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CHAPTER 1 
 

 

General introduction: Mitochondria and 
mitochondrial medicine 
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Mitochondria 

 

Mitochondria are intracellular organelles, ubiquitously found in 

eukaryotes. They originated from a primitive, bacteria-like organism 

that colonized primitive eukaryotic cells and created an endosymbiotic 

relationship with them (Margulis et al. 1976). Mitochondria, thanks to 

their capacity to support aerobic respiration and to generate adenosine 

triphosphate (ATP), became the principal intracellular source of 

energy. However during evolution, they lost their independence and 

most of their original bacterial proteome, relying on the import of 

cytosolic protein for several functions (Lister et al. 2005). In addition 

to their primary function, the production of ATP by oxidative 

phosphorylation (OXPHOS), mitochondria have a primary role in 

different metabolic pathways: the tricarboxylic acid cycle (TCA) and 

β-oxidation, for the metabolism of carbohydrates and fats, the 

porphyrin (Hamza 2006), lipid and steroid hormone (Jefcoate et al. 

2002) synthesis. Moreover mitochondria have been shown to be 

involved in cell signalling, in particular they play an important role in 

the apoptosis (Schapira 2006, Letai et al. 2008), and in calcium 

homeostasis (Rimessi et al. 2008). 

 

Mitochondria have a double-membrane structure (Fig.1a). They are 

present in hundreds/thousands copies in every cell, the amount 

depending on the cell type. Although traditionally considered as 

isolated organelles, recent findings indicate that they form a complex 

network (Fig.1b), with frequent fissions and fusions (Margineantu et 

al. 2002). Nevertheless they can be divided into 4 compartments: the 
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outer membrane (OM), the inter-membrane space (IMS), the inner 

membrane (IM) and the mitochondrial matrix. The OM is a porous 

membrane that allows passage of small substances between the 

cytosol and the IMS. The IM contains the complexes of the 

mitochondrial respiratory chain (MRC) and functions also as a barrier 

to ionic diffusion, allowing the creation of the proton gradient 

necessary to produce ATP. The matrix hosts several enzymes involved 

in different pathways (i.e. TCA cycle and β -oxidation) and the 

mitochondrial deoxyribonucleic acid (mtDNA). 

 

 
Figure 1.  Mitochondrial structure 

a) Schematic representation of the double membrane structure of 
mitochondria. b) Confocal image of fibroblasts stained with Mitotracker Red. 
This image demonstrates the reticular pattern of interconnecting 
mitochondria that result from the dynamic processes of fission and fusion. 
 

Mitochondrial genetics 

Mitochondria contain their genome, a circular double-strand DNA of 

16569 base pairs. MtDNA contains no introns and small non-coding 

regions; it codes for 13 protein of the OXPHOS system and for 2 

ribosomal and 22 transfer RNAs, necessary for the mitochondrial 

protein synthesis (Fig.2). However mitochondria depend upon the 

nucleus for supplying of all the other OXPHOS proteins as well as the 
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enzymes necessary for replication, repair, transcription, translation, 

maintenance and many structural proteins. 

 

 
Figure 2. Mitochondrial DNA 

Genes coding for OXPHOS proteins: complex I genes = blue; complex III 
cytb (cytochrome b) gene = green; complex IV genes = red; complex V 
genes = yellow. Genes coding for RNAs: tuna genes = grey; reran genes = 
purple. COI = complex I; COII = complex II; COIII = complex III. 
 

The replication of mtDNA is a continuous process, independent from 

nuclear DNA replication, and requires several nuclear encoded factors 

such as DNA polymerase gamma (POLG), mitochondrial transcription 

factor A (mtTFA), mt single-strand binding protein (mtSSB) and 

enzymes important for the supply of deoxynucleotides, such as 
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thymidine kinase 2 (TK2) and deoxy-guanosine kinase (dGUOK). 

MtDNA is transcribed polycistronically and translated by 

mitochondrial ribosomes. 

MtDNA is transmitted through the maternal line. This means that only 

the mother transmits her oocyte mtDNA to all of her offspring, and 

her daughters transmit their mtDNA to the next generation. A single 

case of paternal inheritance has been published (Schwartz et al. 2002) 

but, despite several studies, further cases of paternal transmission have 

never been described. The dogma of the maternal inheritance of the 

mtDNA remains true in practice for genetic counselling and for 

evolutionary studies. 

Each human cell has thousands of mitochondria and within each 

single mitochondrion are present multiple copies (2 to 10) of mtDNA. 

Usually all these copies are identical, a status known as homoplasmy. 

However it is possible that errors occur during replication or repair of 

mtDNA, leading to the formation of a mutant mtDNA molecule. The 

rate of mutations in mtDNA is greater than those of genomic DNA 

probably because of the lack of histones and the presence of high level 

of free oxygen radicals. Mutant mtDNA could coexist with wt 

mtDNA in the same cell. This coexistence is called heteroplasmy. 

This is a dynamic phenomenon and the proportion of mutated vs. wt 

mtDNA (level of heteroplasmy) can change among cells and tissues, 

because at every cell division mitochondria are randomly segregated. 

A bottleneck effect is active in primordial female germinal cells 

(primary oogonia) that drastically reduces the number of segregating 

units responsible for the transmission of mtDNA characters to the 

subsequent generation. 
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Clinical presentations are usually associated with heteroplasmic 

mutations. Only when mutated gene copies accumulate over a certain 

“threshold”, the deleterious effects of the mutation will not be 

counterbalanced by the co-existing wild-type mtDNA, and will be 

expressed phenotypically as a cellular dysfunction and disease. This 

threshold is tissue-specific, different for different mutations and in 

different individuals.  

Nevertheless there are diseases caused by homoplasmic mutation, 

such as Leber’s hereditary optic neuropathy (LHON), the first disorder 

associated to mitochondrial DNA mutation (Wallace et al. 1988).  

Recent findings have shown that various mtDNA maintenance 

proteins specifically co-localize with mtDNA in intra-mitochondrial 

foci designated nucleoids. Mammalian nucleoids are now considered 

as specialized mtDNA-containing structures within the mitochondrial 

network, organized as complexes with a variety of proteins that 

protect mtDNA from insults and provide the appropriate 

microenvironment for mtDNA maintenance and gene expression. 

 

Oxidative Phosphorylation 

The most important activity of mitochondria is the oxidative 

phosphorylation. (Zeviani & DiDonato 2004). It is carried out by a 

series of multi-heteromeric complexes, located in the mitochondrial 

inner membrane through sequential reactions of reduction and 

oxidation, which form the so called “cellular respiration” and 

constitute the mitochondrial respiratory chain (MRC). Following the 

dehydrogenation of the redox equivalents nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), they 
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generate a flow of electrons that results in the extrusion of hydrogen 

ions from the matrix to the IMS (exploited by proton translocating 

complexes I, III and IV and generating a membrane potential of about 

180 mV) and in the production of water from molecular oxygen (by 

complex IV). The energy generated during these reactions, 

corresponding to the proton gradient across the IM, can be utilized by 

Complex V, or ATP synthetase, to condensate inorganic phosphate Pi 

and adenosine diphosphate (ADP) to ATP, the energy “currency” of 

the cell (Fig. 3). 

Figure 3. Mitochondrial OXPHOS system 

Subunits encoded by mtDNA are shown in different colours in each complex 
 

In addition to the above- mentioned complexes, two electron carriers 

(ubiquinone or CoQ, and cytochrome c) and a set of accessory 

complexes that can supply electrons take part in this process, 

including complex II (succinate-ubiquinone reductase), the electron-

transfer flavoprotein-ubiquinone reductase (ETF-QR) and 

dihydroorotate dehydrogenase (DHODH). 
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In mammalian mitochondria Complex I (NADH-ubiquinone 

oxidoreductase) catalyzes the oxidation of NADH, derived from the 

oxidation of pyruvate, fatty acids, and amino acids, by ubiquinone. It 

is a macromolecular structure composed of ≈45 subunits with a total 

molecular mass of 1000kDa (Carroll et al. 2006). Seven subunits are 

encoded by mtDNA, the others by nuclear genes. 

Complex II (Succinate-ubiquinone reductase) is composed of four 

subunits all encoded by nuclear genome. It catalyzes the oxidation of 

succinate to fumarate and transfers electrons to ubiquinone moieties. 

Complex III (ubiquinol-cytochrome c reductase) is made up of 11 

subunits, of which all but one (cytochrome b) are encoded by nuclear 

DNA. Human cytochrome c oxidase (COX, complex IV) is composed 

of thirteen subunits: the three largest ones are encoded by mtDNA 

genes, while the remaining subunits are encoded by nuclear genes. 

ATP synthase (complex V) comprises an integral membrane 

component F0 and a peripheral moiety F1. All five subunits of F1 (a, 

b, c, d, e) and most F0 subunits of the ATP synthase are nuclear 

encoded. Only two F0 proteins (ATP6 and 8) are encoded by 

mitochondrial DNA (Boyer 1993). 

Metabolic fuels feed reducing equivalents to the respiratory chain via 

glycolysis, fatty acid or amino acid oxidation. Pyruvate, which stands 

at the crossroads of glycolysis, gluconeogenesis and OXPHOS, is a 

key point in carbohydrate oxidation and feeds into the TCA cycle via 

the pyruvate dehydrogenase complex (PDHC) to generate acetyl-CoA. 

Fatty acids are oxidized within the mitochondrial matrix by β-

oxidation, which again generates acetyl-CoA for the TCA cycle 

(Fig.4). 
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Reducing equivalents generated during the oxidation of the primary 

substrate or from the TCA cycle are transferred to OXPHOS as 

NADH (cI), or reduced flavins (entering at cII or cIII). 

 

Mitochondria account for more than ninety percent of the energy 

utilized by our organism. When a failure in energy supply occurs, due 

to a defect in mitochondrial OXPHOS, the survival of the cell, and as 

a consequence, the life of our entire organism, is seriously at risk. 

Tissues and organs with the highest energy demand, including brain, 

skeletal muscles, and heart, are usually the most affected ones.  

 

Reactive oxygen species (ROS) 

The OXPHOS system is a finely tuned series of oxidative and 

reductive reactions. Any disturbance of this electron flow can lead to 

accumulation of intermediates which are potentially toxic. For 

instance, during respiration a small percentage (1-2%) of molecular 

oxygen is not fully reduced to water but instead is partially reduced to 

the superoxide anion, O2
-(or hydrogen peroxide, H2O2), which can be 

converted to the highly reactive species hydroxyl ion (OH.); together 

these oxygen derivatives are called ROS (Balaban et al. 2005). ROS 

are mainly generated at two sites in OXPHOS, cI and cIII. Although 

they can be toxic to the cell, they also play a role in diverse signalling 

pathways. To counteract the potential harmful effects of ROS, cells 

are equipped with an anti-oxidant machinery, including the 

mitochondrial manganese superoxide dismutase and glutathione 

peroxidase (Nelson et al. 2004, Zeviani & Lamantea 2006) and anti-

oxidant substances (Fig.4). 
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Whether a cell experiences oxidative stress depends on the level of 

production of each oxidative species and of its removal, and on the 

effect of damage repair pathways. When these are out of balance, 

damage to mitochondrial respiratory complexes and mtDNA can arise 

leading to further mitochondrial dysfunction. Whereas ROS are often 

considered as a single entity, each individual ROS has its own 

mechanism of production and detoxification, and each has its own 

specificity in term of biological targets, consequently the pathological 

effects vary depending on the ROS involved.  

