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Abstract

Mitochondrial diseases encompass a wide range of presentations and mechanisms, dictating a need

to consider both broad-based and disease-specific therapies. The manifestations of mitochondrial

dysfunction and the response to therapy vary between individuals. This probably reflects the

genetic complexity of mitochondrial biology, which requires an excess of 2000 genes for proper

function, with numerous interfering epigenetic and environmental factors. Accordingly, we are

increasingly aware of the complexity of these diseases which involve far more than merely

decreased ATP supply. Indeed, recent therapeutic progress has addressed only specific disease

entities. In this review present and prospective therapeutic approaches will be discussed on the

basis of targets and mechanism of action, but with a broad outlook on their potential applications.
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Mitochondrial therapies: a vast array of staggering challenges

Disorders of the mitochondrial respiratory chain (RC) (classically referred to as

‘mitochondrial disease’; Glossary) are relatively common. Without speaking of mutations in

nuclear genes encoding mitochondrial proteins, pathogenic mutations of the mitochondrial

DNA (mtDNA) are found in approximately 1 in 200 individuals [1], with clinical expression

seen in 1:10 000 [1] to 1:5 000 individuals [2]. Because they encompass an extraordinary

number of different clinical entities, requiring therapeutic intervention from conception to

the end of the life, it is often not productive to consider therapy of mitochondrial diseases in

overly broad terms. Instead, focusing on the pathophysiology may provide more insight into

therapeutic targets. The effect of the genetic background of an individual on the

consequences of mitochondrial dysfunction and response to therapy also demand caution in
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drawing conclusions about natural history and therapeutic outcomes [3]. Indeed, despite

remarkable progress in elucidating the molecular bases of these disorders, convincing

evidence of therapeutic efficacy can only be claimed in a very limited number of

circumstances [4]. This review will focus on recent and potential therapeutic approaches for

mitochondrial diseases with special emphasis on their underlying molecular and biochemical

targets.

Targeting the genetic causes

Mitochondria require 1500 to 2000 genes for proper function, and these are unequally

distributed between the nuclear genome (>98%) and the mtDNA (<2%) [5]. Moreover, each

mitochondrion contains multiple copies of mtDNA with multiple mitochondria per cell,

leading to a large population of mitochondrial chromosomes in each cell (up to 300 000 in

an oocyte). The end result is the ability of cells to support a burden of mutant mtDNA

molecules without a resulting functional impairment below a given threshold [6]. Thus, the

maintenance and transmission of even deleterious mutations in the mitochondrial genome is

tolerated, a phenomenon that may in part account for the relatively high frequency of disease

resulting from mtDNA mutations, despite evidence for germline selection against highly

deleterious variants [7]. Worldwide, it is estimated that 700 000 to 1500 000 individuals

have clinical disease related to mtDNA mutations. Targeting molecular correction to the

mitochondrial and nuclear DNA involves challenges unique to each cellular compartment.

mtDNA

Success in targeting DNA to mitochondria for gene replacement or protein overexpression

has been limited. Although many of the difficulties are common to those encountered in

nuclear gene therapy, at least one major hurdle is specific to mitochondria: the targeted

genetic material is enclosed in a double-membrane-enclosed organelle [8]. To date, with the

exception of some microorganisms (e.g., the yeast Saccharomyces cerevisiae, or the green

alga Chlamydomonas reinhardtii) whose mtDNA can be transformed by a biolistic approach

(a gene gun delivery system) [9], it has proved extremely difficult to manipulate mtDNA in

situ, even in model organisms or cell culture (Figure 1). Nevertheless, physiological

mechanisms to exchange genetic material between mitochondria and the nucleus, in the

form of both RNA and DNA, are in fact present in plants [10] and probably many other

organisms, which may explain why so many copies of mitochondrial genes can be detected

in the nuclear DNA and even vice versa [11]. To circumvent this difficulty, several

innovative strategies have been developed. First, faulty mtDNA genes have been re-coded to

be expressed in the nucleus (Figure 1). Here, a crucial parameter appears to be the

perimitochondrial location of the expressed mRNA, which can be enhanced by adding the

