sheena Y, Land JM, Heales SJ. Glutathione defi-

ciency in patients with mitochondrial disease: implications for

pathogenesis and treatment. J Inherit Metab Dis. 2005;28(1):

81-88.

12. Salmi H, Leonard JV, Lapatto R. Patients with organic acidaemias

have an altered thiol status. Acta Paediatr. 2012;101(11):

e505-e508.

13. Signorini C, Leoncini S, De Felice C, et al. Redox imbalance and

morphological changes in skin fibroblasts in typical Rett syn-

drome. Oxid Med Cell Longev. 2014;2014:195935.

14. Enns GM, Moore T, Le A, et al. Degree of glutathione deficiency

and redox imbalance depend on subtype of mitochondrial disease

and clinical status. PLoS One. 2014;9(6):e100001.

15. Shrader WD, Amagata A, Barnes A, et al. alpha-Tocotrienol

quinone modulates oxidative stress response and the biochemistry

of aging. Bioorg Med Chem Lett. 2011;21(12):3693-3698.

16. Enns GM, Kinsman SL, Perlman SL, et al. Initial experience in

the treatment of inherited mitochondrial disease with EPI-743.

Mol Genet Metab. 2012;105(1):91-102.

17. Pastore A, Petrillo S, Tozzi G, et al. Glutathione: a redox

signature in monitoring EPI-743 therapy in children with mito-

chondrial encephalomyopathies. Mol Genet Metab. 2013;

109(2):208-214.

18. Sadun AA, Chicani CF, Ross-Cisneros FN, et al. Effect of EPI-

743 on the clinical course of the mitochondrial disease Leber

hereditary optic neuropathy. Arch Neurol. 2012;69(3):331-338.

19. Martinelli D, Catteruccia M, Piemonte F, et al. EPI-743 reverses

the progression of the pediatric mitochondrial disease–genetically

defined Leigh Syndrome. Mol Genet Metab. 2012;107(3):

383-388.

20. Martinelli D, Catteruccia M, Klein M, et al. EPI-743 reduces

seizure frequency in RARS2 defect syndrome. J Inher Metab Dis.

2013;36(suppl 2):S110.

21. Lynch DR, Willi SM, Wilson RB, et al. A0001 in Friedreich

ataxia: biochemical characterization and effects in a clinical trial.

Mov Disord. 2012;27(8):1026-1033.

22. Sullivan K, Freeman M, Shaw J, et al. EPI-743 for Friedreichs

ataxia patients with point mutations. Neurology. 2016;86(16 suppl

P5):388.

23. Hayek J.EPI-743 in Rett syndrome: improved head growth in a

randomized double-blind placebo-controlled trial. Paper pre-

sented at: 4th European Congress on Rett Syndrome; November

1, 2015; Rome, Italy.

24. Zesiewicz T, Allison K, Jahan I, et al. EPI-743 improves motor

function and CNS biomarkers in PD: results from a phase 2A pilot

trial. Neurology. 2016;86(16 suppl I1.012).

25. Phoenix C, Schaefer AM, Elson JL, et al. A scale to monitor

progression and treatment of mitochondrial disease in children.

Neuromuscul Disord. 2006;16(12):814-820.

26. Jacquier-Sarlin MR, Polla BS, Slosman DO. Oxido-reductive

state: the major determinant for cellular retention of techne-

tium-99m-HMPAO. J Nucl Med. 1996;37(8):1413-1416.

27. Blankenberg FG, Kinsman SL, Cohen BH, et al. Brain uptake of

Tc99m-HMPAO correlates with clinical response to the novel

redox modulating agent EPI-743 in patients with mitochondrial

disease. Mol Genet Metab. 2012;107(4):690-699.

6 Journal of Inborn Errors of Metabolism & Screening



28. Nikoskelainen EK, Savontaus ML, Huoponen K, Antila K,

Hartiala J. Pre-excitation syndrome in Leber’s hereditary optic

neuropathy. Lancet. 1994;344(8926):857-858.

29. McFarland R, Chinnery PF, Blakely EL, et al. Homoplasmy,

heteroplasmy, and mitochondrial dystonia. Neurology. 2007;

69(9):911-916.

30. Obermaier-Kusser B, Lorenz B, Schubring S, et al. Features of

mtDNA mutation patterns in European pedigrees and sporadic

cases with leber hereditary optic neuropathy. Am J Hum Genet.

1994;55(5):1063-1066.

31. Johns DR, Heher KL, Miller NR, Smith KH. Leber’s hereditary

optic neuropathy. Clinical manifestations of the 14484 mutation.

Arch Ophthalmol. 1993;111(4):495-498.

32. Chicani CF, Chu ER, Miller G, Kelman SE, Sadun AA. Compar-

ing EPI-743 treatment in siblings with Leber’s hereditary optic

neuropathy mt14484 mutation. Can J Ophthalmol. 2013;48(5):

e130-e133.

33. Carelli V, Barboni P, Caporali L, Maresca A, Miller G, Valentino

ML. EPI-743: preiminary report on Italian experience in open

label study of three patients with acute leber’s hereditary optic

neuropathy. Mitochondrion. 2012;12(5):581.

