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1 INTRODUCTION 

Most diseases in premature neonates are secondary to immaturity of various organ systems. 

Postnatal switch of glycolytic to oxidative metabolism is of crucial importance for all 

mammalian neonates and is essential for successful adaptation to extrauterine life. The 

recruitment of oxidative phosphorylation in the tissues of the neonates reflects changes in the 

hormonal status and a postnatal shift from glucose to glucose and fat as the major energy 

sources (Valcarce et al., 1994). 

More than 90% of ATP in mammalian cells is produced by oxidative phosphorylation 

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

the inner mitochondrial membrane. ATP synthase utilize energy of proton electrochemical 

gradient generated by respiratory chain complexes during substrate oxidation. The OXPHOS 

biosynthesis and the cellular capacity for energy production relies on proper assembly of >80 

different protein subunits encoded by nuclear DNA (nDNA) as well as mitochondrial DNA 

(mtDNA). This process is coordinated by large amount of nuclear encoded proteins (assembly 

factors, chaperons, translocators across mitochondrial membranes, transcription factors 

controlling mtDNA and nDNA gene expression), but the proper mechanism of OXPHOS 

biogenesis and functional capacity in fetal and early postnatal period is still not fully 

understood. Both inherited and acquired OXPHOS disturbances represent a heterogeneous 

group of disorders, which may manifest early after birth with functional impairment of tissues 

with high energetic demands (brain, heart, muscle, liver). 

Premature neonates represent the major contributors to neonatal morbidity. The 

inadequate capacity of mitochondrial energy production in cells due to delayed maturation of 

respiratory chain complexes or increased degradation of mitochondrial proteins due to 

acquired factors including infection or hypoxemia may represent additional risk for premature 

neonates.  

It may be difficult, especially in critically ill neonates, to distinguish properly between the 

primary genetically encoded disorders of energy provision with mendelian and maternal 

inheritance and the secondary mitochondrial disturbances resulting in similar clinical 

phenotype (Smeitink et al., 2003). The low activity of pyruvate dehydrogenase complex 

(PDH) in premature or critically ill neonates may not only negatively influence the ATP 

production but it may also be the cause of low glucose tolerance resulting in lactic acidosis 

(Vary, 1996). Only precise diagnostics on biochemical and molecular levels may be used for 

the correct genetic counseling in families with deceased child in early neonatal period.  
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Biochemical and molecular biology studies of the biogenesis of mitochondrial energy-

converting system in perinatal period as well as analysis of functional consequences of 

delayed maturation of the mitochondrial OXPHOS apparatus and PDH with respect to 

postnatal adaptation and neonatal morbidity address highly actual biomedical problems. 

Better understanding of mechanism involved in mitochondrial biosynthesis and degradation is 

required to further improve the morbidity of premature neonates and their outcome. 
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2 AIMS OF THE STUDY 

The inadequate capacity of energy production in early development may play an important 

role in the neonatal morbidity. The lower functional capacity of energy production in neonates 

may result from delayed maturation of mitochondrial complexes combined with increased 

degradation of mitochondrial proteins during infection. 

The thesis is based experimentally on biochemical analyses in platelets and lymphocytes 

from umbilical cord blood, placental tissue obtained after the delivery of neonates in various 

gestational age and samples of muscle tissue from miscarriages obtained within an hour after 

the delivery and from autopsy obtained 1-2 hours after death of premature neonates. 

The specific aim of this study has been: 

a) to characterize the amount, composition and activities of respiratory chain complexes and 

pyruvate dehydrogenase in muscle tissue and isolated muscle mitochondria obtained at 

autopsy from miscarriages and critically ill neonates who died in neonatal period, 

b) to analyse specific properties of heavy fraction of mitochondria from human-term placenta 

and glycerophosphate-dependent hydrogen peroxide production,  

c) to evaluate free carnitine and total carnitines levels in cord blood and in blood obtained 

during the first days of life in neonates born in various gestational age in effort to 

appreciate potential impact of carnitine stores on early postnatal adaptation, 

d) to compare and assess advantages and disadvantages of spectrophotometric and 

polarographic methods in the diagnostics of mitochondrial diseases,  

e) to find out whether isolated platelets and lymphocytes from placental part of umbilical 

cord are usable biological material for the measurement of activities of respiratory chain 

complexes in neonates. 
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3 OVERVIEW OF LITERATURE 

3.1 Mitochondria 

3.1.1 Structure of mitochondria 

Mitochondria were probably first recognised by A. Kölliker in the middle of the 19th century. 

He described them as granules in striated muscle. Almost 40 years later, R. Altmann spoke of 

primitive self-replicating bodies or bioblasts that he stained specifically and referred to as 

�elementary particles�. In 1898, the cytologist C. Benda used the name mitochondria (from 

the Greek mitos- thread and chondros- grain) in his studies on the thread-like granules that he 

observed in sperm and ova. Two years later, Michaelis demonstrated that these granules had 

oxidoreduction activities (Heales et al., 2002). Mitochondria are localized in the cytoplasm of 

nearly all-eukaryotic cells. A typical human cell, except erythrocytes, has several hundred of 

them. They are usually depicted as stiff, elongated cylinders with a diameter of 0.5 � 4 µm 

(according to cell type). Time-lapse microcinematography of living cells, however, shows that 

mitochondria are remarkably mobile and plastic organelles, constantly changing their shape 

and even fusing with one another, then separating again and form mitochondrial networks 

(Bereiter-Hahn and Voth, 1994) (Fig. 1, 2). In the context of a eukaryotic cell, these dynamic 

organelles integrate numerous metabolic pathways and are the major producers of ATP � the 

universal energetic fuel. Without them, eukaryotic cells would be dependent on the relatively 

inefficient process of glycolysis, which yields only 2 molecules of ATP per molecule of 

glucose compared to 36 molecules produced, when glucose oxidation is completed in 

mitochondria (Alberts et al., 2002). 

The research of the past 30 years has consolidated the hypothesis of mitochondria as 

endosymbionts of a primitive eukaryote. The serial endosymbiosis theory postulates that a 

protoeukaryotic cell without mitochondria evolved first, and this organism then captured a 

proteobacterium by endocytosis. After establishing a symbiotic relationship, the loss of 

redundant genes and the transfer of genes from the bacterium to the nucleus lead to the 

currently observed distribution of genes between the two genomes (Gray et al., 1999). 

Mitochondria are composed of four separate mitochondrial compartments, inner and outer 

mitochondrial membranes, matrix and a narrow intermembrane space. The smooth outer 

membrane contains proteins essential for import of nuclear-encoded mitochondrial proteins 

and the protein called porin, which forms aqueous channels, permeable to all molecules with 

molecular mass less than 5 kDa. The inner membrane is folded into numerous cristae, which 

greatly increases its total surface area. This membrane contains proteins with three major 
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types of functions: the enzymes of the respiratory chain complexes, ATP synthase and 

specific transport proteins that regulate the transfer of metabolites and macromolecules across 

the inner mitochondrial membrane. The mitochondrial matrix contains mitochondrial DNA 

(mtDNA), mitochondrial ribosomes and tRNAs, enzymes necessary for mtDNA replication 

and expression, and hundreds of other enzymes that participate in metabolic pathways 

localized in mitochondria (pyruvate and fatty acid oxidation, the Krebs cycle, part of the urea 

cycle and haem biosynthesis, and others). There are about 1000 proteins in a mitochondrion; 

most of them are nuclear encoded (Mootha et al., 2003a). 

The standard model of cristae structure has been reevaluated in recent years. Electron 

tomography has provided detailed models of mitochondria that have redefined the concept of 

mitochondrial structure (Fig. 2). The models reveal an inner membrane consisting of two 

components; the inner boundary membrane closely apposed to the outer membrane and the 

cristae membrane those projects into the matrix compartment. These two components are 

connected by tubular structures of relatively uniform size called cristae junctions (Frey et al., 

2002). 

 

A B 

 

 
Figure 1: Mitochondrial tubular network. Vital staining of cultivated human skin fibroblasts with 

fluorescent dye MitoTracker Green and LysoTracker Red, original magnification 600x(A) and 

MitoTracker Red CMX Ros, original magnification 200x(B) using konfocal microscopy (by the 

courtesy of Jana Sladkova, Laboratory for study of mitochondrial disorders, Prague, CR). 
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Figure 2: Filamentous mitochondria with numerous cristae of cultivated control fibroblast, original 

magnification 44000x(A), 24000x(B) observed using a transmission electron microscope (Tesla BS 

500, Czech Republic). By the courtesy of Jana Sladkova, Laboratory for study of mitochondrial 

disorders, Prague, CR. 

3.1.2 The Oxidative Phosphorylation Apparatus 

The electrons from oxidized substrates stored in the form of redox equivalents NADH and 

FADH are utilized by the oxidative phosphorylation apparatus (OXPHOS) in the inner 

mitochondrial membrane. OXPHOS is a major energy-supplying process, which provides 

energy for growth and other energy requiring processes in aerobic organisms. The conversion 

of electron-motive to proton-motive force occurs in multisubunit complexes of respiratory 

chain (RC) and F1FO-ATP synthase (ATPase) utilizes this proton-motive force for synthesis 

of adenosine triphosphate (ATP). 

Coupling between oxidation of substrates and phosphorylation of ADP was discovered 

half a century ago, but the precise mechanism of these energy-converting reactions was long 

unknown. Three main theories tried to explain the mechanism: the chemical theory, the 

conformational theory and the chemiosmotic theory. The �chemical theory� supposed that the 

RC reactions produce high-energy intermediates, which lead to formation of macroergic bond 

(Slater, 1953). The �conformational theory� was based on reversible conformational changes 

caused by oxidation of substrates. These should further be transferred to ATPase and allow 

the synthesis of ATP (Boyer, 1965). The �chemiosmotic theory� was based on coupling of 
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substrate oxidation and ADP phosphorylation using electrochemical potential of 

transmembranous proton gradient (∆µH
+) (Mitchell, 1961). According to this theory is the 

oxidation of substrates coupled to synthesis of ATP by the function of separate proton pumps 

in RC complexes and ATPase. The electrochemical potential produced by proton pumping in 

RC is utilized by ATP synthase, which at the expense of this potential synthesizes ATP. The 

principles of chemiosmotic theory became widely accepted and in 1978 Peter Mitchell was 

awarded Nobel Prize for biochemistry. 

In mitochondrion, the metabolism of one molecule of glucose produces 36 molecules of 

ATP while only two molecules of ATP are produced by glycolysis alone. Oxidative 

metabolism in the mitochondria is fuelled by pyruvate produced from carbohydrates by 

glycolysis and fatty acids released from triglycerides. Pyruvate and fatty acids are selectively 

imported into the mitochodrial matrix and split into acetyl CoA by the pyruvate 

dehydrogenase complex or the β-oxidation pathway. The acetyl group then participates in the 

citric acid cycle. All these processes generate many molecules of NADH and FADH2 (Krebs 

cycle: 6 NADH and 2 FADH2 molecules per one molecule glucose, pyruvate dehydrogenase 

complex: 2 NADH molecules per one molecule of glucose, β-oxidation pathway: 31 NADH 

and 15 FADH2 molecules per one molecule of palmitate) (Voet and Voet, 1995). Electrons 

generated from NADH/FADH are passed along a series of carrier molecules called electron 

transport chain (ETC), the products of this process being H2O and energy.  

The ETC and F1FO-ATP synthase form the oxidative phosphorylation system (OXPHOS) 

that is embedded in the lipid bilayer of the mitochondrial inner membrane and is composed of 

five multiprotein enzyme complexes and two electron carriers- Coenzyme Q and cytochrome 

c. The main function of the system is to coordinate the transport of electrons and protons and 

the production of ATP. The passage of electrons releases energy, which is largely stored in 

the form of a proton gradient across the inner mitochondrial membrane and is used by the 

F1FO-ATP synthase to generate ATP from ADP and inorganic phosphate (Hatefi, 1985, 

Saraste, 1999). 

Complex I (NADH: ubiquinone oxidoreductase, E.C. 1.6.5.3) is the largest of the 

OXPHOS complexes with the molecular mass about 900 kDa. Complex I is consists of 45 

subunits (Carroll et al., 2002) seven of which are encoded by mitochondrial DNA. Complex I 

catalyzes the transfer of two electrons from NADH to ubiquinone. These are transferred by 

bound prosthetic groups (one FMN and six iron-sulphur clusters). The transfer is coupled to 

the translocation of four to five protons from the matrix to the intermembrane space. Complex 

II (succinate: ubiquinone oxidoreductase, E.C. 1.3.5.1) participates in the citric acid cycle by 

oxidizing succinate to fumarate, its role being to transfer electrons to ubiquinone pool without 
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translocating protons. Complex III (ubiquinone: cytochrome C oxidoreductase, E.C. 1.10.2.2) 

transfers electrons from reduced ubiquinone (ubiquinol). This electron transfer is coupled to 

proton pumping from the matrix to the intermembrane space. The mechanism of electron and 

proton transfer through complex III has been termed the Q cycle (Hunte et al, 2003). The 

electron flow from the cytochrome c continues to the binuclear copper centre CuA and to the 

hem a3-CuB in complex IV (cytochrome c oxidase, E.C. 1.9.3.1), where electrons are donated 

to oxygen that is reduced to water. Transfer of electrons via complex IV is coupled to proton 

pumping across the inner mitochondrial membrane (Ludwig et al., 2001). Complex V (F1FO-

ATP synthase) utilizes the electrochemical gradient generated by complexes I, III and IV to 

ATP synthesis from ADP and Pi. It is composed of an integral membrane component (Fo), a 

stalk, and a spherical ATPase subcomplex (F1) connected to Fo part by central and peripheral 

stalks composed γ, δ, ε, b, d, F6 and OSCP subunits (Karrasch and Walker, 1999). The proton 

gradient across the innter mitochondrial membrane represents the driving force for ATP 

synthesis (Boyer, 2000). The ATP is synthesized intra-mitochondrially and then translocated 

to cytosole in exchange for ADP by ADP/ATP translocator (ANT). 

The electrons flow according to redox potential from NADH (-0.315 V) or FADH2 

(+0.03V) to oxygen (+0.815V). This linear sequence of electron transfer was determined by 

measurements using oxygen electrode (Chance and Williams 1955) and further verified by 

kinetic studies (Orme-Johnson et al., 1974).  

The membrane potential of protons can be also used to generate heat instead of ATP. The 

heat production is allowed by presence of the uncoupling proteins (UCP) in mitochondria of 

mammals and other higher eukaryotes. Genes for UCP represent an important example of 

developmentally regulated genes participating in the control of mitochondrial energy 

conversion. They belong to a family of mitochondrial inner membrane transporters and are 

implicated in the regulation of the proton leak across the membrane. Thus, all UCP may lower 

the efficiency of mitochondrial ATP production. The first uncoupling protein described was 

uncoupling protein 1 (UCP1) which is present in mitochondria of brown adipose tissue 

(Heaton and Nicholls, 1976). The function of this protein is related to non-shivering 

thermogenesis. Nowadays also other members of uncoupling protein family were found 

(UCP2, UCP3, UCP4, BMCP1) (Erlanson-Albertsson, 2002) and although their physiological 

role is still mostly unknown they have the ability to uncouple mitochondrial respiration and 

dissipate the energy of proton gradient to heat (Brauner P et al., 2003, Klingenberg, Winkler 

et al,. 2001). For the scheme of RC and related transport proteins see Figure 3, Figure 4 and 

Figure 5. 
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Figure 3: The Scheme of the Redox Components of the Respiratory Chain. Iron�sulfur clusters in the 

complex I and complex II segments are distinguished with suffixes Nx and Sx, respectively. QN, QS, 

and (Qo and Qi) denote specific UQ binding sites in complex I, complex II, and complex III segments, 

respectively. Specific inhibitor binding sites are indicated by arrows. Adapted from (Ohnishi 1998). 

 

 
Figure 4: The Oxidative Phosphorylation Apparatus. The apparatus comprises the respiratory chain 

enzymes (complexes I, II, III and IV), which transport electrons from NADH or FADH to oxygen and 

concomitantly generate proton gradient across the inner mitochondrial membrane. The proton 

gradient is subsequently used by FOF1 ATPase for ADP phosphorylation, drives the ADP/ATP 

exchange and transport of inorganic phosphate into mitochondria or it can be dissipated by 

uncoupling proteins. Adapted from (Lehninger et al. 2000). 
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Figure 5: The structure of mammalian ATP synthase. The red arrow shows flow of protons through 

FO part. The picture was adopted from (Oster and Wang 1999). 

3.1.3 Other proteins and protein complexes associated with OXPHOS 

The OXPHOS enzyme complexes functionally interact also with other parts of the 

mitochondrial metabolism. The functional association of RC and glycerophosphate shuttle is 

mediated by mitochondrial glycerophosphate dehydrogenase (mGPDH), which transfers the 

electrons to Coenzyme Q and allows alternative pathway for reoxidation of cytosolic NADH 

(Werner and Neupert, 1972). The enzymes of citrate cycle, whose association with RC is 

mainly mediated by succinate dehydrogenase (Complex II) were also shown to have higher 

organization structures and interact with Complex I of RC (Schagger, 2001). The fatty acid 

oxidation enzymes functionally associated with RC (they transfer electrons to Coenzyme Q) 

were also shown to interact with RC complexes (Sumegi et al., 1991). 

3.1.3.1 Mitochondrial glycerophosphate dehydrogenase (mGPDH) 

The mGPDH (FAD-dependent) is usually excluded from traditional scheme of RC, but its 

role in mammalian cells is very important. mGPDH oxidizes glycerophosphate and enables 

the transfer of electrons from cytosolic NADH to RC by a pathway, which bypasses Complex 

I and does not require function of malate-aspartate shuttle. The mGPDH works in concert 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Sumegi+B%22%5BAuthor%5D
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with cytosolic (NAD-dependent) cGPDH, which forms the first part of the glycerophosphate 

shuttle and performs synthesis of glycerophosphate from dihydroxyacetone phosphate. This 

reaction leads to reoxidation of cytosolic NADH to NAD+. The glycerophosphate is 

transferred through pores in outer mitochondrial membrane and on the outer surface of 

mitochondrial membrane the active site of mGPDH is located where glycerophosphate is 

oxidized and the electrons are transferred to Coenzyme Q (Werner and Neupert, 1972). 

