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ABSTRACT 

 

Inborn errors of metabolism represent a heterogenous group of rare conditions, most 

having an incidence of less than 1 in 100,000 births. Because of their low prevalence, 

they are on the margin of attention of general research and even more so of large phar-

maceutical companies. Study of rare diseases is the only way to design therapeutic 

options in order to improve quality of life of affected patients.  

 

Present Thesis particularly focuses on disturbances in mitochondrial energy metabo-

lism. The main goals were the characterization of mitochondrial biogenesis within foe-

tal development, as well as in childhood and adulthood. Another aim was to define 

clinical, biochemical and molecular aspects of mitochondrial optic neuropathies in 

childhood and adulthood.  

 

This work supported the earlier observations that gestational week 22 is the edge of 

viability, which has to be taken into account in upcoming discussions about guidelines 

on resuscitation of preterm neonates. Secondly, over last four years, we managed to 

examine and describe large cohort of patients with optic neuropathies based on a mi-

tochondrial dysfunction. We have managed to characterize the biochemical and mo-

lecular-genetic background in more than 200 patients, and both selected cases 

(LHON/MELAS overlap syndrome) and cohort studies (MELAS, DOA, LHON plus) 

were published, bringing novel phenotype and genotype findings.  Finally, the main 

contribution of this Thesis was the application of our results and experience in clinical 

practice. In 2013, we succeeded in creating a National Center for Patients with Mito-

chondrial Optic Neuropathies in order to bring the best care to patients with rare mi-

tochondrial optic diseases, to improve diagnostic tools and to harmonize (pre-) clinical 

research. 

 

Key words: mitochondrion, biogenesis, development, mitochondrial optic neuropa-

thies, Leber Hereditary Optic Neuropathy (LHON) 
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1 INTRODUCTION 

 

1.1 Rare diseases 

 

Rare (or orphan) diseases represent a heterogenous group of 8,000 disorders affecting 

only small number of patients. According to the European Union's Legal Framework, 

the disease is classified as rare when it affects less than 1 in 2,000. At present, about 

80 % of rare diseases have an identified genetic origin, however, they may also be 

result of an infection or environmental factor. The group consists mainly of develop-

mental anomalies, inborn errors of metabolism and some rare oncology, rheumatic and 

dermatologic diseases. The list of identified rare diseases can be found in an interna-

tional database www.orpha.net.  

Because of low prevalence, the physicians of the first contact are not often familiar 

with their manifestation which leads to the diagnostic delay or even misdiagnosis. An-

other crucial problem of rare diseases is the lack of scientific knowledge causing the 

absence of appropriate treatment in most cases. Nevertheless, recent advances in ther-

apy are being made, though its high price makes it hardly accessible to the majority of 

patients. The first gene therapy (Alipogene tiparvovec, Glybera) approved by the Eu-

ropean commission for treatment of Lipoprotein Lipase (LPL) deficiency (OMIM 

609708) in 2015 may serve as an example. This is efficient, causal treatment, but its 

cost makes it probably the most expensive drug on the market.  

At least 50 % of rare diseases affect children, leading to chronic and life-threatening 

conditions. Their debilitating character can place heavy burden on patients and their 

families, who, due to the disease rarity and absence of appropriate healthcare, often 

feel frustration and loneliness. The efficient management of rare diseases requires con-

centrated effort of scientists to reveal their underlying pathogenetic mechanisms. Of 

special importance is the international cooperation in the field of clinical and scientific 

research (e.g. MetabERN  European Reference Network for Rare Hereditary Meta-

bolic Disorders or ERN-Eye  The European Reference Network on Eye, application 

2016), as well as the sharing of scientific knowledge about all rare diseases in approved 

registries and databases. 



Inborn Errors of Metabolism comprise more than 900 disorders and form a large class 

of orphan diseases most having an incidence of less than 1 in 100,000 births. Although 

Mitochondrial Disorders (MD) were once considered to be extremely rare, it now ap-

pears that mitochondrial dysfunction is amongst the most common causes of inherited 

human diseases with estimated prevalence at 1: 5,000 [2]. In this thesis, I will particu-

larly focus on MD.  



1.2 Mitochondria  

 

Mitochondria are tubular-shaped organelles embedded by an outer membrane that is 

permeable to most metabolites, and an inner membrane that is selectively permeable, 

enclosing a matrix within (Figure 1). According to the endosymbiotic theory, the ori-

gin of mitochondria lies in the engulfment of aerobic bacterial cell by primitive eubac-

teria, approx. 2,300 million years ago. This hypothesis would explain their particular-

ity in having their own genome.  

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1 Oxidative Phosphorylation System (OXPHOS) 

Mitochondria are responsible for providing the major portion of Adenosine Triphos-

phate (ATP) for cell energy requirements. This is achieved by Oxidative Phosphory-

lation System (OXPHOS) organized in four enzymatic Complexes I - IV and ATP 

synthase that is sometimes referred to as Complex V (Figure 2). Coenzyme Q and 

cytochrome c are also involved in mitochondrial respiration, serving as electron shut-

tles between the complexes [3]. These, together with various membrane transporters, 

are concentrated in the inner membrane that is highly convoluted in cristae greatly 

increasing its effective surface area. In line with the theory of chemi-osmotic coupling, 

metabolites generated through breakdown of carbohydrates, proteins and fatty acids 

 

 

 



 

are fuelled into the citric acid cycle and subsequently to OXPHOS to generate a proton 

gradient released through ATP synthase to produce ATP (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Two genomes, the Nuclear DNA (nDNA) and Mitochondrial DNA (mtDNA), control 

the generation of respiratory chain. All but one complex contains both nDNA and 

mtDNA-encoded polypeptides (Table 1).  

 

 

Complex I (NADH-Ubiquinone Oxidoreductase; NQR) is the entry enzyme of 

OXPHOS, catalyzing the transfer of electrons from reduced form of Nicotinamide Ad-

enine Dinucleotide (NADH; derived by the oxidation of fatty acids, pyruvate and 

amino acids) to coenzyme Q. It is the largest and the most complicated enzyme of the 

respiratory chain. Isolated Complex I deficiency is the most frequently observed mi-

tochondrial respiratory chain disorder [9, 10], and is associated with a wide range of 

clinical presentations, including subacute necrotizing encephalomyelopathy, i.e. Leigh 

syndrome or Leber Hereditary Optic Neuropathy (LHON) [11-13].  

Complex II or Succinate Coenzyme Q Reductase (SQR) accomplishes the oxidation 

of Flavin Adenine Dinucleotide (FADH2) -oxidation and the 

citric acid cycle. When 1 mol of substrate (e.g. succinate or 3-phosphoglycerate) is 

oxidized via Complexes II, III and IV, only 1.5 moles of ATP are formed when com-

pared to 2.5 moles of ATP produced by Complexes I, III and IV. Overlooking the 

apparent SQR inefficacy in net direct capture of ATP, this particular bypassing the 

first step of OXPHOS may be used in treatment of Complex I deficiencies. 



Complex III (Coenzyme Q: Cytochrome c Oxidoreductase; QCCR) was among 

the earliest discovered OXPHOS complexes. It contributes to the electrochemical po-

tential by transmitting electrons from ubiquinol to cytochrome c coupled to proton 

transloncation across the membrane. Mutations in Complex III cause exercise intole-

rance as well as multisystem disorders. 

Complex IV or Cytochrome c Oxidase (COX) is a terminal enzyme of the mito-

chondrial electron transfer chain, coupling the reduction of molecular oxygen with 

proton electrochemical gradient production [14]. It represents a multicomponent struc-

ture with rather complicated biogenesis not only due to its dual genetic origin, but also 

because of the existence of tissue and age-specific isoforms for certain of its subunits 

[15-17]. Most isolated COX deficiencies are inherited as autosomal recessive disorders 

caused by mutations in nuclear-encoded genes [18]. 

ATP synthase (Complex V) is a large mushroom-shaped asymmetric protein complex 

using the polarization of the inner membrane generated during the electron transfer. 

The proton flux through its channel rotates its F1 portion which results in condensation 

of ADP and Pi and creation of ATP. Most isolated defects of ATP synthase are asso-

ciated with alterations in the biosynthesis of the enzyme and can be caused by muta-

tions in subunit genes or in ancillary proteins essential for the enzyme assembly. Since 

it is a key component in mitochondrial energy conversion, its pronounced defects re-

sult in severe conditions manifesting primarily in children, often very shortly after 

birth [19]. 

Besides energy production, mitochondria have also important functions in heme and 

steroid synthesis, calcium homeostasis and apoptosis. In the process of electron 

transport, mitochondria are a major source of Reactive Oxygen Species (ROS) im-

portant in cell signalling. Nevertheless, due to the insufficiency of mtDNA repair sys-

tem and proximity of respiratory chain and the ROS it generates, mitochondrial ge-

nome sustains a significant oxidative damage with a very high mutation rate, 10- to 

17-fold higher than that observed in nDNA [20]. 

Due to its crucial regulatory roles, mitochondrial dysfunction may result in a variety 

of clinical manifestation of primary MD, and its secondary alterations are nowadays 

recognized also in various degenerative and metabolic diseases, cancer and aging. The 



progressive bioenergetics decline in secondary mitochondrial disturbance is, however, 

always dependent on combination of several factors, including the initial energetic ca-

pacity (nDNA genetic alterations or epigenomic regulation, mtDNA ancient adaptive 

polymorphisms), acquired accumulation of somatic mtDNA deleterious mutations (ex-

posure to chemicals) and influence of environmental factors (calories restriction, ex-

treme caloric demands) (Figure 4). On the other hand, in most of primary MD, it is the 

presence of a mutation, i.e. the genetic cause that is crucial for the disease manifesta-

tion. Nevertheless, it was not long ago proven for some disorders, e.g. LHON and 

Dominant Optic Atrophy (DOA) that they also likely have some epigenomic and en-

vironmental regulation which modify its phenotypic expression and may be a target 

for therapeutic intervention. The disease mechanism in both primary and secondary 

MD is, therefore, likely to be similar and it is only by the proportional participation of 

the abovementioned factors that the disease is eventually to develop. 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

  



1.2.2 Mitochondrial genome  

Human mtDNA is a double-stranded circular molecule of 16,569 bp. Each human cell, 

except mature red blood cells, contains between 100 and 10,000 mitochondria, de-

pending on their energy demand. Since human mitochondria contain two to ten copies 

of mtDNA, this makes about 103  105 of mtDNA copies per cell. 

Unlike its nDNA counterpart, mtDNA is contiguous with each gene separated by only 

one or two non-coding bases. The only major non-coding region is represented by the 

displacement or D-loop with important regulatory functions. Moreover, some genes, 

such as MT-ATP6 and MT-ATP8, have overlapping regions [1]. Genetic code also dif-

fers slightly from nuclear DNA with only two stop codons being used: AGA and AGG, 

which are standard codons for arginin. Contrarily, standard UGA stop codon is read as 

tryptophan during mtDNA translation. The linearized structural map of the human mi-

tochondrial genes is shown in Figure 5. The majority of peptides in mitochondria are 

encoded by nuclear genes with subsequent targeting to mitochondria. MtDNA contains 

37 genes encoding for 13 protein subunits of the respiratory chain. Twenty-four genes 

encode either tRNA (22) or rRNA mature product (16S and 12S subunits) with genes 

located both on heavy and light strand. 

 

 

 

 

 

 

 

 

 

1.2.3 Mitochondrial gene expression and its regulation 

MtDNA is transmitted by maternal non-mendelian inheritance due to several reasons: 

lack of mtDNA copies within sperms when compared to ovum [1], mtDNA bottleneck 

(will be discussed in Chapter 1.3.1.1) and selective paternal mitochondrial elimination. 

The latter process was recently proved to be triggered by paternal mtDNA degradation 



factor CPS-6, a mitochondrial endonuclease G, whose loss in C. elegans led to delayed 

breakdown of mitochondrial inner membranes, autophagosome enclosure of paternal 

mitochondria, and, eventually, the delayed paternal mitochondrial elimination itself 

[23]. Only a single documented case of paternal inheritance [24] should still represent 

an exception rather than rule. 

Unlike nDNA, mtDNA replication is not governed by the cell cycle and is continu-

ously recycled even in non-dividing cells, such as muscle fibres or neurons. MtDNA 

synthesis begins from two unidirectional origins of replication: Origin of Heavy Strand 

Synthesis (OH) and Origin of Lagging Strand Synthesis (OL) and is believed to occur 

according to the asymmetric model of replication (Figure 6) [25]. MtDNA replication 

and integrity maintenance is handled entirely by the nDNA with key function of tri-

meric complex of Polymerase (POLG) encoded by POLG and POLG2, and several 

additional proteins listed in Table 2. Additionally, adequate supply of mitochondrial 

(deoxy-) nucleoside triphosphate together with multiple repair mechanisms are neces-

sary for adequate mtDNA replication and their defects may lead to mtDNA deletions 

or depletions. Replication of the lagging strand is followed by the exposure of the OL 

with subsequent lagging strand synthesis in the opposite direction. This model has a 

direct consequence in delayed completion of the daughter mtDNA molecules with 

gaps in newly synthesized lagging strand DNA. Although it has been questioned re-

peatedly (e.g. the symmetric replication mode), new studies provide evidence for only 

the described orthodox, strand-displacement mode of replication (Figure 6) [26]. 

Although the prokaryotic origin of mitochondrial RNA polymerase was expected, due 

to bacterial ancestry of the organelle, human mitochondrial transcription requires bac-

teriophage-related RNA polymerase in collaboration with the high-mobility-group-

box Mitochondrial Transcription Factor A (TFAM) and two dual-function transcrip-

tion factors: TFB1M and TFB2M. Contrarily to TFB1M and TFAM, TFB2M seems 

to be important also for mitochondrial translation [27]. Each strand is transcribed as a 

polycistronic precursor mRNA molecule. Transcription initiates at one of two Heavy 

Strand Promoters (HSP1 and HSP2) and a single Lagging Strand Promoter (LSP). 

Whereas transcripts derived from HSP1 produce mainly two rRNAs, those derived 

from HSP2 and LSP can be near genome-length polycistronic products with further 

liberation of smaller transcripts by tRNA processing [25].  

 



Translation machinery is almost entirely under control of nDNA. The mRNA and 

rRNA is immediately flanked by the tRNA and after the formation of the initiation 

process with mitochondrial IF 2 and IF3 [28, 29], the peptide elongation by 4 mito-

chondrial elongation factors Tu, Ts, G1 and G2 is activated. Translation is terminated 

after the recognition of one of the above mentioned stop codons by mitochondrial re-

lease factor 1a [30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

1.3 Mitochondrial biogenesis; liver and muscle development 

 

Biogenesis of mitochondria results both in an increase in the number of mitochondria 

per cell (i.e. organelle proliferation) and in increase in the functional capabilities of 

mitochondria (i.e. organelle differentiation) [31]. The dynamics of mitochondrial bio-

genesis and function is a complex interplay of cellular and molecular processes that 

ultimately shape bioenergetic capacity [32]. Whereas proliferation of the organelle is 

a long-term programme controlled at the transcriptional level, differentiation of mito-

chondria is a short-term programme controlled at the post-transcriptional level, both 

 



by stabilization and translational activation of the transcripts [31]. Mitochondrial bio-

genesis is triggered by various signals during environmental stresses (e.g. exercise, 

caloric restriction, oxidative stress, low temperature, cell division, renewal and differ-

entiation). It is tightly regulated through several transcription factors and cofactors that 

may participate in a hormone-induced signalling pathway. It is especially thyroid hor-

mones, glucocorticoids and oestrogens that regulate the expression of most of the nu-

clear genes encoding mitochondrial proteins [33-35]. Efficient mitochondrial biogen-

esis is essential through whole life. Of special importance is its involvement in proper 

embryonic and foetal development.  

 

1.3.1 Embryonic and foetal metabolism 

Mammalian adaptation to the aerobic extrauterine environment involves profound hor-

monal, physiological and metabolic changes which need to be finely tuned to avoid 

neonatal morbidity and mortality [36]. There are several stages in foetal development 

where mitochondrial biogenesis is critical for onward cell or tissue development: the 

oocyte selection, the placentation and the early postnatal adaptation.  

 

1.3.1.1 The oocyte selection, pre- and post-compaction stages 

Mature oocyte contains about 100,000 copies of mtDNA which than segregates rapidly 

between generations of differentiating cells. Primordial germ cells thus contain only 

about 10 to 100 mitochondria, originating from oocyte that contributes to the final pool 

of the offspring, a condition termed as genetic bottleneck (Figure 7). As the oocyte 

matures, mitochondrial replication restarts with concomitant increase in mtDNA to 

approx. 100- to 100,000-fold, organized as one per organelle [37]. Although genetic 

bottleneck was initially thought to represent a selection process against poor-quality 

oocytes, analysis of distribution of pathogenic mtDNA mutation in the offspring of a 

carrier mother showed that a risk of inheriting a pathogenic mutation is only increasing 

with their proportion in the mother but without any bias toward transmitting more or 

less of the mutant mtDNAs. The load of mtDNA mutation would therefore represent 

the most important determinant of oocyte quality [38]. 

In the pre-compaction stage (i.e. 68 hours after fertilization), respiratory rates are very 

low and the main source of energy comes from an exocoelomic pyruvate and endoge-



nously derived amino acids (i.e. histiotrophic nutrition). On the contrary, glucose up-

take is very low and it is therefore poorly metabolised at one-cell stage. With the pro-

ceeding compaction and blastocyst development, biosynthetic rates demand glucose 

as a predominant source of energy with increasing respiratory capacity. Reduced ac-

tivity of mitochondria in these early stages becomes important when realizing the pos-

sible consequences of low oxygen environment during the first trimester, before pla-

centa is vascularised. In such a hypoxic condition, the uncontrolled activity of huge 

mitochondrial population would lead to an overproduction of ROS or even impose 

severe hypoxia due to the absence of any oxygen carrier in the exocoelomic fluid.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.1.2 The placentation period 

At the end of the first trimester, a threefold intraplacental rise in oxygen has been 

measured [39, 40]. In mice, this led to considerable morpho-functional changes coin-

ciding with the partial switch from glycolytic to oxidative metabolism. Rapid increase 

in activity of the electron transport systems and associated phosphorylation processes 



 

after day 10 of rat gestation may have an important role in organogenesis [41]. Simi-

larly, human mitochondria were observed to undergo progressive ultrastructural 

changes during early embryo development [42]. 