proper targeting signals, and this considerably increases the chance of success of directing

the subsequent translation products to mitochondria [12]. However, the feasibility of

allotopic expression of mtDNA genes in the nucleus is controversial [13]. Manipulating

mtDNA is also potentially feasible through delivery to mitochondria of DNA modification

enzymes such as endonucleases that target a heteroplasmic mutation [14]. tRNA molecules

can be imported into mitochondria through the TIM/TOM (inner and outer membrane

translocases) complex that is responsible for import of nucleus-encoded mitochondrial
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proteins in the mitochondrial matrix, providing a potential mechanism to deliver therapeutic

molecules to reverse mitochondrial tRNA gene mutations (Figure 1) [15].

Nucleus-encoded mitochondrial proteins

Nucleus-encoded proteins comprise the vast majority of mitochondrial proteins and

recognition of their deficiency expands rapidly. These present with clinical symptoms that

bring patients to many medical specialists (neurologists, cardiologists, endocrinologists,

oncologists). The challenge for molecular correction in these disorders is in directing

therapeutic proteins to the mitochondria, and few successes have been realized. Expression

of exogenous genes must be finely tuned to meet the needs of affected tissues, which may be

limited to specific parts of the body, frequently remote sectors of the neurological system, or

required throughout the whole organism. In keeping with this, successful gene therapy trials

restricted to the eyes have been reported for the Harlequin mouse [16]. This mouse, with a

complex I deficiency resulting from decreased expression of AIF (apoptosis-inducing

factor), develops several features which include a severe optic atrophy. Recently, this has

been successfully treated by adeno-associated virus (AAV2)-AIF1 gene therapy, paving the

way to possible gene therapy for optic atrophy in mitochondrial diseases. In the near future,

in addition to the eyes and the hematopoietic compartment (below), focused gene therapy

approaches for the heart may become feasible.

Friedreich ataxia, the most common recessive ataxia in human, is a mitochondrial disease

caused by trinucleotide repeat expansion (GAA) in the first intron of a nuclear gene

encoding frataxin, a protein involved in iron-cluster synthesis [17]. The expansion impairs

transcription due to the formation of an abnormal chromatin structure. Because DNA

structure and expression are strongly dependent on histone modification status (acetylation

to phosphorylation ratio), these anomalies can be somewhat modulated by the use of HDAC

(histone deacetylase) inhibitors. In the case of Friedreich ataxia, the trinucleotide repeat

expansion in the frataxin gene results in impaired iron–sulfur cluster synthesis and

hypersensitivity to oxidative insult. To date, the low levels of frataxin in both cell and mouse

models for Friedreich ataxia have proved to be significantly increased upon treatment with

an HDAC inhibitor, indicating the therapeutic potential of such an approach [18]. However,

concerns over the possible toxicity of such DNA-targeting drugs mean that large-scale

clinical trials have to be preceded by safety validation.

The overall gene set: mitochondrial and nuclear genes

Because a minimum threshold of mitochondrial function frequently appears sufficient to

balance organ dysfunction, increasing the overall activity of the ‘chondriome’ seems to be a

reasonable option. Accordingly, several putative master regulators of mitochondrial

biogenesis or function have been targeted to boost mitochondrial activity, including those

resulting in the activation of a network of proteins including SIRT1, an NAD-dependent

protein deacetylase, AMP-activated protein kinase (AMPK), an enzyme that plays a role in

cellular energy homeostasis, the transcriptional coactivator peroxisome proliferator-

activated receptor γ coactivator 1 α (PGC-1α) and the nuclear hormone receptor peroxisome

proliferator-activated receptor (PPAR) family [19,20] (Figure 2). A large group of molecules

are proposed to interact in this network with both pleiotropic and organ-specific effects, a
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complexity not necessarily fully understood [21]. However, these factors represent a real

hope in the context of mitochondrial diseases. In keeping with this, the AMPK agonist, 5-

ami-noimidazole-4-carboxamide ribonucleoside (AICAR), an AMP analog, was recently

shown to partially correct cytochrome c oxidase (COX) deficiency, in three COX-deficient

mouse models, with significant motor improvement in one [21]. Bezafibrate (a PPAR

panagonist, widely used as a hypolipidemic drug) has demonstrated efficacy in mild forms

of human carnitine palmitoyltransferase 2 (CPT2) deficiency [19]. In vivo studies of

bezafibrate in RC disorders are restricted to various mitochondrial mouse models and

remain conflicting with beneficial effects [22,23], absence of effect (Surf1 knockout mouse