The mGPDH is highly hydrophobic protein of approximately 75 kDa, which probably 

forms oligomers in membrane. The enzyme is extremely labile and its purification leads to 

loss of its activity (Beleznai and Jancsik, 1987). The enzyme allosteric regulation is complex 

mechanism involving calcium ions (Wohlrab, 1977), fatty acids (Houstek and Drahota, 1975) 

and glycolytic intermediates (Swierczynski et al., 1976). The physiological role of the enzyme 

is despite all this knowledge unclear. mGPDH is highly expressed in human term placenta, 

brown adipose tissue and less in pancreas and testes. In most others mammalian tissues the 

expression of mGPDH is highly depressed. High activity of this enzyme enables function of 

the glycerophosphate shuttle (Swierczynski et al., 1976) that is a very useful regulatory device 

which can reoxidaze cytosolic NADH and maintain the high rate of glycolysis without 

production of lactic acid. For placenta this pathway is especially important because in 

placenta glycolysis represents a very important pathway in cell energy metabolism (Desoye G 

et. al., 1994, Diamant YZ et.al., 1975, Malek A et al., 1996). Recently was found that 

mGPDH beside its positive role in activation of glycolysis, represents also a potential risk for 

mammalian cells as a generator of ROS (Drahota et al., 2002, 2003)  

3.1.3.2 Fatty acid oxidation enzymes and Krebs cycle: interconnection with 
OXPHOS 

Fatty acid oxidation pathway has been shown to interact with RC through electron 

transferring flavoprotein (ETF), which serves as electron acceptor for straight-chain acyl-CoA 

dehydrogenases involved in β-oxidation pathway and also some other dehydrogenases 

involved in amino acid metabolism and lipid metabolism (sarcosine dehydrogenase). This 

electron carrier transports electrons to ETF: ubiquinone oxidoreductase (ETF Coenzyme Q 

reductase), which transfers these electrons to Coenzyme Q. The ETF: Coenzyme Q reductase 

was shown to be intrinsic part of RC, although easily dissociated (Sumegi et al., 1991).  

Carnitine transports the long-chain fatty acids to the mitochondrial matrix. Carnitine is 

also cofactor for the transport of short-chain and medium-chain fatty acids in the heart and 

skeletal muscle but not in the liver. On the contrary, carnitine removes acyl-groups from 

mitochondria and thus regulates the acyl-CoA/CoA ratio (Hoppel CH et al., 1992, Ramsay 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Sumegi+B%22%5BAuthor%5D
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RR et al., 1995, Rebouche CHJ et al., 1998). It was shown in animal studies, that carnitine 

also increases the activities of respiratory chain complexes I+III, II+III and IV (Huertas et al., 

1992) and stimulates the metabolism of the branched-chain amino acids. 

The indirect lines of evidence for association between RC complexes and enzymes of 

citrate cycle arouse from several experiments in which enzymes of citrate cycle have been 

coisolated (Robinson and Srere, 1985, Robinson et al., 1987) and their diffusion was shown to 

be non random (Haggie and Verkman, 2002). Assembly of citrate cycle called metabolons 

could facilitate the advantage of substrate channeling with consequent reduction of metabolite 

pool sizes, reduced lag times and increased metabolic rates (Welch et al., 1997). In vitro 

association of many citrate cycle enzymes and also their interaction with inner mitochondrial 

membrane have been shown and reviewed in (Srere et al., 1987; Velot et al., 1997). 

3.1.4 Mitochondrial Biogenesis and Genetics 

The biogenesis of mitochondria, as the only organelle of mammalian cell, depends on the 

coordinated expression of two genomes, nuclear and mitochondrial. The human mitochondrial 

genome is a 16,569 base pairs long circular DNA (Anderson et al., 1981). Proteins encoded 

by mtDNA are absolutely essential for mitochondrial energetics. mtDNA has a prokaryotic 

character, is highly compact and contains only 37 genes: 2 genes encode ribosomal RNAs, 22 

encode transfer RNAs, and 13 encode OXPHOS polypeptides. mtDNA codes for 7 subunits 

of Complex I (ND1-6 and ND4L), cytochrome b of Complex III, 3 subunits of Complex IV 

(COX I-III) and 2 subunits of Complex V (ATPase A6 and A8) (Fig. 6).  

Most of the proteins that reside in the mitochondrion are nuclear gene products. These 

proteins are translated in the cytoplasmic compartment of eukaryotic cells and subsequently 

transported into the mitochondrion. Three properties characterize protein import into 

mitochondria: (1) all the information required to target a precursor protein from the cytosol to 

the mitochondrial matrix is contained within its targeting sequence which is N-terminal, (2) 

only unfolded protein can be imported, and (3) translocation of precursors to the matrix 

occurs at the contact sites where the outer and inner membranes are close together. These 

nuclear-encoded proteins play key roles in mitochondrial transcription and translation, 

mitochondrial lipid and heme synthesis, substrate oxidation by the tricarboxylic acid cycle, 

and OXPHOS system. All together more than 500 different nuclear proteins are present in all 

four mitochondrial compartments (inner and outer mitochondrial membranes, matrix and 

intermembrane space) and they account for about 90 % of the protein mass of the 

mitochondrion.  
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Figure 6: Human mitochondrial DNA map. The scheme shows the genes for the 12S and 16S 

ribosomal RNAs, the subunits of Complex I (ND1, ND2, ND3, ND4, ND4L, ND5, and ND6), Complex 

III (cyt b), Complex IV (COX I, COX II, and COX III), Complex V (ATPase6 and ATPase8), and 22 

tRNAs (1-letter amino acid nomenclature). The origins of heavy-strand (OH), light-strand (OL) 

replication, and the promotors for initiation of transcription from the heavy-strand (HSP) and light-

strand (LSP), are shown by arrows. 

 

Mitochondria follow the rules of population genetics. Six aspects of their behavior are 

critical for understanding the etiology and pathogenesis of mitochondrial disorders: (1) they 

are maternally inherited; (2) cells typically contain hundreds of organelles and thousands of 

mitochondrial genomes; (3) mutations can arise in a mtDNA population, resulting in the 

coexistence of two or more mtDNA genotypes within a single cell, tissues or individual 

(heteroplasmy); (4) if the mutation is pathogenic, the proportion of mutated molecules in the 

heteroplasmic population (mutational load) affects the severity of the biochemical defect, but 

not necessarily in a linear fashion; (5) mtDNA replication and inheritance in lineages of 

somatic cells is stochastic, often resulting in changing mutational loads during the life of the 

patient, and in different mutational loads in different cells and tissues (mitotic segregation); 

(6) because different cell types have different minimal oxidative energy requirements 

(thresholds), the level of heteroplasmy and the dynamics of the mitotic segregation play a 

critical role in determining the clinical presentation and outcome (Smeitink et al., 2001). 
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3.1.5 Developmental differences of mitochondrial energy generating system 

Fetal development is characterized by a succession of different development stages including 

the activation and/or repression of various metabolic pathways and the growth of the fetus is 

controlled by numerous genetic and environmental factors (Cuezva et al.,1992). Events that 

affect development during critical periods of early life may permanently influence the 

genetically determined functions of organs (Hindmarsh and Brook, 1999). Mitochondria 

participate in a number of vital metabolic reactions, but their principal biological function is 

energy conversion. Mammalian tissues fully depend on ATP produced by oxidative 

phosphorylation in mitochondria. After birth, more than 90% of ATP is produced by 

mitochondrial ATP synthase which utilizes energy of proton electrochemical gradient 

generated by respiratory chain complexes during substrate oxidation. Decreased activities in 

one or several respiratory chain complexes result in an increase of intramitochondrial NADH. 

Transport of NADH from mitochondria to cytoplasm increases intracellular NADH/NAD+ 

ratio which in turn affects activity of lactate dehydrogenase and consequently, intracellular 

lactate and lactate/pyruvate ratio increase (Ruitenbeek et al., 1996).  

Premature neonates are the major contributors to neonatal morbidity (>80%). Most 

diseases are secondary to immaturity of organ systems. The successful adaptation to 

extrauterine life depends critically on the rapid switch in metabolic pathways (Valcarce et al., 

1994). The cellular capacity for energy provision relies on adequate biosynthesis of 

respiratory chain proteins. Animal studies and the scarce data available from human tissue 

indicate a maturational process of the pyruvate dehydrogenase (PDH) and respiratory chain 

complexes in muscle tissue during gestation and early postnatal period (Cuezva el al., 1992, 

Eriksson, 1992, Sperl et al., 1992, Smietink et al., 1992, Wenchich et al., 2002). In rat 

muscles the activities of PDH, cytochrome c oxidase (COX) and citrate synthase (CS) and the 

amount of subunits E1-alfa and E2 of PDH increase significantly from low values early after 

birth to nearly adult values within the first three weeks of life (Sperl et al., 1992). It has been 

observed in premature neonates, that the content and activity of COX and mitochondrial 

creatine kinase increase in skeletal muscle during development between 28-40th week of 

gestation (Smietink et al.,1992). There is an increase in size and number of mitochondria per 

cell during neonatal period in the rat (Olivetti et al., 1980) and during the first two months of 

life in dog (Legato, 1979). Simultaneously, the activities of cardiac mitochondria enzymes are 

changing significantly during development. Schagger et al., 1995, Kalous et al., 2001 and 

Skarka et al., 2003 have described an increase of cytochrome c oxidase activity (COX) in rat 

cardiac mitochondria during 4 weeks of postnatal life. Lang, 1965 and Bonne et al., 1993 also 
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observed age-dependent increase of COX in cardiac homogenate. Increased levels in 

cytochrome c oxidase activity with coordinated regulation of some nuclear-encoded and 

mitochondrial components have been noted in developing human hearth (Moggio et al., 

1989). Drahota et al., 2004 observed significant rat heart developmental differences in the 

activity of two mitochondrial enzymes: membrane-bound COX and soluble CS. Development 

of mitochondria in rat brain cortex was investigated in terms of mitochondrial respiratory 

enzyme activities, structural and numerical mitochondria developments in the group of 

Japanese authors (Sato I. et al., 2000). They found that the activity of complex I and II were 

still low in rat aged 0-5 days, they increased until 15 days and decreased slightly in rat aged 

21 days and drastically in adult rat mitochondria. In morphological study, the cross-sectional 

area of mitochondrion per cell increased gradually until 21 days of age, but decreased 

drastically in adult rats. The area of a mitochondrion avaluated in rat aged 5 days increased 

about 1.5 fold in comparison with that at birth. Numbers of mitochondrion per cell were still 

low at the age of 0-5 days, and increased constantly (about twice) until 10-21 days. The small 

and �undeveloped� mitochondria were observed at birth by use of transmission electron 

microscopy. However, during development from the 5th postnatal day, larger and elongated 

mitochondria were observed, and the maximal complexity of structure of cristae was observed 

in rats at the age of 15 and 21 days. These results indicate that the changes of activities of 

mitochondrial respiratory enzymes in rat cortex are in good correlation with the structural 

maturation of mitochondria. Data obtained by polarographic measurements of respiratory 

chain complexes activities in fetal and neonatal rat brain also showed maturation of oxidative 

metabolism in mitochondria, which is initiated in the late stages of gestation (Nakai et al., 

2000). It has been demonstrated that mitochondrial and nuclear COX gene transcript levels 

increased from fetal (miscarriages from 20-28 weeks of gestation) to adult state in skeletal 

muscle and in the heart. Parallel increased of CS activity indicate increased content and 

number of mitochondria (Bonne et al., 1993). It is hypothesised that expression of nuclear and 

mitochondrial genes during mammalian development is dominantly regulated by post-

transcriptional mechanism (Ostronof et al., 1996). It was shown at the work of L. Wenchich 

(Wenchich et al., 2002) that activities of PDH and respiratory chain complex III and IV and 

citrate synthase were significantly lower in muscle mitochondria obtained from six very 

premature neonates (23-29 weeks of gestation) in comparison with controls. Protein analyses 

revealed a parallel decrease of the content of PDH and respiratory chain complexes I, III, IV 

and ATPase and their subunits. Also throughout the maturation of germ cells, a 

morphological, biochemical and functional differentiation of mitochondria has been shown to 

occur (Meinhardt et al., 1999). These changes have not been related only to increased content 
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of mitochondria, but also to molecular and functional alterations in the properties of 

biological membranes. In the first month of life, the developing testis has increasing energy 

requirements for cellular growth and the maturation of complex physiological processes 

(Meinhardt et al., 1999). During mitosis and first meiosis of the germ cell there is an increase 

in the activity of most of the RC complexes, probably due to both mechanisms: an increase in 

the number of mitochondria and/or increase of concentration of the respiratory chain 

complexes per mitochondrion. In addition, during spermatogenesis some changes in the 

composition of the fatty acids in the surrounding membrane are observed affecting the 

protein-lipid interactions, producing a decrease in mitochondrial enzyme activities (Vázquez-

Memije et al., 2005). Besides other events, germ cell differentiation is characterized by a 

gradual structural modification of many organelles, including mitochondria, which play a 

unique role in all stages of testis development. The morphological and functional maturity of 

germ cell mitochondria are a reflection of the permanent change in the testicular 

microenvironment (Vázquez-Memije et al., 2005). 

Also the rate of fiber growth varied with age, muscle and fiber type. Type 1 fibers are 

smaller than type 2 fibers in premature neonates and histologic identification of pathologic 

type 1 fiber size disproportion may thus not be possible in the young infant (Vogler C and 

Bove K.E, 1985). Inhibition of the preferential increase in the rate of protein synthesis for 

both nDNA and mtDNA encoded proteins was shown to blunt postnatal development of 

mitochondrial bioenergetic functions (Cuezva et al., 1992, Valcarce et al., 1994). 

Mitochondrial biogenesis during rat liver development results in both an increase in the 

number of mitochondria per cell and an increase in the functional capability of pre-existing 

mitochondria (Prieur et al., 1995). The delayed accumulation of adenine nucleotides in 

mitochondria and the delayed of postnatal enhancement of protein synthesis de novo may be 

responsible for the postnatal delay in switching of metabolic pathways (Valcare et al., 1994, 

Prieur et al., 1995). The adenine nucleotide translocator (ANT), resides in the inner 

mitochondrial membrane, represent the most abundant protein within that organelle 

(Klingenberg M., 1992). Linkage of mitochondrial oxidative phosphorylation to cytosolic 

energy utilizing processes (mainly in the heart) requires rapid and unlimited exchange by 

ANT. Maturational changes in mitochondria respiratory control have been related to postnatal 

accumulation of adenine nucleotide translocator in the inner mitochondrial membrane 

(Portman M.A et al., 1999). Three distinct human ANT isoforms have been cloned, ANT 1, 

ANT 2 and ANT 3. Each ANT isoform demonstrates a similar tissue-specific expression 

pattern in different mammals, which has been related to tissue-specific energy requirements 

(Stepien G. et al., 1992). These isoforms are also differentially regulated during muscle cell 
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differentiation. Portman and colleagues (1992) supported previous studies, which indicate that 

the operational mode of myocardial respiratory control depends on adenine nucleotide mRNA 

expression. Changes in relative adenine nucleotide translocator isoform distribution do occur 

during fetal to mature transition and may contribute to observed changes in the node of 

respiratory control. Regulation is partly dependent on thyroid hormone. Specific thyroid-

modulated increase in ANT mRNA and protein imply that this regulation occurs in part at a 

pretranslational level (Portman M.A et al., 2000). Distinct activity of the peripheral tissue 

deiodinases in critically ill neonates may influence a complex control of energetic metabolism 

by thyroid hormones (Pavelka et al., 1997). 

Uncoupling proteins (UCP) represent an important example of developmentally regulated 

genes participating in the control of mitochondrial energy conversion. They belong to a 

family of mitochondrial inner membrane transporters and are implicated in the regulation of 

the proton leak across the membrane. Thus, all UCP may lower the efficiency of 

mitochondrial ATP production. However, the functional roles of different UCP in cellular 

metabolism as well as the expression of the genes for UCP are mostly tissue specific 

(Ricquier et al., 2000). Recent studies indicate that expression of UCP3 in both skeletal (Brun 

et al., 1999) and heart (Teshima et al., 1999) muscle of rodents is negligible in fetuses and is 

switched on after birth. They also show that UCP3 gene expression is induced by fatty acids 

(Weigle et al., 1998) and that the postnatal induction of UCP3 gene in skeletal muscle of mice 

depends on the iniciation of lipid intake and suckling (Brun et al., 1999). Therefore, UCP3 is 

an important candidate for the control of mitochondrial functions and the postnatal 

augmentation of lipid metabolism in muscle. Brauner et colleagues work documented 

postnatal induction of UCP3 gene expression in skeletal muscle obtained from premature 

neonates and from aborted fetuses. They suggested impaired postnatal activation of UCP3 

gene in neonates delivered before 26 week of gestation (Brauner et al., 2003).  

The possible role of nitric oxide (�NO) in brain mitochondrial maturation was studied by 

many authors. Nitric oxide appears to be an important signalling molecule in the transduction 

pathway within the CNS, leading to increased intracellular cGMP concentration. Nitric oxide 

synthase (NOS) is present in brain tissues during the embryonic and early postnatal stages 

(Keilhoff et al., 1996, Lizasoain et al., 1996, Giuili et al., 1994). Western blot analyses of 

NOS protein isoform has revealed that the amount of brain NOS proteins increase around 

birth in the rat (Keilhoff et al., 1996), together with brain NOS activity (Keilhoff et al., 1996, 

Galea et al., 1995) and �NO synthesis (Conrad et al., 1993). The mitochondrion is known to 

be a target organelle for the action of �NO around birth and the abrupt onset of mitochondrial 

function in the brain immediately after delivery. At the work of Almeida A et al. (1999) 
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within the first 5 min after birth, a sharp increase in ATP concentrations was observed, 

coinciding with an increase in mitochondrial complex II-III activity, while complex I and IV 

activities remained unchanged. Under the same circumstances, cGMP concentrations were 

increased by 5 min after birth, correlating significantly with ATP concentrations. Since ATP 

concentrations also correlated significantly with mitochondrial complex II-III activity, these 

three parameters may be associated. Inhibitors of NOS activity administrated to mothers 

prevented the postnatal increase in cGMP and ATP levels and complex II-III activity. These 

results suggest that early postnatal mitochondrial maturation in the brain is a �NO-mediated 

process (Almeida et al., 1999). 

Glucose is the main source of energy for fetus. Fetal rat liver covers most of its energy 

requirements by anaerobic glycosysis. Towards the end of gestation, almost 90% of the 

pyruvate generated by glycolysis is reduced to lactate. Before the suckling and fatty acid 

oxidation are effectively established, pyruvate oxidation catalysed by the mitochondrial PDH 

complex is important for postnatal metabolic adaptation (Cuezva et al., 1992). In rat, the 

increase of the number of mitochondria in liver cells and the increase of functional capability 

of pre-existing mitochondria occur during the first postnatal hours (Valcare et al., 1994). 

After birth the role of glucose as energy substrate decreases and a shift from glucose to a 

carbohydrate-fat mixture as the energy source is observed (van Goudoever et al., 1993). 