Mitochondrial radical production seems to be a consequence of 

normal mitochondrial function. However, the changes that occur to 

mitochondrial activity in mtDNA related disease may significantly 

increase ROS production and thereby contribute to the 

pathophysiology of these disorders. An increase in ROS could arise by 

a number of mechanisms. Firstly, inhibition of the respiratory chain 

can lead to a reduction of its electron carrying components and a 

consequent increase in ROS production. Inhibition of ATP synthesis 

can also lead to reduction of respiratory carriers and an increase in 

mitochondrial membrane potential, which also favours radical 

production. MtDNA mutations that lead to incorrectly assembled 

complexes could increase superoxide formation by allowing greater 

interaction between oxygen and redox active respiratory chain 

components, such as the semiquinone radical. Finally, as Complexes I 

and III contain iron-sulphur cluster, the production of hydroxyl radical 

could be mediated by Fenton reaction (Lin et al. 2006). 
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Figure 4. Mitochondrial energy metabolism 

Schematic representation of mitochondrial energy metabolism and related 
pathways. I, II, III, IV, and V, complexes I-V. Complexes II, III, and IV are 
shown as functionally active dimers. b-oxidn, b-oxidation; PDH, pyruvate 
dehydrogenase complex; Ac-CoA, acetyl-CoA; DHODH, dihydroorotate 
dehydrogenase; GPT, glutamic pyruvic transaminase; LDH, lactate 
dehydrogenase; AIF, apoptosis inducing factor; CAD, caspase-activated 
DNase; Q, coenzyme Q (ubiquinone); QH2, reduced coenzyme Q 
(ubiquinol); c-red and c-ox, reduced and oxidized cytochrome c. MtDNA-
encoded subunits are shown in blue, membrane transporters in green, other 
enzymes and pathways in orange. Different metabolic pathways are 
depicted in different areas of the mitochondrial matrix and inner membrane 
compartments purely for illustrative purposes. The left-hand area shows 
Ca2+ transport and the respiratory chain enzymes that are involved in the 
production of ROS. The middle area shows the main mitochondrial energy 
pathways. The right-hand area shows the action of DHODH.  
Components of the mitochondrial apoptotic pathway (AIF, cytochrome c, 
CAD) are located in the intermembrane space and, upon pro-apoptotic 
signalling, are released in the cytosol. (from Smeitink et al. 2006) 
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Apoptosis 

Mitochondria, as source of energy, are clearly fundamental to the life 

of eukaryotic cells. Moreover it has become clear that mitochondria 

also play a key role in the pathways to cell death and are the central 

stations for apoptotic signals (Zamzami et al. 1996, Kroemer 1997, 

Green 2005) (Fig.4). This role is not due only to a “loss of function” 

causing an energetic deficit. Rather, it is an active process that, after 

permeabilization of mitochondrial membranes, leads to the release of 

potentially toxic proteins and to alterations of the mitochondrial 

physiological vital functions (Liu et al. 1996). 

After the induction of apoptosis, cytochrome c (cyt c) is released from 

mitochondria and interacts in the cytosol with Apaf1 and procaspase 

9, creating a complex called apoptosome, which activates the caspase 

cascade (Yuan et al. 2003; Danial & Korsmeyer 2004). Cytochrome c 

is a heme protein normally involved in electron transfer between 

complexes III and IV of the respiratory chain (Wang. 2002, Green & 

Reed 1998, Kroemer & Reed 2000).  

Apart from the caspase-dependent pathway, mitochondrial factors also 

initiate a caspase-independent apoptotic signalling cascade (Cregan et 

al. 2004, Hong et al. 2004). This pathway is initiated by the release of 

the mitochondrial protein, apoptosis-inducing factor (AIF). AIF is a 

flavoprotein with NADH oxidase activity normally present in the 

mitochondrial intermembrane space (Susin et al. 1999) or associated 

with the inner mitochondrial membrane (Arnoult et al. 2002). Upon 

apoptosis induction, AIF translocates from mitochondria to the cytosol 

and to the nucleus where induces chromatin condensation and DNA 
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fragmentation through interactions and activation of nucleases, for 

instance EndoG (Cande et al. 2002, Lipton & Bossy-Wetzel 2002).  

Inactivation of the flavin adenine nucleotide (FAD) and mutations that 

destroy the FAD binding site do not affect the apoptogenic function of 

AIF (Miramar et al. 2001, Loeffler et al. 2001). Thus, the apoptogenic 

activity of AIF does not depend on its NADH oxidase activity. On the 

contrary, mutations of amino-acid residues required for DNA binding 

(but not for redox activity) abrogate the apoptogenic potential of AIF 

in vitro (Ye et al. 2002, Cheung et al. 06) 

In general, OXPHOS dysfunction leads to dysregulation of apoptotic 

signalling, so that some cells activate apoptosis mechanisms, whereas 

other cells fail to die when they should, leading to failure of 

physiological functions and perhaps also favouring replicative 

senescence. The intramitochondrial signals influencing apoptosis may 

themselves be complex, depending on the status of the 

electrochemical proton gradient, ROS production, metabolite and ion 

concentrations, and ATP levels. 

 

Mitochondrial import 

Mitochondria import many hundreds of different proteins that are 

encoded by nuclear genes and synthesized as precursor on cytosolic 

ribosomes. These proteins are targeted to the mitochondria, 

translocated across the mitochondrial membranes and sorted to the 

different mitochondrial sub-compartments (Neupert 1997). Separate 

translocases in the OM (TOM complex) and in the IM (TIM complex) 

facilitate recognition of preproteins and transport through the two 
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membranes (Wiedemann et al. 2004). Several cytosolic chaperones 

are involved in guiding the preprotein toward mitochondrial surface. 

Mitochondrial precursor proteins can be classified in two main groups. 

The first comprises preproteins that are directed to the matrix and 

some of the proteins of the IM and of the IMS, characterized by the 

presence of an N-terminal cleavable mitochondrial targeting sequence 

(MTS). The second group includes all OM proteins and many IMS 

and IM proteins, which carry various internal target signals and posses 

no cleavable extensions. 

The insertion of the preprotein into the OM is facilitated by the TOM 

complex and represents the entry gate for practically all nuclear-

encoded proteins that have to enter into the mitochondria. The TOM 

complex is composed of several receptors and a common insertion 

pore that guides preproteins through the OM. The presence of two or 

more binding sites with increasing affinity for the presequence is the 

driving force of this process.  

After this step, there are three pathways that the precursor protein can 

follow: 

1-Preproteins with a cleavable MTS are transferred to the TIM 

complex (TIM23) thank to the membrane potential. The matrix 

chaperone mtHsp70 induce the completion of the translocation into 

the matrix; this step is ATP-dependent. Then specific metalloproteases 

(MPP) remove the cleavable targeting sequence and the correct 

folding of the protein occurs by chaperons (i.e. mtHsp60). 

2-Many hydrophobic proteins of the IM are inserted without passage 

through the matrix, by the use of both TOM and TIM complexes 

(TIM22) and with the involvement of IMS components. 
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3-OM proteins are integrated into the OM by the sorting and assembly 

machinery (SAM complex). 

The real system of the import into mitochondria is more complex and 

both OM and IM contains multisubunit protein complexes involved in 

recognition of the preprotein, in translocation from TOM complex to 

the OM, the IMS or TIM complex, in assembling of the complexes 

and in facilitating folding in the matrix and processing of imported 

proteins. Moreover there are several examples of atypical 

mitochondrial import; for instance cytochrome c is translocated across 

the OM without mediation of TOM complex. 

 

 
Figure 5. Protein import pathways (from Wiedemann et al. 2004) 



 
 

17

Mitochondrial medicine 
 

Mitochondria are the organelles responsible for the supply of energy 

to the cell through the OXPHOS system. For this reason any defect or 

alteration in this process lead to pathological consequences, mainly in 

tissues and organs that have a highly energetic request. The 

consequences of an impairment of the OXPHOS system are decrease 

of ATP production and increase of reactive oxygen species (ROS), 

plus their associated up- and downstream effects. 

More than twenty years ago, the first evidences of direct link between 

mitochondria and disease arose; in 1988 Wallace et al. found a 

mtDNA mutation causing Leber’s hereditary optic neuropathy 

(Wallace et al. 1988) and Holt et al. identified deletions in mtDNA 

causing myopathy (Holt et al. 1988). 

After these papers, there has been a series of reports about the clinical, 

biochemical and genetic characterizations of mitochondrial diseases; 

moreover an involvement of mitochondria has become evident in 

many other clinical conditions including neurodegenerative disorders 

(Swerdlow 2009), cancer (Carew & Huang. 2002) and ageing (Reddy 

2008). All these considerations lead to the use of the term 

“mitochondrial medicine” to underline the central role of the 

mitochondrion not only in the classical mitochondrial diseases but 

also in a wide and increasing range of illness. 
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Mitochondrial disorders 
 
Whereas in the past the term "mitochondrial disorders" was used to 

any alterations affecting mitochondria, it is currently referred to 

genetic defects of OXPHOS (Zeviani & Lamantea 2006).  

Because OXPHOS is necessary for nearly all cells, any organ can be 

affected in mitochondrial disease. In addition, given the complexity of 

mitochondrial genetics and biochemistry, mitochondrial inherited 

diseases may present with a vast range of symptoms, severity, age of 

onset and outcome (DiMauro & Davidzon 2005). The maxim “any 

tissue, any symptom, any age” well resume all these concepts (Munich 

et al. 1996). Combined, genetic defects of OXPHOS have an 

incidence at approximately 1:5000 (Schaefer et al. 2004, Thornburn et 

al. 2004, Uusimaa et al. 2007, Mancuso et al. 2007), or even more 

(Cree et al. 2009) and are therefore not to be considered “so rare” 

diseases. 

The clinical manifestations of mitochondrial disorders are extremely 

heterogeneous. They range from lesions in single tissues, such as the 

optic nerve in Leber’s hereditary optic neuropathy (LHON), to more 

diffuse lesions including myopathies, encephalomyopathies, 

cardiopathies and hepatopathies, to complex multisystem syndromes 

with onset ranging from neonatal to adult life.  

Tissue specificity, due to variable metabolic thresholds for the 

different OXPHOS complexes in each tissue, may limit the systemic 

effect of metabolic changes. Moreover there are to be considered 

many contributing factors including tissue-specific expression of 

OXPHOS genes, different metabolic needs, and tissue dependent 

segregation of heteroplasmy.  
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Nevertheless mitochondrial disease commonly presents with a 

combination of muscle and brain involvement; tissues that are post-

mitotic and have high metabolic requests. 

 

The spectrum of mitochondrial diseases in children is wide, usually 

different from that found in adults, and new clinical features are 

continuously reported (Debray et al. 2008). 

Some presentations alone are strong indications of a mitochondrial 

involvement, but there are often additional albeit not specific 

symptoms to be taken into account (Tab.1). 