[21]) or even acute myotoxicity (ACTA-Cox15 knockout mouse [21]). Mitochondrial

biogenesis was increased [22] or unaffected by bezafibrate [21,23]. Bezafibrate induced

severe hepatic side-effects (massive hepatomegaly) and dramatic weight-loss in both mutant

and wild-type individuals [21,23]; these have not, however, been reported in humans and

should be regarded as rodent-specific and possibly dose-dependent [24]. Resveratrol, one of

the most potent natural SIRT1 activators has been shown to protect mice against high-fat

induced obesity and insulin resistance through activation of mitochondrial biogenesis [25].

Further, it has been recently shown that resveratrol markedly induced mitochondrial fatty

acid oxidation capacities in CPT2 or very long-chain Acyl-CoA dehydrogenase (VLCAD)-

defective human fibroblasts [26].

Finally, as discussed further, diet is a central modulating factor in this regulatory network,

offering a potentially natural way to cope with pathological manifestations [27].

Expression of allotopic genes

In several organisms there are natural ways to avoid mitochondrial electron-transfer

blockade (Figure 3). A major attraction of these alternative pathways stems from their

physiological action as safety valves: in the main, they appear to function only when needed

– in other words, in case of blockade of the RC. In keeping with this, the alternative oxidase

(AOX) that is present in plants, several microorganisms and a subset of animals can convey

electrons from the ubiquinone CoQ10 pool directly to oxygen when the cytochrome segment

of the RC is blocked. It has been shown that AOX from the urochordate Ciona intestinalis

can be safely expressed in cultured human cells [28] and in flies [29], and complements

genetically-triggered COX deficiency [30]. Similarly, expression of the S. cerevisiae Ndi, a

monomeric protein whose activity can replace the main redox function of the 45-subunit

complex I, has been shown to complement complex I deficiency in cells and flies

successfully [31]. The possible use of these by-passes in therapy needs next to be validated

in whole-organism mammalian models.

Targeting the cellular consequences

Mitochondrial dysfunction has numerous predictable effects on cell functions, depending on

its nature, its severity, the cell or tissue affected, and the genetic background of the

individual [3]. A primary consequence of most oxidative phosphorylation (OXPHOS)

impairments is decreased ATP production. Under several circumstances glycolytic ATP can,

however, be compensatory. Cultured human cells in vitro, as well as cancer cells in vivo,

grow and divide – even preferentially – despite defective OXPHOS function, provided that
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glucose is available: the so-called Warburg effect. In other tissues, such as rat heart

cardiomyocytes, induction by glucocorticoid therapy of creatine kinase, under the control of

the PPARγ receptor, modulates ATP production [32]. This observation provides a rationale

for the use of creatine as a therapy for mitochondrial disease. Creatine is a frequent

component of the therapeutic ‘cocktail’ supposed to be beneficial for patients with these

disorders [33]. This cocktail also contains a variety of antioxidant molecules because

oxidative stress is frequently assumed to result from RC dysfunction [5]. This assumption

must, however, be qualified by the fact that superoxide radical formation by the RC largely

depends on (i) the flux of electrons through the chain, which is often significantly decreased

by dysfunction, and (ii) the reduction of specific auto-oxidizable components, especially

CoQ10 and flavin cofactors, which is not always the result of RC dysfunction. Accordingly,

the efficacy of these otherwise harmless cocktails has yet to be established, despite years of

clinical recommendations. Interestingly, a substantial blockade of the RC often results in

pyruvate and α-ketoglutarate accumulation, two potent antioxidant molecules that may be

involved in the physiological turnover of H2O2 [34]. As a rule, the incidence of oxidative

stress in mitochondrial RC dysfunction has yet to be demonstrated in the vast majority of

cases, probably accounting for the limited effect of antioxidant therapy in most

mitochondrial diseases.

