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Abstract 

Endothelium is a single layer of cells lining each blood vessel that accomplishes a vast 

variety of specialised functions, which disturbances are implicated in the development of 

many cardiovascular diseases. In endothelial cells, the ATP synthesis occurs in a major part 

via a glycolytic pathway. The relatively slight dependence of endothelial cells on 

mitochondrial oxidative phosphorylation could suggest that mitochondria play no significant 

role. Several recent observations clearly indicate that endothelial mitochondria not only can 

contribute to ATP generation but also are involved in maintaining the fine regulatory balance 

among mitochondrial calcium concentration, reactive oxygen species (ROS) production and 

nitric oxide (NO) production. The endothelial mitochondria may function as sensors of 

alternations in the local environment, contributing to survival of endothelial cells under 

oxidative stress. Endothelial mitochondria may play a central role in many cardiovascular 

diseases. The general goal of the doctoral thesis was to study the aerobic metabolism of 

endothelial cells under physiological and pathophysiological conditions. Mitochondrial 

oxidative metabolism, the main subject in these studies, was elucidated at the cellular and 

isolated mitochondria levels. 

The realisation of the project required elaboration of efficient procedures of a large-

scale culture of human umbilical vein endothelial cells (EA.hy926 line) and isolation of a big 

amount of bioenergetically active well-coupled endothelial mitochondria. The presented 

results demonstrate that primarily glycolytic endothelial cells possess highly active, well-

coupled mitochondria. 

The first goal of this study was to assess the influence of chronic high-glucose 

exposure on mitochondrial oxidative metabolism in human endothelial EA.hy926 cells. 

Endothelial cells were grown in medium containing either 5.5 mM or 25 mM glucose, 

representing normal-glucose and high-glucose conditions, respectively. The respiratory 

response to elevated glucose was observed in cells grown in 25 mM glucose for at least 6 days 

or longer. In endothelial cells, growth in high-glucose concentrations induced considerably 

lower mitochondrial respiration with glycolytic fuels, less pronounced with glutamine, and 

higher respiration with palmitate. The Crabtree effect was observed in both types of cells. 

High-glucose conditions produced elevated levels of cellular coenzyme Q10, increased ROS 

generation, increased hexokinase I (HKI), lactate dehydrogenase (LDH), acyl-CoA 

dehydrogenase (ACADS), uncoupling protein 2 (UCP2), and superoxide dismutase 2 (SOD2) 

expression, and decreased E3-binding protein of pyruvate dehydrogenase expression (E3BP). 
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In isolated mitochondria, high-glucose levels induced an increase in the oxidation of 

palmitoylcarnitine and glycerol-3-phosphate (lipid-derived fuels) and a decrease in the 

oxidation of pyruvate (a mitochondrial fuel). The results demonstrate that high-glucose 

exposure induces a shift of the endothelial aerobic metabolism towards the oxidation of lipids 

and amino acids.  

Uncoupling proteins (UCPs), members of the mitochondrial anion carrier protein 

family, are present in the inner mitochondrial membrane and mediate free fatty acid-activated, 

purine nucleotide-inhibited proton conductance. UCPs are involved in the control of cellular 

energy balance and prevent mitochondrial reactive oxygen species (mROS) production. This 

study describes a functional characteristics and an antioxidative role for UCP2 in endothelial 

cells and isolated mitochondria and how this function is altered by long-term growth in high 

concentrations of glucose. Human endothelial EA.hy926 cells were grown in media with 

either high (25 mM) or normal (5.5 mM) glucose concentrations. Under non-phosphorylating 

and phosphorylating conditions, UCP activity was significantly higher in mitochondria 

isolated from high-glucose-treated cells. A more pronounced control of the respiratory rate, 

membrane potential and mROS by UCP2 was observed in these mitochondria. A greater 

UCP2-mediated decrease in ROS generation indicates an improved antioxidative role for 

UCP2 under high-glucose conditions. Mitochondrial and non-mitochondrial ROS generation 

was significantly higher in high-glucose cells independent of UCP2 expression. UCP2 gene 

silencing led to elevated mROS formation and intracellular adhesion molecule 1 (ICAM1) 

expression, especially in high-glucose-cultured cells. UCP2 influenced endothelial cell 

viability and resistance to oxidative stress. Endothelial cells exposed to high-glucose 

concentrations were significantly more resistant to hydrogen peroxide. In these cells, the 

increased activity of UCP2 led to improved stress resistance and protection against acute 

oxidative stress. These results indicate that endothelial UCP2 may function as a sensor and 

negative regulator of mROS production in response to high-glucose levels. 

The next goal of this study was to assess the influence of chronic exposure to hypoxia 

on mitochondrial oxidative metabolism in human endothelial EA.hy926 cells cultured for 6 

days at 1% O2 tension. The hypoxia-induced effects were elucidated at the cellular and 

isolated mitochondria levels. Hypoxia elevated fermentation but did not change mitochondrial 

biogenesis or aerobic respiratory capacity of endothelial cells. In endothelial cells, hypoxia 

caused a general decrease in mitochondrial respiration during carbohydrate, fatty acid or 

amino acid oxidation except for increased exclusively ketogenic amino acid oxidation. 

Hypoxia induced an elevation of intracellular and mitochondrial ROS formation, although cell 
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viability and antioxidant systems (superoxide dismutases SOD1 and SOD2, and uncoupling 

proteins UCPs) were not increased. In mitochondria from hypoxic cells, the opposite changes 

at the level of respiratory chain, i.e., a considerably elevated expression and activity of 

complex II, and a decreased expression and activity of complex I were observed. The elevated 

activity of complex II resulted in an increase in succinate-sustained mROS formation mainly 

through the increased reverse electron transport. The hypoxia-induced decrease in UCP2 

expression and activity was also observed. The results indicate that the exposure to chronic 

hypoxia induces a shift in endothelial catabolic metabolism from aerobic toward anaerobic. 

The hypoxia-induced non-excessive increase in intracellular and mitochondrial ROS 

formation may be involved in endothelial signalling of hypoxic responses. These results 

indicate an important role of succinate, complex II, and reverse electron transport in hypoxia-

induced adjustments of endothelial cells and highlight the role of endothelial mitochondria in 

response to metabolic adaptations related to hypoxia. 

The existence of a large-conductance Ca
2+

-activated potassium channel (BKCa) in the 

mitochondria of human endothelial EA.hy926 cells was also described. Immunological 

analysis with antibodies raised against proteins of the plasma membrane BKCa channel 

identified a pore-forming α-subunit and an auxiliary β2-subunit of the channel in the 

endothelial mitochondrial inner membrane. The substances known to modulate BKCa channel 

activity influenced the bioenergetics of isolated endothelial mitochondria. Activators 100 µM 

Ca
2+

, 10 µM NS1619, and 0.5 µM NS11021 depolarized the mitochondrial membrane 

potential and stimulated non-phosphorylating respiration. These effects were blocked by 

iberiotoxin and paxilline in a potassium-dependent manner. Under phosphorylating 

conditions, NS1619-induced iberiotoxin-sensitive uncoupling diverted energy from ATP 

synthesis during the phosphorylating respiration of the endothelial mitochondria. In 

conclusion, these results show for the first time that the inner mitochondrial membrane in 

human endothelial EA.hy926 cells contains a large-conductance calcium-dependent 

potassium channel with properties similar to those of the surface membrane BKCa. 
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1. Introduction 

  Endothelial cell physiology 1.1

 

             

Figure 1.1 A schematic cross-section of an artery composed of three layers: the tunica intima, the tunica 

media, and the adventitia. Tunica intima has flat endothelial cells lined by elastic membrane. Tunica 

media is a thick coat of unstriped muscles. Tunica adventitia has a thick coat made up of loosely arranged 

elastic and collagen fibres and it has a narrow lumen (Guyton and Hall, 2015). 

The artery contains three layers (Libby et al., 2011) (Figure 1.1). The inner layer, the 

tunica intima, is lined by a monolayer of endothelial cells that is in contact with blood. The 

middle layer, or tunica media, contains smooth muscle cells embedded in a complex 

extracellular matrix. The adventitia, the outer layer of artery, contains mast cells, nerve 

endings, and microvessels. The direct contact of endothelial cells with the blood flow means 

that they are partially vulnerable to damage molecules in the blood on one hand, and that they 

have ideally “guard” roles on the other hand (Davidson and Duchen, 2007).  

The major function of the endothelium may be categorized as: trophic, tonic, and 

trafficking (Davidson, 2010). A trophic role is performed by controlling access of overlying 

cells to glucose, fatty acids (FAs) and other metabolites, while also exerting a negative 

influence on smooth muscle proliferation. A tonic role of the endothelium controls vascular 

tone by acting as the primary source of nitric oxide (NO), vascular derived hyperpolarising 

factor, and other secreted hormones and molecules that control vascular smooth muscle 

contraction and, consequently, the extent of vasodilation or vasoconstriction. A trafficking 

role of the endothelium controls traffic of macrophages and leucocytes that require passage 

through the endothelial layer to perform they functions in the interstitium in addition to 

externing antiplatelet, anticoagulant, and fibrinolytic actions on the luminal side of the vessel.  
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As the blood vessel’s innermost layer, the vascular endothelium fulfils a great multiple 

of regulatory and sensory functions (Cines et al., 1998). Impairment of any of these functions 

leads to distinct entities of cardiovascular diseases that collectively represent one of the major 

causes of overall morbidity and mortality in developed countries (Murray and Lopez, 1997). 

 Mitochondria – an overview 1.2

Mitochondria are highly active, dynamic, pleomorphic organelles that are found in 

most eukaryotic cells. Mitochondria are a membrane bound cellular structures, which very 

often are described as "the powerhouse of the cell" because they generate most of the cell's 

supply of adenosine triphosphate (ATP), used as a source of chemical energy. The 

mitochondria are also involved in other cellular activities such as signalling, cellular 

differentiation, and cell senescence (Groschner et al., 2012). They control of cell cycle and 

cell growth. Mitochondria affect human health, like mitochondrial disorder and cardiac 

dysfunction, and they also play an important role in the aging process.  

Peter D. Mitchell proposed the chemiosmotic theory in 1961 (Mitchell, 1961). The 

theory suggests essentially that most ATP synthesis in respiring cells comes from the 

electrochemical gradient across the inner membrane of mitochondria by using the energy of 

NADH and FADH2 formed from the breaking down of energy-rich molecules. 

1.2.1 Mitochondrial structure 

Mitochondria comprise at least six compartments: outer membrane, inner boundary 

membrane of significantly larger surface area, intermembrane space (space between the outer 

and inner membranes), cristal membranes, incristal space (formed by infoldings of the inner 

membrane), and protein-rich matrix (space within the inner membrane) (Figure 1.2). 

 

https://en.wikipedia.org/wiki/Peter_D._Mitchell
https://en.wikipedia.org/wiki/Adenosine_triphosphate
https://en.wikipedia.org/wiki/Cellular_respiration
https://en.wikipedia.org/wiki/Electrochemical
https://en.wikipedia.org/wiki/Mitochondrion
https://en.wikipedia.org/wiki/NADH
https://en.wikipedia.org/wiki/Flavin_group
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Figure 1.2 A schematic drawing of typical mitochondrion components (www.nhp-hinz.de – modified).  

The outer membrane is freely permeable to nutrient molecules, ions, energy molecules 

like the ATP and ADP molecules. The outer membrane also contains enzymes involved in 

such diverse activities as the elongation of fatty acids (FAs), oxidation of epinephrine, and the 

degradation of tryptophan. These enzymes include monoamine oxidase, rotenone-insensitive 

NADH-cytochrome c-reductase, kynurenine hydroxylase, and fatty acid CoA ligase. 

Disruption of the outer membrane permits proteins in the intermembrane space to leak into 

the cytosol, leading to certain cell death (Chipuk et al., 2006). The mitochondrial outer 

membrane can associate with the endoplasmic reticulum (ER) membrane, in a structure called 

MAM (mitochondria-associated ER-membrane) (Wieckowski et al., 2009). This is important 

in the ER-mitochondria calcium signalling and is involved in the transfer of lipids between 

the ER and mitochondria (Hayashi et al., 2009).  

The inner membrane of mitochondria (IMM) is more complex in structure and is 

folded into a number of folds many times and is known as the cristae (Kuhlbrandt, 2015). The 

inner mitochondrial membrane contains proteins with five types of functions: (i) proteins that 

perform the redox reactions of oxidative phosphorylation OXPHOS, (ii) ATP synthase, which 

generates ATP in the matrix, (iii) specific transport proteins that regulate metabolite passage 

into and out of the matrix, (iv) protein import machinery, and (v) mitochondrial fusion and 

fission protein. The inner membrane contains more than 151 different polypeptides, and has a 

very high protein-to-phospholipid ratio (more than 3:1 by weight, which is approximately 

1 protein for 15 phospholipids). The inner membrane is home to around 1/5 of the total 

protein in a mitochondrion. In addition, IMM is rich in an unusual phospholipid, cardiolipin. 

Cardiolipin contains four FAs rather than two, and may help to make the inner membrane 

http://www.nhp-hinz.de/
https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Fatty_acid
https://en.wikipedia.org/wiki/Oxidation
https://en.wikipedia.org/wiki/Epinephrine
https://en.wikipedia.org/wiki/Biodegradation
https://en.wikipedia.org/wiki/Tryptophan
https://en.wikipedia.org/wiki/Monoamine_oxidase
https://en.wikipedia.org/wiki/Rotenone
https://en.wikipedia.org/wiki/Kynurenine
https://en.wikipedia.org/wiki/Hydroxylase
https://en.wikipedia.org/wiki/Ligase
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Oxidative_phosphorylation
https://en.wikipedia.org/wiki/ATP_synthase
https://en.wikipedia.org/wiki/Adenosine_triphosphate
https://en.wikipedia.org/wiki/Membrane_transport_protein
https://en.wikipedia.org/wiki/Metabolite
https://en.wikipedia.org/wiki/Mitochondrial_fusion
https://en.wikipedia.org/wiki/Mitochondrial_fission
https://en.wikipedia.org/wiki/Polypeptide
https://en.wikipedia.org/wiki/Cardiolipin
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impermeable. Unlike the outer membrane, IMM does not contain porins, and is highly 

impermeable to all molecules. The inner membrane is permeable only to oxygen, ATP and 

also helps in regulating transfer of metabolites across the membrane. Almost all ions and 

molecules require special membrane transporters to enter or exit the matrix. In addition, there 

is a membrane potential () across the inner membrane, formed by the action of the 

enzymes of the electron transport chain. The cristae proteins of IMM aid in the production of 

ATP molecules. Various chemical reactions take place in IMM. Intermembrane space is the 

space between the outer and inner membrane of the mitochondria, it has the same composition 

as that of the cell's cytoplasm. There is a difference in the protein content in the 

intermembrane space compared to the matrix. The matrix is the space enclosed by IMM. It 

contains about 2/3 of the total protein in a mitochondrion. The matrix is important in the 

production of ATP with the aid of the ATP synthase located in IMM. The matrix contains a 

highly concentrated mixture of hundreds of enzymes, special mitochondrial ribosomes, tRNA, 

and several copies of mitochondrial DNA (mtDNA). The major functions of enzymes of the 

matrix include oxidation of pyruvate and FAs, and the tricarboxylic acid cycle (the TCA 

cycle). 

1.2.2 Mitochondrial genome 

The human mitochondrial genome is a circular DNA molecule of about 16 kilobases 

(Chan, 2006). It encodes 37 genes: 13 for subunits of respiratory complexes I, III, IV and 

ATP synthase, 22 for mitochondrial tRNA (for the 20 standard amino acids, plus an extra 

gene for leucine and serine), and 2 for rRNA. One mitochondrion can contain 2 to 10 copies 

of its DNA. Although mitochondria contain their own small mtDNA and some RNA 

components of mitochondrial translation apparatus, the vast majority of the mitochondrial 

proteins are encoded by nuclear DNA, synthesized in the cytosol, and then imported post-

transcriptionally into the mitochondria (Logan, 2006). 

1.2.3 Mitochondrial function 

Mitochondria are involved in the crucial metabolic processes including the TCA cycle, 

pyruvate decarboxylation, oxidative decarboxylation of FAs (β-oxidation), and degradation of 

branched amino acids. Mitochondria also substantially contribute to biosynthesis processes 

taking place in the cytosol by providing key intermediates to urea cycle, FAs and heme 

synthesis. However, the major role of mitochondria is synthesis more than 95% of ATP for 

cellular utilisation. Mitochondria are also deeply involved in the production of reactive 
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oxygen species (ROS) through electron carriers in the respiratory chain. Oxidative stress can 

induce apoptotic death and mitochondria have a central role in this process by cytochrome c 

release into the cytoplasm and opening of permeability transition pore (PTP) (Lenaz, 1998). 

Mitochondria are crucial for maintenance of normal physiological function of tissue cells and 

mitochondrial dysfunction may cause pathological changes in the human body. Moreover, 

eukaryotic cells have the ability to initiate adaptive responses to different environmental 

stimuli (cell growth, death and differentiation, or modification of energy demands) by altering 

the number, morphology, or remodelling of mitochondria (Pauw et al., 2009). 

To encapsulate: mitochondria are mostly known for their role in meeting the cells’ 

energy requirements in the form of ATP through OXPHOS. However, mitochondria also have 

functions in several other physiological processes: (i) buffering cytoplasmic calcium, (ii) 

controlling cellular redox status, (iii) generating and releasing ROS, (iv) releasing metabolites 

that regulate critical processes and pathways such a succinate and α-ketoglutarate, (v) 

regulating apoptosis, (vi) adapting cells to changes in substrate availability through different 

signalling pathways, and (vii) remodelling their structure and dynamics as sensor of their 

quality control.  

1.2.3.1  Mitochondrial respiratory chain and oxidative phosphorylation 

Oxidative phosphorylation, the aerobic production of ATP by mitochondria, requires a 

stepwise oxidation of electron donors reduced through catabolism of fuels comprising lipids, 

amino acids, and carbohydrates. This process depends on the orchestrated action of huge 

multiheterometric protein complexes anchored to IMM and encoded by both nuclear and 

mtDNA, commonly referred to as the mitochondrial respiratory chain. 

Mitochondrial respiratory chain consists of four main protein complexes (I-IV) 

embedded in IMM (Nicholls and Ferguson, 2002). Cytochrome c is not membrane-bound. 