 

Common neurological manifestations of mitochondrial disease include 

seizures, migraine, stroke-like episodes, neuropathy and dystonia. 

Often, mitochondrial disease is only considered when such features 

occur in conjunction with other symptoms, such as deafness, visual 

impairment and/or diabetes. However multi-organ involvement, a 

hallmark of mitochondrial disease, may not be evident, above all at 

initial presentations. 

Patients, particularly children, with evident signs of respiratory chain 

dysfunction could undergo extensive investigations and analysis, 

without the identification of the biochemical or genetic cause for their 

mitochondrial disease. Clinical scoring systems exist and allow such 

children to be classified as probably, possible or unlikely 

mitochondrial disease (Bernier et al. 2002, Haas 2007); but this 

diagnostic classification is of limited utility, especially in genetic 

counselling. 
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Table 1. Clinical and biochemical findings of mitochondrial disease in 
children (adapted from Debray et al. 2008) 
 
(A) Signs and symptoms highly 
suggestive of a mitochondrial 
disease 

(B) Signs and symptoms 
compatible with mitochondrial 
disease 

Neurologic  
Episodic or progressive mental 
regression. Episodic neurological 
symptoms of unknown cause  
Cerebral stroke-like episode with 
nonvascular distribution of lesions  
Unexplained brainstem dysfunction 
(oculomotor changes, altered level 
of consciousness, hypothermia or 
hyperthermia, hypotension or 
hypertension)  
Brainstem involvement in MRI 
(Leigh syndrome-like) 

Muscular 
Myopathy with presence of ragged 
red fibres 

Cardiovascular 
Unexplained hypertrophic 
cardiomyopathy 
Arrhythmia of unknown cause: heart 
block, and others 

Ophthalmologic 
External ophthalmoplegia with or 
without ptosis 
Sudden or insidious optic 
neuropathy 

Gastroenterologic 
Unexplained liver failure (especially 
if valproate-related) 
Severe intestinal dysmotility, chronic 
pseudoobstruction 

Clinical biochemistry 
Persistent elevation of blood lactate 
Episodes of acidosis, ketosis or 
hyperlactatemia, exceeding the 
expected physiological 
concentration; postprandial ketosis 
Characteristic MRS spectra (lactate) 

General 
Failure to thrive; short stature 
Fatigue  

Neurologic  
Progressive or static developmental 
delay; encephalopathy 
Cerebral atrophy 
Seizures, especially myoclonic 
Peripheral (usually axonal) 
neuropathy; unexplained spinal 
muscular atrophy 
Cerebellar ataxia 
Extrapyrimidal movement disorders 
Hypotonia or progressive spasticity 
Leukodystrophy 
Exercise intolerance with or without 
rhabdomyolyis 
Migraine 

Other 
Ophthalmologic (optic atrophy, 
cataracts), pigmentary retinal 
degeneration 
Sensorineural hearing loss; 
aminoglycoside-induced deafness 
Sideroblastic anemia 
Dermatological (hypertrichosis, pili 
torti, subcutaneous lipomas) 
Endocrine (hypoparathyroidism, 
glucose intolerance, diabetes) 
Dilated cardiomyopathy 
Recurrent vomiting 
Unexplained liver disease (fatty liver, 
hepatocellular lysis, cirrhosis) 
Pancreatic insufficiency 
Renal (tubular acidosis; renal 
Fanconi syndrome; unexplained 
glomerulopathy; nephrotic syndrome) 
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In general, childhood presentations of mitochondrial disease tend to be 

more severe than those with adult onset and frequently involve many 

different organ systems. Hepatic dysfunction and haemopoietic stem 

cell failure are uncommon features of adult-onset mitochondrial 

disease, but are seen more often in children. Renal disease also 

appears to be a more prominent clinical feature of paediatric 

mitochondrial disorders (Bourdon et al. 2007, DeLonlay et al. 2001). 

Adult patients can be affected by isolated myopathy resulting only in 

fatigue, muscle weakness and/or exercise intolerance, but muscle 

symptoms can also be associated with involvement of the central and 

peripheral nervous systems, manifesting symptoms, which may 

include ataxia (i.e. motor incoordination), sensory-neural hearing loss, 

seizures, polyneuropathy, retinopathy, and, more rarely, movement 

disorders and cognitive deterioration. 

 

A hallmark of mitochondrial dysfunction is lactic acidosis; acidosis is 

derived from the reduction to lactate of pyruvate, which accumulates 

for the block of respiration. Hyperlactatemia however may be absent 

in clear mitochondrial disease or present only during stress. Liquoral 

or cerebrospinal fluid (CSF) lactate level is a more reliable diagnostic 

marker than blood, above all in patients with brain involvement 

(Brown et al. 1988, Finsterer. 2001). Proton magnetic resonance 

spectroscopy (H+MRS) allows non-invasive detection of elevated 

cerebral lactate and other relevant compounds (Haas et al. 2008). 

 

Several morphological and biochemical features characterize many of 

these syndromes albeit there isn’t an always valid rule. Histological 
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and histochemical analysis of muscle biopsy remains a very important 

step for the detection of mitochondrial disease, especially in adult 

patients. One of the best-known morphological alterations is the 

transformation of scattered muscle fibres into “ragged red fibres” 

(RRF). RRFs are characterized by the accumulation of abnormal 

mitochondria under the sarcolemmal membrane. The same 

aggregations can also be observed using succinate dehydrogenase 

(SDH) assay, that can be even more useful because complex II 

(subunits of which are encoded only by nuclear genome) is completely 

unaffected by abnormalities of mtDNA. This assay can be combined 

with the cytochrome c oxidase (COX, respiratory complex IV) 

reaction; in mitochondrial disorders a common finding is the presence 

of muscle fibres that stain negative to this histochemical reaction. 

Moreover a mosaic pattern of COX activity is indicative of a 

heteroplasmic mtDNA mutation, the intensity of the stain depending 

on the mutation load between different fibres.  

However, these typical “mitochondrial” alterations may be absent in 

otherwise demonstrated mitochondrial disorders. This is the case of 

LHON or Neuropathy Ataxia and Retinits Pigmentosa (NARP), and it 

is also true in many paediatric cases.  

 

In patients with a highly probable diagnosis of mitochondrial disease, 

spectrophotometric assays of the respiratory chain complexes can be 

carried out on small samples of frozen tissue (usually muscle biopsy) 

or cultured skin fibroblasts. Skin biopsy is minimally invasive and can 

give indication about the biochemical defect in about 50% cases 

(Depaepe et al. 2006, Janssen et al. 2007); if fibroblast analysis is not 
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informative, muscle (or liver) biopsy is needed. It’s important to 

consider that respiratory chain defects may be tissue-specific (due to 

different heteroplasmy of mtDNA mutations and tissue-specific levels 

of nuclear gene products (Antonicka et al. 2006). As a consequence, 

the study of clinically affected tissues, if possible, is strongly preferred 

because provides the highest probability of informative results. 

 

The molecular diagnosis of the mitochondrial disease is complex. 

Because of its dual genetic control, OXPHOS disorders can be due to 

mutations in mtDNA or nuclear DNA genes (Zeviani & DiDonato 

2004). Nuclear genetic defects are easily investigated in freshly 

extracted DNA from peripheral white blood cells. Blood could be less 

useful for detecting mtDNA mutations, because the level of 

heteroplasmy could be too low to be detected. Skeletal muscle is the 

tissue of choice for molecular genetic analysis of mtDNA. This is 

because skeletal muscle is often an affected tissue, samples may be 

already available for enzymatic assays, and for some mutations the 

levels of heteroplasmy in skeletal muscle reflect those in other 

affected post-mitotic tissues such as the brain (Oldfors et al. 1995). 

 
mtDNA mutations 

Even if the proteins encoded by mtDNA are essential, they comprise 

only a small fraction of the total number of protein involved in a 

functional OXPHOS system. About 10-25% of mitochondrial diseases 

are caused by mutations in mtDNA (Mancuso et al. 2007, Mcfarland 

et al. 2004). 
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When the mtDNA should be analyzed, it is important to take into 

consideration the following differences from nuclear DNA: 

1) The mitochondrial genome is maternally inherited; 2) Mitochondria 

are polyploidy and the mtDNA genotype can be composed of a single 

mtDNA species (homoplasmy) or two different genotypes can co-exist 

in variable proportion (heteroplasmy); 3) A threshold effect modulates 

the phenotypic expression of a mtDNA-associated symptoms.  

 

Mutations of mtDNA can be classified into large-scale rearrangements 

(deletions or duplications) and point mutations. Both groups have 

been associated with well-defined clinical syndromes. While large-

scale rearrangements are usually sporadic, point mutations are usually 

maternally inherited.  

 

Large-scale rearrangements of mtDNA 

Single, large-scale rearrangements of mtDNA comprise single partial 

deletions, or partial duplications. The size of deletions can vary from 

few bases to several kilobases and be located in any part of the 

molecule. The most common deletion is 5Kb long, and affects a 

region containing tRNAs and protein-coding genes. Usually deletions 

encompass several genes and are invariably heteroplasmic. 

Rearranged molecules, lacking a portion of the mitochondrial genome, 

can be detected as an independent mtDNA species (single mtDNA 

deletion) or joined to a wild-type molecule or a mixture of the two 

rearrangements co-exists in the same cell (Zeviani et al. 1988; Poulton 

et al. 1989). 
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Three main clinical phenotypes are associated with these mutations: 

Kearns–Sayre syndrome (KSS, OMIM#530000), sporadic 

progressive external ophthalmoplegia (PEO) and Pearson’s 

syndrome (OMIM#557000). 

KSS is a usually sporadic disorder characterized by chronic 

progressive external ophthalmoplegia, onset before age of 20 years; 

and pigmentary retinopathy. Patients with this disease always show 

RRFs in muscle biopsy (Mita et al. 1989).  

Single deletions/duplications can also be present in patients with 

milder phenotypes such as PEO, characterized by late-onset 

progressive external ophtalmoplegia, proximal myopathy and exercise 

intolerance. In KSS and PEO, diabetes mellitus and hearing loss are 

frequent additional features, which may occasionally precede, even by 

years, the onset of neuromuscular symptoms (Shoffner et al. 1989). 

Finally, large-scale single deletions/duplications of mtDNA may cause 

Pearson’s bone-marrow–pancreas syndrome, a rare disorder of 

early infancy characterized by connatal sideroblastic pancytopenia 

and, less frequently, severe exocrine pancreatic insufficiency with 

malabsorption (Rotig et al. 1990). 

Some patients have duplication of mtDNA, which although might not 

be pathogenic themselves, could be an intermediate step toward the 

generations of deletions. 

 

mtDNA point mutations  

These mutations can be substitutions of single bases or micro-

insertions/micro-deletions in the mtDNA molecule. They can be 

localized into transfer RNAs (tRNA), ribosomal RNAs, (rRNA), or 
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genes encoding OXPHOS subunits. Unlike mtDNA rearrangements, 

mtDNA point mutations are transmitted maternally. They may be 

heteroplasmic or homoplasmic (DiMauro & Schon 2003).  

