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Abbreviations

Acetyl-CoA acetyl-coenzyme A

ACTH adrenocorticotropic hormone

ADP adenosine diphosphate

ANT ATP/ADP translocator

ATP adenosine triphosphate

ATPase adenosine triphosphate synthase

BMCP brain mitochondrial carrier protein

BMI body mass index

BN-PAGE blue native – polyacrylamide gel electrophoresis

BSA bovine serum albumine

C I respiratory chain complex I

C I+III respiratory chain complex I+III

C II respiratory chain complex II

C III respiratory chain complex III

C IV respiratory chain complex IV

Cl chlorine

CNS central nervous system

CoA coenzyme A

COX Cytochrome c oxidase

CPEO chronic progressive external ophthalmoplegia

CS citrate synthase

CSF cerebrospinal fluid

CT computer tomography

DCPIP dichlorophenolindophenol

DHAP dihydroxyacetone phosphate

DNA deoxyribonucleic acid

DSM-IV
Diagnostic and Statistical Manual of Mental Disorders - Fourth 
Edition

DTNB 5, 5`-dithiobis-(2-nitrobenyoic acid)

EDTA ethylenediaminetetraacetic acide

EEG electroencephalography

EMG electromyography

ETF electron-transferring flavoprotein
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FAD Flavin adenine dinucleotide

FADH flavin adenine dinucleotide

FADH2 reduced flavin adenine dinucleotide 

FMN flavin mononucleotide

fT4 free thyroxine

G-3-P glycerol-3-phosphate

GPDH glycerol-3-phosphate dehydrogenase

K potassium

KCN potassium cyanide

KPi kalium phosphate

KSS Kearns-Sayre syndrome

LCAD long chain acyl dehydrogenase

LDH lactate dehydrogenase

LHON Leber`s hereditary optic neuropathy

LRPPRC leucin-rich pentatricopeptide repeat motif containing gene

MAO monoamine oxidase

MCAD medium chain acyl dehydrogenase

MELAS
mitochondrial encephalopathy lactic acidosis and stroke-like 
syndrome

MERRF myoclonic epilepsy and ragged red fibres

Mg magnesium

mGPDH mitochondrial glycerol-3-phosphate dehydrogenase

MRI magnetic resonance imaging

mRNA messenger ribonucleic acid

mtDNA mitochondrial deoxyribonucleic acid

mtEF mitochondrial elongation factor

mTP mitochondrial targeting peptide

mtTFA mitochondrial transcription factor A

Na sodium

NAD+ nicotinamide adenine dinucleotide oxidated

NADH nicotinamide adenine dinucleotide

NARP neurogenic muscle weakness, ataxia, retinitis pigmentosa

NCCR NADH-cytochrome c oxidoreductase 

NCMD Nijmegen Centre for Mitochondrial Disorders

nDNA nuclear deoxyribonucleic acid

NQR NADH-coenzyme Q oxidoreductase 

OXPHOS oxidative phosphorylation system
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PCR polymerase chain reaction

PDH pyruvate dehydrogenase

PDK pyruvate dehydrogenase kinase

PEO progressive external ophthalmoplegia

POLG polymerase (DNA directed) gamma

QCCR coenzyme Q-cytochrome c oxidoreductase 

RFLP restriction fragment length polxmorphism

RNA ribonucleic acid

ROS reactive oxygen species

RRF ragged-red fibres

rRNA ribosomal ribonucleic acid

SCAD short chain acyl dehydrogenase

SCO1 cytochrome c oxidase assembly protein 1

SCO2 cytochrome c oxidase assembly protein 2

SD standard deviation

SDS-PAGE sodium dodecyl sulfate - polyacrylamide gel electrophoresis

SQR succinate-coenzyme Q oxidoreductase 

SSB single strand binding protein

STH somatotropic hormone

SURF1 surfeit gene

T3 triiodothyronine

T4 thyroxine

TAG triacyl glycerole

TIM translocase of inner membrane

TOM translocase of outer membrane

TRIS tris(hydroxymethyl)aminomethane

tRNA transfer ribonucleic acid

TSH thyroid-stimulating hormone

UCP uncoupling protein
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1. Introduction

The oldest known evidence of life was found by J.W.Schopf in 3.5 billion years old 

mineral from Apex chert at Marble bar, Western Australia (Schopf 1993). 2.5 billion years 

ago, the atmosphere in the Earth changed from reducing to oxidising (Kump and Barley 2007). 

2.1 billion years ago, bacteria assembling ATP using oxygen for production of energy were 

incorporated into the ancestor of eukaryotic cell (Han and Runnegar 1992). Somehow it 

happened that the two cells did not kill each other and instead of it, they began to cooperate 

and by the oxidative phosphorylation system (OXPHOS) they could very efficiently gain the 

energy from substrates they consumed. They were very successful and thus grew faster than 

their rivals. The eukaryotic cells originated and the incorporated ATP producing bacteria 

changed into mitochondria. In mammalian cells, more than 90% of ATP is produced by 

OXPHOS composed of four respiratory chain complexes (RC) and ATP synthase in the inner 

mitochondrial membrane. 

Mitochondrial DNA in human cells lost most genes except mtDNA genes encoding 

several key structural proteins responsible for the main function of mitochondria – oxidative 

phosphorylation, and genes for mitochondrial tRNA and rRNA. Eukaryotic nuclear DNA 

provides the rest of OXPHOS genes and proteins. In total, more then 1000 proteins participate 

in mitochondrial functions and the cooperation between mitochondrial and nuclear DNA 

makes the mitochondrial metabolism very complex. 

Of course, the complexity comes together with sensitivity to the malfunctions of parts 

of system. The mitochondrial disorders represent a heterogeneous group of diseases with 

unfavourable prognosis and they are considered as one of the most common group of 

metabolic diseases in humans. Our laboratory focuses on broad spectrum of mitochondrial 

diseases and the aim of my study as a paediatrician is to characterize mitochondrial diseases 

in children. 
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2. Overview of literature

Mitochondrial diseases 

Mitochondrial disorders of an energy generating system represent a clinically 

heterogeneous group of disorders that cause a dysfunction of OXPHOS leading to energetic 

deficiency, redox and/or metabolites imbalance, elevated reactive oxygen species (ROS)

production and eventually causing cell apoptosis (Smeitink et al. 2006). Because the 

mitochondrial respiratory chain system is essential for aerobic metabolism, tissues and organs 

highly dependent on aerobic production of energy are preferentially affected in mitochondrial 

disorders (Wallace 2005). As the most energy in organism is consumed by brain, heart and 

muscles, the most common symptoms of mitochondrial disorders are described as so-called 

“mitochondrial encephalomyopathies” but generally, any tissue and organ can be affected. 

In childhood, the most often clinical symptoms of mitochondrial disease are poor 

development and failure of thrive, signs of “mitochondrial encephalomyopathy” affecting 

brain (epilepsy, ataxia or mental retardation), heart (cardiomyopathy or arrhythmias) and 

muscles (fatigue, muscle weakness, exercise intolerance, myopathy). Mitochondrial disorders 

can also affect other organs including liver (hepatopathy, liver failure), kidney (de Toni-

Debre-Fanconi syndrome, renal tubular acidosis, renal failure), eyes (ptosis, progressive 

external ophthalmoplegia, retinitis pigmentosa, Lebers hereditary optic neuropathy, cataract), 

bone marrow (pancytopenia, sideroblastic anemia, aplastic anemia), gastrointestinal tract 

(diarrhea or constipation), endocrinologic system (adrenal insufficiency, hypogonadism, 

hypoparathyreosis, diabetes mellitus type II, diabetes insipidus, growth hormone deficiency), 

skin (hypertrichosis) and can cause hearing defects.

Generally, a respiratory chain deficiency can theoretically cause any symptom in any 

tissue or organ at any age and with any mode of inheritance (Munnich et al. 1996).
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Structure of mitochondria

The mitochondria were observed for the first time in the 19th century. They are 

localized in cytoplasma of eukaryotic cells. The mitochondria are semiautonomous 

organelles, exceptional among all other organelles in the cells. Even though they are unable to 

live autonomously without the cell, they still keep some signs of their ancient bacterial 

history. They contain a set of double membranes as many bacteria do and they use their own 

genome and the machinery of gene expression, although nowadays it is kept for synthesis of 

only several enzymes participating in mitochondrial oxidative phosphorylation system 

(OXPHOS). The mitochondrial DNA molecule is circular as the bacterial one and 

mitochondrial ribosomal RNA is more similar to RNA in bacteria than to RNA in 

cytoplasmatic ribosomes of eukaryotic cells. The mitochondrial replication is also similar to a 

division of bacteria. 

The shape of mitochondria is usually ellipsoid but sometimes also spheroid or tubular. 

Their typical length is 1 – 3 m, width 0.5 – 1 m. The amount of mitochondria in cell varies 

between tens and ten thousands depending on energetic demands (May-Panloup et al. 2003). 

Mitochondria contain two membranes – outer and inner. Between outer and inner 

mitochondrial membrane is intermembraneous space, inner membrane encircles 

mitochondrial matrix. The distance between outer and inner membrane is 8-10 nm and their 

structure and function are different. Outer membrane contains porins that allow transportation 

of molecules with weight up to 10 kDa. Inner membrane is rich of proteins and cardiolipin 

and is folded in cristae enhancing its effective surface. The size and amount of cristae depends 

on intensity of OXPHOS because in the inner membrane are localized proteins of OXPHOS. 

E.g. the cardiomyocytes with high rate of respiration contain mitochondria with many cristae 

whereas less active fibroblasts have mitochondria with much less amount of cristae. Besides 

the OXPHOS proteins, the inner membrane contains also transport proteins that regulate the 
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concentration of ATP, ADP, pyruvate and other metabolites, calcium ions and phosphate.

Only few molecules as carbon dioxide, oxygen or water can freely cross the inner 

mitochondrial membrane.

Around 90 % of all energy demands of the eukaryotic organisms are covered by 

mitochondrial ATP production in the presence of oxygen. During the chemical reaction that 

breaks down ATP into ADP and phosphate, energy of approximately 30 kJ/mol is released. 

This exergonic type of chemical reaction, coupled with endergonic chemical reactions, runs 

the metabolic pathways in the cell. The mechanism of ATP production - oxidative 

phosphorylation - is a process opposite to the breakdown of ATP. With enough amount of 

energy, a mitochondrial FOF1-ATP-synthase (ATPase) produces ATP from ADP and 

phosphate. The source of energy for ATP production is the electrochemical gradient caused 

by a difference between concentration of protons in mitochondrial matrix and in 

intermembraneous space. Protein complexes of respiratory chain system working as proton 

pumps maintain the proton gradient. They use energy of redox potential difference, released 

by electrons transported in cascade of chemical reactions from molecule of pyruvate to 

oxygen. 

ATPase and respiratory chain complexes are assembled from 89 protein subunits in 

total. 13 subunits are coded by mitochondrial DNA, the other from genes in nuclear DNA. In 

addition, many nDNA encoded proteins contribute in assembly of OXPHOS complexes. 

Altogether, several hundreds of genes are coding the proteins necessary for biosynthesis and 

assembly of OXPHOS system. The biogenesis and regulation of OXPHOS is still not known 

in details but it is sure that mutations in either mitochondrial or nuclear genes may lead to 

dysfunction of mitochondrial energetic metabolism.
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Oxidative phosphorylation system

The free energy needed for maintenance of a proton gradient on inner mitochondrial 

membrane is released during transportation of electrons from molecules of citric acid cycle 

(Krebs cycle) to oxygen molecule through coenzymes NADH and FADH, four respiratory 

chain complexes and two electron transporters (ubiqinone and cytochrome c) gradually from 

lower to higher redox potential systems. Released energy is used for pumping protons into the 

intermembraneous space.

At the beginning of respiratory chain system are 

molecules of NADH and FADH2 bringing hydrogen 

atoms from Krebs cycle substrates to complexes I and II. 

There is the hydrogen atom split into proton and electron. 

The electrons are then transported by ubiqinone 

(coenzyme Q) to complex III, then to cytochrome c, and 

finally to complex IV where electrons reduce oxygen and 

after addition of free protons produce water molecules. 

Except for complex II, each respiratory chain complex 

works as a proton pump. The proton gradient on inner 

mitochondrial membrane is a source of energy for 

complex V (mitochondrial ATPase) in ATP synthesis.

Complex I (NADH: ubiqinone reductase)

With the molecular weight around 850 kDa, Complex I is the biggest respiratory chain 

complex.  It consists of 45 subunits, 7 of them encoded by mitochondrial DNA, and prosthetic 

groups of one FMN and six to seven iron-sulphur clusters. Its function is to pump four to five 
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electrons from the mitochondrial matrix to intermembraneous space which is coupled with 

transfer of two electrons from NADH to ubiqinone (Carroll et al. 2002).

Complex II (succinate: ubiqinone reductase)

Complex II is the only respiratory chain complex containing no mtDNA encoded 

subunit. It participates in the Krebs cycle oxidizing succinate to fumarate and transferring

electrons from FADH2 to ubiqinone. With only four subunits and molecular weight 120 kDa it 

is the smallest OXPHOS complex. Complex II is heterotetramer with two subunits 

hydrophobic and other two hydrophilic, one of them contains FAD, other one contains three 

iron-sulphur clusters transferring electrons from succinate to ubiqinone (Johnson et al. 1987). 

Complex III (ubiqinone: cytochrome c oxidoreductase)

This respiratory chain complex with molecular weight 480 kDa is assembled from 11 

subunits; one is encoded by mtDNA (cytochrome b), the other 10 are nuclear encoded (Deng 

et al. 2001). It pumps two protons for every transported electron from ubiqinol (reduced 

ubiqinone) to cytochrome c in mechanism called Q cycle (Mitchell 1975).

