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Oxidative Stress in Inherited Mitochondrial Diseases

Genki Hayashi and Gino Cortopassi
Department of Molecular Biosciences, University of California, Davis, CA 95616, USA

Abstract

Mitochondria are a source of reactive oxygen species (ROS). Mitochondrial diseases are the result
of inherited defects in mitochondrially-expressed genes. One potential pathomechanism for
mitochondrial disease is oxidative stress. Oxidative stress can occur as the result of increased ROS
production, or decreased ROS protection. The role of oxidative stresses in the five most common
inherited mitochondrial diseases; Friedreich's ataxia (FA), LHON, MELAS, MERRF and Leigh
Syndrome (LS) is discussed. Published reports for oxidative stress involvement in
pathomechanism in these five mitochondrial diseases are reviewed. The strongest for oxidative
stress pathomechanism among the five diseases was in Friedreich's ataxia. In addition, a meta-
analysis was carried out to provide an unbiased evaluation of the role of oxidative stress in the five
diseases, by searching for oxidative stress citation count frequency within each disease. Of the five
most common mitochondrial diseases, the strongest support for oxidative stress is in Friedreich's
ataxia (6.42%), followed by LHON (2.45%), MELAS (2.18%), MERRF (1.71%), and LS
(1.03%). The increased frequency of oxidative stress citations was significant relative to the mean
of the total pool of five diseases (p<0.01) and the mean of the four non-Friedreich's diseases
(p<0.0001). Thus there is support for oxidative stress in all five most common mitochondrial
diseases, but the strongest, significant support is for Friedreich's ataxia.

Introduction

Inheritance of a nuclear or mitochondrial DNA mutation in a mitochondrially expressed
gene causes mitochondrial disease [1]. There is no explicit, detailed pathomechanism for
any mitochondrial disease and no approved or effective therapy has been developed to this
date. Although the most famous physiological role of mitochondria is as the producer of
adenosine triphosphate (ATP), mitochondria also plays important roles in reactive oxygen
species (ROS) generation and protection, Ca2* handling, nucleotide metabolism, the urea
cycle and apoptosis. Multiple mitochondrial disorders exhibit with neurological deficits or
neurodegeneration, including Friedrich's Ataxia (FA), Leber's hereditary optic
neuropathy(LHON), Leigh Syndrome (LS), Mitochondrial encephalomyopathy, lactic
acidosis, stroke-like episodes(MELAS) and Myaoclonic epilepsy with ragged-red
fibers(MERRF) [1, 2].
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We accept that the term ‘oxidative stress’ defines an imbalance between the production of
ROS, and antioxidant systems that protects from ROS. Because mitochondria are the site of
the electron transport chain that transfers electrons to molecular Oxygen (O») as part of its
physiological mechanism, it is reasonable to expect that defects in this pathway could cause
increased ROS. Indeed, known pharmacological agents that interact with electron transport
and oxidative phosphorylation system causes increased ROS, such as antimycin A (electron
shuttle) and oligomycin (ATP synthase inhibitor), which both increase measurable
mitochondrial ROS production. In line with this thought, disease-causing mutations in
mitochondrial disease which for example resides in the coding region of gene involved in
electron transport chain or oxidative phosphorylation could cause increased ROS, and
conversely, mutations that decrease the mitochondrion's protective system, including
thioredoxin reductase, but also peroxiredoxins, superoxide dismutases and glutathione
peroxidases could cause oxidative stress through protection deficiency [3-5].

The consequences of increased mitochondrial ROS production or decreased mitochondrial
ROS protection can include damage of mitochondrial DNA and RNA, proteins and lipids.
Oxidative stress can induce DNA damage by incorporating an oxidized base during DNA
polymerization or oxidizing a base that is already integrated into the DNA of which the most
commonly measured is 8-hydroxyguanosine [6, 7]. Proteins are oxidized in their backbone
creating protein-protein cross links and fragmentations. Amino acids on the protein
sidechains can also be oxidized and reduces or prevents the proteins from functioning
properly [8]. Oxidation of lipids can results in the formation of lipid peroxyl radicals and
hydroperoxides which propagates the further formation of lipid peroxides and can damage
DNA and proteins [9].

Although research into mitochondrial disease has identified multiple potential
pathomechanisms, treatment options are extremely limited and there is no cure for any
mitochondrial diseases. Antioxidant therapy, for example idebenone, has not been found to
be effective in any placebo-controlled, double-blind study of mitochondrial disease [10].
However, the strength of support of oxidative stress as a disease mechanism has not been
critically reviewed in inherited mitochondrial disease, which is the point of this work. Thus,
we critically review the potential role of oxidative stress in the five most common inherited
mitochondrial diseases: FA, MELAS, MERRF, LS and LHON.