 

1.3.1.3 Preparation to early postnatal adaptation 

At birth, the full switch from glycolysis to oxidative phosphorylation is of utmost im-

portance for successful adaptation to extra-uterine life in all neonates. Moreover, it 

was previously shown by our laboratory that activities of several OXPHOS enzymes 

were significantly lower in immature neonates and suggested that low functional ac-

tivity of mitochondria is responsible for their high mortality rate due to the delayed 

mitochondrial biogenesis [43, 44]. Nevertheless, after delivery the adequate capacity 

of mitochondrial energetic metabolism is critical in all neonates. The cellular compe-

tence for ATP provision relies on the adequate biosynthesis of OXPHOS. It is there-

fore not surprising that neonatal presentation of primary MD is quite common (Table 

3).  

 

 
  

It is Gestational Week (GW) 22 to 23, that seem to be a limit of foetal viability [46]. 

Important regulatory changes of mitochondrial function on a genomic level, therefore, 

need to occur during this period. A profound change of transcription pattern was ob-

served for several OXPHOS subunits within the foetal development [47]. However, 

this accumulation of transcripts is accomplished rather by increased transcriptional rate 

than increased half-life of mRNAs as was suggested earlier [31, 48]. On the other hand, 

it was hypothesized that OXPHOS protein expression in liver is exerted mainly after 

birth [49]. Similarly, no major differences in respiratory chain enzyme activities were 

observed throughout the foetal development. Based on these observations, it is proba-

ble that prenatal preparation may lean mainly on a transcriptional level spearheading 

for more flexible post-transcriptional regulation early after birth [49].  



Mitochondrial oxidation of fatty acids plays a critical role in energy metabolism after 

birth [50] -oxidation is active also during 

foetal life, as it was for long thought that major energy supply comes only from 

glucose. In the last trimester of intra-uterine life, the fat accumulation becomes more 

important in human foetus due to its important function in energy storage and 

temperature maintenance. Some of the deposited fatty acids will accrue from foetal 

lipogenesis, but the great bulk of foetal lipid is derived from the maternal circulation. 

This is further supported by an observation in placenta where the activity of long-chain 

3-hydroxyacyl-CoA dehydrogenase and short-chain 3-hydroxyacyl-CoA dehydro-

genase were inversely correlated with gestational age [50]. 

 

1.3.2 Muscle development 

Human skeletal muscle is a complex structure, which consists of a variety of fibre 

types that can be assigned to either of the two main groups (type I and II) according to 

their metabolic arrangement, myosin isoforms and the type of oxygen carrier. Type I 

fibres form the so called postural muscles. They have large number of mitochondria 

and contain myoglobin which imparts its red colour to the muscle. These fibres obtain 

their energy needs by OXPHOS and although their contraction is slow, duration of 

muscle shortening may last for hours. On the other hand, Type II fibres, and so the 

phasic muscles, are capable of fast and intense contraction which can only last within 

minutes. Their oxidative capacity (and mitochondrial density) is low and primary met-

abolic fuel is glycogen.  

The majority of muscles (limbs and trunk) develop from the embryonic mesoderm of 

the dermomyotomic part of a somit. After a period of proliferation, between the 7th and 

9th GW, primordial muscle cells prolonge and fuse to form bipolar structure called 

primary myotubes. Secondary myotubes developing on the scaffold of the primary 

myotubes begin to form since the 10th GW. It has been proposed that secondary myo-

tubes give rise to both type I and II myofibres and primary myotubes only to type I 

myofibres. Up to about 18 weeks, muscle remains a uniform structure composed 

mainly of type IIC (IIX). These fibres are presumed to be undifferentiated precursors 

of both type I and IIA, which are mature, adult fibre types.  According to Dubowitz, 

oxidative fibres of type I start to develop only after the 20th week of gestation, leaving 

all the previous period to glycolytic type IIC [51]. Since the 28th GW, mature type IIA 



fibres start to form and contrarily to adults, they have a bigger size than type I. This 

disproportion equalizes at about 3rd postnatal month to reach the mature phenotype 

around puberty. At the time of birth, only 15  20 % of fibres remain undifferentiated 

type IIC.  

 

1.3.3 Liver development, haematopoiesis  

Liver is a vital organ with wide range of metabolic functions in adult vertebrates. Nev-

ertheless, in the course of the human foetal development it has another essential role, 

being the most important reservoir of haematopoiesis. Hepatobiliary system develops 

in the 3rd to 4th GW and its parenchyma derives from the foregut endoderm. The de-

velopment of the liver is associated with changes in the vascular system. As follows, 

hepatic primordium grows into contact with two major venous systems of the foetal 

circulation: the vitelline veins and the umbillical veins [52]. Vitelline veins soon give 

rise to sinusoids, and the portal and hepatic veins. Oxygenated blood is brought to the 

foetus by the two umbilical veins, out of which the right one shortly regresses.  

Throughout the embryonic development, haematopoiesis represents a highly dynamic 

process, taking place in several different localisations. Over the 160 days of foetal 

growth, haematopoietic production takes place in the yolc sac, subaortic mesoderm (or 

so-called Aorta-Gonad-Mesonephros Region), liver, spleen, and according to some 

new reports even placenta, to complete its journey in the bone marrow, which keeps 

the hemogenic potential till the end of life. Although the origin of haematopoiesis still 

remains questionable, nowadays it is generally accepted that the haematopoietic stem 

cells formation occurs in the hemogenic endothelium of the specialized mesoderm of 

the Aorta-Gonad-Mesonephros Region region (intraembryonic part). The haematopoi-

esis in the yolc sac (extraembryonic part) would then only give birth to restricted haem-

atopoietic lineages serving for the primary, immediate needs of the embryo. 

The assumption that the human embryonic liver rudiment is not able to produce blood 

cells, but only to host their further proliferation and differentiation, was previously 

confirmed by the group of Moore [53]. The blood formation in the human liver begins 

in embryos of about 12 mm in length, i.e. around the 6th GW [54]. Haematopoiesis 

becomes fully established around the 3rd month of intrauterine life [55, 56]. At approx-

imately 16 weeks' gestation, migratory haematopoietic cells can be observed in the 

bone marrow which is accompanied by the decrease of their liver production.  



1.4 Clinical presentation of MD 

 

MD are a group of clinically, biochemically and genetically heterogeneous diseases 

with the minimal prevalence estimated as 1 to 5,000 [2]. They may be associated with 

either OXPHOS dysfunction (due to mutated respiratory complex subunits or their 

assembly factors) or dysfunction of other mitochondrial processes, including mtDNA 

integrity maintenance, expression, transport machinery, mitochondrial biogenesis, 

apoptosis and cofactor biosynthesis. Approximately 67 % of the OXPHOS disorders 

consist of isolated enzyme deficiency, whereas in 33 % of the cases, multiple enzyme 

complexes show lowered activities [13]. Due to the existence of two, partially auton-

omous genetic systems, the identification of mutations in mtDNA or nDNA located 

genes provides the basis for their current classification. Due to the extreme broadness 

of the family of MD, whose numbers are growing exponentially, detailed review cov-

ering every single of them cannot be made within the scope of this Thesis. Population-

based studies suggest that m.3243A>G mutation, responsible for Mitochondrial myo-

pathy, Encephalopathy, Lactic Acidosis, and Stroke-like episodes (MELAS, OMIM 

540000) syndrome and 3 prevalent mutations m.11778G>A, m3460A>G and 

14484T>C causing LHON, are the most common disease-causing mtDNA mutations 

and they will be discussed in detail in the Thesis. 

MD may manifest at any age since birth until late adulthood with either an acute ma-

nifestation or chronic progressive disease. Mitochondrial dysfunction can affect any 

organ of the body; the clinical presentation is, however, the most severe in high ener-

gy demanding tissue. The most common MD are described in the article written by 

Magner, Kolarova et al. [57] (Supplement 1). The central nervous system involvement 

is clinically heterogenous, manifesting as epilepsy, Stroke-like Episodes (SLE) not re-

specting strict arterial territory limits (Figure 8 A), extrapyramidal abnormalities in-

cluding Leigh syndrome (Figure 8 B), leukodystrophy (Figure 8 C, D), migraines, 

bulbar dysfunction, hypophysial abnormalities or cerebellar ataxia (Figure 8 F, G), 

often accompanied by developmental delay (Figure 8 E, F, G). Similarly, the great 

majority of patients with MD have some degree of hearing or vision impairment with 

broad variety of ophthalmologic findings ranging from ophthalmoplegia with ptosis 

(Figure 9 A) to retinal (Figure 9 B), macular or optic nerve dysfunctions. Although 

mitochondriopathies were long regarded as disorders affecting only the peripheral and 



central nervous system (i.e. encephalomyopathies), it is now known that they can have 

many visceral complications affecting heart (Figure 9 C), gastrointestinal (Figure 9 D), 

renal or endocrinological system and blood composition. About 10 % of patients with 

primary MD present with skin involvement that can be categorized into hair abnor-

malities (Figure 9 E), palmoplantar keratoderma (Figure 9 F), multiple symmetric li-

pomatosis, rashes, pigmentation abnormalities and acrocyanosis. It is also believed 

that mitochondrial pathology contributes to the pathophysiological processes of both 

common and rare skin diseases [58]. Some MD affect only a single organ (e.g. the 

optic nerve in LHON), but many involve multiple organ system characteristically clus-

tered in specific syndromes, such as MELAS, Kearns-Sayre syndrome (KSS, OMIM 

530000), Chronic Progressive External Ophthalmoplegia (CPEO), Myoclonic Epi-

lepsy associated with Ragged red fibres (MERRF, OMIM 545000) and Neuropathy, 

Ataxia, and Retinitis Pigmentosa (NARP, OMIM 551500). However, there is a con-

siderable clinical variability and many affected individuals do not fit into one particu-

lar category or manifest with overlapping features of several MD.   

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 



 

 

 

 

 

  



1.4.1 Diagnostics of MD 

Diagnostics of MD is demanding as virtually any symptom may be a part of its clinical 

spectra. Its investigation requires an integrated approach: clinical (including the per-

sonal and family history), biochemical, histological and genetic. MD have highly var-

iable age of onset and disease course that may involve structural and functional im-

pairment of any organ or tissue depicted in Figure 10. Specialized examination, espe-

cially echocardiogram and Electrocardiogram (ECG), Electromyography (EMG), oph-

thalmic examination, audiology testing and brain imaging, can help us characterize 

systemic involvements and should be performed, depending on the patient's specific 

condition and needs. Basic chemistries of blood and urine, together with complete 

blood count provide very efficient and supporting evidence for clinical examination 

[59, 60]. Elevation in lactate and pyruvate concentration in both blood and Cerebro-

spinal Fluid (CSF) can be observed in some [61], but not all patients with MD: patients 

with Leigh syndrome usually present with elevated lactate in both blood and CSF, but 

in MELAS it does not seem to be a permanent finding and patients with LHON almost 

never have an elevation of lactate. The gold standard of diagnostics includes special-

ized biochemical analyses, including spectrophotometric analyses of OXPHOS activ-

ities, high resolution respirometry [62, 63], substrate oxidation, evaluation of mtDNA 

copy number by real-time Polymerase Chain Reaction (PCR) and histological and his-

tochemical examination of muscle, skin or other tissue samples (Figure 11, 12). Alt-

hough with the large-scale assessment of entire mitochondrial genome, Next-Genera-

tion Sequencing (NGS) can revolutionize diagnostics of MD, the role of clinical con-

sideration is still of utmost importance. A great proportion of MD present with a char-

acteristic combination of clinical and laboratory findings (Table 4) which allows se-

lecting genes for targeted molecular genetic testing even without invasive muscle or 

skin biopsies. According to our experience (and supported by several of our articles), 

characteristic combination of symptoms and laboratory data could help us to sort out 

patients with characteristic disorders without any need of expensive and time-consum-

ing NGS. It is of note that despite these advances, many cases still do not receive a 

specific diagnosis.





 

 

 

 







1.4.2 MELAS syndrome 

MELAS syndrome is a characteristic example of a devastating multisystemic mito-

chondrial disorder. By far the most common (>80 %) pathogenic variant associated 

with the disease is the m.3243A>G transition in MT-TL1, followed by m.13513G>A 

and m.3271 T>C. The clinical variability and age of onset is broad, ranging from se-

vere neonatal or infantile manifestations [45, 79, 80] to milder, adult-onset forms [81]. 

The severity of the disease was reported to be depending on the level of mutated DNA 

(i.e. heteroplasmy) in affected tissues [82]. Originally reported cases presented prima-

rily with exercise intolerance, seizures and sensorineural hearing loss. It is also the 

most common etiology of strokes in childhood; together with another rare metabolic 

disorder, homocystinuria, MELAS accounts for 25 % of strokes in children aged 1 

month  13 years, followed by heart diseases and coagulopathies, which both make up 

for 17 % [83]. Noteworthy, in MELAS patients, the highest proportion of mutated 

mtDNA was observed in the walls of the leptomeningeal and cortical blood vessels, 

supporting the hypothesis of vascular mitochondrial dysfunction in the pathogenesis 

of strokes or SLE [84]. Many other clinical features were later added to the list of 

clinical manifestations, including cardiomyopathy, migraines, gastrointestinal and en-

docrinological involvement and in some reports the proportion of patients meeting di-

agnostic criteria for MELAS goes down to about 10 % of patients [85]. Instead, many 

of the mutation carriers often present with incomplete forms and may even remain 

asymptomatic.  in a classical way may, therefore, lead to mis-

diagnosis if clinicians considered it only in terms of a complete syndrome. Similarly, 

some of the symptoms are coupled within nosographic terms, i.e. Maternally-Inherited 

Diabetes and Deafness (MIDD). Although hearing loss and diabetes are associated 

with a high statistical significance, pure MIDD seems to be quite rare and its prognos-

tic value is questionable since patients may be even more prone to the development of 

multisystem complications [84]. 

Ocular involvement, along with myopathy and encephalopathy, figures prominently 

in the phenotypic spectrum of not only MELAS but the majority of MD and includes 

several neuroophthalmic manifestations ranging from CPEO with ptosis to retinal, 

macular or optic nerve dysfunctions.  

  



1.5 Optic neuropathies 

  

The term optic neuropathy refers to damage to the optic nerve anywhere between the 

Retinal Ganglion Cells (RGC) and the lateral geniculate body. The analogously used 

term Optic atrophy  is actually a misnomer referring to final involution, resulting 

from prolonged disease. The classic clinical signs of optic neuropathy are visual field 

defect, dyschromatopsia, and abnormal pupillary response. Anything that can compro-

mise RGC or its axon function can cause optic atrophy. This may be due to acquired 

reasons (ischaemia, compression, infiltration, trauma, intoxication or nutritional defi-

ciency). Despite the contrasting etiology, they may all lead to chronic visual impair-

ment or even registrable blindness that has a significant detrimental impact on the 

overall quality of life. 

Mitochondria play a central role in maintaining the life cycle of high-energy dependent 

RGC and their dysfunction is one of the most common causes of inherited optic neu-

ropathies. It may be either due to inherited or acquired causes. Vitamin B12 or folic 

acid deficiency both lead to a progressive bilateral optic neuropathy caused by altera-

tions of mitochondrial metabolism [86, 87]. Similarly, as some of the antibiotics or 

antituberculotics (aminoglycosides, tetracyclines, chloramphenicol or ethambutol) in-

terfere with mitochondrial ribosomal machinery, their use in patients with Mitochon-

drial Optic Neuropathy (MON) is warranted [88-90]. 

   

1.5.1 Inherited optic neuropathies, MON  

The two major prototypes of inherited optic neuropathies are maternally inherited 

LHON and DOA, in 64 % of cases caused by heterozygous mutations in nuclear-en-

coded OPA1 gene [91]. These two classical disorders share the same etiology of pri-

mary mitochondrial dysfunction and will be the main focus of the following part of the 

Thesis. Optical neuropathy can also develop in other classical mitochondrial syn-

dromes, e.g. MERRF, CPEO, KSS, NARP and Mitochondrial Neurogastrointestinal 

Encephalopathy (MNGIE, OMIM 603041, 131222, 612075, 551500 or 613662) [92]. 

Although MELAS is usually associated with retrochiasmal visual loss due to experi-

enced SLE in occipital and/or parietal lobes [93], it may less commonly present with 

optic neuropathy as pure MELAS or an overlap phenotype with other MD [94].   

 



As the genetic basis of other inherited optic neuropathies were uncovered, it became 

apparent that mitochondrial dysfunction is a recurrent theme underlying the loss of 

RGC in these disorders [95]. The mitochondrial network is regulated in highly sophis-

ticated ways. Mitochondrial fission is facilitated by Dynamin-like Protein 1 [96], while 

Mitofusin 1 and 2 on the mitochondrial outer membrane, and OPA1 on the mitochon-

drial inner membrane are essential for mitochondrial fusion [97]. MFN2 mutations are 

responsible for specific subtype of Hereditary motor and sensory neuropathy type VI 

which besides severe peripheral neuropathy manifests with optic nerve dysfunction 

[98, 99].  

 

1.5.2 Disease mechanisms of LHON a DOA 

Despite their contrasting genetic bases, both LHON and DOA share remarkable patho-

logical similarities marked by selective loss of RGC, the ultimate neurons located near 

the inner surface of the retina. Their axons cross lamina cribrosa (Figure 13 A), be-

come myelinated and eventually form the optic nerve. It seems that energy demand of 

each nerve fibre is a function of its length, circumference and number of Ranvier's 

nodes [100]. Histochemical studies have demonstrated dramatic mitochondrial clus-

tering in areas anterior to the lamina cribrosa, where the unmyelinated optic fibers are 

leaving retina to form the optic nerve [101]. This very portion relies on high energy-

requiring sodium-potassium ATPase which may partly explain its particular vulnera-

bility [102]. Mitochondrial dysfunction results in local stasis of axoplasma with swell-

ing and subsequent degeneration of RGC layer and the optic nerve atrophy [103]. This 

susceptibility to energetic failure at the level of lamina cribrosa is believed to be com-

mon to both LHON and DOA pathogenesis. Moreover, similar pattern of central, cae-

cocentral or paracentral scotomas with dyschromatopsy matches the early and prefer-

ential vulnerability of the small axons in the papillomacular bundle (Figure 13 B), 

which is the anatomical substrate for visual acuity and colour vision [104].  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

1.5.3 LHON 

Leber hereditary optic neuropahy (LHON, OMIM 535000) is the most frequent MD 

affecting about 1/10,000 of the population [95].  