Complex IV (cytochrome c oxidase, COX)

Transporting electrons from cytochrome c to oxygen, cytochrome c oxidase is a 

terminal complex of respiratory chain. Its molecular weight is 205 kDa and consists of 13 

subunits, biggest three of them (COX1, COX2 and COX3) are coded by mtDNA and create a 

catalytic core. Other 10 subunits (Va, Vb, VIa, VIb, VIIa, VIIb, VIIc and VIII) are coded by 

nDNA, often as tissue specific isoforms, and their function is an assemblation and regulation 

of complex IV (Poyton and McEwen 1996; Kadenbach et al. 2000). 
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Fig. 2. Cytochrome c oxidase is a homodimer localized in the inner mitochondrial membrane, 
it consists of 13 subunits, some of them tissue specific (Wheeler 2006)

The hydrophobic subunits COX1 and COX2 contain binuclear copper centres with 

copper atoms CuA and CuB and hems a and a3 that form redox centres for electron transport 

(Van Gelder and Beinert 1969; Froncisz et al. 1979). Subunit COX1 reduces oxygen molecule 

to water, whereas subunit COX2 binds cytochrome c. Subunit COX3 anchors the whole 

complex IV to the inner mitochondrial membrane using the specific mitochondrial 

phospholipide cardiolipin (Robinson 1993). 
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Fig. 3. The catalytic cycle for COX: the resting state is fully oxidised compound O, reduced
by cyt c changes to fully reduced form R. With dioxygen turns to short-lived ferrousoxy 
intermediate - compound A, which is converted into the bridging peroxide - compound P.
Oneelectron reduction results in a ferryl intermediate - compound F, further one electron
reduction returns the complex back to compound O. The electron transfers are coupled to 
proton translocation across the membrane (Ferguson-Miller and Babcock 1996)

The assemblation of Complex IV is a complex process. Many factors involve the 

biogenesis of Complex IV, such as mRNA transcription and splicing, translation of subunits 

preproteins, incorporation of prosthetic cofactors into subunits, transporting subunits into 

mitochondria and finally, assemblation of Complex IV from subunits.

The process of Complex IV assemblation was intensively studied in yeasts but 

recently several homological genes for assemblation factors in human DNA were found 

(SURF1, SCO1, SCO2, COX10, COX15 and LRPPRC)(Shoubridge 2001; Barrientos et al. 
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2002; Pecina et al. 2004). Final addition of subunits VIa and VIIa is followed by dimerization 

of Complex IV (Taanman and Williams 2001).

Fig. 4. Cytochrome c oxidase assembly in yeasts and humans is very similar, the 
assemblation is regulated by assemblation factors (Nijtmans et al. 1998), several assembly 
intermediates were observed (Stiburek et al. 2006)

Complex V (FOF1-ATP-synthase, ATPase)

Complex V consists of 16 subunits with total molecular weight 670 kDa. It is 

composed of an integral membrane component FO made by 10 subunits, one of them is 

encoded by mtDNA, by soluble component F1 with 5 subunits, again one of them is encoded 

by mtDNA, and by the inhibitor protein IF1 (Hatefi 1985). The proton gradient between outer 

and inner side of inner mitochondrial membrane is the source of energy for ATP synthesis 

provided by F1 subcomplex. Protons leak through the canal in FO subcomplex. A portion of 

FO subcomplex rotates as protons pass the inner mitochondrial membrane causing three 

catalytic nucleotide binding sites to go through series of conformational changes that leads to 

ATP synthesis (Gresser et al. 1982). Particularly the ATP is spent in mitochondrial matrix but 

the most of ATP is exchanged with ADP in cytosole by ADP/ATP translocator (ANT) where 

it is useful as a universal energy donor for many cell functions (Saraste 1999).
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Supercomplexes, proteins and protein complexes associated with OXPHOS

Some respiratory chain complexes are tightly connected and make so called 

“supercomplexes”. Originally, the presence of supercomplexes was demonstrated in yeasts, 

later also in mammal mitochondria. The functional interactions were observed not only 

between complexes I and III, III and IV, I and IV, but also between respiratory chain 

complexes I and II together with electron transferring flavoprotein (ETF), coenzyme Q, 

several dehydrogenases and trifunctional protein responsible for beta-oxidation of fatty acids 

in “beta-oxidation metabolon” (Sumegi et al. 1991). 

The enzymes included in OXPHOS are also functionally linked to other mitochondrial 

enzymatic systems. The alternative pathway for reoxidation of NADH is provided by 

mitochondrial glycerophosphate dehydrogenase (mGPDH) transporting electrons from 

cytosolic NADH to ubiqinone (Werner and Neupert 1972). Citric acid cycle is functionally 

associated with OXPHOS too. High organization structures involving the citric acid cycle 

enzymes together with NADH:ubiqinone reductase (complex I) and succinate dehydrogenase 

(complex II) were observed (Srere et al. 1987; Velot et al. 1997; Schagger 2001).

The assembly of functionally linked enzymatic complexes into supercomplex 

metabolons facilitates the substrate channelling and though reduces the need of metabolite 

pools, lag times and increases metabolic rates (Schagger and Pfeiffer 2000). 
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Mitochondrial glycerophosphate dehydrogenase (mGPDH)

Although its role in mammalian cells is substantial, the FAD-dependent mGPDH is 

not involved in the traditional scheme of OXPHOS. This enzymatic complex oxidizes 

glycerophosphate and transfers electrons from cytosolic NADH to OXPHOS bypassing 

complex I and using glycerophosphate shuttle instead of malate-aspartate shuttle.

A mitochondrial glycerol-3-phosphate (G-3-P) shuttle involves a cytosolic NAD+-

dependent G-3-P dehydrogenase (GPDH) (EC 1.1.1.8) and a mitochondrial flavin adenine 

dinucleotide (FAD)–dependent G-3-P dehydrogenase:ubiquinone oxidoreductase (FAD-

GPDH, mGPDH) (EC 1.1.99.5). The cytosolic GPDH oxidizes NADH to NAD+ and 

generates G-3-P from dihydroxyacetone phosphate (DHAP). G-3-P passes through the 

permeable mitochondrial outer membrane and at the outer surface of the inner mitochondrial 

membrane is then deoxidised back to DHAP by the mitochondrial FAD-GPDH donating 

electrons to the mitochondrial ubiqinone pool. The DHAP is channelled back to the cytosolic 

compartment. The reducing equivalents are thus irreversibly shuttled from the cytosole to 

mitochondria, because the FAD-GPDH is flavoprotein, whose oxidation is strongly exergonic 

(Shen et al. 2006).

The mGPDH is a hydrophobic, extremely labile enzyme of approximately 75 kDa. It 

probably forms oligomers at the outer surface of inner mitochondrial membrane (Beleznai and 

Jancsik 1987) and its regulation includes fatty acids (Houstek and Drahota 1975), calcium 

ions (Wohlrab 1977) and glycolytic intermediates (Swierczynski et al. 1976). The role of 

mGPDH remains unclear. The expression of mGPDH is tissue specific. High concentrations 

were found in brown adipose tissue, placenta, pancreas and testes. In other mammalian tissues 

the production of mGPDH is depressed.

Besides its positive role in glycolytic metabolism, mGPDH also represents a 

significant source of ROS (Drahota et al. 2002; Jesina et al. 2004).
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Uncoupling proteins and heat production

In addition to the production of ATP, mitochondria may also serve as a significant 

source of heat.  In presence of uncoupling proteins (UCP), the energy of electrochemical 

potential, originating in the difference of concentrations of protons on inner and outer side of 

inner mitochondrial membrane, is changed directly to the heat energy instead of ATP 

production. Thus, UCP may decrease the efficiency of mitochondrial ATP generation. 

UCPs are members of the mitochondrial inner membrane transporters family. Their 

role is to regulate the proton leak across the inner mitochondrial membrane and thus control 

the inner mitochondrial membrane potential. The first described was uncoupling protein 1 

(UCP1) found in brown adipose tissue mitochondria (Heaton and Nicholis 1976). The role of 

UCP1 is related to non-shivering thermogenesis. Up to present time, other members of 

uncoupling proteins family are known (UCP2, UCP3, UCP4, BMCP1) (Erlanson-Albertsson 

2002). However, their exact functions are still misty.

Fig. 5. The Oxidative Phosphorylation System includes the respiratory chain enzymes 
(complexes I, II, III and IV), which transport electrons from NADH or FADH to oxygen and 
generate proton gradient in the inner mitochondrial membrane. The proton gradient is then 
used by FOF1 ATPase for ADP phosphorylation and by phosphate translocase driving 
phosphate into mitochondrial matrix or can be directly transformed to heat by uncoupling 
proteins. ATP produced is exchanged for ADP by adenine nucleotide translocase (antiporter) 
(Nelson 2004)
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Pyruvate dehydrogenase complex

The glycolytic system located in cellular cytoplasma metabolises glucose to pyruvate.  

During this exergonic process two ATP molecules are generated. In the anaerobic state, 

pyruvate is then reduced to lactate by lactate dehydrogenase (LDH) and simultaneously 

NADH is oxidized to NAD+. In presence of oxygen, pyruvate is transported to mitochondria 

and in irreversible process of oxidative decarboxylation metabolised to acetyl-CoA by 

pyruvate dehydrogenase complex (PDH) in presence of NAD+, CoA and thiamine phosphate 

(Patel and Roche 1990). Acetyl-CoA may then enter the citric acid cycle or it can be involved 

in the biosynthesis of ketone bodies and fatty acids.

PDH is a multienzymatic complex localized on the inner side of inner mitochondrial 

membrane. It is composed of six subunits: pyruvate decarboxylase (E1 subunit), which is a 

heterotetramer of two α and two β chains, dihydrolipoamide acetyltransferase (E2 subunit), 

dihydrolipoamide dehydrogenase dimer (E3 subunit), one structural protein (E3-binding 

protein), and two regulatory enzymes pyruvate dehydrogenase kinase (PDK) and pyruvate 

dehydrogenase phosphatase. E3 subunit is also a component of other enzymatic complexes, 

such as 2-oxoglutarate dehydrogenase and branched-chain oxo-acid dehydrogenase multi-

enzyme complex (Constantin-Teodosiu et al. 1991; Robinson et al. 1996).

In eukaryotes, PDH consists of 60 E2 subunits located in the central core arranged into 

an icosahedron, 12 E3-binding proteins together with E3 subunits, and this structure is 

surrounded by E1 subunits (Zhou et al. 2001). E3 subunit belongs not only to PDH complex, 

but it is also a part of 2-oxoglutarate dehydrogenase complex and branched-chain alpha-

ketoacid dehydrogenase complex. (Bonnefont et al. 1992; Feigenbaum and Robinson 1993).

The whole PDH complex is controlled by phosphorylation and dephosphorylation of 

E1 subunits provided by pyruvate dehydrogenase kinase and pyruvate dehydrogenase 

phosphatase. The hypoenergetic state characterized by low NADH/NAD+, ATP/ADP and/or 
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acetyl-CoA/CoA ratio increases the pyruvate dehydrogenase phosphatase activity and 

decreases the activity of pyruvate dehydrogenase kinase. The result is increased activity of 

PDH. 

E1 α subunit gene was mapped to chromosome X (Brown et al. 1989). Its copy, 

exprimed only in testes, was found also in chromosome 4. Other proteins of PDH complex are 

coded autosomally (Dahl et al. 1990; Olson et al. 1990; Leung et al. 1993; Ling et al. 1998). 
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Citric acid cycle

Citric acid cycle was described by Hans Adolf Krebs in 1937. It plays a key-role in 

cellular metabolism. In the citric acid cycle, acetyl-CoA is metabolised in successive steps of 

oxidative decarboxylation. During this process, carbon dioxide and reduced coenzymes 

NADH and FADH2 are generated in 8 cascading steps. Acetyl-CoA enters to citric acid cycle 

as a product of oxidative decarboxylation of pyruvate or as a product of degradation of fatty 

acids or amino acids (Krebs and Johnson 1937).

Citric acid cycle enzymes are grouped in mitochondrial matrix into so-called 

“metabolons” maximalising the flux of metabolites among the involved enzymes. The well 

balanced concentrations of the citric acid cycle enzymes indicate a synchronized expression 

of their genes, which are all coded by nuclear genes and most of them were already localized 

in human DNA. In four enzymes of the citric acid cycle (isocitrate dehydrogenase, aconitase, 

fumarate hydratase and malate dehydrogenase) were identified both mitochondrial and 

cytoplasmatic izoenzymes (Gellera et al. 1990; Minarik et al. 2002; McCammon and 

McAlister-Henn 2003; Hunzinger et al. 2006).

Three citric acid cycle enzymes (citrate synthase, isocitrate dehydrogenase and 2-

oxoglutarate dehydrogenase) control the activity of whole cycle. Their function is dependent 

on NADH/NAD+ and ATP/ADP ratios and on Ca2+, thyroid and glucocorticoid hormones 

concentrations (Denton et al. 1975; Koivunen et al. 2007).
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Beta-oxidation of fatty acids and carnitines

Cells use beta-oxidation of fatty acids together with oxidative phosphorylation for 

ATP production in periods of starvation. Fatty acids are also the direct source of energy for 

heart and muscle tissue. Ketone bodies produced during beta-oxidation of fatty acids are 

utilized by central nervous system and acetyl-CoA is used by liver in gluconeogenesis (Hale 

and Bennett 1992).

Long-chain fatty acids containing more than 12 carbon atoms are delivered into 

mitochondrial matrix by a system of carnitine transporters, carnitine acyltransferase I and 

carnitine acyltransferase II. Carnitine is also a cofactor for the transport of short-chain and 

medium-chain fatty acids in the heart and skeletal muscle but not in the liver. On the contrary, 

carnitine drains away acyl-groups from mitochondria and thus regulates the acyl-CoA/CoA 

ratio inside mitochondria (Rebouche and Seim 1998; Ramsay and Zammit 2004).

Carnitine is synthesized in the liver and kidneys from two essential amino acids, lysine 

and methionine, and requires also the presence of niacin, pyridoxine and iron. Most of the 

carnitine supply resides in the muscle tissue. The human body produces approximately 25% 

of carnitine needed; the rest must be supplemented exogenously. The available food sources 

of carnitine are red meat, diary products and avocado.

After transportation into mitochondrial matrix, the fatty acids are step by step oxidised 

to acetyl-CoA in cascade system of acyl-CoA dehydrogenases for long-chain fatty acids 

(LCAD), medium-chain fatty acids (MCAD) and short-chain fatty acids (SCAD). Each round 

of beta-oxidation produces one NADH, one FADH2 and one acetyl-CoA. The acetyl-CoA 

then enters the citric acid cycle; NADH and FADH2 enter the respiratory pathway. 

Beta-oxidation of fatty acids can be regulated by malonyl-CoA-mediated inhibition of 

carnitine acyltransferase I, which prevents de novo synthesized fatty acids from entering the 

mitochondria.
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Protein transport into mitochondria

Only 13 proteins are coded by mitochondrial DNA (mtDNA). They serve as key 

enzymes in OXPHOS. Approximately 90 % of mitochondrial mass represent proteins coded 

by nuclear genome, and are necessary for mitochondrial transcription and translation 

processes, lipid and haem synthesis, beta-oxidation of fatty acids, citric acid cycle and also 

assist in OXPHOS mechanism. They are translated in cytoplasma and later transported into 

mitochondria as so called preproteins. In the cytoplasm they are then unfolded and contain 

either internal signalling sequence or typical N-terminal “Mitochondrial Targeting Peptide” 

sequence (mTP) (Mihara 2000). This mTP is rich in arginine, serine and alanine and lacks

aspartate and glutamate, its length is 20-80 amino acids and has helix structure (Hammen and 

Weiner 1998). After transport into mitochondrion, the mTP is cleaved by matrix peptidase 

and the protein is folded into its final shape with the help of heat-shock proteins and 

chaperons (Hammen and Weiner 1998). 