The spatial orientation of mitochondrial respiratory chain is shown in Figure 1.3. 

Mitochondrial respiratory complexes are responsible for the oxidation of the reducing 

equivalents, in the form of NADH or FADH2, originating from different metabolic pathways 

(glycolysis, FA oxidation or the TCA cycle). Oxidation of NADH and FADH2 is coupled to 

the pumping of protons into the intermembrane space, and the resulting proton gradient is 

used by ATP synthase to generate utilisable energy in the form of ATP. Complex I and 

complex II provide two electrons to ubiquinone (coenzyme Q, Q) resulting ubiquinol (QH2, 

reduced ubiquinone). Ubiquinol transfer its electrons to complex III (bc1 complex), which 

donates its electrons to cytochrome c. Reduced cytochrome c can transfer its electrons to 
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complex IV (cytochrome c oxidase). Subsequently, complex IV transfers the electrons to 

molecular oxygen. The movement of electrons through the electron transport chain is coupled 

to proton translocation from the mitochondrial matrix to the inner membrane space (Figure 

1.3). The pumping of protons across IMM generates an electrochemical gradient of protons 

(µH
+
) consisting of pH gradient (pH) and . These protons return down their gradient 

trough a proton leak or the ATP synthase. The ATP synthase couples the proton transport 

across the membrane to the synthesis of ATP from ADP to phosphate (Pi). The phosphate for 

phosphorylation is transported into the mitochondria by the phosphate carrier, and the ATP is 

exported to the cytosol in exchange for ADP by the adenine nucleotide carrier located in 

IMM.   

 

Figure 1.3 Respiratory chain complexes I-IV generate the proton gradient across IMM that drives ATP 

generation by ATP synthase. Electrons (e
-
) from NADH and FADH2 pass through complex I and complex 

II, respectively, and then to complex III via Q. Cytochrome c transfers electrons from complex III to 

complex IV, which reduces O2 to H2O. Flow of electrons is accompanied by H
+
 transfer across IMM at 

complexes I, III and IV creating a proton electrochemical gradient (µH
+
). Protons re-enter the 

mitochondrial matrix through ATP synthase, which uses the proton-motive force to generate ATP. 

 

NADH-coenzyme Q oxidoreductase, also known as NADH dehydrogenase or 

complex I, is the first protein in the electron transport chain. Complex I is a giant enzyme with 

the mammalian complex I having 46 subunits and a molecular mass of about 1,000 kDa 

(Lenaz et al., 2006). The genes that encode the individual proteins are contained in both the 

cell nucleus and the mitochondrial genome, as is the case for many enzymes present in the 
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mitochondria. The reaction that is catalysed by complex I is the two-electron oxidation of 

NADH by Q, a lipid-soluble quinone that is found in IMM. The start of the reaction, and 

indeed of the entire electron chain, is the binding of a NADH molecule to complex I and the 

donation of two electrons. The electrons enter complex I via a prosthetic group attached to the 

complex, flavin mononucleotide (FMN). The addition of electrons to FMN converts it to its 

reduced form, FMNH2. The electrons are then transferred through a series of iron–sulphur 

clusters, which are the second kind of prosthetic group present in the complex (Sazanov and 

Hinchliffe, 2006). There are both [2Fe–2S] and [4Fe–4S] iron–sulphur clusters in complex I. 

As the electrons pass through this complex, four protons are pumped from the matrix into the 

intermembrane space. Finally, the electrons are transferred from the chain of iron–sulphur 

clusters to Q molecule in the membrane. Reduction of Q also contributes to the generation of 

a proton gradient, as two protons are taken up from the matrix as it is reduced to QH2. 

Succinate-Q oxidoreductase, also known as complex II or succinate dehydrogenase, is 

a second entry point to the electron transport chain (Cecchini, 2003). It is unusual because it is 

the only enzyme that is part of both the TCA cycle and the electron transport chain. Complex 

II consists of four protein subunits and contains a bound flavin adenine dinucleotide (FAD) 

cofactor, iron–sulphur clusters, and a heme group that does not participate in electron transfer 

to Q, but is believed to be important in decreasing production of ROS (Yankovskaya et al., 

2003). Complex II oxidises succinate to fumarate and reduces Q. As this reaction releases less 

energy than the oxidation of NADH, complex II does not transport protons across IMM and 

does not contribute to µH
+
. 

Q-cytochrome c oxidoreductase is also known as cytochrome c reductase, cytochrome 

bc1 complex, or simply complex III (Berry et al., 2000; Crofts, 2004). In mammals, this 

enzyme is a dimer, with each subunit complex containing 11 protein subunits, an [2Fe-2S] 

iron–sulphur cluster and three cytochromes: one cytochrome c1 and two b cytochromes (Iwata 

et al., 1998). A cytochrome is a kind of electron-transferring protein that contains at least one 

heme group. The iron atoms inside complex III’s heme groups alternate between a reduced 

ferrous (+2) and oxidised ferric (+3) state as the electrons are transferred through the protein. 

The reaction catalysed by complex III is the oxidation of one molecule of QH2 and the 

reduction of two molecules of cytochrome c, a heme protein loosely associated with the 

mitochondrion. Unlike Q, which carries two electrons, cytochrome c carries only one 

electron. As only one of the electrons can be transferred from the QH2 donor to a cytochrome 

c acceptor at a time, the reaction mechanism of complex III is more elaborate than those of 

the other respiratory complexes, and occurs in two steps called the Q cycle  (Trumpower, 
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1990). In the first step, the enzyme binds three substrates, first, QH2, which is then oxidised, 

with one electron being passed to the second substrate, cytochrome c. The two protons 

released from QH2 pass into the intermembrane space. The third substrate is Q, which accepts 

the second electron from the QH2 and is reduced to Q
−•

, which is the ubisemiquinone free 

radical. The first two substrates are released, but this ubisemiquinone intermediate remains 

bound. In the second step, a second molecule of QH2 is bound and again passes its first 

electron to the cytochrome c acceptor. The second electron is passed to the bound 

ubisemiquinone, reducing it to QH2 as it gains two protons from the mitochondrial matrix. 

This QH2 is then released from the enzyme (Hunte et al., 2003). As Q is reduced to QH2 on 

the inner side of the membrane and oxidised to Q on the other, a net transfer of protons across 

the membrane occurs, adding to the proton gradient. The rather complex two-step mechanism 

by which this occurs is important, as it increases the efficiency of proton transfer. If, instead 

of the Q cycle, one molecule of QH2 were used to directly reduce two molecules of 

cytochrome c, the efficiency would be halved, with only one proton transferred per 

cytochrome c reduced.  

Cytochrome c oxidase (COX), also known as complex IV, is the final protein complex 

in the electron transport chain (Calhoun et al., 1994). The mammalian enzyme has an 

extremely complicated structure and contains 13 subunits, two heme groups, as well as 

multiple metal ion cofactors; in all, three atoms of copper, one of magnesium and one of zinc 

(Tsukihara et al., 1996). This enzyme mediates the final reaction in the electron transport 

chain and transfers electrons to oxygen, while pumping protons across IMM (Yoshikawa et 

al., 2006). The final electron acceptor oxygen reduced to water in this step. Both the direct 

pumping of protons and the consumption of matrix protons in the reduction of oxygen 

contribute to µH
+
. The reaction catalysed is the oxidation of cytochrome c and the reduction 

of oxygen. 

ATP synthase is the final enzyme in the OXPHOS pathway (Leslie and Walker, 2000). 

The enzyme uses the energy stored in a proton gradient across a membrane to drive the 

synthesis of ATP from ADP and phosphate (Pi). This phosphorylation reaction is an 

equilibrium, which can be shifted by altering the proton-motive force (µH
+
). In the absence 

of ΔµH
+
, the ATP synthase reaction will run hydrolysing ATP and pumping protons out of 

the matrix across the membrane. However, when the proton-motive force is high, the reaction 

is forced to run in the opposite direction; it allows protons to flow down their concentration 

gradient and turning ADP into ATP. ATP synthase is a massive protein complex. The 

mammalian ATP synthase contains 16 subunits and has a mass of ~600 kDa. The portion 
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embedded within the membrane is called FO and contains a ring of c subunits and the proton 

channel. The stalk and the ball-shaped headpiece is called F1 and is the site of ATP synthesis. 

The ball-shaped complex at the end of the F1 portion contains six proteins of two different 

kinds (three α-subunits and three β-subunits), whereas the "stalk" consists of one protein: the 

γ-subunit, with the tip of the stalk extending into the ball of α- and β-subunits (Leslie and 

Walker, 2000). Both the α- and β-subunits bind nucleotides, but only the β-subunits catalyse 

the ATP synthesis reaction. Reaching along the side of the F1 portion and back into the 

membrane is a long rod-like subunit that anchors the α- and β-subunits into the base of the 

enzyme. As protons cross the membrane through the channel in the base of ATP synthase, the 

FO proton-driven motor rotates (Noji and Yoshida, 2001). Rotation might be caused by 

changes in the ionization of amino acids in the ring of c-subunits causing electrostatic 

interactions that propel the ring of c subunits past the proton channel (Capaldi and Aggeler, 

2002). This rotating ring in turn drives the rotation of the central axle (the γ-subunit stalk) 

within the α- and β-subunits. The α- and β-subunits are prevented from rotating themselves by 

the side-arm, which acts as a stator. This movement of the tip of the γ-subunit within the ball 

of α- and β-subunits provides the energy for the active sites in the β-subunits to undergo a 

cycle of movements that produces and then releases ATP (Dimroth et al., 2006).  

1.2.3.2 Calcium homeostasis 

Mitochondria participate in intracellular Ca
2+ 

homeostasis via several Ca
2+ 

uptake and 

release pathways (Bernardi, 1999). In this context, mitochondria behave as a high-capacity, 

low-affinity transient Ca
2+ 

store. An increase in cytosolic Ca
2+ 

concentration induces Ca
2+ 

entry across IMM and results in an elevation on the mitochondrial matrix Ca
2+ 

concentration 

([Ca
2+

 ]m). Although this response serves primarily to buffer large, more pathophysiological 

changes in intracellular Ca
2+ 

and may not be invoked by smaller transient changes that occur 

with physiological signalling, recent evidence indicates that mitochondria may act as a 

facilitation factor in the spreading of Ca
2+ 

signals. These Ca
2+

-regulating functions are 

supported by the observations of the close apposition between mitochondria and Ca
2+

-release 

channels of ER, such a inositol 1,4,5-triphosphate [Ins(1,4,5)P3] and ryanodine receptors, as 

well as proximity between mitochondria and plasma membrane (Camello-Almaraz, 2006).  
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 Reactive oxygen species 1.3

Reactive oxygen species (ROS) is a term used to describe a variety of molecules and 

free radicals (chemical species with one unpaired electron) derived from molecular oxygen 

(Turrens, 2003). Molecular oxygen in the ground state is a bi-radical, containing two unpaired 

electrons in the outer shell (also known as triplet state). Since the two single electrons have 

the same spin, oxygen can only react with one electron at a time and therefore it is not very 

reactive with two electrons in a chemical bond. If one of the two unpaired electrons is excited 

and changes its spin, the resulting species (known as singlet oxygen) becomes a powerful 

oxidant as the two electrons with opposing spins can quickly react with other pairs of 

electrons, especially double bonds. The reduction of oxygen by one electron at time produces 

relatively stable intermediates. Superoxide anion (O2
‾•
), the product of a one-electron 

reduction of oxygen, is the precursor of most ROS and mediator in oxidative chain reactions. 

Dismutation of O2
‾•
 produces hydrogen peroxide (H2O2), which in turn may be fully reduced 

to water or partially reduced to hydroxyl radical (OH•), one of the strongest oxidant in nature. 

The formation of OH• is catalysed by reduced transition metals, which in turn may be re-

reduced by O2
‾•
, propagating this process (Liochev and Fridovich, 1999). In addition, O2

‾•
 may 

react with others radicals including nitric oxide (NO•) in reaction controlled by the rate of 

diffusion of both radicals. The product, peroxynitrite is also powerful oxidant (Beckman and 

Koppenol, 1996; Radi et al., 2002). The oxidants derived from NO• is called reactive nitrogen 

species (RNS). 

Oxidative stress is a various deleterious processes resulting from an imbalance 

between excessive formation of ROS and/or reactive nitrogen species (RNS) and limited 

antioxidant defences (Turrens, 2003). Sources of ROS production in the human tissue include 

the mitochondrial electron transport system, NADPH oxidases, xanthine oxidase, uncoupled 

nitric oxide synthase (NOS), and arachidonic acid metabolism pathways (12/15 

lipoxygenase). These ROS sources vary in their pathological role and importance depend on 

the disease and the organ. Among them, the mitochondrial electron transport chain, NADPH 

oxidase, and xanthine oxidase are thought to be primary sources of ROS production in 

cardiomyocytes (Huynh et al., 2014), while NADPH oxidase, xanthine oxidase, and 

uncoupled NOS are thought to be primary sources of ROS production in vascular cells (Raaz 

et al., 2014). 
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1.3.1 Mitochondrial ROS production 

Mitochondria reign as a major source of intracellular ROS. There are reports that 

between 0.2% and 2% of cellular mitochondrial oxygen consumption generates superoxide 

(Cadenas and Davies, 2000; Raha and Robinson, 2000). Multiple potential mitochondrial sites 

of ROS generation exist. These include the TCA cycle enzymes involved in redox reaction 

such α-ketoglutarate dehydrogenase and aconitase (Orrenius et al., 2007), glycerol-3-

phosphate dehydrogenase from the glycerol-phosphate shuttle (Mracek et al., 2009), and 

monoamine oxidase (Bortolato et al., 2008; Vindis et al., 2001). Nevertheless, the huge 

majority of superoxide from mitochondria is produced, or modulated, by the complexes of the 

electron transport chain (Murphy, 2009).  

 

 

Figure 1.4 Electron transport chain and ROS production. The OXPHOS process receives reducing 

equivalents from the TCA cycle (NADH to complex I and FADH2 to complex II) and passes these electrons 

down the transport chain, ultimately to reduce oxygen to water. Complex I leaks electrons to generate O2
‾• 

  

toward the matrix, whereas complex III generates O2
‾• 

toward both matrix and intermembrane space (IS). 

p66Shc in the IS subtracts electrons form cytochrome c to produce O2
‾•
. The voltage-dependent 

mitochondrial anion channel (VDAC) might serve as a conduit for intramembranous mitochondrial O2
‾• 

to 

pass through the outer mitochondrial membrane and into the cytoplasm. Superoxide is dismutated to 

H2O2 by manganese superoxide dismutase (Mn-SOD) in matrix and copper-zinc superoxide dismutase 

(CuZn-SOD) in IS and cytoplasm. H2O2 either may leave the mitochondria and react with mitochondria 

proteins, or may be reduced to H2O by glutathione peroxidase (GPX), thioredoxin (TRX) or 

peroxiredoxin (PRX). In IS, H2O2 is reduced to H2O by glutathione peroxidase (GPX), and in the 

cytoplasm by catalase (CAT) (Widlansky and Gutterman, 2011 - modified). 
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Superoxide anion can be produced at complex I, II and III of the mitochondrial 

electron transport chain (Turrens, 2003) (Figure 1.4). Complex I and II release O2
‾• 

into the 

mitochondrial matrix while complex III can release O2
‾• 

into either the mitochondrial 

intermembrane space or mitochondrial matrix (Muller et al., 2004). Notwithstanding, the 

mitochondrial electron transport chain generates O2
‾• 

primarily at complexes I and III (Zhang 

and Gutterman, 2007). In the past years, several studies have also demonstrated the role of 

complex II defect in formation of O2
‾•
. Among these, the groups of Quinlan et al. (Quinlan et 

al., 2012) and Siebles and Drose (Siebles and Drose, 2013) have studied ROS generation at 

complex II in artificial conditions, such a low concentration of succinate and inhibition of 

respiratory chain downstream to complex II.
 
 Additionally, ROS production by complex IV 

was demonstrated to be rather relevant in pathological conditions since hyperphosphorylation 

of complex IV on ischaemic hearts increases the electron leakage and, therefore the O2
‾• 

production (Prabu et al., 2006). 

 The relative contribution of every site to the overall O2
‾• 

production varies from organ 

to organ and also depends on whether mitochondria are actively respiring (phosphorylating 

state, state 3) or the respiratory chain is highly reduced (non-phosphorylating state, state 4) 

(Barja, 1999).  The rate of O2
‾• 

formation by the respiratory chain is controlled by mass action, 

increasing both when electron flow slow down (increasing concentration of electron donors) 

and when the concentration of oxygen increases (Turrens et al., 1982). The energy released as 

electron flow through the respiratory chain is converted into a H
+ 

gradient through IMM 

(Mitchell, 1977). This gradient, in turn, drives ATP synthase and is responsible for ATP 

synthesis. In the absence of ADP, the movement of H
+ 

gradient builds up causing electron 

flow to slow down and the respiratory chain to become more reduced (state 4). As a results, 

the physiological steady state concentration of O2
‾• 

formation increases (Boveris et al., 1972). 

The formation of O2
‾• 

may be further increased in the presence of certain inhibitors (for 

example rotenone, an inhibitor of complex I, or antimycin, an inhibitor of complex III), which 

cause those carriers upstream form the site of inhibition to become fully reduced. In complex 

I, the primary source of O2
‾• 

appears to be one of the iron-sulphur clusters (Genova et al., 

2001; Kushnareva et al., 2002). In complex III, most of the O2
‾• 

appears to be formed as a 

result of autoxidation of ubisemiquinone both on the outer and inner sides of IMM.  

 Complex III produces O2
‾• 

by autoxidation of ubisemiquinone radical intermediate 

(QH
•
), formed during Q cycle in the complex, with the Qo site of the complex close to the 
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intermembrane space being the major site of O2
‾• 

production (Han et al., 2001). The Qi site of 

complex III located close to matrix side is less likely to react with oxygen and form O2
‾• 

since 

the Qi site firmly binds QH
• 
and stabilises it. Selective inhibitors of the Qi portion of the cycle, 

such as antimycin A, prolong the lifetime of ubisemiquinone at the Qo site and hence result in 

excess release of O2
‾•
. Inhibition of the proximal Qo site by compounds such as myxothiazol 

inhibits the formation of ubisemiquinone at the Qo site and thus reduces production of O2
‾•
. 