Almost half of the energy expenditure in neonates after birth is provided by beta-oxidation of 

fatty acids. The rate of oxidation of medium chain triglycerides is higher than that of long 

chain fatty acids (Sauer et al., 1994). There are also indications that regulation of activity of 

fatty acid oxidation during fetal development might not only be important for fetal life but 

may also have implication for health and disease during childhood and even in adulthood 

(Oey et al., 2006). The low activity of PDH complex in premature infants may not only 

negatively influence the ATP production but it may be also a reason for low glucose tolerance 

and hyperlactacidemia (Vary, 1996).  

Also acquired causes of mitochondrial disturbances including infection and the oxidative 

stress may negatively influence the mitochondrial energetic metabolism and further decrease 

the ATP production in critically ill neonates. The total activity of PDH complex strongly 

depends on the actual ratio between the activities of PDH kinase (PDHc) and PDH 

phosphatase (Stacpoole, 1989). It was shown, that during sepsis the activity of PDH complex 

decreases in rat skeletal muscle, because chronic sepsis promotes an increase in PDHc activity 

(Vary and Hazen, 1999). E. coli-induced sepsis causes decreased activities of complex I and II 

in baboon heart mitochondria (Messmer et al., 1999). Pyrogenic cytokines may influence 

muscle protein metabolism during sepsis, both indirectly trough inhibition of the effects of 
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insulin on proteolysis, and directly on the protein synthesis and degradation machinery (Vary 

et al., 1999). In rats, the metabolic alteration associated with utero-placental insufficiency 

may result in altered fetal and postnatal muscle mitochondrial mRNA expression as well as 

altered postnatal mitochondrial functions (Lane et al. 1998). In critically ill neonates only the 

combination of enzymatic, electrophoretic, immunochemical and molecular genetic analyses 

may help to define the etiology of mitochondrial injury.  

3.1.6 L-Carnitine 

After birth almost half of the energy expenditure is provided by beta-oxidation of fatty acids. 

Carnitine is ubiquitous in mammalian tissues and plays an important role in mitochondrial 

metabolic pathways especially in beta-oxidation of fatty acids. Carnitine transports the long-

chain fatty acids to the mitochondrial matrix. Carnitine is also a cofactor for the transport of 

short-chain and medium-chain fatty acids in the heart and skeletal muscle but not in the liver. 

On the contrary, carnitine removes acyl-groups from mitochondria and thus regulates the 

acyl-CoA/CoA ratio (Ramsay et al., 1995, Hoppel et al., 1992, Rebouche et al., 1998). It was 

demonstrated in animal and scarce human studies that carnitine increases the activities of RC 

complexes. The effects of L-carnitine on respiratory chain enzymes in muscle of long distance 

runners were studied by Huertas et al. 1992. Athlets receiving L-carnitine showed a 

significant increase in the activities of rotenone-sensitive NADH cytochrome c reductase, 

succinate cytochrome c reductase and cytochrome oxidase concurrently with increasing free 

and total carnitine level in blood. Carnitine may prevents free radical mediated mitochondrial 

membrane damages and increased the electron flow through the electron transport chain and 

thereby increasing energy production in rat at the age of 24 months and older (Kumaran et al., 

2004). Ruiz-Pesini et al. have found a significant association between carnitine concentration 

in the seminal plasma and the mitochondrial enzymatic activities (Ruiz-Pesini et al., 2001). 

Total carnitines (TC) are composed from free carnitine (FC) and acylcarnitines (AC). In 

healthy neonates the blood level of AC represents about 25 % of TC. However, the ratio 

between AC and FC varies and reflects the actual metabolic turnover of fatty acids. The 

intraerythrocytic carnitine pool constitutes up to 75-85 % of the whole blood carnitine content 

(Cooper et al., 1988, Akisu et al., 2001). Carnitine is water-soluble and is readily filtered by 

the renal glomerulus. Tubular carnitine reabsorption is the main regulatory mechanism of the 

carnitine plasmatic level (Ahmad, 1992, Battistella et al., 1980). Most carnitine is stored in 

the muscle cells. Only 2 % of total carnitine pool in neonates is present in plasma and blood 

cells. Lower availability of free carnitine, lower carnitine tissue stores, immature transport 

system for carnitine, potential restriction of fatty acid oxidation capacity and impairment of 



3 Overview of Literature 

27 

mitochondrial energy production capacity may have negative influence on early postnatal 

adaptation, especially in premature neonates. It was already presented using ESI-MS/MS 

method, that the total blood pool of carnitine in premature neonates is lower in comparison 

with term neonates (Meyburg et al., 2001) and it futher increases during childhood (Cavedon 

et al., 2005). It supports the hypothesis, that increasing store of carnitine at the end of 

gestation is supposed for the postnatal participation of carnitine at the mitochondrial fatty acid 

oxidation. Lower cord blood carnitine pool in premature neonates in comparison with term 

neonates might indicates, that premature neonates are born with limited carnitine store 

(Meyburg et al., 2001). Intrauterine growth retardation and perinatal asphyxia are additional 

risk factors for diminishing carnitine stores (Akisu et al., 2001, Bayes et al., 2001).  

3.1.7 Placenta 

In effort to improve the morbidity and the mortality of very premature neonates 

neonatologists and pediatricians with close co-operation with researchers are faced the 

understanding of maturation processes which fetus undergoes during the intrauterine 

development. The placenta mostly originated from the fetus is good example of the tissue 

which is possible to obtain by non invasive procedures and its amount and the average weight 

of 450-500 grams provide enough material for experiments. Placental mitochondria provide 

important biological model for basic studies of human mitochondria (Rabilloud et al., 1998) 

and they are of key importance for understanding the process of energy provision for 

placental growth and fetus maturation during intrauterine development (Desoye et al., 1994, 

Carter et al., 2000, Schneider et al., 2000). 

The successful fetal growth and development are profoundly influence by feto-maternal 

interaction. The placenta is an transient organ that form the physical and functional interface 

between the mother and developing fetus. The placenta and the fetal membrane provide the 

fetus with nutriens needed for growth and serves as an excretory organ to eliminate waste 

product from fetal metabolism. In addition, also critically important functions of the human 

placenta are the fetal protection, gas exchange and synthetizing a wide range of structural 

proteins, hormones and enzymes. They include human chorionic gonadotrophin (hCG), 

human placental lactogen (hPL), pregnancy-associated placental protein-A, placental growth 

hormon and others. The placenta also secretes a lot of steroids principally oestriol and 

progesterone into the fetal and the maternal circulation. To fulfill these various functions 

indicate that the placenta is the very metabolically active organ with high rate of oxygen 

consumption (Campbell et al., 1966). The human placental mitochondria utilize oxygen and 

reducing equivalents not only to ATP formation but also for steroid hormone biosynthesis 
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(Lowry et al., 1951). The placenta requires a constant supply of energy for its own growth and 

maturation and to transport the nutrients, ions, vitamins and other molecules from maternal to 

the fetal circulation. Inadequate nutrition in pregnant woman and/or serious illness has 

negative impact on the fetus. Many studies documented that maternal acute fatty liver of 

pregnancy (AFLP), the HELLP syndrome (hemolysis, elevated liver enzymes, low platelets 

count), placental infarction and pre-eclamsia are associated with disturbances of fatty acids 

oxidation (FAO) in the fetus (Schoeman et al., 1991, Treem et al., 1994, Ibdah et al., 1999). 

Placental mitochondria are involved in energy metabolism of very premature neonates and 

they participate in generation of reactive oxygen species (ROS) during placental development 

and in pathologic pregnancies.  

Placenta is an organ with heterogeneous cell populations and dynamic transformation 

during the fetal development (Matsubara et al., 2001) making studies of mitochondrial energy 

provision system in neonates very complicated. The placenta begins its development at about 

6-7 days after fertilization when the blastocyst attaches the endometrial epithelium and from 

its outer cell mass the trophoblast starts to proliferate and gradually differentiates into two 

layers: an inner cytotrophoblast and an outer syncytiotrophoblast. The villous 

syncytiotrophoblast perform all above mentioned functions of the placenta. The villous 

cytotrophoblast, on the other hand, are believed to be metabolically less active reserve part of 

placental tissue (Castellucii et al., 2000). In accordance with differences in metabolic 

activities in these two cell formations, many researchers report that the morphology and 

number of both mitochondria and endoplasmatic reticulum (ER) are quite different between 

villous syncytiotrophoblast and villous cytotrophoblast (Matsubara et al., 2001, Castellucii et 

al., 2000, Justo et al., 2002, Martínez et al., 1997). Early studies used mitochondria prepared 

from whole placenta (Schreiner et al., 1965). However, both the shape and size of 

mitochondria reflect cell activity and cell differentiation states. The villous 

syncytiotrophoblast possesses small mitochondria with few vesicular cristae, a dense matrix 

and abundant ER. In addition, it encompasses the machinery to convert cholesterol into 

pregnenolone. The villous cytotrophoblast contains larger mitochondria with many lamellar 

cristae and small amount of ER.  

The oxidative capacity of placental mitochondria was found to be very low with variable 

degree of coupling. Only when the methods for isolation of mitochondria were improved, 

higher rates of respiration and higher respiratory control ratios were obtained (Klimek et al., 

1972, Olivera et al., 1975, Olivera et al., 1975). Nevertheless, many findings remained 

unexplained: low content of cytochromes (c, b) and adenine nucleotides (Gellerich et al., 

1994), low cytochrome c oxidase (COX) activity, low respiratory rate of NADH-dependent 
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substrates (Olivera et al., 1975, Gellerich et al., 1994), presence of specific phosphatases 

bound to placental mitochondria (Gellerich et al,. 1994, Flores-Herrera et al., 1999, Uribe et 

al., 1999) as well as localization of metabolically and structurally different mitochondrial 

populations (Olivera et al., 1975). Also a paradox of relatively high capacity of mitochondrial 

respiratory chain complexes and findings indicating that most of energy derived from 

glycolysis (Desye et al., 1994, Hauguel-de Mouzon et al., 2001) needs further elucidation. 

Another specific property of placental mitochondria is unusually high activity of 

mitochondrial glycerophosphate dehydrogenase (mGPDH) (Olivera et al., 1975, 

Swierczynski et al., 1976, 1976) in comparison with most other mammalian tissues. The 

physiological significance of the high activity of mGPDH is not clear. This enzyme is 

essential for operation of glycerophosphate shuttle (Houstek et al., 1975), an important 

regulatory device of intermediary metabolism, but on the other hand it represents, aside from 

complex I, potent site of ROS production in mitochondria (Drahota et al., 2002, 2003)  

3.1.8 Mitochondrial energetic metabolism in blood cells 

The diagnosis of mitochondrial disorders is especially based on the enzymatic assays in 

muscle tissue obtained from biopsy or in cultivated fibroblasts. While isolated platelets and 

lymphocytes contribute only very little to the overall metabolic turnover, their easy 

availability lead to using these blood cells for biochemical analysis of OXPHOS disorders and 

initially avoiding an invasive diagnostic procedures. For the first time Parker WD Jr et al., 

1988 investigated electron transfer activities of respiratory chain complexes in platelet 

mitochondria of a patient with intermittent ataxia and lactic acidosis and Chretien et al., 1994 

published results of analysis activities of respiratory chain complexes in isolated lymphocytes 

in ten healthy persons. Subsequently OXPHOS activities in isolated platelets were also 

studied by other authors, but they were concentrated to rather small group of patients with 

Parkinson´s, Huntington´s and Alzheimer´s disease and to limited number of controls (Parker 

et al., 1990, Benecke et al., 1993, Blandini et al., 1998, Bosetti et al., 2002). Documented 

changes in activities of respiratory chain complexes were more likely secondary without the 

connection with primary disorder. At the work of M. Capkova (Capkova et al., 2002) on 

isolated lymphocytes the measurement reproducability of activity of complex IV and citrate 

synthase was high, but activities of other respiratory chain enzyme complexes were rather 

low, almost unreproducable. In lymphocytes decreased ATP synthetic capacity of patients 

with five distinct mitochondrial disorders were demonstrated by Marriage et co-workers 

(2003). They concluded that the measurement of ATP synthesis in permeailized lymphocytes 

may serves as a screening tool for detecting OXPHOS dysfunction.  
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4 MATERIAL 

4.1 Mitochondrial energetic metabolism in neonates 

Isolated muscle mitochondria were used in the study. Sample of muscle tissue (m.triceps 

surae) was obtained after informed consent at autopsy 1-2 hours after death from 19 

premature neonates (12 boys and 7 girls, 2x twins) with birth weight 790 ± 295 g (range 380-

1460 g) and gestational age 25 ± 3 weeks (range 23 �35 weeks). Muscle tissue was 

immediately frozen in liquid nitrogen and stored at -800C. Thirteen neonates were delivered 

by the Caesarean section, the other six vaginally. Seven neonates were born after premature 

rupture of membranes, eleven neonates due to mother´s sepsis, chorioamniitis or initiation of 

premature parturition with unsuccessful tocolysis, one girl was delivered due to preeclamsia 

in the mother. The most common clinical complications were enteral sepsis or necrotizing 

enterocolitis after one or two weeks of relatively good clinical condition (9 neonates), severe 

hypoxic-ischemic encephalopathy (1 neonate), intracranial haemorrhage (5 neonates), 

apoplexia (2 neonates) (Table 1). Anaemia, thrombocytopenia, leucopenia as a consequence 

of bone marrow failure and low glucose tolerance resulting in hyperlactacidaemia were found 

in most patients. The main clinical and laboratory data are shown in Table 1. All neonates 

were treated at NICU including ventilatory support, antibiotics, catecholamines and other. 

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

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

two due to intracranial haemorrhage and one due to meningitis with systemic inflammatory 

response (Honzik et al., 2006). 

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

of 0.5-2 years and 26 �disease free� controls at the age of 3-18 years. These children were 

investigated due to clinical suspicion of neuromuscular diseases and were assigned 

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

detected. Muscle biopsies were obtained from the m. triceps surae or m. tibialis anterior 

(Wenchich et al., 2002). 

4.2 Mitochondrial energetic metabolism in miscarriages 

Isolated muscle mitochondria were used in the study. Sample of muscle tissue (m.triceps 

surae) was obtained after informed consent at autopsy immediately after abortion from 18 

miscarriages. Aborted fetuses were subdivided into two groups: infectious (5x) and non-

infectious (13x) according to the mother�s clinical status before the abortion and indication for 
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abortion. In the group of infectious miscarriages the mean birth weight was 334 ± 241 g 

(range 60-700 g) and gestational age at birth 19 weeks (range 15-23 weeks of gestation) and 

in the group of non-infectious miscarriages the mean birth weight was 301 ± 305 g (range 30-

1270 g) and gestational age at birth 19 weeks (range 15-26 weeks of gestation). Main clinical 

data in 5 infectious miscarriages are shown in Table 2 and in 13 non-infectious miscarriages 

in Table 3. All miscarriages were delivered vaginally. In the group of infectious miscarriages 

the cause of abortion was chorioamniitis, mother�s sepsis or intrauterine infection with 

parvovirus B19 and development of non-immune hydrops fetalis. In the group of non-

infectious miscarriages various reasons were indication for terminating of the pregnancy like 

trisomy 21, acute psychosis of the mother, anencephalus and others congenital defects. The 

abortion was initiated by induction of delivery using uterotonic treatment (prostaglandines), in 

three cases the life of the fetus was terminated by intraumbilical injection of KCl solution. 

Muscle tissue was immediately frozen in liquid nitrogen and stored at -800C. The time from 

induction of abortion to parturition was determined (the range was very wide from few 

minutes to 29 hours).  

Table 1 C linical and laboratory data in 19 prem ature neonates 
 
 

 C linical data L aboratory data 

P atien t 
N o. 

B irth w eight 
(g) 

G est.age 
(w k) 

A ge of death 
(days) M ain clin. com plication 

H b  
< 90 g/l 

L eu  
< 5.10 9/l 

P lt  
< 150.10 9/l 

G lc tolerance * 
< 8m g/kg/m in 

B -L actate 
m m ol/l 

C R P  ** 
(m g/l) 

1 740 25 34 N E C  +  +  +  - 10,2 neg. 
2 810 25 30 E nteral sepsis +  +  - - 14,1 30 
3 750 26 9 N E C , sepsis +  +  +  - 11,5 47 
4 635 23 36 N E C , peritonitis +  +  +  - 8,1 127 
5 450 23 28 IU G R , sepsis +  +  +  - 5,9 20 
6 1240 29 14 A sphyxia, H IE  grade III +  - +  +  22,5 neg. 
7 435 25+ 2 62 A R F , IC H  +  - +  - 10,5 neg. 
8 1450 30+ 5 2 A sphyxia, IC H , seasures - - +  - 2,52 neg. 
9 650 23 40 N E C , sepsis +  +  +  - 7,3 211 
10 680 24 27 N E C , IC H  +  - - +  < 2,3 113 
11 700 25+ 2 3 C M P , IC H  - - +  +  5,5 neg. 
12 1460 35 33 N E C , sepsis +  - +  +  < 2,3 232 
13 680 24+ 3 13 M O D S  - - +  +  4,5 26 
14 650 24+ 4 17 N E C , peritonitis - - +  +  9,95 35 
15 380 25 8 S epsis, lung apoplexia +  +  - - < 2,3 33,9 
16 690 24+ 4 4 IC H , dysrrhytm ia - - +  - 5,9 neg. 
17 750 24+ 4 23 N E C , sepsis +  +  +  - < 2,3 103 
18 690 23+ 2 16 S epsis, m eningitis +  - +  - < 2,3 134 
19 985 24+ 4 17 L ung apoplexia +  - +  - < 2,3 neg. 

N E C : necrotizing enterocolitis, IU G R : intrauterine grow th retardation, H IE : hypoxic-ischem ic encephalopathy, A R F : acute renal failure,  
IC H : intracerebral hem orrhage, C M P : cardiom yopathy, M O D S : m ulti-organ dysfunction syndrom e, H b: haem oglobin, L eu: leucocytes, P lt: platelets. 
* D ecrease glucose tolerance before developm ent of clinical com plication. **  C R P  48 hours before death 
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N o. 1 2 3 4 5
B irth w eight(g) 700 60 480 345 85

G estational age(w k) 23 15 23+ 2 19 15+ 5

M ain clinical com plications
H ydrops fetalis, 

parvovirus B 19 inf.
M othe ŕ s 

sepsis, P R O M

C horio- 
am niitis, 
sepsis

C horio- 
am niitis, 
sepsis, 
P R O M

C horio- 
am niitis, 

anhydram nion

T im e from  induction to delivery 
(hours)

7.5 (K C l*) 4 0.5 no induction 22

Infectious m iscarriage

P R O M -prem ature rupture of m em branes, *Induction w ith intraum bilical injection of K C l solution

Table 2  C linical data in 5 infectious m iscarriages

 
 

N o. 1 2 3 4 5 6 7
B irth w eight(g) 510 100 100 30 230 160 350
G estational age(w k) 23 17 18 19 19 19 22+1

M ain clinical com plications
O ccipital 

m eningocele
P sychiatric indication

A nencephalus, 
acranius

H ydrocephalus, 
chr.aberation

B one dysplasia, 
hygrom a colli 

cysticum

H ernia 
diaphrag.