The preproteins are transported into the mitochondria at contact sites where outer and 

inner mitochondrial membranes are close together and contain translocase of outer membrane 

(TOM) and two translocases of inner membrane (TIM). Tim22 transports hydrophobic 

proteins with cryptic signal sequence directly into inner mitochondrial membrane. Tim23 

delivers proteins with mTP into mitochondrial matrix using the energy of electrochemical 

potential and ATP (Shariff et al. 2004).

In mitochondria there are proteins transported also from matrix into the inner 

mitochondrial membrane. Nuclear encoded translocase Oxa1 transfers both mitochondrial and 

nuclear encoded proteins, their C-terminal alpha-helix structure is centred into matrix 

(Herrmann and Bonnefoy 2004).
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Role of mitochondria in aging and apoptosis

During the life time, the activities of OXPHOS decrease in heart, muscle, brain or 

liver tissues (Veerkamp et al. 1985; Lee and Wei 1997). The possible reason is the rising 

amount of point mutations in mtDNA caused by presence of free reactive oxygen species 

(ROS) produced by OXPHOS (Nohl et al. 1982; Lee and Wei 2007) and by the relative 

inefficacy of DNA repairment mechanism in mitochondria. In comparison with nuclear DNA, 

the frequency of de-novo mutations in mitochondrial DNA is 10-times higher.

Apoptosis is a programmed cell death which is in induction phase initiated by 

physiological or pathological signals leading later to irreversible changes in mitochondrial 

structure and function and finally causes the disruption of cell membrane and cell death 

(Zamzami et al. 2005). 

During apoptosis, the mitochondrial transmembraneous potential is disrupted by 

opening “permeability transition pores” composed by many proteins – cytoplasmatic 

hexokinase, mitochondrial creatine kinase, ANT, cyclophillin D and others. After membrane 

potential diminution the production of ROS rises, cardiolipin oxidizes, cytochrome c leaks 

through transition pores into cytoplasm and production of caspases is activated. Caspases are 

final executioners of cell death degrading all cell proteins and activating DNAses that rapidly 

fragmentizes the cell`s DNA (Kroemer and Reed 2000).
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Genetics of mitochondria

Mammal cells typically contain hundreds or thousands of mitochondria. Mitochondria 

carry their own mitochondrial DNA (mtDNA) inside the matrix. Usually one mitochondrion 

contains 2-10 copies of mtDNA (Shuster et al. 1988; Wiesner et al. 1992). However, all 

mitochondria in cell continually merge together and again split and thus create “mitochondrial 

network” co-working together as one unit (Suelmann and Fischer 2000).

In mammals, the mtDNA is transmitted only from the mother’s oocyte. Oocytes 

contain more than 105 copies of mtDNA (Piko and Matsumoto 1976), whereas spermia carry 

only 50-75 copies of mtDNA (Hecht and Liem 1984) and that paternal mtDNA is degraded 

early after fertilization (Sutovsky et al. 2004). Therefore the mtDNA mutations are 

transmitted exclusively from mother.

Human mtDNA is circular, double-stranded molecule of length 16.6 kb. After 

denaturation it is divided in light and heavy chain. Except of 8 tRNAs and one polypeptide 

sequence all information is coded by heavy chain (Anderson et al. 1981; Macreadie et al. 

1983; Attardi et al. 1990). Mitochondrial genome is very thrifty because it contains no introns 

and only short sections of nonsense DNA between genes. Several protein coding genes 

overlap and part of terminal codons is not coded but added after transcription by 

polyadenylation of mRNA (Ojala et al. 1981). Translation of mtDNA is provided by 22 

tRNAs. The mitochondrial coding system is different from the nuclear coding in eukaryotes 

and is similar to coding systems in bacteria. This serves as evidence of bacterial origin of

mitochondria.
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Fig. 6. Human mitochondrial DNA. The scheme shows the genes for 2 ribosomal RNAs - the
12S and 16S, 22 tRNAs, and 13 subunits of OXPHOS system - Complex I (ND1, ND2, ND3, 
ND4, ND4L, ND5, and ND6), Complex III (cyt b), Complex IV (COX I, COX II, and COX III)
and Complex V (ATPase6 and ATPase8) (Ruiz-Pesini 2007)

Tab. 1. Structural proteins of OXPHOS coded by mtDNA

Complex Gene

I.

III.

IV.

V.

ND1-ND6, ND4L

CYT b

COX I, COX II, COX III

ATP6-a, ATP8-A6L
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The replication of mtDNA begins in area of so-called D-loop. In that location, mtDNA 

contains a short three-stranded structure where there is a short DNA chain attached to a light 

chain instead of the heavy chain (Kasamatsu and Vinograd 1974). In the vicinity are localized 

promoters for replication of heavy chain (HSP) and light chain (LSP). Initially, the heavy 

chain is being replicated. The origin of the beginning of replication for the light chain is 

unlocked during the synthesis of the heavy chain copy. After replication, the heavy chain 

remains connected with the original light chain and forms a new D-loop (Clayton 2000).

Mitochondria carry only one DNA polymerase (polymerase γ). Besides its 5’→3’ 

polymerase activity DNA polymerase γ shows also 3’→5’ exonuclease activity providing 

flawless replication of mtDNA (Farr et al. 1999). During replication there are temporarily 

long segments of single-stranded DNA. Mitochondrial single-strand DNA binding proteins

(SSB) cover these areas and stimulate DNA synthesis by DNA polymerase γ (Williams and 

Kaguni 1995). Other enzymes are necessary for mtDNA replication, among them ATP-

dependent helicase (Hehman and Hauswirth 1992), mitochondrial topoisomerase I and II 

(Castora et al. 1985), endonuclease G (Prats et al. 1997) or mitochondrial transcription factor 

A (mtTFA) (Tracy and Stern 1995).

Transcription of mtDNA begins in the D-loop area where the promotors are located 

for both the heavy and light chains (Hammans et al. 1992). Another, less frequently used 

promoter for the heavy chain was localized inside the gene for tRNAPhe at the position 638 

(Montoya et al. 1983). The presence of RNA-polymerase II and mtTFA is necessary for 

transcription (Tracy and Stern 1995). During transcription a polycistronic primary transcript is 

synthesized. Because genes for tRNAs enclose both rRNA genes and the most of protein 

encoding genes, the endonucleases can precisely cleave tRNAs according their secondary 

structures (Ojala et al. 1981; Montoya et al. 1983). Maturation of tRNAs is finished by 

addition of CCA sequence to their 3’ tail (Rossmanith et al. 1995). Polyadenylation of 3’ tail 
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of mitochondrial mRNAs and rRNAs comes early after transcription (Bachellerie et al. 1978; 

Dubin et al. 1982). Mitochondrial ribosomes (mitoribosomes) then translate the mtDNA-

encoded mRNAs. The mitoribosomes are different from cytosolic ribosomes and resemble 

bacterial ribosomes. They contain 16S and 12S rRNA coded by mtDNA (Attardi and Ojala 

1971).

The mitochondrial translation machinery is also different from eukaryotic translation. 

The translation process in mitochondria begins at 5’ tail codone for N-formylmethionin

(Montoya et al. 1983). Mitochondrial mRNA lacks 7-methylguanosin cap at 5’ tail 

(Grohmann et al. 1978). The interaction with approximately 400 nucleotides is needed for 

binding the light subunit to mRNA, therefore the short genes (ATPase8 and ND4L) are 

translated together using bicistronic mRNA (Ellis et al. 2004). Three mitochondrial elongation 

factors (mtEF-Tu, mtEF-Ts and mtEF-G) similar to those in E.coli were observed in bull-

calves.

It may happen that a mutation appears in the mtDNA population, which results in 

coexistence of two or more mtDNA genotypes within a single cell, tissue or body. If the 

mutation is pathogenic, then the severity of biochemical defect is related to the ratio between 

wild and mutated mtDNAs (mutational load), even though it is not always in linear 

dependency. The DNA replication and inheritance is stochastic and often results in changes of 

mutation loads during the life of the patient and in different heteroplasmy in different cells or 

tissues (mitotic segregation). The clinical presentation and outcome of mtDNA mutation is 

related to minimal oxidative energy requirements (thresholds) of the affected tissue, therefore 

the most often affected organs are those with the most intensive respiration such as brain, 

heart, muscles, liver or kidneys (Smeitink et al. 2001).
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Genetic classification of mitochondrial diseases

From a genetic point of view, mitochondrial disorders can be classified according to 

the mutations causing the dysfunction of involved enzymes into two main groups of disorders 

– disorders caused by mutations affecting mtDNA and other caused by mutations in nuclear 

DNA. A method of transmitochondrial cybrids is used to find out if the mutation is located in 

mtDNA or in nuclear DNA. A hybrid cell is made by fusion of enucleated cell with mtDNA 

of patient and cell with nDNA deprived from mtDNA in control cell line. If the defect in 

OXPHOS after fusion is still observed, the disorder is caused by mutation in mtDNA. 

Altogether, mitochondrial disorders aren’t rare at all as their frequency is estimated as 3: 10 

000 and in some populations even higher (Schaefer et al. 2004). Therefore in Czech Republic 

we can expect that every year among 105 000 newborn children around 30-35 of them will 

earlier or later develop some type of mitochondrial disease.

Mutations in mtDNA

Hundreds of point mutations, deletions and insertions of mtDNA, not only in structural 

genes but also in rRNA and tRNA coding sequences have already been observed. Because of 

the specific nature of mitochondrial biogenesis, the mutations of mtDNA are heritable 

maternally.

MtDNA mutations with only mild clinical impact were observed as homoplasmic but 

those mutations causing serious failures of OXPHOS were almost always heteroplasmic. 

Different mutations can induce the same clinical symptoms and on the other hand, one 

mtDNA mutation can in two individuals evocate different manifestation of disease.

Generally, the mtDNA mutations affect only OXPHOS. They can be divided into 

several groups according to the type of mutation.
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MtDNA point mutations of genes for structural proteins may manifest as 

mitochondrial myopathy, diabetes mellitus, LHON (Leber’s Hereditary Optic Neuropathy), 

NARP (Neurogenic muscle weakness, Ataxia, Retinitis Pigmentosa) or Leigh syndrome. 

MtDNA point mutations of tRNA or rRNA genes induce myopathy, cardiomyopathy, diabetes 

mellitus, and encephalopathy, MELAS (Mitochondrial Encephalomyopathy, Lactic acidosis 

and Stroke-like Syndrome) or MERRF (Myoclonic Epilepsy and Ragged Red Fibres).

The second group of mitochondrial diseases are those caused by deletions and 

duplications of mtDNA. They may manifest as Pearson syndrome, Kearns-Sayre syndrome or 

CPEO (Chronic Progressive External Ophthalmoplegia).

A special type of mitochondrial disorders is depletion of mtDNA and multiple mtDNA 

deletions. These diseases are caused by defect in replication of mtDNA and they are often 

tissue-specific. For example, Alpers-Huttenlocher syndrome is induced by defect in POLG1

gene for mtDNA polymerase gamma 1 coded by nuclear DNA and therefore with Mendelian 

inheritance.

Characteristics of mitochondrial disorders caused by mtDNA mutations 

MtDNA mutations are inherited maternally. However, the observations show the 

typical maternal history may be found only in some families. MtDNA mutations may appear 

de novo and then they are not detectable in maternal tissues. Those de novo mutations are 

probably more likely in subunit genes than in tRNA genes (Thorburn 2004) and do not affect 

the different structural genes with the same frequency. The mutations in complex V genes are 

quite frequent in comparison with complex IV genes where only one mutation in each of its 

mitochondrial subunit gene and only one mutation in nuclear gene (in gene for structural 

subunit COX VIb) was described (Massa et al. 2008). 
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The most frequent syndromes connected with mtDNA mutations

LHON (Leber’s Hereditary Optic Neuropathy)

The disease is manifested by subacute loss of vision, typically in the centre of visual field, 

caused by atrophy of optic nerve (Poulton et al. 1991). Usually the first symptoms come in the

2nd or 3rd decade of life; males are affected more often than females and smokers more often 

than non-smokers (Kaplanova et al., 2004). Partial or total recovery of vision may occur only 

in small number of patients. This disease is usually caused by mtDNA point mutations 

3460G>A, 14459G>A, 14484T>C or 11778G>A.

MELAS (Mitochondrial Encephalomyopathy, Lactic acidosis and Stroke-like 

Syndrome)

MELAS syndrome is the most frequent mitochondrial disease in man. The symptoms are 

encephalopathy with epilepsy, lactic acidosis and stroke-like episodes causing episodic 

vomiting, cortical amaurosis, hemianopia and hemiparesis. The age of onset of the symptoms 

is broad, usually within 2nd-5th decade of life (Lindner et al. 1997; Scaglia and Northrop 2006).

The prevalent mtDNA point mutation 3243A>G is found in 80% of affected patients.

MERRF (Myoclonic Epilepsy and Ragged Red Fibres)

In this disease are mainly brain and muscles affected with ataxia, epilepsy and myoclonus. 

Typical symptoms of this disease are histochemical changes of subsarcolemal mitochondrial 

proliferation in muscle fibres described as ragged-red fibres (Silvestri et al. 1993). Other 

symptoms can be dementia, deafness, optic atrophy or short stature. In patients with MERRF 

syndrome, the mtDNA point mutation 8344A>G is usually detected.

NARP (Neurogenic muscle weakness, Ataxia, Retinitis Pigmentosa)

Besides neuropathy, ataxia and retinitis pigmentosa, mental retardation and dementia are also 

observed in patients with mtDNA point mutation 8993T>G (Santorelli et al. 1997).
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KSS (Kearns-Sayre Syndrome)

In this disease, caused by large-scale mtDNA deletion, the typical symptom is CPEO 

(Chronic Progressive External Ophthalmoplegia), where the affected person is not able to 

look above the horizon. Other signs are ataxia, heart dysrythmia, deafness and retinitis 

pigmentosa. In CSF (cerebrospinal fluid) is raised concentration of proteins (Maceluch and 

Niedziela 2006). 

Pearson syndrome

Sideroblastic anaemia, failure of thriving and dysfunction of exocrine pancreas are the 

symptoms of this disorder (Lacbawan et al. 2000). This disease is caused by large-scale 

mtDNA rearrangement.

Leigh syndrome

This syndrome causes severe neurodegenerative disease with typical symmetric lesions of 

basal ganglia (Pecina et al. 2004; Zhang et al. 2007). Besides the patients with various 

mtDNA point mutations, Leigh syndrome may be also observed in patients with mutations in 

several nuclear genes.