 

1.5.3.1 Etiology 

Three pathogenic homoplasmic point mutations of mtDNA at positions 11778/MT-

ND4, 3460/MT-ND1 and 14484/MT-ND6 in Complex I are agreed to be causative for 

the majority (>90 %) of sporadic and familial cases [101]. These mutations consis-

tently decrease the Complex I specific activity in various tissues or interfere with pro-

ton translocation and Complex I-dependent energy conversion [74, 101, 106]. Since 

Complex I produces approximately 40 % of the proton-motive force and is considered 

the major mitochondrial source of ROS [107], this leads not only to reduced ATP syn-

thesis (most pronounced in m.11778G>A, followed by m.14484T>C and m.3460G>A 

which corresponds also to the severity of clinical manifestation), but also to increased 

oxidative stress [101, 108]. 

 



Mutation in MT-ND1, MT-ND4 and MT-ND6 are necessary but not sufficient to cause 

blindness. Moreover, considerable variability in visual dysfunction and disease pro-

gression may also be seen among family members, all of whom share the same muta-

tion [101]. Development of visual failure is nowadays believed to be a result of several 

risk factors depicted in Figure 14. Since ROS are not only the toxic byproducts but 

also a signalling system for triggering apoptosis [109], other environmental factors 

(e.g. smoking and heavy alcohol consumption) may be responsible for shifting the 

tightly regulated balance towards cell death in LHON [110]. On the other hand, the 

female hormones oestrogens are known to have some compensatory effect on cells 

affected by LHON which is achieved through several mechanisms: the activation of 

the antioxidant enzyme superoxide dismutase 2, activation of mitochondrial biogene-

sis and small, but significant improvement in energetic competence [111]. These find-

ings not only strongly support the unexplained LHON prevalence in men (see below) 

localized to RGC [111]. More detailed decription of LHON pathogenesis can be found 

in the article of Kolarova et al. [112] (Supplement 10).   

 

 

 

 

 

 

 

 

 

 

 

 
 

1.5.3.2 Clinical presentation 

LHON is characterized by progressive painless visual deterioration, usually resulting 

in irreversible blindness. In the vast majority of cases, visual loss becomes binocular, 



with involvement of the fellow eye either simultaneously or sequentially within 6  8 

weeks. The disease is typical with its age- and gender-related penetrance, although 

neither of those may fully predict the individuals in risk of the disease manifestation. 

The peak age of onset is between 18 - 35 years (median onset at 24 years); neverthe-

less, cases presenting at the age of 1 to 70 years have been described [114, 115]. Only 

about 50 % of male and 10 % of female mutation carriers become affected [116]. In 

LHON, visual fields may sometimes (4 - 50 %, depending on type of mutation) show 

reduction in size of the scotoma or its fenestration, both leading to an improvement in 

visual acuity [116, 117]. 

In acute and subacute stages of visual deterioration in LHON patients, there are some 

observable changes on ophthalmic and neurooophthalmic examination. Visual Evo-

ked Potentials (VEP) examination and Electroretinography (ERG) may show reduced 

amplitudes and prolonged peak latencies of cortical responses [18]. Fundus findings 

often include circumpapillary teleangiectatic microangiopathy and elevation of the 

Retinal Nerve Fiber Layer (RNFL) around the optic discs which can by objectified by 

Spectral-Domain Optical Coherence Tomography (SD-OCT). This feature is decribed 

as pseudooedema since there is no dye leak on fluorescein angiography which has been 

the gold standard to evaluate retinal circulation in LHON patients [118-120]. A novel 

technique providing high-resolution images of retinal and peripapillary capillaries by 

non-invasive visualization of vascular flow via motion contrast appeared recently 

[121]. Besides higher resolution, SD-OCT-Angiography (SD-OCT-A) can objectify 

vascular structures in an arbitrarily selected depth of retinal layers without the need to 

administer a contrast agent [122].  

It is of importance that the above mentioned acute findings, along with other features, 

were observed in presymptomatic or asymptomatic mutation carriers who never loose 

vision in their lifetime [114, 123]. In turn, significantly prolonged peak latencies on 

VEP were observed in a group of 48 asymptomatic m.11778G>A mutation carries who 

never experienced visual loss [124]. Indeed, having abnormalities of either ophthalmic 

or specialized neurophysiologic testing does not necessarily signify the forthcoming 

visual loss. Contrarily, some patients with LHON never exhibit characteristic ophthal-

moscopic appearance, even examined at the time of acute visual loss. By all accounts, 

structural changes do not correlate with clinical phenotype and predictive value of 

these, often discrete findings in LHON, still remains unknown.  



Within the chronic phase, The RNFL gradually degenerates and after at least twelve 

months optic atrophy is a universal feature of LHON. The majority of patients devel-

ops large central or caekocentral scotomas corresponding to severe visual deterioration 

with visual acuity 1 according to WHO (corresponding to 3/60  1/60 or 0.05  

0.02 on Snellen charts and 1.0 logMAR) or blindness ( 60 or 0.02 on Snellen 

chartsand 1.3 log-MAR). 

 

1.5.3.3. Extraocular presentation and LHON plus 

Generally, eye is the only affected organ in LHON but a small subgroup of patients 

will develop additional extraocular features, such as sensorineural hearing loss, pe-

ripheral neuropathy, non-specific myopathy, myoclonus, tremor and cardiac conduc-

tion defects [125-127]. Additional neurological signs were thought to be found only in 

patients with symptoms of optic neuropathy, although there are currently at least two 

exceptions in the literature [128-130]. It is of interest that mild neurological complica-

tions were already recognized by Theodor Leber in his original paper from 1971 after 

whom the disorder was named [126].  

In 1995, Newman et al. used a term Leber plus (or elsewhere LHON plus) to descri-

be patients with the clinical features of LHON in addition to other severe neurological 

or systemic abnormities [131]. Originally, it was considered that LHON plus is asso-

ciated only with rarer pathogenic mtDNA variants in isolated pedigrees from Holland, 

Australia and North America that differ from the three commonly seen in LHON [126, 

132-135]. However, LHON complicated by spastic dystonia has been reported in at 

least two m.11778G>A and in one m.3460G>A family [128, 136]. Moreover, several 

recently described point mutations with pronounced inhibitory effect on Complex I 

activity have also been identified in patients with overlapping symptoms of LHON and 

MELAS [94, 137, 138], LHON/Leigh syndrome [139] or MELAS/Leigh syndrome 

[140] and it was further proposed the mechanism of microangiopathy contributes to 

the development of vision loss in these MD [101]. 

In other cases, functional role for the non-synonymous variants in ATPase6 or cyt b 

was described and it was further hypothesized that neurological complications in 

LHON relate to the synergic role of co-existing mtDNA variants or mtDNA haplog-

roup [127, 129, 141]. Nevertheless, none of the studies have considered the possible 

influence of modifying variants in nDNA.  



1.5.4 DOA 

Dominant Optic Atrophy (DOA, OMIM 165500) is the most prevalent hereditary optic 

neuropathy with an estimated prevalence ranging from 1: 12,000 to 1: 50,000 [142, 

143].  

 

1.5.4.1 Etiology 

OPA1 is the major gene responsible for DOA (Figure 15) and it was initially consi-

dered as unique. However, several other loci and genes associated with DOA or optic 

atrophy have been identified up to date, with dominant, recessive or even X-linked 

mode of inheritance (Table 5). Although all of these primarily present with optic atro-

phy, some of them may be distinguished by the presence of associated features [144] 

(Table 5). 

 

OPA1-associated optic atrophy is considered as purely dominant type, although very 

few patients carried confirmed compound heterozygous OPA1 mutations, usually as-

sociated with very severe phenotype [144]. The OPA1 gene consists of 30 coding ex-

ons 1 - 28, 4b and 5b (Figure 16). Exons 4,4b and 5b are alternative, responsible for 



eight existing isoforms composed of 924 - 1015 amino acids [156]. The relative abun-

dance of the resulting four different splice variants is tissue-dependent [156]. Moreo-

ver, these isoforms undergo post-translational cleavage resulting in the accumulation 

of 5 apparent OPA1 protein isoforms [156-160]. 

Up to now, more than 200 different OPA1 mutations have been identified. Among 295 

patients with OPA1 mutations, 27 % mutations were reported to be missense, 27 % 

splice variants, 23.5 % led to frameshift, 16.5 % were nonsense and 6 % were deletion 

or duplication [161]. Nonsense, frameshift and splice site mutations often lead to hap-

loinsufficiency through creation of premature termination codon and resulting non-

sense mediated mRNA decay. The direct consequence of the 50 % OPA1 reduction is 

the unpredictability of the genotype/phenotype correlations [162]. The variable ex-

pression both between and within families [163] must be caused by secondary nuclear 

genes or other environmental modifying factors. On the other hand, missense as well 

as in-frame mutations do not lead to reduction of the mutant transcript [164]. Contra-

rily, it seems that missense mutations in the Guanosine Triphosphate (GTP)-ase do-

main of OPA1 are responsible for syndromic cases with severe dominant negative ef-

fects [165]. However, it is very difficult to predict the impact of mutation without fur-

ther examination at mRNA and complementary DNA level. In this way, some muta-

tions, which may otherwise affect only a single amino acid, can have extensive conse-

quences in the final protein function. For a canonical splicing, a donor site (5' end of 

the intron), branch site (near the 3' end of the intron) and an acceptor site (3' end of the 

intron) are required. Some of the point mutations previously evaluated as missense 

affect highly conserved GU or AG exon-intron boundaries and result in altered splic-

ing and, therefore, haploinsufficiency. 

 

 

 

 

 



 

 

 

 

 

1.5.4.2 Clinical presentation 

OPA1 encodes for one of the four large dynamin-related GTPases involved in mito-

chondrial membrane dynamics and quality control including the cytochrome c release 

during apoptosis. In addition, the 8 OPA1 isoforms that result from alternate splicing, 

have other discrete functions in structuring the cristae, maintenance of the membrane 

potential, calcium efflux, interaction with the respiratory chain complexes and mainte-

nance of mitochondrial genome integrity [167-171]. OPA1 as a nuclear gene need to 

be imported into the mitochondria where it resides in the intermembrane space associ-

ated to the inner membrane [157]. Although OPA1 is ubiquitously expressed, its mu-

tation primarily influences RGC.  

DOA usually manifests within the first two decades of life with painless bilateral visual 

deterioration and tritanopia/generalized dyschromatopsia. The probability for muta-

tion carriers to develop symptoms during lifetime has been estimated at 84 - 88 % 

without any gender bias [172, 173]. Compared to LHON, the progression in DOA is 

slow, insidious with variable visual outcome ranging from asymptomatic to legal 

blindness between and within families [163]. Based on the RNFL measurements, it 

was postulated that age-related loss of fibers (although similar to healthy controls) may 

be responsible for delayed visual decline in patients with stable optic neuropathy [174]. 



Spontaneous visual recovery is extremely rare in DOA [144] and, similarly, asym-

metry between fellow eyes is uncommon. On fundoscopic examination, the optic disk 

typically presents a bilateral and symmetrical pallor temporally/diffusely, usually with 

apparent excavation. Extraocular neurological complications in DOA (DOA plus) 

have been described in up to 30 % of carriers [165, 173] and they may involve senso-

rineural deafness, ataxia, myopathy, peripheral neuropathy, external ophthalmoplegia, 

spastic paraparesis and multiple sclerosis-like illness.  

 

1.5.5 Therapeutic management in LHON and DOA 

Therapeutic management of LHON and DOA type 1 is still limited [175, 176]. A de-

tailed description of therapeutic options in these MON can be found in the article by 

Magner, Kolarova et al. (Supplement 2). Recent studies found benefits from quinone 

analogs (idebenone) enabling to bypass the complex I defect and exert the antioxidant 

effect in both LHON and DOA type 1 if used during the early phase of the disease 

[177, 178]. Idebenone has been reported to be effective in ameliorating color vision 

and increasing the rate of recovery in LHON, especially if the patients are treated not 

later 5 years after the disease onset [179]. Improvement of color vision, reduction of 

the central scotoma and increase of visual acuity were also found in five out of seven 

idebenone-treated patients with DOA type 1 [180]. On the top of that, the latest studies 

have shown that -tocotrienol quinone (EPI-743) holds promise with improved phar-

macologic properties [181]. In a group of 5 subjects treated with EPI-743, 4 demon-

strated stabilization of disease progression and reversal of visual loss. Moreover, two 

patients exhibited a total recovery of visual acuity [182]. These findings are very prom-

ising and highlight the importance of early diagnosis. Nevertheless, incomplete pene-

trance, in addition to variable clinical manifestation, causes substantial differential di-

agnostic difficulties and often leads to delay in therapy. Moreover, to date, many as-

pects of the pathomechanism of LHON and DOA type 1 remain unclear. Identifying 

risk factors and molecular mechanisms that respond to energetic failure coming about 

in MON would help in searching for patients at risk of disease manifestation, as well 

as in devising optimal diagnostic strategies and follow-up guidelines.  

 

Gene therapy in LHON 

In September 2015, GenSight Biologics S.A. received acceptance from Food and Drug 

Administration (FDA) to enter phase III trial with GS010 gene therapy of LHON due 



to m.11778G>A mutation. The two trials concerned patients with an onset of vision 

loss up to 6 months and between 6 and 12 months, respectively. The therapy is based 

on a single intravitreal injection of Recombinant Adeno-Associated Virus 2 carrying 

ND4 (rAAV2-ND4). The first study conducted by the group of Wan showed promising 

results with significant ameliorations in visual acuity and visual field [183]. However, 

this was not accompanied by improvements in RNFL measured by SD-OCT or VEP. 

Interestingly, the degree of improvement in optical function in these patients was de-

pendent more on the degree of remaining optic nerve and RNFL function and not on 

the duration of the disease. A long-term, multicenter, and large-sample size study is 

necessary to confirm the potential of LHON gene therapy [183]. 

Centered care of patients with LHON and DOA type 1 was not established in the Czech 

Republic and there was no coordination of optimal diagnostic procedures either. Only 

a handful of patients with genetically-confirmed LHON and DOA benefitted from the 

regular follow-up care at our institution. Establishing a system to follow up patients 

with MON is of crucial importance in the Czech Republic.  

  



2 AIMS OF THE THESIS 

 

Our laboratory has primarily focused on the study of MD and over its twenty-five years 

of existence, we have diagnosed over 600 of patients with such conditions. One of our 

unique efforts since the last two decades is concentrated on the research of mitochon-

drial biogenesis within foetal and neonatal period which is supported by several im-

portant scientific papers [43, 44, 184, 185]. Better understanding of molecular mech-

anisms involved in mitochondrial dysfunction within these critical developmental 

spans may enable prenatal testing or the development of new therapeutic approaches. 

Another practical impact is distinguishing between primary and secondary mitochon-

drial disturbances. Especially in the perinatal period, study of mitochondrial prolifer-

ation and differentiation may help us to create theoretical basis for providing better 

care of very premature neonates. 

 

Although efficient causal treatment is often not yet available for the majority of our 

child and adult patients with primary MD, recent advances have allowed for stabili-

zing the disease progression or even improving the rate of recovery of a great group of 

MON. Due to their progressive character, therapy should be initiated in the early phase 

of the disease before irreversible tissue damage occurs, which implies prompt diagno-

sis. However, MD are a challenge because they are probably the most diverse human 

disorders at every level: clinical, biochemical or genetic, and physicians of first contact 

are not often familiar with their manifestation, which leads to the diagnostic delay or 

even misdiagnosis. The creation of specialized centers, as it is at our department, is of 

utmost importance.  

 

Department of Paediatrics and Adolescent Medicine is focused on diagnostics and 

treatment of other mitochondrial and non-mitochondrial rare diseases. We were in-

volved in discovery and characterization of several novel rare diseases. One of our 

great scientific achievements was the identification and clinical description of 

TMEM70 as a novel factor of ATPase biogenesis [60, 69, 186]. We revealed a novel 

subtype of congenital disorders of glycosylation caused by NgBR deficiency [187] and 

we were also engaged in the description of Doublecortin Domain Containing 2 [188] 

and Inosine Triphosphate Pyrophosphatase deficiency [189] as a cause of renal-hepatic 



ciliopathy and infantile encephalopathy, respectively. A concentrated effort and coop-

eration of specialized clinicians, biochemists and molecular geneticists is often needed 

in establishment of a correct diagnosis of rare disease. Our Department is one of this 

kind in the Czech Republic.  

 

The specific aims of the thesis were: 

 

A) to characterize mitochondrial biogenesis in an organ-specific manner in order 

to improve our understanding of the adaptation processes within the foetal develop-

ment, childhood, as well as the adult life, which could be beneficial especially in eval-

uation of primary and secondary mitochondrial pathologies;  

 

B) to establish a National medical care Center for patients with mitochondrial optic 

neuropathies with regard to optimize the diagnostic, management and therapeutic 

strategies; to define clinical, biochemical and genetic aspects in patients suffering 

from optic neuropathy or other eye involvement based on a mitochondrial dysfunc-

tion; 

 

Specific attention was paid:        

 a) to describe extraocular features and changes in peripapillary ca-

pillary network by SD-OCT-A in LHON patients,  

 b) to provide the information about the natural course of MELAS 

and its overlapping phenotypes with particular focus on ocular involvement and se-

quence of clinical features for the purpose of improving the predictive value of symp-

toms in patients with this mitochondrial disorder, 

 c)  to determine molecular genetic cause in a group of patients with 

bilateral optic atrophy and to interprete the mutation pathogenicity of OPA1 rare 

variants so as to understand better the diverse mechanisms implicated in the disease 

pathogenesis. 