T risom y 
21

T im e from  induction to delivery 
(hours)

10 12 21 (K C l*) 17 12 26 7

N o. 8 9 10 11 12 13
B irth w eight(g) 300 1270 215 440 390 70
G estational age(w k) 19 26+2 18 21+6 21+1 17

M ain clinical com plications H ydrocephalus U m bilical cord em bolia
D rug abuse, 
psychiatric 
indication

T risom y 21
IU G R , um bilical cord 

em bolia
T risom y 21

T im e from  induction to delivery 
(hours)

29 (K C l*) 9 20 24 10 21

Table 3  C linical data in 13 non-infectious m iscarriages

N on-infectious m iscarriages

IU G R : Intrauterine grow th retardation, *Induction w ith intraum bilical cord injection of K C l solution

N on-infectious m iscarriages

*Induction w ith intraum bilical cord injection of K C l solution

 
 

4.3 Specific properties of heavy fraction of mitochondria from 
human-term placenta and glycerophosphate-dependent 
hydrogen peroxide production 

Placental tissue was obtained immediately after delivery from five healthy term neonates 

(Honzik et al., 2006).  



4 Material 

33 

 

4.4 Carnitine concentrations in term and premature neonates 

Altogether, 60 neonates were investigated: 33 healthy term neonates (16 boys, 17 girls, birth 

weight 3485 ± 309 g) and 27 premature neonates (12 boys, 15 girls, gestational age 24-37 

week, birth weight 1855 ± 765 g, range 590-2620 g). All term neonates and 19 premature 

neonates were delivered vaginally, 8 premature neonates were delivered by Caesarean section. 

In all term neonates early postnatal adaptation was uneventful with the Apgar score at least 7 

and 9 in the first and the fifth minute, respectively. Nine mothers of term neonates and 11 

mothers of premature neonates received antibiotics before the delivery due to the premature 

rupture of membranes (>18 hour). Five mothers were smokers during pregnancy, no one was 

vegetarian. All children, except three premature neonates who developed multi-organ failure, 

had good clinical outcome. All term neonates were breast fed and the mean milk intake of 

100-120 ml/kg of body weight was achieved at the end of the first week of life. Parenteral 

nutrition without carnitine supplementation in combination with gradual increase in the 

amount of mother milk or adapted milk formula for preterm newborns was initiated in 

premature neonates and the mean milk intake at the end of the first week of life was 50 

ml/kg/day (range 20-100 ml/kg/day) according to individual tolerance. Small-for-gestational-

age neonates and neonates with congenital malformations, perinatal asphyxia or metabolic 

diseases, and children of mothers with gestational diabetes mellitus or symptoms of acute 

infection were excluded from the study (Honzik et al., 2005). 

4.5 Polarographic and spectrophotometric studies in isolated 
muscle mitochondria and in permeabilized human muscle 
fibers 

Isolated muscle mitochondria and saponin-permeabilized muscle fibers obtained from 6 

patients with mitochondrial defect were used in the study. These patients (1-28 years old) had 

clinical symptoms of mitochondrial disorders including muscle weakness, progressive 

hypotony, myopathy, encephalopathy, cardiomyopathy, psychomotor retardation and lactic 

acidosis. In two patients, molecular analysis revealed a mutation in mtDNA. In patient 2 with 

clinical symptoms of the Kearns-Sayre syndrome (muscle weakness, chronic progressive 

external ophtalmoplegia, A-V heart block) a large scale mtDNA deletion (7.4 kB) was 

observed. In patient 3 with clinical symptoms of MELAS syndrome (mitochondrial 

myopathy, encephalopathy, lactic acidosis and stroke-like episodes) a heteroplasmic mtDNA 

mutation 3243A>G was found (the level of heteroplasmy was 68 %). In other patients 

molecular analysis revealed neither mtDNA mutations 3243A>G, 8344A>G and 8993T>G 
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nor any large-scale mtDNA deletion or mtDNA depletion. Muscle biopsies (cca 120-150 mg 

of muscle tissue) were obtained from the musculus tibialis anterior after informed consent of 

the patients or from their parents. The control group consisted of 26 patients (3-18 years old) 

who were recommended for muscle biopsy with the clinical suspicion of mitochondrial 

neuromuscular diseases, which were not confirmed (Wenchich et al., 2003). 

4.6 Mitochondrial energetic metabolism in blood cells 

Lymphocytes were isolated from placental part of umbilical cord obtained after delivery of 

placenta in 38 healthy term neonates (20 boys, 18 girls) and 17 premature neonates (7 boys 

and 10 girls) with birth weight 1652 ± 728 g (range 590-2620 g) and gestational age 23-37 

week. All term neonates and 10 premature neonates were delivered vaginally, 7 premature 

neonates were delivered by Caesarean section. In all term neonates early postnatal adaptation 

was uneventful with the Apgar score at least 7 and 9 in the first and the fifth minute, 

respectively. Nine neonates were born after premature rupture of membranes, eight neonates 

due to mother´s sepsis, chorioamniitis or initiation of premature parturition with unsuccessful 

tocolysis. Control group of children was established from 37 healthy children at the age of 

0.5-2 years. 

Platelets were isolated from peripheral blood in 161 children, adolescent and young adults 

(70 boys/men and 91 girls/women). According to the age four subgroups were selected: 32 

infants and toddlers (0.5-2 years of age), 50 small children (3-9 years of age), 39 adolescent 

(10-19 years of age) and 40 young adults (20-25 years of age). Patients with clinical suspicion 

of mitochondrial disorders were excluded from the study (Böhm et al., 2003). 

4.7 Ethics 

All studies were carried out in accordance with the Declaration of Helsinki of the World 

Medical Association and were approved by the Committee of Medical Ethics at Faculty of 

Medicine, Charles University and General Hospital in Prague. Biological samples collection 

and all biochemical analyses were performed after informed consent of the patients or the 

parents in case of children. 
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5 METHODS 

5.1 Isolation techniques 

5.1.1 Samples of skeletal muscle 

Samples of skeletal muscle (m. triceps surae) were obtained immediately after the abortion 

and from all premature neonates during autopsy within 1-2 hours after death. In extremely 

low birth weight miscarriages muscle samples were obtained from various muscle groups to 

gain adequate amount of tissue.  

5.1.2 Muscle mitochondria isolation 

Mitochondria were isolated according to (Makinen and Lee, 1968) but without use of 

protease. Tissue samples were homogenized at 4ûC in a KCl medium (100 mM KCl, 50 mM 

Tris, 2 mM EDTA, aprotinine 10 mg/ml, pH 7.5). The homogenate was centrifuged for 10 

min at 4ûC and 600 g, the supernatant was filtered through a 100 µm nylon screen and 

mitochondria were sedimented by centrifugation for 10 min at 4ûC and 10 000 g. The 

mitochondrial pellet was washed by centrifugation and resuspended to a final protein 

concentration of 20-25 mg/ml.  

5.1.3 Muscle fibres separation 

Muscle fibers were separated mechanically according to Kunz et al., (1993) in a medium 

containing 10 mM Ca-EGTA (0.1 µM free Ca2+), 20 mM imidazole, 20 mM taurine, 50 mM 

K-MES, 0.5 mM DTT, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM phosphocreatine, pH 7.1. 

Bundles of fibers between 15 and 20 mg wet weight were placed into 2 ml of an ice-cold 

medium. Thereafter, 50 µg/ml saponin (Sigma S-2149) was added and the suspension was 

gently mixed for 30 min at 4ûC. The fiber bundles were washed to remove saponin and stored 

on ice before being used for respiration measurements.  

5.1.4 Human-term placental mitochondria isolation 

Mitochondria from human-term placenta were isolated according to (Martinez et al., 1997). 

For better separation of heavy and light mitochondria the pH of the resolving medium was 

increased to 7.8 (Olivera et al., 1975). Placental samples were dissected and washed several 

times in washing medium (0.25 M sucrose, 0.154 M KCl, 1 mM EDTA, pH 7.4). Washed 

placenta was homogenized at 0ûC in the isolation medium (0.25 M sucrose, 10 mM Tris-HCl, 

1 mM EDTA, pH 7.4) using a glass-Teflon homogenizer. A 15-20% homogenate was 
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centrifuged at 4ûC for 10 min at 750 g. Supernatant was filtered through gauze and 

centrifuged at 4ûC for 10 min at 10 800 g. The mitochondrial pellet was suspended in 

resolving medium (0.25 M sucrose, 1 mM EDTA, 1 mM Tris-HCl, pH 7.8) and centrifuged 

for 10 min at 12 000 g. The pellet obtained consists of two phases, heavy and light fraction of 

mitochondria. Both phases were carefully separated, suspended in the isolation medium and 

centrifuged at 4ûC for 10 min at 10 800 g. After the last washing, heavy and light fractions 

were suspended in isolation medium and used for analysis.  

5.1.5 Blood collecting for carnitine measurement 

After delivery, two drops of cord blood from the placental part of the umbilical vein were 

spotted on the Guthrie card. Substantial part of cord blood was collected into the tubes 

containing sodium citrate, transferred to the laboratory and centrifuged. All samples from 

dried blood spots were investigated by means of electrospray ionisation-tandem mass 

spectrometry (ESI-MS/MS). Carnitine in plasma was assessed by a radioenzymatic technique.  

5.1.6 Lymphocytes and platelets isolation 

Peripheral mononuclear cells from 7 ml of EDTA-treated umbilical cord blood were separated 

on a Ficoll gradient with Lymphopack tubes (Sigma). Platelets were isolated form 9 ml of Na-

citrate peripheral blood by differential centrifugation (Fox et al., 1992) 

5.2 Biochemical Methods 

5.2.1 Metabolities 

5.2.1.1 Lactate and pyruvate determination 

Lactate and pyruvate were measured using monotests (Boehringer). 

5.2.1.2 Carnitine measurement 

Free carnitine (FC), acylcarnitines (AC) and total carnitine (TC) were analysed in 

collaboration with Petr Chrastina from Institute of Inheritied Metabolic Disorders by two 

different methods - electrospray ionisation-tandem mass spectrometry (ESI-MS/MS) and 

radioenzymatic technique (RE). All samples from dried blood spots were investigated using API 

2000 triple quadrupole tandem mass spectrometer (Applied Biosystems/MDS SCIEX) with 

TurboIonSpray (TIS) interface in combination with a PE 200 Autosampler and a PE series 

200 microgradient system was used ((Hardy et al., 2001). One 3-mm diameter dot was 

punched from each 10-mm diameter dried blood spot specimen into a single well of a 96-well 

microtiter filter plate to which was added 200 µl of a methanol stock solution of internal 
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deuterated standards (containing 0.76 µmol/l [2H3] carnitine, 0.19 µmol/l [2H3] 

acetylcarnitine, 0.038 µmol/l each of [2H3] propionylcarnitine, [2H3] butyrylcarnitine, [2H3] 

isovalerylcarnitine, [2H3] octanoylcarnitine, [2H3] myristoylcarnitine, 0.076 µmol/L [2H3] 

palmitoylcarnitine, 2.5 µmol/l each of [2H3] alanine, [2H8] valine, [2H3] leucine, [2H3] 

methionine, [2H8] phenylalanine, [2H4] tyrosine, [2H3] glutamate, [2H6] ornithine and 12.5 

µmol/L [2H3] glycine). After 25 minutes, the eluate was evaporated to dryness and 100 µl 3N 

HCl in butanol were added. The microtitration plates were sealed and incubated at 60° C for 30 

minutes. After removal of the seal, excess HCl-butanol was evaporated to dryness. The derived 

samples were reconstituted with 200 µl acetonitril/water (1:1) containing 0.02 % formic acid. The 

sample, 40 µl, was injected directly to tandem mass spectrometr at a solvent flow rate of 

60 µl/min, resulting in a run-time of 2.5 min for each sample. The detection of acylcarnitines 

was carried out using the precursor-ion scan of m/z 85 and scanning from m/z 200 to 550. 

Each acylcarnitine was quantified using the signal intensity ratio of the compound to its 

internal standard and related to concentrations using the slope derived from standard curves. 

The levels of short-chain acylcarnitines (C2-5), medium-chain acylcarnitines (C6-12) and long-chain 

acylcarnitines (>C12) were summarized to yield total acylcarnitines concentrations. 

Carnitine in plasma was assayed by a radioenzymatic technique on Tri-Carb Liquid 

Scintillation Analyzer Models 2500TR (Cambera Packard) (McGarry et al., 1976). For total 

carnitine, to 50 µl of plasma is added 50 µl of 0.2 mol/l KOH and the samples are placed in water 

bath at 50o C for 30 min. At the end of the hydrolysis period 50 µl of 0.5 mol/l (N-[2-

Hydroxyethyl] piperazine-N�-[2-ethanesulfonic acid]) buffer is added. The pH of samples is 

checked to confirm a value of about 7.4. For free carnitine, 50 µl of plasma is diluted with 100 

µl distilled water. For carnitine measurement, samples are mixed with 100 µl of reagent 

mixture (containing 0.01 mol/l N-ethylmaleimide; 0.5 mol/l (N-[2-Hydroxyethyl] piperazine-

N�-[2-ethanesulfonic acid]), pH 7.6; 0.1 mol/l EDTA; 0.5 mol/l acetyl-CoA; 5000 dpm/µl [1-
14C] acetyl-CoA; 1 µl carnitine acetyltransferase) and incubated at room temperature for 30 

min. Samples are placed on top of column of Dowex 1-X8 (Cl form 200-400 mesh) contained 

in a Pasteur pipette. The column is washed twice with 0.5 ml distilled water and with 1 ml 

96% ethanol. The eluate is collected in scintillation vial, and 5 ml of a scintillation fluid is 

added to the vial, mixed, and counted. Carnitine was quantified using the slope derived from 

standard curves. 

In our study we analysed carnitine status in term and premature neonates at birth in the 

whole cord blood and cord plasma using two methods. In addition, carnitine was also 

investigated in the Guthrie cards obtained at the age of 4-6 days in term neonates and at the 
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age of 7-10 days in premature neonates and the relationship between carnitine concentrations 

and RC enzymes acitivities was also analysed.  

5.2.2 Protein determination 

Mitochondrial proteins were determined according to (Lowry et al., 1951) using bovine serum 

albumin as a standard.  

5.2.3 Spectrophotometric determination of mitochondrial enzyme activity 

The activities of mitochondrial enzymes, NADH-coenzyme Q10 oxidoreductase (NQR, 

complex I), NADH-cytochrome c oxidoreductase (NCCR, complex I+III), succinate-

coenzyme Q10 oxidoreductase (SQR, complex II), succinate-cytochrome c oxidoreductase 

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

cytochrome c oxidace (COX, complex IV), glycerophosphate-cytochrome c oxidoreductase 

(GCCR) and cytrate synthese (CS) were measured spectrophotometrically in isolated muscle 

and placental mitochodria and in isolated lymphocytes and platelets (Rustin et al., 1994). The 

activity of the PDH complex was estimated as the production of 14CO2 produced by 

decarboxylation of [1-14C]-pyruvate (Constantin-Teodosiu et al., 1991).  

5.2.4 Electrophoretic and Western blot analyses 

Blue-native electrophoresis was used for separation of mitochondrial proteins in the first 

dimension and SDS electrophoresis in the second dimension (Klement et al., 1995, Schagger 

et al., 1991). Subunits of PDH were detected by Western blot, using chicken polyclonal 

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

secondary peroxidase-conjugated antibody and enhanced chemiluminescence (Amersham, 

Little Chalfont, UK) 

5.2.5 Polarographic determination of oxygen consumption  

Oxygen consumption was measured at 30ûC using OROBOROS Oxygraph (Anton Paar, 

Innsbruck, Austria). The respiration of isolated muscle mitochondria was measured in the 

medium containing 0,5 mM EDTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 20 mM 

HEPES, 200 mM sucrose, BSA 1 g/l, pH 7.1. For saponin-skinned muscle fibers, a medium 

containing 0.5 mM Na2EDTA, 5 mM MgCl2, 10 mM KH2PO4, 110 mM mannitol, 60 mM 

Tris-HCl, pH 7.4 was used. Freshly isolated or frozen-thawed human-term placental 

mitochondria were added to 2 ml of medium containing 100 mM KCl, 10 mM Tris-HCl, 4 

mM K-phosphate, 3 mM MgCl2 and 1 mM EDTA, pH 7.4. Polarographic measurements were 

performed as multiple substrate-inhibitor analyses (Kunz et al., 1993, Sperl et al., 1994) in the 
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presence of 1 mM ADP. Oxygen consumption was expressed as pmol oxygen/s/mg protein. 

The following substrates and inhibitors were used for isolated muscle and placental 

mitochondria: 10 mM pyruvate + 2 mM malte, 10 mM glutamate + 2 mM malate, 5 µM 

cytochrome c, 1.25 µM rotenone, 10 mM succinate, 2.5 µM antimycin A, 0.4 mM ascorbate + 

400 µM TMPD (N,N,N´,N´- tetramethyl-p-phenylenediamine dihydrochloride). Specific 

inhibitors for complex I (rotenon), and complex III (antimycin A) together with substrates 

allowed us to characterize respiratory chain complexes I, II, III and IV within one 

measurement. TMPD was used as an artificial electron mediator which accelerates the transfer 

of electons from ascorbate to membrane-bound cytochrome c (Lee et al., 1967). For saponin-

skinned muscle fibers, we used the same substrate concentrations except for: 10 mM pyruvate 

+ 5 mM malte, 10 mM glutamate + 5 mM malate, 2 mM ascorbate + 500 µM TMPD and 2.5 

µM FCCP (carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone). Enzyme activity was 

corrected for auto-oxidation of ascorbate, TMPD and cytochrome c. For calculation of oxygen 

uptake and for presentation of oxygraphic curves OROBOROS software was used. 

Oxygraphic curves are presented as the negative first derivation of oxygen concentration 

changes.  

5.2.6 Immunoblot analyses* 

The samples of human-term placenta, hamster brown fat, rat liver and muscle mitochondria 

for SDS-PAGE were boiled for 3 min in a sample-lysis buffer (100 mM Tris-HCl, pH 7.0, 1% 

(v/v) mercaptoethanol, 4% (w/v) SDS, 10% (v/v) glycerol). SDS-Tricine electrophoresis 

(Schagger et al., 1987) was performed on 10% polyacrylaminde slab gels (Mini protean, 

BioRad) using the same protein aliquots of SDS-solubilized mitochondria (5-10 µg/slot). 