Characteristics of mitochondrial disorders caused by nDNA mutations

Pathogenic mtDNA mutations are most frequently found in adults with respiratory 

chain disorders (Shoffner 1996; Chinnery and Turnbull 1997). On the other hand, in the 

majority of children with mitochondrial disorders, nuclear encoded defects were found 

(DiMauro 1999; Thorburn 2004). The nuclear genome codes most of the mitochondrial 

proteins. Besides the proteins of OXPHOS, the mutations can also affect genes of proteins 

responsible for assembling the OXPHOS enzymes. 

Mitochondrial disorders can be induced by mutations in structural gene for any subunit 

of OXPHOS complex system. Described first was the mutation in gene for subunit of 
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complex II in patient with Leigh syndrome (Bourgeron et al. 1995). Up to date, tens of 

mutations in structural genes of OXPHOS were described in nDNA (www.mitomap.org). 

Often times the patients have symptoms of Leigh syndrome; others may have hypotony, 

encephalopathy, cardiomyopathy, infantile lactic acidosis, pheochromocytoma or 

paraganglioma.

Mutations in genes for assembling proteins are another important group of 

mitochondrial disorders. Observed first was the mutation in gene for SURF1, which is the 

assembling protein necessary for proper function of cytochrome c oxidase (COX). The 

clinical manifestation of this mutation was Leigh syndrome (Tiranti et al. 1998; Zhu et al.

1998). Since that time, mutations were described in many assembling proteins for OXPHOS 

complexes (B17.2L, BCS1L, SURF1, SCO1, SCO2, COX10, COX15, LRPPRC, ATPAF2, 

TMEM70), most of them causing early onset of encephalopathy and/or cardiomyopathy.

Other nDNA mutations affect mtDNA stability and maintenance (Alpers-Huttenlocher

syndrome, PEO), import of proteins into mitochondria (Mohr-Traenbjaerg syndrome), 

mitochondrial protein synthesis (affecting mitochondrial elongation factor G1), iron 

homeostasis (Fridreich ataxia, X-linked sideroblastic anaemia with ataxia), chaperone 

function (spastic paraplegia), mitochondrial integrity (Charcot-Marie-Tooth disease, Barth 

syndrome, X-linked dilated cardiomyopathy, metaphyseal chondrodysplasia, Cartilage-hair 

hypoplasia), or mitochondrial metabolism (pyruvate dehydrogenase E1-alpha deficit, 

ethylmalonic aciduria).

http://www.mitomap.org/
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General characterization of mitochondrial disorders

Since the first mitochondrial respiratory chain disorder was described in 1962 (Luft et 

al. 1962), this category has grown up to several hundreds different mitochondrial genetic 

diseases. Each of them is rare but together they represent a remarkable group with birth 

prevalence approximately 3/10000 (Schaefer et al. 2004) and among the paediatric patients 

with neurometabolic disorders, they are regarded as probably the most frequent (Zeviani et al. 

1996). It is likely that the number of the patients is even underestimated due to many of them 

are not investigated, as the initial symptoms are often non-specific and can mimic other 

diseases.

At the end of 20th century, when the amount of mitochondrial diseases identified was 

increasing and it begun to be clear that clinical manifestations are very variable, a need of 

better characterization of mitochondrial disorders appeared. The diagnostic centres for 

mitochondrial disorders begun to develop criteria for mitochondrial disorders diagnostics. 

Since the beginning, the criteria were more or less based on 4 main groups of features –

clinical, histopatological, biochemical and genetic.

Because of their high energetic demands, typical clinical features of mitochondrial 

energetic metabolism disorders involve:

central nervous system - acute or intermittent encephalopathy, mental retardation and/or 

dementia, cerebellar ataxia, seizures, extrapyramidal movements, paraparesis or stroke-like 

episodes

peripheral nervous system - retinitis pigmentosa (almost always associated with CPEO), optic 

nerve atrophy

sensory organs - cataract, hypacusis

muscles - generalized myopathy, exercise intolerance, fatigue
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heart – hypertrophic hypokinetic cardiomyopathy, cardiac arrhythmias – heart block, sudden 

death, Barth syndrome

gastrointestinal tract – intestinal pseudo-obstruction, chronic diarrhoea, recurrent vomiting, 

villous atrophy, hepatopathy, pancreatic insufficiency, 

urinary tract – renal failure, nephrotic syndrome, tubulointerstitial nephritis, proximal 

tubulopathy, neurogenic bladder

bone marrow – sideroblastic anaemia, neutropenia, pancytopenia

endocrine glands – diabetes mellitus, diabetes insipidus, hypothyreosis, hypoparathyroidism, 

growth hormone deficiency, delayed puberty, short stature

Imaging studies show cerebral or cerebellar atrophy and hyperintense lesions of white 

matter, pyramidal tract or extrapyramidal system. In some patients, needle electromyography 

reveals myopathic or denervation features (Munnich et al. 1996; Nissenkorn et al. 1999).

Muscle biopsy describes ragged-red fibres or COX-negative fibres as the predominant 

histopatological findings.  

Biochemical analysis measures defects in activities of PDH, respiratory chain 

complexes or ATPase and increased blood lactate level. In the process of glycolysis, molecule 

of glucose changes to two pyruvate molecules that enter mitochondria. Following metabolic 

pathways including several dehydrogenations and decarboxylations lead to generation of 

reduced cofactors NADH and FADH. Those reduced cofactors are then deoxidised in 

mitochondrial oxidative chain. In patients with mitochondrial energetic system disorder, the 

reduced cofactors cumulate in the cell and alter its redox status. The result is functional 

impairment of Krebs cycle function during the fasting period, in respiratory chain defects 

followed by increased lactate, lactate/pyruvate ratio, alanine and ketone bodies. In pyruvate 

carboxylase deficiency or citric acid cycle appears decreased ketone bodies and increased 
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lactate and lactate/pyruvate levels. In PDH deficiency is high lactate level while 

lactate/pyruvate ratio is normal or decreased (Munnich et al. 1996).

Genetic analysis discovers deletions, point mutations and other mutations in either 

mtDNA or nDNA (Lindner et al. 1997; Nissenkorn et al. 1999).

Diagnostic criteria of mitochondrial diseases

Since the beginning, the diagnosis of mitochondrial disorders is based on clinical 

symptoms, biochemical measurements of ATP production and activities of respiratory chain 

complexes or their concentrations in tissues and on genetic analysis of mtDNA and nDNA.

First diagnostic criteria of mitochondrial diseases were developed at early 90th of 

previous century and they were based on biochemical, genetic and morphological 

investigations of muscle tissue biopsy, where 2 of 5 criteria should be fulfilled: 1) 

polarographically or 2) spectrophotometrically measured decrease in activities of any 

mitochondrial respiratory complex, 3) histochemical evidence of cytochrome c oxidase 

deficiency, 4) abundant ultrastructurally abnormal mitochondria, 5) mtDNA deletion or point 

mutation found (Tulinius et al. 1991; Tulinius et al. 1991).

Early works focusing on connections between clinical manifestations and biochemical 

or neurological measurements discovered that in patients with CPEO and PEO syndromes is 

neither association with peripheral lactate or creatinkinase level nor with CT, EEG or EMG 

investigations. Thus the diagnose should be confirmed by presence of decreased COX activity 

in muscle biopsy or by finding a large scale rearrangement or point mutation in mtDNA. In 

KSS is usually present a typical clinical manifestation but increased CSF lactate and large 

mtDNA rearrangements found in mtDNA from muscle biopsy can be helpful in diagnostics. 

In patients with proximal myopathy caused by mitochondrial disorder should be found raised 

lactate level, ketosis and metabolic acidosis after fasting period, sometimes histopathological, 
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biochemical and genetic analysis of muscle biopsy helped with diagnosis. In patients with 

CNS symptoms, fasting studies, EEG, CT and MRI were helpful, before muscle biopsy, 

screening for prevalent mtDNA point mutations should be provided (Jackson et al. 1995).

On the one hand there often comes the question of necessity of muscle biopsy in child 

with suspicion to mitochondrial disease, on the other hand the muscle biopsy is invasive. 

Therefore the Nijmegen group of researchers set criteria for muscle biopsy based on 5 

parameters: elevated lactate, elevated fasting lactate to pyruvate ratio, elevated alanine, age 

below 4 years and slightly elevated blood platelets count (350-950 109/l). If all 5 conditions 

are present, the muscle biopsy findings were pathologic in 97 % cases. The slightly increased 

platelets count could not be explained by infection, surgery, iron-deficiency or other chronic 

anaemias. (Rubio-Gozalbo et al. 2000).

The paediatric patients were evaluated by different criterias according to different 

diagnostic centres in the period 1996-2000. Since the early beginning of 21st century, the 

centres for mitochondrial disorders diagnostics work on one unified model of diagnostic 

criteria. The result is the Nijmegen Centre for Mitochondrial Disorders (NCMD) scoring 

system. It is based on clinical, metabolic, imaging and histopathological features on the one 

side and biochemical investigations of skeletal muscle on the other. Advantages of the NCMD 

classification include the precise definition of clinical and metabolic items and the 

independent scoring of biochemical muscle investigations before combining all findings in 

final judgement (Morava et al. 2006).
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Tab. 2. Nijmegen Centre for Mitochondrial Disorders (NCMD) scoring system (Morava et al. 
2006)

I. Clinical signs and symptoms: 1 point/symptom, max. 4 points

Muscular – max. 2 points: 
ophthalmoplegia (2 points)
facies myopathica
exercise intolerance
muscle weakness
rhabdomyolysis
abnormal EMG

CNS – max. 2 points:
developmental delay
loss of skills
stroke-like episode
migraine
seizures
myoclonus
cortical blindness
pyramidal signs
extrapyramidal signs
brainstem involvement

Multisystem – max. 3 points:
haematology
gastrointestinal tract
endocrine/growth
heart
kidney
vision
hearing
neuropathy
recurrent/familiar

II. Metabolic/imaging studies: max. 4 points:
elevated lactate (this specific symptom scores 2 points)
elevated L/P ratio
elevated alanine (this specific symptom scores 2 points)
elevated CSF lactate (this specific symptom scores 2 points)
elevated CSF protein
elevated CSF alanine (this specific symptom scores 2 points)
urinary TA excretion (this specific symptom scores 2 points)
ethylmalonic aciduria
stroke-like picture/MRI
Leigh syndrome/MRI (this specific symptom scores 2 points)
Elevated lactate/MRS
III. Morphology: max. 4 points:
ragged red/blue fibres (this symptom scores 4 points)
COX-negative fibres (this symptom scores 4 points)
reduced COX staining (this symptom scores 4 points)
reduced SDH staining
SDH positive blood vessels (this symptom scores 4 points)
abnormal mitochondria/EM (this symptom scores 4 points)

Score 0-1: mitochondrial disorder unlikely
Score 2-4: possible mitochondrial disorder
Score 5-7: probable mitochondrial disorder
Score 8-12: definite mitochondrial disorder
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Tab. 3. Melbourne group scoring system (Bernier et al. 2002; Skladal et al. 2003)

Major criteria Clinical – clinically complete respiratory chain encephalomyopathy or 
mitochondrial cytopathy
Histology – more than 2% ragged red fibres in skeletal muscle
Enzymology – COX-negative fibres (more than 2% in age less then 50 
years or more than 5% in age more than 50 years) or residual activity of 
respiratory chain complexes less than 20% in a tissue or less than 30% in 
cell line or less than 30% in two or more tissues
Functional – Fibroblast ATP synthesis rates less than –3 SD below mean
Molecular – Nuclear or mtDNA mutation of probable pathogenicity

Minor criteria Clinical – Symptoms compatible with respiratory chain defect
Histology – Smaller numbers of ragged red fibres or widespread electron 
microscopic abnormalities of mitochondria
Enzymology – Antibody-based demonstration of a respiratory chain 
defect or residual activity of a respiratory chain complex 20-30% in a 
tissue, 30-40% in a cell line or 30-40% in two or more tissues
Functional – Fibroblast ATP synthesis rates –2 to -3 SD below mean or 
fibroblasts unable to grow in galactose media
Molecular – Nuclear or mtDNA mutation of probable pathogenicity
Metabolic – One or more metabolic indicators of impaired respiratory 
chain function

Identification of two major or one major and two minor criteria allows a definite diagnosis, 
identification of one major and one minor or three minor criteria allows a probable diagnosis 
of mitochondrial respiratory chain disorder.
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Diagnostic limitations

Secondary effects such as muscle disease, various drugs and other unrecognised 

disease conditions can influence the mitochondrial morphology and values of measured 

biochemical parameters.

The decision if the analysed parameters meet the normal values depends on local 

laboratory protocols and different substrates used, also on different tissues measured or 

different storage conditions (fresh or frozen samples).

Even in case of genetic evidence of mtDNA or nDNA mutation, residual activities of 

respiratory chain enzymes are often within the range of normality.

There are difficulties with assignment of ranges of normality for enzyme activities due 

to lack of control tissues from the healthy children.

In case of mitochondrial energetic metabolism disorder, the basal lactate level can 

remain in normal values. Glucose loading test with 2g/kg glucose orally can provocate

increase of lactate/pyruvate ratio in blood. However, glucose loading test can be influenced by 

certain conditions: 

- proximal tubulopathy may lead to artificially decreased blood lactate level by loss of 

lactate in urine, tandem-mass spectrometry can reveal changes in citric acid cycle 

intermediates levels

- organ specific deficiencies can alter the redox state, e.g. cardiomyopathy leads to 

elevated blood lactate by circulatory failure

- the higher are the energetic demands of affected tissue, the greater changes of blood 

lactate/pyruvate ratio

In case that blood lactate/pyruvate ratio is altered, the value of CSF lactate is useless and 

measurement of CSF lactate/pyruvate ratio is necessary (Munnich et al. 1996).
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Measurements of activities of mitochondrial respiratory system enzymes show false 

normal results in 30-40% of frozen muscle samples where both radiochemical analysis and 

the ATP plus phosphocreatinine production measurements are clearly decreased.