Instead of increasing production of oxidative compounds, RC dysfunction can result in

hypersensitivity to oxidative stress, as described in COX deficiency [30] and Friedreich

ataxia [35], albeit by different mechanisms. In this situation, antioxidant therapy seems a

promising option and some limited successes have been reported. Idebenone, a potent

antioxidant derivative of CoQ10 (Box 1), has been trialed in Friedreich ataxia [36] and Leber

hereditary optic neuropathy (LHON) [37]. This short-chain CoQ10 homolog is known to

distribute throughout the organism, and possibly functions in a cyclic fashion, being

reoxidized by the RC after reducing radical species. Idebenone may also shuttle electrons to

the RC [38]. Unfortunately, in spite of several attempts at open and double-blind controlled

trials, the efficacy of idebenone in Friedreich ataxia remains disputed [39]. Although there is

indeed some evidence of a significant effect on a subset of patients with Friedreich ataxia

[40], the limited cohorts of available patients compromise the power of these studies, and

additional trials may be needed to achieve statistical significance. In addition, the potential

existence of subsets of patients (true responders versus non-responders to idebenone) has

been demonstrated in the case of LHON patients [41]. In practice, with few therapeutic

alternatives available for these disorders, it appears reasonable to test the otherwise harmless

idebenone in each patient because this might at least slow the progression of the disease.

Supplementation with CoQ10 is frequently used to treat mitochondrial diseases. This of

course is the treatment of choice in the primary deficiencies of CoQ10 synthesis where

spectacular effects can be observed [42]. However, it must be noted that the decreased

CoQ10 content paralleling the loss of mitochondrial function that is observed in several

conditions (including aging) might well reflect an adaptation to a decreased need rather than

a deleterious loss [43]. Indeed, despite a long history of use of CoQ10 alone or as a part of a

therapeutic cocktail, no convincing demonstration has been provided of its efficacy under

these conditions except for the well-being of its manufacturers and distributors.
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Mitochondrial dysfunction has been shown to lead to some unexpected consequences that

have therapeutic implications. For example, the accumulation of succinate and fumarate,

resulting from deficiency of RC complex II (SDH) and fumarase deficiency respectively,

readily inhibits prolylhydroxylase activity, favoring stabilization and nuclear translocation

of the hypoxia inducing factor 1α (HIF1α) [44,45]. This triggers angiogenesis and might

contribute to tumor development (paraganglioma for SDH deficiency [44], uterine and skin

leiomyomata and papillary renal cell cancer for fumarase deficiency [46], even if a causal

role for HIF in tumor development is debatable). Under these circumstances, α-ketoglutarate

supplementation of SDH- [45] or fumarase-deficient [47] cells restores the standard location

of the HIF protein, providing further evidence of the role of the metabolic imbalance

between succinate and α-ketoglutarate in the control of the prolylhydroxylase and of a

potential therapeutic strategy.

Targeting organism/organ dysfunction

Although the most effective therapies remain supportive care and symptomatic treatment,

nutritional therapy, exercise and organ transplantation deserve special attention.

Nutrition

The central role of mitochondria in intermediary metabolism makes them a key interface

between the environmental calorie supply and the energy requirements of each organ.

Consequently, targeted dietary handling may be a valuable therapeutic option in an attempt

to increase mitochondrial function, or to bypass mitochondrial dysfunction [2]. Most if not

all of the available in vivo data address the increase of dietary fats [27].