Proteins from the gel were blotted onto nitrocellulose membrane (Hybond TM C EXTRA, 

Amersham Bioscience) by semi-dry electrotransfer at 0.3-0.7 mA/cm2 for 1 hour.  

For immunodetection of respiratory chain enzymes, the membranes were blocked with 

PBS (0.15 M NaCl, 0.02 M Na2HPO4, pH 7.4) plus 0.2% Tween 20 (PBST) and incubated for 

2.5 h with the primary monoclonal antibodies against subunits of complexes I, II, III, IV and 

V, respectively, diluted in PBST containing 2% bovine serum albumin: anti-NADH39 subunit 

of complex I (1:250 dilution, Molecular Probes A-11140), anti-70kDa subunit of complex II 

(1:2000, Molecular Probes A-11142), anti-Corel protein of complex III (1:1000, Molecular 

Probes A21362), anti-COXVIc subunit of complex IV (1:200, Molecular Probes A-6401), 

anti-ATPaseF1-α subunit of complex V (1:200 000, lot 20D6, Moradi-Ameli et al., 1983). For 

detection of mGPDH, the membranes were blocked over night with 3% defatted milk and 

0.3% Triton X-100 in 0.15 M NaCl and 0.02 M Na2HPO4 and incubated for 3 h with rabbit 
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polyclonal anti-mGPDH antibody (1:5000 dilution) raised against C-terminal peptide 

LDRRVPIPVDSCGG of mouse enzyme according to Ueda et al., 1998. Then the membranes 

were incubated for 1.5 h using either goat anti-mouse IgG (1:1000, A8924 Sigma) or goat 

anti-rabbit IgG (1:1000, F0382 Sigma) secondary antibodies conjugated with horseradish 

peroxidase. The chimiluminescent reaction using ECL kit (Amersham Biosciences) was 

detected on a LAS 1000 (Fujifilm) and signal was quantified using Aida 2.11 Image Analyser 

software (Raytest).  

5.2.7 Fluorometric detection of hydrogen peroxide production* 

For determination of hydrogen peroxide production fluorescent probe 

dichlorodihydrofluorescein diacetate (H2DCFDA, Molecular Probes) was used. Mitochondria 

were incubated in 1 ml of KCl-medium (10 mM Tris-HCl, 80 mM KCl, 3 mM MgCl2, 5 mM 

KH2PO4, 1 mM EDTA) containing 0.05 mg of mitochondrial protein, 1 µM H2DCFDA, 1 µM 

antimycin A and glycerophosphate, succinat or NADH as indicated. Fluorescence was 

determined at excitation wavelength of 425 nm and emission wavelength of 520 nm using 

Wallac Victor2 fluorescence plate-reader.  
*The analyses were performed at Dept.of Bioenergetics, Institute of Physiology, Academy of Science, Czech 

Republic 

5.3 Statistical Analysis  

Statistical analysis used in the study characterizing carnitine profile in premature neonates: 

Student�s test for unpaired samples was used to test the differences in carnitine level in cord 

plasma and the whole cord blood. Simple linear regression was used to test for the correlation 

between carnitine level and gestational age, birth weight or blood count. Differences were 

regarded as significant at a p<0.05. T-test for paired samples was used to compare the 

changes in carnitine level in cord blood and Guthrie cards. 

Statistical analysis used in the study characterizing activities of RC complexes in 

premature neonates: Program Statgraphics Plus version 6.0 was used for statistical analysis. 

The results of enzymatic investigations are expressed as mean ± SD. Statistical significance 

for comparison between groups was assessed using the nonparametric Mann-Whitney U test 

and a p-value of <0.05 was considered significant. A simple linear regression was used to test 

for the correlation between enzyme activities and weight or gestational age.  
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6 RESULTS AND DISCUSSION 

6.1 Mitochondrial energetic metabolism in neonates  

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

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

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

lower in comparison with older children (Figure 7). On the contrary, the activity of complex I 

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

II was not significantly different from activity in older children (Figure 7) (Honzik et al., 

2006).  

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

between specific activity of individual enzymes and complex II serving as the control 

mitochondrial membrane-bound enzyme were lower in premature neonates in comparison 

with older children at the age of 3-18 years (Table 4). On the contrary, the ratio between 

complex I and complex II was higher in premature neonates in comparison to older children 

aged 3-18 years. 

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

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

actual weight or postnatal age at the time of death (data not shown). The PDH activity was 

significantly lower (3.9 ± 2.2 nmol/min/mg protein) in the group of 10 premature neonates 

with severe hyperlactacidemia (>5.9 mmol/l, controls < 2.3 mmol/l) in comparison with 9 

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

increased lactate. 

Blue-native electrophoresis of respiratory chain complexes in isolated muscle 

mitochondria in premature neonates revealed decreased protein amount of respiratory chain 

complexes I, III, IV and V in all 15 analysed premature neonates in comparison with controls. 

Data of four very premature neonates are shown in Figure 8.  

Using Western blot, a lower amount of E1-alfa, E1-beta, protein X and E2 subunits of 

pyruvate dehydrogenase (20-50 % of control value) were found in all 9 analysed premature 

neonates in comparison with older controls. Data of three very premature neonates are shown 

in Figure 9.  

The low activities of RC complexes III and IV and pyruvate dehydrogenase in muscle 

mitochondria observed in our study in premature neonates seem to correspond to the low 

protein amount of these mitochondrial enzymes. We are aware of the fact that the age of death 
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in our group of premature neonates varied. To what extent the secondary factors such as 

sepsis may have any influence on our results can be discussed, but animal studies and scarce 

studies in human neonates (Cuezva et al., 1992, Sperl et al., 1992, Walcarce et al., 1994, 

Smeitink et al., 1992) provide explicit evidence of lower mitochondrial protein synthesis in 

premature individuals. We suppose that both factors including lower mitochondrial protein 

synthesis in very premature neonates and an increase of mitochondrial proteins degradation 

are important for mitochondrial energetic metabolism in prematurely delivered neonates. 

However, further studies are required.  

An increased level of lactate is often found in neonates as a result of hypoxia, low blood 

perfusion, hepatic or renal failure, high glucose intake and also in children with various 

inherited metabolic disorders (Hutchesson et al., 1997, Stern, 1994). The low activity of PDH 

in premature or critically ill neonates may not only negatively influence the ATP production 

but it may also be the cause of low glucose tolerance and lactic acidosis (Vary, 1996). It is in 

agreement with our results of premature neonates with severe hyperlactacidemia where we 

found lower activity of PDH in comparison with premature neonates in which lactic acidosis 

were not so accentuated.  

In our study in premature neonates and two groups of older children we observed, that the 

specific activities of PDH and several respiratory chain complexes have age-dependent 

tendency to increase. The reason why reversed trend was observed for complex I (NQR) 

although electrophoretic analyses revealed a decreased protein amount of complex I in 

premature neonates in comparison to older children, is not easy to explain. The physiological 

electron acceptor of complex I is a lipid-soluble endogenous coenzyme Q. The assay of 

complex I activity requires the use of artificial acceptors, because the physiological quinones, 

such as coenzyme Q10, are too insoluble in water to be added as substrate to the assay media. 

One of the best electron acceptors for the study of the NQR activity is the commercially 

available synthetic analog decylubiquinone (DB) (Estornell et al., 1993). It was observed, that 

using DB as the electron acceptor results in non-linear kinetics in enzymatic assay. In 

addition, NADH oxidation by DB is highly dependent on the amount of phospholipids 

(Estornell et al., 1993). Differently maturated muscle tissue can probably harbour various 

amount and composition of phospholipids which may influence the results of complex I 

activity measurement. Bruce (Bruce, 1974) described that composition of phospholipids in 

human muscle varies from the fetal to middle age. Unfortunately, to standardise the content of 

phospholipids for optimal amount in all measured groups of our samples was not possible due 

to very limited amount of available tissue. On the other hand, complex I is the largest and the 

most unexplored enzyme complex, although it represents the key enzyme of the mitochondrial 
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electron chain. Furthermore, since 7 out of the 13 polypeptides encoded by mtDNA belong to 

complex I, it is expected that complex I should be mostly affected by ageing (Lenaz, 1998). In 

addition, it was shown recently, that complex I becomes more rate controlling, over all others 

enzyme complexes of respiratory chain, during ageing (Ventura et al., 2002).  

Most diseases in premature neonates are secondary to infection and immaturity of various 

organ systems. The results of our study document the age dependent differences in activities 

of PDH and respiratory chain complexes in early childhood. Lower functional capacity of 

mitochondrial energy providing system in critically ill premature neonates may be explained 

by combination of various factors including the delay in maturation of PDH and respiratory 

chain complexes in very premature neonates and increased degradation of mitochondrial 

proteins in connection with sepsis, tissue hypoperfusion or hypoxemia (Honzik et al., 2006). 
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Figure 7: Activities of respiratory chain complexes and pyruvate dehydrogenase in isolated muscle 

mitochondria in 19 premature neonates in comparison with older children at the age between 0.5 and 

2 years or 3 and 18 years. NQR: NADH-coenzyme Q10 oxidoreductase (complex I), SQR: succinate-

coenzyme Q10 oxidoreductase (complex II), QCCR: coenzyme Q10-cytochrome c oxidoreductase 

(complex III), COX: cytochrome c oxidase (complex IV), PDH: pyruvate dehydrogenase , CS: citrate 

synthase. The differences between age groups are marked with asterisk andthe level of significance: 

*p < 0.01, **p < 0.001. 
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Table 4: The activities of respiratory chain complexes and pyruvate dehydrogenase expressed 

as the ratio between specific activity of individual enzymes and succinate-coenzyme Q10 

oxidoreductase - in 19 premature neonates in comparison with older children at the age 

between 0.5 and 2 years or 3 and 18 years. 
 

Ratio Group A         
Premature neonates 

Group B          
Children             

Group C        
Older Children    

A:B A:C B:C

BW: 380-1460 g     
GA: 23-35 wk Age 0.5-2 years Age 3-18 years

n= 19 n= 20 n= 26
NQR/SQR 7.9 + 6.2 6 + 3.2 3.9 + 1.9 NS < 0.01 < 0.02

QCCR/SQR 4.1 + 2.8 4 + 2.1 8.8 + 3.7 NS < 0.001 < 0.001
COX/SQR 10.7 + 10.3 13.2 + 8.4 21.8 + 8.6 NS < 0.001 < 0.002
PDH/SQR 0.15 + 0.1 0.16 + 0.1 0.24 + 0.1 NS < 0.02 < 0.02

p- values

 
BW: birth weight, GA: gestational age, NQR: NADH-coenzyme Q10 oxidoreductase (complex I), 

SQR: succinate-coenzyme Q10 oxidoreductase (complex II), QCCR: coenzyme Q10-cytochrome c oxidoreductase 

(complex III), COX: cytochrome c oxidase (complex IV), PDH: pyruvate dehydrogenase. p-value of <0.05 was 

considered significant. 

 

 
Figure 8: Blue-Native electrophoresis of respiratory chain complexes in isolated muscle mitochondria 

in four very premature neonates in comparison with controls. Protein aliquots of lauryl-maltoside-

solubilised isolated mitochondria (15 µg) from bovine heart (BH), four very premature neonates (P4, 

P7, P14, P16) and four adult controls (C1-4) were analysed on a 5-10 % polyacrylamide gradient gel 

and stained with Coomassie Brilliant Blue R. The migration of molecular mass standards (MW) and 

the position of respiratory chain complexes I, III, IV and V are indicated. 
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Figure 9: Western blot analysis of the pyruvate dehydrogenase complex in isolated muscle 

mitochondria. 15 µg protein aliquots of isolated mitochondria from three very premature neonates 

(P4, P14, P19), adult control (C) and 4.5 µg protein of isolated pyruvate dehydrogenase from porcine 

heart (PH) were analysed by SDS PAGE, transferred to nitrocellulose membrane and probed with 

anti-PDH antibodies. Positions of PDH subunits E2, X, E1α and E1β are indicated. PDH - pyruvate 

dehydrogenase complex, E1 - pyruvate decarboxylase, E2 - dihydrolipoamide transacetylase, X - 

subunit X (E3 binding protein) 

6.2 Mitochondrial energetic metabolism in miscarriages 

The specific activities of PDH and respiratory chain complexes in the isolated mitochondria 

from the muscle tissue of 13 non-infectious miscarriages (gestational age in the range from 

15th to 26th weeks) and 5 infectious miscarriages (gestational age in the range from 15th to 23th 

weeks) in comparison with 19 premature neonates (gestational age in the range from 23rd to 

35th weeks) and the controls aged 0,5-2 years are shown in Table 5 A, B and Figure 10 A, B. 

In the 19 premature neonates, 5 infectious miscarriages and 13 non-infectious miscarriages 

the specific activity of respiratory chain complex IV and CS, and the specific activities of 

respiratory chain complexes I, II and III in 13 non-infectious miscarriages, and the specific 

activity of PDH in premature neonates were significantly lower in comparison with the 

control group of children at the age of 0.5-2 years.  

In the group of 13 non-infectious miscarriages in comparison with premature neonates 

significantly lower specific activities of respiratory chain complex I, II, III, IV and CS were 

found. In contrast, specific activity of PDH was significantly higher in non-infectious 

miscarriages in comparison with the group of premature neonates. Look for more details in 

Table 5 A, B. 

In effort to evaluated the potential influence of infectious complications on activities of 

respiratory chain complexes we compared group of infectious (5x) and non-infectious 

miscarriages (13x) and septic (9x) and non-septic (10x) premature neonates. The specific 
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activities of respiratory chain complexes I (320.7 ± 132.7, 222.9 ± 76.5 nmol/min/mg protein, 

p<0.05) and complex II (70.84 ± 84.3, 29.6 ± 12 nmol/min/mg protein, p<0.05) in isolated 

muscle mitochondria were significantly higher in the infectious group of miscarriages in 

comparison with the others. No significant differences were found between individual 

activities of all analysed respiratory chain complexes in septic and non-septic premature 

neonates (data not shown).  

A simple linear regression analysis revealed significant positive correlation between 

specific activity of complex IV (r= 0.44, n= 32, p<0.05) and CS (r= 0.39, n= 32, p<0.05) and 

gestational age and specific activity of complex IV (r= 0.42, n= 32, p<0.05) and birth weight 

in premature neonates plus non-infectious miscarriages. (Figure 11 A, B, C, D). On the other 

hand, the activities of other respiratory chain complexes and PDH were not significantly 

dependent on birth weight and/or gestational age. 

The relative activity of respiratory chain complexe I and PDH expressed as the ratio 

between specific activity of individual enzyme and complex II (SQR) serving as the control 

mitochondrial membrane-bound enzyme was significantly higer and the ratio of complex IV 

and CS lower in the group of premature neonates or miscarriages then in controls. The 

negative correlation was also observed between ratio of PDH/SQR (r= -0.42, n= 23, p<0.05) 

with gestational age.  

Blue-native electrophoresis of respiratory chain complexes in isolated muscle 

mitochondria in premature neonates and miscarriages revealed decreased protein amount of 

respiratory chain complexes I, III, IV and V in all 15 analysed premature neonates and 10 

analysed miscarriages in comparison with controls. Data of five patients (one premature 

neonate, two infectious and two non-infectious miscarriages) are shown in Figure 12.  

Using Western blot, a lower amount of E1-alfa, E1-beta, protein X and E2 subunits of 

pyruvate dehydrogenase (20-50 % of control value) were found in all 9 analysed premature 

neonates and 10 analysed miscarriages in comparison with older controls. Data of three non-

infectious and one infectious miscarriage and three premature neonates are shown in Figure 

13. Both methods western blot and blue native electrophoresis, demonstrated positive 

correlation between protein synthesis and gestational age.  

No differences in enzyme activities were found between boys and girls and between 

mothers which pregnancy were terminated using different methods (application of 

prostaglandins or injection of KCl solution). In addition, the time from initiation of abortion 

to delivery had no effect to enzyme activities. 

While low capacity of mitochondrial energy providing system in critically ill premature 

neonates may be partly explained by increased degradation of mitochondrial proteins in 
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connection with sepsis, hypoxia or tissue hypoperfusion, our study on aborted fetuses clearly 

demonstrate the maturation processes of energy provision during fetal period suggesting the 

impact of immaturity on mitochondrial functions.  

In our studied group, surprisingly, the specific activity of PDH was significantly higher in 

non-infectious miscarriages in comparison with the group of premature neonates and the 

specific enzyme activities of complex I and complex II were even higher in the infectious 

group of miscarriages in comparison with the others. The reason why reversed trend was 

observed for PDH activity although electrophoretic analyses revealed a decreased protein 

amount of PDH subunits in both premature neonates and miscarriages in comparison to 

controls and why infectious miscarriages had higher activity of respiratory chain complex I 

and II in comparison with premature neonates, is not clear. However, the number of 

investigated neonates in our study is low.  

We suppose that respiratory chain complex I and II are maturated earlier than other 

respiratory chain complexes and that these respiratory chain complexes might be less 

influenced by septic complications. On the other hand, complex I is the largest and the most 

unexplored enzyme complex, although it represents the key enzyme of the mitochondrial 

electron chain. The functional regulation and physiological modulation of other key 

regulatory site complex of energy metabolism, complex IV, is much better explored. Tissue- 

and developmentally-specific isoforms, threshold effect, changes in acitivity by removal and 

dissociation of the complex subunits, inability to form higher supracomplexes, ROS 

formation and reversible phosphorylation, which are well documented factors influencing 

complex IV activity and energy production (Kadenbach et al., 1990, 2000, Pecina et al., 

2003a, Villiani et al., 1998, Weishaupt and Kadenbach, 1992, Lee et al., 2002), might exist 

also in complex I bio-feedback. Further studies are necessary for elucidation of complex I 

activity modulation.  
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Table 5: Comparison of specific activities of respiratory chain complexes and pyruvate 

dehydrogenase and their ratio to succinate-coenzyme Q10 oxidoreductase (SQR) in 19 

premature neonates, 13 non-infectious miscarriages and 5 infectious miscarriages with 20 

controls aged 0.5-2 years (A) and their statistical parameters (B). 