Complex III has the capacity to release O2
‾• 

to both sides of IMM, depending on the portion of 

the Q cycle involved (Han et al., 2001; Muller et al., 2004).  

Complex I-derived O2
‾• 

seems to be predominately released into the matrix. Although 

precise mechanism of O2
‾• 

formation is unknown, it is suggested that complex I produces O2
‾• 

by reversible electron transfer from complex II upon succinate oxidation in the absence of 

NADH-linked substrates or in much lower amounts in the forward electron transfer from the 

NADH-linked substrates (Lenaz et al., 2006). Significant O2
‾• 

production from complex I was 

observed via reverse electron transfer, and this mechanism may account for more 

physiologically relevant ROS produced from mitochondria (Lambert and Brand, 2004). It is 

suggested that an iron-sulphur cluster distal in the electron transfer route of the complex could 

be the site of electron leak on O2
‾• 

production (Lenaz et al., 2006).  

As a charged species, O2
‾• 

is not readily diffusible across mitochondrial membranes. 

However, mitochondrial PTP, containing the voltage-dependent mitochondrial anion channel 

(VDAC), might serve as a conduit for intramembranous mitochondrial O2
‾• 

to pass through the 

outer mitochondrial membrane and into the cytosol (Hand et al., 2003). Probably, a more 

important mechanism for transmembrane movement of reduced oxygen involves dismutation 

to hydrogen peroxide (H2O2) by superoxide dismutase (SOD). Once generated, the uncharged 

ROS, H2O2 can easily move across the membrane. H2O2 can generate the highly active 

hydroxyl radical via the Fenton reaction or the Haber-Weiss reaction. Hydroxyl radicals are 

short-lived, highly reactive, and contribute significantly to local organelle damage through 

protein modification. 

1.3.2 Mitochondrial antioxidant defences 

Superoxide is enzymatically converted to H2O2 by a family of metalloenzymes called 

superoxide dismutases (SOD) (Fridovich, 1995). There are three isoforms of SOD: copper-

zinc SOD (CuZn-SOD or SOD1), manganese (Mn-SOD or SOD2), and an extracellular 

CuZn-SOD (EC-SOD or SOD3). CuZn-SOD is located in the cytosol, nucleus and 

intermembrane space of mitochondria (Okado-Matsumoto and Fridovich, 2001). Mn-SOD is 
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expressed solely in the mitochondrial matrix, and EC-SOD is found in the extracellular space. 

Each of them contributes to the reduction of O2
‾• 

to H2O2 (Figure 1.4). The physiological 

importance of Mn-SOD is demonstrated by the fact that, in contrast to other isoforms, genetic 

elimination of this isoform is embryonically lethal (Li et al., 1995). H2O2 can be further 

reduced by catalase and glutathione peroxidase. Glutathione peroxidase uses glutathione 

(GSH) to reduce H2O2 and lipid peroxides to water and corresponding alcohols, respectively. 

This is the primary mechanism for eliminating H2O2 in cytosol and mitochondria. Catalase is 

located mainly in peroxisomes and exclusively catalyses H2O2 to water. Catalase may be an 

important protective mechanism against a high concentration of H2O2 due to higher Km for 

H2O2 compared with glutathione peroxidase (Suttor et al., 1986).  There are other enzymes 

such as thioredoxin (Zhang et al., 2004) and glutathione S-transferase, and antioxidant such as 

QH2 and cytochrome c, that also help inactivate ROS produced from the mitochondria. 

Cytochrome c appears to have a detoxifying role against ROS. Ubiquinol (QH2) has been 

shown to act as a reducing agent in the elimination of various peroxides in the presence of 

succinate (Binoldi et al., 1982; Eto et al., 1992). Thus, Q is a source of O2
‾• 

when partially 

reduced (semiquinone form) and an antioxidant when fully reduced (Beyer, 1990). Moreover, 

IMM contains vitamin E, a powerful antioxidant that interferes with propagation of free 

radical chain reaction (Ham and Liebler, 1995). Cytochrome c oxidase (complex IV) may also 

act as a peroxidase although, given the high Km to H2O2, the relevance of this reaction may 

be negligible (Orii, 1982).  

1.3.3 Regulation of mitochondrial ROS production 

The mitochondrial ΔΨ, intracellular Ca
2+ 

and NO regulate or modulate mitochondrial 

ROS (mROS) production (Figure 1.5). As described above, ΔΨ is the portion of the proton-

motive force (ΔμH
+
) accounted for by the transfer of electrons through mitochondrial 

respiratory chain. Therefore, ΔΨ is sensitive to mitochondrial respiratory chain substrate 

availability, pH and the fidelity of electron transport, with higher, more polarised ΔΨ 

generally associated with greater mitochondrial superoxide production (Skulachev, 1998). 

When ΔΨ is maximal, protons are less avidly pumped from the matrix to the intermembrane 

space, reducing mitochondrial respiratory chain flux and increasing the half-life of redox 

unstable intermediates (Thomas et al., 2008). Regulatory proteins in IMM also play a key role 

in modulating ΔΨ. Specifically, mitochondrial uncoupling proteins (UCPs) lead to membrane 

depolarisation and partial uncoupling of ATP synthesis from OXPHOS by reduction in the 

proton gradient. Suppression of UCP expression increases mROS production (Duval et al., 
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2002), whereas overexpression of UCPs may attenuate mROS production, dependent on 

cellular ATP status (Fink et al., 2005).  

The effects of elevated mitochondrial matrix Ca
2+ 

concentration [Ca
2+

]m on mROS 

production are complex, and experimental findings are controversial (Brookes et al., 2004; 

Camello-Almaraz et al., 2006). Several mechanisms by which Ca
2+ 

influence on mROS 

production have been suggested: (i) Ca
2+ 

stimulates the TCA cycle and enhances electron 

flow into the respiratory chain; (ii) Ca
2+ 

stimulates NO production by NO synthase, resulting 

in the inhibition of complex IV; (iii) and Ca
2+ 

dissociates cytochrome c across the outer 

membrane (Brookes et al., 2004). Cytochrome c is a potent antioxidant, and its loss can result 

in more ROS liberation from mitochondria (Zhao et al., 2003). Under, some other conditions, 

mitochondrial Ca
2+ 

uptake has no effect or slightly reduces mROS generation because, the 

increase in mitochondrial matrix Ca
2+ 

concentration serves to collapse ΔΨ (Brookes et al., 

2004).  

Nitric oxide is an inhibitor of the respiratory chain, and the relatively high basal 

concentration of NO in endothelial cells suggests that endothelial mitochondria respiration is 

restricted under basal conditions (Erusalimsky and Moncada, 2007). NO competes directly 

with O2 at complex IV, reversibly inhibiting this complex and inducing mROS production 

(Cassina and Radi, 1996). NO also can inhibit complex I through S-nitrosylation (Burwell et 

al., 2006). Interaction between complex IV occurs rapidly and reversibly, playing an 

important role in short-term regulation of respiration and mROS production, whereas complex 

I inhibition by nitroso compounds is longer lasting, suggesting a greater role in long-term 

regulation of respiration and mROS production.  
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Figure 1.5 Regulation of mROS production by mitochondrial ∆Ψ, Ca
2+

, and NO. High ∆Ψ favours the 

production of mROS, whereas low ∆Ψ reduces. There is a negative feedback loop between mROS 

generation and membrane uncoupling. mROS increases lipid peroxidation, which in turn activates UCPs 

to induce mild uncoupling, thereby acting as a protective mechanism against excess mROS generation. 

Overall, Ca
2+

 seems to increase mROS production by 1) stimulation of the TCA cycle and enhancing the 

electron flow into the respiratory chain; 2) stimulation of NO production from NOS and consequent 

inhibition of complex IV; and 3) dissociation of cytochrome c (CytC) from IMM and higher concentration, 

including release of CytC across outer membrane. Under some conditions, Ca
2+ 

may slightly decrease or 

exert no net effect on mROS production, possibly by lowering ∆Ψ. NO in another important regulator of 

mROS. NO may either attenuate mROS production by inhibiting complex IV or attenuate mROS level by 

scavenging O2‾• via peroxynitrite or CytC by inhibiting complex I. Solid green line, stimulatory pathway; 

dashed red line, inhibitory pathway (Zhang and Gutterman, 2007 – modified).  

 

1.3.4 Non-mitochondrial ROS production 

1.3.4.1 NADPH oxidase 

Known as a member of the Nox family, NADPH oxidase is a multi-molecular enzyme 

composed of plasma membrane spanning cytochrome b558 (p22phox, gp91phox (Nox2)) and 

cytosolic components (rac, p47phox, p67phox, p40phox) (Kuroda et al., 2010). The major 

function of NADPH oxidase is to generate ROS, which sets it apart from other pathways that 

merely produce ROS as a by-product.  

There are seven members of the Nox family (Nox1–5) and dual oxidase (Duox1–2) 

that have been identified, with Nox2 and Nox4 as the major myocardial isoforms (Kahles and 

Brandes, 2013). These have different cellular localizations, with Nox2 localised to the cell 

membrane, Nox4 to intracellular organelles around the nucleus. The intracellular localisation 
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reflects differences in their physiological, and by consequence pathological properties. Nox4 

particularly has a mitochondrial localisation signal, and is expressed predominantly in the 

mitochondria of cardiac muscle cells (Ago et al., 2010). It has also been reported that the 

expression of Nox4 and the production of ROS are increased in pressure overloaded hearts 

(Kuroda et al., 2010). Disruption of Nox4 in cardiomyocyte significantly reduced cardiac 

hypertrophy, interstitial fibrosis and cardiomyocyte apoptosis in the presence of pressure 

overload, thereby improving cardiac dysfunction and reduced mitochondrial dysfunction 

(Kuroda et al., 2010). Moreover, infarct size after ischemia/reperfusion was also reduced in 

cardiomyocyte-specific Nox4 deletion mice compared to those of wild-type mice 

(Matsushima et al., 2013). 

Several reports have also demonstrated increased activity of NADPH oxidase and 

expression of Nox4 in cardiomyocytes exposed to high glucose (Maalouf et al., 2012), as well 

as enhanced ROS production by NADPH oxidase in the heart of diabetic mouse models 

(Privratsky et al., 2003; Zhang et al., 2006). Furthermore, myocardial hypertrophy and 

fibrosis in type 1 diabetes mellitus is characterised by increased expression of Nox1 and Nox2 

(Ritchie and Delbridge, 2006; Huynh et al., 2013). Similar increases in Nox have also been 

described in models of type 2 diabetes mellitus. Moreover, in the murine model of 

streptozotocin (STZ)-induced diabetes mellitus, a reduction in NADPH oxidase activation, 

due to Rac1 deficiency, has been shown to have beneficial effects upon myocardial 

remodelling (Shen et al., 2009). Taken together, these data suggest that NAPDH-generated 

ROS is associated with multiple cardiovascular complications in diabetes mellitus. 

1.3.4.2 Xanthine oxidase 

Xanthine oxidase is an enzyme present in the cytoplasm and catalyses oxidation of its 

substrates hypoxanthine and xanthine to uric acid using O2 as an electron receptor and, in the 

process, produces O2
‾• 

and H2O2 (Kayama et al., 2015). These ROS are usually eliminated by 

antioxidant enzymes abundantly present in the cytoplasm (CuZn-SOD, GPx). However, 

hypoxanthine and xanthine oxidase are shown to react acutely with O2 in 

ischemia/reperfusion states to produce a large amount of O2
‾• 

and H2O2, thus inducing cell 

damage as a consequence.  

While this pathway is known to usually serve as an important source of ROS 

production in vascular endothelial cells, a similar role has been suggested for the xanthine 

oxidase pathway in cardiomyocytes as well (Ekelund et al., 1999). Administration of the 
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xanthine oxidase inhibitor, allopurinol, leads to improvements in cardiac as well as vascular 

function in a canine model of tachyarrhythmia-prone heart failure (Amado et al., 2005). 

1.3.4.3 Lipoxygenases 

Lipoxygenases (LOXs) constitute another important source of ROS production in both 

cardiomyocytes and vascular cells. LOXs are members of a family of lipid-peroxidising 

enzymes that oxidise free and esterified polyenoic FAs to form the corresponding 

hydroperoxy derivatives (Kuhn and O’Donnel, 2006). 12/15-LOX is a member of the LOX 

family that catalyses the step from arachidonic acid to 12(S)-hydroxyeicosatetraenoic acids 

(12(S)-HETE) and 15(S)-hydroperoxyicosatetraenoic acid (15(S)-HETE). Interestingly, while 

LOX metabolites of arachidonic acid mediate angiotensin II stimulation of NAD(P)H oxidase 

in cultured vascular smooth muscle cells (VSMC) (Zafari et al., 1999), arachidonic acid 

metabolism is itself another source of ROS production in vascular cells (Madamanchi, 2005). 

In addition, 12/15-LOX and its products, 12(S)-HETE and 15(S)-HETE, are implicated in the 

development of atherogenesis and heart failure (Bolick et al., 2006). 

 Endothelial mitochondria 1.4

In comparison with other cell types with higher energy requirements, mitochondrial 

content in endothelial cells is modest. In rat endothelial cells, for example, mitochondria 

compose 2-6% of the cell volume as opposed to 28% in hepatocytes and 32% in cardiac 

myocytes (Dromparis and Michelakis, 2013; Kluge et al., 2013). The low content of 

mitochondria in endothelial cells may indicate that mitochondrial-dependent OXPHOS is not 

that important for energy supplement. Endothelial cells obtain a large portion of their energy 

from anaerobic glycolytic metabolism of glucose. In cultured pig aortic endothelial cells, 

more than 75% of ATP is provided by glycolysis (Culic et al., 1997). Moreover, 99% of 

glucose is catabolised into lactate in isolated coronary microvascular endothelial cells, whole 

oxygen consumption is mainly attributable to oxidation of endogenous substrates (Spahr et 

al., 1989; Mertens et al., 1990). The relatively slight dependence of endothelial cells on 

OXPHOS has created the perception that mitochondria play no significant role in the 

endothelium and has thereby resulted in the neglect of their study in this context. However, 

several recent observations challenge this view by suggesting that mitochondria not only can 

contribute to ATP synthesis but also are centrally involved in maintaining the fine regulatory 

balance among mitochondrial calcium concentration, ROS production and NO (Davidson, 

2010; Davidson and Duchen, 2007). Many questions must be addressed with respect to 
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understanding the physiological role that mitochondria play in endothelial cells and the 

contribution of endothelial mitochondria to vascular function and diseases.  

1.4.1 Endothelial mitochondria as sensors of local environment 

The positioning of the endothelial cells at the frontline in direct contact with the blood 

not only means that they are vulnerable to damaging molecules in the blood, but has them 

ideally situated for reconnaissance roles, sensing alternations in perfusate constituents and 

responding directly or transmitting reactive signals to nearby cells (Davidson and Duchen, 

2007).  

Rapid increase in endothelial production of NO and other vasodilatory molecules that 

occurs in response to even a modest decrease in arterial partial pressure of oxygen (PaO2), 

causes vasodilation and increasing blood flow and O2 supply (Davidson and Duchen, 2007). 

In various cell types, sensing of PaO2 appears to be performed by ROS-producing system such 

as NADPH oxidase. Mitochondria have been proposed as the central oxygen sensors in the 

vasculature, particularly in the specialised case of hypoxic pulmonary vasoconstriction (HPV) 

via a mechanism, by which hypoxia causes an increase in the generation of mROS, which 

escape into the cytoplasm (Waypa and Schumacker, 2005). In coronary endothelial cells 

cultured in 5 mM glucose, O2 does not decrease until PaO2 drops below 3 mm Hg, and is half 

maximal at 0.8 mm Hg (Mertens et al., 1990) (compared with 1.6 mm Hg in resting 

cardiomyocytes (Rumsey et al., 1990)). ATP levels decrease in human umbilical vein 

endothelial cells (HUVEC) only when Po2 is reduced to 3.5 mm Hg (Quintero et al., 2006). In 

cultured coronary endothelial cells, ATP levels remain constant even down to 0.1 mm Hg 

(either because of decreased ATP consumption or increased glycolysis) (Mertens et al., 1990). 

Inhibition of glycolysis can be tolerated by pig aortic endothelial cells for at least 3 hours, 

because of the fact that ATP-consuming pathways such as protein synthesis are co-ordinately 

downregulated when glycolysis is inhibited (Culic et al., 1997). When coronary endothelial 

cells are cultured with palmitate or glutamine to stimulate oxidative energy production, the 

adenine nucleotide contents decline rapidly at < 3 mm Hg oxygen (Martens et al., 1990). 

Mitochondrial ROS production is proportional to PaO2, i.e., more mROS are generated at 

higher O2 tension (Duchen, 2004). ROS production certainly does appear to increase during 

ischemia (Becker, 2004). Endothelial cells are the oxygen sensor of myocardium, they do, of 

course, respond to hypoxia by activating protective pathways common to many cell types. As 

the PaO2 is reduced to 3.5 mm Hg, hypoxia-inducible factor (HIF1α) becomes stabilised in 

human microvascular endothelial cells (HMECs) (Quintero et al., 2006). NO produced by 
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human endothelial cells can regulate the activity of HIF1α and AMP-activated protein kinase 

(AMPK), thus affecting key response pathways to hypoxia and metabolic stress (Quintero et 

al., 2006). Endothelial cells respond to hypoxia by releasing Ca
2+ 

from ER via inositiol-1,4,5-

triposphate receptors (Peers et al., 2006). The mechanism involves ROS production and is 

suppressed when mitochondria are depolarised, suggesting that mitochondria may sense the 

hypoxia and transmit a signal to ER via mROS (Peers et al., 2006). 

1.4.2 Endothelial mitochondria and diabetes 

Type 2 diabetes entails hyperinsulinemia and hyperglycaemia and is also characterised 

by hyperlipidaemia. The progression of the disease is complicated by a number of secondary 

problems, in which the major target seems to be vascular, including a cardiomyopathy, 

increased occurrence of sudden death by cardiac infarction, and microvascular disease 

affecting the kidney and the retina (Poornima et al., 2006). The manifestation of vascular 

disease in the coronary arteries results in a greatly increased risk of heart failure in the 

diabetic population (Nesto et al., 2004; Beckman et al., 2002). Diabetes mellitus is associated 

with an increased risk of cardiovascular disease even in the presence of intensive glycaemic 

control. Vascular endothelial cells are an important target of hyperglycaemic damage. 