An isocaloric high-fat diet (HFD) may improve some patients with mitochondrial diseases,

most notably those with complex I deficiency [48–51]. This beneficial effect had initially

been attributed to the ability of fatty acid β-oxidation to feed electrons to electron transfer

flavoprotein (ETF), thereby bypassing complex I (Figure 3). Another explanation is that

fatty acids might act as natural ligands for the PPAR family of receptors, resulting in a

generalized stimulation of mitochondrial biogenesis [52] (Figure 2). It has been reported that

wild-type rats fed an HFD show a gradual increase in muscle mitochondrial biogenesis, with

increases in various mitochondrial enzyme levels, mtDNA copy number, and mitochondrial

capacity to oxidize fatty acids [53]. These changes were ascribed to activation, by fatty

acids, of PPARδ, resulting in a gradual post-transcriptionally regulated increase in PGC-1α

protein expression with no increase in PGC-1α mRNA [53]. The ability of fatty acids to

stimulate mitochondrial biogenesis in muscle may explain the apparently beneficial effects

of an HFD in mitochondrial diseases. The ketogenic diet has been used for years in children

with seizures resistant to conventional antiepileptic drugs, and has also been reported to be

successful for treating epilepsy in children with mitochondrial diseases [54]. During fasting,

ketone bodies are generated in the liver by β-oxidation of fatty acids and subsequent

ketogenesis. Ketone bodies are delivered to, and oxidized by, the brain. Thus, ketone bodies

serve as a non-glucose energy substrate that protects against muscle proteolysis and spares

glucose. The ketogenic diet induces ketosis by increasing the amount of dietary fat to

approximately 90% of the calorie intake. The mechanisms involved in the neuroprotective

effects of the ketogenic diet are still unclear, but there is evidence that this diet increases
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brain energy metabolism by upregulating mitochondrial biogenesis [55], increasing ATP and

adenosine concentrations and neuron–glia interactions [56]; inhibiting ROS production [57],

and even shifting the level of heteroplasmy in cell cultures harboring single mtDNA

deletions [58].

Ketogenic diet was beneficial in a mouse model with late-onset progressive mitochondrial

myopathy. The results showed that the diet induced mitochondrial biogenesis, slowed

histological disease progression, and diminished the amount of COX-negative muscle fibers

[59]. Similarly, an HFD significantly slowed clinical disease progression in the RC complex

I-deficient Harlequin mice [60]. The HFD-fed mice exhibited a less severe

neurodegenerative course than the animals fed the control diet. Moreover, a sub-group of

highly responsive animals in a genetically mixed population was identified [60], echoing the

high variability of the disease progression in Harlequin mice [61].

Use of the anaplerotic compound triheptanoin, a triglyceride with heptanoate side-chains,

represents a dietary approach to the treatment of disorders of mitochondrial long-chain fatty

acid oxidation that may have relevance to RC deficiency. Anaplerosis refers to metabolic

pathways that replenish the citric acid cycle (CAC) intermediates, which are essential to

energy metabolism. This therapy has been reported to improve cardiomyopathy dramatically

in patients with VLCAD deficiency and muscle symptoms in CPT2 deficiency patients who

were previously treated with standard dietary supplementation of even-carbon medium-

chain triglycerides [62]. Triheptanoin induced a rapid plasma increase in C4- and C5-ketone

bodies, the latter being a precursor of propionyl-CoA that is then converted to succinyl-CoA,

a CAC intermediate. The potential benefits of a triheptanoin anaplerotic therapy in patients

with long-chain mitochondrial fatty acid oxidation defects are currently undergoing formal

clinical trials in the US. Triheptanoin therapy may also provide benefit in the treatment of

RC defects given the effects of the ketogenic diet in these disorders, as well as the possible

secondary defects in mitochondrial fatty acid oxidation [63] and the CAC cycle [64]

possibly associated with some RC defects.

Exercise and physical activity

The benefits of exercise therapy for RC defects remain a matter of debate and controversy

[65]. On the one hand, aerobic training could prevent muscle deconditioning and wasting

and increase exercise capacity [66], but concern remains that it could trigger myolysis of

already compromised muscle fibers. Proof of concept of the benefits of exercise was

provided by studies showing that exercise increased wild-type mtDNA in muscle fibers in

patients with mtDNA mutations, probably by stimulating muscle regeneration [67]. This

concept was further evaluated in vivo in adult-onset myopathy with chronic progressive

external ophthalmoplegia associated with a single heteroplasmic deletion of mtDNA