  

C) to describe pathobiochemical and molecular aspects of selected rare inherited 

errors of metabolism with the objective of providing earlier diagnosis, well-time ther-

apy initiation, proper management and genetic counselling. 

  



3 MATERIALS AND METHODS 

 

See individual articles and submitted manuscripts in the Supplement for the detailed 

description. Here, only basic principles of used methods are mentioned. The work 

described has been carried out in accordance with The Code of Ethics of the World 

Medical Association (Declaration of Helsinki) after approval was granted by the Com-

mittee of Medical Ethics at the General University Hospital in Prague. Informed con-

sent was obtained for experimentation with human samples. 

 

 

3.1 Material 

 

3.1.1 Related to the aim A) Mitochondrial biogenesis 

The study (Supplement 3) involved a set of 25 liver and 18 skeletal muscle samples at 

gestational age ranging from the 14th to 29th weeks, that were collected subsequently 

to the termination of pregnancy for genetic indications unrelated to OXPHOS defi-

ciency. Moreover, to find out whether marked changes of transcription capacity will 

be reflected in mitochondrial function, our results were divided in two specific groups 

with 22nd GW developmental point. Another 5 liver samples were included for addi-

tional analysis of haematopoietic activity. The second study (Supplement 4) examined 

205 skeletal muscle tissue samples from 107 males and 98 females that were obtained 

from individuals between 2 weeks and 78 years of age. Similarly, all the samples were 

collected from individuals suspected of MD that was subsequently ruled out due to 

normal respiratory chain activities. 

 

3.1.2 Related to the aim B) Mitochondrial optic neuropathies  

 

3.1.2.1 Patients 

A detailed neuroophthalmic examination of 54 patients (20 symptomatic) with LHON, 

17 symptomatic patients with DOA, 33 patients with MELAS and 10 patients with ON 

of unknown origin was performed within a period of 3 years in National Center for 

Patients with Mitochondrial Optic Neuropathies (Supplement 5-11). Patients are cen-

tralized from all regions of the Czech Republic and Slovakia. A total of 6 individuals 



(2 symptomatic males with m.11778G>A and 1 with m.14484T>C; 2 asymptomatic 

males and one asymptomatic females) with LHON from four families and six healthy 

controls were enrolled in the study of peripapillary microcirculation by OCT-A (Sup-

plement 6). Our patients with DOA were included in the international project investi-

gating a total of 44 probands of British, Canadian and Czech origin and one proband 

of Czech Roma origin with bilateral optic atrophy. These patients were referred with 

the diagnosis of bilateral optic atrophy to the All Wales Genetic Testing service, Uni-

versity Hospital of Wales and General University Hospital in Prague for laboratory 

investigation (Supplement 9).  

  

3.1.2.2 Clinical samples 

Urine, peripheral blood, hair follicles and buccal smear samples were obtained from 

all subjects in order to perform genetic analyses, metabolic profiling, to determine the 

heteroplasmy level of pathogenic mtDNA mutations and mtDNA content analysis.  

Muscle biopsy  

Since the participation and spatial distribution of fibre types (and therefore the meta-

bolic demands) vary between different muscle groups, it is crucial to know the precise 

bioptic place. Moreover, fibre typing may vary even during adulthood [190]. The nor-

mal ratio of type I to type II myofibers at about 2/3, is relatively uniform for most 

biopsy sites, except for the deltoid, soleus and rectus abdominis sites, where type I 

predominance is normal [191]. Nevertheless, only the stable examination of the medial 

head of musculus gastrocnemius that constitutes of mean 50.8 % of type I and 49.2 % 

of type II [192], was performed. 

Biopsy of foetal liver  

Considering that foetal blood flow through hepatic artery is negligible (see above), the 

most highly oxygenated blood of the foetus enters the liver from the left umbilical 

vein. Right umbilical vein regresses shortly within the development. As a consequen-

ce, the left lobe is ten-fold larger than the right lobe [193] and showed smaller amount 

of haematopoietic tissue within the foetal development. According to Emery, the av-

erage amount of haematopoiesis in the left liver lobe at 29 weeks is equivalent to that 

in the right liver lobe at 33 weeks [193]. We have allowed for the discordant vascular 

development and only stable examinations of right liver lobes were performed. 

 



3.1.3 Related to the aim C) Pathobiochemical and molecular aspects of selected 

rare inherited errors of metabolism 

 

3.1.3.1 Patients 

A total of two Czech siblings and one child of Russian origin with LPL deficiency 

were described in the Supplement 12. For the Supplement 13, the analyzed group con-

sisted of patients enzymatically and/or genetically diagnosed with various types of 

Glycogen Storage Diseases (GSD; total: n = 24; 2x Type 0, 7x Type Ia, 3x Type non-

Ia, 7x Type III, 5x Type IX; multiple samples were taken from some individual pa-

tients, totalling 39 samples), two subjects with Hypertriacylglycerolemia (HTG) due 

to familial LPL deficiency and one individual with HTG of unknown origin. All of the 

GSD patients were on standard treatment.  

 

3.1.3.2 Samples 

In both studies, blood was obtained from the tested patients and in the case of Supple-

ment 12 also from their 4 parents with informed consent from each participant or their 

parents. Serum was separated by centrifugation (630 g, 10 min) and stored at -

until analysis. Additionaly, to find out whether Isoelectric focusing (IEF) of Apolipo-

protein C-III can be performed alternatively in plasma, new samples of both serum and 

plasma were paralelly collected from 13 of the patients (GSD Types Ia, non-Ia, III and 

IX) and analyzed. 

 

 

3. 2 Methods 

 

3.2.1 Tissue homogenization 

The muscle tissue (300 - 500 mg) was homogenized on ice in isolation buffer (1:20 

wt/vol). Tissue was minced by precooled scissors and homogenised using a Potter-

Elvehjem polytetrafluoroethylene/glass homogenizer. 

 

3.2.2 Isolation of mitochondria 

Mitochondria from liver and muscle were isolated from 5% tissue homogenates 

(wt/vol) according to the standard differential centrifugation procedure [194]. Freshly 



isolated mitochondria were used for activity evaluation and the rest of samples were 

kept at -  

 

3.2.3 Respiratory enzyme activities 

Activities of respiratory enzymes COX, SQR, and Citrate Synthase (CS) were mea-

sured spectrophotometrically in isolated mitochondria (Supplement 3) and in both ho-

mogenates and isolated mitochondria (Supplement 4) as described elsewhere [195]. 

The enzyme activities data are expressed both as specific activity normalized to protein 

concentration and as ratio to mtDNA content. Protein concentration was determined 

by the method of Lowry [196].  

 

3.2.4 MtDNA content 

The quantification of mtDNA was executed by the method well established in our la-

boratory and previously described in detail [197] (Supplements 3, 4). 

 

3.2.5 DNA isolation 

Total DNA was extracted by standard phenol/chloroform extraction and ethanol pre-

cipitation or using a QIAamp DNA mini kit (QIAGEN, Hilden, Germany) following 

the manufacturer's instructions. DNA 

of total DNA was checked by NanoDrop 1000 (Thermo Scientific, USA) (Supple-

ments 5, 8, 9, 10, 12). 

 

3.2.6 Molecular genetics analyses   

The heteroplasmy level of mtDNA mutations was determined by PCR-Restriction 

Fragment Length Polymorphism in all available samples, i.e. blood, hair follicles, mus-

cle, buccal cells and Urothelial Epithelial Cells (UEC) from patients with both MELAS 

or LHON and the one patient with LHON/MELAS overlap syndrome. Targeted se-

quencing of the characterized mitochondria- and hyperlipidemia-related genes was 

performed for the latter on a SOLiDTM 4 System (Life Technologies, Massachusetts, 

USA) using a custom SeqCap Enrichment kit according to the manuf

col. PCR amplification and bidirectional Sanger sequencing of the OPA1 coding re-

gions and intronexon boundaries was performed in probands. Exome sequencing was 

performed as described previously [198] using 3 of DNA from patients with LPL 

deficiency and their parents. For DNA enrichment, SureSelect All Exome Kit (Agilent, 



Santa Clara, CA) was  va-

riants were confirmed by Sanger sequencing (Supplements 5, 7, 8, 9, 10, 12).  

 

3.2.7 Interpretation of the OPA1 mutation pathogenicity 

Frequency of the changes detected in this study (Supplement 9) was searched in the 

following population databases: The Exome Aggregation Consortium (ExAC) 

(http://exac.braoadinstitute.org) showing exome sequencing data from more than 

60,000 unrelated individuals and The Exome Variant Server (EVS, NHLBI Exome Se-

quencing Project; http://evs.gs.washington.edu/EVS/), which includes data from more 

than 6,000 individuals (both accessed 7 May 2016). Only rare variants (i.e. minor allele 

Variants predic-

ted to lead to an absence of the gene product due to the mRNA nonsense-mediated 

decay mechanism (e.g., nonsense or frameshifting mutations located 50-55 bp up-

stream from the last intron-exon junction) were considered as pathogenic. The patho-

genicity of missense variants was predicted using various algorithms listed in the ori-

ginal article. Novel OPA1 missense variants with no entry in ExAC and EVS and pre-

dicted harmful by at least three tools were regarded as pathogenic. The wild-type and 

mutated sequences were analysed by splice site prediction tools: Human Splicing 

Finder [199], NNSPLICE [200], MaxEntScan [201] and NetGene2 [202]. Mutations 

leading to the disruption of splice site predicted by at least three out of the four tools 

used were considered pathogenic.  

 

3.2.8 Haematopoiesis 

Small blocks of liver tissue were taken at autopsy 30 to 120 min post-mortem and fixed 

in 10 % paraformaldehyde, embedded in paraffin. Serial ultrathin sections (6 m) were 

cut and fixed doubly stained with haematoxylin and eosin. Using stratified sampling 

method [203], a complete yield was 30 images for one foetal liver sample under cons-

tant conditions at 40  magnification of the objective. Haematopoietic amount was ex-

pressed as a proportion of ha

surface was quantified as mean optical density of analysed areas as determined by the 

densitometric program CellSens Dimension 1.6 (Olympus, Tokyo, Japan) (Supple-

ment 3).  

 

 



3.2.9 Enzyme histochemistry 

Muscle tissues were snap frozen in isopentane (2-methylbutane; Sigma Aldrich Co., 

Munich, Germany) and cooled in liquid nitrogen. To evaluate the histopathological 

were examined by routine haematoxylin eosin staining and a conventional spectrum 

values of 10.4, 4.6, 4.3), NADH dehydrogenase-tetrazolium reductase, SDH and peri-

odic acid-Schiff with diastase digestion, detailed elsewhere [204] (Supplement 5, 8). 

 

3.2.10 Ophthalmic and neuroophthalmic examination  

All subjects with optic neuropathy underwent ocular examination including measu-

rement of Best-Corrected Visual Acuity (BCVA) using Early Treatment Diabetic Re-

tinopathy Study charts and extrapolated into decimal values. Visual field was asses-

sed using the Medmont automated perimeter (M-700 Medmont International, Ver-

mont, Australia). Next, we performed Fundus examination in dilation and SD-OCT 

(Spectralis, Heidelberg Engineering GmbH, Heidelberg, Germany) of the macula and 

peripapillary RNFL, thickness measurements by circular scans 3.5-3.6 mm in diameter 

around the optic disc. The normal range of global RNFL thickness was regarded as 

 

 [205]. Colour vision was tested 

using Lanthony desaturated 15 hue test (more than one major crossing was considered 

as abnormal reference) [206] and contrast sensitivity with Pelli-Robson charts (values 

<1.50 were regarded as abnormal) [207]. All patients underwent VEP and brainstem 

auditory evoked potentials analysis, EMG and ECG studies (Supplement 5, 6, 7, 8, 9, 

10).  

 

3.2.11 Peripapillary microcirculation in LHON 

All subjects underwent ophthalmic examination and SD-OCT-A (Spectralis OCT2, 

Heidelberg Engineering GmbH, Heidelberg, Germany) that was performed between 

February and April 2017 by one skilled technician. The scans with a 3x3 mm field of 

view were centered on the optic disc. Images from several depths were compared be-

tween eyes (Supplement 6). 

 

 



3.2.12 LPL concentration  

The immunoreactive LPL concentration (mass) was measured in the serum before and 

15 minutes after intravenous injection of heparin (30 IU/kg of body weight, Heparin, 

 Zentiva, Prague, Czech Republic). LPL was analysed by a sandwich ELISA 

kit according to the operating instructions (Lipoprotein Lipase Elisa, ALPCO Diag-

nostics, Salem, NH) (Supplement 12).  

 

3.2.13 Analysis of ApoC-III and transferrin by isoelectric focusing and sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

IEF of ApoC-III and Western blotting was carried out as described previously, and the 

profiles were evaluated using the determined reference range in [208]. IEF of Trans-

ferrin (TF) and SDS-PAGE of ApoC-III was performed according to Wopereis et al. 

[209] and and the Western blotting of ApoC-III as in [208]. Neuraminidase treatment 

of ApoC-

neuraminidase (Roche, 11585886001, 10 U/ml), followed by overnight incubation at 

were quantified densitometrically using AlfaDigiDoc (Alpha Innotech) for TF and 

Quantity One (Bio-Rad) for ApoC-III. TF glycosylated profiles were labelled as nor-

that was determined for the method (Supplement 13).  

 

3.2.14 Analysis of ApoC-III by MALDI TOF mass spectrometry 

Mass Spectrometry (MS) analysis of ApoC-III glycan structures in the serum samples 

was performed as described previously [210]. For further detail see Supplement 13.  

 

3.2.15 Statistical methods 

Statistical methods are described in detail in individual articles and submitted manu-

scripts.  

  



4 RESULTS AND DISCUSSION 

 

 

4.1 Results and discussion related to the aim A)  

      Mitochondrial biogenesis 

 

The list of articles: 

Supplement 3] Kolarova, H., Krizova, J., Hulkova, M., Hansikova, H., Hulkova, H., 

Smid, V., Zeman, J., Honzik, T., Tesarova, M. Changes in transcription pattern lead 

to a marked decrease in COX, CS and SQR activity after the developmental point of 

the 22nd gestational week. Physiol Res 67 (in press). IF 1,643 

 

Supplement 4] Hulkova, M., Krizhova, J., Kolarova, H., Berankova, K., Zeman, J., 

Hansikova, H., Tesarova, M. Sex differences in mtDNA content and its effect on mi-

tochondrial enzyme activities in the context of human skeletal muscle aging. Aging 

Dis (submitted).  

 

Author's contribution: evaluation of haematopoietic activity in foetal liver samples (3), 

biochemical analyses of selected respiratory enzymes (3, 4) and manuscript prepara-

tion (3).    

 

 

 

 

 

 

 

 

 

 

 

 

 



4.1.1 Developmental changes of COX, CS, SQR and mtDNA in human foetal tis-

sues  

Reevaluation of the expression data [184] using Quadratic regression model revealed 

significant increase in COX4 and MT-ATP6 transcription levels in liver after the 22nd 

GW (Figure 17 A, B). This finding prompted us to characterize several markers of 

mitochondrial biogenesis throughout the human foetal development with its time and 

tissue specific changes. Specific activities of three mitochondrial enzymes COX, CS, 

SQR and mtDNA were studied in a set of 25 liver and 18 skeletal muscle samples 

between the 14th and 29th GW. We did not find any significant correlation between 

gestational age and specific enzyme activities (Figure 18 A, B, C); mtDNA amount 

positively correlated with the age of gestation only in liver (p=0.011) (Figure 17 C). 

Interestingly, following the pattern of increasing gene expression after the GW 22, we 

could clearly observe a marked drop in COX activity (p=0.003) in the liver tissue (Fig-

ure 19 A). However, at the same time, its transcript levels started increasing. From 

these inverse processes and considering stability of COX subunits protein levels, we 

can speculate that around the 22nd GW major, possibly regulatory changes in COX 

(OXPHOS) biogenesis proceed especially on the post-translational level. Similar time-

specific changes in both studied tissues were observed for CS (liver: p=0.003 in liver, 

muscle: p=0.034, Figure 19 C, D) and SQR (liver: p=0.005, muscle: p>0.05) (Figure 

19 E, F) which may be due to the increasing importance of mitochondrial -oxidation 

in foetal life. Based on our results, we suggest, that sufficient level of mtDNA and mi-

tochondrially-encoded transcripts accumulated throughout the gestation, but mainly 

after 22nd GW, are crucial for adequate onset of respiration after birth, and, on the con-

trary, that its inadequate capacity leads to high mortality of children born before this 

specific developmental point. Translational activity reflected in enzyme specific acti-

vity would rather stay behind the scene to give off for more effective energy production 

early after birth. In addition, liver haematopoiesis was surveyed by light microscopy 

to find out whether it can affect our data (Figure 20). We observed a moderate, con-

tinuous decline of haematopoietic activity from the 14th to 24th GW with maximum of 

15 % at the beginning of the studied period (Figure 20 A, B). Since there was no corre-

lation between OXPHOS specific activities and haematopoietic activity (Figure 20 C), 

the documented developmental changes of respiratory chain enzyme activities are not 

affected by concomitant haematopoiesis and, above all, reflect processes in the liver 

tissue. 



 

 





 

 

 



 

  



4.1.2 Age and gender-related differences in mtDNA content and COX, CS and 

SQR activities in postnatal life  

The enzymatic activities (CS, COX and SQR) and mtDNA content were assessed in 

the set of 205 muscle samples in order to document the effect of both age and gender 

on the interpretation of mitochondrial functional state. A significant difference in 

mtDNA content was found among boys from 2 weeks up to 10 years of age and the 

older male groups (0-10 vs. 11-20 y: p=0.001; vs. 21-40 y: p=0.005 and vs. 41-78 y: 

p=0.005, Figure 21). The female mtDNA content per cell did not vary with age group 

(p>0.05). Spearman's correlations between age and mtDNA content were significantly 

positive in both group, but more distinctly in males (male: r=0.626; p=0.001; female: 

r=0.275; p=0.008). In both groups, no significant age group dependency was detected 

in the activities of COX, CS and SQR. Nevertheless, the enzyme activities normalized 

to mtDNA showed a downward trend through lifetime in the male group (Figure 22). 