As a counterweight to the reviewer's subjective bias, we also carried out a literature search
of the frequency of published papers in the five most common mitochondrial diseases for
terms related to oxidative stress. Articles on the five mitochondrial diseases FA, MELAS,
MERRF, LS and LHON had disease specific pools ranging from 2353 (FA) to 410
(MERRF). However, the disease-specific frequency of incidence of the term oxidative stress
within each disease group ranted from a low of 1.03 (LS) to 6.42(FA) [Table 1, Fig 1]. Thus
the conclusions of both types of review are consistent. There is support for oxidative stress
in all five of the most common mitochondrial diseases, but the most experimental evidence,
and the highest disease-specific citation frequency is for Friedreich's ataxia. These results
could have impact for the design and implementation of therapeutic studies involving
antioxidant protection, given that there is currently no cure for any of the 5 most common
mitochondrial diseases.
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Friedriech's ataxia-FA

Friedriech's ataxia (FA) is an autosomal recessive disease caused by trinucleotide repeat
expansion of GAA in the first intron of frataxin gene or a point mutation truncating the
transcript, reducing the expression of the predominantly mitochondrial frataxin gene
[11-13]. The pathomechanism includes spinocerebellar dorsal root ganglion death,
degeneration of the cerebellum, hypertrophic cardiomyopathy and diabetes [2, 14, 15].

Frataxin's only demonstrated physiological role is in the biogenesis of iron-sulfur clusters,
and specifically at the formation of persulfide sulfur [5, 16-20]. The mechanism by which
iron-sulfur cluster deficiency in this process causes increased ROS production or decreased
ROS protection is not clear; however there is support for the idea that the defect in sulfur
metabolism decreases thiol-dependent antioxidant protection.

It has also been proposed that frataxin is an iron-chelator, or iron chaperone, that delivers
iron to the iron-sulfur cluster biogenesis machinery, suggesting that decreased frataxin
causes increase ROS through increased free iron and redox-cycling, i.e. Fenton chemistry,
however, this has not been definitively demonstrated. The elucidation of the functionalities
of mammalian frataxin more strongly supports a mechanism which is more sulfo-centric
rather than ferrocentric.

An increase in oxidative stress has been a leading hypothesis in the pathogenesis of FA since
the identification of the gene in 1996 [21].

Support for Oxidative stress from FA patient cells

Deficient antioxidant protection

Early studies in this subject looked into the sensitivity of FA patient cells to extracellular
stress induction. A study utilizing fibroblasts identified decreased viability of FA patient
cells when exposed to free iron and hydrogen peroxide which was reversed by an additional
treatment by either intracellular iron/Ca2* chelator or apoptosis inhibitor [22]. This oxidant
sensitivity was rescued by transfection of human frataxin back into the mutant cells [23].
The oxidant sensitivity was also demonstrated by other groups independently [24]. Further
on, a disabling of the NRF2, a master regulator of antioxidant pathway in FA cells has been
implicated in both human cells and animals models [24-26]. A study in 2010 by Marmolino
et al. observed down regulation of PGC1a, a major regulator of mitochondrial biogenesis
and antioxidant response in patient fibroblast cells [17]. Thus there is support from multiple
groups in cell and animal model systems that antioxidant responses are disabled in FA.

The reduction of many antioxidants such as glutathione (GSH) was also observed in FA
patient fibroblast and spinal cord which is thought to have produced cytoskeletal
abnormalities of which the fibroblast cells were rescued by GSH treatment [27, 28].
Furthermore, patient blood and fibroblast cells has also been sampled for various antioxidant
enzymes and has been shown to have reduced superoxide dismutase (SOD) and glutathione
transferase (GST) activity [24, 29].
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The chronic elevation of oxidative stress is also thought to arise from either the direct
activity of frataxin in its regulation of antioxidative genes, a dysregulation of Fe-S cluster
biogenesis affecting activities of antioxidative enzymes or silencing of a neighboring gene
PIP5K1B [30, 31]. Further research is necessary to make strong assertion of this finding.