Mitochondrial dysfunction plays a central role in endothelial dysfunction in type II diabetes 

mellitus (Kizhakekuttu et al., 2012). In type II diabetes patients, mitochondrial function is 

impaired, which is evident from a lower mitochondrial O2 consumption, ΔΨ, 

polymorphonuclear cell rolling velocity, and glutathione/glutathione disulphide (GSH/GSSG) 

ratio, and higher mROS production and rolling flux (Hernandez-Mijares et al., 2013). 

Hyperglycaemia-induced increase in the production of ROS by the mitochondrial electron 

transport chain in endothelial cells has been implicated in glucose-mediated vascular damage 

(Nishikawa et al., 2000; Brownlee, 2001; Du et al., 2003). Activation of AMPK reduces 

hyperglycaemia-induced mROS production and promotes mitochondrial biogenesis in 

HUVEC (Kukidome et al., 2006). In endothelial cells, AMPK activation by its agonists 

suppresses high-glucose-induced ROS generation by promoting mitochondrial biogenesis 

(Kukidome et al., 2006), inhibiting NADPH oxidase activity (Ceolotto et al., 2007), and 

inducing the expression of mitochondrial UCP2 (Xie et al., 2008) and MnSOD (Wang et al., 

2011). Endothelium-selective activation of AMPK prevents diabetes mellitus-induced 

impairment in vascular function and re-endothelialisation (Li et al., 2012). In this regard, 

AMPK activator such as metformin could serve as candidate drug to improve mitochondria 

and subsequent endothelial function. Interestingly, a recent report has shown that mROS 
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enhances AMPK activation in the endothelium of patients with coronary artery disease and 

diabetes (Mackenzie et al., 2013). This finding may implicate that high glucose induces 

endothelial dysfunction by upregulating mROS, which in turn leads to the activation of 

AMPK. This feedback pathway may be a conserved pattern for the body to protect itself. 

Hyperglycaemia inhibits thioredoxin ROS-scavenging function through induction of 

thioredoxin-interacting protein (Txnip), which interacts with thioredoxin and serves as an 

endogenous inhibitor (Schulze et al., 2004; Li et al., 2009). Overexpression of Txnip increases 

oxidative stress, while Txnip gene silencing restores thioredoxin activity in hyperglycaemia 

(Schulze et al., 2004). In addition, Txnip induces inflammation through chromatin 

modification in retinal capillary endothelial cells under diabetic conditions (Perrone et al., 

2009). Importantly, diabetic animals exhibit increased vascular expression of Txnip and 

reduced thioredoxin activity, which normalises with insulin treatment (Schulze et al., 2004). 

Mitochondria also contribute to hyperglycaemia-induced endothelial cells’ apoptosis. In 

addition to mROS overproduction, other pathways have essential roles in this process. In 

human aortic endothelial cells, apoptosis-induced by hyperglycaemia involves mitochondrial 

depolarisation and mROS overproduction, which is prevented by the antioxidant N-acetyl-L-

cysteine (Recchioni et al., 2002). The Ser/Thr Rho kinase 1 (ROCK1) is a potent regulator of 

mitochondrial dynamics in diabetic nephropathy and dynamin-related protein (Drp1) is a 

direct substrate for ROCK1. In hyperglycaemic conditions, ROCK1 phosphorylates Drp1 and 

leads to mitochondrial fission, mROS production, and subsequent release of cytochrome c 

(Wang et al., 2012). The mitochondrial permeability transition pore (PTP) is an oxidative 

stress-sensitive channel involved in cell death. Elevated glucose concentration leads to an 

oxidative stress that favours PTP opening and subsequent cell death in several endothelial cell 

types, and metformin prevents this PTP opening–related cell death (Detaille et al., 2005). 

There is some evidence suggesting that diabetic vascular disease results from oxidative stress. 

The endothelium is exposed directly to the blood and is therefore exposed directly to toxic 

metabolites and products such as oxidised low-density lipoprotein (oxLDL), which can cause 

damage directly by oxidative processes. Hyperglycaemia damages cells by causing increases 

in advanced glycation end products, increased hexosamine and polyol flux, and activation of 

classical isoforms of protein kinase C, via increased levels of oxidative stress (Brownlee, 

2005). It has been shown that hyperglycaemia inhibits endothelial NOS (eNOS) activity and 

expression in aortic endothelial cells by increasing mitochondrial superoxide production 

(Srinivasan et al., 2004). Diabetes can lead to inhibition of endothelial NO production and 

derange normal vasodilation (Beckman, 2002). Hyperglycaemia may also affect 
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mitochondrial Ca
2+

 dynamics. Exposure of cultured endothelial cells to hyperglycaemic 

medium results in increased [Ca
2+

]m after histamine-mediated [Ca
2+

]c signalling, possibly as 

a consequence of altered mitochondrial morphology (Paltauf-Doburzynska et al., 2004). 

Hyperglycaemia may also induce endothelial apoptosis and contribute to the development of 

atherosclerosis (Du et al., 1998). The PTP may constitute part of the pathway toward 

endothelial cell death in diabetes as well as other pathologies. Conditions of oxidative stress 

or hyperglycaemia have been found to cause PTP opening in both HUVEC and bovine aortic 

endothelial cells (BAEC) (Detaille et al., 2005). Inhibition of PTP opening by exposure to 

cyclosporine A prevents this death (Detaille et al., 2005). Some antidiabetic drugs may have 

effects on the PTP. One of these drugs, metformin, appears to prevent opening of the PTP, 

although this may be secondary to metabolic effects of the drug (Detaille et al., 2005). In 

patients with inadequately controlled diabetes, myocardial energy utilisation shifts almost 

exclusively to the oxidation of free FAs. Although the consequence of this is extensively 

studied in cardiomyocytes, the effect on mitochondrial metabolism in endothelial cells has 

been largely disregarded because they are regarded as being primarily glycolytic. Activation 

of the fuel-sensing enzyme AMPK in endothelial cells promotes oxidation of FAs (but not 

glucose) as a source of ATP production, whereas dependence on glycolysis is decreased 

(Dagher et al., 2001). This suggests that in response to the metabolic disturbance associated 

with diabetes, the role of mitochondria as energy sources in endothelial cells might become 

significant. In a rat model of diabetes, HIF1α is increased, possibly indicating the existence of 

a state that has been termed “hyperglycaemic pseudohypoxia” (Williamson et el., 1993). 

1.4.3 Mitochondrial ROS in cardiovascular diseases 

At relatively low levels, mROS can be critical signalling molecules that support 

normal or compensatory function of the cell (Sena and Chandel, 2012). This fact means that 

mROS may increase even as part of normal signalling in the cell while the mitochondria 

themselves remain normal. Mitochondrial ROS are known to be biologically important in 

variety of physiological systems, including adaptation to hypoxia, regulation of autophagy, 

immunity, differentiation, and longevity. On the other hand, mROS have been implicated in 

the pathogenesis of cardiovascular diseases, such as atherosclerosis, hypertension, and 

diabetes. The mitochondrial dysfunction theory postulates that excess release of ROS from 

mitochondria is responsible for the inflammatory vascular reaction that leads to 

cardiovascular diseases (Ballinger, 2005; Puddu et al., 2005). Many cardiovascular risk 

factors, including hyperglycaemia and insulin resistance, hypercholesterolaemia and oxidation 
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of LDL, hyperhomocysteinemia, tobacco smoke exposure, and aging can adversely affect the 

function of endothelial cell mitochondria via various mechanisms, resulting in increased 

mROS generation. This increased mROS generation contributes to endothelial dysfunction 

and ultimately to the development of cardiovascular diseases. In addition, excessive mROS 

affect mitochondrial membranes, proteins and DNA, and cause further mitochondrial 

dysfunction through a vicious cycle. In addition to endothelial cells, increased production of 

mROS in other vascular cells (e.g., smooth muscle cells) may also contribute to the 

development of vascular lesions (Ballinger et al., 2002).  

Most electrons flowing down the electron transport chain redox gradient ultimately 

reach ATP synthase. Moreover, 1-3% of electrons prematurely react with oxygen, at 

complexes I and III, to form superoxide and other types of ROS. In addition to complex I and 

III, other sources of mROS have been identified in endothelial cells (Tang et. al., 2014). One 

such example is the NADPH oxidase 4 (Nox4), which is highly expressed in endothelial cells 

and has been localised in mitochondria in other tissues. However, mitochondrial localisation 

in endothelial cells remains elusive. Nox4 is the most highly expressed the Nox family 

member in all cells of the cardiovascular system and is upregulated by a wide variety of 

agonists and cellular stresses. In endothelial cells, Nox4 is sensitive to mechanical forces. 

Nox4 and its homolog Nox2 are required for basal ROS production in endothelial cells’ 

proliferation (Lassegue et al., 2012). Unlike Nox1, endogenous Nox4 predominantly produces 

H2O2 rather than O2
‾• 

(Dikalov et al., 2008). Current reports support that Nox4 is a protective 

ROS-generating vascular NADH oxidase partly through preventing endothelial dysfunction 

during ischemic and inflammatory stress (Schroder et al., 2012). Another example is the 

growth factor adaptor protein p66Shc, which functions in mitochondrial signalling. P66Shc 

facilitates the production of H2O2 by oxidising cytochrome c (Giorgio et al., 2005; Paneni et 

al., 2012). 

Once excessive mROS is produced, cells rapidly response to oxidative stress by 

directly targeting the excessive ROS. Mn-SOD, which is predominant dismutase in 

mitochondria, is rapidly inducible and buffers the superoxide in the mitochondrial matrix by 

dismutating O2
‾• 

to H2O2. CuZnSOD buffers the O2
‾• 

that escapes into the intermembrane 

space and cytoplasm or even extracellularly. The levels of H2O2 are downregulated by 

antioxidant enzymes including catalase and peroxidases. Important mitochondrial peroxidases 

include thioredoxin-2, peroxididoxin-3, and glutaredoxin-2. Glutathione peroxidase-1 is 

located in both mitochondria and the cytoplasm of endothelial cells (Kluge et. al., 2013). 

Moreover, UCPs that are present in IMM decrease mROS production.  UCP2 overexpression 
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in human aortic endothelial cells blocks FA-induced mROS generation (Lee et al., 2005). 

UCP2 preserves endothelial function through increasing NO bioavailability secondary to the 

inhibition of ROS production in endothelium of the obese diabetic mice (Tian et al., 2012). 

UCP2 upregulation also ameliorates hyperglycaemia-induced endothelial dysfunction (Sun et 

al., 2013).   

 Oxidative stress is closely associated with the pathogenesis of diabetes mellitus and 

results from overproduction of ROS (Kayama et al., 2015). ROS overproduction is associated 

with hyperglycaemia and metabolic disorders, such as impaired antioxidant function in 

conjunction with impaired antioxidant activity. Long-term exposure to oxidative stress in 

diabetes mellitus induces chronic inflammation and fibrosis in a range of tissues, leading to 

formation and progression of disease states. Indeed, markers for oxidative stress are 

overexpressed in patients with diabetes mellitus, suggesting that increased ROS may be 

primarily responsible for the development of diabetic complications. Diabetes mellitus and 

insulin resistance are characterised by elevated circulating levels of glucose and free FAs 

(Bogardus et al., 1984; Reaven et al., 1988). In endothelial cells, hyperglycaemia induces 

mitochondrial fission with subsequent development of excessive mROS production, reduced 

ATP production, and blunted cell growth (Yu et al., 2006). Endothelial cell-culture data 

demonstrate that exposure to high glucose (30 mM glucose for 7 days) increases endothelial 

ROS production. This phenomenon is primarily related to increases in mROS, because 

blunting of this effect occurs only with pharmacologic inhibition of complex II or exposure to 

MnSOD. Indicative of the cell-signalling capacity of mROS, mROS inhibitors also reduce 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-KB) and protein kinase C 

activation, and blunt the production of toxic advanced glycation end products and sorbitol 

(Nishikawa et al., 2000).  Expression of cell-adhesion molecules on endothelial cell surface is 

dependent on mROS in the setting of high glucose (Srinivasan et al., 2003; Basta et al., 2005). 

Exposure to high concentration of free FAs (lysophosphatidylcholine and linoleic acid) 

increases ΔΨ, mROS, and NF-KB in human aortic endothelial cells (Lee et al., 2005). Each of 

this responses are inhibited by overexpression of UCP2, showing that reductions in mROS, 

linked to reduction in ΔΨ, are responsible for the observed improvement in endothelial 

function. Excessive mROS production in diabetes has been implicated as a “master switch” 

for activation of discrete pathologic signalling pathways leading to subsequent endothelial 

dysfunction through protein kinase C activation, increased age-related glycation end-product 

formation, and increased polyol and hexosamine pathway flux (Brownlee, 2001). In vivo, 

human studies have verified that hyperglycaemia induces such a state of endothelial 
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dysfunction through excessive oxidative stress. Hyperglycaemia has been shown to inhibit 

endothelial function in the forearm microvasculature through suppression of NO 

bioavailability (Williams et al., 1998).  This reduced dilation during acute hyperglycaemia 

also is observed in patients with diabetes and can be improved by antioxidant therapy 

(Beckman et al., 2001). 

1.4.4 Mitochondria and endothelial calcium homeostasis  

The function of endothelial cells largely dependent on various extends on changes in 

intracellular Ca
2+ 

concentration (Groschner et al., 2012). Although ER is the major storage 

site for calcium, 25% of cellular calcium is located in mitochondria. Mitochondria are also 

considered an important calcium buffering system. Mitochondria modulate Ca
2+ 

signals by 

taking up, buffering, and releasing Ca
2+ 

at key location near Ca
2+ 

release or influx channels. 

The mitochondria and ER networks are very close proximity; actually, the two organelles 

communicate and corporate to regulate calcium trafficking and thereby orchestrate key 

aspects of endothelial function (Kluge et al., 2013). Calcium moving in and out of 

mitochondria is highly regulated. In endothelial cells, H2O2-induced increase in mitochondrial 

Ca
2+

 may depend partly on the decrease of Ca
2+

 extrusion via inhibiting the sodium/calcium 

exchanger (Jornot et al., 1999). UCP2 and UCP3 are fundamental for mitochondrial Ca
2+ 

uniporter (MCU) activity in human endothelial cells (Trenker et al., 2007). Mitochondrial 

Ca
2+

 uptake controls intracellular Ca
2+ 

signalling, cell metabolism, cell survival, and other 

cell-type specific functions by buffering Ca
2+ 

levels and regulating mitochondrial effectors 

(Rizzuto et al., 2012). The very negative mitochondrial ΔΨ allows mitochondria to sequester 

positive ions such as Ca
2+ 

from the cytoplasm. Mitochondrial calcium is an important 

orchestrator of mitochondrial biogenesis per se and increases expression of peroxisome 

proliferator-activated receptor gamma coactivator 1α (PGC1α) (Szabadkai and Duchen, 

2008). Physiological changes in the mitochondrial ([Ca
2+ 

]m) and cytosolic ([Ca
2+ 

]c) calcium 

concentrations have important regulatory effect on many aspects of mitochondrial functions, 

including mROS generation, energetics, motility, dynamics, and biogenesis (Davidson and 

Duchen, 2007; Kluge et al., 2013). There is increasing evidence that altered mitochondrial 

calcium contribute to endothelial response to pathophysiological stimuli. For example, 

mitochondrial calcium uptake stimulates NO production in mitochondria of bovine vascular 

endothelial cells (Dedkova et al., 2004). Elevated global endothelial concentration of Ca
2+ 

promotes activation of eNOS, which, in turn, leads to the generation of NO (Katakam et al., 

2013). Pharmacological depolarisation of endothelial mitochondria promotes activation of 
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eNOS by dual pathway involving elevated [Ca
2+

]c as well as by phosphoinositide-3 kinase 

(PI3K)-induced eNOS phosphorylation. Depolarisation of mitochondria in endothelial cells 

promotes cerebral artery vasodilation (Katakam et al., 2013). Activation of tumor necrosis 

factor receptor 1 (TNFR1) ectodomain shedding by mitochondrial Ca
2+ 

determines the 

severity of inflammation in mouse lung microvessels. This compensatory effect blunts the 

extent of endothelial activation under proinflammatory conditions (Rowlands et al., 2011). 

Moreover, the functions of many mitochondrial enzymes, including pyruvate dehydrogenase 

(PDH) are very calcium-dependent (Dromparis and Michelakis, 2013; Kluge et al., 2013). 

Calcium activates the TCA cycle enzymes and OXPHOS, thereby increasing ATP production. 

In addition to its direct effect on metabolic enzyme activity, a decrease in calcium influx 

hyperpolarises mitochondria, leading to mitochondrial and endothelial dysfunction. 

1.4.5 Mitochondria and endothelial apoptosis 

Mitochondria are implicated in cell death pathways, including apoptosis and necrosis. 

Supplementation of endothelial cells with mitochondrial targeted antioxidants inhibits 

peroxide-induced mitochondrial iron uptake, oxidative damage, and apoptosis (Dhansekaran 

et al., 2004). Ox-LDL induces dysfunction of the mitochondrial ΔΨ leading to cytochrome c 

release into the cytosol, and thereby stimulates apoptosis of human endothelial cells. 

Apoptosis suppression by cyclosporine A (CSA) correlates with the prevention of 

mitochondrial dysfunction and thus indicates the importance of mitochondrial destabilisation 

in ox-LDL-induces apoptosis (Walter et al., 1998). Continuous oxidation of high-density 

lipoprotein (HDL) under hyperglycaemic conditions may induce endothelial apoptosis 

through mitochondrial dysfunction, following the deterioration of vascular function 

(Matsunaga et al., 2001). High glucose increases intracellular ROS and cell apoptosis through 

a mechanism involving interregulation between the cytosolic and mitochondrial ROS 

production. C-peptide activation of AMPKα inhibits high glucose-induced ROS production, 

mitochondrial fission, mitochondrial ΔΨ collapse, and endothelial cell apoptosis (Bhatt et al., 

2013). PGC-1α regulates ROS production and apoptosis in endothelial cells by increasing FA 

oxidation and enhancing ATP/ADP translocate activity (Won et al., 2010). Factors regulating 

the release of cytochrome c critically participate in mitochondria-dependent apoptosis of 

endothelial cells. A1, one of Bcl-2 family members, is localised to and functions in 

mitochondria. A1 is able to repress mitochondrial depolarisation, loss of cytochrome c, 

cleavage of caspase 9, a BH3 domain-containing proapoptotic Bcl2 family member (Bid), and 

poly(ADP-ribose) polymerase. A1 maintains temporary survival of endothelial cells in 
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response to TNF-α by maintaining mitochondrial viability and function (Duriez et al., 2000). 