This, rather unexpected finding, could indicate that skeletal muscle loses its efficiency 

to produce enzyme specific activity per mtDNA unit with age. This may represent the 

effect of sex hormones, respectively gender specificity, in mitochondriogenesis. Es-

trogens have positive direct and indirect effects on mitochondrial function and biogen-

esis [6, 211]. Testosterone, that has an important role in inducing protein synthesis, 

continuously decline after twenty years of age [212]. Therefore, the increase in 

mtDNA content with age could be a compensatory effect in men when mitochondrial 

transcription declines and oxidative stress is increasing. The sex differences in the nor-

malized enzyme activities could reflect a distinct compensatory mechanism for age-

related impairment of muscle mitochondria. One of the plausible explanations of gen-

der-specific changes may be the differential activation of maternal and paternal gene 

copies during development [213]. Furthermore, since CS activity is a traditional nor-

malization parameter of respiratory chain complexes, correlation between mtDNA 

content and both CS and COX activity from tissue homogenate and the mitochondrial 

fraction from skeletal muscle were analysed. Our results showed that COX activity 

positively correlated with mtDNA in both mitochondrial fraction and tissue homoge-

nate (Figure 23), which could be explained by their direct entwining in contrast to 

nuclear encoded CS. We conclude that mtDNA content is a useful normalization factor 

for human skeletal muscle. The possible variability in CS activity in different situa-

tions should be considered when it is related  to  mitochondrial 

mass or mtDNA content. 





  



 

  



THE MAIN POINTS RELATED TO AIM A) 

 

I) Our study of mitochondrial biogenesis in early human development significantly 

supported the fact that gestational week 22 is the edge of viability, which has to be 

taken into account in upcoming discussions about guidelines on resuscitation of pre-

term neonates.  

 

II) Our findings of gender differences in the normalized mitochondrial enzyme ac-

tivities in human skeletal muscle could reflect a distinct compensatory mechanism for 

age-related impairment of muscle mitochondria. One of the plausible explanations of 

gender-specific changes may be the differential activation of maternal and paternal 

gene copies during development.  

  



4.2 Results and discussion related to the aim B)  

      Mitochondrial optic neuropathies; creation of specialized center for MON    

      study of risk factors and optimization of diagnosis and management strategy  

 

The list of articles: 

Supplement 5] Kolarova, H. et al. Extraocular features may be the essential pre-

sentation in m.11778G>A LHON carriers. (in preparation) 

 

Supplement 6] Kousal, B., Kolarova, H., Meliska, M., Bydzovsky, J., Kulhanek, J., 

Honzik T., Liskova, P. Peripapillary microcirculation in Leber hereditary optic neu-

ropathy. JAMA Ophthalmol (submitted). 

 

Supplement 7] Dvorakova, V., Kolarova, H., Magner, M., Tesarova, M., Hansikova, 

H., Zeman, J., Honzik, T. (2016) The phenotypic spectrum of fifty Czech m.3243A>G 

carriers. Mol Genet Metab 118(4), 288 295. IF 3.093 

 

Supplement 8] Kolarova, H., Liskova, P., Tesarova, M., Vidrova, V.K., Forgac, M., 

Zamecnik, J., Hansikova, H., Honzik, T. (2016) Unique presentation of LHON/ME-

LAS overlap syndrome caused by m.13046T>C in MTND5. Ophthalmic Genet 19, 1-

5. IF 1.455  

 

Supplement 9] Liskova, P., Tesarova, M., Dudakova, L., Svecova, S., Kolarova, H., 

Honzik, T., Seto, S., Votruba. M. (2016) OPA1 analysis in a series of 44 probands 

with optic atrophy.  Acta Ophtalmol 95(4), 363-369. IF 3,032  

 

Supplement 10] Kolarova, H., Honzik, T., Dudakova, L., Kousal, B., Kulhanek, J., 

Diblik P., Tesarova M., Havrankova P., Forgac M., Zeman J., Liskova P. (2017) 

 Cesk Slov Neurol N 80/113(5), 
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(2016)  : S

and optic nerve disorders: Current 
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Author's contribution: clinical examination of patients (5, 6, 7, 8, 9), analysis of SD-

OCT-A findings (6), evaluation of mutation pathogenicity in selected databases (9), 

organization of medical care center for patients with optic neuropathies (5, 6, 7, 8, 9, 

10), evaluation of collected data (5, 6, 7, 8, 9) and manuscript preparation (5, 7, 8, 10)  



4.2.1 Extraocular features in LHON  

In our group of 54 (20 symptomatic) individuals with LHON, the average age at onset 

was 24 years. All but 2 symptomatic patients were men, manifesting with progressive, 

painless, binocular vision loss with the involvement of the fellow eye either sequen-

tially (n=18) or simultaneously (n=2). Altogether, 16 patients were clinically asymp-

tomatic, but detailed neuroophthalmic examination revealed discrete alterations (i.e. 

subclinical carriers). The remaining 18 patients were completely asymptomatic. Inter-

estingly, extraocular symptoms were expressed in 11 carriers. All but two (sympto-

matic woman and man, both carrying m.3460G>A with tremor, peripheral neuropathy 

and myopathy, and isolated tremor, respectively) had m.11778G>A. Although extra-

ocular symptoms were present only in symptomatic males who suffered visual failure, 

in women, these developed more often in subclinical individuals. Myopathy was the 

most common extraocular symptom and it manifested only in women. Contrarily, 

tremor was present in 4 males including one with other neocerebellar symptoms (dys-

arthria, ataxia and hypermetropy). The most remarkable feature is the dominance of 

extraocular symptoms over only slightly affected visual functions in a family with 

m.11778G>A mutation (IV/7) (Figure 24). In 4 patients with myopathy and moderate 

sensorineural hearing loss or peripheral neuropathy, visual impairment is completely 

absent (V/11, V/12, V/13) (Figure 24). In all four patients, available muscle specimen 

showed focal subsarcolemmal accumulation of SDH product and COX negative fibres 

in up to 5 % and 15 % of muscle fibres, respectively (Figure 25). Enzymology of the 

muscle biopsy revealed a severe complex I defect in two (IV/4 and V/11) of the pa-

tients (Complex I-III: 19-47 % of controls; Complex II-III: 39 % of controls), and 

decreased activity of complexes I-III to 22-39 % of lower limit of the control reference 

range. MtDNA sequencing performed in all family members revealed a prevalent 

m.11778G>A mutation, one synonymous variant m.3663A>G in MT-ND1 (0.07 % 

Human Mitochondrial Genome Database, mtDB) and two non-synonymous poly-

morphisms m.9632A>G in MT-CO3 and m.12083T>G in MT-ND4 (both 0.18 % ac-

cording to mtDB). Whole Exome Sequencing (WES) was performed in III/7, IV/11, 

V/11, V/12 and V/13 (Figure 24).  None of the variants found could explain the deve-

lopment of extraocular symptoms. Due to their high incidence, especially in Czech 

female patients, we emphasize the need for their search and management even in sub-

clinical or asymptomatic cases. Negative mtDNA sequencing and WES in our family 

support the exclusive role of m.11778G>A in the development of extraocular 



symptoms [214]. The publication is currently under preparation as important interna-

tional cooperation (Institut Imagine at , Wellcome 

Center for Mitochondrial Research at Newcastle University, and Klinikum der Uni-

vers   concerning the problematics of extraocular symptoms in patients 

with MON is proceeding (Supplement 5, 14).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



4.2.2 Peripapillary microcirculation in LHON  

In this first prospective observational comparative case series, we aimed to study the 

peripapillary capillary network with SD-OCT-A in LHON. To date, SD-OCT-A ima-

ging has been shown only in three separate cases with visual loss due to LHON [215-

217]. Herein, total of 12 eyes of six individuals (three affected individuals 1, 2, 3 and 

three unaffected mtDNA carriers 4, 5 and 6) with one of the LHON prevalent mutation 

were imaged and compared to 6 eyes of three healthy controls. All three affected indi-

viduals were males (two carriers of m.11778G>A and one carrier of m.14484T>C). In 

five affected eyes SD-OCT-A showed the reduction of radial peripapillary microvas-

cular network that correlated with RNFL thinning and visual field loss (Figure 26). 

The same finding was observed in one patient (individual 3) treated with Idebenone 

for 14 months that underwent almost full recovery of his left eye with BCVA 0.87. 

Interestingly, the other eye showed normal ocular findings 14 months after onset, 

which is an extremely rare finding, described in the literature in very few adult cases 

[218-221]. Results of SD-OCT-A examination in this eye were unfortunately incon-

clusive due to a delineation error although a subtle papillary dropout was suggested. 

We have not observed any differences between unaffected mutation carriers and con-

trol eyes (Figure 26). Overall, on SD-OCT-A, the vascular network, as measured by 

total retinal thickness (Inner limiting membrane to Bruch membrane) demonstrated 

differences between the affected eyes and normal controls with a reduction of capillary 

density corresponding to the disease severity (Figure 27). Although subjective exami-

nation (BCVA) showed an improvement of visual functions in our patients treated with 

Idebenone, radial peripapillary microvascular network dropout on SD-OCT-A remain-

ned stable, similarly to study of Wan et al. who observed improvement in functional 

examination without any concomitant amelioration on OCT after treating LHON pa-

tient with rAAV2-ND4 gene therapy [183]. This observation may suggest that im-

provement of RGC function relies more on functional changes of mitochondria, than 

on improvement in RNFL and/or microvascular network. Our findings confirm that 

the peripapillary microvascular network is highly abnormal in eyes manifesting LHON 

but not in mtDNA mutation carriers. They also support the hypothesis that microangi-

opathy contributes to the development of MD. Results of SD-OCT-A imaging in 

LHON patients in this study raise the expectation that the method could be used in 

diagnosing and monitoring function and apoptosis of RGC. 



 





4.2.3 Sequence of symptoms in 50 Czech m.3243A>G carriers  

The clinical and laboratory data of 50 individuals with MELAS based on m.3243A>G 

were analysed in a retrospective study. A total of 33 individuals (66 %) were sympto-

matic patients. Fully expressed phenotype (i.e. with SLE) was observed in 42 % pa-

tients, wh

years. Remarkably, 3 patients presented very early (1 month, 6 months and 2 years, 

resp.). Similar to [222], all of them had a positive history of early developmental delay, 

which may represent a risk factor for earlier and more severe presentation of MELAS-

specific symptoms. Clinical features of our patients are summarized in Table 5. Over-

all, 58 % manifested 4 symptoms; 4 of our patients remained monosymptomatic up 

to 12 years of follow-up. The most common presentations were sensorineural hearing 

loss (76 %), myopathy (56 %) - which was also the most frequent symptom at onset 

(18 %) - and CPEO (45 %) (Figure 28). The most common 2nd symptom was hearing 

loss followed by SLE. The median time interval between the 1st and 2nd and the 2nd 

and 3rd - 0-21), respectively. Ophthal-

mic involvement was observed in 22 patients and was mostly represented by ptosis 

and/or CPEO. Only in 2 patients, we verified the MON with retinitis pigmentosa.

Overall, 11 patients (33 %) died during our follow-up at average age of 32.4

years (9 - 60) due to MELAS-related reasons. A difference in survival probability was 

noted between the juvenile (onset <16 years) and the adult groups (p=0.005; Figure 

29). In our cohort, muscle enzymes were elevated in 33 % and 50 % of patients during 

the resting period and metabolic derangement, respectively. Increased lactate levels 

were more frequently observed in the urine (71 %) than in the blood (62 %) during the 

resting period, making it a more reliable diagnostic marker. We observed a positive 

relationship between disease severity and mutant mtDNA levels in some (UEC, hair, 

blood) but not other (buccal smears, muscle) tissues. Nevertheless, there was a great 

overlap in the heteroplasmy levels of the asymptomatic and symptomatic patients (Fig-

ure 30) and no clear threshold for disease manifestation could be determined. It seems 

that in MELAS any symptom may come first and stay isolated for a long-time interval. 

This finding highlights the importance of a lifelong follow-up. Detailed description of 

the natural course of MELAS may improve the management of patients with MD. 

Urine appears to be the most suitable sample for both determining lactate levels and 

m.3243A>G heteroplasmy. 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





4.2.4 Unique presentation of LHON/MELAS syndrome based on m.13046T>C  

A 12-year-old girl with otherwise unremarkable medical history presented with abrupt, 

painless loss of vision. Ocular examination confirmed bilateral optic nerve atrophy 

(Figure 31) with BCVA 0.125 in the right eye and 0.02 in the left eye, two months 

after the disease onset. Standard automated perimetry revealed severe bilateral visual 

field loss (Figure 31 C, D) and VEP showed overall reduced amplitudes with pro-

longed P100 wave latencies. Although this manifestation was very suggestive of 

LHON syndrome, initial genetic analyses ruled out the most common 

m.11778G>A/MT-ND4, m.14484T>C/MT-ND6 and m.3460G>A/MT-ND1. More-

over, over the next months, the girl developed moderate sensorineural hearing loss (30 

dB loss in the right and 20 dB in the left ear), vertigo, migraines, anhedonia and thy-

roiditis, which are findings frequently associated with oligosymptomatic MELAS.

Furthermore, metabolic workup documented elevated CSF lactate of 4.25 mmol/l (nor-

mal <2.1) and enzyme histochemistry of muscle biopsy revealed signs of myopathy 

with focal subsarcolemmal accumulation of SDH product in up to 5 % of muscle fibers 

and focal weaking of reaction in COX staining. There was a 50 % reduction in the 

activity of Complex I of the respiratory chain in isolated mitochondria from muscle 

biopsies, while activities of Complexes II, III and IV were within the control range. 

MtDNA sequencing revealed a pathogenic heteroplasmic mutation m.13046T>C in 

the ND5 subunit of complex I (MT-ND5), previously described in a single case with a 

2-way overlap syndrome MELAS/Leigh [223]. Quantification of heteroplasmy in ex-

amined tissue showed the following: UEC 71 %, muscle 70 %, hair follicles 44 %, 

fibroblasts 40 %, buccal smear 34 % and blood 27 %. Surprisingly, the mutation was 

not detected in either of these tissues from the 

younger brothers. Microangiopathic changes vascular cell loss and blood-brain barrier 

breakdown could result in multiple ischemic-like lesions occurring in MELAS patients 

and Leigh syndrome, and similar vascular changes resulting in toxic damage of prela-

minar non-myelinated portions of the optic nerve appear in LHON [224]. Thus, the 

pathogenetic sequences that lead to LHON, MELAS and Leigh syndromes may share 

a common feature of vascular dysfunction with varying degrees of central nervous 

system involvement [101]. The present case emphasizes that in cases of vision loss 

suspected to be due to a disorder of mitochondrial energy metabolism, mutations in 

other subunits of Complex I must be considered.   



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

  



4.2.5 Molecular genetic analysis of OPA1 in 44 probands with optic atrophy  

A total of 44 probands of British, Canadian and Czech (including 1 Czech Roma) 

origin referred with the diagnosis of bilateral optic atrophy to the University Hospital 

of Wales and General University Hospital in Prague were screened by direct sequenc-

ing of OPA1 coding regions and flanking intronic sequences in order to determine the 

molecular genetic cause of their condition. Clinical referral notes of the patients indi-

cated bilateral impairment of BCVA, pallor of the optic nerve head and evidence of 

colour vision deficit. Detected rare variants were assessed for pathogenicity by in silico 

analysis. Prior to the start of the study, participating probands were tested negative for 

the 3 prevalent mutations associated with LHON. A total of 29 heterozygous mutations 

evaluated as pathogenic were identified in 42 probands; the remaining 2 patients had 

only variants of unknown significance. A total of 10 novel sequence changes were 

detected, out of these 7 were considered pathogenic and 3 as variants of unknown sig-

nificance (Table 6). The great majority (22; 76 %) of the detected pathogenic mutations 

were predicted to lead to unstable transcripts likely to be degraded by mRNA nonsense 

mediated decay cell mechanism [177, 225, 226]. Negative family history for DOA was 

reported by 38 % of probands with pathogenic mutations in OPA1 which we attribute 

to de novo occurring changes or to incomplete penetrance as in many individuals the 

phenotype may have a mild expression and remains unnoticed. This is further sup-

ported by the fact that 3 of the pathogenic mutations we report were found in the ExAC. 

In addition, since results of examinations to assess plus symptoms were not available 

for all individuals tested, only 3 probands with the following disease-causing muta-

tions c. 1230+1G>A, c.1367G>A and c.2965dup were documented to suffer from 

hearing loss and/or neurological impairment. One of the two mutations c.1148A>G in 

near proximity to intron-exon boundaries (2nd exonic  nucleotides), predicted to lead 

to an amino acid substitution, was found out to cause in-frame skipping of exon 11 

(p.Val346_Phe383del) [227]. This case points out the fact that interpretation of muta-

tions needs always to be put into context of nucleotide position within the open reading 

frame so that variants interfering with splicing process are not wrongly indicated as 

substitutions. OPA1 gene screening in patients with bilateral optic atrophy is an im-

portant part of clinical evaluation as it may establish correct clinical diagnosis. Our 

study expands the spectrum of OPA1  mutations  and  supports  the view that haploin-

sufficiency is most common disease mechanism in DOA.





4.2.6 MON  optimization of centered care  

Recent advances in therapeutic management of MON patients are very promising and 

highlight the importance of early diagnosis. Nevertheless, incomplete penetrance, in 

addition to variable clinical manifestation, causes substantial differential diagnostic 

difficulties and often leads to therapeutic delay. The main focus of this Thesis was 

therefore the application of our results and experiences in clinical practice. In 2013, 

we succeeded in creating a National Center for Patients with Mitochondrial Optic 

Neuropathies in order to bring the best care to patients with rare mitochondrial optic 

diseases, improve diagnostic tools and harmonize clinical and preclinical research (Fi-

gure 32) [112]. In 2016, the Ophthalmology and Pediatrics Departments and the Insti-

tute of Inherited Metabolic disorders joined, as the only institutions of such speciali-

zation, the ERN-Eye and Metab-ERN. One of the main goal of this European initiative 

is to provide high-quality and cost-effective care in conditions requiring a concentra-

tion of resources or expertise, and even more so with rare or low-prevalence complex 

diseases. In 2017, we become members of the National Board of LHON Experts. 