Nowadays sequencing of the entire mitochondrial genome is feasible 

and useful in excluding mtDNA involvement prior to investigating 

candidate nuclear genes. However, in consideration of the highly 

polymorphic status of mtDNA, it is often difficult to decide which 

variants are polymorphisms and which are pathogenic mutations. 

Some criteria to assess the pathogenic role of mtDNA mutations were 

suggested (DiMauro & Schon 2001): the mutation must not be a 

known neutral polymorphism; the base change must affect an 

evolutionarily conserved and functionally important site; deleterious 

mutations are usually heteroplasmic; the degree of heteroplasmy in 

different family members has to be concordant with the severity of 

symptoms. 

The exceptions to these rules are frequent and homoplasmic mutations 

are an example, which don’t fulfil these criteria. Functional evidences 

are always recommended but necessary in these cases to assess the 

real pathogenicity. 

 

The clinical expression associated to mtDNA mutations is wide; the 

phenotypes more frequent are the following: 

- Leber’s Hereditary Optic Neuropathy (LHON, OMIM#535000) 

is a juvenile-onset disease affecting mostly males. It is characterized 

by acute loss of central vision due to rapidly progressive optic 

atrophy. This partial or complete, usually permanent loss of vision, is 

the only consistent manifestation of the disease which, more rarely, 
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may also include alterations in cardiac rhythm. The muscle biopsy 

does not show evidence of ragged-red fibres and is not recommended 

for the diagnosis of the disease. LHON is considered the most 

common disease caused by mtDNA mutations. Three mutations 

(G3460A, G11778A or T14484C) of mtDNA, in the genes encoding 

subunits ND1, ND4, and ND6 of complex I, respectively, account for 

about 95% of cases(Man et al. 2003). Other mutations, all present in 

complex I mtDNA genes, have been identified (Valentino et al. 2002, 

2004). All these mutations are usually homoplasmic or in high mutant 

heteroplasmic proportions. 

- Neurogenic muscle weakness, ataxia, retinitis pigmentosa 

(NARP, OMIM#551500) can also include, besides the symptoms that 

give the name to this disorder, epilepsy, and sometimes mental 

deterioration. Symptoms usually appear in adulthood. Ragged-red 

fibres are absent in the muscle biopsy. The disease is associated with 

mutation T8993G in the gene encoding subunit 6 of mitochondrial 

ATPase (complex V of the respiratory chain). In patients presenting a 

milder NARP phenotype, a transition T->C in the same position has 

also been described.  

- Leigh syndrome (MILS, maternally inherited Leigh syndrome 

OMIM#256000). The same T8993G mutation when present in >90% 

of heteroplasmy, leads to the more severe, earlier onset Leigh 

syndrome or Subacute Necrotizing Encephalomyelopathy. Affected 

infants show severe psychomotor delay, cerebellar and pyramidal 

signs, dystonia, seizures, respiratory abnormalities, incoordination of 

ocular movements, and recurrent vomiting. 
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- Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-

like episodes (MELAS, OMIM#540000) is defined by the following 

symptoms: 1) stroke-like episodes caused by focal cerebral lesions, 

often localized in the parieto-occipital regions of the brain; 2) lactic 

acidosis or abnormal lactic levels in blood (and cerebro-spinal fluid, 

CSF); 3) “ragged-red” fibres in the muscle biopsy. Other signs 

involving the central nervous system are mental deterioration, 

recurrent migraine with “cerebral” vomiting, focal or generalized 

epilepsy and neurosensorial deafness. The disease is transmitted 

maternally and the onset varies from early childhood to young 

adulthood. MELAS syndrome is typically associated with mutation 

A3243G in the gene encoding tRNALeu (UUR). Other point mutations 

associated with MELAS have been reported, although they are much 

rarer than the A3243G (Taylor & Turnbull 2005). 

- Myoclonus Epilepsy with Ragged-Red Fibers (MERRF, 

OMIM#545000) is characterized by myoclonus, epilepsy, muscle 

weakness, motor incoordination (ataxia) and sometimes, mental 

deterioration. Clinical manifestations can vary greatly even within the 

same family. This phenotypic variability is attributed to the level of 

heteroplasmy and to the tissue distribution of the mutation. The major 

part of affected families carries an A8344G transition in the gene 

encoding tRNALys. Numerous other point mutations of mtDNA have 

been associated with different clinical phenotypes in single patients or 

in a few families (Zeviani & Di Donato 2004). 
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Nuclear gene mutations 

In addition to mtDNA, nuclear genes can also be responsible for a 

wide spectrum of mitochondrial disorders. Nuclear genes are 

responsible for the greater number of components of OXPHOS system 

and are also required for the import of proteins into the 

mitochondrion, for the assembly and many other functions necessary 

to maintain a functional OXPHOS system. In addition, mtDNA 

replication, transcription and translation are absolutely dependent on 

nuclear encoded proteins. 

Accordingly, a classification can be proposed for these defects, 

including: 

1. Disorders due to defects in nuclear gene encoding structural 

components of the OXPHOS complexes 

2. Disorders due to defects in nuclear gene encoding assembly 

factors of the OXPHOS complexes 

3. Disorders due to gene defects affecting mtDNA maintenance, 

replication and expression. 

4. Defects of genes encoding factors involved in the biosynthesis of 

lipids and cofactors 

5. Defects of proteins involved in mitochondrial biogenesis or 

factors indirectly related to OXPHOS 

 

(1) Deficiencies of respiratory chain components 

Although 72 of the 85 subunits of the OXPHOS system are encoded 

by nuclear DNA, mutations of these genes have only rarely been 

described. This could imply that such mutations are highly deleterious 

and probably embriolethal. Mutations that have been described in fact 
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are usually associated to a neonatal or early-onset, although occasional 

patients with a late onset of disease have been reported. On the other 

hand the screening of the nuclear-encoded subunits of respiratory 

chain has not always been done in a systematic manner, especially for 

complex I, and only recently the number of reports regarding 

mutations in structural OXPHOS component is grown up. 

The mutations in nuclear encoded subunits identified so far, are 

mainly abnormalities of complex I found in patients with- infancy or 

childhood-onset, even if also mutations in structural subunits of 

complex II and IV were described.  

 

Defects of Complex I subunits 

Complex I is a macromolecular structure composed of ≈45 subunits in 

mammals (Carrol et al. 2006). The human nuclear genes coding for 

Complex I subunits are known and have been sequenced, but for many 

of them the exact function and structure are still obscure. Complex I 

deficiency is the most common cause of respiratory chain disease 

(Dimauro & Schon 2003). The clinical presentation is a progressive 

neurological disorder, often Leigh syndrome, occasionally 

complicated by cardiomyopathy, or multisystem involvement. 

Complex I deficiency with autosomal recessive inheritance results 

from mutation in nuclear-encoded genes, including NDUFV1 (OMIM 

161015), NDUFV2 (OMIM 600532), NDUFS1 (OMIM 157655), 

NDUFS2 (OMIM 602985), NDUFS3 (OMIM 603846), NDUFS4 

(OMIM 602694), NDUFS6 (OMIM 603848), NDUFS7 (OMIM 

601825), NDUFS8 (OMIM 602141), NDUFA2 (OMIM 602137), 

NDUFA11 (OMIM 612638), NDUFAF3 (OMIM 612911). 
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Defects of Complex II subunits 

Mitochondrial disease involving Complex II is rare, representing 2-

8% cases of respiratory chain deficiency (Munich et al. 2001, Ghezzi 

et al. 2009). Clinically, Leigh syndrome is the most common 

presentation, but myopathy, encephalopathy, and isolated 

cardiomyopathy have also been reported. Moreover different 

mutations in cII subunits (SDHB, SDHC and SDHD) have been 

associated to tumoral forms, such as paragangliomas and 

phaeochromocytomas. 

 

Defects of Complex III subunits 

To date, no mutations in nuclear genes encoding complex III subunits 

have been reported, but a complex rearrangement of the human QP-C 

gene (7 modified amino acids and addition of a 14-aminoacid-long 

segment at the C terminus) (Haut et al. 2003). The QP-C gene encodes 

the ubiquinone-binding protein, also known as subunit VII, of 

complex III. Surprisingly, although the rearrangement resulted in 

severe complex III deficiency in the liver, the patients had no 

permanent liver dysfunction but only metabolic crises after fasting. 

 

Defects of Complex IV subunits 

While different mutations in mitochondrial encoded subunits of cIV 

have been described, there is a single case reporting a mutation in 

nuclear encoded subunit (Massa et al. 2008). This mutation affects the 

subunit COX6B1 and is associated to a combination of early-onset 
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leukodystrophic encephalopathy, myopathy and growth retardation 

associated with COX deficiency of unknown cause. 

 

Complex V 

No pathogenic mutations involving nuclear encoded structural 

subunits have yet been found. 

 

(2) Respiratory chain complex assembly deficiencies 

Complex I 

Mutations in assembly factors are a frequent cause of isolated 

complex I deficiency (Ogilvie et al. 2005) and other mutations and 

new genes are regularly being identified in the last years (Saada et al. 

2008, Pagliarini et al. 2008) They comprise complex I assembly genes 

B17.2L (609653), HRPAP20 (611776), C20ORF7 (612360), 

C8ORF38 (OMIM#252010, Ogilvie et al. 2005, Pagliarini et al. 

2008). More than half of the patients with cI deficiency lack mutations 

in any known cI subunit, suggesting that yet unidentified genes 

necessary for assembly or stability of cI are mutated in the remaining 

cases (Janssen et al. 2006). Mutations in cI assembly cause a wide 

range of clinical disorders, ranging from lethal neonatal disease to 

adult-onset neurodegenerative disorders. Phenotypes include 

macrocephaly with progressive leukodystrophy, nonspecific 

encephalopathy, cardiomyopathy, myopathy, liver disease, Leigh 

syndrome, Leber hereditary optic neuropathy (Loeffen et al. 2000, 

Pitkanen et al. 1996, Robinson 1998). 

 

Complex III 
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Complex III deficiencies are reported, associated to mutations in the 

BCS1L gene. These mutations have been shown in infantile cases of 

complex III deficiency associated with neonatal proximal tubulopathy, 

hepatic involvement and encephalopathy (DeLonlay et al. 2001, 

Zeviani et al. 2003) and in GRACILE syndrome comprising growth 

retardation, aminoaciduria, cholestasis, iron overload, lactic acidosis 

and early death (Visapaa et al. 2002). 

 

Complex IV 

Defects of genes encoding assembly factors are also the main cause of 

complex IV deficiency. Almost all the nuclear-gene defects of COX 

identified are due to mutations in assembly factors of the enzyme, 

including SURF1 (Tiranti et al. 1998), SCO1 (Valnot et al. 2000a), 

SCO2 (Papadopoulou et al. 1999), COX10 (Valnot et al. 2000b), 

COX15 (Antonicka et al. 2003) and possibly LRPPRC (Mootha et al. 