According to comparative analyses, spectrophotometric data show maximal enzyme 

activities of mitochondrial enzyme complexes, whereas polarographic data provide better 

information about enzyme activities in cells under in situ conditions (Wenchich et al. 2003). 
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Criteria for ideal mitochondrial diagnostic centre (Thorburn and Smeitink 2001)

- full facility centre

- complete clinical and laboratory diagnostic programme offer 

- possibility of clinical investigations before invasive procedures performed

- questionnaire available to obtain maximum information about patients

- standardized clinical and laboratory protocols

- laboratory participating in enzyme quality assurance programmes

- reports the results of investigations within 6 months

- reports results in one combined report

- preferably studies fresh skeletal muscle samples

- possibility of other tissues investigations as appropriate

- running its own research programme

- having regular meetings to discuss results of individual patients

- member of a consortium of mitochondrial diagnostic centres

- offers prenatal enzymatic and/or DNA diagnosis with genetic counselling

- has resources and expertise to do extensive mtDNA and relevant nDNA mutation 

analysis and /or cybrid studies
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3. Aims of the study

Between 2000 and 2006 I was working in the Laboratory for studies of mitochondrial 

disorders, Faculty of Medicine, Charles University in Prague. I contributed in implementing 

and optimising new biochemical methods for studies of respiratory chain complexes and 

participated on diagnostics of mitochondrial diseases in patients from Czech Republic and 

Slovakia. I also visited the Division of Metabolic Diseases in Department of Paediatrics, The 

Children’s Memorial Health Institute, Warsaw, Poland, where professor Pronicka gave me a 

chance to study her patients with cytochrome-c oxidase deficiencies that is a most frequent 

group of mitochondrial disorders in children. Then I selected a group of our patients with 

cytochrome c deficiencies and described the clinical features of children with this specific 

characteristic of mitochondrial disorder.

This thesis is based on combined clinical, biochemical and molecular analyses of 180 

children from Czech Republic, Slovakia and Poland with cytochrome-c oxidase deficiency.

The specific aims of my study were:

1) to characterize a spectrum of clinical symptoms in children with cytochrome c oxidase 

deficiencies and to characterize a natural course of disease

2) a) to find out whether isolated platelets are usable biological material for the 

measurement of activities of respiratory chain complexes in humans 

b) to apply this method in patients with mitochondrial diseases and eventually, in 

patients with secondary defects of oxidative phosphorylation system

3) to analyze the activities and amounts of respiratory chain complexes and pyruvate 

dehydrogenase in premature neonates in comparison with older children
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4. Material and metods

Material

1) The retrospective, multicentric study of cytochrome c oxidase deficiency included 180 

COX-deficient children at the age of 1 month to 18 years from 147 families identified within 

last ten years in Poland, Czech Republic and Slovakia, representing in total a population of 53 

million inhabitants. 58 boys and 55 girls were born in Poland (113 cases/38 million 

inhabitants) and 36 boys and 31 girls were born in the Czech Republic and Slovakia (67 

cases/15 million inhabitants). The overall male/female ratio was 1.09. The medical reports 

from all 180 children at the time of COX deficiency diagnosis were available. After the 

diagnosis had been made, 138 children were followed on to assess clinical features, prognosis 

and molecular bases of the COX deficiency. No information about present status of the 

remaining 42 children was available due to lost contact with the families.

2) After the informed consent, activities of respiratory chain complexes were analysed in 

isolated platelets from 

a) 161 people with no clinical suspition to mitochondrial disorders, 70 of them were 

males and 91 were females. According to age, four groups were made (32 children in age of 

0.5-2 years, 50 children in age of 3-9 years, 39 teenagers in age 10-19 years and 40 young 

adults in age 20-35 years). 

b) 36 unrelated female patients with anorexia nervosa at the age between 18 and 

35 years with body mass index (BMI) 15 ± 1.7. The restrictive form of anorexia nervosa was 

present in 19 females, the other 17 females had purging form of anorexia nervosa. Blood 

samples for the enzymatic analyses were obtained in 14 females during the first week after 

admission to the hospital and in 22 females between the second and eighth week of 
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hospitalisation. The age related control group consisted of 37 females with BMI 21 ± 2.2 at 

the age between 18 and 35 years. 

3) Isolated muscle mitochondria were used in study of the function of oxidative 

phosphorylation system function in premature neonates. Samples of muscle tissues (m. triceps 

surae or m. tibialis anterior) from 19 premature neonates (12 boys and 7 girls, 2× twins) with 

birth weight 790±295 g (range 380–1460 g) and gestational age 25±3 weeks (range 23–35 

weeks) were obtained 1–2 h after death and immediately frozen in liquid nitrogen and stored 

at −80 °C. Thirteen neonates were delivered by the Caesarean section, the other six vaginally. 

Seven neonates were born after premature rupture of membranes, eleven neonates due to 

mother's sepsis, chorioamniitis or initiation of premature parturition with unsuccessful 

tocolysis, one girl was delivered due to preeclampsia in the mother. The most common 

clinical complications were enteral sepsis or necrotizing enterocolitis after one or two weeks 

of relative good clinical conditions (9 neonates), severe hypoxic–ischemic encephalopathy (1 

neonates), intracranial haemorrhage (5 neonates), apoplexia (2 neonates). Anaemia, 

thrombocytopenia, leucopenia as a consequence of bone marrow failure and low glucose 

tolerance resulting in hyperlactacidaemia were found in most patients. All neonates were 

treated at NICU including ventilatory support, antibiotics, catecholamines and others. Most 

neonates died within the first month of life, the oldest infant at the age of 62 days. Fourteen 

patients died due to multi-organ dysfunction syndrome, two due to cardiac failure, two due 

intracranial haemorrhage and one due to meningitis with systemic inflammatory response. 

Two control groups of children were established from 20 “disease free controls” at the age of 

0.5–2 years and 26 “disease free” controls at the age of 3–18 years. These children were 

investigated due to clinical suspicion of neuromuscular diseases and were assigned 

retrospectively after no evidence of PDH deficiency and respiratory chain disorders were 

detected. 
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Metods

Clinical symptoms

In study of cytochrome c oxidase deficiencies, the following clinical symptoms 

relevant to the course of the disease were defined: 

Failure to thrive as growth rate below 3 percentiles during infancy and early childhood, and in 

older children markedly decreased growth rate crossing two major growth percentiles (i.e., 

from above 75th to below 25th percentile) (Berhman et al. 2000)

Encephalopathy as functional impairment of the central nervous system with developmental 

delay and/or regression, repeated seizures, pathologic pyramidal, extrapyramidal or cerebellar 

symptoms and cortical and periventricular atrophy, hypotonic syndrome with generalized 

peripheral hypo- or hyperreflexia, Leigh syndrome with typical symmetric necrotic lesions in 

basal ganglia and/or in the brain stem using MRI or at autopsy

Cardiac involvement as “generally or partially hypertrophic” left ventricle in two-dimensional 

echo-Doppler investigation, changed dimension of the left ventricle posterior wall and/or the 

intra-ventricular septum in diastole measured by M-mode beyond 2 SD (hypertrophic 

cardiomyopathy) (Holmgren et al. 2003), or isolated heart conduction abnormalities

Hepatopathy as acute and chronic liver disease (liver failure, fibrosis, cirrhosis, steatosis), or 

isolated persistent increase in serum alanine-aminotransferase and aspartate-aminotransferase 

without elevation of serum creatine kinase

Endocrinopathy, such as diabetes mellitus, hypothyroidism, pituitary dysfunction or adrenal 

insufficiency

Nephropathy, presenting as tubulopathy (proximal dysfunction of Fanconi type, 

hypermagnesiuria) or progressive renal failure. 
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Biochemical analyses

In study of cytochrome c oxidase deficiencies, in all patients the COX deficiency was 

analyzed biochemically in skeletal muscle and/or cultivated fibroblasts. In some patients the 

deficiency was detected also in other tissues. The COX deficiency was defined as a decreased 

activity <30% with decreased COX/CS (citrate synthase) ratio <30% of the mean of age 

related controls (Wenchich et al. 2002). The diagnostic procedures have been improved in the 

survey period. Firstly enzymatic assay in muscle homogenates was applied and/or 

exceptionally histochemical COX staining was performed. Later on cultivated fibroblasts and 

isolated muscle mitochondria were used for enzymatic analyses. Muscle mitochondria were 

isolated according to Makinen and Lee (Makinen and Lee 1968) without the use of protease. 

In study of activities of respiratory chain complexes in women with anorexia nervosa, 

platelets isolated from peripheral blood were used for measurements. The plasma enriched of 

platelets was isolated from 9 ml of citrate-anticoagulated blood by centrifugation (20 minutes, 

130g, 25 oC). Platelets were then purified by differential centrifugation according to Fox et al. 

without addition of prostacyclin (Fox et al. 1992). Only fresh samples were used for 

measurements of complexes I, II and I+III, activities of complexes III, IV and citrate synthase 

were measured in aliquotes stored frozen in -80 oC.

All spectrophotometric measurements were performed in 1 ml cuvettes (1 cm, 37°C) 

using double beam spectrophotometer Shimadzu UV-160. The activities of respiratory chain 

complexes, NADH-coenzyme Q10 oxidoreductase (complex I), succinate-coenzyme Q10 

oxidoreductase (complex II), coenzyme Q10-cytochrome c oxidoreductase (complex III), 

cytochrome c oxidase (complex IV) and NADH-cytochrome c reductase (complex I+III), and 

citrate synthase (CS) were measured spectrophotometrically (Srere 1969; Rustin et al. 1994). 

Protein was determined by the method of Lowry (Lowry et al. 1951). The ratio between 

activity of individual respiratory chain complexes and citrate synthase (CS) was calculated to 
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eliminate possible effect of changes in number of mitochondria in patient cells (Gellerich et 

al. 2002). Quality of the enzymatic assays protocol was confirmed by 1st European laboratory 

ring external quality test (Dr Gellerich, Martin Luther University, Halle, Germany). 

2-dimensional electrophoresis (BN-PAGE/SDS-PAGE) and/or Western blot analysis 

(Klement et al. 1995; Antonicka et al. 1999; Pecina et al. 2004) were applied for assessment 

of amount and composition of respiratory chain complexes. 

Subunits of PDH were detected by Western blotting, using chicken polyclonal 

antibodies against the PDH holoenzyme. Immune complexes were detected with the aid of 

secondary peroxidaseconjugated anti-chicken IgG antibodies (Sigma) and enhanced 

chemiluminescence (Amersham, Little Chalfont, UK).

Molecular methods

In study of cytochrome c oxidase deficiencies, one or more molecular analyses were 

performed in 170 children. In most patients the PCR screening for large deletions in mtDNA 

and PCR-RFLP analyses for mtDNA mutations 3243A>G and 8344A>G were performed. 

Patients with negative screening were divided into smaller groups according to their clinical 

profiles. Southern blot analyses were used for identification of large-scale deletions in 

mtDNA or mtDNA depletion. With the use of cyclic sequencing, SURF1, SCO2, SCO1, 

COX10 genes or whole mtDNA were analyzed in corresponding groups. Not all currently 

indicated and available DNA analyses were performed in each of the COX-deficient children 

due to inaccessibility or insufficient amounts of DNA samples.
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Statistical analysis

In study of activities of respiratory chain complexes in women with anorexia nervosa, 

the enzyme activities were expressed as mean  SD, median and lower – upper quartiles were 

calculated too. Statistical significance for comparison between groups was assessed using the 

Mann-Whitney test (p-value < 0.05 was considered to be significant). The Statistica 4.5 

program for WINDOWS was used for the statistical analyses (Statsoft, Tulsa, OK, USA).

Ethics

The study was carried out in accordance with the Declaration of Helsinki of the World 

Medical Association and was approved by the Committees of Medical Ethics. The informed 

consent was obtained from parents before any blood, biopsies or molecular analyses taken.
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5. Results

1) A spectrum of clinical symptoms in children with cytochrome c oxidase deficiencies 

was characterized and a natural course of diseases based on cytochrome c oxidase 

deficiencies was described (Bohm et al. 2006)

The age of the onset, the frequency of clinical symptoms and the course of the disease 

in 180 children with COX deficiency are shown in Tab. 1 and 2. The course of the disease 

was usually progressive and unfavorable, 66% of patients died. Many of the patients had 

normal birth weight and length and deteriorated after respiratory tract infection or other stress-

bearing events. Generally, the first symptoms were failure to thrive and hypotony. Progressive 

encephalopathy was observed in most of the patients, but kind of neurological symptoms and 

its severity differed largely. As apparent from Tab. 1, Leigh syndrome was found in all 

SURF1 patients, none of SCO2 patients and only in 4 of 43 cases of isolated COX defect 

without known DNA mutation. In combined defects only 4 cases of 79 patients presented with 

Leigh syndrome, two of which harbored mtDNA mutation 8363G>A. Hypertrichosis was a 

common finding, especially in children with Leigh syndrome. 

Increased blood-lactate was found in 85% and increased blood-alanine in 65% of 

patients. CSF-lactate level was elevated in 81% of examined cases. Lactic acidosis occurred 

regularly in patients with combined respiratory chain defects and known mtDNA mutations. 