In our Laboratory for study of Mitochondrial Disorders there were 160 and 17 geneti-

cally confirmed LHON and DOA patients, respectively, but before the creation of our 

Center, only a handful of them benefitted from the regular follow-up care. The average 

diagnostic delay of MON was more than 12 months - a time when the irreversible 

tissue damage of the optic nerve already occurs. Since 2013, we managed to examine 

a group of 54 patients with LHON, 17 patients with DOA and 10 patients with unk-

nown cause of MON. Thanks to the early diagnosis in our Center, we were able to 

initiate therapy with coenzyme Q analogue (idebenone) in 8 symptomatic (5 LHON, 2 

DOA, 1 LHON/MELAS overlap syndrome) and 3 patients with subclinical signs of 

the disease in a period of 4 weeks - 9 months after the disease onset. This treatment 

has led to significant amelioration of visual impairment in 4 patients. Two probands 

were included in phase III clinical trial of gene therapy in Munich (RESCUE Study, 

GenSight Biologics, Paris; Study No: GS-LHON-CLIN-03A), and are, therefore, the 

first Czech patients approved for this kind of treatment.





4.2.7 Ocular gene therapies in patients with inherited retinal disorders  

Thanks to the advent of genetic engineering, gene-based therapies are currently being 

developed for a growing list of diseases. Because of relatively easy accessibility and 

visualization allowing monitoring efficacy, retina turns out to be a convenient com-

partment with tremendous treatment potential. Most gene-therapy vectors used in the 

eye are based on adeno-associated virus, retrovirus or lentivirus. At present, gene-ba-

sed clinical trials have been registered for several monogenic retinal disorders: Leber 

Congenital Amaurosis 2 (LCA2), retinitis pigmentosa 38, Usher syndrome 1B, Star-

gardt disease, choroideremia, achromatopsia, X-linked retinoschisis and LHON. Apart 

from RPE65 gene therapy for LCA2 and MT-ND4 for LHON which has reached phase 

III, all other trials are in investigation phase I and II, i.e. testing the efficacy and safety. 

Since the damage to the retina sets in quickly, time window for therapeutic intervention 

is very short.  

None of the dozens of gene therapy studies are currently underway in the Czech Re-

public. This is especially due to the absence of proper legislation in our country which 

prevents our institutions to be involved in international multicenter clinical gene ther-

apy trials. However, due to the prompt diagnosis in our center of two male patients 

with m.11778G>A LHON prevalent mutation, we managed to enter phase III trial with 

gene therapy GS010 proceeding in Munich. The first study conducted by the group of 

Wan showed promising results of GS010 with significant ameliorations in visual acu-

ity and visual field as was already mentioned above [183]. Our two patients are the 

first Czech patient not only receiving intravitreal GS010, but treated by gene therapy 

at all.  

With the development of novel therapeutic approaches, establishing not only clinical 

but also molecular genetic diagnosis is of crucial importance. Although very appea-

ling, gene therapy still concerns an experimental therapeutic approach, yet only avai-

lable by clinical trials. Nevertheless, recent rapid advances in this field have allowed 

us to hope that gene therapy will be a causal treatment not only for devastating retinal 

disorders within the next few years.  

  



THE MAIN POINTS RELATED TO AIM B) 

 

I) Due to the high incidence of extraocular symptoms, especially in LHON female 

patients, we emphasized the need for their search and management even in subclinical 

or asymptomatic cases. 

 

II) In our cohort study of 50 Czech m.3243A>G mutation carriers, we described for 

the first time the sequence of emerging symptoms of MELAS syndrome including its 

ophthalmic manifestation. 

 

III) Very rare mutation m.13046T>C was revealed in a unique phenotype of 

LHON/MELAS overlap syndrome. 

 

IV) Our patients with DOA were included in the international project that expanded 

the spectrum of OPA1 mutations and supported the fact, that haploinsufficiency is the 

most common disease mechanism.  

 

V) We succeeded in creating a National Center for Patients with Mitochondrial Op-

tic Neuropathies in order to optimize diagnostic, therapeutic, as well as research strat-

egies. In 2016, our Center joined the ERN-Eye and the author of this Thesis and her 

co-workers become members of the National Board of LHON Experts. With this pro-

ject, the author won a 1st place of the Albert Schweitzer Prize for Medicine in 2017.  

 

VI) Centralized care management significantly improves quality of life in families 

affected by mitochondrial optic neuropathies. Thanks to the early diagnosis in our 

Center, we were able to initiate therapy with idebenone and intravitreal GS010 in 11 

and 2 patients, respectively. The latter are the first Czech patients approved for gene 

therapy.  

 

 

  



4.3 Results and discussion related to the aim C)  

       Pathobiochemical and molecular aspects of selected rare inherited errors of  

       metabolism  

 

Supplement 12] Kolarova, H., Tesarova, M., Svecova, S., Stranecky, V., Pristoupilova, 

A., Zima, T., Uhrova, J., Volgina, S.Y., Zeman, J., Honzik, T. (2014) Lipoprotein lipase 

deficiency: clinical, biochemical and molecular characteristics in three patients with 

novel mutations in the LPL gene. Folia Biol 60(5), 235-43. IF 1.0 

 

Supplement 13] Ondruskova, N., Honzik, T., Kolarova, H., Pakanova, Z., Mucha, J., 

Zeman, J., Hansikova, H. Aberrant ApoC-III glycosylation in glycogen storage dis-

eases Type III and IX. Metab Clin Exp. (submitted) 

 

Supplement 14] , H. , T., Zeman, 

ketonurie; -Ia; Gly-

neuropatie (LHON snydrom); 

MELAS. In 

(2016), -80-204-4187-4 

 

Author's contribution: clinical examination of patients (12, 13, 14), collection of la-

boratory and clinical data (12, 13, 14) and manuscript preparation (12, 14) 



4.3.1 Characterization of three patients with LPL Deficiency  

First two Czech and one Russian patient with LPL deficiency are described. Patient 1 

presented since the 1st week of life with recurrent abdominal pain; Patient 3 with ab-

dominal distension and hepatosplenomegaly since the 2nd month of life. Patient 2, 

asymptomatic younger brother of Patient 1, was diagnosed in the 1st week of life. Li-

paemia retinalis and splenomegaly were present in two children, hepatomegaly in Pa-

tient 3 and acute pancreatitis in Patient 1. Interestingly, in our patient siblings, enlarge-

ment of kidneys was also found, which, to our best knowledge, has not been described 

so far. All children had lactescent serum (Figure 33 A), profound HTG (

low HDL-cholesterol level (0.42 -term diet. 

Their serum LPL mass did not increase after heparin injection (6.3, 5.6 and 4.6 ng/l, 

respectively; (Figure 33 B). Both siblings were homozygous for a novel c.476C>G 

(p.Ser159Th) and c.1421C>G (p.Ser474Term). Patient 3 was compound heterozygous 

for novel c.604G>A (p.Asp202Asn) and c.698A>G (p.Tyr233Cys) in the LPL, respec-

tively. There were no polymorphisms in the LPL, APOC2, APOE, APOA5 or 

GPIHBP1 that could explain the HTG in the Patient 1 and 2 mother's side family. A 

low-fat diet with 0.5-0.6 g of fat/day, introduced in all patients has led to normalization 

of lipid profile and clinical symptoms. We emphasize the need for considering LPL 

deficiency in neonates and young infants with abdominal pain and HTG as early treat-

ment may prevent development of life-threating pancreatitis. 

 

 

 

 

 

 

 

 



4.3.2 Aberrant ApoC-III glycosylation in GSD  

It is increasingly evident that secondary glycosylaton abnormalities might occur in 

other, non-Congenital Disorders of Glycosylation (CDG) metabolic diseases. The aim 

of this study was to examine N-/O-glycosylation in our group of 24 patients with var-

ious types of GSD (types 0, Ia, non-Ia, III and IX) in order to determine whether there 

is a broader biochemical overlap between the CDG and GSD syndromes. TF N-glyco-

sylation was found to be normal in the majority of the analyzed samples. While the 

sialylation of ApoC-III in GSD types 0, Ia and non-Ia was rather variable and overall 

borderline, in the patients with GSD types III and IX it was found to be consistently 

markedly reduced (p=0.0004). A notable elevation of the aglycosylated form of ApoC-

III with absolutely unoccupied glycosylation site was found by subsequent analyses 

using SDS-PAGE and MALDI-TOF MS, predominantly in patients with GSD types 

III and IX. A representative profile from both IEF and MS analysis in a selected sample 

from one GSD III patient is given in (Figure 34 A, B). The ApoC-III glycosylation 

profile became more pathological in a period of non-compliance with frequent hypo-

glycaemias and the status of ApoC-III sialylation perhaps reflects metabolic (de)com-

pensation in these patients. Considering the unavailability of enzymatic assay for GSD 

type III or certain unreliability of this investigation in GSD type IX, our finding could 

help clinicians better target and select appropriate genetic analysis for the diagnostic 

confirmation. We also hypothesize that ApoC-III hypoglycosylation in these disorders 

results from reduced availability of the nucleotide-monosaccharides, specifically 

UDP-GalNAc, in the corresponding glycosylation reactions.  

 

 

 

 

 

 

 

 
 
 
 



THE MAIN POINTS RELATED TO AIM C) 
 

I) We described clinical, biochemical and molecular characteristics of first two patients 

of Czech origin and one patient of Russian origin with LPL deficiency. A novel 

c.476C>G mutation in the LPL was found and disease-related kidney enlargement in 

our patient siblings is suggested to be a novel presentation of this a rare disorder of 

lipid metabolism.  

 

II) Novel finding of markedly hypoglycosylated ApoC-III in patients with GSD types 

III and IX could be helpful for clinicians in cases of suspected patients, in whom the 

clinical picture strongly suggests a particular type of GSD, but the corresponding en-

zymatic assays are within the normal range.



5 CONCLUSION 

 

Inborn errors of metabolism, represent a heterogenous group of conditions, most ha-

ving an incidence of less than 1 in 100,000 births. Because of their low prevalence, 

they are on the margin of attention of general research and even more so of large phar-

maceutical companies. If there is an existing therapy, it is often high prized, which 

makes it hardly accessible. In addition, due to their non-specific presentation, rare dis-

eases are often underscored by the physicians of first contact which causes severe di-

agnostic delay. Studying clinical, biochemical and molecular aspects of rare diseases 

is the only way to design therapeutic options in order to improve quality of life of 

affected patients. Of special importance is the multidisciplinary approach and interna-

tional cooperation in this field of medical research. 

 

In conclusion, the proposed aims of the Thesis were accomplished. Present work con-

tributed to better understanding of mitochondrial biogenesis within the foetal develop-

ment as well as adult life. Secondly, we have managed to characterize the biochemical 

d cases 

and cohort studies were published, bringing novel phenotype and genotype findings.  

Finally, the main contribution of this Thesis was the application of our results and 

experience in clinical practice. Our results bring evidence that centralized care man-

agement significantly improves quality of life in families affected by MON. 
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Summary 

The treatment of the inherited metabolic disorders with primary biochemical defects in the 

CNS has undergone a considerable progress, recently. Our work brings a brief summary of 

currently available therapeutic possibilities including intrathecal application of enzyme 

replacement therapy, small molecules treatment, hematopoietic stem cells transplantation and 

the gene therapy. For the therapeutic success, the early diagnosis and introduction is crucial.  

 

 

 

  v  

, nej

i

. Mnoho z 

  

mentace argininu 

k 

 prevence 



 

cystathionin- - etrahydrobiopterinu u 

fenylketonurie

 

 nebo  i  

 , 

jsou o

defektu.   . 

 progrese 

k  

k 

i  ch .  

 

 

 lysosomal storage 

i (ERT  

enzyme replacement therapy), transplantaci  

hematopoietic stem cells transplantation) nebo i  

 

 

 

jeho ou formou 

vyrobenou v  

v 

klinick

V 



 

-

 

J. , 

 

 

 

 

 2-hydroxypropyl- -cyclodextrinu (HBC)  v  

 Niemann- pu C (NPC) 

 

v lysos AMP- (Dai 

et al. 2017). 

 

2.2. Transplantace krvetvo  

je v pro 

terapii asymptomatick , 

 v orem MPS I, VI a VII. 

Principem 

z e -

transplantace z je b ,  

hladina chimerismu a 

 

(Boucher et al. 2015).  

 

 

-butyldeoxynojirimycin), 

v -Pickovy nemoci 



 

  . N na 

p otrowska et 

al. 2008).  

 

 

(L-cykloserin u Krabbeho nemoci, N-acetylcystein u NPC). V 

 

taplexii, melatonin na 

-  spasmolytika na dystonie a kyselina 

-indukov (Klein, Alvarez et Zanlungo 2014).  

 

 

  

virus-AAV, lentivirus-LV). U LSD s 

 

u MPS typ III A s 

pozornosti u B (Tardieu et al. 2017). 

u I a II jsou v ; 

s  . 

 

terapie stabilizo se 

ho intervalu mezi 

terapie (Sessa et al. 2016).  dosud 

schv   

 

 u  

V  , 

ntra- ch 



 

e 

roli v neuro

 

omezen  

-

CNS odhadnout asi v 

 

 

-   

 

 

3. X- -ALD) 

Transplanta

formy X-

 

vyhodnocuje magnetick CNS, 

 X-

riziko rozvoje suficience (Engelen Kemp et Poll The 2014).  

 

 

a  genu OPA1. Jedinou v  

Q10

Lyseng-Williamson,2016). Ve studii 



manifesta  

 

komplexu I (rAAV2-ND4) (Yang et al., 2016). V 

-agon

 

 2017). 

 

 

 genu MTTL1 v Leu

- kova et al. 2016). Mezi 

  

s  

 

v enterocytech 

 nadprodukce 

z 

- dimetylargininu (ADMA) (El-Hattab et al. 2017). Studie 

s 

 MELAS syndromem (El-

 interikt  

 

 

 

 

 



 

pacienta je 

ou stranu je 

nutno  

 dlou v 

 

 

 

grantem AZV 16- UNCE 204011, 

RVO-VFN 64165 a PROGRESS Q26/LF1.  

 

Literatura 

1. Barboni P, Valentino ML, La Morgia C, Carbonelli M, Savini G, De Negri A, Simonelli F, 

Sadun F, Caporali L, Maresca A, Liguori R, Baruzzi A, Zeviani M, Carelli V. Idebenone 

treatment in patients with OPA1-mutant dominant optic atrophy. Brain 2013; 136: e231.  

2. Biffi A, Montini E, Lorioli L, Cesani M, Fumagalli F, Plati T, Baldoli C, Martino S, 

Calabria A, Canale S, Benedicenti F, Vallanti G, Biasco L, Leo S, Kabbara N, Zanetti G, 

Rizzo WB, Mehta NA, Cicalese MP, Casiraghi M, Boelens JJ, Del Carro U, Dow DJ, 

Schmidt M, Assanelli A, Neduva V, Di Serio C, Stupka E, Gardner J, von Kalle C, Bordignon 

C, Ciceri F, Rovelli A, Roncarolo MG, Aiuti A, Sessa M, Naldini L. Science 2013; 341: 

1233158. 

3. Boucher AA, Miller W, Shanley R, Ziegler R, Lund T, Raymond G, Orchard PJ. Long-term 

outcomes after allogeneic hematopoietic stem cell transplantation for metachromatic 

leukodystrophy: the largest single-institution cohort report. Orphanet J Rare Dis 2015; 10: 94.  

4. Dai S, Dulcey AE, Hu X, Wassif CA, Porter FD, Austin CP, Ory DS, Marugan J1, Zheng 

W. Methyl- -cyclodextrin restores impaired autophagy flux in Niemann-Pick C1-deficient 

cells through activation of AMPK. Autophagy 2017:1-17. 

5. Dvorakova V, Kolarova H, Magner M, Tesarova M, Hansikova H, Zeman J, Honzik T. The 

phenotypic spectrum of fifty Czech m.3243A>G carriers. Mol Genet Metab 2016; 118: 288-

95.  

6. El-Hattab AW, Emrick LT, Hsu JW, Chanprasert S, Almannai M, Craigen WJ, Jahoor F, 

Scaglia F. Impaired nitric oxide production in children with MELAS syndrome and the effect 

of arginine and citrulline supplementation. Mol Genet Metab. 2016; 117: 407-12. 



7. Engelen M, Kemp S, Poll-The BT. X-linked adrenaloleukodystrophy: pathogenesis and 

treatment. Curr Neurol Neurosci Rep 2014; 14: 486. 

8. Klein AD, Alvarez A, Zanlungo S. The unique case of the Niemann-Pick type C cholesterol 

storage disorder. Pediatr Endocrinol Rev. 2014; 12 Suppl 1: 166-75. 

9. Klopstock T, Yu-Wai-Man P, Dimitriadis K, Rouleau J, Heck S, Bailie M, Atawan A, 

Chattopadhyay S, Schubert M, Garip A, Kernt M, Petraki D, Rummey C, Leinonen M, Metz 

G, Griffiths PG, Meier T, Chinnery PF. A randomized placebo-controlled trial of idebenone in 

Leber's hereditary optic neuropathy. Brain 2011; 134: 2677-86. 

10. Koga Y, Akita Y, Nishioka J, Yatsuga S, Povalko N, Katayama K, Matsuishi T. MELAS 

and L-arginine therapy. Mitochondrion. 2007;  7: 133-9. 

11. Kolarova H, Honzik T., Dudakova L., Kousal B., Kulhanek J., Diblik P., Tesarova M., 

Havrankova P., Forgac M., Zeman J., Liskova P. 

(LHON).  neurochirurgie 2017 80/113(5), 534-544. 

12. Lyseng-Williamson KA. Idebenone: A Review in Leber's Hereditary Optic Neuropathy. 

Drugs 2016; 76: 805-13. 