(ΔmtDNA) in skeletal muscle. The potential therapeutic effects of prolonged (12 weeks)

progressive overload leg resistance training in eight patients with muscle-restricted

heteroplasmic ΔmtDNAs were evaluated. At the end of the training program all patients

exhibited increased muscle strength and improved muscle oxidative capacity, albeit with a

limited fall of ΔmtDNA mutation load [68].
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It has also been shown that increased PGC-1α levels in skeletal muscle in a mitochondrial

myopathy mouse model (MLC1F-Cox10 knockout mouse) stimulated residual OXPHOS

capacity by increasing mitochondrial mass, resulting in delayed and less severe course of the

disease and increased lifespan [22]. Furthermore, in skeletal muscle of these COX-10

deficient mice, endurance exercise enhanced ATP production via increased mitochondrial

mass [69]. Interestingly, it has recently been shown that, in wild-type mice, endurance

exercise induced a generalized increase of mitochondrial biogenesis (as determined by

PGC1-α and citrate synthase mRNA levels) in various brain regions, suggesting that

endurance exercise could be beneficial in the many diseases with impaired brain OXPHOS

[70]. In another study, endurance exercise for 5 months had a spectacular effect on the

polymerase γ mutant mice (mtDNA mutator mice) [71]. Exercise induced systemic

mitochondrial biogenesis, prevented mtDNA depletion and mutations, increased

mitochondrial oxidative capacity and RC assembly, restored mitochondrial morphology, and

attenuated pathological levels of apoptosis in multiple tissues. Moreover, it was shown that

these adaptations conferred complete phenotypic protection and prevented premature death

[71].

Finally of note, the level of habitual physical activity in 100 adult patients affected by

mitochondrial diseases has been shown to be significantly lower in patients than in control

subjects, suggesting that physical activity may constitute a modifiable risk factor in

mitochondrial disease [72].

Overall, it seems reasonable to conclude that endurance exercise therapy is beneficial in

mitochondrial disorders, although care must be taken for patients known to experience acute

episodes of rhabdomyolysis.

Transplantation

Transplantation is a controversial issue in the treatment of mitochondrial diseases,

principally because the diseases typically involve multiple organs and manifest

asynchronously. Single organ transplantation is usually not appropriate. However, in

particular clinical situations (e.g., persistently isolated organ failure) transplantation may be

a valuable option. Heart transplantation was successfully performed in six children with

severe and isolated mitochondrial cardiomyopathy due to heart RC enzyme deficiency [73].

Three of these six patients are reported to be symptom-free with a follow-up of 2.6–6.5

years. Because liver disease may stabilize or even sometimes regress, liver transplantation

should only be performed in cases of life-threatening liver failure when no extra-hepatic

symptoms are present. Unfortunately, the latter condition may be difficult to document,

especially concerning neurologic signs in young children. It is also crucial to remember that,

even if no extra-hepatic symptoms are present at the time of transplantation, they can

develop afterwards. In one multicenter study of 11 patients receiving liver transplants for

RC defects, five were alive and well at last follow-up (ranging from 5 months to 8 years),

whereas six died, including three after neurological deterioration post-transplantation [74].

Mitochondrial depletion syndrome due to deoxyguanosine kinase (DGUOK) deficiency

often presents with isolated liver failure, and thus liver transplantation may be a therapeutic

option. In one study of DGUOK deficiency, three of four patients undergoing liver
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transplant remain alive. Two of the patients are reported to have no post-transplant

symptoms whereas one patient has exhibited neurological deterioration [75].

Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE), due to mutations in the

thymidine phosphorylase (TP) gene, is probably the only mitochondrial disease in which

stem cell transplantation may replace the missing enzyme activity and lead to long-term

clinical improvement. MNGIE is a disorder of nucleotide utilization that results in severe

gastrointestinal dysmotility, external ophthalmoplegia with ptosis, cachexia, peripheral

neuropathy and leukoencephalopathy [76]. The defective thymidine phosphorylase leads to

an increase in the level of dTTP and produces an imbalance in the nucleotide pool, thereby

altering mtDNA replication and repair. The reduction of circulating nucleosides, as achieved

transiently by hemodialysis [77] and platelet infusion [78], and on a long-term basis by

successful allogeneic stem cell transplantation [79], have been shown to be beneficial

therapeutic options. Preliminary data for enzyme replacement by allogeneic hematopoietic

stem cell transplantation have shown biochemical improvement, with rapid restoration of

enzyme activity and reduction or disappearance of plasma thymidine and deoxyuridine.