Apoptosis signal-regulating kinase 1 (ASK1) mediates cytokines and ROS-induced apoptosis 

in a mitochondria-dependent pathway. Overexpression of thioredoxin-2 inhibits ASK1-

induced apoptosis without effects on ASK1-induced JNK (c-Jun N-terminal protein kinase 

activation) in endothelial cells. Specific knockdown of thioredoxin-2 in endothelial cells 

increases TNFα, ASK1-induced cytochrome c release and cell death without increase in JNK 

activation, Bid cleavage, and Bcl-2 associated X protein (Bax) translocation (Zhang et al., 

2004). In addition to apoptosis, mitochondria are also involved in necrosis. Mitochondria-

mediated necrosis critically participates in cardiac myocyte dysfunction and cell death (Tait et 

al., 2013). 

 Uncoupling proteins 1.5

The uncoupling proteins (UCPs) are members of mitochondrial anion carrier family, 

which are present in IMM.  They share a basic tripartite structure with six membrane-

spanning α-helices divided by short helical domains in the matrix and loops in the 

intermembrane space (Rousset et al., 2004) (Figure 1.6). This family includes the adenine 

nucleotide translocase (ANT), an ATP/ADP antiporter, and multiple other metabolite and ion 

transporters. In contrast to basal leak, which is unregulated, UCPs can catalyse inducible 

proton leak that is sensitive to inhibitors. 

UCP1, the first identified UCP, mediates non-shivering thermogenesis in brown 

adipose tissue (BAT) (Ricquier and Bouillaud, 2000). Four other members of this family were 

discovered: UCP2, UCP3, UCP4, and UCP5/brain mitochondrial carrier protein-1 (BMCP1). 

UCP2 and UCP3 are closest in amino acid identity to UCP1 (57% and 59% respectively) 

(Etchay et al., 2002). Whereas the UCP1 is detected mainly in brown adipocytes, UCP2 is 

present in many organs and cells types, and UCP3 is predominantly expressed in skeletal 

muscles and the heart. The tissue distribution of UCPs suggested a role other than adaptive 

thermogenesis. Following the discovery of various UCPs, they have become prominent in the 

fields of thermogenesis, obesity, diabetes, and free radical biology. UCPs have started to 

make an impact on the areas of degenerative, neurological, circulatory, and immunological 

diseases and aging. The proton conductance of UCPs is under tight control: inhibited by 

purine nucleotides and activated by free FAs. 



40 
 

 

Figure 1.6 Model for UCPs and anion carriers of IMM. The protein is made of six transmembrane 

domains (numbers 1-6) linked by hydrophilic segments. The UCPs and mitochondrial anion transporters 

have a triplicated structure, with every third being made of two α-helices and a polar domain (Rousset et 

al., 2004 – modified).  

 

1.5.1 Mechanism of UCP-mediated proton transport 

The uncoupling activity of UCPs is explained by its ability to transport protons in 

particular when FAs bind to the protein. The question of the catalytic activity of UCPs is still 

debated between those who believe that UCP is a pure proton transporter activated by FAs 

(Klinbengerg, 1990), and others who consider that UCP mediates FA-induced uncoupling by 

trans-bilayer movement (flip-flop) of the protonated FA from the cytosolic to the matrix face 

of the inner membrane, with subsequent return of the anionic form to the cytosolic side 

(Skulachev, 1991) (Figure 1.7).  
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Figure 1.7 Schematic mechanism of proton transport by UCPs: proton release associated with cycling of 

free FA (FFA) (A), and direct proton translocation (B). (A) Illustrates the free diffusion of protonated FA 

through the membrane followed by a release of proton on the matricial side. Then, UCP returns the 

anionic form of FA through the membrane. (B) A direct transport of proton by UCP; the proton is 

provided by the carboxyl group of either amino acid residues or FA (Ricquier and Bouillaud, 2000 – 

modified).  

 

 The first hypothesis (Skuchalev, 1991) predicts the mechanism of FA cycling. UCPs and 

several other carriers are considered to conduct FA anions. The uniport of FA anions then 

leads to FA cycling, as FA anions can be protonated on a membrane trans-side and neutral FA 

can readily flip-flop back. FA dissociation releases H
+
 and the resulting FA anion can enter 

the cycle again until all nonesterified FAs are depleted. The second hypothesis (the 

Klingenberg model) considers the existence of H
+ 

translocation pathway within the structure 

of UCPs and explain the observed FA-activation of UCP-mediated H
+ 

transport by local 

buffering (Kilngenberg, 1990). According to this hypothesis, ionised (anionic) FAs participate 

in jumps of H
+ 

over an array of sites, which form the H
+ 

translocation pathway.  

1.5.2 Physiological role of UCPs 

UCPs participate in various important physiological and pathological situations (Jezek, 

2002). UCPs may contribute to body weight regulation, reduced ROS production, to various 

types of adaptive thermogenesis including fever, and to balancing apoptotic processes. 

Moreover, pathological implications in obesity, diabetes mellitus, and heart failure were 

revealed. Hormonal factors modulating the expression of UCPs have been described. 
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1.5.2.1 UCPs and prevention of ROS production 

Mild uncoupling can be beneficial to cells and organism, as it causes a decrease in 

ROS formation (Skulachev, 1996). Mitochondrial ROS production is very sensitive to the 

proton-motive force (ΔμH
+
)
 
set up across IMM by electron transport. Therefore, the mild 

uncoupling caused by activation of UCP2 and UCP3 might lower proton-motive force 

slightly, attenuate mROS production, and protect against oxidative stress (Skulachev, 1996; 

Kowaltowski et al., 1998; Etchay et al., 2002; Brand et al., 2002). Mild uncoupling implies a 

limited increase in proton conductance so that proton-motive force is slightly lowered and 

respiration rate is slightly increased, but ATP can still be produced. It differs from full 

uncoupling, where proton-motive force and ATP synthesis are abolished and respiration is 

maximal.  

 

 

 

Figure 1.8 Antioxidative activity of UCPs. High pH and  of mitochondria will induce mROS 

production and thus oxidative damage; these mROS may activate UCPs and therefore cause a “mild 

uncoupling” and (as a negative feedback) will prevent further superoxide production and decrease 

oxidative damage (Liu et al., 2013 – modified).  

 

1.5.2.2 UCPs and diabetes 

Although two major types of diabetes have distinct aetiology, they lead to similar 

diabetic complications, and both of them are related to oxidative stress status. It is 
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demonstrated that activation of oxidative pathways plays a role in the development of not 

only the late complications (such as cardiovascular diseases, nephropathy, retinopathy, and 

amputations) in type 1 and 2 of diabetes mellitus, but also in the early stage such as insulin 

resistance (Maiese et al., 2007). Mitochondria are thought to be the main source of ROS 

generation in diabetes mellitus (Golbidi et al., 2012). The antioxidative activity of UCPs may 

be beneficial in diabetes mellitus and the complications. Uncoupling proteins may function as 

a sensor and a negative regulator of mROS generation under hyperglycaemia. 

The relationship between UCP1 and diabetes mellitus has already been reported long 

before the other UCPs were discovered. Studies revealed that UCP1 mRNA and protein 

concentration in BAT were regulated by insulin (Geloen and Trayhurn, 1990; Burcelin et al., 

1993).  UCP1 has been proved to decrease , downregulate mROS production, and increase 

energy expenditure. Therefore, UCP1 gene is regarded as a candidate target gene in treatment 

of obesity or type 2 of diabetes mellitus. UCP1 had been thought to be expressed only in 

rodents and human infants for a long time. However, UCP1 protein and/or its mRNA 

expression were detected in human white adipose tissue, skeletal muscle, longitudinal smooth 

muscle layers, retinal cells, and islets cells (Carroll et al., 2005; Sale et al., 2007), although the 

physiological function of UCP1 in these tissue and organs are not established as well as in 

BAT. The imbalance between energy intake and expenditure is the underlying cause of 

obesity and diabetes mellitus. Brown adipose tissue consumes fuel for thermogenesis through 

tissue-specific UCP1. It was once thought that BAT had a functional role in rodents and 

human infants, but it has been shown that in response to mild cold exposure, adult human 

BAT consumes more glucose per gram than any other tissues (Orava et al., 2011). In addition 

to this nonshivering thermogenesis, human BAT may also combat weight gain by becoming 

more active in the setting of increased whole-body energy intake. These observations suggest 

that activation of BAT could be used as a safe treatment for obesity and metabolic 

dysregulation and further help to cure diabetes mellitus.  

The mild uncoupling caused by activation of UCP2 may have a signalling role (Brand 

and Esteves, 2005). Activation of UCP2 may attenuate glucose-stimulated insulin secretion by 

pancreatic β cells. In the consensus model of the major route of glucose-stimulated insulin 

secretion by pancreatic β cells (Rutter, 2001), glucose catabolism increases the mitochondrial 

proton-motive force, the cytoplasmic ATP/ADP ratio rises, and plasma membrane KATP 

channels close, leading to depolarisation, opening the voltage-sensitive calcium channels, 

calcium influx, and insulin secretion. UCP2 could short-circuit this pathway by mild 

uncoupling, blunting the rise in proton motive force caused by raised glucose, and attenuating 
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insulin secretion (Chan et al., 1999). A plausible regulator of UCP2 function is FAs oxidation, 

which would rise β cell ROS production, activate the proton conductance of UCP2, and 

attenuate the insulin secretion (Brand et al., 2004; Lameloise et al., 2001), while 

hyperglycaemia may do the same pathologically (Zhang et al., 2001). UCP2 negatively 

regulate insulin secretion and is a major link between obesity, β-cell dysfunction, and type 2 

of diabetes mellitus (Zhang et al., 2001). 

UCP3 mRNA and protein levels are decreased in skeletal muscle od patients with type 

2 of diabetes mellitus (Schrauwen et al., 2006). UCP3 content is reduced in prediabetes 

subjects (impaired glucose tolerance) and type 2 of diabetes mellitus, and eight weeks of 

rosiglitazone treatments significantly increases insulin sensitivity and restores skeletal muscle 

UCP3 protein in diabetic patients. Similar to UCP2, UCP3 has been found to be expressed in 

pancreatic β-cells, where it also influence of insulin secretion, although the physiological 

function of UCP3 in these cells is still not know (Li et al., 2008). UCP3 mRNA is expressed 

in human islets, but the relatively abundance of UCP2 is 8.1-fold higher. 

Immunohistochemical analysis has confirmed colocalisation of UCP3 protein with 

mitochondria in human β-cells. In human islets, UCP2 protein expression is increased 

approximately two-fold after high-glucose exposure, whereas UCP3 protein expression is 

decreased by ~40%. Moreover, UCP3 overexpression improves glucose-stimulated insulin 

secretion. Thus, UCP2 and UCP3 have distinct role in regulating β-cell functions; increased 

expression of UCP2 and decreased expression of UCP3 in humans with chronic 

hyperglycaemia may contribute to impaired glucose-stimulated insulin secretion (Li et al., 

2008). The both, UCP2 and UCP3 can modulate cellular metabolism. The role of UCPs in the 

pathophysiology of chronic metabolic diseases such as type 2 of diabetes mellitus is highly 

dependent upon the specific UCP and its tissue of expression. Interesting, upregulation of 

UCP2 in pancreatic islets may lead to development of insulin insufficiency in type 2 of 

diabetes mellitus, while, in contrast, an increase in UCP3 expression in skeletal muscle could 

help to prevent the development of insulin resistance. Therefore, if the UCPs are to have any 

therapeutic relevance, strategies are required that incorporate acknowledgement of the need to 

upregulate UCP3 while decreasing activity of UCP2, tissue-specifically. In the case of UCP2, 

the treatment should not impact expression or activity in other tissues, like the brain, where it 

appears to confer cytoprotective effects. 
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1.5.2.3 Prospects: UCPs and drugs 

Most cells seem to have one or more UCPs in their mitochondria. Therefore, this is 

very important to define the biological roles and biochemical function of particular UCPs, 

which must be better characterised and quantified in different tissues. UCPs seem to be 

related to lipid metabolism, and the relation between free FAs and UCPs needs to be defined, 

as does any role of UCPs in the metabolism of superoxide anions. UCPs’ genes should be 

considered as putative targets of new drugs. Manipulation of the mitochondrial UCPs will be 

of interests for controlling the level of ROS in pathological situations. Any change in the level 

of coupling of mitochondria respiration to ADP phosphorylation has an effect on the 

production of free radicals and the cellular level of ROS (Skulachev, 1998; Nicholls and 

Budd, 2000).  

1.5.2.4 UCPs and endothelial cells 

Among the five mammalian UCPs isoforms, the expression of UCP2 and UCP3 is 

detected at the mRNA and protein level in various endothelial cells (Shimasaki et al., 2013). 

Increased UCP2 expression is common in highly proliferative cell types, including endothelial 

and cancer cells. UCP2 seems to be the primary UCP isoforms involved in regulation of 

endothelial metabolism. Exposure of endothelial cells to cellular stress: elevated ROS level or 

nutrient excesses, stimulates UCP2 expression, which involves a stress response coordinated 

by AMPK and PGC1α (Schulz et al., 2008; Valle et al., 2005). The ability to rapidly 

upregulate UCP2 expression may be important in protecting vascular endothelial cells from 

excess ROS formation. Although, the direct importance of UCP2 for the regulation of 

endothelial function has not be directly examined in humans, UCP2 may be related to human 

cardiovascular diseases. For instance, the 866G>A polymorphism is associated with increased 

UCP2 expression, decreased risk of coronary artery diseases in type 2 of diabetic men and is 

most likely associated with carotid artery atherosclerosis in middle-age women (Cheurfa et 

al., 2008; Oberkofler et al., 2005). It could be proposed that increased UCP2 expression in 

endothelial cells may aid in preventing the development and progression of vascular 

dysfunction. For instance, UCP2 could be a useful target in treating atherosclerosis or 

hypertension-related vascular events (Lee et al., 2005; Liu et al., 2013).  

  



46 
 

 Mitochondria and hypoxia 1.6

Hypoxia (lack of oxygen) can occur in many ways:  

 hypoxic hypoxia, caused by an insufficient oxygen concentration in the air in the 

lungs, which is common in during sleep apnoea, when the diffusion of oxygen to 

the blood is reduced or in high altitude sickness, 

 hypoxemic hypoxia, which occur when the blood has reduced transport capacity as 

seen in carbon monoxide poisoning when haemoglobin cannot carry as much 

oxygen,  

 stagnant hypoxia, occur when the cardiac output does not match the demands of the 

blood and the flow in not sufficient to deliver enough oxygenated blood to the 

tissue, 

 sistotoxic hypoxia, when the cells cannot utilize the available oxygen, for instance 

during cyanide poisoning when oxygen cannot be used to produce ATP (Chan and 

Vanhoutte, 2013). 

Moreover, hypoxia is observed in many diseases such as ischemia or cancer (Harris, 2002). 

Cells exposed to hypoxia respond acutely with endogenous metabolites and proteins promptly 

regulating metabolic pathways, but if hypoxia is prolonged, cells activate adapting 

mechanism, the master switch being HIF1. Activation of HIF1 is strictly related to the 

mitochondrial function, which in turns is related with the oxygen level. Moreover, under 

hypoxic conditions, mitochondria function as an oxygen sensor, convey signals to HIF1 

directly or indirectly, contributing to cell redox potential, ion homeostasis and energy 

production.   

1.6.1 Mechanisms of HIF activation 

HIF1 is the heterodimeric transcription factor, which binds to hypoxia-responsive 

elements (HRE), activating the transcription of more than two hundred genes that allow cells 

adapt to hypoxic conditions (Semenza, 2003; Kaluz et al., 2008). HIF1 consists of an oxygen-

sensitive HIF1α subunit that heterodimerises with the HIF1β subunit to bind DNA. In normal 

oxygen concentration, HIF1α is hydroxylated by prolyl hydroxylases (PHDs) using α-

ketoglutarate derived from the TCA cycle. α-Ketoglutarate is required because the 

hydroxylation reaction is coupled to the decarboxylation of α-ketoglutarate to succinate. 

Hydroxylated HIF1α interacts with the von Hippel-Lindau protein (pVHL) (a critical member 

of an E3 ubiquitin ligase complex) that polyubiquitylates  HIF. Then, it is catabolised by 
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proteasomes, such that HIF1α is continuously synthesised and degraded under normoxic 

conditions (Semenza, 2003) (Figure 1.9).  Under hypoxic conditions, HIF1α hydroxylation 

does not occur stabilising HIF1.  

 

Figure 1.9 Hypoxia inducible factor HIF1α stabilisation in normoxia vs HIF1α degradation under 

hypoxia. Top: PHD in the presence of oxygen hydroxylates HIF1α. Which can then bind to von Hippel 

Lindau protein (pVHL). This event promotes the polyubiquitination of HIF1α followed by 26S-

proteasomal degradation. Bottom: the lack of oxygen prevents the hydroxylation of HIF1α by PHD, 

leading to its stabilisation. HIF1α can then migrate to the nucleus and associate with HIF1β and the 

cofactor p300/CBP. The HIF1 complex binds to and induces the transcription of genes containing 

hypoxia-responsive elements (HRE) with core sequence 5’-ACGTG-3’ in their promoter region (Balligand 

et al., 2009 – modified). 