In the children with Leigh syndrome increased lactate level was associated often with 

respiratory alkalosis and hypocapnia (Pronicka et al. 2001). There were some SURF1-

deficient Leigh patients without lactic acidosis (10%), with normal lactate concentration in 

cerebrospinal fluid (8%).
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An underlying genetic defect was detected in 56 from 101 patients with isolated COX 

deficiency and 19 from 79 patients with COX deficiency combined with disturbances of other 

respiratory chain complexes. The results of molecular analyses in probands are shown in 

Table 3. Mutations in the SURF1 gene occurred exclusively in children with Leigh syndrome,

the 2bp deletion 845-846delCT in SURF1 gene was detected in 89% of independent alleles

(Table 3). The mutations in the SCO2 gene were identified in 9 children with 

encephalomyopathy and/or cardiomyopathy, the mutation 1541G>A in SCO2 was found in 

83% of independent alleles. MtDNA mutations were found in 19 children with combined

COX deficiency. The heteroplasmic mtDNA mutation 3243A>G was present in 6 unrelated

children, mtDNA mutation 8363G>A was found in two unrelated children with Leigh

syndrome and mtDNA mutations 8344A>G (Pronicki et al. 2002) and 9205-9206delTA 

(Jesina et al. 2004) in one child each. The same mtDNA mutations with various levels of 

heteroplasmy were detected in the patients’ mothers and other maternal relatives (not included

in the study). MtDNA large-scale deletions were found in 8 children with multi-organ

involvement including encephalomyopathy, endocrinopathy and heart conduction impairment 

and in one child with Pearson syndrome (Tab. 3). All of them were sporadic and

heteroplasmic deletions, in 5 cases we found single deletions of  4,9-5.6 kb, in one child 

deletion/insertion was found and 2 cases harbored multiple mtDNA deletions. MtDNA

depletion was detected  in a boy with Alpers-Huttenlocher syndrome (Tesarova et al. 2004). 
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Tab. 1. The frequency of clinical symptoms in 180 children with isolated or combined 
cytochrome c oxidase deficiency

COX deficiency isolated (n = 101) combined* (n = 79) Total

mutations in SURF1
gene

in SCO2
gene

DNA defect
not known

in mtDNA DNA defect        
not known

Affected children 47 9 45 19 60 180

Affected families 35 6 35 19 52 147

Failure to thrive 40/46 (87%) 6/8 (75%) 22/38 (58%) 16/19 (84%) 22/48 (46%) 106/159 (67%)

Hypotony 41/46 (89%) 9/9 (100%) 27/39 (69%) 10/18 (56%) 30/48 (63%) 117/160 (73%)
Encephalopathy
Leigh syndrome**

47/47 (100%)
47/47 (100%)

9/9 (100%)
0  

36/43 (84%)
4/43 (9%)

15/19 (79%)
2/19 (11%)

49/55 (89%)
2/55 (4%)

156/173 (90%)
55/173 (31%)

Cardiac involvement 4/47 (9%) 4/9 (44%) 8/37 (22%) 11/19 (58%) 12/53 (23%) 39/165 (24%)

Hepatopathy 0/46 3/9 (33%) 17/39 (44%) 4/19 (21%) 16/54 (30%) 40/167 (24%)

Endocrinopathy 0/47 0/8 1/39 (3%) 6/19 (32%) 2/54 (4%) 9/167 (5%)

Fanconi syndrome

Renal failure

0/47

0/47

0/9

0/9

1/38 (3%)

1/38 (3%)

0/19

2/19 (11%)

1/37 (3%)

4/55 (7%)

2/150 (1%)

7/168 (4%)

*  COX deficiency combined with disturbances of one or more other respiratory chain 
complexes 
** patients with encephaloapthy and bilateral necrotic lesions in basal ganglia and/or in the 
brainstem recognized by MRI or at autopsy 
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Tab. 2.  The age of onset of clinical symptoms and the course of the disease in 180 children 
with isolated or combined cytochrome c oxidase deficiency

COX deficiency isolated (n = 101) combined* (n = 79) Total

mutations in SURF1  
gene

in SCO2
gene

DNA defect
not known

in mtDNA DNA defect
not known

affected children 47 9 45 19 60 180

age of onset
< 3 months

4-18 months
1½ -4 years
> 14 years

5/47  (11%)
37/47  (79%)
5/47  (11%)

0/47

5/9  (56%)
4/9  (44%)

0/9
0/9

20/39  (51%)
9/39  (23%)
7/39  (18%)
3/39  (8%)

5/17  (29%)
4/17  (24%)
7/17  (41%)
1/17  (6%)

28/52  (54%)
12/52  (23%)
7/52  (13%)
5/52  (10%)

63/164  (38%)
66/164  (40%)
26/164  (16%)
9/164  (5%)

died

died at the age
< 3 months

4-18 months
1½-14 years
> 14 years

33/40  (83%)

0
0
30
3

8/8 (100%)

1
7
0
0

16/30  (53%)

3
7
4
2

11/19  (58%)

0
3
4
4

23/41  (56%)

8
11
2
2

91/138  (66%)

12
28
40
11

alive 7/40 0 14/30 8/19 18/41 47/138  (34%)

data not available 7 1 15 0 19 42/180  (23%)

* COX deficiency combined with disturbances of one or more other respiratory chain 
complexes 
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Tab. 3. The frequency of mutations in SURF1 and SCO2 genes in 41 probands with isolated 
COX deficiency and the frequency of mtDNA mutations in 19 probands with combined COX 
deficiency (data in siblings are not shown).

Gene Probands Mutation type Frequency
nDNA

SURF1*
35 845-846delCT/845-846delCT                      18 x

845-846delCT/?                                    6 x
845-846delCT/312-321del10insAT              3 x
845-846delCT/574C>T                            1 x
845-846delCT/756delCA                     1 x
845-846delCT/704T>C 1 x      
845-846delCT/821A>G 1 x    
821-838del18/821-838del18                        1 x
821-838del18/312-321del10insAT                1 x
312-321del10insAT /?                       1 x
688C>T/688C>T                       1 x

SCO-2**
6 1541G>A/1541G>A 4 x  

1541G>A/1280C>T 1 x
1541G>A/1518delA 1 x

  mtDNA point  mutation*** 10 3243A>G MELAS 6 x
8344A>G MERRF 1 x
8363G>A  2 x
9205-9206delTA 1 x

mtDNA deletion**** 8 Single deletion  (Southern blot analysis)
   4977 bp-5.6 kb, heteroplasmy 70-80%
Deletion/insertion
   8035 bp, heteroplasmy 80 %
Multiple deletion (Long-range PCR)
    heteroplasmy <10 %
PCR screening of common deletion
   5.6 kb in region of mtDNA  8150-14276 

4 x

1 x

2x

1x

mtDNA depletion 1 In liver and brain, the mtDNA amount
was reduced to 11 and 15% 

1 x

     *  mutation in SURF1 gene was found in 35 probands and 12 affected siblings

   **  mutation in SCO2 gene was found in 6 probands and 3 affected siblings

***  mtDNA mutations were also found in mothers and other maternal relatives

**** mtDNA deletion/duplication was not found in parents. 
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2a) Isolated platelets are usable biological material for the measurement of activities of 

respiratory chain complexes in humans (Bohm et al. 2003)

The mean activities of respiratory complexes I, II, III, IV and I+III and citrate synthase 

in platelets in whole group of 161 children and adults and in each of age groups are 

summarized in Tab. 4. 

Tab. 4.  Activities of respiratory chain complexes I, II, III, IV and I+III and citrate synthase                
in isolated platelets in 161 children and adults in four age groups.

Respiratory chain 
complexes

0,5 - 2 years
(n = 32) 

3 - 9 years
(n = 50)

10 – 19 years
(n = 39)

20 - 35 years
(n = 40)

0,5 - 35 years
(n = 161)

                              mean ± SD   (nmol/min/mg protein)
NQR    (complex I) 34,5 ± 16,2 35,6 ± 16,2 39,1 ± 15,7 36,4 ± 16,0 36,4 ± 15,9
SQR     (complex II) 8,2 ± 2,9 9,6 ± 3,4 10,6 ± 3,3 9,4 ± 4,0 9,5 ± 3,5
QCCR  (complex III)* 16,4 ± 6,6 14,5 ± 4,0 19,2  ±7,7 15,2 ± 5,3 16,0 ± 5,8
COX     (complex IV) 21,6 ± 5,2 21,5 ± 5,4 21,6 ± 4,7 21,0 ± 4,7 21,4 ± 5,0
NCCR  (complex I+III) 15,8 ± 7,2 17,6 ± 7,3 16,3 ± 4,7 15,6 ± 6,7 16,4 ± 6,6
CS        (citrate synthase) 71,5 ± 13,4 76,4 ± 17,0 76,4 ± 15,6 81,7 ± 18,5 76,7 ± 16,6

NQR     -  NADH-coenzyme Q oxidoreductase 
SQR       -  succinate-coenzyme Q oxidoreductase 
QCCR - coenzyme Q-cytochrome c oxidoreductase 
COX - cytochrome c oxidase 
NCCR - NADH-cytochrome c oxidoreductase 
*  number of investigations of complex III in individual age groups  n = 6 – 38. 
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A significant relation between the activity of citrate synthase and age (y = 72.9 + 

0.31x; P < 0.05) was found. There wasn’t found any significant difference in activities of 

respiratory chain complexes I, II, III, IV and I+III and citrate synthase in isolated platelets 

related to gender of investigated persons. The relations between respiratory chain complexes 

and citrate synthase are shown in Tab. 5.

Tab. 5. The ratios between the activities of individual respiratory chain complexes and                 
citrate synthase in 161 children and adults in four age groups (mean ± SD).  

Ratio 0,5 - 2 years
(n = 32) 

3 - 9 years
(n = 50)

10 – 19 years
(n = 39)

20 - 35 years
(n = 40)

0,5 - 35 years
(n = 161)

NQR/CS 0,49 ± 0,22 0,48 ± 0,24 0,52 ± 0,20 0,47 ± 0,22 0,49 ± 0,22
SQR/CS 0,12 ± 0,04 0,13 ± 0,05 0,14 ± 0,06 0,12 ± 0,05 0,13 ± 0,05

QCCR/CS 0,26 ± 0,13 0,20 ± 0,05 0,24 ± 0,09 0,20 ± 0,08 0,22 ± 0,09
COX/CS 0,30 ± 0,06 0,28 ± 0,06 0,29 ± 0,08 0,26 ± 0,06 0,29 ± 0,06

NCCR/CS 0,22 ± 0,10 0,24 ± 0,13 0,23 ± 0,10 0,19 ± 0,08 0,22 ± 0,11

NQR/CS    -   ratio between activity of complex I and citrate synthase
SQR/CS    -   ratio between activity of complex II and citrate synthase 
QCCR/CS  -  ratio between activity of complex III and citrate synthase 
COX/CS     -  ratio between activity of complex IV and citrate synthase 
NCCR/CS  -  ratio between activity of complex I+III and citrate synthase 
*  number of investigations of complex III in individual age groups  n = 6 – 38. 
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2b) The method of measurement of activities of respiratory chain complexes in isolated 

platelets was applied in group of women with anorexia nervosa (Bohm et al. 2007)

In the group of 36 females with anorexia nervosa, the activities of respiratory chain 

complexes I and II in isolated platelets were significantly higher (p < 0.001, p < 0.05) than in 

the group of 37 age related controls taken from previous study (Tab. 6). No differences 

between both groups were found in the activities of respiratory chain complexes IV and I+III 

and citrate synthase serving as the control enzyme. In addition, the relative activities of 

respiratory chain complexes I, II and IV expressed as the ratios between activity of individual 

respiratory chain complex and the activity of the citrate synthase were also significantly 

higher in females with anorexia nervosa in comparison with controls (p<0.05- 0.001) (Tab. 6).

We did not find any significant differences between the group of 14 females with 

anorexia nervosa analysed early after admission to the ward and the group of 22 females 

investigated later between the second and eighth week after admission, when the weight of the 

patients was already stabilised or it even started to increase. We also did not observe any 

significant differences in the activities of individual respiratory chain complexes in the group 

of 19 females with restrictive form of anorexia nervosa and the group of 17 females with the 

purging form of anorexia nervosa, only the relative activity of respiratory chain complex I 

expressed as the ratio to the activity of the control enzyme citrate synthase was significantly 

higher in the group of females with restrictive type of anorexia nervosa (0,93 ± 0,50 

nmol/min/mg protein) than in the group of females with purgative type of anorexia nervosa 

(0,66 ± 0,46 nmol/min/mg protein, p < 0.05).
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Tab. 6. The activities of respiratory chain complexes in isolated platelets in 36 females with 
anorexia nervosa in comparison with 37 age related female controls. In addition, the relative 
activities of respiratory chain complexes are expressed as the ratios between specific enzyme 
activity and citrate synthase (CS) serving as the control enzyme.

Activities or respiratory chain complexes (nmol/min/mg protein)
Anorexia nervosa, BMI 15±1.7, n = 36 Controls, BMI 21±2.2, n = 37

mean ± SD Median  
(lower - upper quartile)

mean ± SD Median                        
(lower - upper quartile)

C I 55,4 ± 19,0*** 51,5 (43,9 - 66,6) 37,8 ± 15,9 32,9 (28,3 - 48,3)
C II 10,9 ± 3,2* 10,9 (8,9 - 12,2) 8,9 ± 3,6 8,5 (6,7 – 11,2)
C IV 24,0 ± 8,3 22,4 (19,7 - 25,3) 22,0 ± 5,3 21,4 (18,5 - 24,7)
C I+III 17,2 ± 6,1 15,9 (12,8 - 20,7) 16,1 ± 7,2 14,8 (12,3 - 18,5)
CS 78,7 ± 26,0 73,4 (67,5 - 83,5) 81,5 ± 18,8 79,7 (69,0 - 90,3)

Ratio between activity of individual complex and citrate synthase
Anorexia nervosa, BMI 15±1.7, n = 36 Controls, BMI 21±2.2, n = 37

C I/CS 0,81 ± 0,50*** 0,67 (0,50 - 0,86) 0,48 ± 0,21 0,44 (0,32 - 0,58)
C II/CS 0,14 ± 0,05** 0,14 (0,12 - 0,16) 0,11 ± 0,04 0,11 (0,08 - 0,14)

C IV/CS 0,31 ± 0,08* 0,30 (0,28 - 0,35) 0,28 ± 0,08 0,27 (0,23 - 0,31)
C I+III/CS 0,22 ± 0,06 0,21 (0,17 - 0,27) 0,20 ± 0,09 0,18 (0,14 - 0,26)

C I – complex I (NADH-coenzyme Q10 oxidoreductase), C II - complex II (succinate-coenzyme 
Q10 oxidoreductase), C IV – complex IV (cytochrome c oxidase), C I+III – complex I+III 
(NADH-cytochrome c reductase), CS - citrate synthase
*p < 0.05, ** p < 0.01, ***p < 0.001
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3) The activities and amount of respiratory chain complexes and pyruvate 

dehydrogenase were described in premature neonates and compared with those in 

older children (Honzik et al. 2007)

Age-dependent differences in the activities of respiratory chain complexes and PDH were 

observed during childhood. In the premature neonates, the specific activities of respiratory

chain complexes III, IV, PDH and CS in isolated muscle mitochondria were significantly 

lower in comparison with older children (Fig. 1). On the contrary, the activity of complex I 

was higher in premature neonates in comparison with older children. The activity of complex 

II was not significantly different from activity in older children (Fig. 1).

The relative activities of respiratory chain complexes and PDH expressed as the ratio 

between specific activity of individual enzymes and citrate synthase serving as the control 

mitochondrial matrix enzyme are shown in Tab. 7. In premature neonates, the ratios between 

respiratory chain complexes I, II and III and CS were significantly higher in comparison with 

both control groups of older children, whereas the ratio between PDH and CS was higher in

premature neonates only in comparison with children at the age of 3–18 years and no age-

dependent differences were found for complex IV (Tab. 7). The ratio between activities of 

respiratory chain complexes III, IV, PDH and complex II serving as the control mitochondrial 

membrane bound enzyme were lower in premature neonates in comparison with older 

children at the age of 3–18 years (Tab. 7). On the contrary, the ratio between complex I and 

complex II was higher in premature neonates in comparison to older children aged 3–18 years.

In premature neonates, no significant correlation was found between individual activities of 

all analysed respiratory chain complexes and the birth weight or gestational age and the actual 

weight or postnatal age at the time of death. The PDH activity was significantly lower 

(3.9±2.2 nmol/min/mg protein) in the group of 10 premature neonates with severe 
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hyperlactacidemia (>5.9 mmol/l, controls <2.3 mmol/l) in comparison with 9 premature 

neonates (6.1±2.4 nmol/min/mg protein, p<0.05) with normal or only mildly increased lactate.