2003), and it is estimated that complex IV alone requires over 20 

factors (Devenish et al 2000, Fontanesi et al. 2006). These autosomal 

recessive COX deficiencies usually present in early life with Leigh 

syndrome, myopathy, encephalopathy, lactic acidosis and a rapidly 

progressive course with early death. Recently one mutation in a 

mitochondrial translational activator required for efficient translation 

of COX subunit I, TACO1, has been found in affected members of a 

family with slowly progressive Leigh syndrome and characterized by 

reduction of complex IV biochemical activity and amount. 

 

Complex V 
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Few cases of complex V deficiency have been attributed to mutations 

in the assembly factor ATP12 (Demeirleir et al. 2004). Complex V 

deficiency seems to be an early presenting disease with lactic acidosis 

immediately after birth, dysmorphic features, and methyl glutaconic 

aciduria that are the major indications for the diagnosis (Sperl et al. 

2006). Last year, another gene, TMEM70, was found mutated in 

individuals with isolated deficiency of ATP synthase, mostly of Gipsy 

ethnic origin (Cizkova et al. 2008); the prevalent mutation can result 

in either severe or milder phenotypes. 

 

(3) Disorders due to gene defects altering the mtDNA maintenance  

MtDNA remains dependent upon nuclear genome for the production 

of proteins involved in its replication, transcription, translation, repair 

and maintenance. 

Replication of mtDNA requires a small set of proteins: i.e. the DNA 

polymerase gamma (POLG), Twinkle helicase (PEO1), mitochondrial 

single-stranded DNA binding protein (mtSSB), and a supply of deoxy-

nucleotides triphosphate (dNTPs). Structural defects of the DNA-

processive enzymes are often associated with mtDNA mutagenesis 

and multiple mtDNA deletions (qualitative alterations), whereas 

defects affecting the dNTP pool usually cause mtDNA depletion, that 

mean reduction of mtDNA copy number/cell (quantitative alterations).  

 

Ant1. In humans, the mitochondrial ANT exist in three different 

isoforms (ANT1, 2 and 3), different for tissue distribution and kinetic 

properties. The ANT1 protein is a homodimer highly expressed in 

heart and skeletal muscle and located in the IMM, where it is the most 
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abundant protein. It exchanges ATP and ADP in and out of the 

mitochondrial matrix. ANT1 mutations are responsible for a relatively 

benign, slowly progressive, and extremely rare form of autosomal 

dominant form of PEO. Only one patient with recessive mutation of 

ANT1 has been reported so far (Palmieri et al. 2005). He presented 

with hypertrophic cardiomyopathy, mild myopathy with exercise 

intolerance, RRF and lactic acidosis, but no ophthalmoplegia. mtDNA 

multiple deletions were found in muscle.  

 

Twinkle (PEO1). Twinkle is a helicase involved in mtDNA 

replication. Mutations in PEO1, the gene that encodes Twinkle, are 

associated with clinical presentations of variable severity, ranging 

from late-onset ‘pure’ PEO to PEO ‘plus’ syndromes, with proximal 

muscle and facial weakness, mild ataxia and peripheral neuropathy. A 

recessive PEO1 mutation causes infantile onset spino-cerebellar ataxia 

(IOSCA) (Nikali et al. 2005), a disease characterized by a 

combination of ataxia, athetosis, muscle hypotonia and severe 

epilepsy. Other features such as ophthalmoplegia, hearing loss and 

optic atrophy appear later in the disease course. These patients show 

mtDNA depletion in brain and liver. 

 

POLG1. The mtDNA polymerase, pol-γ, is the key enzyme for 

mtDNA replication and repair. It is a heterotrimer constituted by a 

catalytic subunit (pol-γA, encoded by POLG1) and two moieties of an 

accessory subunit (pol-γB, encoded by POLG2), which function as a 

DNA binding factor, increasing the processivity of the polymerase 

holoenzyme. Mutations affecting POLG1 are one of the most frequent 
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causes of mitochondrial disease. More than 100 mutations in pol-γ 

have been reported. This gene is the most frequent cause of autosomal 

dominant PEO (adPEO). In adPEO due to POLG1 mutations, typical 

features are severe dysphagia and dysphonia, and occasionally, a 

movement disorder including parkinsonism, cerebellar dysfunction or 

chorea (Luoma et al. 2004). There is a correlation between the type of 

mutation and the severity of the disease. Several recessive mutations 

of POLG1 are also reported in PEO patients with multiple mtDNA 

deletions (Agostino et al. 2003); in different recessive syndromes such 

as SANDO (Van Goethem et al. 2003) or SCAE; in infantile Alpers-

Huttenlocher syndrome or Hepatopathic Poliodystrophy (Naviaux et 

al. 2004, Ferrari et al. 2005). 

 

Only one heterozygous dominant mutation has been identified in 

POLG2 in a 60-year-old woman with adult-onset PEO, cardiac 

conduction defect and increased CK (Longley et al. 2006).  

 

Albeit mtDNA depletion can be due to POLG1 (Naviaux et al. 2004) 

or Twinkle (Sarzi et al. 2007) mutations, as in the case of AHS 

(Alpers-Huttenlocher syndrome), mtDNA depletion syndromes 

(MDS) are usually caused by mutations in different factors that 

control the mitochondrial or cytosolic supply of dNTPs, the precursors 

used by DNA polymerase for DNA replication and repair. The 

mutagenic effects of dNTP pool imbalance have been known for 

several decades with respect to the nuclear genome. In the last ten 

years, six genes coding for enzyme directly involved in dNTP 

synthesis have been recognized to cause severe MDS.  
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Thymidine Phosphorylase (TP or TYMP) TP is an enzyme involved in 

the catabolism of the pyrimidine nucleosides. Defects of TP are 

thought to produce an excess of dTTP, resulting in the imbalance of 

dNTP pools that can affect both the rate and fidelity of mtDNA 

replication. This is reflected by the presence of multiple deletions, 

accumulation of point mutations, and partial depletion of mtDNA, 

mainly in muscle. TP mutations are the cause of mitochondrial neuro-

gastro-intestinal encephalomyopathy (MNGIE), a disease 

characterized by ophthalmoparesis, peripheral neuropathy, 

leukoencephalopathy, and gastrointestinal symptoms such as intestinal 

dysmotility. 

 

Thymidine kinase 2 (TK2) TK2 is a deoxyribonucleoside kinase that 

phosphorylates thymidine, deoxycytidine, and deoxyuridine. The 

clinical spectrum associated to its mutations varies from a severe 

muscle weakness with marked dystrophic alterations, encephalopathy 

and seizures (Galbiati et al. 2006) to a milder myopathic phenotype 

with longer survival, no motor regression and in some patients 

proximal tubulopathy (Saada et al. 2001). 

 

p53 controlled RR (p53R2 or RRM2B) Ribonucleotide reductase is the 

major regulator of dNTP de novo synthesis, and defects of its small 

inducible subunit p53R2 may cause infantile multisystem disorders, 

juvenile-onset MNGIE or adult-onset myopathy, with renal proximal 

tubulopathy and nephrocalcinosis (Bornstein et al. 2008, Kollberg et 

al. 2009). A heterozygous non-sense mutation in p53R2 was found in 
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a large family with autosomal dominant PEO and multiple mtDNA 

deletions (Tyynismaa et al. 2009)  

 

Deoxy-guanosine kinase (dGK or dGUOK) In mammalian cells, the 

phosphorylation of purine deoxyribonucleosides is mediated 

predominantly by two deoxyribonucleoside kinases: cytosolic 

deoxycytidine kinase (dCK) and mitochondrial deoxyguanosine 

kinase (dGK). Mutations in dGK gene are associated to a 

hepatocerebral form of mtDNA depletion. Symptoms include 

persistent vomiting, failure to thrive, hypotonia and hypoglycaemia 

associated with progressive neurological symptoms. The liver 

dysfunction is usually progressive, evolving from microvescicular 

steatosis into cirrhosis and chronic liver failure (Saada et al. 2001, 

Freisinger et al. 2006). 

 

Succinyl-CoA synthetase (SUCLA2 and SUCLG1) Succinyl-CoA 

synthetase (SCS) is composed of an invariant alpha subunit and a beta 

subunit that determines whether the enzyme is GTP-specific (G-SCS) 

or ATP-specific (A-SCS) (Sanadi et al. 1954). Thus, the two enzymes, 

SCS-G and SCS-A, catalyze a similar reaction by using different 

phosphate donors (Johnson et al. 1998a, 1998b). The activity of both 

SCS-G and SCS-A is present in mitochondria from rat liver, kidney, 

and heart, but SCS-A, the ADP-forming enzyme, predominates in the 

brain (Lambeth et al. 2004).  

The SUCLA2 gene encodes the β subunit of the ADP-forming 

succinyl-CoA synthetase (SCS-A) (Allen & Ottaway 1986; Weitzman 

et al. 1986). This mitochondrial matrix enzyme catalyzes the 
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formation of succinate and ATP from succinyl-CoA and ADP in the 

tricarboxylic acid (TCA) cycle in a reversible manner. Mutations in 

SUCLA2 cause encephalomyopathic mitochondrial DNA depletion 

and mild methylmalonic aciduria, (Elpeleg et al. 2005, Carrozzo et al. 

2007). 

The SUCLG1 (also reported as SUCLA1) gene encodes the alpha 

subunit of SCS. The first 27 amino acids of SUCLG1 are a 

mitochondrial targeting sequence. Mutations in this gene were found 

in a severe form associated with combined muscle and liver mtDNA 

depletion, dysmorphic features, neonatal lactic acidosis and death in 

the first days of life (Ostergaard et al. 2007). 

 

Only in a fraction of the reported cases of MDS, a causative mutation 

has been found. It is likely that other genes of dNTP regulation or 

mtDNA maintenance will be found. 

For instance a peculiar form of hepato-cerebral MDS is due to 

mutation in MPV17 gene, which codes for a protein with still 

unknown function (Spinazzola et al. 2006).  

 

Transcription of mtDNA requires a small number of nucleus-

encoded proteins including a single RNA polymerase (POLRMT), 

auxiliary factors necessary for promoter recognition (TFB1M, 

TFB2M) and promoter activation (TFAM), and a transcription 

termination factor (mTERF) (Scarpulla 2008). No mutation affecting 

these transcriptional factors has yet been described.  
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Mitochondrial DNA translation or protein synthesis is carried out in 

the mitochondrial matrix by a machinery, which is composed of 

tRNAs and rRNAs synthesized in situ from the corresponding 

mitochondrial genes and a number of proteins encoded by nuclear 

DNA and imported into mitochondria. It is a four-step process 

involving nuclear encoded translation initiation (IF2, IF3), elongation 

(EF-Tu, EF-Ts, EF-G1 and EF-G2), termination (RF1) and ribosome 

recycling factors (Koenen et al. 2004). 

Genetic diseases due to defective mitochondrial protein synthesis have 

so far been associated with mutations in eight nuclear genes.  