A 
Group

Gestat. age (days)
Birth weight (grams)
Enzymes activities

n n n n
COX 19 391,7 + 148,3 5 235,7 + 124,6 13 164,1 + 71,1 20 681,8 + 394,7
CS 19 214,9 + 74,9 5 133,1 + 68,2 13 90,4 + 38 20 419 + 221

NQR 18 292,9 + 84,8 5 320,7 + 132,7 13 222,9 + 76,5 18 274 + 80,7
SQR 16 50,9 + 23,4 5 70,84 + 84,3 13 29,6 + 12 19 63,9 + 44,2

QCCR 15 195,3 + 122,7 5 141,1 + 57 13 109,2 + 24,7 14 178,3 + 79,2
PDH 14 4,9 + 2,5 5 5,53 + 1,9 12 7,2 + 4,2 19 8 + 4,86

COX/SQR 16 10,7 + 10,3 5 6,3 + 4,9 13 6,3 + 3,2 19 13,2 + 8,4
CS/SQR 16 5 + 2,8 5 3,6 + 2,2 13 3,4 + 1,7 19 8,4 + 4,8

NQR/SQR 16 7,9 + 6,2 5 9,1 + 5,8 13 8 + 2,5 18 6 + 3,2
QCCR/SQR 13 4,1 + 2,8 5 3,7 + 2,1 13 4 + 1,3 14 4 + 2,1
PDH/SQR 12 0,15 + 0,1 5 0,19 + 0,11 12 0,24 + 0,07 18 0,16 + 0,1

A B C D
Premature neonates Infectious Miscarriages Non-infectious Miscarriages Controls

0,5-2 years
790 + 295 334 + 241 301 + 305

nmol/min/protein

178,7 + 20,38 134 + 24 137 + 20

 
NQR: NADH-coenzyme Q10 oxidoreductase (complex I), SQR: succinate-coenzyme Q10 oxidoreductase 

(complex II), QCCR: coenzyme Q10-cytochrome c oxidoreductase (complex III), COX: cytochrome c oxidase 

(complex IV), PDH: pyruvate dehydrogenase, CS: citrate synthase 

 

B 
Group A:B A:C A:D B:C B:D C:D

Complexes
COX < 0,025 < 0,001 < 0,005 NS < 0,025 < 0,001
CS < 0,025 < 0,001 < 0,005 NS < 0,005 < 0,001

NQR NS < 0,025 NS < 0,05 NS < 0,05
SQR NS < 0,005 NS < 0,05 NS < 0,01

QCCR NS < 0,01 NS NS NS < 0,005
PDH NS < 0,05 < 0,025 NS NS NS

COX/SQR NS NS NS NS < 0,05 < 0,005
CS/SQR NS < 0,05 < 0,01 NS < 0,025 < 0,001

NQR/SQR NS NS NS NS NS < 0,05
QCCR/SQR NS NS NS NS NS NS
PDH/SQR NS < 0,01 NS NS NS < 0,025

p -value

 
NQR: NADH-coenzyme Q10 oxidoreductase (complex I), SQR: succinate-coenzyme Q10 oxidoreductase 

(complex II), QCCR: coenzyme Q10-cytochrome c oxidoreductase (complex III), COX: cytochrome c oxidase 

(complex IV), PDH: pyruvate dehydrogenase 
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Figure 10: Comparison of relative activities of respiratory chain complexes and pyruvate 

dehydrogenas in 19 premature neonates, 13 non-infectious miscarriages and 5 infectious miscarriages 

with 20 controls aged 0,5-2 years. The activities in the premature neonates and miscarriages are 

expressed in percents of the mean enzyme activities of the control group of children aged 0,5-2 years. 

The respective specific activities (nmol/min/mg protein) in children 0,5-2 years are: COX 681,8 ± 

394,7, CS 419 ± 221, NQR 274 ± 80,7, SQR 63,9 ± 44,2, QCCR 178,3 ± 79,2, NCCR 98,8 ± 57,3, 

SCCR 127,9 ± 77,9, PDH 8 ± 4,86.* p < 0.05 
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Figure 11: The correlation between specific activity of cytochrome c oxidase (complex IV) (A, C) or 

citrate synthase (CS) (B, D) in premature neonates and non-infectious miscarriages and gestational 

age or birth weight.  
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Figure 12: Electrophoretic analysis of the respiratory chain complexes by Blue native 

electrophoresis. 20-ug protein aliquots of lauryl-maltoside-solubilized isolated mitochondria from 

adult control (lane 2), disease free patient 1 year old (lane 3), premature neonates (24+4 wk) (lane 4), 

non-infectious miscarriages (18 and 26+2 wk) (lanes 5, 6), infectious miscarriages (19 and 15+5 wk) 

(lanes 7, 8) and protein markers indicated molecular weight (lane 1) were analysed on a 5-10% poly-

acrylamide gradient gel and stained with Coomassie Brilliant Blue R. The position of the 

respiratorychain complexes I-V is indicated on the right. The migration of the molecular weight 

standarts on the left.  

 

 
Figure 13: Western blot analysis of the PDH complex in isolated muscle mitochondria. 15 ug protein 

aliquot of isolated mitochondria from control (line 8), infectious miscarriage (23 wk of gestation) (line 

4), non-infectious miscarriages (19, 19, 18 wk of gestation) (line 1, 2 and 5), premature neonates 

(24+4, 24+4 and 25 wk of gestation) (line 3, 6 and 7) and 4,5 ug protein of isolated porcine heart 

(line 9)were analysed by SDS PAGE, transferred to mitrocellulose membrane and probed with anti 

PDH antibody. Positions of PDH subunits E2, X and E1 alfa and beta are indicated. PDH = pyruvate 

dehydrogenase complex, E1 = pyruvate decarboxylase, E2 = dihydrolipoamide transacetylase, X = 

subunit X 
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6.3 Specific properties of heavy fraction of mitochondria from 
human-term placenta and glycerophosphate-dependent 
hydrogen peroxide production 

6.3.1 Activity and quantity of various mitochondrial enzymes in placental 
mitochondria 

In published data, there are significant discrepancies related to oxidation of glycerophosphate, 

succinate and NADH dependent substrates. Firstly, we attempted to characterize the 

respiratory rates of various substrates by our mitochondrial preparations from human-term 

placenta. We found that fraction of heavy mitochondria had higher yield of mitochondrial 

protein, and twice as high activity of all respiratory chain enzymes tested, when compared 

with the light mitochondrial fraction, which is in agreement with data of Martinez et al. 

(1997) and other authors (Olivera et al., 1975) In all further experiments we therefore used 

only the heavy mitochondrial fraction. 

Similarly as in brown fat mitochondria (Houstek et al., 1975), we found the rate of 

glycerophosphate-cytochrome c oxidoreductase (GCCR) activity in placenta quite comparable 

to that of SCCR (Table 6). When oxygraphic determination of succinate-or glycerophosphate-

dependent respiration was tested, we found similar rates of respiration with both substrates 

(Table 7). We thus confirmed previous findings demonstrating high activity of mGPDH in 

human placental mitochondria (Olivera et al., 1975, Gellerich et al., 1994, Swierczynski et 

al., 1976a, b). However, neither by spectrophotometric nor by oxygraphic method could we 

obtain three-fold higher respiratory rate with glycerophosphate in comparison with succinate 

as mentioned by Swierczynski et al. (1976). Similarly as in brown fat mitochondria 

(Bukowiecki et al., 1974, Houstek and Drahota, 1975), the placental GCCR activity was 

inhibited by free fatty acids and palmitoyl CoA as in other tissues (Chowdhury et al., 2000, 

Drahota et al., 1995). Oxidation of glycerophosphate, succinate, glutamate+malate and 

pyruvate+malate by intact mitochondria was activated by ADP. Rather low respiratory control 

about 2 was obtained. ADP stimulated respiration of succinate and glycerophosphate was not 

further activated by FCCP and was 95% inhibited by KCN (Table 7). Respiration of 

glutamate+malate and pyruvate+malate was 85% inhibited by rotenone (Table 7). The activity 

of placental COX in the presence of ascorbate and TMPD was approximately twice as high as 

that of succinate or glycerophosphate oxidation (Table 7). Contrary to the findings of Olivera 

and Meigs (1975), who reported that approximately 50% of COX activity in the presence of 

ascorbate and TMPD was insensitive to KCN, in our placental mitochondria COX activity 
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was almost completely inhibited by KCN (Table 7). Determination of NCCR showed that the 

rotenone-insensitive NCCR activity was almost four-fold higher than GCCR or SCCR (Table 

6). However, the rotenone-sensitive fraction was quite comparable to the activity of GCCR or 

SCCR. High rotenone-insensitive activity is evidently connected with a high microsomal 

contamination as observed also in previous studies (Gellerich et al., 1994, Gasnier et al., 

1993) or with high activity of NCCR of outer mitochondrial membrane, which is also 

rotenone insensitive (Sottocasa et al., 1967). These measurements of complex I activity 

differed from previously published oxygraphic data (Olivera et al., 1975, Gellerich et al., 

1994) that showed very low respiration of placental mitochondria with NADH-dependent 

substrates in comparison with succinate- or glycerophosphate-dependent respiration. Also 

using oxygraphic studies we found that the rate of glutamate and malate or pyruvate and 

malate respiration is only about 50% of that of succinate- or glycerophosphate-dependent 

respiration (Table 7). This discrepancy between spectrophotometric and oxygraphic 

measurements could indicate some limitations in transport of NADH-dependent substrates to 

placental mitochondria or modified function of NADH oxidase. To further investigate this 

hypothesis we measured rotenone-sensitive NADH oxidation by oxygraphy. In frozen-thawed 

placental mitochondria we found the rate of NADH oxidation (Table 8) to be three to four 

times lower than the rate of glycerophosphate or succinate oxidation. The lower rate of 

NADH oxidation was apparently not due to limited permeability of frozen mitochondria for 

NADH, because the same results were obtained with frozen-thawed and sonicated 

mitochondria (Table 8). Oxidation of all respiratory substrates tested on frozen-thawed and 

sonicated mitochondria was not activated by uncoupler and was almost completely inhibited 

by KCN (Table 8). These results suggest lower content or down-regulated activity of complex 

I in placental mitochondria. We therefore determined specific content of individual 

respiratory chain complexes by Western blot analysis using subunit-specific monoclonal 

antibodies against RC complexes I, II, III, IV and V (CI, CII, CIII, CIV and CV). As 

demonstrated in Figure 14A, the relative proportion between individual complexes was quite 

similar in human placenta, mouse liver and mouse muscle mitochondria. The respective ratios 

of antigen signals CI:CII:CIII:CIV:CV normalized to CIV signal were found to be 

0.8:0.6:0.9:1:1 in placenta, 0.7:0.7:0.6:1:1 in liver and 0.7:0.3:0.6:1:0.8 in muscle. 

Apparently, the content of CI in placenta was quite comparable with that in other tissues. 

Furthermore, we used the same approach to quantify the content of mGPDH. In this case we 

used highly specific rabbit antibody raised against C-terminal peptide of human mGPDH. As 

apparent from Figure 14B, placental mitochondria contained about two-fold higher amount of 

mGPDH than liver mitochondria which corresponded to about 38% of the mGPDH content in 
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brown adipose tissue mitochondria. These amounts correlated well with enzyme activities of 

GCCR in the respective types of mitochondria (brown adipose tissue (BAT) 720 ± 50.3 nmol/ 

min/mg protein (n=5), liver 21 ± 7.7 nmol/min/mg protein (n=4), placenta 107 ± 1.2 

nmol/min/mg protein (n=3).  

6.3.2 Glycerophosphate-dependent hydrogen peroxide production in placental 
mitochondria  

In the previous studies (Drahota et al., 2002, Drahota et al., 2003) was found that mGPDH 

represents a new site of ROS production in the mitochondrial respiratory chain. Using 

fluorometric detection of hydrogen peroxide generation by H2DCFDA we could demonstrate 

a high rate of glycerophosphate-dependent hydrogen peroxide production also in placental 

mitochondria. Under the same experimental conditions, succinate- or NADH-dependent 

hydrogen peroxide production was several times less intensive (Figure 15). 

Glycerophosphate-dependent hydrogen peroxide production can also be measured as a KCN-

insensitive oxygen uptake. Similarly as in brown fat (Drahota et al., 2002) and liver 

mitochondria (Jesina et al., 2004), also in placental mitochondria we found glycerophosphate-

dependent hydrogen peroxide production that was about sevenfold increased by one-electron 

acceptor, potassium ferricyanide (Figure 16, Table 9). In spectrophotometric measurements 

performed in parallel, we followed reduction of added ferricyanide. The decline of 

ferricyanide-induced oxygen uptake correlated with complete reduction of added ferricyanide 

(not shown). As shown in Figure 17, when the added ferricyanide was reduced by mGPDH, 

the rate of hydrogen peroxide production returned again to the original values. This activation 

of oxygen uptake could be repeated several times by addition of another portion of oxidized 

ferricyanide (Figure 17). From oxygen uptake curves both the total oxygen consumption 

(ngAt O) connected with the ferricyanide reduction and the ratio between ngAt O consumed 

per nmol of ferricyanide added can be calculated (Table 9). This value indicates efficiency of 

the glycerophosphate-dependent hydrogen peroxide generation. Values about 0.3 ngAt O per 

nmol potassium ferricyanide are comparable to those obtained in previous experiments with 

brown fat mitochondria (Drahota et al., 2002, 2003). Contrary to glycerophosphate, succinate 

was not able to support hydrogen peroxide generation under the same experimental conditions 

(Figure 17). Antimycin A was used in that experiment as the respiratory chain inhibitor and 

we obtained the same results as in previous experiments with KCN (Figure 16). Fifty percent 

inhibition of mGPDH activity by 50 mM mercaptodicarbanonaborate (Drahota et al., 1995) 

led to decline in hydrogen peroxide production rate (Figure 18), however, the total amount of 

hydrogen peroxide produced with respect to added ferricyanide remained unchanged. The 
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inhibition of mGPDH activity by mercaptodicarbanonaborate can be completely eliminated 

by bovine serum albumin (Drahota et al., 1995). Similarly, addition of serum albumin after 

mercaptodicarbanonaborate inhibition completely recovered the ferricyanide-induced, 

glycerophosphate-dependent hydrogen peroxide production (Figure 18), which confirms 

direct involvement of mGPDH in this reaction. Cytochrome c is known as a potent 

endogenous scavenger of electrons (Pereverzev et al., 2003). Figure 18 demonstrates that 

increasing concentration of cytochrome c strongly depressed glycerophosphate-dependent 

hydrogen peroxide production. 

 

Table 6: NADH-dependent and flavoprotein-dependent enzyme activities of human placental 

mitochondria 

Enzyme activity nmole/min/mg protein % activity 
Glycerophosphate: cytochrome c oxidoreductase 107.8 ± 1.23 100 
Succinate:cytochrome c oxidoreductase 108.8 ± 2.92 101 
NADH:cytochrome c oxidoreductase   
 Rotenone-sensitive activity 93.8 ± 0.47 87 
 Rotenone-insensitive activity 395.7 ± 8.96 367 

 

The enzyme activities were measured as described in Material and Methods. The data represent means ± SEM 

from analysis of four different mitochondrial preparations from human-term placenta. 



6 Results and Discussion 

57 

 

Table 7: Oxygen uptake of human-term placental mitochondria with different substrates 

Additions Oxygen uptake 
(pmol oxygen/s/mg protein) 

GP 109.4 ± 9.2 
GP+cyto 169.6 ± 5.8 
GP+cyto+ADP 292.3 ± 6.1 
GP+cyto+ADP+FCCP 310.5 ± 19.6 
GP+cyto+ADP+FCCP+KCN 22.3 ± 5.2 
(RCI = 1.72±0.13)  
  
SUC 110.4 ± 7.3 
SUC+cyto 140.7 ± 17.5 
SUC+cyto+ADP 260.0 ± 21.0 
SUC+cyto+ADP+FCCP 307.0 ± 23.0 
SUC+cyto+ADP+FCCP+KCN 15.9 ± 5.2 
(RCI = 1.84±0.15)  
  
GLU+MAL+cyto 61.2 ± 10.4 
GLU+MAL+cyto+ADP 152.1 ± 17.0 
GLU+MAL+cyto+ADP+ROT 24.4 ± 6.1 
(RCI = 2.49±0.13)  
  
PYR+MAL+cyto 66.1 ± 7.0 
PYR+MAL+cyto+ADP 130.1 ± 17.0 
PYR+MAL+cyto+ADP+ROT 19.6 ± 3.5 
(RCI = 1.97±0.23)  
ASC+TMPD+cyto 725.5 ± 45.6 
ASC+TMPD+cyto+KCN 2.3 ± 3.2 

 

Freshly isolated human-term placental mitochondria were incubated in 100 mM KCl, 10 mM Tris-HCl, 4 mM 

K-phosphate, 3 mM MgCl2 , 1 mM EDTA, 1 mM EGTA, 0.6 mg /ml bovine serum albumin fatty acid free, pH 

7.3 at 30o C . Where indicated 10 mM glycerophosphate (GP), 10 mM succinate (SUC) 10 mM glutamate 

(GLU), 3 mM malate (MAL),20 µM cytochrome c, 1 mM ADP, 3 µM rotenone (ROT), 5 mM ascorbate (ASC), 

1 mM tetramethyl-p-phenylendiamine (TMPD) were added. Protein was 0.5 mg/ml. RCI indicates respiratory 

control index for particular substrate. Measurements with glycerophosphate and succinate were repeated five 

times and measurements with glutamate, malate and ascorbate were repeated three times with different 

mitochondrial preparations from human-term placentas. Data indicate average and ±SEM. 
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Table 8: NADH, glycerophosphate and succinate oxidation by frozen-thawed placental 

mitochondria 

Additions Oxygen uptake 
(pmol oxygen/s/mg protein) 

NADH 85.4 
NADH+ROT 32.4 
NADH+ROT+cyto 270.7 
NADH+ROT+cyto+KCN 3.5 
  
NADH 84.6 
NADH+cyto 360.8 
NADH+cyto+FCCP 340.0 
NADH+cyto+FCCP+ROT 263.3 
NADH+cyto+FCCP+ROT+KCN 2.5 
  
*NADH 82.6 
*NADH+cyto 208.1 
*NADH+cyto+FCCP 216.0 
*NADH+cyto+FCCP+ROT 163.9 
*NADH+cyto+FCCP+ROT+KCN 4.7 
  
GP 75.2 
GP+cyto 425.3 
GP+cyto+KCN 2.9 
  
SUC 74.5 
SUC+cyto 322.2 
SUC+cyto+KCN 4.7 

 

Where indicated (*) aliquot of frozen-thawed mitochondria was sonicated three times for 15 sec at 0o C. 

Incubation conditions were the same as in Table 7. NADH was 0.4 mM, glycerophoshte (GP) 10 mM, succinate 

(SUC) 10 mM, cytochrome c (cyto) 40 µM, rotenone (ROT) 3 µM. Mitochondrial protein was 0.4 mg/ml. 
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Figure 14: Immunodetection of the respiratory chain enzymes by specific antibodies. In (A), SDS-

polyacrylamide gel electrophoresis and Western blot analysis was performed in isolated mitochondria 

from human placenta, rat muscle and rat liver using monoclonal antibodies against subunits of 

respiratory chain Complex I (NADH39), Complex II (SDH70), Complex III (CORE1), Complex IV 

(COXIV and COXVIc) and Complex V (F1-alpha). In (B), the same analysis was performed in isolated 

mitochondria from hamster brown adipose tissue (BAT), human placenta and rat liver mitochondria 

using polyclonal antibody against mGPDH. 
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Figure 15: Fluorometric detection of hydrogen peroxide generation by placental mitochondria. 