Increased ROS generation

The earliest hypothesis for FA was that frataxin was a mitochondrial iron chelator, and that
its deficiency led to increased iron levels, redox cycling, and increased ROS and oxidative
damage. And there is some support for this idea, including that there is increased free iron in
the mitochondria. We did not observe a significant increase in iron in patient cells as
compared to controls [23]. In general, patient cells indicate stronger support for a decrease
in antioxidant protection rather than an increase in pro-oxidants.

FA, oxidative stress and inflammation

Oxidative stress can incite inflammation, and inflammation can cause oxidative stress.
Frataxin knockdown in neural Schwann cells causes an explicit inflammation, oxidative
stress and induction of inflammatory arachidonate metabolites which precedes cell death
[32]. This death is inhibited by anti-inflammatories and antiapoptotics. Similarly, there is
induction of prostaglandin synthase, more specifically COX2, and inflammatory activation
in Friedreich's patient cells and animal models [33] This appears to be mediated by
transcription factors CREB and AP1. Oxidative stress is also thought to mediate apoptosis in
FA patient lymphoblast and induced pluripotent stem cell-derived neurons by Bad, DP5 and
Bim, which is ameliorated by forskolin treatment [34]. The current model of disease is that
reduction of frataxin leads to a decrease in antioxidant protection (such as NRF2) triggering
the neuroinflammatory and neurodegenerative consequences which manifest as clinical
symptoms of the disease.

Support for Oxidative stress from FA patient biomarker studies

In 2000, Schulz et al. showed that FA patient urine can be monitored for general oxidative
stress by measuring 8-hydroxy-2/-deoxyguanosine (80H2’dG), a marker of oxidative DNA
damage which was on average 2.6 fold elevated in patients and reduce by treatment with an
antioxidant, idebenone [35]. Similar studies observed increased nuclear and mitochondrial
DNA damage in FA patient peripheral blood cells and elevation of albumin, a marker of
oxidative damage in blood plasma of patients [36, 37]. Activities of antioxidative enzymes
and molecules are also indicated to be reduced in frataxin deficient patients and animal
models. GSH acts as a reducing agent donating an electron to a ROS and has been
implicated in the pathogenesis of many neurodegenerative diseases including FA [38].
Studies have shown a reduction in glutathione concentration in patient blood plasma and
lymphocytes [39-41]. Biomarker of oxidative stress such as glutathione imbalance (GSH/
GSSG) in peripheral whole blood of patients may provide information on the systemic
severity of the disease and has been proposed by a 2014 study by Enns et al. to be useful in
monitoring efficacy of therapies [42].

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.
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Support for oxidative stress in FA S. cerevisiae, C. elegans, E. coli and
Drosophila models

Frataxin-deficient S. cerevisiae C. elegans and Drosophila models exhibit increased
sensitivity to pro-oxidative stress environments [43-45]. Frataxin deficient S cerevisiae
have reduced antioxidant defenses, increases in ROS, and oxidative damage to
mitochondrial and nuclear DNA [46, 47]. Likewise, frataxin deficient S. cerevisiae models
also show reduced activity of mitochondrial and cytosolic SOD and reduced concentration
of GSH indicative of oxidative stress [41, 48, 49]. On the other hand, when frataxin is
overexpressed in Drosophila, there is a systemic increase in antioxidant capability,
resistance to oxidative stress insults, and longevity [50]. Furthermore, frataxin homolog in S.
cerevisiae model appears to have antioxidative response but not iron chelating function
[51-53]. Interestingly, a 2009 study by Seguin et al. showed a dose dependent altered
function of frataxin in S. cerevisiae when taken together with findings of other studies
indicates the possibility that human frataxin has the capacity to regulate multiple pathways
not overlapping with S. cerevisiae homologs and that depending on the concentration of
frataxin expression in various cell types, its function can be changed [54].

Lack of support for oxidative stress exists in an E. coli FA model. In the case of bacterial
homolog of frataxin, cyaY in E. coli when overexpressed showed no alteration in the
sensitivity to hydrogen peroxide or concentration of intracellular iron, suggesting either that
cyaY is a paralog to human frataxin, or that the bacterial frataxin has function outside of
oxidative stress regulation [55].

Differing support in mouse models of FA

Complete knockout of frataxin is embryonic lethal, but two kinds of mouse models of FA
exist. The first kind is one in which there is a frataxin deficiency (YG8, KIKO) [56], and the
second kind in which frataxin is knocked out conditionally, for example in the cardiac tissue
[57].