34. Finsterer J. Leigh and leigh-like syndrome in children and adults.

Pediatr Neurol. 2008;39(4):223-235.

35. Luhl S, Bode H, Schlotzer W, et al. Novel homozygous RARS2

mutation in two siblings without pontocerebellar hypoplasia -

further expansion of the phenotypic spectrum. Orphanet J Rare

Dis. 2016;11(1):140.

36. Ngoh A, Bras J, Guerreiro R, et al. RARS2 mutations in a sibship

with infantile spasms. Epilepsia. 2016;57(5):e97-e102.

37. Cassandrini D, Cilio MR, Bianchi M, et al. Pontocerebellar hypo-

plasia type 6 caused by mutations in RARS2: definition of the

clinical spectrum and molecular findings in five patients. J Inherit

Metab Dis. 2013;36(1):43-53.

38. Delatycki MB, Williamson R, Forrest SM. Friedreich ataxia: an

overview. J Med Genet. 2000;37(1):1-8.

39. Subramony SH, May W, Lynch D, et al; Cooperative Ataxia

Group. Measuring Friedreich ataxia: Interrater reliability of a

neurologic rating scale. Neurology. 2005;64(7):1261-1262.

40. De Filippis B, Valenti D, de Bari L, et al. Mitochondrial free

radical overproduction due to respiratory chain impairment in the

brain of a mouse model of rett syndrome: protective effect of

CNF1. Free Radic Biol Med. 2015;83:167-177.

41. Filosa S, Pecorelli A, D’Esposito M, Valacchi G, Hajek J. Explor-

ing the possible link between MeCP2 and oxidative stress in Rett

syndrome. Free Radic Biol Med. 2015;88(pt A):81-90.

42. Dauer W, Przedborski S. Parkinson’s disease: mechanisms and

models. Neuron. 2003;39(6):889-909.

43. Martin HL, Teismann P. Glutathione–a review on its role and

significance in Parkinson’s disease. FASEB J. 2009;23(10):

3263-3272.

44. Movement Disorder Society Task Force on Rating Scales for

Parkinson’s Disease. The Unified Parkinson’s Disease Rating

Scale (UPDRS): status and recommendations. Mov Disord.

2003;18(7):738-750.

45. Atkuri KR, Mantovani JJ, Herzenberg LA, Herzenberg LA.

N-Acetylcysteine–a safe antidote for cysteine/glutathione defi-

ciency. Curr Opin Pharmacol. 2007;7(4):355-359.

46. Besouw M, Masereeuw R, van den Heuvel L, Levtchenko E.

Cysteamine: an old drug with new potential. Drug Discov Today.

2013;18(15-16):785-792.

47. Moreira PI, Harris PL, Zhu X, et al. Lipoic acid and N-acetyl

cysteine decrease mitochondrial-related oxidative stress in Alz-

heimer disease patient fibroblasts. J Alzheimers Dis. 2007;12(2):

195-206.

48. Wright DJ, Renoir T, Smith ZM, et al. N-Acetylcysteine improves

mitochondrial function and ameliorates behavioral deficits in the

R6/1 mouse model of Huntington’s disease. Transl Psychiatry.

2015;5:e492.

49. Douiev L, Soiferman D, Alban C, Saada A. The effects of ascor-

bate, N-acetylcysteine, and resveratrol on fibroblasts from patients

with mitochondrial disorders. J Clin Med. 2016;6(1):pii:E1.

50. Niemi AK, Enns GM. The role of N-acetylcysteine in treating

mitochondrial liver disease. ASHG Annual Meeting Program

Guide. 2012:140 http://www.ashg.org/2012meeting/abstracts/full

text/f120121092.htm.

51. Deepmala Slattery J, Kumar N, et al. Clinical trials of

N-acetylcysteine in psychiatry and neurology: a systematic

review. Neurosci Biobehav Rev. 2015;55:294-321.

52. Viscomi C, Burlina AB, Dweikat I, et al. Combined treatment

with oral metronidazole and N-acetylcysteine is effective in ethyl-

malonic encephalopathy. Nat Med. 2010;16(8):869-871.

53. Gibrat C, Cicchetti F. Potential of cystamine and cysteamine in

the treatment of neurodegenerative diseases. Prog Neuropsycho-

pharmacol Biol Psychiatry. 2011;35(2):380-389.

54. Dubinsky R, Gray C. CYTE-I-HD: phase I dose finding and toler-

ability study of cysteamine (Cystagon) in huntington’s disease.

Mov Disord. 2006;21(4):530-533.

55. Dohil R, Rioux P. Pharmacokinetic studies of cysteamine bitar-

trate delayed-release. Clin Pharmacol Drug Dev. 2013;2(2):

178-185.

Enns and Cohen 7

http://www.ashg.org/2012meeting/abstracts/fulltext/f120121092.htm
http://www.ashg.org/2012meeting/abstracts/fulltext/f120121092.htm


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