 

The active HIF1 complex binds to a core HRE in a wide array of genes involved in 

diversity of biological processes, and directly transactivates glycolytic enzyme genes 

(Semenza, 2007). Oxygen concentration, multiple mitochondrial products, including the TCA 

cycle intermediates and ROS can coordinate PHD activity, HIF stabilisation, hence the 

cellular response to oxygen deficiency (Pan et al., 2007; Lin et al., 2008). Impairment of the 

TCA cycle could be relevant for the metabolic changes occurring in mitochondria exposed to 

hypoxia, sine accumulation of succinate has been reported to inhibit PHDs (Koivunen et al., 

2007).  Moreover, it has been reported that ROS are crucial to activate HIF1 (Kietzmann and 

Gorlach, 2005).  
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1.6.2 Mitochondrial ROS and HIF regulation 

As mentioned above, mROS regulate HIFs. There is a lot of evidence that hypoxia 

paradoxically increases ROS production (Duranteau et al., 1998; Chandel et al., 1998). 

Increased generation of ROS at complex III is required for HIF1α protein stabilisation during 

hypoxia (Klimova and Chandel, 2008). The overexpression of catalase abolished the HIF1α 

accumulation in response to hypoxia (Chandel et al., 2000). How ROS inhibit the 

hydroxylation of the HIF1α is currently unknown. The available data do not allow to 

definitely state a precise role of mROS in regulating HIF1α, but the pathway stabilising 

HIF1α appears undoubtedly mitochondrial-dependent (Pan et al., 2007). The hydroxylation 

reaction of HIF1α requires the reduced form of iron (Fe
2+

). It is possible that hydrogen 

peroxide produced during hypoxia oxidises Fe
2+

 to Fe
3+

 (Gerald et al., 2004).  

 

 

Figure 1.10 HIF1α proteins are hydroxylated at two distinct proline residues by prolyl hydroxylases 

(PHDs) under normoxic conditions. The hydroxylation directs HIF1α proteins for pVHL mediated 

ubiquitin dependent degradation. The hydroxylation reaction requires oxygen and α-ketoglutarate as 

substrates. Mitochondria can regulate hydroxylation by controlling availability of oxygen and the TCA 

cycle intermediate α-ketoglutarate to the PHDs. Under hypoxic conditions, the release of ROS from 

mitochondrial complex III results in prevention HIF1α proteins hydroxylation and stabilisation. 

Mitochondria regulate HIF1α proteins through ROS, oxygen, and α-ketoglutarate availability (Tormos 

and Chandel, 2010 - modified). 
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1.6.3 The TCA cycle intermediates and HIF regulation 

The TCA cycle intermediates have the influence on HIF stabilisation (Tormos and 

Chandel, 2010). Prolyl hydroxylases (PHD) convert the TCA cycle intermediate α-

ketoglutarate to succinate in order to hydroxylate the HIF1α subunit. Rise in succinate 

prevents hydroxylation. Succinate is normally converted into fumarate within the TCA cycle 

by succinate dehydrogenase, a membrane-bound enzyme that is also component of the 

mitochondrial electron transport chain (complex II). Moreover, fumarate could also regulate 

HIF activation (Pollard et al., 2005). Fumarate inhibits the forward hydroxylation reaction 

similar to succinate (Isaacs et al., 2005). Moreover, loss of fumarate hydratase results in ROS-

dependent activation of HIF (Sudarshan et al., 2009).  The fumarate hydratase mutations 

activate HIF by increases in the ROS and fumarate levels.  

1.6.4 Effects of hypoxia on energy metabolism in cells 

Without a doubt hypoxia (reduced oxygen level) affects energy metabolism in cells. 

There is a lot of data, which indicate that low oxygen reduces OXPHOS, the TCA cycle, and 

participates in the generation of NO, which also contributes to decreased respiration rate 

(Galkin et al., 2007; Brunori et al., 2004). Active HIF has effect on cellular energy 

homeostasis by inactivation of anabolism, activation of glycolysis, and inhibition of 

mitochondrial energy metabolism, i.e., the TCA cycle and OXPHOS. HIF1 activates 

transcription of genes encoding glucose transporters and glycolytic enzymes to further 

increase flux of reducing equivalents from glucose to lactate (Iyer et al., 1998; Lum et al., 

2007). Pyruvate is normally converted to acetyl-CoA by the pyruvate dehydrogenase complex 

(PDC) and consumed by the TCA cycle. This process is regulated by pyruvate dehydrogenase 

kinase (PDK1), which phosphorylates pyruvate dehydrogenase and thus inhibits pyruvate 

dehydrogenase complex (Kolobova et al., 2001). PDK1 levels in hypoxic PC12 cells were 

elevated, indicating a decrease in pyruvate consumption in mitochondria and activation of 

pyruvate-to-lactate conversion (Zhandov et al., 2013). HIF1 regulates pyruvate supply to 

mitochondria through activation of PDK1 (Papandreou et al., 2006; Kim et al., 2006).  

Activation of HIF1α induces PDK1, which inhibits pyruvate dehydrogenase complex, 

suggesting that respiration is decreased by substrate limitation (Papandreou et al., 2006; Kim 

et al., 2006).  Moreover, subunit composition of COX is altered by increased degradation of 

the COX4-1 subunit, which optimises COX activity under aerobic conditions, and increased 

expression of COX4-2 subunit, which optimises COX activity under hypoxic conditions 

(Semenza, 2007). On the other hand, direct assay of respiration rate in cells exposed to 
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hypoxia resulted in significant reduction in respiration (Zhang et al., 2008). According to this 

data, the respiration rate reduction has to be ascribed to mitochondrial autophagy, due to HIF1 

mediated expression of BNIP3 (Bcl2/adenovirus E1B 19 kDa interacting protein 3). 

Moreover, there is a lot of data indicating a de-activation of complex I when oxygen is 

lacking, as it occurs in prolonged hypoxia (Galkin et al., 2009).  

Hypoxia induces reprogramming of respiratory chain function and switching from 

oxidation of NAD-related substrates (complex I) to succinate oxidation (complex II). 

(Lukyanova, 1997, Lukyanova et al., 2013).  The dissociation of complex I from the large 

supercomplexes occurs under hypoxic conditions, when succinate accumulates as a substrate 

for complex II (Sanborn et al., 1979; Acin-Perez et al., 2004; Althoff et al., 2011; Chen et al., 

2012; Moreno-Lasters et al., 2012). Hypoxia is connected with activation of succinate 

dehydrogenase and succinate oxidation and with increased contribution of the latter to 

respiration and energy production (Acin-Perez et al., 2004; Althoff et al., 2011; Chen et al., 

2012, Moreno-Lasters et al., 2012). The contribution of succinate dehydrogenase may reach 

70-80% (Lukyanova et al., 2007).  Under hypoxic conditions, complex II may function as an 

independent enzyme, whose activity is limited only by the substrate availability. The complex 

II driven electron flow is the primary way of mitochondrial membrane polarization under 

hypoxic conditions and the lack of succinate resulted in reversible  loss that could be 

restored by succinate supplementation (Nowak et al., 2008; Hawkins et al., 2010). Succinate 

dehydrogenase pathway is energetically more efficient under the hypoxic conditions 

(Hawkins et al., 2010). As mentioned above, proteasomic degradation of HIF1α in normoxic 

condition is coupled with utilisation of NAD-dependent substrate of the TCA cycle, α-

ketogultarate, while another the TCA cycle substrate, succinate, is an allosteric inhibitor of 

this process (Semenza, 2002; Hewitson et al., 2010). Hypoxia inhibits the malate-aspartate 

bypass, which provides α-ketoglutarate to the cytosol, whereas succinate synthesis is 

intensified. Moreover, induction of HIF1α requires a low complex I activity and high complex 

II activity (potentiation of succinate oxidation) (Lukyanova et al., 2007; Lukyanova et al., 

2011; Kirova et al., 2013; Lukyanova, 2014). However, the mentioned hypoxia-induced 

responses in aerobic metabolism are well documented mainly in cancer and brain cells. This 

issue has not been intensively studied in endothelial cells. 

1.6.5 Endothelial mitochondria and hypoxia 

Being the first cell layer in contact with blood, endothelial cells have to cope with all 

changes occurring within the blood. One of these changes is the variation in the oxygen 
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tension. Endothelial cell response to hypoxic stress can result in two different consequences in 

the surrounding tissues, depending on the duration of the exposure: short-term exposure 

causes physiological and reversible modulation of vascular tone and blood flow; chronic 

hypoxic stress results in irreversible remodelling of the vasculature and surrounding tissues, 

with smooth muscle proliferation and fibrosis (Faller, 1999). In endothelial cells, hypoxia 

initiates a number of responses that include cell growth and proliferation, increase in 

permeability, and changes in cell-surface adhesion molecules. Endothelial mitochondria may 

act as oxygen sensors in the signal cascade of hypoxic responses (Chandel and Schumacker, 

2000). NO produced by human endothelial cells can regulate the activity of HIF1α and 

AMPK, thus affecting key response pathways to hypoxia and metabolic stress, respectively 

(Quintero et al., 2006). It has been reported that reoxygenation after hypoxia stimulates ROS 

production from complex III in HUVEC (Therade-Matharan et al., 2005). It remains unclear 

how mitochondria-derived ROS production in endothelial cells triggers ROS production from 

other cellular sources and activates AMPK, which can alter fuel selectivity and also protects 

cells from apoptosis during anoxia (Quintero et al., 2006, Davidosn, 2010). Some studies 

suggest that endothelial mitochondria regulate HIF1α and HIF2α stabilisation by releasing 

ROS to the cytosol (Davidson, 2010). It has also been suggested that endothelial mitochondria 

may sense the hypoxia and transmit via ROS a signal to ER that in turns releases Ca
2+ 

(Peers 

et al., 2006). The influence of hypoxic exposure of endothelial cells (especially chronic 

exposure to hypoxia) in the aerobic metabolism, particularly mitochondrial oxidative 

function, has not been intensively studied. Many question must be addressed with respect to 

understanding the role of endothelial mitochondria in response to metabolic disturbances that 

relate to hypoxia. 

 Potassium channels and endothelial cells 1.7

Potassium channels are the most widely distributed and divers class of ion channels. 

They form potassium selective pores in cell membrane and control multiple cell function. 

Variety of ion channels is present in plasma membrane of endothelial cells. These includes the 

potassium channels such a Ca
2+

-regulated K
+ 

channels (KCa channels), inwardly rectifying K
+ 

channels (KIR channels), voltage-dependent K
+ 

channels (KV channels), two-pore-domain 

potassium channels (K2P channels), and also ATP-regulated potassium channels (KATP 

channels) (Feletou, 2009; Katnik and Adams, 1997; Nilius and Droogmans, 2001; Zaritsky et 

al., 2008). Endothelial potassium channels have been implicated in endothelium-dependent 

vasodilation. It is due to setting the  leading to modulation of endothelial Ca
2+ 

signalling 
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and synthesis of vasodilating factors. The three subtypes of Ca
2+

-regulated potassium 

channels (KCa channels) of large, intermediate and small conductance (BKCa, IKCa, and SKCa) 

are present in vascular wall. BKCa, channels are preferentially expressed in vascular smooth 

muscle cells, while IKCa, and SKCa are usually located in endothelial cells. Endothelial 

potassium channels are implicated in the control of vascular tone by several mechanisms, e.g., 

release of NO and endothelial-derived hyperpolarising factor.  

Potassium-selective channels similar to these found in the plasma membrane have 

been also identified in IMM (Szabo et al., 2012). Potassium fluxes through IMM, which are 

involved in the regulation of mROS concentration, affect the mitochondrial volume and 

change both the mitochondrial ∆Ψ and the transport of Ca
2+

 into the mitochondria. 

Additionally, potassium flux across IMM into the mitochondrial matrix plays a key role in the 

cytoprotection of various mammalian cells. 

1.7.1 Mitochondrial large conductance calcium-activated potassium channel 

BKCa channels are present in the plasma membranes of different mammalian cell 

types. They are activated by changes in the concentration of free calcium and membrane 

depolarisation. The channels assemble as tetramers of the pore-forming α-subunit, which may 

be associated with distinct β-subunits (β1-β4), depending on the tissue. Together, these 

subunits determine the electrophysiological and pharmacological properties of the channel. 

The properties of mitochondrial large conductance Ca
2+

-activated potassium (mitoBKCa) 

channels are similar to those of surface BKCa channels (Szewczyk et al., 2009). A 

mitochondrial large conductance Ca
2+

-activated potassium channel (mitoBKCa) was originally 

described using patch-clamp technique in human glioma cell line LN229 (Siemen et al., 

1999). It was observed in patch-clamp recording form mitoplasts of guinea pig ventricular 

cells that mitoBKCa is stimulated by Ca
2+

, potassium channel opener 1,3-dihydro-1-[2-

hydroxy-5-(trifluoromethyl) phenyl]-5-trifluoromethyl)-2H-benzimidiazol-2-one (NS1619); 

blocked by charybtotoxin, iberiotoxin, and paxiline (Xu et al., 2002). Electrophysiological 

and pharmacological data from patch-clamp recordings of the mitoplasts of guinea pig 

ventricular cells have indicated that mitoBKCa may protect guinea pig hearts from infarction 

(Xu et al., 2002). With the use of the patch-clamp technique, it has been shown that hypoxia 

increases mitoBKCa activity of rat liver and astrocyte mitochondria (Cheng et al., 2008). 

Moreover, mitoBKCa channels have been shown to contribute to the protection of 

cardiomyocytes isolated from chronically hypoxic rats (Borchert et al., 2011). Recently, with 

the use of planar lipid bilayers, two electrophysiologically different types of mitoBKCa 
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channels were observed in brain mitochondria (Fahanik-Babaei et al., 2011). To determine the 

subcellular localisation and distribution of the channel, rat brain fractions were examined by 

Western blot analysis, immunocytochemistry and immunogold electron microscopy (Douglas 

et al., 2006). These studies provide concrete morphological evidence for the existence 

mitoBKCa channels (α-subunit) in IMM of rat brain cells. Moreover, rat skeletal muscle and 

brain mitochondria show immunoreactivity against antibodies targeting the BKCa β4-subunit 

(Piwonska et al., 2008; Skalska et al., 2009; Skalska et al., 2008). These findings indicate a 

close molecular similarity between the mitoBKCa channel and the plasma membrane BKCa 

channel, suggesting that both channels are splice variants of the same gene product. Studies of 

BKCa α-subunit in mitochondria revealed compartmentalisation in sensory cells, whereas 

heterologous expression of a BK-DEC splice variant cloned from cochlea revealed a BK 

mitochondrial candidate (Kathiresan et al., 2009). This channel may offer a link between 

cellular-mitochondrial calcium signalling and mitochondrial -dependent reactions. Altered 

mitochondrial calcium levels directly affects the potassium permeability of IMM, modulate 

 thus can affect the efficiency of OXPHOS. The mitoBKCa channel is expected to affect 

mitochondrial metabolism due to regulation of matrix volume (Halestrap, 1994). Moreover, it 

is reasonable to expect a possible cytoprotective effect of mitoBKCa activation, probably in the 

presence of superoxide radicals (Stowe et al., 2006). It was also found, that cardioprotective 

effects of estradiol include the activation of mitoBKCa in cardiac mitochondria (Ohya et al., 

2005).  

So far, no information has been reported about mitoBKCa in endothelial mitochondria. 

This channel was described in some other mammalian mitochondria. Various observations 

suggest that mitochondria contributes to cytoprotective effects in various tissues. It seems that 

mitochondrial potassium channels such as Ca
2+

-activated channels, play the important role in 

these effects. Mitochondrial potassium channels present in endothelium may be involved in 

protective mechanisms. Moreover, endothelial mitochondria may constitute an attractive 

target for potassium channel modulators. It seems to be very important to
 
search for mitoBKCa 

in the mitochondria of endothelial cells and to determine the electrophysiological and 

biochemical properties of this channel.  
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2 Aims   

Mitochondria are found in most human cells; however, the synthesis of ATP in 

endothelial cells occurs primarily via a glycolytic pathway. The role of endothelial 

mitochondria as energy sources might become significant in response to metabolic 

disturbances. Many questions must be addressed with respect to understanding the 

physiological role that mitochondria play in endothelial cells and the contribution of 

endothelial mitochondria to vascular function and diseases. No previous studies have directly 

demonstrated that isolated endothelial mitochondria are efficient and well coupled.  

The general goal of this doctoral thesis was to study the aerobic metabolism of 

endothelial cells under physiological and pathophysiological conditions.  

The particular aims of the presented study were: 

 to examine mitochondrial respiratory functions in endothelial EA.hy926 cells and 

isolated mitochondria, 

 to assess the influence of chronic exposure to high-glucose levels on the aerobic 

metabolism of endothelial EA.hy926 cells, 

 to characterise the UCP2 function in isolated endothelial mitochondria and endothelial 

cells, and to determine how this function is altered by long-term growth in high-

glucose concentrations, 

 to assess the influence of chronic hypoxia on the aerobic metabolism of endothelial 

EA.hy926 cells, 

 to identify mitoBKCa in the mitochondria of endothelial EA.hy926 cells and to 

determine the biochemical properties of this channel.  
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3 Material and methods 

 Cell culture 3.1

A permanent human endothelial cell line EA.hy926 (ATCC® CRL-2922
TM

) was 

originally derived from a human umbilical vein. This line was derived by fusing human 

umbilical vein endothelial cells HUVEC with the permanent human cell line A549 (Edgell et 

al., 1983). Bioenergetic studies were conducted on isolated mitochondria, especially 

measurements of oxygen uptake, require large quantities of output material, i.e., at least a few 

grams of endothelial cells. Noteworthy is fact that one confluent 140 mm-diameter culture 

dish (75 cm
2
), gives only 0.08-0.09 g of EA.hy926 cells. The obtaining of such amount of 

cells is very difficult in the case of primary cell lines, which are characterised by cell 

proliferation, which is limited to a small number of cell doublings. Therefore, the most 

suitable for the presented study seems to be permanent endothelial cell line EA.hy926. 

The EA.hy926 cells were cultured in dishes of 140 mm in diameter until they reached 

~90-100% confluence. Cells that were between passages 5 and 12 were used in this study. 

EA.hy926 cells were grown in DMEM (Dulbecco's modified Eagle's medium) supplemented 

with 10% foetal bovine serum (FBS), 1% L-glutamine, 2% HAT (hypoxanthine-aminopterin-

thymidine medium), and 1% penicillin/streptomycin in a humidified atmosphere of 5% CO2 at 

37°C. During standard cell culture, O2 concentration was 20%. During cell culture, the 

medium was changed every 3 days. 