Blue-native electrophoresis of respiratory chain complexes in isolated muscle mitochondria in 

premature neonates revealed decreased protein amount of respiratory chain complexes I, III, 

IV and V in all 15 analysed premature neonates in comparison with controls. Data of four 

very premature neonates are shown in Fig. 2. Using Western blotting, a lower amount of E1-

alfa, E1-beta, protein X and E2 subunits of pyruvate dehydrogenase (20–50% of control value) 

were found in all 9 analysed premature neonates in comparison with older controls. Data of 

three very premature neonates are shown in Fig. 3. 
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Tab. 7. The activities of respiratory chain complexes and pyruvate dehydrogenase expressed 
as the ratio between specific activity of individual enzymes and two control enzymes – citrate 
synthase or succinate-coenzyme Q10 oxidoreductase – in 19 premature neonates in 
comparison with older children at the age between 0.5 and 2 years or 3 and 18 years

Ratio Group A
Premature neonates

BW: 380-1460 g
GA: 23 wk

n = 19

Group B
Children

Age
0.5-2 years

n = 20

Group C
Older children

Age
3-18 years

n = 26

p-values

A:B A:C B:C
NQR/CS      1.5±0.58 0.75±0.3    0.29±0.10 <0.001 <0.001 <0.001
SQR/CS    0.27±0.13 0.17±0.1     0.08±0.029 <0.02 <0.001 <0.001

QCCR/CS 0.92±0.5 0.56±0.3 0.68±0.2 <0.05 <0.05 NS
COX/CS 2.03±1.1    1.7±0.57     1.6±0.49 NS NS NS
PDH/CS    7.9±6.2     6±3.2   3.9±1.9 NS <0.01 <0.02

NQR/SQR   0.03±0.02 0.02±0.01   0.018±0.008 NS <0.02 NS
QCCR/SQR   4.1±2.8     4±2.1   8.8±3.7 NS <0.001 <0.001
COX/SQR   10.7±10.3 13.2±8.4 21.8±8.6 NS <0.001 <0.002
PDH/SQR 0.15±0.1 0.16±0.1 0.24±0.1 NS <0.02 <0.02

BW: birth weight, GA: gestational age, NQR: NADH-coenzyme Q10 oxidoreductase (complex 
I), SQR: succinate-coenzyme Q10 oxidoreductase (complex II), QCCR: coenzyme Q10-
cytochrome c oxidoreductase (complex III), COX: cytochrome c oxidase (complex IV), PDH: 
pyruvate dehydrogenase, CS: citrate synthase, p-value of <0.05 was considered significant
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Fig. 1. Activities of respiratory chain complexes and pyruvate dehydrogenase in isolated 
muscle mitochondria in 19 premature neonates in comparison with older children at the age 
between 0.5 and 2 years or 3 and 18 years.  NQR: NADH-coenzyme Q10 oxidoreductase 
(complex I), SQR: succinate-coenzyme Q10 oxidoreductase (complex II), QCCR: coenzyme 
Q10-cytochrome c oxidoreductase (complex III), COX: cytochrome c oxidase (complex IV), 
PDH:  pyruvate dehydrogenase , CS: citrate synthase.  The differences between age groups 
are marked with asterisk and   the level of significance:  *p < 0.01, **p < 0.001
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Fig. 2. Blue-Native electrophoresis of respiratory chain complexes in isolated muscle 
mitochondria in four very premature neonates in comparison with controls. Protein aliquots 
of lauryl-maltoside-solubilised isolated mitochondria (15 μg) from bovine heart (BH), four 
very premature neonates (P4, P7, P14, P16) and four adult controls (C1-4) were analysed on 
a 5-10 % polyacrylamide gradient gel and stained with Coomassie Brilliant Blue R. The 
migration of molecular mass standards (MW) and the position of respiratory chain complexes 
I, III, IV and V are indicated

Fig. 3. Western blot analysis of the pyruvate dehydrogenase complex in isolated muscle 
mitochondria. 15 μg protein aliquots of isolated mitochondria from three very premature 
neonates (P4, P14, P19), adult control (C) and 4.5 μg protein of isolated pyruvate 
dehydrogenase from porcine heart (PH) were analysed by SDS PAGE, transferred to 
nitrocellulose membrane and probed with anti-PDH antibodies. Positions of PDH subunits 
E2, X, E1α and E1β are indicated. PDH - pyruvate dehydrogenase complex, E1 - pyruvate 
decarboxylase, E2 - dihydrolipoamide transacetylase, X - subunit X (E3 binding protein).
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6. Discussion and conclusions

Ad 1) A spectrum of clinical symptoms in children with cytochrome c oxidase 

deficiencies and a natural course of diseases based on cytochrome c oxidase 

deficiencies

Clinical manifestation

The age of onset of clinical symptoms in patients with disturbances of oxidative 

phosphorylation system (OXPHOS) is extremely variable (Sciacco et al. 2001), but OXPHOS 

disorders in childhood are characterized by early onset of the disease in general (Sue et al. 

2000; Farina et al. 2002; Skladal et al. 2003). The true prevalence of mitochondrial disorders 

is uncertain, but the minimum prevalence of clinically affected adults with mtDNA point 

mutations or deletions in the North East of England is 1:10 000. The prevalence of those 

affected or at risk is even 2,9:10 000 (Schaefer et al. 2004). 

Similarly to other studies (von Kleist-Retzow et al. 1999; Bernier et al. 2002; Darin et 

al. 2003; Scaglia et al. 2004) the most common clinical problems in group of children with 

COX deficiency are the functional impairments of the brain, muscle and heart. From clinical 

point of view, the major and most important discriminator for mitochondrial disorders with 

COX deficiency in childhood is especially encephalopathy characterized as a functional 

impairment of the central nervous system combined with failure to thrive and any impairment 

of any other tissue or even more tissues. Quite often the encephalopathy presents specifically 

with typical bilateral necrotic lesions in basal ganglia or brain stem characterized as Leigh 

syndrome that may discriminate subgroup of most severe COX defects. Interestingly, the 
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Leigh syndrome was almost exclusively found in patients with mutations found in SURF1 

gene, rarely in children with mtDNA mutations. 

The first clinical symptoms developed early after the birth in more than one third of 

patients and 78 % of patients were clinically affected already within the first 18 months of 

life. Children with earlier onset of the disease, especially patients with Leigh syndrome due to 

mutations in the SURF1 gene and patients with encephalopathy and cardiomyopathy due to 

mutations in the SCO2 gene developed more severe course of the disease and died earlier than 

the children with combined respiratory chain defects. Similar observation was made by Sue 

(Sue et al. 2000).

Hypertrophic cardiomyopathy was found in 24 % of the patients, similarly to the 

observations of other authors (Holmgren et al. 2003; Sacconi et al. 2003). On the contrary to 

other reports (Sue et al. 2000), echocardiographic investigations revealed mild hypertrophic 

cardiomyopathy also in 4 of 47 children with Leigh syndrome due to mutations in SURF1

gene, but cardiomyopathy developed only in children surviving more then ten years whereas 

absolute majority of children with Leigh syndrome died much earlier. One boy with late onset 

cardiomyopathy of unknown molecular background underwent heart transplantation before 

COX deficiency was established in his affected younger brother. Conduction heart defects, 

although common in adult patients with mitochondrial disorders, were found only in 8 

children older than 7 years with large scale mtDNA deletion or common MELAS mutation. 

However, since recently, mitochondrial cardiomyopathy has been more often suspected by 

local physicians referring children with multi-organ involvement and hyperlactatemia for 

diagnostic purpose. In observed group of patients, ptosis and progressive external 

ophthalmoplegia (PEO) were exceptional.

The renal involvement in children with COX deficiency is quite rare. Chronic renal 

insufficiency was observed in less than 5 % of patients. One boy with Kearns-Sayre syndrome 
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underwent kidney transplantation before the diagnosis of COX deficiency was made and 

mtDNA deletion was recognized.  Fanconi syndrome is also quite rare in children with 

mitochondrial disorders. Caruso et al. described Fanconi syndrome in 3 of 60 patients with 

respiratory chain defects (Caruso et al. 1996), in this study only in 2 of 180 children. However 

the results of this retrospective survey indicated that most of COX-deficient patients were not 

investigated properly to determine mild dysfunction of renal tubules. 

The prognosis of children with COX deficiency is generally unfavourable, the course 

of the disease is usually progressive and the current therapeutic possibilities are very limited. 

Vitamin cocktails, coenzyme Q10 and sodium-dichloroacetate were tried in patients without 

any significant clinical improvement and 66 % of patients died in childhood, nearly half of 

them within the first 18 months of life. Similarly bad prognosis was observed in Italian 

patients with COX deficiency, 50 % of them died in early childhood (Caruso et al. 1996). 

Biochemical analyses

In children with mitochondrial disorders, the clinical course of the disease may be 

associated with excessive production of lactic acid and development of metabolic acidosis. 

Hyperlactacidemia was found in more than 80 % of our children, usually together with 

increased lactate/pyruvate ratio. Biochemical diagnostics in children with the clinical 

suspicion on COX deficiency usually rely on the spectrophotometric or polarographic 

analyses of COX activity, especially in muscle biopsies or cultivated fibroblasts. The analyses 

in isolated muscle mitochondria from the fresh muscle biopsy are preferred, but analyses of 

muscle homogenate from frozen muscle biopsy have also a diagnostic value in routine 

practice. In accordance with other studies, the most profound decrease of COX activity both 

in muscle tissue and fibroblasts was found in all children with mutations in SURF1 gene. In 

all patients with mutations in SCO2 gene, the COX activity was low in muscle tissue but 
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practically normal in the cultivated fibroblasts. In other cases, the spectrum of enzymatic 

changes was very broad and included the COX defects more pronounced in muscle as well as 

defects that dominated in fibroblasts. 

DNA analyses

Significant percentage of consanguinity in affected families of COX-deficient children 

underlined in some reports (von Kleist-Retzow et al. 1998) indicates the major role of nDNA 

mutations in comparison with mtDNA mutation in this age group, but in observed group of 

patients the consanguinity was not a common finding.  Genetic counselling in families with 

COX deficiency may be difficult, especially if the diagnosis in the proband was confirmed 

only at the enzymatic level. Molecular defect of COX deficiency is usually recognized in less 

then half of the patients. 

An increasing number of mutations in genes encoding the COX assembly specific 

factors are recognized as a cause of isolated COX deficiency in childhood (Robinson 2000). 

They include mutations in the SURF1 gene in children with Leigh syndrome (Zhu et al. 1998; 

Williams et al. 2001), mutations in the SCO1 gene in neonates with acute liver failure (Valnot 

et al. 2000), mutations in the SCO2 gene in children with fatal hypertrophic cardiomyopathy 

and encephalopathy (Papadopoulou et al. 1999; Jaksch et al. 2000; Vesela et al. 2004), 

mutation in the COX10 gene in children with tubulopathy (Valnot et al. 2000), mutation in the 

COX15 gene in the child with cardiomyopathy (Antonicka et al. 2003) and mutations in the 

LRPPRC gene in the Leigh syndrome of  French-Canadian type (Mootha et al. 2003). 

In the group of children with isolated COX deficiency more than 45% of patients 

presented with Leigh syndrome and had mutations in SURF1 gene. The deletion 845-

846delCT in SURF1 gene was prevalent. On the contrary, the deletion 312-321del10insAT in 

SURF1 gene is prevalent in non-Slavonic population of children with Leigh syndrome and 
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COX deficiency (Tiranti et al. 1999; Sue et al. 2000; Pequignot et al. 2001). In children with 

encephalopathy and cardiomyopathy with mutations in SCO2 gene the mutation 1541G>A 

was found in all cases making this mutation also prevalent, at least in our Slavonic population.  

There wasn’t found any mutation in the COX10 gene analysed in small subgroup of patients 

with renal disease and no mutations in SCO1 gene were found in another small subgroup of 

patients with liver disease.  

The most common genetic abnormalities in children with combined COX deficiency 

are usually linked to the mutations in mtDNA. In the patients with combined COX deficiency, 

the most cases harboured the large scale mtDNA deletions and mtDNA point mutation 

3243A>G. Altogether, mtDNA mutations or deletions were found in 24 % of patients with 

combined COX deficiency. These numbers are much lower than in any group of adult patients 

with mitochondrial disorders, where higher percentage of mtDNA mutations may be found 

(Olsen et al. 2003). The rising frequency of mtDNA mutations with respect to age may be 

explained by delayed onset of disease in the patients with mtDNA mutations in comparison 

with children with isolated COX deficiency caused by mutations in genes encoding the COX 

assembly factors. COX deficiency combined with other respiratory chain complex 

deficiencies may also arise from mutations in nuclear genes involved in mtDNA replication, 

translation and transcription. Mutations in nuclear DNA were found for example in the 

POLG1 gene for mtDNA polymerase gamma (Naviaux et al. 1999) in children with Alpers-

Huttenlocher syndrome and mtDNA depletion, in gene for deoxyguanosine kinase (Mandel et 

al. 2001; Salviati et al. 2002) associated with hepatocerebral form of mtDNA depletion and in 

thymidine kinase-2 gene (Saada et al. 2001) associated with myopathy. 
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Conclusion

The results of this study suggest that COX deficiency in childhood is not rare in our 

Slavonic population. Understanding of molecular basis of COX deficiencies in childhood is of 

key importance not only for the non-invasive diagnostics, but first of all for the genetic 

counselling and prenatal diagnostics in affected families.
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Ad 2a) The measurement of activities of respiratory chain complexes in isolated 

platelets

The necessity of muscle or liver biopsies in patients with suspicion to mitochondrial 

diseases leads to research of less invasive diagnostic methods. In patients with tissue-specific 

involvement, e.g. in those with mitochondrial myopathy, the muscle biopsy is still the only 

method leading to the right diagnosis. In patients with generalized disorder of mitochondrial 

energetic functions, where all cell types in organism are affected (with exception of 

erythrocytes), the diagnosis is often made by enzymatic and electrophoretic investigations in 

cultivated fibroblasts. The disadvantage for patient is not only the need of skin biopsy but also 

the long-term cultivation of large amount of fibroblasts that can take several months. 

The first measurement of activities of respiratory chain complexes in isolated platelets 

(in patient with intermittent ataxia and lactate acidosis) was published in 1988 by Parker 

(Parker et al. 1988). Later, several authors studied the activities of respiratory chain 

complexes in isolated platelets in small groups of patients with Alzheimer, Huntington or 

Parkinson disease, their control groups were also small (Parker et al. 1990; Benecke et al. 

1993; Blandini et al. 1998; Bosetti et al. 2002). However, in this group of diseases with 

affection of brain function the secondary disorder of energetic metabolism in platelets is 

anticipated.