In the frataxin deficient model of FA, i.e. YGS8, there is support for decrease in multiple
antioxidant gene expressions; Gelm, Hmox, Nrf2, Ngol, Prx3, Sod1/2 and TxnRD1 in
neural tissues of an FA mouse model [5], and decrease in aconitase activity [58]. Similarly,
in both YG8 and KIKO mice, there is support for increased inflammatory markers;
interleukins, Nfikb and Tnf, and metabolites, prostaglandins, a class of eicosanoids involved
in the onset of inflammations [33].

By contrast, work with a conditional frataxin knockout in the cardiac tissue indicated that
Sod expression was only reduced in frataxin deficient mouse heart tissue and not in
cerebellar tissue suggesting a degree of disagreement on the generalization of the reduced
antioxidant enzymatic function [59]. The same study proposed that iron accumulation and
reduction of bio-available iron-sulfur clusters as a more likely pathogenic candidate rather
than oxidative stress [59].
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1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hayashi and Cortopassi Page 6

A 2012 study by Kim et al. interestingly demonstrated a frataxin dependent neuroprotection
from ROS in Parkinson's mouse model which also suffers from oxidative stress[60]. The
possibility that frataxin has multiple tissue and cell specific functions might exist and further
research is necessary to elucidate this information.

Antioxidants and FA

Therapeutic options for FA patients remain limited and no cure has been identified. Given
the support for oxidative stress in the disease, antioxidants have and continue to be tested.
Idebenone was a promising drug which was initially identified to reduce oxidative stress in
FA cell models, but placebo-controlled crossover studies did not find a significant effect on
the ataxic phenotype of patients [35, 61, 62]. Clinical trials of EPI-743 are ongoing. Many
patients take coenzyme Q but no demonstration of its effectiveness has occurred [10, 63].
Treatment with oral estrogen like compounds, polyunsaturated fatty acids diet and
deferiprone has been shown to reduce oxidative stress by mitigating the reduced antioxidant
response activity in aconitase, sequestering the effects of ROS or chelating free iron [64-67].
Treatment of FA patient with low dose tocotrienol supplement was identified to increase the
expression of frataxin gene. While further studies are necessary in understanding how
tocotrienol is regulating frataxin expression, it is thought that recovery of frataxin expression
will also reduce ROS concentration in patients [68]. Trophic factors have also been tested
for protective effects against oxidative stress in FA patient periodontal ligament cells and
brain-derived neurotrophic factor has been identified to not only elevate frataxin expression
but also reverses enzyme expression to that of healthy level, notably SODs and NADPH
oxidases (NOX) [69].

Leber's hereditary Optic Neuropathy-LHON

Leber's hereditary optic neuropathy (LHON) is a maternally inherited disease characterized
by the bilateral central vision loss at an early age attributed to the degeneration of the retinal
ganglion cells (RGCs) with European prevalence of 15:100,000 [70]. The disease is caused
by mitochondrial point mutations, most commonly in positions G11778A/ND4, G3460A/
ND1, and T14484C/ND6 reducing the functional capacity of NADH:ubiquinone
oxidoreductase (complex ) [71-74].

Mitochondrial respiratory chain is a major source of intercellular ROS and the dysfunction
of complex I in LHON enables electrons to leak producing excess ROS. It is thought that
oxidative stress as a consequence of the mutation is responsible for the cellular damage
resulting in apoptosis activation of RGC [75]. A major consequence of oxidative stress is the
induction of DNA damage and the levels of 80H2’dG, a marker of DNA damage has been
shown to be elevated in LHON patient leukocyte compared to healthy individuals [76]. The
increase in oxidative stress is also exacerbated by the reduction of antioxidant defenses;
glutathione peroxidases, glutathione reductase, CuZn superoxide dismutase (SOD) and
MnSOD [3]. Human osteosarcoma cytoplasmic hybrid (cybrid) cells with LHON mutations
were also observed to have reduced GSH activity [77]. It has been suggested that reduced
ATP concentration resulting from complex | deficiency is involved in the pathogenesis of
LHON, but in both human cell and mouse models, ATP production is unaltered while
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oxidative stress remains elevated indicating a greater role of ROS as a cause of RCG
degeneration [75, 78].