13. Markham A. Cerliponase Alfa: First Global Approval. Drugs. 2017; 77: 1247-1249.  

14. Muenzer J, Hendriksz CJ, Fan Z, Vijayaraghavan S, Perry V, Santra S, Solanki GA, 

Mascelli MA, Pan L, Wang N, Sciarappa K, Barbier AJ. A phase I/II study of intrathecal 

idursulfase-IT in children with severe mucopolysaccharidosis II. Genet Med. 2016; 18: 73-81.  

15. Ory DS, Ottinger EA, Farhat NY, King KA, Jiang X, Weissfeld L, Berry-Kravis E, 

Davidson CD, Bianconi S, Keener LA, Rao R, Soldatos A, Sidhu R, Walters KA, Xu X, 

Thurm A, Solomon B, Pavan WJ, Machielse BN, Kao M, Silber SA, McKew JC, Brewer CC, 

Vite CH, Walkley SU, Austin CP, Porter FD. Intrathecal 2-hydroxypropyl- -cyclodextrin 

decreases neurological disease progression in Niemann-Pick disease, type C1: a non-

randomised, open-label, phase 1-2 trial. Lancet. 2017;S0140-6736: 31465-4.  

16. z-Banecka J, Tylki-Szymanska A, Liberek A, Maryniak A, 

Malinowska M, Czartoryska B, Puk E, Kloska A, Liberek T, Baranska S, Wegrzyn A, 

Wegrzyn G. Genistin-rich soy isoflavone extract in substrate reduction therapy for Sanfilippo 

syndrome: An open-label, pilot study in 10 pediatric patients. Curr Ther Res Clin Exp 2008; 

69: 166-79.  

17. Sessa M, Lorioli L, Fumagalli F, Acquati S, Redaelli D, Baldoli C, Canale S, Lopez ID, 

Morena F, Calabria A, Fiori R, Silvani P, Rancoita PM, Gabaldo M, Benedicenti F, Antonioli 

G, Assanelli A, Cicalese MP, Del Carro U, Sora MG, Martino S, Quattrini A, Montini E, Di 

Serio C, Ciceri F, Roncarolo MG, Aiuti A, Naldini L, Biffi A.  Lentiviral haemopoietic stem-



cell gene therapy in early-onset metachromatic leukodystrophy: an ad-hoc analysis of a non-

randomised, open-label, phase 1/2 trial. Lancet. 2016; 388: 476-87.  

18. 

Parenti G, Bourget P, Poirier B, Furlan V, Artaud C, Baugnon T, Roujeau T, Crystal RG, 

Meyer C, Deiva K, Heard JM. Intracerebral gene therapy in children with 

mucopolysaccharidosis type IIIB syndrome: an uncontrolled phase 1/2 clinical trial. Lancet 

Neurol 2017; 16: 712-720. 

19. Wraith JE, Vecchio D, Jacklin E, Abel L, Chadha-Boreham H, Luzy C, Giorgino R, 

Patterson MC. Miglustat in adult and juvenile patients with Niemann-Pick disease type C: 

long-term data from a clinical trial. Mol Genet Metab 2010; 99: 351-7 

20. Yang S, Ma SQ, Wan X, He H, Pei H, Zhao MJ, Chen C, Wang DW, Yuan JJ, Li B. 

Long-term outcomes of gene therapy for the treatment of Leber's hereditary optic neuropathy. 

EBioMedicine 2016; 10: 258-68.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplement 3] 

 

Kolarova, H., Krizova, J., Hulkova, M., Hansikova, H., Hulkova, H., Smid, V., 

Zeman, J., Honzik, T., Tesarova, M. 

Changes in transcription pattern lead to a marked decrease in COX, CS and SQR activity 
after the developmental point of the 22(nd) gestational week. 

Physiol Res 2018 67, 79-91. 

 [IF: 1,461] 





























 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplement 4]

Hulkova, M., Krizova, J., Kolarova, H., Berankova, K., Zeman, J., Hansikova, H., 

Tesarova, M. 

Sex differences in mtDNA content and its effect on mitochondrial enzyme activities 

in the context of human skeletal muscle aging. 

Aging Dis (submitted) 



Title: Sex differences in mtDNA content and its effect on mitochondrial enzyme activities in the 1 

context of human skeletal muscle aging   2 

  3 

Authors: 4 

 5 

 6 

Institutions: Department of Pediatrics and Adolescent Medicine, First Faculty of Medicine, Charles 7 

University and General University Hospital in Prague 8 

 9 

Corresponding Author: , First Faculty of Medicine, 10 

Department of Pediatrics and Adolescent Medicine, Ke Karlovu 2, Prague 2, 120 00 Czech 11 

Republic 12 

Phone: +420-2-24967748 13 

Fax: +420-2-24967099 14 

e-mail: marketa.tesarova@lf1.cuni.cz  15 

 16 

 17 

   18 

 19 

   20 

  21 



Abstract 1 

 2 

The mitochondrial functional state is assessed mainly by respiratory chain enzyme activities, 3 

especially in routine diagnostics. The coupling of mitochondrial DNA content with enzyme 4 

activity could provide a more integrated view of the state. However, the context of age and 5 

gender is necessary to include in the view.  The main aim of this study was to analyze mtDNA 6 

content during aging and then to compare differences between males and females in a set of 205 7 

human skeletal muscle. In the next step, we investigated the relationship between mtDNA 8 

content and the enzyme activities of COX, CS and SQR. The analysis was performed in both 9 

tissue homogenate and mitochondrial fraction. Sex differences that occurred with aging were 10 

revealed in the mtDNA-normalized activities. 11 

  12 

Key words: mtDNA content, cytochrome c oxidase, age, sex differences   13 

 14 

  15 



Introduction 1 

 2 

Mitochondrial DNA (mtDNA) as is extra-chromosomal DNA template is present in 3 

mitochondria in variable numbers of copies per cell. At present, we know that the copy number 4 

depends mainly on tissue type and age [1-3]. MtDNA content is a useful biomarker of 5 

mitochondrial biogenesis [4, 5] and corresponds with organelle number in animal cells [6]. We 6 

previously demonstrated [2] a significant correlation between age and the molecular levels 7 

(mtDNA, mRNA or protein) that correspond to mitochondrial biogenesis in human fetal liver 8 

and muscle. Additionally, a gender-specific effect might play an important role in the 9 

mitochondrial control of aging. The sex-dependent differences in mitochondrial physiology are 10 

thought to contribute to the longer life expectancy of women [7]. Estradiol upregulates 11 

mitochondrial biogenesis through nuclear respiratory factor 1 (NRF1) [8], and estrogens most 12 

likely serve as a regulator of respiratory complex III activity [9]. 13 

The cytochrome c oxidase (COX) and citrate synthase (CS) enzyme activities are the most often 14 

used biochemical parameters for assessing the functional status of mitochondria. The next 15 

important parameter is represented by succinate-coenzyme Q reductase (SQR) activity. SQR is 16 

the only enzyme that participates in both the tricarboxylic acid cycle and the electron transport 17 

chain [10]. Both CS and SQR activities are commonly used as normalization parameters for the 18 

respiratory chain (RC) complex activities and markers of mitochondrial mass. All SQR subunits 19 

are exclusively encoded by nuclear DNA. In a limited number of studies, no significant 20 

differences in SQR activity were found during aging in muscle mitochondria (Barrientos et al., 21 

1996). The CS gene, encoded by nuclear DNA, is a direct target for retinoic acid receptor-related 22 

orphan rece23 



regulation of circadian rhythm and metabolism [11]1 

the regulation of CS expression [12]. Age-dependent changes in CS activity have been 2 

demonstrated in tissue homogenates and mitochondrial suspensions [13, 14]. A significant 3 

increase in CS activity was found between the fetal and postnatal phase in muscle mitochondria 4 

[2]. However, regardless of age, sex-dependent differences in CS activity were not observed in 5 

either subsarcolemmal mitochondria or a myofiber homogenate [13, 15]. 6 

In mammals, COX is composed of 14 protein subunits containing several metal prosthetic sites 7 

[16, 17]. Eleven subunits are nuclear in origin, and three catalytic core subunits (MTCO1, 8 

MTCO2, and MTCO3) are encoded by mtDNA. COX genes are regulated by the nuclear 9 

respiratory factors NRF1 and NRF2, by mitochondrial transcription factor A (TFAM) [18]. 10 

During human development from the fetal to postnatal phase, a significant increase in COX 11 

activity was observed in muscle mitochondria [2]. COX activity did not change significantly 12 

with aging in either isolated mitochondria or a muscle homogenate [19, 20]. However, COX 13 

activity in subsarcolemmal mitochondria was lower in women compared to men, and an age-14 

related decrease was observed in a set of 42 patients between 20 and 92 years old [13]. 15 

A sufficient number of studies focused on the relationship between mtDNA content and gender 16 

or changes in enzyme activity is missing. The study of Gaignard et al. 2015 demonstrated the 17 

importance of the gender in muscle tissue when they showed that ageing affects RC function 18 

only in men [21]. A recently published study on the relationship between mtDNA content and 19 

RC complex activities suggested that gene dosage could be a relevant parameter determining 20 

COX activity in rat skeletal muscle [3], and mtDNA content should be considered an important 21 

normalization factor similar to CS activity. According to our previous results, age is also an 22 

essential factor for the final evaluation of the mitochondrial functional state [2].  23 



The aims of the present study were to analyze mtDNA content during aging and then to compare 1 

differences between males and females. In the next step, we focused the study on 2 

characterization the relationship between mtDNA content and the enzyme activities of COX, CS 3 

and SQR in the context of gender and age. Finally, correlations between mtDNA content and 4 

COX or CS activity from tissue homogenate and the mitochondrial fraction from skeletal muscle 5 

were analyzed. The study was conducted in a large set of human skeletal muscle tissue samples 6 

collected for mitochondrial disease diagnostics during the past five years. 7 

 8 

Materials and Methods 9 

 10 

Material 11 

The study involved 205 skeletal muscle tissue samples (107 males and 98 females), which were 12 

obtained from individuals between 2 weeks and 78 years of age. All the samples were collected 13 

from individuals suspected of mitochondrial disease that was subsequently ruled out due to 14 

normal respiratory chain activities. 15 

The study was conducted in accordance with the Declaration of Helsinki of the World Medical 16 

Association and was approved by the Committee of Medical Ethics at the General University 17 

Hospital in Prague. Informed consents were obtained from patients or their parents prior to tissue 18 

biopsy.  19 

 20 

Tissue homogenization and isolation of mitochondria 21 

The muscle tissue (300 500 mg) was homogenized on ice in isolation buffer (1:20 wt/vol). 22 

KTEA buffer for muscles contained 150 mM KCl, 50 mM Tris-H23 



aprotinin, pH 7.5. Tissue was minced by precooled scissors and homogenated using a Potter-1 

Elvehjem polytetrafluoroethylene/glass homogenizer.  Skeletal muscle mitochondria were 2 

isolated according to standard differential centrifugation procedures [22]. The tissue homogenate 3 

4 

decanted into a precooled centrifuge tube and centrifuged at 10,000 g for 10 min at 4 5 

mitochondrial pellet was resuspended in a half-volume of fresh buffer and centrifuged again at 6 

7 

100 mg of tissue. From each sample, fresh aliquots of homogenate and isolated mitochondria 8 

9 

analyses. Protein concentration was determined by the Lowry method [23].  10 

 11 

Enzyme activity assay 12 

The activities of CS and COX were measured spectrophotometrically in both homogenates and 13 

isolated mitochondria from skeletal muscle as described elsewhere [24, 25]. The activity of SQR 14 

(succinate:coenzyme Q10 reductase) was measured only in the mitochondrial fraction [25]. 15 

16 

assay medium (10 mM potassium phosphate, pH 7.8, 2 mM EDTA, 1 mg/ml BSA, 0.3 mM 17 

-18 

19 

reduction of 2,6-dichloroindophenol was monitored. SQR activity was expressed as 20 

600=20.6/mM/cm. 21 

22 

homogenate protein in 1 ml of assay medium (40 mM potassium phosphate, pH 7.0, 1 mg/ml 23 



- -D-maltoside), and the oxidation of 1 

cytochrome c was monitored at 550 nm. COX activity was expressed as nmol/min/mg protein 2 

using a molar absorption coef 550=19.6/mM/cm. 3 

4 

protein in a medium containing 0.1 M Tris -dithiobis-(2-nitrobenzoic acid), 5 

action was started by adding 0.5 mM oxaloacetate, 6 

followed by monitoring changes at 412 nm for 1 min. The data were corrected for the absorbance 7 

change without oxaloacetate. CS activities were expressed as nmol/min/mg protein using a molar 8 

absorption coeff 412=13.6/mM/cm. 9 

 10 

DNA analysis 11 

Total DNA was extracted by standard phenol/chloroform extraction and ethanol precipitation or 12 

13 

he quality and concentration of total DNA was checked 14 

by NanoDrop 1000 (Thermo Scientific). 15 

Large mtDNA deletions were excluded in each sample by amplifying whole mtDNA (LX-PCR) 16 

with the use of Takara LA Taq Polymerase and two different sets of primers [26]. 17 

 18 

 qPCR 19 

20 

21 

each analyzed DNA sample was 50 ng22 

-specific annealing temperature and time [2] and 23 



1 

2 

Chromo4 real-time PCR system (Bio-Rad). 3 

Ten-fold serial dilutions of the genomic DNA (from 100 ng to 10 ng) from liver or muscle tissue 4 

were included in each run to generate a calibration curve. The slope of the calibration curve 5 

reflected the reaction efficiency. No significant difference between efficiencies of 6 

phenol/chloroform-extracted DNA and DNA isolated using the QIAamp DNA mini kit was 7 

detected. All samples were analyzed twice in triplicate for each gene. Occasionally, one point 8 

from a particular triplet was rejected if it deviated significantly from the trend line. An analysis 9 

of reaction specificity was provided by the melting curve analysis and electrophoresis. 10 

 11 

Analysis of mtDNA content 12 

To quantify the mtDNA content, we amplify mitochondrial targets [4] relative to GAPDH as a 13 

nuclear target [2]. The nuclear target was used to quantify nuclear DNA, and therefore 14 

normalization of the mtDNA content per cell was accomplished. The equation described in 15 

Pejznochova et al. (2010) was applied to express mtDNA content as mtDNA level per cell.  16 

Sensitivity was determined by the Cq values that were plotted as a function of the DNA content 17 

(in nanograms), and then the limits of quantification and detection were assessed [2].  18 

 19 

Statistical analysis 20 

Cqs were calculated with Opticon 3 Software (Bio-Rad). The baseline value was the average 21 

fluorescence value over a cycle range of 3 (nCt-2; n = number). A Shapiro-22 

correlation, Wilcoxon test and Kruskal-Wallis non-parametric ANOVA were used to evaluate 23 



the relationships among mtDNA content, enzyme activities and age. The results were considered 1 

significant when the corresponding P < 0.05. 2 

 3 

Results 4 

 5 

We measured mtDNA content in a set of 205 skeletal muscle samples from individuals in whom 6 

mitochondrial disease was not confirmed. In the next steps, the specific enzyme activities were 7 

analyzed and normalized to mtDNA content in context of age and gender. Furthermore, the 8 

analysis compared the normalized enzyme activities and enzyme activities without normalization 9 

during aging of men and women.  10 

Moreover, analyses of correlations between mtDNA content and skeletal muscle enzyme 11 

activities were performed in two different sample preparations  homogenate (COX and CS) and 12 

mitochondrial fraction (COX, CS and SQR). The activity of SQR was measured only in the 13 

mitochondrial fraction because of a limited amount of sample material. For 93% of the samples, 14 

all biochemical and molecular results were available.  15 

 16 

Sex differences in mtDNA content during aging and its effect on the normalized CS, COX and 17 

SQR enzymatic activities in the skeletal muscle 18 

The set of 205 samples was divided into four groups according to age (0-10 y; 11-20 y; 21-40 y 19 

and 41-78 y) and gender. The enzymatic activities (CS, COX and SQR) in the mitochondrial 20 

fraction were normalized to mtDNA content. Then, the differences in enzymatic activity or 21 

normalized activity were analyzed among the age and gender groups. 22 



We analyzed mtDNA content in the same age groups for both males and females. The male 1 

mtDNA level in skeletal muscle showed significant dependency on the age group (p = 0.001) 2 

(Figure 1). A significant difference was found among boys up to 10 years of age and the other 3 

   78: p = 4 

0.005). The female mtDNA content per cell did not vary with age group (p > 0.05) (Figure 1). 5 

6 

genders, although the male group showed a more distinct correlation (r = 0.626; p = 0.001) than 7 

the female group (r = 0.275; p = 0.008) (data not shown). Therefore, these results indicate that 8 

mtDNA content changes during aging in a gender-specific manner. No significant differences 9 

were detected between the males and females when the same age groups were compared 10 

(Wilcoxon test: p > 0.05 for all tested groups). 11 

The normalized activities of CS, COX and SQR in females were not dependent on the age group 12 

(Kruskal-Wallis test: p(CS) = 0.078, p(COX) = 0.349, p(SQR) = 0.302) (Figure 2  B, D, F). The 13 

data did not show any trend with age. On the other hand, the normalized activities of all three 14 

enzymes (CS, COX and SQR) in males were significantly dependent on the age group (Kruskal-15 

Wallis test: p(CS) = 0.010, p(COX) = 0.005, p(SQR) = 0.013) (Figure 2  A, C, E). The data 16 

show an interesting decrease with age in normalized specific activity. This trend is the most 17 

striking in the normalized COX activities, where the only significant difference was detected 18 

between the youngest males (0-10 y) and middle-aged males (21-40 y) (p = 0.044) (Figure 2 - 19 

C). 20 

In both the male and female groups, no significant age group dependency was detected in the 21 

unnormalized enzymatic activities of CS, COX and SQR (Kruskal-Wallis test: p(CS) = 0.081, 22 



p(COX) = 0.068, p(SQR) = 0.137 in males; p(CS) = 0.637, p(COX) = 0.394, p(SQR) = 0.197 in 1 

females) (supplementary material a).  2 

The CS, COX and SQR activities were not age group-dependent (Kruskal-Wallis test: p > 0.05) 3 