In high-glucose studies (Chapter 4.1 and Chapter 4.2), except for determination of a 

time-course of high-glucose-induced respiratory response (Figure 4.2), the EA.hy926 cells 

were cultured for 6 days in DMEM culture medium with either 5.5 or 25 mM D-glucose, 

representing normal- and high-glucose conditions, respectively. In some experiments, the 

culture medium with 5.5 mM D-glucose plus 19.5 mM L-glucose was used as an osmolality 

control.  

In hypoxia studies (4.3), the EA.hy926 cells were cultured in DMEM culture medium 

with 5.5 mM D-glucose. The EA.hy926 cells were cultured for 6 days at two different oxygen 

concentrations, 20% and 1%, representing normoxic and chronic hypoxic conditions, 

respectively. 

In mitoBKCa studies (Chapter 4.4), the EA.hy926 cells were cultured for 6 days in a 

standard DMEM culture medium with 5.5 mM D-glucose and at 20% of O2 tension. 
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 Cell fraction preparation 3.2

The EA.hy926 cell cultures from 50 dishes were harvested with trypsin/EDTA, and 

rinsed twice with phosphate-buffered saline (PBS) (with 10% and 5% FBS, respectively), and 

centrifuged at 1,200 g for 10 min. Subsequently, the cells were washed in cold DMEJ medium 

containing 5.4 mM KCl, 0.8 mM MgSO4, 110 mM NaCl, 44 mM NaHCO3, 1.1 mM 

NaH2PO4, and 10 mM Na/Na buffer, pH 7.2, and were then centrifuged once again. The final 

cell pellet was resuspended in the same medium (1 g of cells per 2 ml medium) and kept on 

ice. The cells were counted prior to assays using a Burke haemocytometer. The yield of 

harvested cells did not differ significantly between the normal and high-glucose cells as 3.32 

± 0.24 g of cells (805,000 ± 78,000 cells) and 3.77 ± 0.14 g of cells (870,000 ± 104,000 cells) 

(S.E., n = 15), respectively, were harvested from 50 dishes of each culture. The yield of 

harvested cells differed significantly between the control and the hypoxia-treated cells. 

Namely, 4.3 ± 0.6 g and 3.8 ± 0.05 g of cells (SD, n = 25, P < 0.05), respectively, were 

harvested from 50 dishes of each culture (when cells were inoculated at the same density). 

 Mitochondria isolation 3.3

All of the subsequent steps were performed at 4
o
C. After they were harvested and 

washed in PBS, EA.hy926 cells were resuspended in PREPI medium (0.25 M sucrose, 1.5 

mM EDTA, 1.5 mM EGTA, 0.2% bovine serum albumin (BSA), and 15 mM Tris/HCl, pH 

7.2) at a ratio of 3 ml of medium per 1 g of cells. The cells were then homogenised by 10 

passes with a tight Dounce homogeniser, and the homogenates were subsequently centrifuged 

at 1,200 g for 10 min. The pellets were resuspended, and the cells were once again 

homogenised (eight passes) and centrifuged to collect the mitochondria remaining in the 

pellet. The supernatants were combined and centrifuged at 1,200 g for 10 min, and the 

resultant supernatants were then centrifuged at 12,000 g for 10 min. The mitochondrial pellets 

were washed with a PREPII medium containing 0.25 M sucrose and 15 mM Tris/HCl, pH 7.2, 

and centrifuged at 12,000 g (10 min). The final pellet was resuspended in a small volume of 

the same medium.  

The yields of isolated mitochondria were equal to 3.9 ± 0.4, 2.9 ± 0.4 (P < 0.05), and 

3.1 ± 0.3 (P < 0.05) (means ± SD; n = 15) mg of mitochondrial protein per g of cells for cells 

grown in control conditions (normal-glucose and normoxia), high-glucose conditions (25 mM 

glucose and normoxia), and hypoxic conditions (normal-glucose and 1% O2), respectively. 
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 Cytosolic fraction preparation 3.4

To obtain cytosolic fractions for enzymatic measurements, cells were homogenised in 

one step in the PREPII medium with the Polytron homogeniser (T18 basic, IKA) (8 times for 

5 s, at 80% power). The homogenates were subsequently centrifuged at 1,200 g for 10 min. 

After spinning down the unbroken cells and cell debris, the supernatants were collected for 

measurements of activities of citrate synthase (CS), cytochrome c oxidase (COX), and lactate 

dehydrogenase (LDH). 

 Mitoplast preparation 3.5

Mitoplasts were prepared from the mitochondrial fraction by a swelling procedure. 

The mitochondria were added to a hypotonic solution containing 5 mM HEPES (pH 7.2) and 

100 µM CaCl2 for 1 min to induce swelling and breakage of the mitochondrial outer 

membrane. Afterwards, the suspension was added to a hypertonic solution composed of 750 

mM KCl, 100 µM CaCl2, and 30 mM HEPES (pH 7.2) to restore the sample to an isotonic 

condition. The mitoplast suspension was centrifuged at 12,000 g (10 min) and the final pellet 

was resuspended in a small volume of the latter medium. 

 Measurement of cell respiration 3.6

The mitochondrial respiration in detached EA.hy926 cells was determined 

polarographically as previously described for the extracellular flux analysis in adherent 

bovine aortic endothelial cells (BAEC) (Dranka et al., 2010). Measurements were performed 

in 0.7 ml of PBS or DMEJ medium with 0.5-0.7 mg of cell protein with a Hansatech oxygen 

electrode at 37°C. To estimate the ATP-linked oxygen consumption rate (OCR) and non-

ATP-linked OCR (proton leak) components of the basal respiratory rate, oligomycin (1 

µg/ml) was added to inhibit ATP synthesis (Figure 3.1). Subsequently, the proton ionophore 

(uncoupler) carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 0.4 µM) was 

added to determine the maximal OCR that the cells can sustain. Finally, cyanide (0.5 mM) 

was added to inhibit complex IV (COX) and thereby block the entire mitochondrial 

cytochrome pathway. In the presence of cyanide, no residual (non-mitochondrial) respiration 

was observed. The following substrates were used: 5 mM pyruvate, 5.5 mM D-glucose, 25 

mM D-glucose, 5 mM pyruvate, 3-5 mM L-glutamine, or 0.3 mM palmitate. 
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Figure 3.1 A scheme for the OCR measurements with the sequential addition of respiratory substrate(s), 

oligomycin (1 µg/ml), FCCP (0.4 µM), and cyanide (0.5 mM). 

 

 Measurement of mitochondrial respiration and membrane potential 3.7

Oxygen uptake was determined polarographically using a Rank Bros. (Cambridge 

UK) oxygen electrode or a Hansatech oxygen electrode in either 1.4 ml or 2.8 ml of standard 

incubation medium (37°C), which consisted of: 150 mM sucrose, 2.5 mM KH2PO4, 1-2 mM 

MgCl2, 20 mM Tris/HCl, pH 7.2, and 0.1% BSA, with either 0.7 or 2 mg of mitochondrial 

protein (isolated mitochondria). ΔΨ was measured simultaneously with oxygen uptake using a 

tetraphenylphosphonium (TPP
+
)-specific electrode. The TPP

+
-electrode was calibrated by 

four sequential additions (0.4, 0.4, 0.8, and 1.6 µM) of TPP
+
. After each run, 0.5 µM FCCP 

was added to release TPP
+
 for base-line correction. For the calculation of the ΔΨ value, the 

matrix volume of endothelial mitochondria was assumed to be 2.0 μl × mg
−1

 protein. The 

calculation assumes that the TPP
+
 distribution between mitochondria and medium followed 

the Nernst equation. The values of ΔΨ were corrected for TPP
+
 binding using the apparent 

external and internal partition coefficients of TPP
+
 (Woyda-Ploszczyca et al., 2011). The 

correction shifted the calculated value ΔΨ s to lower values (approx. 30 mV-shift), but it did 

not influence the changes in the resulting  (relative changes). O2 uptake values are 

presented in nmol O2 × min
−1

 × mg
−1

 protein. The values of ΔΨ are given in mV. 

Phosphorylating (state 3) respiration was measured using 0.12-0.15 mM (pulse) or 1 

mM ADP, and uncoupled respiration was measured using 0.25-0.5 µM FCCP. Non-
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phosphorylating (resting, state 4) respiration measurements were performed in the absence of 

exogenous ADP and the presence of 1.8 μM carboxyatractyloside and 0.5 µg/ml oligomycin, 

which inhibited the activities of an ATP/ADP antiporter and ATP synthase, respectively. 

During OXPHOS studies, the inhibitors were omitted. 

The 5 mM TCA cycle substrates (malate, succinate in the presence or absence of 1-2 

µM rotenone, pyruvate, α-ketoglutarate, and isocitrate), 5 mM glutamate, and 0.3 mM 

palmitoylcarnitine were used as respiratory substrates. When succinate was used as a 

respiratory substrate, measurements were performed in the presence of 0.05-0.15 mM ATP to 

activate succinate dehydrogenase.  

Only high-quality mitochondria preparations, i.e., with an ADP/O value of ~1.3 and a 

respiratory control ratio (RCR) of ~2.5-3.2 (during succinate oxidation), and with an ADP/O 

value of ~2.3 and RCR of 3.6-4.2 (during malate oxidation), were used in the presented 

experiments.  

3.7.1 Measurement of UCP2 activity 

To induce UCP2 activity, palmitic acid (up to 21 µM) or linoleic acid (up to 32 M) 

were used. To inhibit UCP2 activity, 2-4 mM GTP was applied.  

The proton leak UCP-mediated measurements were performed as previously described 

(Swida-Barteczka et al., 2009; Tian et al., 2012). Respiratory rate and ΔΨ measurements of 

isolated endothelial mitochondria were carried out with 5-10 mM succinate (plus 1-2 µM 

rotenone) as an oxidisable substrate, in the presence of 1.8 μM carboxyatractyloside and 0.5 

µg/ml oligomycin. The response of proton conductance to its driving force can be expressed 

as the relationship between the oxygen uptake rate and ΔΨ (flux-force relationship) when 

varying the potential by titration with respiratory chain inhibitors. To decrease the rate of the 

Q-reducing pathway, succinate dehydrogenase was titrated with malonate (up to 5 mM). To 

decrease the rate of the QH2-oxidising pathway, succinate dehydrogenase was titrated with 

cyanide (up to 20 M). 

3.7.2 Measurement of mitoBKCa activity 

The mitoBKCa activity was determined during respiratory rate and ΔΨ measurements 

of isolated endothelial mitochondria. Oxygen uptake was determined polarographically using 

a Rank Bros. oxygen electrode (Cambridge, UK) in 2.8 ml standard incubation medium, 

which consisted of 70 mM sucrose, 50 mM KCl, 2.5 mM KH2PO4, 2 mM MgCl2, 10 mM 

Tris-HCl, 10 mM HEPES (pH 7.2), and 0.2% BSA, at 37°C. ΔΨ was measured 
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simultaneously with oxygen uptake using a tetraphenylphosphonium (TPP
+
)-specific 

electrode. All measurements were performed with 2 mg of mitochondrial protein in the 

presence of 0.15 mM ATP (to activate succinate dehydrogenase) and 10 µM glibenclamide 

(to inhibit mitoKATP). Succinate (5 mM) plus rotenone (2 μM) was used as a respiratory 

substrate. Resting, non-phosphorylating respiratory rate measurements were performed in the 

presence of 1.8 μM carboxyatractyloside and 0.5 µg/ml oligomycin. Phosphorylating 

respiration was measured using 120 µM ADP.  

1,3-Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-

benzimidazole-2-one (NS1619) (Sigma, St. Louis, Mo, USA) and 1-(3,5-bis-trifluoromethyl-

phenyl)-3-[4-bromo-2-(1H-tetrazol-5-yl)-phenyl]-thiourea (NS11021) (NeuroSearch A/S, 

Ballerup, Denmark), which were dissolved in methanol, were used to induce mitoBKCa 

activity. Up to 2 µM iberiotoxin (Bachem AG, Bubendorf, Switzerland) (dissolved in water) 

or 10 µM paxilline (Sigma, St. Louis, Mo, USA) (dissolved in methanol) were used to inhibit 

the channel activity. 

 Determination of ROS production 3.8

3.8.1 Determination of superoxide anion formation with NBT 

Superoxide anion production was detected by nitroblue tetrazolium (NBT) assay with 

EA.hy926 cells and isolated mitochondria. NBT (yellow water-soluble) was reduced by 

superoxide to formazan-NBT (dark-blue water insoluble). The assay was performed by 

incubating detached cells (0.2 mg of protein in 1 ml DMEM medium) with 0.2% NBT under 

agitation for 1 h (37°C) in the presence or absence of 10 M diphenyleneiodonium (DPI) (an 

inhibitor of NADPH oxidase and endothelial eNOS, enzymes involved in endothelial ROS 

formation). In high-glucose studies, DMEM medium with 5.5 or 25 mM glucose (for the 

normal-glucose and high-glucose cells, respectively) was used. The cells were centrifuged 

(1,200 g for 10 min at 4°C), the supernatant was removed, and formazan-NBT was dissolved 

in 200 l 50% acetic acid by sonication (three pulses of 10 s each; Bandelin electronic). The 

samples were briefly centrifuged (spun down), and the absorbance of the supernatant was 

determined at 560 nm using a UV 1620 Shimadzu spectrophotometer. 

In isolated endothelial mitochondria, the level of superoxide anion release was 

determined spectrophotometrically at 560 nm (UV 1602, Shimadzu) by measuring the rate of 

NBT (0.07 mg/ml) reduction at 37°C. Mitochondria (0.2 mg) were incubated in 0.7 ml of the 

standard incubation medium (Chapter 3.7) in the presence of succinate (5 mM) plus rotenone 
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(2 μM) as a respiratory substrate. Under non-phosphorylating conditions, measurements were 

performed in the presence 1.8 μM carboxyatractyloside and 0.5 g/ml oligomycin. 

Measurements were performed in the absence or presence of superoxide dismutase (SOD, 

Sigma-Aldrich (20 units). The difference between these measurements has been used to 

present results. 

3.8.2 Determination of superoxide anion formation with MitoSox 

In EA.hy926 cells, mitochondrial superoxide formation was measured with MitoSox 

Red (Invitrogen), a specific fluorescent mitochondrial superoxide indicator. In high-glucose 

studies, cells grown in 96-well plates were loaded with 5 µM MitoSox in PBS containing 5.5 

mM D-glucose (normal glucose cells) or 25 mM D-glucose (high-glucose cells), or 5.5 mM 

D-glucose plus 19.5 mM L-glucose (an osmolality control) for 10 min. at 37°C. In hypoxia 

studies, the assay was performed by incubating adherent cells (grown in 96-well plates) with 5 

µM MitoSox in PBS containing 5.5 mM D-glucose and 5 mM pyruvate for 10 min at 37°C. 

Cells were washed twice with PBS. Fluorescence emission at 595 nm under 510 nm excitation 

was recorded using an Infinite M200 PRO Tecan multimode reader. 

3.8.3 Determination of hydrogen peroxide formation with Amplex Red 

Mitochondrial (H2O2) production was measured by the Amplex Red-horseradish 

peroxidase method (Invitrogen) (Zhou M et al., 1997). Horseradish peroxidase (0.1 units/ml) 

catalyses the H2O2-dependent oxidation of non-fluorescent Amplex Red (5 M) to fluorescent 

resorufin red. Fluorescence was kinetically followed for 15 min at an excitation wavelength of 

545 nm and an emission wavelength of 590 nm using an Infinite M200 PRO Tecan 

multimode reader. Isolated mitochondria (0.1-0.2 mg of mitochondrial protein) were 

incubated in 0.5 ml of the standard incubation medium (Chapter 3.7) with 5 mM succinate 

plus or minus 2 µM rotenone, 5 mM malate, or both 5 mM succinate and 5 mM malate, in the 

absence (non-phosphorylating state 4 conditions) or presence of 150 µM ADP 

(phosphorylating state 3 conditions). Under non-phosphorylating conditions, measurements 

were performed in the absence or presence of 1.8 μM carboxyatractyloside and 0.5 g/ml 

oligomycin. Reactions were monitored with constant stirring and calibrated with known 

amounts of H2O2. H2O2 production rates were determined from slopes calculated from 

readings obtained along several 15-min repeated measurements. 
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 UCP2 silencing 3.9

Small interfering RNA (siRNA) transfections were carried out using commercial 

siRNA constructs (sc-42682, Santa Cruz Biotechnology) according to the manufacturer’s 

protocol. EA.hy926 cells were transfected with target-specific siRNA oligonucleotides 

designed to knockdown UCP2 expression. Scrambled siRNA was used as control (sc-37007, 

Santa Cruz Biotechnology). 

 Trypan blue cell viability assay 3.10

In high-glucose studies, cells grown with 5.5 or 25 mM glucose and with or without 

knockdown of UCP2 by UCP2 siRNA were incubated (after reaching 100% confluence) in 

the absence or presence of 1.8 mM H2O2 for 24 h (at 37°C). In hypoxia studies, cells were 

cultured for 6 days under two different oxygen concentrations, 20% and 1%, (representing 

normoxia and hypoxia conditions, respectively). After 6 days of culture, both living and dead 

EA.hy926 cells were harvested from cultures (Chapter 3.2). Afterwards, 0.4% trypan blue 

solution was added (1:1 v/v) to the cell suspension, and cell viability was determined with a 

Countess Automated Cell Counter (Invitrogen). In a Trypan Blue exclusion assay, cells that 

take up the dye are either necrotic or apoptotic.  

 Measurements of cellular and mitochondrial Q10 concentrations and 3.11

mitochondrial Q reduction level 

The cellular and mitochondrial concentrations of coenzyme Q10 (Q) and the 

mitochondrial Q reduction level were determined by an extraction technique followed by 

high-performance liquid chromatography (HPLC) detection (Van den Bergen et al., 1994). 