A homozygous mutation in the gene encoding the mitochondrial 

ribosomal protein subunit 16 (MRPS16) was found in a patient with 

dysmorphic features, hypotonia and intractable lactic acidosis. (Miller 

et al. 2004). The gene encoding pseudouridine synthase 1 (PUS1), 

which converts uridine in pseudouridine in several positions of tRNAs 

is mutated in the myopathy, lactic acidosis and sideroblastic anaemia 

(MLASA) syndrome (Bykhovskaya et al. 2004). Mutations in the 

gene (EFG1) encoding mitochondrial elongation factor, EF-G1, were 

identified in two patients with severe lactic acidosis, postnatal liver 

failure and a generalized deficiency of mitochondrial protein synthesis 

(Koenen et al. 2004). The same homozygous missense mutation in 

TSFM, a gene encoding the mitochondrial translation elongation 

factor, EF-Ts, can cause encephalomyopathy or hypertrophic 

cardiomyopathy in unrelated infant patients (Smeitink et al. 2006b). 

Only one homozygous mutation was identified in the mitochondrial 

elongation factor Tu (EF-Tu) in a patient with a severe infantile 

macrocystic leucodystrophy with micropolygyria (Valente et al. 
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2007). Three additional genes have recently been linked to mtDNA 

translation defects: mutations in DARS2 (Scheper et al. 2007) which 

encodes the mitochondrial aspartyl tRNA synthetase, were identified 

in several different families with leucoencephalopathy affecting the 

brain stem and spinal cord and high level of lactate; one mutation in 

RARS2 (Edvardson et al. 2007), the gene encoding mitochondrial 

arginine tRNA (tRNA) synthetase, has been associated with severe 

infantile encephalopathy; finally mutation in the MRPS22 (Saada et al. 

2007) gene which encodes a mitochondrial ribosomal protein has been 

associated with antenatal hydrops, hypotonia, cardiomyopathy and 

tubulopathy. 

However the clinical expression of mutations in these genes remains 

to be further analysed, as well as the search of new candidate genes 

affecting mitochondrial protein synthesis.  

 

(4) Defects of genes encoding factors involved in the biosynthesis 

of lipids and cofactors 

Defects of the membrane lipid milieu 

Except for cytochrome c, which is located in the intermembrane 

space, all components of the respiratory chain are embedded in the 

lipid milieu of the inner mitochondrial membrane, which is composed 

predominantly of cardiolipin. Cardiolipin is not merely a scaffold but 

is essential for proper functioning of several mitochondrial OXPHOS 

complexes and several mitochondrial carrier proteins (Jiang et al. 

2000, Gohil et al. 2004). This is the reason why defects in cardiolipin 

could cause OXPHOS dysfunction and hence mitochondrial disease. 

In fact there is an example on this regard, the Barth syndrome 
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(mitochondrial myopathy, cardiomyopathy, growth retardation, and 

leukopenia) (Barth et al 1999). The mutated gene in this syndrome, 

TAZ (or G4.5), encodes an acyl–coenzyme A synthetase (tafazzin) that 

must have an important role in cardiolipin synthesis, because 

cardiolipin concentrations are markedly decreased in skeletal and 

cardiac muscle and in platelets from affected patients (Schlame et al. 

2000). 

 

Coenzyme Q deficiency 

CoQ or ubiquinone is a lipophilic component of the electron-transport 

chain, which transfers electrons from Complex I or II, and from the 

oxidation of fatty acids and branched-chain amino acids, via flavin-

linked dehydrogenases to Complex III. The CoQ also plays a role as 

an antioxidant and as a membrane stabilizer. Although the 

biochemical and molecular bases remain undefined, primary CoQ 

deficiency is a potentially important cause of recurrent myoglobinuria 

or ataxia or both. 

Mutations in the CoQ10 biosynthetic genes, COQ2 (Quinzii et al. 

2006), PDSS1 (Mollet et al. 2007) and PDSS2 (Lopez et al. 2006) 

were reported in patients with severe infantile mitochondrial 

syndromes and tissue CoQ10 deficiency (Rotig et al. 2007), whereas 

the molecular genetic defect of adult-onset CoQ10 deficiency remains 

undefined (Quinzii et al. 2007). 

Mutations in APTX (Quinzii et al. 2006) and ADCK3 (Lagier-

Tourenne et al. 2008) were recently found in patients with ataxia and 

low levels of CoQ in muscle biopsies, supporting the hypothesis that 
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the ataxic form is a genetically heterogeneous disease in which CoQ10 

deficiency can be secondary (Le ber et al. 2007). 

 

FeS protein defects 

The OXPHOS complexes need to be equipped with cofactors such as 

copper, heme or iron-sulphur (FeS) clusters that are necessary for their 

electron transport capacity. A whole range of complex-specific 

chaperones, assembly factors and enzymes involved in the 

biosynthesis and incorporation of prosthetic groups are necessary for 

the assembly of intact and enzymatically functional complexes. 

Mitochondrial FeS cluster assembly machinery is indispensable for 

life owing to their function in the maturation of all cellular FeS 

proteins (Lill & Mühlenhoff, 2006). Alterations in this process have 

obviously deleterious consequences; for instance ABC7, an iron 

mitochondrial exporter, which controls the generation of cytosolic 

iron-sulphur proteins, is responsible for X-linked sideroblastic 

anaemia and ataxia; frataxin, a mitochondrial protein which is 

responsible for Friedreich’s ataxia, is also involved in iron handling, 

heme synthesis and iron-sulphur protein maintenance (see also the 

relative paragraph in the chapter on neurodegenerative 

mitochondriopathies). 

 

Copper 

A defect of copper internalization into mitochondria is caused by 

mutations of ATP7B (ATPase copper transporting beta polypeptide) 

gene on chromosome 13, which are associated with Wilson’s disease. 

The pathogenesis of Wilson’s disease may involve either direct 
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damage to copper containing enzymes, such as cytochrome c oxidase, 

or more generic oxidative damage to the cell owing to the 

accumulation of copper (see the relative paragraph in the chapter on 

neurodegenerative mitochondriopathies). 

 

(5) Defects of proteins involved in mitochondrial biogenesis or 

factors indirectly related to OXPHOS 

Fission and fusion defects 

Mitochondria are not static and isolated organelles but form a complex 

network. Mitochondrial fusion and fission require conserved protein 

machineries at the outer and inner membranes that mediate membrane 

mixing and division events. The proteins that regulate mitochondrial 

dynamics are now associated with a broad range of cellular functions: 

they play roles in maintaining the (1) integrity of mitochondria, (2) 

electrical and biochemical connectivity, (3) turnover of mitochondria, 

and (4) segregation and protection of mitochondrial DNA (Okamoto 

et al. 2005). 

GTPases of the dynamin family have a crucial role in both fission and 

fusion. Mgm1 is a GTPase and member of the dynamin protein family 

and OPA1 is its human homologue. Both regulate the morphology of 

the inner mitochondrial membrane. Mutations in this gene lead to 

autosomal dominant optic atrophy (OPA1). OPA1 protein is also 

implicated in apoptosis (Frezza et al. 2006) and oxidative 

phosphorylation (Zanna et al. 2008), and multiple mtDNA deletions 

are found in muscle of some patients (Amati-Bonneau et al. 2008, 

Hudson et al. 2008), suggesting that the OPA1 protein also influences 

mtDNA maintenance. 
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MFN2 gene, encoding another dynamin-like enzyme regulating the 

fission-fusion dynamics, mitofusin 2, is responsible for mitochondrial 

disorders, autosomal dominant Charcot-Marie-Tooth neuropathy type 

2A and 4A (CMT2A, CMT4A) (Zuchner et al. 2004, Zuchner et al. 

2005). 

Interestingly mutation in the DLP1 gene, which encodes a dynamin-

like protein implicated in mitochondrial and peroxisomal fission, 

causes morphologically striking defects in both organelles and severe 

clinical symptoms of systemic lactic acidosis, increased plasma very 

long chain fatty acids, and microcephaly. Respiratory chain function 

was normal in patient homogenates, suggesting that the sub-

compartment localization is important in determining the function for 

mitochondrial proteins (Waterham et al. 2007). 

 

Defects of mitochondrial protein import 

Two known mitochondrial diseases are clearly attributable to 

abnormal protein import. 

X-linked Mohr–Tranebjaerg syndrome is characterized by deafness, 

followed by progressive neurological troubles, including dystonia and 

optic atrophy (Roesch et al. 2002); this disorder is due to mutations in 

TIMM8A, encoding DDP1 (deafness–dystonia protein1), a component 

of the import machinery for mitochondrial carrier proteins. 

Mutation of DNAJC19, encoding a putative mitochondrial import 

protein, causes autosomal recessive dilated cardiomyopathy with 

ataxia (Davey et al. 2006). 
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Aging 

 

Aging is associated with a general loss of functions at the level of the 

whole organism that has origins in cellular deterioration. Most cellular 

components, including mitochondria, require continuous recycling and 

regeneration throughout the lifespan. Mitochondria are particularly 

susceptive to damage over time as they are the major bioenergetic 

machinery and source of oxidative stress in cells. Effective control of 

mitochondrial biogenesis and turnover, therefore, becomes critical for 

the maintenance of energy production, the prevention of endogenous 

oxidative stress and the promotion of healthy aging (López-Lluch et 

al. 2008) 

In aging, mitochondrial dysfunction is caused by an accumulation of 

mtDNA mutations and by an increase in ROS production. In studies of 

aging and mtDNA, researchers found that several tissues from old 

individuals have lower mitochondrial function than those from 

younger individuals (Cooper et al. 1992). Both mtDNA point 

mutations and deletions are highly prevalent in aged cells, and 8-

hydroxy-2-deoxyguanosine appears to be highly prevalent in aged 

tissues (Kujoth et al. 2006). From aging studies in mouse models, it 

appears that mitochondrially generated ROS are a critical factor in 

aging (Trifunovic et al. 2004, Kujoth et al. 2005). If mitochondrial 

ROS production can be controlled, it may be possible to delay aging 

extending a healthy lifespan. Several aging transgenic mice studies 

revealed that mitochondrially targeted antioxidants play an important 

role in decreasing free radical production and oxidative damage and 

aging phenotypes (Van Remmen et al. 2004, Ran et al. 2004, Schriner 
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et al. 2005). Overall, these aging mice studies suggest that mtDNA 

mutations are critically involved in producing aging phenotypes, and 

further, mitochondrially generated free radicals are important factors 

in determining aging and longevity. 

 

 

Neurodegenerative mitochondriopathies 

 

It has been established that aging is a major risk factor for developing 

several neurodegenerative diseases (Beal et al. 2005, Reddy 2007). 

However, the precise connection between aging and 

neurodegenerative diseases is unclear. Several studies and reviews 

have reported that age-related ROS produced by mitochondria are a 

factor in the development and progression of late-onset 

neurodegenerative diseases (Swerdlow & Khan 2004, Wallace 2005, 

Schapira 2006, Reddy and Beal 2008); in addition abnormalities of 

mtDNA and OXPHOS activity have been identified in different 

neurodegenerative diseases. Whether they represent primary or 

secondary defects because of other factors not directly related to 

pathogenesis, is sometimes hard to be distinguished; 

neurodegeneration versus mitochondrial dysfunction can be 

considered two sides of the same coin (Zeviani & Carelli 2007). 

In the case of autosomal dominant, recessive, or matrilineal disorders, 

the primary event can be obvious. With sporadic disorders it is 

typically less clear. Regardless of whether mitochondrial dysfunction 

is a primary cause of neurodegeneration, a mediator of 

neurodegeneration, or an epiphenomenon, someone proposes defining 
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neurodegenerative diseases with recognized mitochondrial 

dysfunction as “neurodegenerative mitochondriopathies” (Swerdlow 

et al. 2007). 