(data not shown), but the normalized activities depended significantly on the age group (Kruskal-4 

Wallis test: p(CS) = 0.002; p(COX) = 0.014; p(SQR) = 0.023) (supplementary material b). 5 

The results showed differences between enzyme activity and enzyme activity normalized by 6 

mtDNA content during aging. Consequently, mtDNA content could be an important factor for 7 

the normalization of mitochondrion-encoded enzymes, especially in the context of age. 8 

Moreover, sex-dependent variation was revealed in the dependency of the normalized enzyme 9 

activity on the age group. The male group demonstrated changes in enzymatic activity with 10 

aging; meanwhile, the enzyme activities in females showed no specific trends with age.  11 

    12 

The mtDNA content of skeletal muscle cells correlates more significantly with enzyme activities 13 

measured in the mitochondrial fraction than the homogenate  14 

We studied the correlation of mtDNA content and enzyme activity of three enzymes measured in 15 

both the homogenate (COX and CS) and the mitochondrial fraction (COX, CS and SQR) in each 16 

skeletal muscle sample. 17 

No correlation between CS activity and mtDNA content was detected in the homogenate  18 

(r = 0.095; p = 0.182); meanwhile the same correlation was statistically significant in the 19 

mitochondrial fraction (r = 0.307; p = 0.001) (Figure 3A, B). The correlation between COX 20 

activity and mtDNA content was statistically significant in both the homogenate (r = 0.364; p = 21 

0.001) and mitochondrial fraction (r = 0.452; p = 0.001) (Figure 3C, D). According to these 22 

results, COX activity correlates with mtDNA content more significantly in the mitochondrial 23 



fraction than in the homogenate. SQR activity correlated positively with mtDNA content (r = 1 

0.190, p = 0.008) (Figure 3E).  2 

The correlation between COX activity in the homogenate and mitochondrial fraction was 3 

statistically significant (r = 0.723; p = 0.001) (data not shown). The same result was observed in 4 

the correlation between CS activity in the homogenate and mitochondrial fraction (r = 0.406; p = 5 

0.00) (data not shown). 6 

-dependent 7 

trends. The correlations of COX activity with mtDNA content in the homogenate were 8 

significantly positive in both sex groups (r = 0.383, p = 0.001 in males; r = 0.345, p = 0.001 in 9 

females). Positive correlations between COX activity and mtDNA content were found in the 10 

mitochondrial fraction in both sexes (r = 0.444, p = 0.001 in males; r = 0.431, p = 0.001 in 11 

females) (Figure 3C, D). A similar situation was observed between CS activity and mtDNA 12 

content in the mitochondrial fraction. In both groups, significant correlations were found, 13 

although the female group had a higher correlation coefficient (r = 0.269, p = 0.005 in males; r = 14 

0.348, p = 0.001 in females) (Figure 3B). No significantly positive correlations between SQR 15 

activity and mtDNA content were detected in either sex group (r = 0.166; p = 0.094 in males; r = 16 

0.199; p = 0.064 in females).  No sex-dependent significant differences were observed in all 17 

analyses. 18 

  19 

Discussion 20 

 21 

Although mtDNA content and enzyme activities together offer the potential to extend the general 22 

view of the mitochondrial functional state during aging, it is necessary to analyze the options 23 



how they can be coupled meaningfully. Therefore the main objectives of this study were to 1 

determine mtDNA content and enzyme activities in context of age and gender and to  2 

MtDNA content expressed as mtDNA/nDNA was described as a biomarker of mitochondrial 3 

dysfunction. The increased mitochondrial biogenesis is initiated by higher oxidative stress, and 4 

as an adaptive response, the mtDNA content starts to rise [5]. An increasing mtDNA level was 5 

also detected during the shift from the prenatal to postnatal phase of human development when 6 

the conversion of anaerobic to aerobic metabolism is proceeding [2].  7 

In our study, the unexpected results were revealed when the specific activities of the CS, COX 8 

and SQR enzymes and the mtDNA - normalized activities were compared. The normalized 9 

activities showed a downward trend through aging. This result could indicate that skeletal muscle 10 

loses its efficiency to produce COX activity per mtDNA unit with age. This hypothesis is in 11 

accordance with the fact that reduced muscle mitochondrial function, especially the capacity of 12 

ATP production, was demonstrated during aging [14, 27]. A more interesting result was found 13 

when the samples were divided into gender-specific groups. Surprisingly, only the male group 14 

showed this downward trend with age. The most obvious male downward trend was observed 15 

primarily in the normalized CS and COX activities; meanwhile, SQR activity did not vary 16 

dramatically. The mtDNA content in the male group increased with age; therefore, this result 17 

explains why the mtDNA-normalized activities decline. Nevertheless, the question of why this 18 

trend was only observed in the male group remains unanswered. Notably, the muscle 19 

composition and the ratio of strength to cross-sectional area are similar in both sexes [28, 29]. 20 

We suggest that our results reflect the effect of sex hormones respectively gender-specificity in 21 

mitochondriogenesis.  22 



Because estrogen levels are more elevated in women than men, estrogen may play an important 1 

role in sex differences during the aging process [30]. Estrogens have positive direct and indirect 2 

effects on mitochondrial function and biogenesis [31]. When estrogen function is impaired, it 3 

affects mitochondrial gene expression and lipid utilization in skeletal muscle [32, 33]. Estrogen-4 

activated estrogen receptor can increase mitochondrial superoxide dismutase activity and reduce 5 

mitochondrial oxidative damage, supporting the role of estrogen as a potential repressor of 6 

cellular senescence [34]. It was also confirmed by study of Gaignard et al. [35] where was shown 7 

that young female mice have higher concentrations of mitochondrial gluthathione compared with 8 

young males. This suggests that, during the reproductive period females may have better 9 

protection against damage induced by ROS. The estrogen level decreases in the end of the 10 

reproductive years. In humans, this time occurs around fifty years of age. 11 

Similar to the estrogen effect on mitochondriogenesis, a low level of testosterone is involved in 12 

the decrease of OXPHOS gene expression [36]. In adult rats, testosterone induces protein 13 

synthesis and changes the shape and size of muscle fibers [37]. In humans, the testosterone level 14 

begins to decline at twenty years of age and continuously decreases for the rest of life [38]. In 15 

old rats, majority of genes involved in OXPHOS had higher expression in females compared to 16 

males [39]. Therefore, the increase in mtDNA content with age could be a compensatory effect 17 

when mitochondrial transcription declines and oxidative stress is increasing. We suppose that the 18 

sex differences in the mtDNA-normalized activities of CS, COX and SQR could reflect a distinct 19 

compensatory mechanism for age-related impairment of muscle mitochondria. It is also 20 

confirmed by the theory that mitochondrial genome function is optimized for the female, because 21 

of maternal inheritance of mitochondria  [40, 41]. Moreover 22 



experiments in Drosophila support the existence of a load of mitochondrial mutations that 1 

preferentially promote aging in males [42].  2 

Tissue homogenates and/or isolated mitochondrial fractions are commonly used for the 3 

enzymatic analysis of respiratory chain complexes. However, no actual data have been published 4 

about the differences in enzymatic activity determined using these two methods. Our results from 5 

a parallel analysis of COX and CS enzymatic activities and their correlations with mtDNA 6 

content showed a higher correlation coefficient in the mitochondrial fraction compared to the 7 

tissue homogenate. The only significantly positive correlation in the muscle homogenate was 8 

observed between COX activity and mtDNA content. We suggest several reasons for these 9 

observations. First, the protein noise in the homogenate and the biochemical context of isolated 10 

mitochondria could be relevant reasons for the different results between the sample preparations 11 

[43]. This result was demonstrated by the higher specific activities in the mitochondrial fraction 12 

than in the homogenate in our work and in the study by Chretien et al. [19]. Second, the subunits 13 

of the COX catalytic core are encoded by mtDNA, and its role is exclusively focused on the RC. 14 

In other words, its activity is directly entwined with mtDNA copy number in both backgrounds. 15 

On the contrary, CS plays an essential role in providing energy for cellular functions but also 16 

provides citrate-derived acetyl-CoA for lipogenesis and cholesterologenesis. The CS gene was 17 

18 

regulation of the circadian rhythm and lipid metabolism. Mice la19 

reduced hepatic CS gene expression and CS enzyme activity [12]. The independent pathway of 20 

COX and CS regulation was demonstrated by kinase inhibitor studies. Using an inhibitor of p38-21 

MAPK curtailed an increase in COX activity, but the CS catalytic activity was unaffected [44]. 22 

The regulatory pathway that involves the mitochondrial transcription factor NRF1 that induces 23 



the upregulation of COX gene expression and results in increased COX enzyme activity does not 1 

appear to affect CS activity [45]. CS activity is a traditional marker of mitochondrial mass, and it 2 

is universally utilized for the normalization of RC complex activities. However, CS is an 3 

inconvenient normalization parameter when comparing different organs [3]. The possible 4 

variability in CS activity in different situations should be considered when it is related to 5 

mitochondrial mass or mtDNA content. 6 

In summary, the current study demonstrates the sex differences with aging in the mtDNA-7 

normalized mitochondrial enzyme activities. We suppose the gender-specific compensatory 8 

mechanism of age-dependent mitochondrial failure, which mechanistic details remain unrevealed 9 

as a particular challenge for next research.  10 

We also show that mtDNA content is a useful normalization factor for human skeletal muscle as 11 

suggested in a study by Fernandez-Vizarra et al. [3] in animal tissues. Finally, our study revealed 12 

that the analysis of mitochondrial enzymes in two different sample preparations - muscle 13 

homogenate and muscle mitochondrial fraction - could offer two contrasting views of the 14 

relationship among mtDNA content and the specific activities of CS and COX. 15 
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Figure legends 1 

 2 

Figure 1: The mtDNA content per cell and the specific age-groups (Kruskal-Wallis test and 3 

Wilcoxon test). The male mtDNA level is statistically dependent on age-group (p = 0.001) and 4 

on the basis of post hoc test the youngest group is significantly different from all others (0-10y 5 

vs. 11-20y: p = 0.001, 0-10y vs. 21-40y: p = 0.005, 0-10y vs. 41-78y: p = 0.005). The medians 6 

showed continual increasing of mtDNA level with age (1682 (0-10y), 3060 (11-20y), 3570 (21-7 

40y), 3182 (41-78y)) (gray boxes). The female mtDNA content per cell does not show any 8 

dependency on age-group (p = 0.085) and the medians does not predicate any trend with age 9 

(1499 (0-10y), 2650 (11-20y), 2050 (21-40y), 2409 (41-78y)) (white boxes). Wilcoxon test 10 

showed no significant differences between the sexes (p = 0.672 (0-10y), p = 0.526 (11-20y), p = 11 

0.508 (21-40), p = 0.152 (41-78y)). 12 

 13 

Figure 2: The normalized activities measured in mitochondrial fraction and the specific age-14 

groups (Kruskal-Wallis test). Normalized enzymatic activities of CS, COX and SQR divided 15 

according to the sex are presented. Male normalized activities are age-group dependent: CS (p = 16 

0.010) (A), COX (p = 0.005) (C) and SQR (p = 0.013) (E) meanwhile female normalized 17 

activities were not found as age-group dependent: CS (p = 0.078) (B), COX (0.349) (D) and 18 

SQR (p = 0.302) (F).  the normalized activity = the specific enzyme activity / mtDNA content 19 

per cell  20 

 21 

Figure 3: The correlations between the enzyme activities of citrate synthase (CS), cytochrome c 22 

oxidase (COX) or succinate-coenzyme Q reductase (SQR) and mtDNA content per cell in 23 



1 

homogenate and mtDNA level showed the insignificant results for males (r = 0.001, p = 0.990, n 2 

= 105) and females (r = 0.172, p = 0.098, n = 98) (A) on the other hand the correlation results in 3 

mitochondrial fraction were significantly positive for both males (r = 0.269, p = 0.005, n = 107) 4 

and females (r = 0.348, p = 0.001, n = 92) (B). The correlation between COX activity and 5 

mtDNA level demonstrated significantly positive results in both backgrounds homogenate 6 

(males: r = 383, p = 0.001, n = 107; females: r = 345, p = 0.001, n = 93) (C) and mitochondrial 7 

fraction (males: r = 0.444, p = 0.001, n = 107; females: r = 0.431, p = 0.001, n = 93) (D). 8 

Moreover, the SQR activity measured in mitochondrial fraction was correlated with mtDNA 9 

content (males: r = 0.166, p = 0.094, n = 103; females: r = 0.199, p = 0.064, n = 88). 10 

mito  mitochondrial fraction, dashed line and black points  females, dotted line and blank 11 

points  males, solid line  whole set 12 

 13 

Supplementary figure 1:  CS (A), COX (B) and SQR (C) enzyme activities normalized by 14 

mtDNA content per cell as age-group dependent (p = 0.002, p = 0.014, p = 0.023). 15 

 16 

Supplementary figure 2: An age-group dependency or a specific trend with age in male or female 17 

enzyme activities: CS males (p = 0.081) (A), CS female (p = 0.637) (B), COX males (p = 0.068) 18 

(C), COX females (p = 0.394) (D), SQR males (p = 0.137) (E) and SQR females (p = 0.197) (F). 19 

 20 
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Leber Hereditary Optic Neuropathy (LHON) is one of the most common inherited

optic neuropathies that preferentially causes blindness in young adult males.

Generally, eye is the only affected organ in LHON but a small subgroup

of patients will develop additional extraocular features. These are described only in
patients with symptoms of optic neuropathy.

Synergic role of co-existing mitochondrial DNA (mtDNA) variants may relate

to neurological complications in LHON.1

Herein, we present a family carrying the primary m.11778G>A, where several

female members presented with dominant extraocular features over only slightly
affected or unaffected visual functions.

Extraocular symptoms may be the only 
presentation in LHON patients with 

m.11778G>A 

Family tree of a large family with LHO N syndrome based on m. 11778G>A. Interestingly, there is a high incidence

of prevailing extraocular symptoms with only mildly affected visual funct ions (IV/11, V/12 and V/13). In one patient
with histologically confirmed myopathy (V/11), visual funct ion were not altered at all.

Due to the high incidence of extraocular symptoms, especially in the Czech LHON female patients,
we emphasize the need for their search and management even in subclinical or asymptomatic cases.

Negative mtDNA sequencing and WES in our family support the exclusive role of m.11778G>A

in the development of extraocular symptoms.
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INTRODUCTION

RESULTS I

RESULTS II

CONCLUSION

PNP: peripheral neuropathy, s.: syndrome

Tab. 1 Extraocular symptoms in 11
patients

Histology of muscle biopsy of a 37-year-old woman with m.11778G>A (V/11) presenting only with the extraocular

phenotype . Although the presence of typical ragged red fibres was not observed in skeletal muscle histochemistry, the
severity of the subsarcolemmal accumulation of succinate dehydrogenase product (marked by arrows) in a proportion of

muscle fibres was moderate (succinate dehydrogenase histochemistry, original magnificat ion 400 ) (A). In cytochrome

c oxidase histochemistry, there were abun dant cytochrome c oxidase negative fibres in up to 15 % of fibres (cytochrome c

oxidase histochemistry, original magnificat ion 200 , indicated by arrows) (B).

The most remarkable feature is the dominance of extraocular symptoms (myopathy,

hearing loss and peripheral neuropathy) over only slightly affected visual functions in
a family with m.11778G>A mutation (IV/11, V/12 and V/13) (Fig. 1). Notably, in one

patient with hearing loss and myopathy, visual impairment is completely absent (V/11).
In all four patients, available muscle specimen showed focal subsarcolemmal

accumulation of succinate dehydrogenase product and cytochrome c oxidase negative
fibres in up to 5 % and 15 % of muscle fibres, respectively (Fig. 2), and decreased activity

of complexes I-III to 22-39% of controls. Moreover, in two of these patients (IV/11 and
V/12), we also documented moderate sensorineural hearing loss.

MtDNA sequencing
MtDNA sequencing performed in all family members revealed a prevalent m.11778G>A 
mutation, one synonymous variant m.3663A>G in MT-ND1 (0.07 %) and two non-

synonymous polymorphisms m.9632A>G in MT-CO3 and m.12083T>G in MT-ND4 
(both 0.18 %).

Whole Exome Sequencing
Whole Exome Sequencing (WES) was performed in III/7, IV/11, V/11, V/12 and V/13.  

None of the variant found could explain the development of extraocular symptoms. 

In our Centre for patients with Mitochondrial optic neuropathies, we have examined 54

patients with LHON carrying either m.11778G>A (n=45), m.3460G>A (n=6) and
m.14484T>C (n=3). All but 2 symptomatic patients manifesting with progressive, painless

binocular vision loss, were men. The average age at onset was 24 years. Altogether, 16
patients were clinically asymptomatic, but detailed neuro-ophthalmic examination
revealed discrete alterations (i.e. subclinical carriers). The remaining 18 patients were

completely asymptomatic. Interestingly, extraocular symptoms were expressed in 11

carriers (Tab. 1). All but two (symptomatic woman and man, both carrying m.3460G>A
with tremor, peripheral neuropathy and myopathy, and isolated tremor, respectively) had

m.11778G>A. Although extraocular symptoms were present only in symptomatic males
who suffered visual failure, in women, these developed more often in subclinical
individuals. Myopathy was the most common extraocular symptom and it manifested only
in women. Contrarily, isolated tremor was present in 4 males including one with other

neocerebellar symptoms (dysarthria, ataxia and hypermetropy).

Male Female 

Symptomatic 
(n=)

Subclinical (n=) Symptomatic 
(n=)

Subclinical (n=)

PNP
Myopathy 

Hearing loss

Tremor
Neocerebellar s.

-
-

-

4
1

-
-

-

-
-

1
1

-

1
-

2
5

3

-
-

Fig. 1

(A) (B)

Fig. 2

METHODS
Activities of resp iratory enzymes were measured spectrophotometrically; detailed description of these

procedures routinely performed in our laboratory can be found elsewhere.2

MtDNA sequencing and WES was performed as described in detail elsewhere.3,4
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