Besides measuring activities of respiratory chain complexes, the ratios between 

activities of respiratory chain complexes and citrate synthase were calculated, because it is 

known that in some patients with mitochondrial myopathies are observed subsarcolemal 

multiplications of mitochondria. This phenomenon described as “ragged red fibres” (RRF) 

probably occurs as a particular compensatory mechanism of functional disorder of OXPHOS. 

However, with the increased amount of mitochondria grows also the absolute amount of 
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respiratory chain complexes, therefore the most of authors recommend in biochemical 

analysis to correlate the activities of respiratory chain complexes with activities of control 

enzyme. The most often used is citrate synthase because its activity is generally correlated 

with “amount of mitochondrial mass” in cell. 

In the observed group, the activity of cytochrome c oxidase didn’t vary in relation with 

age of investigated persons between infants to age of 35 years, which is in accordance with 

results of measurement of activities of cytochrome c oxidase in muscle homogenate in 83 

premenopausal females in age 23-47 years (Hunter et al. 2002). On the other hand, the 

activity of citrate synthase in platelets slightly increases in observed group of children and 

adults. Similar trend of increase of activity of citrate synthase in age up to 40 years was found 

in isolated lymphocytes, in the people older than 40 years the decrease of citrate synthase 

activity was observed (Capkova et al. 2002). On the contrary, in muscle homogenate in 

premenopausal females in age 23-47 years was observed a slight decrease of activity of citrate 

synthase (Hunter et al. 2002). The lower activity of  citrate synthase in muscle homogenate 

was also found in males of age 58-68 years in comparison with males in age 21-33 years 

(Coggan et al. 1993). 

Conclusion

Isolated platelets do not participate much on energetic turnover in the whole organism 

but in comparison with muscle fibers, neurons or cultivated fibroblasts represent an easily 

available material for investigation of respiratory chain complexes. The reference boundaries 

of activities of respiratory chain complexes in isolated platelets are used for diagnostics of 

some mitochondrial diseases, especially in patients with generalised types of respiratory chain 

disorders. In patients with tissue-specific mitochondrial disease, the results of enzymatic 

investigations are dependent on level of infliction of OXPHOS in platelets.
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Ad 2b) The activities of respiratory chain complexes in isolated platelets in women with 

anorexia nervosa

The activities of complexes I and II are possibly influenced by regulation of function 

of fatty-acid beta-oxidation enzymes grouped in so-called “beta-oxidation metabolon”. 

Although the exact mechanism and the direct evidence of such regulation are lacking, 

respiratory chain complexes I and II together with several dehydrogenases and trifunctional 

protein responsible for beta-oxidation of fatty acids were found in functional assemblies in 

gently sonicated porcine mitochondria.(Bartlett and Eaton 2004)

The activity of supercomplex I+III was measured instead of the specific activity of 

respiratory chain complex III. No significant difference was observed in activity of 

supercomplex I+III between woman with anorexia nervosa and controls. It suggests normal 

activity of complex III in females with anorexia nervosa as the measured system is limited by 

the lower activity of the two complexes. 

In contrast, when rats were fed by hypoenergetic diet for 7 days, the activities of 

mitochondrial respiratory chain complexes in skeletal muscle decreased and returned to 

normal values when rats were re-fed by protein diet (Briet and Jeejeebhoy 2001). It may be 

difficult to compare both studies, not only because of different kinds of tissues were examined 

but also because the short-term starvation in the animal study may have another impact on the 

mitochondrial functions in comparison with chronic starvation, which is typical for patients 

with anorexia nervosa.

Although there is no clear explanation for raised activity of OXPHOS in females with 

anorexia nervosa, there could be several factors possibly responsible for such results. 

Anorexia nervosa is a serious eating disorder characterised by the decreased caloric intake and 

resisting to body weight increase. The disease is often accompanied by endocrinologic 
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complications, such as hypothalamic hypogonadism, hypercortisolaemia with normal 

concentration of adrenocorticotropic hormone (ACTH) and decreased concentrations of 

triiodothyronine (T3) and thyroxin (T4) (Mehler et al. 1997). The metabolic disturbances 

include higher synthesis of plasmatic lipoproteins with increased concentrations of 

triacylglyceroles and hypercholesterolaemia (Zak et al. 2003). In the group of investigated 

females with anorexia nervosa concentrations of triacylglyceroles and cholesterol did not 

differ in comparison with controls while free thyroxin appeared at the lower range of controls.

The metabolic changes in anorexia nervosa might also concern the efficiency of 

mitochondrial energy generating system (Gniuli et al. 2001). One possible way how to 

increase the efficiency of ATP production is the lower expression of uncoupling proteins 

(UCP), which would prevent the proton leak through the mitochondrial membrane. 

Apparently, the balance between ATP production and energy dissipation in the form of heat 

loss could be the key point of metabolic regulation in the state of low energy supply. This 

thought is supported by the fact that one of symptoms often connected with anorexia nervosa 

is hypothermia, which might be caused by preferential support of energy conservation into the 

molecule of ATP instead of heat production (Smith et al. 1983; Pirke 1996). Interestingly, in 

the study no females with anorexia nervosa showed hypothermia. 

The differences in activities of respiratory chain complexes in anorexia nervosa might 

be also caused by changes in proportions between the function of OXPHOS and citric acid 

cycle and/or in mitochondrial compartments due to different cell demands in hypoenergetic 

state. It is supposed that, as a reaction to low energy supply, the cell may spare energy and use 

the metabolic pathways with higher efficacy, i.e. by increasing the amount of crucial 

OXPHOS enzymes and thus enlarging the inner mitochondrial surface relative to 

mitochondrial matrix volume. 
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Conclusion

In conclusion, the results of the study demonstrate the differences in the activities of 

respiratory chain complexes in females with anorexia nervosa and healthy controls and they 

support the view that mitochondrial oxidative capacity may rise in anorexia nervosa as the 

response to lower food supply. Moreover, the data suggest that isolated platelets may serve as 

an easily available material, which might be useful for further studies of the metabolic 

changes in patients with eating disorders. 
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Ad 3) The activities and amounts of respiratory chain complexes and pyruvate 

dehydrogenase in premature neonates in comparison with older children

After the birth, more than 90% of ATP is produced by mitochondrial ATP synthase in 

presence of oxygen. Postnatal switch from glycolytic to oxidative metabolism is important for 

successful adaptation of mammalian neonates to extrauterine life. The cellular capacity for 

energy provision relies on adequate biosynthesis of respiratory chain complexes.

The amount and activities of COX and mitochondrial creatine kinase increase in 

skeletal muscle between 28th and 40th week of gestation (Smeitink et al. 1992). The size and 

number of mitochondria per cell increase in the neonatal period in rats (Olivetti et al. 1980)

and during the first two months of life in dogs (Legato 1979). During first few weeks of life, 

the activities of PDH, citrate synthase and respiratory chain complexes in rat muscles increase 

to nearly adult values (Sperl et al. 1992; Schagger et al. 1995; Skarka et al. 2003). Significant 

rat heart developmental differences in the activities of cytochrome c oxidase and citrate 

synthase were observed (Drahota et al. 2004). Increased activity of cytochrome c oxidase 

have also been noted in developing human heart (Moggio et al. 1989). In skeletal muscles of 

premature neonates, the activities of PDH and respiratory chain complexes III and IV and CS 

were significantly lower in comparison with controls of age 0.5–2 years (Wenchich et al. 

2002). 

In critically ill neonates, infection and oxidative stress may decrease ATP production. 

The low activities of RC complexes III and IV and pyruvate dehydrogenase in premature 

neonates muscle mitochondria observed in our study correspond to the low protein amount of 

these mitochondrial enzymes. The lower mitochondrial protein synthesis in premature 

individuals was also demonstrated in animal studies and scarce studies in human neonates 

(Smeitink et al. 1992; Sperl et al. 1992). 
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Only a part of the glucose is oxidised in premature neonates during the first days of 

life (Sauer et al. 1994). The low activity of PDH in premature or critically ill neonates 

negatively influences the ATP production and may cause the low glucose tolerance and lactic 

acidosis (Vary 1996). An increased level of lactate was found in neonates as a result of 

hypoxia, low blood perfusion, hepatic or renal failure, high glucose intake and also in children 

with various inherited metabolic disorders (Stern 1994; Hutchesson et al. 1997). In our group 

of premature neonates with severe hyperlactacidemia we found lower activity of PDH in 

comparison with premature neonates in which lactic acidosis were not so accentuated. The 

activity of the PDH complex strongly depends on the actual ratio between the activities of 

PDH kinase (PDHK) and PDH phosphatase (Stacpoole 1989). The PDH activity is decreased 

in the skeletal muscle of rats during sepsis due to an increase of PDHK activity (Vary and 

Hazen 1999). In addition, cytokines may influence skeletal muscle protein metabolism during 

sepsis (Vary and Hazen 1999). In premature neonates, the infectious complications are very 

frequent but it is unlikely that the higher activity of PDHK is the only cause of the low 

activity of the PDH complex.

A group of premature neonates and two groups of older children of different age were 

observed in our study. The activities of PDH and several respiratory chain complexes tended 

to increase with age. The reason why reversed trend was observed for complex I (NQR) 

although electrophoretic analyses revealed a decreased protein amount of complex I in 

premature neonates in comparison to older children, is not clear. The physiological electron 

acceptor of complex I is a lipid-soluble endogenous coenzyme Q. The assay of complex I 

activity requires the use of artificial acceptors, because the physiological quinones, such as 

coenzyme Q10, are too insoluble in water to be added as substrate to the assay media. One of 

the best electron acceptors for the study of the NQR activity is the commercially available 

synthetic analog decylubiquinone (DB) (Estornell et al. 1993). It was observed, that using DB 
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as the electron acceptor results in non-linear kinetics in enzymatic assay. In addition,  NADH 

oxidation by DB is highly dependent on the amount of phospholipids (Estornell et al. 1993).

Differently maturated muscle tissue can probably harbour various amount and composition of 

phospholipids which may influence the results of complex I activity measurement. Bruce 

described that phospholipid composition  in human muscle  varies from the fetal to middle 

age (Bruce 1974). Unfortunately, to standardise the content of phospholipids for optimal 

amount in all measured groups of our samples was not possible due to very limited amount of 

available tissue. On the other hand, complex I is the largest and the most unexplored enzyme 

complex, although it represents the key enzyme of the mitochondrial electron chain. 

Furthermore, since 7 out of the 13 polypeptides encoded by mtDNA belong to complex I, it is 

expected that complex I should be mostly affected by ageing (Lenaz et al. 2002). In addition, 

it was shown recently, that complex I becomes more rate controlling, over all others enzyme 

complexes of respiratory chain, during ageing (Ventura et al. 2002).  

Citrate synthase is a soluble enzyme localized in the mitochondrial matrix, 

participating in Krebs cycle function. Activity of CS is used as a marker of mitochondria 

number per cell.We observed that the activity of RC complexes I, II, III and PDH normalized 

to CS were significantly higher in premature neonates in comparison with control groups of 

children. These data may indicate that during the intrauterine and early postnatal period the 

capacity of membrane-bound respiratory chain enzymes are completed sooner than that of 

auxiliary soluble matrix enzymes (CS) and/or that the enzyme activity of already synthesised 

enzyme complexes increases faster that the mitochondrial biogenesis. This hypothesis is 

supported by work of Drahota et al., who demonstrated different developmental kinetics of 

COX and CS in heart homogenates in rats at the age between 5 and 60 days (Drahota et al. 

2004). 
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On the other hand, it is possible that any unstableness of membranes in extremely 

premature neonates may contribute to loss of integrity of inner mitochondrial membrane in 

obtained muscle during isolation and thereby cause higher leak of CS resulting in lower CS 

activities in premature neonates in comparison with term neonates. Detail data about 

sensitivity of muscle in very premature neonates in different stages of development to 

homogenization and information about influence of manipulation with isolated mitochondria 

obtained from premature neonates to stability of purified mitochondria is still lacking.

Conclusion

Most diseases in premature neonates are secondary to infection and immaturity of 

various organ systems. The results of our study document the age-dependent differences in 

activities of PDH and respiratory chain complexes in early childhood. Lower functional 

capacity of mitochondrial energy-providing system in critically ill premature neonates may be 

explained by combination of various factors including the delay in maturation of PDH and 

respiratory chain complexes in very premature neonates and increased degradation of 

mitochondrial proteins in connection with sepsis, tissue hypoperfusion or hypoxemia.
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7. Summary

This thesis has been worked out in The Laboratory for Study of Mitochondrial 

Disorders, Department of Paediatrics, 1st Faculty of Medicine, Charles University in Prague.

A retrospective multicentric study in 180 children with cytochrome c oxidase (COX) 

deficiency was designed in cooperation with the Division of Metabolic Diseases in 

Department of Paediatrics, The Children’s Memorial Health Institute, Warsaw, Poland. The

survey was focused on clinical manifestation, molecular background and prognosis of the 

disease and showed that COX deficiency in childhood represents a heterogeneous group of 

diseases with significantly unfavourable prognosis. An underlying genetic defect was found in 

42 % of patients by detection of mutation in mitochondrial DNA (mtDNA) or in nuclear 

coded genes for proteins surf1 and sco2 that contribute to COX assemblation. Isolated defects 

of COX were found in patients with mutations in SURF1 or SCO2 genes, whereas in the 

patients with mutations in mtDNA was the defect of COX combined with decreased activities 

of one or more other respiratory chain complexes.

In the second part of the work, we analysed activities of respiratory chain complexes 

in isolated platelets in large control group of 161 children and adults in age between 0.5 and 

35 years. We showed that isolated platelets are suitable biological material for diagnostics of 

generalized mitochondrial disorders. In addition, we found significantly increased activities of 

respiratory chain complexes I and II in a group of 36 females with anorexia nervosa and BMI 

15±1.7 in comparison with the age related controls.

In the last part of the work, the activities and protein amount of respiratory chain 

complexes and pyruvate dehydrogenase (PDH) were analysed in 19 premature neonates in 

isolated muscle mitochondria obtained at autopsy. We observed significant age-related 

differences between premature neonates and older children. Especially, the activities of PDH 

and respiratory chain complexes III and IV were significantly lower in premature neonates.
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The results of the presented study of the clinical impact of cytochrome c oxidase 

disorders enable: 

 better understanding of the natural course of disease in children with cytochrome c oxidase 

deficiency with the respect to molecular background of the disease

 age related reference range for activities of respiratory chain complexes in isolated 

platelets in the group of 161 children and adults enable to improve biochemical diagnostics 

of mitochondrial disorders in patients with generalized tissues involvement

 better understanding of mitochondrial energy generating system in early stage of neonatal 

development
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