Frozen-thawed mitochondria (0.05 mg protein/ml) were incubated in 1 ml of 100 mM KCl, 20 mM 

TriseHCl, 4 mM Kphosphate, 3 mM MgCl2, 1 mM EDTA, pH 7.4 in the presence of 2 mM H2DCFDA 

and 2 mM antimycin A. Ten millimoles of glycerophosphate (GP), 10 mM succinate (SUC) or 0.4 mM 

NADH was used as a substrate. 
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Figure 16: Ferricyanide-activated, glycerophosphate-dependent hydrogen peroxide generation by 

human placental mitochondria. Freshly isolated mitochondria (1 mg protein/ml) were incubated at 30 

(C in 100 mM KCl, 20 mM TriseHCl, 4 mM K-phosphate, 3 mM MgCl2, 1 mM EDTA, pH 7.4 and 1 

mM KCN. Ten millimoles of glycerophosphate (GP) and 63 mM potassium ferricyanide (FeCN), were 

added as indicated. The experiment was repeated twice using two different placental mitochondria 

preparations with the same results. 

 

Table 9: Glycerophosphate-dependent, ferricyanide-induced hydrogen peroxide generation 

by mitochondria from human-term placenta 

 Rate of oxygen uptake 
(pmol/s/mg protein) 

Total oxygen uptake 
(ΣngAt/s/mg protein) 

O/FeCN 
(ngAt O/nmol FeCN) 

 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 
Mitochondria       

+ KCN 2.0 3.5 - - - - 
+10 mM GP 44.6 50.2 � � � � 
+FeCN 256.6 270.3 22.09 21.45 0.35 0.34 
+FeCN 251.2 265.4 20.66 20.35 0.33 0.32 
+FeCN 234.7 248.7 22.58 22.13 0.36 0.35 
+FeCN 221.9 232.5 20.21 21.08 0.32 0.33 

 

Data in Table 9 were calculated from the oxygraphic trace presented in Figure 17. Freshly isolated placental 

mitochondria were incubated in 100 mM KCl, 20 mM Tris-HCl, 4 mM K-phosphate, 3 mM MgCl2, 1 mM 

EDTA, pH 7.4 at 30ºC. Mitochondrial protein was 1 mg/ml and KCN was 1 mM. Sequential additions of 63 

nmol/ml of potassium ferricyanide (FeCN) are shown in Figure 17. The experiment was repeated twice with the 

same results using two different mitochondrial preparations from human placentas. 
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Figure 17: Ferricyanide-induced hydrogen peroxide production in the presence of glycerophosphate 

(A) and succinate (B). Frozen-thawed placental mitochondria were incubated at 30 (C in 100 mM 

KCl, 20 mM TriseHCl, 4 mM K-phosphate, 3 mM MgCl2, 1 mM EDTA, pH 7.4. In (A), where 

indicated, 10 mM glycerophosphate (GP), 1 mM antimycin A (AA), and twice 63 mM potassium 

ferricyanide (FeCN), were added. In (B), where indicated, 10 mM succinate (SUC), 1 mM antimycin A 

(AA), 10 mM glycerophosphate (GP) and 63 mM potassium ferricyanide (FeCN), were added. 

Mitochondrial protein was 0.46 mg/ml. 
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Figure 18: Inhibition of glycerophosphate-induced hydrogen peroxide production by 

mercaptodicarbanonaborate and cytochrome c. Incubation conditions were the same as in Figure 17. 

Mitochondrial protein was 0.5 mg/ml. KCN-insensitive oxygen uptake was induced by addition of 10 

mM glycerophosphate (GP) and 63 mM potassium ferricyanide (FeCN). Glycerophosphate-

dependent, FeCN-activated hydrogen peroxide production was measured in the presence of 50 mM 

mercaptodicarbanonaborate (B-9), or B-9 and 1 mg/ml bovine serum albumin fatty acid free (B-

9CBSA). Inhibition of cytochrome c, was measured in the presence of 20 mM or 40 mM cytochrome c 

(Cyt). The experiment was repeated twice using two different placental mitochondria preparations 

with the same results. 

6.3.3 Concluding remarks 

In this work we focused on detailed characterization of mitochondria isolated from human-

term placenta, in order to clarify discrepancies in published data on activities of various 

mitochondrial enzymes and their proportions. For our studies we used heavy mitochondrial 

fraction that displayed approximately 2-fold higher activity of all measured respiratory-chain 

enzymes than the light mitochondrial fraction. Activities of rotenone-sensitive NCCR, SCCR 

and GCCR were quite similar, however, when measured as oxygen uptake, we found in 

accordance with others e.g. (Gellerich et al., 1994) a lower rate of oxygen uptake with 

NADH-dependent substrates than with succinate or glycerophosphate. Using specific 

antibodies we found that the amount of respiratory chain complex I is not reduced in placental 

mitochondria and the proportions among RC complexes I, II, III, IV and complex V are 

similar to those in other mammalian tissues. From our experiments and from other published 

data (e.g. (Gellerich et al., 1994) we may conclude that mitochondria in placenta are capable 
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of regular ATP production by coupled oxidative phosphorylation and have normal content of 

respiratory chain enzymes. Taken together, the immunodetection of respiratory chain 

complexes is in a good agreement with spectrophotometric measurements. Activities of all 

cytochrome c reductases exceed the activities of respective oxidases with the most 

pronounced difference in complex I. It appears that the activity of NADH oxidase is somehow 

down-regulated in placental mitochondria, because both the oxidation of NADH-dependent 

substrates in intact mitochondria and oxidation of NADH in frozen-thawed and sonicated 

mitochondria is lower than that of glycerophosphate and succinate. However, further 

experiments are required to clarify this discrepancy between NADH cytochrome c reductase 

activity and oxygraphic measurements where the complex I activity is measured in the context 

of the whole respiratory chain.  

Placental mitochondria posses many specific structural and metabolic properties when 

compared to mitochondria from other tissues. They have very high activity of nonspecific 

ATPase (Uribe et al., 1999) and alkaline phosphatase (Gellerich et al., 1994) that splits 

adenine nucleotides and diminish the ADP/O ratio. They have also a very high activity of 

rotenone-insensitive NADH oxidase. Indeed, the high activity of rotenone-insensitive NADH 

dehydrogenase can be the result of contamination by terminal mixed function 

NADH/NADPH oxidases (Simpson et al., 1994) and/or by rotenone-insensitive NADH-

cytochrome c oxidase localized on the outer mitochondrial membrane. It also remains unclear 

whether these specific metabolic properties of isolated mitochondria are connected with all, or 

only some types of cell present in placenta. 

Very specific feature of placental mitochondria is unusually high activity of mGPDH. 

High activity of this enzyme enables function of the glycerophosphate shuttle (Swierczynski 

et al., 1976) that is a very useful regulatory device which can reoxidize cytosolic NADH and 

maintain the high rate of glycolysis without production of lactic acid. For placenta this 

pathway is especially important because in placenta glycolysis represents a very important 

pathway in cell energy metabolism (Desoye et al., 1994, Diamant et al., 1975, Malek et al., 

1996, Illsley, 2000). In most mammalian tissues the expression of mGPDH is highly 

depressed, placental cells thus could represent a useful model system for elucidation of 

mechanisms controlling mGPDH biogenesis in human tissues.  

Recently was found that mGPDH beside its positive role in activation of glycolysis, 

represents also a potential risk for mammalian cells as a generator of ROS (Drahota et al., 

2002, 2003). Data presented in this work show that a significant glycerophosphate-dependent 

hydrogen peroxide production can be detected also in placental mitochondria. 

Glycerophosphate-dependent hydrogen peroxide generation in combination with a very high 
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activity of NAD(P)H-dependent superoxide production (Poston et al., 2004) and high activity 

of NO synthase (Poston et al., 2004, Myatt et al., 2004) could participate in disturbances of 

placental development as well as in placental pathologic processes connected with oxidative 

stress (Bloxam et al., 1987, Poston et al., 2004) . GP-dependent ROS production might be 

important also in diabetic hyperglycemia (Hauguel-de Mouson et al., 2001, Desoye et al., 

2004) since the activated NADH production might increase in placental mitochondria the 

electron flow from mGPDH. Further studies, however, will be necessary to evaluate to what 

extent glycerophosphate-dependent ROS generation can be considered as potential risk due to 

its participation in acceleration of pathological alterations in placenta and to what extent it 

could play an important role as a signaling mechanism in metabolic regulations as was 

recently proposed (Poston et al., 2004, Nulton-Persson and Szweda, 2001, Powell and 

Jackson, 2003). 

6.4 Carnitine concentrations in term and premature neonates 

Cord plasma level of free carnitine (FC), acylcarnitines (AC) and total carnitines (TC) 

estimated by radioenzymatic technique was significantly higher in premature neonates in 

comparison with term neonates (Table 10) and negative correlation between cord plasma level 

of FC, AC or TC and birth weight or gestational age was found (p<0.05 for all parameters) 

(Figure 19 C, D). On the contrary, the total blood pool of FC and TC in cord blood estimated 

by ESI-MS/MS method were significantly lower in premature neonates in comparison with 

term neonates (Table 10) and the positive correlation between cord blood level of FC and 

gestational age or birth weight was observed (p<0.05 for both parameters) (Figure 19 A, B). 

No correlation was observed between red blood cell count, haematocrit or white blood cell 

count and the level of FC or TC in the whole cord blood (data not shown), but positive 

correlation was found between AC level and RBC or haematocrit (p<0.05 for both 

parameters) (Figure 20). The TC level decreased significantly from birth to the postnatal day 

4�6 in term neonates and from birth to the postnatal day 7�10 in premature neonates (Figure 

21). During the same period FC level decreased in term neonates and AC level decreased in 

premature neonates. No relation was found between carnitine level and the amount of 

maternal milk or adapted milk formula intake with or without parenteral nutrition within the 

first week of life in term neonates at the age of 4�6 days and in premature neonates at the age 

of 7�10 days (data not shown). 

The activity of respiratory chain complex I+III and CS in isolated lymphocytes obtained 

from umbilical cord in 17 premature neonates and 33 term neonates increased significantly 

with increasing free carnitine blood level and with increasing ratio FC/TC. In addition, 
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activities of respiratory chain complexes I+III, II and CS decreased with increasing level of 

AC and ratio AC/FC. (Figure 22). No differences in other analysed parameters were found.  

No differences in carnitine level were found between the boys and girls, between the 

neonates born to non-smoking or smoking mothers, and between the neonates of mothers 

receiving and not receiving antibiotics for premature rupture of membranes. No differences in 

carnitine level were found in three premature neonates that died during the first week of life 

due to multi-organ failure comparison to surviving neonates (data not shown). 

Placental transfer is the main source of carnitine for the fetus and for the neonates during 

the early postnatal period. The plasma carnitine concentration in pregnant women decreases 

during gestation and reaches the lowest levels near the end of the gestation (Hahn et al., 1977, 

Winter et al., 1995). Similar to other studies using RE technique, we observed higher level of 

carnitine in cord plasma in our group of premature neonates in comparison with term neonates 

resulting from a higher placental carnitine transfer from the mother in earlier stages of 

gestation (Novak et al., 1981). In contrast with plasma carnitine level, total carnitine pool in 

muscle tissue is positively correlated with gestational age (Nakano et al., 1989) and it further 

increases with age to adulthood (Penn et al., 1985). It was already presented using ESI-

MS/MS method, that the total blood pool of carnitine in premature neonates is lower in 

comparison with term neonates (Meyburg et al., 2001) and it futher increases during 

childhood (Cavedon et al., 2005). We also observed higher FC and TC levels in cord blood in 

term neonates in comparison with premature neonates and significant correlation between FC 

and gestational age or birth weight. It supports the hypothesis, that increasing store of 

carnitine at the end of gestation is supposed for the postnatal participation of carnitine at the 

mitochondrial fatty acid oxidation. Lower cord blood carnitine pool in premature neonates in 

comparison with term neonates might indicates, that premature neonates are born with limited 

carnitine store (Meyburg et al., 2001). Intrauterine growth retardation and perinatal asphyxia 

are additional risk factor for diminishing carnitine stores (Cooper et al., 1988, Bayes et al., 

2001).  

During fetal development red blood cell count, hemoglobin and haematocrit increase and 

red blood cell volume decreases (Schoderbeck et al., 1995, Ganong, 1993). Acylcarnitines in 

red blood cells represent the major pool of carnitine (65-75 %) in blood, whereas only 1-3 % 

of acylcarnitines are present in leucocytes and platelets (Battistella et al., 1980, Cress et al., 

1989). Several theories tried to explain the role of carnitine in erythrocytes (Battistella et al., 

1980), but AC in erythrocytes may represent freely exchangeable reservoir of promptly 

available activated acyl-groups. We found positive correlation between AC level and red 

blood cell count and haematocrit. Therefore not only gestational age and fetal growth, but also 
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changes in red blood cell count and haematocrit may influence the results of carnitine 

measurement if ESI-MS/MS method is used.  

Different trends of blood carnitine levels in the neonatal period in comparison with 

carnitine levels in the cord blood were described (Shenai and Borum, 1984, Meyburg et al., 

2001, Cavedon et al., 2005). Moreover, prolonged parenteral nutrition without carnitine 

supplementation in premature neonates may further diminish carnitine reserves and leads to 

carnitine deficiency (Penn et al., 1981, Larsson et al., 1990, Campoy et al., 1998). About 75% 

of the daily carnitine requirement (20-100 mg/day) is provided by enteral nutrition and one 

quarter is from endogenous carnitine synthesis in the liver and the kidneys in a healthy child 

under normal circumstances. Carnitine content in colostrum (1-1.4 mg/100 ml) and mature 

human milk (0,6-1,0 mg/100 ml) is lower in comparison with the cow´s milk (2 mg/100 ml) 

(Novak, 1992). 

We compared carnitine levels in cord blood with carnitine levels in Guthrie card supposed 

for neonatal screening of PKU. During the first week of life, the average blood levels of TC 

and FC decreased in term neonates and TC and AC decreased in premature neonates resulting 

in similar AC/FC and FC/TC ratios in both group of neonates. We did not found any 

correlation between carnitine levels in blood and the amount of milk intake during the first 

days of life.  

In the cell, L-carnitine is involved in a variety of metabolic processes including the 

mitochondrial energetic metabolism and energy production. It was demonstrated in animal 

and scarce human studies that carnitine increases the activities of RC complexes. The effects 

of L-carnitine on respiratory chain enzymes in muscle of long distance runners were studied 

by Huertas et al. 1992. Athlets receiving L-carnitine showed a significant increase in the 

activities of rotenone-sensitive NADH cytochrome c reductase, succinate cytochrome c 

reductase and cytochrome oxidase concurrently with increasing free and total carnitine level 

in blood. Carnitine may prevents free radical mediated mitochondrial membrane damages and 

increased the electron flow through the electron transport chain and thereby increasing energy 

production in aged rats (Kamaran et al., 2004). Ruiz-Pesini et al. have found a significant 

association between carnitine concentration in the seminal plasma and the mitochondrial 

enzymatic activities (Ruiz-Pesini et al., 2001). Low cord blood carnitine pool and low 

carnitine tissue store in premature neonates may futher diminished ATP production and 

influence postnatal adaptation. In our work, we have found a significant association between 

free carnitine concentration in the whole cord blood and the mitochondrial enzymatic and CS 

acitivities (complex I+III).  
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Premature neonates in comparison with term neonates are born with limited carnitine 

stores. It may be of importance to notice, that the results of acylcarnitine analyses in the 

whole blood in neonates may partially rely not only on the gestational age and birth weight 

but also on the actual haematocrit, especially in neonates with anemia or blood 

hyperviscosity. 

 

Table 10: Free carnitine (FC), acylcarnitines (AC) and total carnitine (TC) levels and their 

ratios in plasma from cord blood estimated by radioenzymatic technique (RE) and in the 

whole cord blood estimated by electrospray ionisation-tandem mass spectrometry (ESI-

MS/MS) in term neonates (B, D) and premature neonates (A, C) 
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Figure 19: The correlation between free carnitine (FC) level in the whole cord blood and birth weight 

(A) or gestational age (B) estimated by electrospray ionisation-tandem mass spectrometry (ESI-

MS/MS) and the correlation between free carnitine (FC) level in cord plasma and birth weight (C) or 

gestational age (D) estimated by radioenzymatic technique (RE). 
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Figure 20: The relation between acylcarnitines (AC) level in the whole cord blood and haematocrit 

(A) or red blood cell count (B). 
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Figure 21: The comparison between total carnitine (TC), free carnitine (FC) and acylcarnitines (AC) 

levels in pairs of samples from the cord blood and the blood obtained in term neonates at the postnatal 

day 4�6 (A) and in premature neonates at the postnatal day 7�10 (B). (* p< 0.05). 
71 
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Figure 22: The relation between acylcarnitines (AC), free carnitine (FC) level and their ratios in the 

whole cord blood and respiratory chain enzymes activities in isolated lymphocytes obtained from 

neonates in different gestational age. 



6 Results and Discussion 

73 

 

6.5 Polarographic and spectrophotometric studies in isolated 
muscle mitochondria in permeabilized human muscle fibers 

The results of spectrophotometric analysis of respiratory chain complexes in isolated muscle 

mitochondria are shown in Table 11. The individual values of enzyme activities in six patients 

with mitochondrial disorders are compared with those of the control group. Markedly 

decreased cytochrome c oxidase activity was found in three out of six patients (patients 1, 2 

and 6). In two patients, a decrease activity of complex I was found (patients 4 and 5) and in 

two patients (patients 1 and 3) a decrease activity of complex III was ascertained. In patient 1, 

a combined deficiency of complex III and IV was present. In all patients, the activity of 

control enzyme citrate synthase was within the reference range. Mitochondrial enzyme 

activities were further analyzed by oxygen consumption measurements using isolated 

mitochondria (patients 1 to 3) and saponin skinned muscle fibers (patients 4 to 6). Figure 23 

shows the typical oxygraphic curves of isolated muscle mitochondria from control subjects in 

comparison with patient 1 which allowed evaluation of the activity of most RC complexes. 

Our measurements showed a partial disruption of the outer mitochondrial membrane, because 

the oxygen consumption by isolated mitochondria was activated by exogenous cytochrome c. 

The oxygen consumption without substitution of cytochrome c was by about 20 % lower in 

comparison with the respiratory rate in the presence of cytochrome c (Table 12). Values of 

oxygen consumption in isolated mitochondria of patients 1 to 3 are summarized in Table 12. 