Moreover, a considerable clinical improvement up to 3.5 years post-transplantation has been

reported in all the nine engrafted patients [76].

Concluding remarks

Several strategies have been devised towards therapies for mitochondrial disease. Several

trials have been performed on cultured cells and animal models with some success, but very

little has been actually brought to clinical practice. With the exceptions of primary CoQ10

deficiency and, more recently, MNGIE disease, our capacity to counteract or reduce the

effect of RC defects and slow disease progression is limited. However, the renewed interest

in nutritional modulation, and in the use of chemicals acting on diet-associated regulatory

pathways (SIRT1/AMPK/PGC1/PPARs), illustrated by the accumulation of recent data

(especially on mouse models), should lead to clinical trials based on this promising

approach. Accordingly, the implementation of trials that take into account the limited

cohorts of frequently heterogeneous patients and the inter-individual variability of the

therapeutic response will be crucial to advancing the field.
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Glossary

Allogeneic
hematopoietic stem
cell transplantation

the transplantation of hematopoietic stem cells from a donor to a

recipient.

Allotopic gene
expression

expression and synthesis of an exogenous wild-type version of a

mutated protein in the nuclear–cytosolic compartment and its

importation into mitochondria to replace the mutated protein.

Allotopically expressed genes may include both human mtDNA

genes as well as genes from other organisms, although the latter is

most correctly referred to as xenotopic gene expression.

Chondriome also termed chondrioma, the total mitochondrial content of a cell,

taken as a functional unit.

Cytochrome c
oxidase (COX)

also known as complex IV of the respiratory chain (RC).

Friedreich ataxia the most prevalent form of autosomal recessive cerebellar ataxia

in Caucasians. In the vast majority of cases it is caused by a GAA

trinucleotide repeat expansion in the first intron of the frataxin-

encoding gene (FXN), which results in decreased gene expression

and partial loss of function of the frataxin protein in the

mitochondrial matrix. Frataxin has been shown to interact with the

iron–sulfur cluster (ISC) assembly machinery. Frataxin loss of

function therefore can result in ISC-containing protein deficiency,

decreasing aconitase and mitochondrial RC activity, but it also

results in hypersensitivity to oxidative stress and iron

accumulation in affected organs.

Homoplasmy refers to a situation where all mtDNA molecules in a cell, tissue or

organism are identical. Because several hundred mtDNA

molecules are present in a cell, mutations can either affect all the

mtDNA molecules (homoplasmy) or part of them (heteroplasmy).

Leber hereditary
optic neuropathy
(LHON)

the most common mitochondrial disorder. It causes progressive

irreversible blindness. Over 90% of European and North

American patients harbor one of three pathogenic mutations in

mtDNA (m.3460G>A, m.11778G>A, and m.14484T>C) affecting

complex I of the mitochondrial RC.

Mitochondrial
diseases

a vast group of human disorders resulting from mitochondrial

dysfunction. Classically, the term mitochondrial disease (also

termed RC defects or oxidative phosphorylation (OXPHOS)

diseases) refers to any dysfunction of the RC/OXPHOS system.

However, mitochondrial dysfunction is not only observed in

monogenic RC defects (resulting from mutations in mtDNA or

nuclear DNA) but is also associated with more common
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conditions, such as Alzheimer’s disease, Parkinson’s disease,

amyotrophic lateral sclerosis, Huntington’s disease, cancer,

diabetes and obesity. Additionally, a progressive decline in the

expression of mitochondrial genes is an essential feature of

normal human aging. Thus, mitochondrial diseases conceptually,

encompass not only defects of the RC but the broader set of

disorders with mitochondrial dysfunction.

Ophthalmoplegia or
external
ophthalmoplegia

a paralysis of one or more of the muscles that control eye

movement (extraocular muscles). This condition is associated with

several neurologic disorders.