 

Alzheimer’s disease 

Alzheimer’s disease (AD) is the most common neurodegenerative 

disease. The typical course is progressive cognitive decline with 

remarkable amnesia. Risk increases dramatically with advancing age, 

and among those over 85 years old nearly half are affected (Evans et 

al. 1989). As the disease progresses, neurodegeneration becomes 

increasingly pervasive. 

AD is often divided into early versus late onset forms, and autosomal 

dominant versus non autosomal dominant forms. Autosomal dominant 

AD, with rare exceptions, typically presents before the age of 65. 

Mutations in the amyloid-β protein precursor (AβPP), presenilin 1 

(PS1), and presenilin 2 (PS2) genes cause autosomal dominant AD 

and appear to alter processing of AβPP towards amyloid-β (Aβ) 

derivative (Scheuner et al. 1996). Aβ is the major constituent of 

amyloid plaques found in the brains of elderly individuals with and 

without AD. Accordingly, an “amyloid cascade hypothesis” proposes 

AD is primarily a consequence of abnormal AβPP processing to 

particular Aβ variants, which then gain a toxic function (Hardy et al. 

1992). Brain mitochondria are clearly altered in persons with AD. 

There is agreement that human AD brains contain reduced numbers of 

normal mitochondria (De la monte et al. 2000). Amiloid (Aβ) can 

inhibit OXPHOS in mitochondria (Pereira et al. 1998). COX activity 
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is reduced in AD platelets, fibroblasts and large parts of the brain 

(Parker et al. 1990, Kish et al. 1992, Swerdlow et al. 2002).  

Cybrid studies suggest mtDNA is at least partly responsible for 

reduced COX activity in AD (Swerdlow et al. 1997). In cybrid cells 

obtained from platelets of AD patients, thus containing AD subject 

mitochondria/mtDNA, was reported a reduced COX activity. AD 

cybrid cell lines also overproduce free radicals and Aβ (Swerdlow et 

al 2007). No mtDNA mutation has consistently been found in AD, 

hence the COX deficiency could represent secondary damage from, 

for instance, free radical generation. 

 

Parkinson’s disease 

Parkinson’s disease (PD) is the most common neurodegenerative 

movement disorder and its prevalence rises with age. 1-3% of those 

over 80 are affected (Tanner et al. 1996). Neuron loss is particularly 

profound in the substantia nigra, although early neurodegeneration 

also occurs in other discrete brainstem nuclei. Surviving nigral 

neurons may contain intracytoplasmic inclusions called Lewy bodies. 

The presence of nigral Lewy bodies in conjunction with substantia 

nigra pars compacta neuron loss establishes the histologic diagnosis. 

The classic clinical signs of resting tremor, bradykinesia, rigidity, and 

postural instability are associated with loss of substantia nigra 

dopaminergic neurons. Like AD, PD is clinically classified into early 

and late onset variants and Mendelian (familial) versus non-Mendelian 

variants. The percentage of Mendelian cases declines with advancing 

age, while the percentage of non-Mendelian cases increases. 
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MRC complex I activity was shown to be reduced in persons with 

idiopathic PD (Parker et al. 1989, Bindoff et al. 1989). Activity is 

reduced in multiple tissues, including substantia nigra, frontal cortex, 

platelets, muscle, and fibroblasts and so it is probably a systemic event 

(Parker et al. 2008). It was hypothesized that because mtDNA 

contributes so importantly to complex I structure and function, and 

because mtDNA abnormalities can produce sporadic disease, 

alterations in mtDNA were an important cause of PD (Parker et al. 

1989). This hypothesis was tested using cybrids, and multiple groups 

report that PD cybrid cell lines have reduced complex I activity 

(Swerdlow et al. 1996, Esteves et al. 2008). In addition to reduced 

complex I activity, these cell lines have increased reactive oxygen 

species production, reduced mitochondrial calcium storage, and 

cytoplasmic α-synuclein aggregations. The true mtDNA alterations 

that account for this are unknown. Mitochondrial haplogroup and 

polymorphism association studies suggest mtDNA variation could 

alter PD risk (Van der Walt et al. 2003, Ghezzi et al. 2005, Pyle et al. 

2005). Also environmental factors are important in PD pathogenesis; 

pesticide and toxins leading to parkinsonism inducing dopaminergic 

cell death in people and animal models, are associated to complex I 

inhibition (Seaton et al. 1997, Hatcher et al. 2008). 

A ‘MitoPark’ mouse, in which mtDNA is lost in dopaminergic 

neurons, develops slowly progressive parkinsonism with accumulation 

of intracellular inclusion bodies (Ekstrand et al. 2007). 

A variety of autosomal dominant and recessive forms of genetically 

inherited PD are now defined. Mitochondrial dysfunction is 

implicated in several variants. One cause of autosomal dominant PD is 
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mutation of the α-synuclein gene (Polymeropoulos et al. 1997), and 

Lewy bodies consist largely of fibrillar α-synuclein. (Lee et al. 2002). 

Other genes implicated in Mendelian PD encode proteins that localize 

to mitochondria or influence mitochondrial physiology. Examples of 

such proteins include parkin, DJ1, PINK1, and LRRK2 (Tan et al. 

2007). This convergence upon mitochondria suggests at the very least 

that mitochondria partecipate in a common pathway of 

neurodegeneration. 

 

Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is characterized by progressive 

weakness that arises from upper and lower motor neuron degeneration 

(Mitchell et al. 2007). ALS is more common in people over 50 years 

of age and in men. It is relatively rare, with a prevalence that is below 

1% of the population. Similar to AD and PD, both sporadic and 

Mendelian forms exist, and with increasing age the proportion of 

those with Mendelian inheritance decreases. The most studied 

Mendelian form of ALS is caused by mutation of the superoxide 

dismutase 1 (SOD1) gene. SOD1 mutation accounts for approximately 

2% of ALS cases. Perturbations of mitochondrial ultrastructure in 

ALS were revealed several decades ago (Hirano et al. 1984). 

Cytoplasmic inclusions (Bunina bodies) that may represent 

mitochondria containing autophagic vacuoles are observed in ALS 

motor neurons (Hart et al. 1977). Cybrids from ALS patients showed a 

significant reduction in complex I activity and non-significant trends 

towards reduced complex III and IV activities (Swerdlow et al. 1996). 

A sporadic ALS reduction in complex I activity, with mtDNA 
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perturbation, was found in ALS muscle biopsies (Wiederman et al. 

1998). 

 

Progressive supranuclear palsy and multiple system atrophy 

After PD, progressive supranuclear palsy (PSP) is the most common 

neurodegenerative movement disorder. It presents most frequently in 

the seventh decade with prominent postural instability and an 

increasingly hypokinetic syndrome. 

Data indicative of mitochondrial alterations in PSP patients are 

reported. Muscle mitochondria have decreased ATP production 

(Dimonte et al. 1994). Ketoglutarate dehydrogenase and aconitase 

activities are reduced in the cerebellum (Park et al. 2001). Both 

muscle and brain appear bioenergetically compromised when studied 

using phospho-magnetic resonance spectroscopy (Martinelli et al. 

2000). PSP cybrids in which platelet mitochondria from PSP subjects 

were transferred to human neuroblastoma cells, showed reduced 

complex I activity and increased free radical production (Swerdlow et 

al. 2000), as reported also in PD. 

 

Huntington’s disease 

Huntington's disease (HD) is a strictly autosomal dominant, 

hyperkinetic neurodegenerative movement disorder. Neuropsychiatric 

symptoms and signs are also important clinical features (Vonsattel et 

al. 1998). HD is caused by a CAG repeat expansion in one copy of the 

Huntingtin gene, which encodes a protein called huntingtin (The 

Huntington's Disease Collaborative Research Group. 1993). 
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Polyglutamine extension appears to confer a toxic gain-of function to 

huntingtin protein. 

Evidence of mitochondrial dysfunction, particularly a complex II 

defect, in the pathogenesis of Huntington’s disease has been 

accumulated over the last 30 years and further provided by studies 

carried out in yeast strains (Solans et al. 2006) and cultured striatal 

neurons (Fukui et al. 2007). Huntingtin has been shown to physically 

associate with mitochondrial membranes and interfere with 

mitochondrial calcium handling (Panov et al. 2002). Huntingtin has 

been proposed to interfere with mitochondrial biogenesis by 

disrupting peroxisome proliferator activated receptor γ coactivator 1 α 

(PGC1α), a transcription co-activator that facilitates mitochondrial 

biogenesis (Cui et al. 2006). Therefore activation of PGC1α may be 

considered as a new therapeutic target in Huntington’s disease 

 

Friedreich’s Ataxia 

Friedreich’s ataxia (FA) is a relatively common autosomal recessive 

genetic disorder (Pandolfo et al. 2008). It presents as progressive 

sensory loss, weakness, and dyscoordination. Sensory neurons with 

cell bodies in dorsal root ganglia and which project through the spinal 

cord dorsal columns degenerate initially, and neurodegeneration later 

spreads to the spinocerebellar tracts, cerebellar purkinje cells, and 

corticospinal tracts. Symptomatic onset most commonly occurs during 

the second decade.  

Causal mutations reside in the FXN gene (Campuzano et al. 1996). 

Often mutant alleles contain an expansion of an intronic GAA repeat 

segment. Point mutations within exons have been found, and alleles 
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with point mutations are occasionally paired with GAA expansions in 

individuals with late onset Friedreich’s ataxia. FXN encodes frataxin, 

a mitochondrially targeted protein that is an iron chaperone and plays 

a role in mitochondrial iron handling (Pandolfo 2006). Frataxin 

contributes to iron-sulfur cluster and heme synthesis. Both iron-sulfur 

clusters and heme are required MRC constituents. 

  

Wilson’s disease 

Wilson’s disease, also called Hepatolenticular Degeneration, is a 

neuropsychiatric and hypokinetic movement disorder (Das et al. 

2006). The age of onset is variable, but it usually occurs before the 

sixth decade. Neurodegeneration classically appears as necrosis within 

the basal ganglia, but can also involve the brainstem, thalamus, 

cerebellum, and cerebral cortex. 

Wilson’s disease is inherited as an autosomal recessive disorder, with 

mutations occurring within the ATPase copper transporting beta 

polypeptide (ATP7B) gene (Tanzi et al. 1993). The ATP7B protein 

localizes into mitochondria (Lutsenko et al. 1998). MCR dysfunction 

has been demonstrated in liver tissue from Wilson’s disease patients 

(Gu et al. 2000). Recessive mutation of ATP7B leads to perturbed 

mitochondrial copper homeostasis and, as a consequence, impaired 

mitochondrial function. Oxidative stress, reduced COX activity, and 

activation of intrinsic apoptotic cascades may represent common 

features of copper-mediated mitochondrial toxicity (Rossi et al. 2004). 

 

 

 



 
 

55

Hereditary spastic paraplegia 

An autosomal recessive form of hereditary spastic paraplegia is due to 

mutations in the SPG7 gene, which encodes paraplegin, a 

mitochondrial protein similar to yeast metalloproteases (Casari et al. 