We found a decreased respiration with NADH- and FADH-dependent substratesand with 

ascorbate and TMPD in patients 1 and 2. No changes were found in patient 3. Figure 24 

shows typical curves of polarographic measurements with muscle fibers prepared from 

control and patient biopsies (patient 4). Similarly as with isolated mitochondria, utilization of 

NADH- and flavoprotein-dependent substrates, activity of cytochrome c oxidase was 

evaluated. Under these conditions, respiration was not activated by cytochrome c, indicating 

that the outer mitochondrial membrane was intact. The values of oxygen consumption from 

our measurements on permeabilized muscle fibers from patients 4-6 are summarized in Table 

13.. These data clearly identified the complex I deficiency in patient 4, but there were no 

significant changes in oxygen consumption in patient 5. In patient 6, with an evident COX 

deficiency recognised by spectrophotometry, the mitochondrial respiration in permeabilized 

muscle fibers was lower after addition of all substrates. 

Mitochondrial diseases are characterized by broad spectrum of clinical symptoms, various 

age of onset and complicated genetics with mendelian or maternal inheritance, less often are 

mitochondrial disorders sporadic. Genetic counseling and prenatal diagnostics of 
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mitochondrial disturbances are of particular importance because they often manifest as fatal 

metabolic disorder for which no causal therapy is available. 

On the biochemical level, several different approaches are available for determination of 

the mitochondrial respiratory chain function in the patients with mitochondrial disorders. The 

activities of respiratory chain complexes may be analyzed spectrophotometrically as 

dehydrogenases and oxidoreductases or they may be measured polarographically as the 

oxygen consumption rate after addition of various substrates. 

Using spectrophotometic analyses we selected six patients with apparent defects of 

respiratory chain complexes disorders. Three patients have decreased cytochrome c oxidase 

activity, two patients decreased activity of complex I and two patients decreased activity of 

complex III. One of patients has combined defect of complex III and IV. 

When we compared the results from the spectrophotometric measurement with the 

polarographic data in our patients with mitochondrial disorder, we found by both methods 

defect of cytochrome c oxidase in patient 1 and 2 and normal cytochrom c oxidase activity in 

patient 3. Contrary to spectrophotometric measurements polarographic analysis showed lower 

rate of NADH- and flavoprotein-dependent substrates utilization in patient 1 and 2 with 

decreased cytochrome c oxidase activity. This discrepancy indicates that capacity of these 

dehydrogenases cannot be fully utilized when the complex III and/or IV activity is highly 

depressed.  

Polarographic measurements on muscle fibers correlate with those obtained with 

spectrophotomeric measurements on isolated mitochondria. Defect of cytochrome c oxidase 

was confirmed in patient 6 and no changes of cytochrome c oxidase were found in patient 4 

and 5. Similarly as in polarographic measurements on isolated mitochondria defect of 

cytochrome c oxidase activity was accompanied by lower utilization of NADH- and 

flavoprotein-dependent substrates. In patient 4 with pronounced decrease of complex I 

activity (Table 11), also the lower utilization of NADH-dependent substrates was found. 

However, in patient 5 with moderate decrease of complex I activity, no changes in oxidation 

ofpyruvate+malate were observed (see Table 13). Thus both oxygraphic analyses in isolated 

mitochondria and in permeabilized muscle fibers provide similar and corresponding data in 

diagnostics of mitochondrial defects as spectrophotometric measurements.  

The differences in the results between spectrophotometric and polarographic 

measurements may be explained by the threshold values of the mitochondrial complexes 

(Villani and Attardi, 1997). The calculation of the threshold values on animal models had 

shown a large functional excess of the RC complexes in the mitochondrial respiration (in all 

rat tissues the complex I and III threshold values were over 50%), except for complex IV 
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(Rossignol et al., 1999). This may not only explain the discrepancy between 

spectrophotometry and oxygraphy, but also truly mirror the "in vivo" state of RC and 

OXPHOS functions.  

The main difference in oxygen consumption studies between isolated muscle 

mitochondria and permeabilized muscle fibers is the disturbed structural integrity of myocyte 

and partial disintegration of outer mitochondrial membrane as demonstrated by the activatory 

effect of added cytochrome c (see Table 12 and Figure 23B). No similar problems occur with 

saponin-skinned muscle fibers, where activities of mitochondrial enzymes are measured under 

conditions, which are more close to conditions in intact cell. The technique of the saponin 

skinned muscle fibers allows thus to study the mitochondrial respiration "in situ" with the 

preserved contact of the mitochondria with other cell organelles. It was clearly demonstrated 

that e.g. the activation of actomyosin ATPase by caffeine and Ca2+ stimulate the 

mitochondrial respiration of the saponin-skinned muscle fibers (Khuchua et al., 1994).  

Very important is also correlation of spectrophotometric and polarographic methods when 

the ratio between COX and other RC complexes is determined. Spectrophotometric 

measurements showed COX/SQR ratio 18.3, which indicates high reserve capacity of COX 

(Table 11). However polarographic measurements on isolated mitochondria or muscle fibers 

under conditions that reflect more the situation in intact cell show that this reserve capacity is 

in fact much lower (2.5- or 4.8-fold, respectively, Table 12 and 13). This difference is due to 

activation of COX activity by detergent used in spectrophotometric method. Low excess of 

COX, observed in muscle fibers with intact mitochondria, are thus in agreement with data 

observed by measurements of oxygen consumption in different types of cultured cells. These 

experiments demonstrated only a low excess of cytochrome c oxidase capacity, when 

compared with capacities of various respiratory chain complexes (Villani and Attardi, 1997). 

Polarographic measurements, indicating that cytochrome c oxidase under physiological 

conditions is not in high excess, it is also in agreement with established role of cytochrome c 

oxidase in control of respiratory chain function (Gnaiger et al., 1998, Villani and Attardi, 

2000).  

The results of our study showed that both methods the spectrophotometry and the 

oxygraphy provide different but complementary information about the function of respiratory 

chain complexes and therefore both techniques are important in the diagnostics of 

mitochondrial disturbances of energy generating system in patients.  
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Table 11: Spectrophotometric analysis of the respiratory chain complexes in isolated muscle 

mitochondria in six patients with mitochondrial disorders. 

 Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Controls 
(n=26) 

NQR 128 175 212 68 95 282 225±125 
SQR 20 50 92 84 128 74 60±40 
QCCR 87 184 172 387 473 324 265±85 
COX 295 140 1177 896 861 334 1100±450 
CS 442 602 751 1195 1390 1003 835±400 

 

NQR - NADH-coenzyme Q10 oxidoreductase, SQR - succinate-coenzyme Q10 oxidoreductase, QCCR - 

coenzyme Q10-cytochrome c oxidoreductase, COX - cytochrome c oxidase, CS - citrate synthase (activities were 

expressed as nmol/min/mg protein).  

 

 
Figure 23: Determination of oxygen consumption (pmol oxygen/s/mg protein) using multiple 

substrate-inhibitor analysis in isolated muscle mitochondria from (A) control and (B) patient 1. 

Additions: Mito: 90 µg protein of isolated muscle mitochondria; Pyr/Mal: 10 mM pyruvate plus 2 mM 

malate; ADP: 1 mM ADP; Cyt: 5 µM cytochrome c; ROT: 1.25 µM rotenone; SUC: 10 mM succinate; 

AA: 2.5 µM antimycin A; AT: 0.4 mM ascorbate plus 400 µM TMPD. 
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Figure 24: Determination of oxygen consumption (pmol oxygen/s/mg wet weight) using multiple 

substrate-inhibitor analysis in permeabilized muscle fibers from (A) control and (B) patient 4. 

Additions: Pyr/Mal: 10 mM pyruvate plus 5 mM malate; ADP: 1 mM ADP; ROT: 1.25 µM rotenone; 

SUC: 10 mM succinate; AA: 2.5 µM antimycin A; AT: 2 mM ascorbate plus 500 µM TMPD; Cyt: 

5 µM cytochrome c. 

 

Table 12: Polarographic analysis of isolated muscle mitochondria from three patients with 

spectrophotometrically documented disturbances of respiratory chain complexes 
 

Substrates Patient 1 Patient 2 Patient 3 Controls (n=8) 
PM 80 170 444 527±195 
PM+C 157 204 533 690±265 
GM 94 203 307 576±204 
GM+C 175 233 531 780±320 
S 221 240 634 836±474 
AT 442 597 2011 2090±1110 

 

PM - 10 mM pyruvate, 2 mM malate, 1 mM ADP, PM+C - 10 mM pyruvate, 2 mM malate, 1 mM ADP plus 5 

µM cytochrome c, GM - 10 mM glutamate, 2 mM malate, 1 mM ADP, GM+C - 10 mM glutamate, 2 mM 

malate, 1 mM ADP plus 5 µM cytochrome c , S - 10 mM succinate and 1 mM ADP, AT - 1 mM ADP, 0.4 mM 

ascorbate plus 400 µM TMPD (oxygen consumption was expressed as pmol O2/min/mg protein). 
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Table 13: Oxygen consumption in permeabilized muscle fibers from three patients with 

spectrophotometrically documented disturbances of respiratory chain complexes 

Substrates Patient 4 Patient 5 Patient 6 Controls (n=9) 
PM 6,7 32 7,6 21±5 
GM 7,1 17,8 5,6 16±6 
S 14,1 14 6 13,5±4,5 
AT 51 87 40 63±20 

 

PM - 10 mM pyruvate, 5 mM malate and 1mM ADP, GM - 10 mM glutamate, 5 mM malate and 1mM ADP, S - 

10 mM succinate and 1mM ADP, AT - 1mM ADP, AT - 2 mM ascorbate plus 500 µM TMPD (oxygen 

consumption was expressed as pmol O2/min/mg wet weight of muscle fibers).  

6.6 Mitochondrial energetic metabolism in blood cells 

Age dependent differences in the activities of respiratory chain complexes IV and I+III were 

observed in isolated lymphocytes from umbilical cord blood between premature neonates, 

term neonates and small children. The results of our study are shown in table 14. The specific 

activity of respiratory chain complex I+III and CS in isolated lymphocytes from umbilical 

cord blood in premature neonates were significantly lower in comparison with term neonates. 

On the contrary, the activity of respiratory chain complex III was higher in premature 

neonates in comparison with term neonates (Table 14). In the group of 37 controls (at the age 

between 0.5-2 years) the specific activity of respiratory chain complex IV and CS in isolated 

lymphocytes from peripheral blood were significanly higher in comparison with term or 

premature neonates (p < 0,001 for both parameters). The activity of citrate synthase, used as a 

marker of mitochondria number per cell, showed clear tendency to increase during childhood. 

So the differences in activities of RC in our study may result from increasing amount of 

mitochondria during development. Our data suggest that lymphocytes seem to represent easily 

available cells, which may be useful for studies of the metabolic changes in children and even 

in premature neonates. However, the further work is necessary to reduce the rather high 

amount of blood required for analysis (7 ml).  

The reference ranges for activities of the respiratory chain complexes I, II, III, IV and 

I+III and citrate synthase in isolated platelets were obtained for each of the age groups (0.5-2; 

3-9; 10-19; 20-35 years). No differences in the activities of respiratory chain complexes and 

CS were found between men and women but a significant relationship between the activity of 

citrate synthase and age of the investigated subjects was found (y = 72.9 ± 0.305x, p < 0.05) 

(Table 15, 16). Isolated platelets contribute only very little to the overall metabolic turnover 

but because of their easy availability they may serve as a suitable material for analysis of 
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activities of respiratory chain complexes. We suppose that the analysis of activities of 

respiratory chain complexes can be useful for the enzymatic diagnosis of specific 

mitochondrial disorders with a generalized affection. 
 

Table 14: The specific activities of respiratory chain complexes and pyruvate dehydrogenase 

in lymphocytes isolated from umbilical cord in premature and term neonates. 
 

Gestational age (weeks)
(p -values)

NQR n=37 44.5 + 20.2 n=14 36.6 + 15.5 NS
NCCR n=37 15.3 + 8.3 n=16 8.3 + 5.5 <0,01
SQR n=35 11.2 + 5.1 n=17 8.5 + 2.6 NS
QCCR n=35 28.3 + 9.7 n=9 38 + 23 <0,05
COX n=38 22.45 + 5.5 n=14 22.5 + 7.2 NS
CS n=38 61.04 + 17.9 n=17 44.1 + 17.4 <0,01
COX/CS n=38 0.4 + 0.16 n=14 0.62 + 0.3 <0,01
PDH n=35 0.57 + 0.3 n=13 0.55 + 0.3 NS

Lymphocytes

(nmol/mg/min)
38-42 24-37

 
NQR: NADH-coenzyme Q10 oxidoreductase (complex I), NCCR: NADH-cytochrome c oxidoreductase 

(complex I+III), SQR: succinate coenzyme Q10 oxidoreductase (complex II), QCCR: coenzyme Q10-cytochrome 

c oxidoreductase (complex III), COX: cytochrome c oxidase (complex IV), PDH: pyruvate dehydrogenase , CS: 

citrate synthase. p-value of <0.05 was considered significant. NS: nonsignificant. Control group of 37 small 

children at the age of 0.5-2 years was used for comparison between activity of respiratory chain complex IV and 

CS. Specific activities of our control group of small children were as follow- COX: 35.5 ± 13.7 nmol/mg/min, 

CS: 78.1 ± 18.2 nmol/mg/min, COX/CS: 0,46 ± 0.17, respective.  
 

Table 15: Activities of respiratory chain complexes I, II, III, IV and I+III and citrate synthase 

in isolated platelets in 161 children, adolescents and young adults (mean ± SD). 
 

Age (years) 0.5 � 2 3 � 9 10 � 19 20 � 35 
n 32 50 39 40

NQR  34.5 ± 16.2 35.6 ± 16.2 39.1 ± 15.7 36.4 ± 16.0
NCCR 15.8 ± 7.2 17.6 ± 7.3 16.3 ± 4.7 15.6 ± 6.7
SQR  8.2 ± 2.9 9.6 ± 3.4 10.6 ± 3.3 9.4 ± 4.0
QCCR* 16.4 ± 6.6 14.5 ± 4.0 19.2  ±7.7 15.2 ± 5.3
COX 21.6 ± 5.2 21.5 ± 5.4 21.6 ± 4.7 21.0 ± 4.7
CS 71.5 ± 13.4 76.4 ± 17.0 76.4 ± 15.6 81.7 ± 18.5

(nmol/mg/min)

Platelets

 
NQR: NADH-coenzyme Q10 oxidoreductase (complex I), NCCR: NADH-cytochrome c oxidoreductase 

(complex I+III), SQR: succinate coenzyme Q10 oxidoreductase (complex II), QCCR: coenzyme Q10-cytochrome 

c oxidoreductase (complex III), COX: cytochrome c oxidase (complex IV), CS: citrate synthese. *number of 

investigations of complex III in individual age groups n = 6 � 38.  
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Table 16: The ratios between the activities of individual respiratory chain complexes and 

citrate synthase in 161 children, adolescents and young adults in four age groups (mean ± 

SD). 
 

Age (years) 0.5 � 2 3 � 9 10 � 19 20 � 35 
n 32 50 39 40
NQR/CS 0.49 ± 0.22 0.48 ± 0.24 0.52 ± 0.20 0.47 ± 0.22
NCCR/CS 0.22 ± 0.10 0.24 ± 0.13 0.23 ± 0.10 0.19 ± 0.08
SQR/CS 0.12 ± 0.04 0.13 ± 0.05 0.14 ± 0.06 0.12 ± 0.05
QCCR/CS 0.26 ± 0.13 0.20 ± 0.05 0.24 ± 0.09 0.20 ± 0.08
COX/CS 0.30 ± 0.06 0.28 ± 0.06 0.29 ± 0.08 0.26 ± 0.06

Platelets

 
 

NQR: NADH-coenzyme Q10 oxidoreductase (complex I), NCCR: NADH-cytochrome c oxidoreductase 

(complex I+III), SQR: succinate coenzyme Q10 oxidoreductase (complex II), QCCR: coenzyme Q10-cytochrome 

c oxidoreductase (complex III), COX: cytochrome c oxidase (complex IV), , CS: citrate synthase. *number of 

investigations of complex III in individual age groups n = 6 � 38.  
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7 CONCLUSIONS 

Our studies were focused on specific properties of mitochondrial energetic metabolism in 

term and premature neonates.  

a) Age dependent differences in the activities of respiratory chain complexes and pyruvate 

dehydrogenase complex were observed during fetal development, early postnatal period 

and childhood. Electrophoretic and Western blot analyses in muscle mitochondria 

revealed decreased protein amount of respiratory chain complexes and a lower amount of 

subunits of pyruvate dehydrogenase. These changes may reflect a lower mitochondrial 

proteins synthesis in very premature neonates and/or an increase in mitochondrial proteins 

degradation due to stress or sepsis. In addition, the pyruvate dehydrogenase activity was 

significantly lower in premature neonates with severe hyperlactacidemia. Our results 

indicated that monitoring of glucose level, frequent controls of lactate and pyruvate levels 

and their ratio are important in critically ill premature neonates.  

b) Mitochondrial respiratory chain complexes are present in placenta at proportion similar to 

other tissues with exception of glycerophosphate dehydrogenase (mGPDH) which is 

expressed at a very high rate. Using fluorometric probe dichlorodihydrofluorescein 

diacetate we found that placental mitochondria display high rate of glycerophosphate-

dependent hydrogen peroxide production. This was confirmed by oxygraphic detection of 

glycerophosphate-induced, KCN- or Antimycin A-insensitive oxygen uptake. Our results 

indicate that mGPDH should be considered as an additional source of reactive oxygen 

species participating in induction of oxidative stress in placenta.  

c) Our study on premature neonates endorses the hypothesis that premature neonates are 

born with limited carnitine stores. It may be of importance to notice, that the results of 

acylcarnitine analyses in the whole blood in neonates may partially rely not only on the 

gestational age and birth weight but also on the actual haematocrit, especially in neonates 

with anemia or blood hyperviscosity. Low cord blood carnitine pool and low carnitine 

tissue stores in premature neonates may futher diminished ATP production and influence 

postnatal adaptation.  

d) We may conclude from our experiments of detection of mitochondrial disorders using 

polarographic and spectrophotometric methods, that both methods provide useful and 

complementary data about mitochondrial energetic function. Whereas spectrophotometric 

data are better for evaluation of maximal enzyme activities of mitochondrial enzyme 

complexes, polarographic data better reflect enzyme activities in cells with mitochondrial 

defects under in situ conditions.  
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e) The reference ranges for activities of the respiratory chain complexes and citrate synthase 

in isolated platelets and isolated lymphocytes were established for neonates. Our data 

suggest that lymphocytes and platelets seem to represent easily available cells, which may 

be used for the enzymatic diagnosis of specific mitochondrial disorders with a generalized 

affection and for studies of the metabolic changes in children and even in premature 

neonates. 
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