Rhabdomyolysis breakdown of skeletal muscle causing myoglobin and other

intracellular proteins and electrolytes to leak into the circulation.

Rhabdomyolysis is associated with a wide variety of diseases

including some inherited disorders of glycolysis, glycogenolysis,

mitochondrial disorders, and long-chain fatty acid oxidation

defects, as well as injuries, medications and toxins.
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Box 1. CoQ10 or idebenone?

CoQ10 is an extremely hydrophobic molecule, consisting of a benzoquinone ring (able to

exchange electrons) and a huge 50-carbon unsaturated side-chain (Figure I). CoQ10 is

synthesized in all cells and distributed in the various cell compartments, with only 20%

being found in the mitochondria. It can act as an antioxidant by providing electrons to

neutralize unstable radical molecules. However, due to its high hydrophobicity it is fairly

difficult to handle and acts mostly in the core of cellular membranes which more

hydrophilic radicals readily escape. CoQ10 was modified to keep its antioxidant

properties but decrease its hydrophobicity. Idebenone is a homolog of CoQ10 with a short

(10-carbon) side-chain ending with a hydroxyl group. Being much more hydrophilic, this

synthetic molecule is relatively readily distributed in the organism where it targets many

more compartments than CoQ10. The two molecules, distributed in the US as food

supplements, have no recognized side effects (up to 45 mg/kg/day for idebenone).
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Figure I. Comparison of the chemical structures of ubiquinone (CoQ10) and idebenone.

Note the different lengths of the side chains, the unsaturated double-bonds of the CoQ10

side-chain, and the additional charges of idebenone. Abbreviation: BenzoQ,

benzoquinone.
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Figure 1.
Targeting defective genes in mitochondrial diseases. (a) Under specific experimental

conditions, naked DNA in close contact to isolated mitochondria can be taken into the

mitochondrial matrix by an unknown mechanism (?) [80]. (b) Cytosolic tRNA can be

imported into mitochondria through the TIM/TOM complex responsible for mitochondrial

protein import. (c) A gene normally found uniquely in mtDNA can be re-coded for cytosolic

translation and the resulting mRNA targeted to the mitochondrial surface to facilitate

mitochondrial import of the synthesized protein. (d) Allotopic genes (AOX, Ndi1), normally
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absent from human cells, can be expressed to functionally complement deficient

mitochondria. Abbreviations: AOX, alternative oxidase; Ndi1, internal (rotenone-resistant)

NADH dehydrogenase; TOM, translocase of the outer membrane; TIM, translocase of the

inner membrane.
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Figure 2.
The Sirt1/AMPK/PGC1/PPAR signaling network. A schematized and partial view of the

signaling pathway indicating its major downstream targets (bottom) and factors susceptible

to interfere with signaling (green arrows). Abbreviations: AICAR, 5-aminoimidazole-4-

carboxamide ribonucleoside; AMPK, AMP-activated protein kinase; FOXO, forkhead box

O; OXPHOS, oxidative phosphorylation; PGC1, peroxisome proliferator-activated receptor

γ coactivator 1; PPAR, peroxisome proliferator-activated receptor; RXR, retinoid X

receptor.
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Figure 3.
Protection of mitochondria by alternative proteins. A scheme of the respiratory chain (RC)

in mammalian mitochondria featuring the respirasome which in the inner mitochondrial

membrane associates complexes I, III and IV (I, III, IV) and channels electrons from the

quinone pools reduced by the various dehydrogenases: complex I, complex II (II, SDH), the

electron transfer flavoprotein (ETF), the glycerol-3-phosphate dehydrogenase (G3Pdh) and

the dihydroorotate dehydrogenase (Ddh). The ATPase (complex V) uses the proton gradient

established during electron transfer to generate ATP from ADP and phosphate. Acting as

safety valves when expressed as allotopic proteins in the RC of mammalian cells, the

internal rotenone-resistant NADH dehydrogenase (Ndi1) and the alternative oxidase (AOX)

proteins avoid the accumulation of mitochondrial matrix NADH and over-reduction of the

RC, as in their organisms of origin.
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