Current research suggests that the altered redox state of the LHON mitochondria can lead to
a non-inflammatory apoptotic event. The mitochondrial apoptosis in LHON is thought to be
mediated by the inhibition Bcl-2 decoupling and translocation of Bax/Bak causing the
release of Cyt-c leading to the activation of Apafl and ultimately the cleavage and activation
of caspase family of proteins [79]. LHON patient peripheral blood lymphocytes were
measured to be more sensitive to 2-deoxy-D-ribose induced apoptosis with reduction in
mitochondrial membrane potential by flow cytometry indicating a basally elevated state of
oxidative stress in LHON patients with mitochondrially driven apoptosis [80]. Concurrently,
LHON cybrid cells were also more sensitive to Fas-induced apoptosis when compared to
control cells alluding to a compromise in the steady state of mitochondrial stability [81].
Interestingly, a study using LHON cybrid cells showed that treatments with vitamin E, N-
acetylcysteine and various quinone derived antioxidants including MitoQ10, an antioxidant
which has been shown to effectively reach the mitochondria ameliorated cell death induced
by tertiary-butyl hydroperoxide (t-BH) or rotenone treatment [77]. While the mechanism of
how Bcl2 is inhibited in LHON remains a mystery, the complex | deficiency is likely
creating excess ROS overwhelming the cell's ability to regulate the chromic oxidative stress
promoting cell death by apoptosis specifically in the RGC.

MELAS and MERRF

Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) and
Myoclonic epilepsy with ragged-red fibers (MERRF) are two of the most common
mitochondrial encephalomyopathies caused by mitochondrial point mutations m.A3243G
and m.A8344G encoding mt-tRNA recognizing codons of leucine and lysine respectively
[82-84]. MELAS patients are presented with recurring stroke-like episodes, epilepsy, sudden
headache with vomiting and convulsions, lactic acidosis of the blood and dementia
prevalence of 236:100,000 in individuals of European descent [85-87]. MERRF patients
have progressive myoclonic and generalized tonic—clonic seizures, ataxia, deafness,
dementia, and myopathy with prevalence of up to 1:400,000 in northern Europe [88, 89].

Although little is known about systemic effects of the tRNA mutation, MELAS and MERRF
cells are characterized by the accumulation of ROS and patients suffer from oxidative stress
[4, 90]. ROS was detected in patient brain tissue and skin fibroblast cells using a common
DNA damage marker, 8OH2/dG, decreased GSH/GSSG ratio and elevated oxidative
damage to lipids [90, 91]. The pathogenesis of both diseases are marked by deficiencies of
complex I and/or IV leading to the ROS production and inducing the expression and activity
of genes involved in antioxidant defense including superoxide dismutases and catalyse in
patient muscle tissue [4, 92-95]. Concurrently, cybrid cell lines carrying mutant
mitochondrial DNA were found to be more susceptible to oxidative insult perhaps as a result
of ROS production overwhelming the antioxidative capacity of the cells [91]. Coenzyme
Q10 and taurine has been suggested to alleviate disease progression of MELAS and MERRF
indicating the possibility that ROS is the involved in pathomechanism [96-98].

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.
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Leigh Syndrome-LS

Leigh syndrome is an inherited mitochondrial disease arising from one of up to 35 mutations
in the nuclear or mitochondrial DNA, most commonly in SURF1 and COX assembly genes
[99, 100]. The disease affects 1:40,000 individuals with onset approximately 3 to 12 months
of age [100, 101]. Patients have reduced capacity to synthesize ATP resulting in multifocal
spongiform degeneration affecting the central nervous system [102, 103].

A clinical study in 2008 by Koopman et al. identified elevation of ROS in LS patient
derived fibroblast cells. The patients had mutations in the COX assembly genes resulting in
reduced complex | activity and when treated with vitamin E derivative, Trolox, the
concentration of ROS in patient cells were dramatically reduced [104]. Furthermore,
increase of ROS has been measured in a different LS patient fibroblast with reduction in
complex V activity and decreased antioxidant defenses, SOD1 and SOD2 [105]. Ina
complex I deficient animal model of LS, the ndufs4 knockout mouse, there is more protein
oxidative damage in the brain resulting from progressive glial activation that promotes
neuronal death by both apoptotic and necrotic pathways [106]. Similarly, in the mouse
embryonic fibroblasts (MEF) cell of ndufs4™Y mice, there is an increased production of
superoxides and higher sensitivity to oxidative stress. The same results were not observed in
the astrocyte cells even though both cell types exhibit reduced capacity of complex I [107].
And a perturbation of the electron transport chain in drosophila by complex I mutation
resulted in increased ROS causing degeneration of the synapses and cell bodies and a
condition resembling LS [108]. Interestingly, the study ruled out energy depletion as a
pathogenesis of the symptoms as ATP levels remain unchanged and treatment with
antioxidant, a-tocopherol prevented synapse degeneration. Thus from these experimental
data there is some evidence that perturbation of the Leigh Syndrome mutations causes an
increase in ROS.