1998). Impairment of the respiratory chain is suggested by the 

presence of ragged-red fibers and fibers deficient in cytochrome c 

oxidase in muscle from affected patients. 

 

 

Mitochondria and cancer 

 

Mitochondrial defects have been suspected to play an important role 

in the development and progression of cancer. Since the initial 

publications by Warburg over half a century ago (Warburg et al. 1930, 

Warburg 1956), a number of cancer-related mitochondrial defects 

have been identified and described in the literature. These defects 

include altered expression and activity of respiratory chain subunits 

and glycolytic enzymes, decreased oxidation of NADH-linked 

substrates, and mitochondrial DNA (mtDNA) mutations (Kroemer 

2006). Whereas there are many reports of these phenomena, the exact 

mechanisms responsible for the initiation and evolution of mtDNA 

mutations, and their roles in the development of cancer and disease 

progression still remain to be elucidated. 

It’s a common observation that cancer cells tend to synthesize ATP 

mainly through aerobic glycolysis, the so-called “Warburg effect”. 

This metabolic state is associated with high glucose uptake and local 

acidification because of lactate production. 
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Several mechanisms have been proposed to explain this phenomenon, 

including the up-regulation of rate-limiting steps of glycolysis, the 

accumulation of mutations in the mitochondrial genome, the hypoxia 

induced switch from mitochondrial respiration to glycolysis or the 

metabolic reprogramming resulting from the loss-of-function of 

enzymes. In specific cases, mitochondrial enzymes can act as tumour-

suppressor proteins whose mutations indirectly favour aerobic 

glycolysis. Mutation in genes encoding mitochondrial proteins such as 

succinate dehydrogenase (SDH subunits B, C or D) and fumarate 

dehydrogenase is an oncogenic event, causing phaeochromocytomas 

(in the case of SDH mutations) and leiomyosarcomas or renal 

carcinomas (in the case of fumarate dehydrogenase mutations). The 

loss of function of these deyhdrogenases results in the accumulation of 

fumarate and succinate in the cytosol, respectively. This eventually 

favours the activation of the transcription factor hypoxia-inducible 

factor (HIF) and hence a general reprogramming of the metabolism 

towards aerobic glycolysis (King et al. 2006).  

Aerobic glycolysis in cancer is not just a historical reminiscence or a 

biochemical curiosity. In fact, the Warburg effect is actually the basis 

for the widespread application of positron emission tomography in 

which a glucose analogue tracer (2-18fluoro-2-deoxy-D-glucose) is 

used to differentiate between normal and tumour tissue.  

A possible explanation to the switch from mitochondrial respiration to 

glycolysis could be the fact that cancer cells accumulate defects in the 

mitochondrial genome, leading to deficient mitochondrial respiration 

and ATP generation (Brandon et al. 2006, Chatterjee et al. 2006). 

Another important feature to be taken into account is that cancer cells 
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are generally more active than normal cells in metabolic ROS 

generation and are constantly under oxidative stress (Hileman et al. 

2001). It is possible that certain mtDNA mutations may be caused by 

endogenous ROS in cancer cells. Mutations in mtDNA could in turn 

cause further increases of ROS production, leading to additional 

mutations and oxidative stress. 

In summary, the presence of mtDNA mutations in cancer cells is 

concordant with the intrinsic susceptibility of mtDNA to damage and 

constitutive oxidative stress. Alterations in OXPHOS activity and 

mtDNA abnormalities appear to be a general feature of malignant 

cells. In fact mutations and deletions in mtDNA and abnormal 

expression of mtDNA-encoded proteins have been observed in various 

tumors (Tan et al. 2002). 

Finally, given the importance of mitochondria in apoptosis, all these 

alterations can lead to an enhanced resistance of cancer cells to 

apoptotic signalling cascade. The mitochondrial outer membrane 

(MOM) permeabilization is a necessary step in this pathway 

(Zamzami et al. 1998): usually pro-apoptotic proteins (cytochrome c, 

apoptosis inducing factor (AIF), endonuclease G, and smac/DIABLO) 

reside in the mitochondria but after an apoptotic stimulus are released 

into the cytosol. A block of MOM permeabilization is associated to 

development of tumours for instance the switch from pre-neoplasia to 

overt neoplasia in haematological cancers (Fontenay et al. 2006), even 

if the mechanistic link between aerobic glycolysis and MOM 

permeabilization resistance is not clear yet.  
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Treatment of the mitochondrial diseases 
 

There are many strategies to treat mitochondrial disease albeit an 

effective therapy is missing, to date. They are based on genetic or 

metabolic interventions, involving either correction of the affected 

gene or attenuation of the negative up- or downstream effects caused 

by the defective enzyme complex/complexes. These include (i) 

preventing transmission of mtDNA and mitochondrial nDNA gene 

defects, (ii) gene therapy (replacement or repair), (iii) altering the 

balance between wild-type and mutated mtDNA (i.e. exercise 

training), (iv) controlled regulation of specific transcriptional 

regulators and (v) metabolic manipulation (radical oxygen scavenging, 

mitochondrial calcium homeostasis, and uncoupling proteins). 

 
Table 2.  Recent strategies for mitochondrial therapy 

Preventing 
transmission of 
mtDNA 

Gene 
therapy 

Altering the 
balance 
between 
mutated and wt  
mtDNA 

Controlled 
regulation of 
transcription 
regulators 

Metabolic 
manipulation 

Oocyte donation  Allotopic 
expression  

Mutation repair 
(Zinc finger 
binding proteins) 

Sirtuins  Preventing 
oxygen damage 
(scavenging, 
allotropic 
expression) 

Mutation 
analysis of 
chorionic villi 

Correction of 
translational 
defects 
(tRNA) 

Restriction 
endonucleases 

 Calcium 
modulation 

Preimplantation 
genetic 
diagnosis 

Expression of 
nuclear 
encoded 
ANT-1 and 
TFAM 

Peptide nucleic 
acid oligomers 

 Uncoupling 
proteins 

  Stimulating 
satellite cells  

 Nutritional 
intervention 
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A recent and comprehensive review on this topic, was written by 

Koene et al. (2009), with the last new approaches, some of which have 

yet to be explored in humans (Tab.2). 

 

An intervention used in patients with mitochondrial disease is the 

metabolic therapy. 

Metabolic acidosis resulting from increased lactate production, a 

common feature in mitochondrial defects, can be treated, at least in 

the short-term, buffering with antiacids such as sodium bicarbonate. 

Some drugs, which stimulates pyruvate oxidation (i.e. 

dichloroacetate), has also been used to lower lactate concentration, but 

adverse effects preclude its widespread clinical use (Barshop et al. 

2004).  

In the rare mitochondrial disorder, MNGIE, due to mutations in TP 

gene (Hirano et al. 2005), the problem is the accumulation of 

dangerous nucleoside precursors, thymidine. A therapeutical 

symptomatic approach is to try to decrease the blood level of these 

substances through transfusions or by binding them to a water-soluble 

compound facilitating urinary excretion. Dietary supplementation of 

cofactors and vitamins is also widely used in the treatment of 

OXPHOS disease, but there is little evidence, apart from anecdotal 

reports, to support their use.  

Creatine is the substrate for the synthesis of phosphocreatine, the most 

abundant energy storage compound in muscle, heart and brain. 

Different trials in patients with neuromuscular disorders gave opposite 

results regarding the efficacy of this substance. However considering 

the absence of adverse effects, creatinine supplementation may be 
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warranted in patients with muscle weakness even before the 

confirmation of its efficacy.  

Ubiquinone (CoQ) and its shorter chain analogue idebenone, could 

theoretically be effective for improving OXPHOS or, alternatively, as 

antioxidants or ROS scavengers. Although CoQ has shown some 

preliminary promising results in Parkinson’s disease and Friedreich’s 

ataxia (Rustin et al. 1999), there have been no large-scale studies to 

determine the effectiveness of CoQ in these disorders. This treatment 

is most clearly effective in the small number of patients who have a 

specific CoQ deficiency (Salviati et al. 2005). 

Since defects of OXPHOS result in the increased production of free 

radicals, the use of antioxidants has some sound basis. This is the 

reason of the supplementation with vitamins like tocopherols (Kir et 

al. 2005). The above reported CoQ and N-acetylcysteine reduce free 

radical production in cybrids (Mattiazzi et al. 2004). More recently, 

antioxidant compounds, which are directly targeted to mitochondria 

have been shown to be effective in cultured cell models of OXPHOS 

disease, but has yet to be tested in a clinical trial (James et al. 2005, 

Koopman et al. 2005). 
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Scope of the thesis 
 

My researches during the DIMET project have been focused on the 

discovery of new genes responsible for mitochondrial disorders and 

the characterization of their role.  

Recent epidemiological studies show that mitochondrial disorders 

have an incidence of 1:5000. These disorders are very heterogeneous 

and hence the diagnosis is difficult. Moreover mitochondrial 

dysfunctions are now clearly related to a wide range of disease 

conditions (i.e. neurodegeneration and cancer).  

The majority of the inherited mitochondrial disorders, especially those 

with onset in infancy or childhood, are due to nuclear genes encoding 

proteins targeted to mitochondria. While identification of mutations in 

mitochondrial DNA has become relatively easy thank to the feasibility 

to perform the complete sequence analysis of mtDNA, the analysis of 

genomic DNA is more complicate and therefore the number of nuclear 

genes associated with mitochondrial diseases is still small.  

Genome-wide analysis in families with autosomal recessive 

mitochondrial disorders could help to identify a genomic region to be 

further investigated. However, about one half/one third of the 

components of the mitochondrial proteome have yet to be identified, 

and this lack of information makes the search of candidate genes more 

difficult. 

By linkage analysis or homozygosity mapping and prioritization of 

candidate genes, I studied subjects from multiconsanguineos families 

characterized by clinical pictures compatible with mitochondrial 

disorders. 
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In chapter 2, there is the report regarding the discovery of a nonsense 

mutation in two brothers displaying asymmetric brain atrophy, 

psychomotor regression and severe complex IV deficiency. The 

mutated gene codes for a mitochondrial predicted kinase that may 

have a role in apoptosis. 

 

Using the same procedure, I take part in a project, which leads to the 

identification of the first assembly factor for complex II of the 

OXPHOS system (Chapter 3). Two different mutations were found in 

two pedigrees, with affected children characterized by acute 

psychomotor regression followed by spastic quadriparesis and/or 

dystonia. The pathogenic role of the mutations was confirmed in 

cellular and yeast models. 

 

Finally, in chapter 4, there is the characterization of a protein, MR-1, 

already known and responsible for a movement disorder (PNKD, 

Paroxysmal non kinesigenic Dyskinesia). The mutant isoforms were 

erroneously localized into cytosol or membranes, whereas I 

demonstrated that they are mitochondrial and that the mutations 

reported so far in PNKD patients (and a new mutation identify in our 

study) are in the mitochondrial targeting signal (MTS). Hence PNKD 

could be considered a mitochondrial disease, due to a novel 

mechanism based on a deleterious action of the MTS  
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