Meta-analysis of oxidative stress in mitochondrial disease

To mitigate bias in terms of author knowledge, a Pubmed search of each of the 5 most
common mitochondrial diseases was carried out, and the disease-specific frequency with the
terms ‘oxidative stress’ [Table 1]. The most disease specific citations were
Friedreich's>LHON>MELAS>MERRF>LS. The frequencies of the term ‘oxidative stress’
in MELAS, LHON, MERRF, and LS were 2.45, 2.18, 1.71, and 1.03% respectively, and the
mean value was 1.84%. By contrast, the disease-specific frequencies for the term ‘oxidative
stress’ in Friedreich's ataxia publications was 6.42%, almost 3-fold higher, and the
difference from the non-FA mitochondrial disease mean was significant at p<0.0005,
(X2=11.8, 1 d.f.). Thus, there is physical and experimental evidence for oxidative stress
involvement in all of the 5 most common mitochondrial diseases, however the unbiased test
provides the strongest and significant support for Friedreich's ataxia, with LHON as second.

Reactive Nitrogen Species in Mitochondrial Genetic Diseases

Reactive Nitrogen Species (RNS) have been implicated as potential physiological and
pathophysiological actors, most often in endothelial cells and airways. There is potential for
RNS to be a player in mitochondrial pathophysiology, especially in MELAS and MERRF.

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.
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Crossing the search terms ‘Reactive Nitrogen Species’ and the mitochondrial disease search
terms (Friedreich's ataxia, MELAS, MERRF, LHON or Leigh Syndrome) only resulted in
hits in the MELAS mitochondrial disease, with 9 results. Multiple groups have noted
alterations in citrulline or arginine or both in MELAS subjects [109, 110]. One study has
suggested that subjects with MELAS had lower NO synthesis rate due to the reduced
availability of NO precursers; arginine and citrulline. MELAS patients were found to have
reduced citrulline flux leading to decreased de novo arginine synthesis, and increased
arginine clearance rate which is thought to reduce the plasma arginine. The reduction in the
arginine availability for NO synthesis taken together with the increase in the concentration
of plasma asymmetric dimethylarginine (ADMA), a regulator of NO synthesis in MELAS
patients, is thought to contribute to the NO deficit in MELAS patients. [109]. However work
in MELAS cybrid cell lines indicated no differences in NO levels or inducibility [111]. Thus
the extent to which these differences in RNS-promoting metabolite concentrations and an
overall decreased NO synthesis rate may contribute to endothelial permeability, stiffness, or
inflammation and thus possibly to stroke-like episodes are unclear.

Concluding remarks

Inherited mitochondrial diseases are orphan diseases currently lacking in effective treatment.
We have reviewed the support for oxidative stress as a component of the pathomechanism of
the 5 most common mitochondrial diseases. There are a substantial publications supporting
that oxidative stress plays some role in the pathomechanism of all 5 mitochondrial diseases,
and thus antioxidant therapy could be considered in all five. Based on the number of
published experiments related to oxidative stress and an unbiased meta-analysis of the
primary literature, the strongest support for an oxidative stress pathomechanism occurs for
Friedreich's ataxia, 6.42%. LHON is second with a score of 2.45%, but this is not
significantly higher than the remaining three. These results tend to support the idea that an
antioxidant therapeutic strategy is relevant in Friedreich's ataxia and perhaps LHON. As a
candidate for the most involvement of oxidative stress in the pathomechanism of disease
state, more studies are necessary in FA elucidating the relation between frataxin deficiency
and the reduction of antioxidant responses.
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Fig 1.
Frequency (%) of primary publication searches that support the role of oxidative stress in the
pathomechanism of mitochondrial diseases.
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Pubmed search of mitochondrial dysfunction diseases. The search includes total articles pertaining to the
disease and subset of the searches with emphasis on oxidative stress. Search criteria included terms; “disease

name” and “Oxidative Stress” but excluded review articles and “disease name” in the authorship.

Disease names Disease publication | Oxidative stress | Frequency (%)
Friedriech's Ataxia (FA) 2353 151 | 6.42
Leber's hereditary optic neuropathy (LHON) 1019 25 | 245
E\I/\Iﬂi'(é)ﬁrx)g)drial encephalomyopathy, lactic acidosis, and stroke-like episodes 1147 25 | 218
Myoclonic Epilepsy with Ragged Red Fibers (MERRF) 410 71171
Leigh Syndrome (LS) 1063 11 | 1.03
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