Coenzyme Q extraction were conducted during measurement of oxygen uptake (endothelial 

cells) with a Hansatech oxygen electrode (Chapter 3.6) or during simultaneous measurement 

of ΔΨ and oxygen uptake (isolated mitochondria) using a tetraphenylphosphonium (TPP
+
)-

specific electrode and a Clark-type oxygen electrode (Chapter 3.7). Endothelial cells (0.5-0.7 

mg of cell protein) or isolated mitochondria (2 mg of mitochondrial protein) were chemically 

quenched with 4 ml of 0.4 M HClO4 (in methanol, at -20ºC). Ubiquinones were subsequently 

extracted when the obtained mixture was added to 3 ml of petroleum, ether and all 

components were vigorously mixed with a vortex for 1 min. Afterwards, centrifugation at 990 

g for 2 min resulted in a clear phase partitioning with the oxidised and reduced Q forms 
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present in the upper petroleum ether phase. The petroleum phase solution was evaporated to 

dryness with a stream of nitrogen and samples were stored at -80ºC. 

  A LiChrosorb RP-18 column (4.6 mm x 250 mm) was used for the separation of the 

oxidised and reduced Q10 forms. The column was equilibrated with nitrogen-purged 

ethanol/methanol solvent (3:2 v:v.) and this mixture was used as the mobile phase (Reed and 

Ragan, 1987). The flow rate was 1 ml/min (Van den Bergen et al., 1994). The HPLC 

detection was performed with an AKTA chromatograph (Amersham Pharmacia Biotech). The 

dried samples were dissolved in 150 µl of nitrogen-purged ethanol and an aliquot of 100 µl 

was injected using a microsyringe (Hamilton) into the injection chamber. Detection of the 

reduced (QH2) and oxidised (Q) Q10 forms was performed at 290 nm and 275 nm, 

respectively. The amount of Q and QH2 were calculated from the peak area taking into 

account the molar extinction coefficient (ε) (Lenaz and Esposti, 1985):  

 Q5-Q10 (oxidised form dissolved in ethanol): λmax = 275 nm, ε = 14,7 mM
-1

 

 Q5H2-Q10H2 (reduced form dissolved in ethanol): λmax = 290 nm, ε = 4,1 mM
-1

. 

For the calibration and quantification of the Q10 peaks, commercial coenzyme Q 

(Sigma) was used. The mitochondrial Q reduction levels are expressed as the percentage of 

total mitochondrial Q (QH2/Qtot). HPLC grade solvents of methanol, ethanol, HClO4, and 

petroleum ether were used.  

 Measurement of citrate synthase activity 3.12

The activity of CS was determined by tracking the formation of DTNB-CoA at 412 

nm (Freitas et al., 2010). Suspensions of detached cells were placed in SET buffer (0.32 M 

sucrose, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4) (1-1.2 mg pr/ ml) and homogenised with 

Polytron (3 x 2 sec). All of the steps were performed at 4
o
C. After a short (30 sec) 

centrifugation of unbroken cells and cell debris, the supernatant was collected for the 

determination of CS activity. The reaction mixture (1 ml) contained 100 µM Tris, pH 8.0; 100 

µM acetyl-Co; 100 mM 5,5’-di-thiobis-(2-nitrobenzoic acid) (DTNB); 0.1% triton X-100; and 

40-60 µg supernatant protein. The reaction was initiated with 100 µM oxaloacetate and 

monitored at 412 nm (UV 1620 Shimadzu) for 3 min at 37
o
C.  

 Measurement of cytochrome c oxidase activity 3.13

The COX maximal activity was assessed with 2 mg of cell protein or 0.25 mg of 

mitochondrial protein without exogenously added respiratory substrate and in the presence of 

sequentially added antimycin A (10 µM), 8 mM ascorbate, 0.06% cytochrome c, and up to 2 
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mM N,N,N’N’-tetramethyl-p-phenylenediamine (TMPD) (Figure 3.2). The oxygen 

consumption was measured in 0.7 ml of DMEJ medium or PBS (cellular respiration) or in 0.7 

ml of a standard incubation medium (Chapter 3.7) (isolated mitochondria respiration).  

 

 

Figure 3.2 Assessment of the COX maximal activity and testing the integrity of the outer mitochondrial 

membrane. The COX maximal activity was assessed with 0.25 mg of mitochondrial protein without 

exogenously added respiratory substrate and in the presence of sequentially added antimycin A (10 µM), 8 

mM ascorbate, 0.06% cytochrome c, and up to 2 mM TMPD. The rate of oxygen consumption following 

the addition of TMPD reflected the maximal O2 consumption by COX. Exogenous cytochrome c was 

added to assess the outer membrane integrity. An increase in oxygen consumption with exogenous 

cytochrome c is apparent if the outer mitochondrial membrane is damaged (a broken line). A full line 

illustrates a preparation where membrane integrity is high.  

 

The rate of oxygen consumption following the addition of TMPD reflected the maximal 

O2 consumption by COX (complex IV). The estimation of outer mitochondrial membrane 

integrity was based on impermeability of the membrane to exogenous cytochrome c. A 

preparation induced damage of the outer mitochondrial membrane and as a result, subsequent 

loss of cytochrome c can be detected by a stimulation of respiration (the COX activity) after 

the addition of cytochrome c. Thus, the percentage of the activity that is latent, (hidden by a 

membrane) can be determined. Therefore, the integrity of outer membrane of isolated 

mitochondria was assayed as the latency of COX activity during oxygen uptake 

measurements in the absence and presence of exogenous cytochrome c (Figure 3.2). The same 

additions, i.e., 10 µM antimycin A, 8 mM ascorbate, 0.06% cytochrome c, and up to 2 mM 

TMPD, were applied. No or slight acceleration of respiration by addition of exogenous 

cytochrome c prior to addition of TMPD indicated a high outer membrane integrity. The 

integrity was calculated from OCRs in the presence of given chemicals using the following 

equation: [TMPDOCR – cytochrome c OCR] / [TMPDOCR – ascorbate OCR] x 100%. 
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 Measurement of lactate dehydrogenase activity 3.14

 The activity of LDH was measured spectrophotometrically at 340 nm (UV 1620 

Shimadzu) by following the oxidation of NADH (150 M) mixed with pyruvate (10 mM) in 

50 mM Tris/HCl (pH 7.3). The activity of LDH was measured in 50 g of protein from the 

cytosolic fractions. 

 Determination of protein levels through immunoblotting 3.15

RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% Na deoxycholate, 0.1% SDS, 

and 50 mM Tris, pH 8.0) was used to lyse the cells. The cellular and mitochondrial fractions 

were isolated as described in Chapter 3.2 and Chapter 3.3, respectively, in the presence of 

protease inhibitors (Sigma-Aldrich). Before loading, 20-100 µg protein samples were mixed 

(1:1 v:v) with a Laemmli sample buffer (2x concentrate, Sigma-Aldrich) and incubated for 5 

min at 95ºC. The spectra
TM

 Multicolor Broad Range Protein Ladder (Fermentas) was used as 

a molecular weight marker. The proteins were separated on an 8% to 14% SDS-PAGE gel. 

For SDS-PAGE gel preparation the following components were used: 40% acrylamide/bis-

acrylamide solution (19:1 v:v), deionised water, 10% dodecylsulfate-Na-salt (SDS) (w/v), 1.5 

M Tris-HCl, pH 8.8, 0.5 M Tris-HCl, pH 6.8, 10% ammonium persulfate (APS) (w/v), and 

N,N,N′,N′-tetramethylethylenediamine (TEMED) (Sigma-Aldrich) (Table 3.1 and Table 3.2). 

Electrophoresis was performed in a running buffer containing 25 mM Tris, 192 mM 

glycine, and 0.1% SDS for 1-2 h at 100-200 V in a Mini-PROTEAN® Tetra Cell 

electrophoresis chamber (Bio-Rad) at room temperature. Separated proteins were then 

transferred from the gel into nitrocellulose membrane (AMERSHAM
TM 

PROTAN
TM 

0.45 

µm) in a transfer buffer containing 25 mM Tris-HCl, 192 mM glycine, and 20% methanol. 

Wet transfer was performed in the Mini-PROTEAN® Tetra Cell chamber (Bio-Rad) at 350 

mA for 1.5 h on ice. Semi-dry transfer was performed in a Large Semi-Dry Blotter 

(APELEX) at 250 mA for 2 h at room temperature.  

Nitrocellulose membrane was blocked for 1 h at room temperature with a gentle 

agitation or overnight at 4ºC in TBS-T buffer (137 mM NaCl, 0.1% Tween-20, and 20 mM 

Tris, pH 7.6) containing 5% non-fat dried milk. 
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Gel 

(%) 

Deionized 

water 

(ml) 

Acrylamide/Bis-

acrylamide 

(ml) 

Tris-HCl 

pH 8.8  

(ml) 

SDS 

(ml) 

APS 

(µl) 

TEMED 

(µl) 

8% 5.4 2.0 2.5 0.1 50 5 

10% 4.9 2.5 2.5 0.1 50 5 

12% 4.4 3.0 2.5 0.1 50 5 

14% 3.9 3.5 2.5 0.1 50 5 

Table 3.1 Resolving gel preparation (for 10 ml). 

 

Gel 

(%) 

Deionized 

water 

(ml) 

Acrylamide/Bis-

acrylamide 

(ml) 

Tris-HCl 

pH 6.8  

(ml) 

SDS 

(ml) 

APS 

(µl) 

TEMED 

(µl) 

8% 5.4 2.0 2.5 0.1 50 10 

10% 4.9 2.5 2.5 0.1 50 10 

12% 4.4 3.0 2.5 0.1 50 10 

14% 3.9 3.5 2.5 0.1 50 10 

Table 3.2 Stacking gel preparation (for 10 ml). 

After blocking, membrane was incubated for 1 h at room temperature with an 

appropriate primary antibody in TBS-T buffer containing 5% non-fat dried milk. Afterwards, 

membrane was washed 3 times for 10 min with TBS-T buffer with a gentle agitation. After 

washing with TBS-T buffer, membrane was incubated for 1 h at room temperature with an 

appropriate horseradish peroxidase (HRP)-linked secondary antibody in TBS-T buffer 

containing 5% non-fat dried milk. After final washing, protein bands were visualised using 

the Amersham ECL system and digitally quantified using the GeneTools 4.03 software 

package. 

The following primary antibodies were used: mouse monoclonal anti-β actin (42 kDa) 

(CP01, Calbiochem), mouse monoclonal anti-hexokinase I (HK I, 120 kDa) (sc-80978, Santa 

Cruz Biotechnology), purified goat polyclonal anti-acyl-coenzyme A dehydrogenase 

(ACADS, 44 kDa) (sc-107371 Santa Cruz Biotechnology), mouse monoclonal lactate 

dehydrogenase (LDH, 35 kDa) (sc-133123 Santa Cruz Biotechnology), purified goat 

polyclonal anti-E3-binding protein of pyruvate dehydrogenase (E3BP) (54 kDa, sc-79236, 

Santa Cruz Biotechnology), purified goat polyclonal anti-UCP2 (35 kDa) (sc-6525, Santa 

Cruz Biotechnology), purified goat polyclonal anti-mitochondrial superoxide dismutase 
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(SOD2, 25 kDa) (sc-18503, Santa Cruz Biotechnology), rabbit polyclonal anti-citrate synthase 

(CS, 52 kDa) (ab-96600, Abcam), mouse monoclonal anti-mitochondrial marker (MTC02, 60 

kDa),  the MitoProfile® total OXPHOS human antibody cocktail (MS601, MitoScience) 

containing antibodies raised against subunit of complex I (20 kDa subunit NDUFB8), 

complex II (30 kDa subunit), complex III (subunit Core 2, 47 kDa), complex IV (COXII, 24 

kDa) and ATP synthase (subunit α, 57 kDa), rabbit polyclonal anti-UCP3 (34 kDa) (ab3477, 

Abcam), mouse monoclonal anti-intercellular adhesion molecule 1 (ICAM1, 89 kDa) 

(ab53013, Abcam), rabbit monoclonal anti-hypoxia-inducible factor 1-alpha (HIF1, 93 kDa) 

(ab51608, Abcam), rabbit polyclonal anti-superoxide dismutase 1 (SOD1, 18 kDa) (ab-13498, 

Abcam), rabbit polyclonal anti-KCa1.1 and anti-sloβ2 antibodies (APC-107 and APC-034, 

Alomone Laboratories) in the presence or absence of blocking peptide, mouse monoclonal 

anti-plasma membrane Na/K-ATPase (α-subunit) (MA3-929, ThermoFisher Scientific), rabbit 

polyclonal anti-calnexin (ER membrane marker, 67 kDa) (ab10286, Abcam), and rabbit 

polyclonal anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 40 kDa) (ab-9485, 

Abcam). Appropriate horseradish peroxidase-conjugated secondary antibodies were used: 

Amersham ECL mouse IgG, HRP-linked whole antibody (from sheep) (NA931), goat anti-

rabbit IgG (H + L)-HRP-conjugated (1706515, Bio-Rad), and donkey anti-Goat IgG-HRP (sc-

2020, Santa Cruz Biotechnology). 

 The expression levels of COXII or mitochondrial marker (for the mitochondrial 

fractions) and of β-actin or GAPDH (for the cell fractions) were used as loading normalisation 

controls.  

 Protein concentration determination 3.16

Protein concentrations of the cellular, cytosolic, mitochondrial, and mitoplast fractions 

were determined following the Bradford’s protocol-based Bio-Rad protein assay (Bio-Rad). 

Defatted BSA (Sigma-Aldrich) was used as a standard for a calibration curve. Dye reagent 

was prepared by dilution of 1 part of dye reagent concentrate with 4 parts of distilled, 

deionized water. 48 µl of 100 mM NaOH was added to 2 µl of protein sample (in triplicate) 

and vortexed. Afterwards, 2.5 ml of dye reagent solution was added to all samples, vortexed 

and left at room temperature for 10 min. The absorbance was measured 

spectrophotometrically at 595 nm (UV 1620 Shimadzu).  Simultaneously, five dilutions of a 

protein standard (BSA) were prepared and measured in the same way as described above. The 

linear range of BSA concentrations was within 5 to 25 mg/ml. The protein concentration was 

calculated from the equation of the linear standard curve. 
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 Statistical analysis 3.17

In Chapter 4.1, results are presented as the means ± SE obtained from at least 5-10 

independent experiments (cell suspension preparations or mitochondrial isolations), and each 

determination was performed at least in duplicate. An unpaired two-tailed Student’s t-test was 

used to identify significant differences; in particular, differences were considered to be 

statistically significant if P < 0.05 (*), P < 0.01 (**), or P < 0.001 (***). In Chapters 4.2, 4.3 

and 4.4, results are presented as the means ± SD obtained from at least 5-10 independent 

cellular or mitochondrial isolations, in which each determination was performed at least in 

duplicate. ANOVA followed by post-hoc Tukey’s test for pair-wise comparisons was used to 

identify significant differences; in particular, differences were considered to be statistically 

significant if P < 0.05 (*), P < 0.01 (**), or P < 0.001 (***). 
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4 Results and discussion 

 The influence of high-glucose exposure on the aerobic metabolism of 4.1

EA.hy926 cells 

4.1.1 Mitochondrial oxidative metabolism of high-glucose-exposed endothelial cells 

4.1.1.1 Establishment of experimental model of chronic exposure to high-glucose levels 

All measurements with detached EA.hy926 cells were performed within 4 h because 

the detachment of cells may results in anoikis, which is associated with increased ROS and 

mitochondrial damage (Li et al., 1999). During this period, cell viability was retained.  

An optimal number of detached EA.hy926 cells and the equivalent concentration of 

total cell protein needed to obtain a measurable OCR. Cellular oxygen consumption was 

proportional to cell concentration; in particular, the range of 10×10
6
-40×10

6
 cells per ml was 

equivalent to 1-4 mg of protein per ml, independent of the respiratory substrates (Figure 4.1). 

For subsequent experiments, a cell protein concentration of 2 mg per ml (equivalent to 

~20×10
6
 cells per ml) was selected for the optimal detection of changes in the OCR of cells. 

 

Figure 4.1 The basal OCR plotted as a function of the amount of cell protein. EA.hy926 cells cultured in 

normal-glucose (nG cells) and high-glucose (hG cells) concentrations were used. Means ± SE; n = 9.  

 

To establish the time-course of respiratory response induced by excess glucose, basal 

OCR of EA.hy926 cells after 3, 6, and 9 days of treatment with 5.5 or 25 mM glucose was 



70 
 

measured (Figure 4.2). A statistically significant decrease in basal OCR was observed in cells 

grown in high glucose for at least 6 days or longer. These measurements indicate that the 

respiratory response of endothelial cells to glucose depends on the duration of exposure to 

elevated glucose concentrations. The greatest difference (the greatest decrease) in respiration 

between both types of cells was observed for 6-day exposure. Therefore, further experiments 

were performed with EA.hy926 cells grown for 6 days in the normal-glucose or high-glucose 

levels. 

 

 

Figure 4.2 Time-course of cell respiratory response induced by excess glucose. EA.hy926 cells were 

cultured for 3, 6 and 9 days in normal-glucose concentration (nG cells) or high-glucose concentration (hG 

cells). The basal OCR was measured with 5 mM pyruvate. Means ± SE; n = 9. 

 

4.1.1.2 Characteristics of mitochondrial respiratory function in endothelial cells levels  

To examine how EA.hy926 cells grown in normal or high glucose respond to simple 

change in respiratory substrates, mitochondrial respiratory function were measured with the 

following substrates: pyruvate alone, 5.5 mM glucose alone, 25 mM glucose alone, a 

combination of pyruvate and either 5.5 mM or 25 mM glucose, glutamine, or palmitate 

(Figure 4.3). 
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Figure 4.3 Mitochondrial function of EA.hy926 cells grown in normal-glucose concentrations (nG cells) or 

high-glucose concentrations (hG cells). Substrate-dependent changes in the basal OCR (A), maximal OCR 

(B), proton leak (C), and ATP-dependent OCR (D). Substrates: 5 mM pyruvate, 5.5 mM D-glucose (nG), 

25 mM D-glucose (hG), 5 mM pyruvate, 3 mM L-glutamine, or 0.3 mM palmitate. Means ± SE; n = 6. 

 

Under basal conditions (basal OCR) (Figure 4.3 A), FCCP-stimulated conditions (maximal 

OCR) (Figure 4.3 B), and the presence of oligomycin (the oligomycin-resistant OCR, ATP-

linked OCR) (Figure 4.3 D), both types of cells demonstrated the highest OCR with pyruvate 

alone or glutamine and the lowest OCR with 25 mM glucose alone. However, in the cells 

grown in high glucose, the OCR with glutamine was significantly higher than the OCR with 

pyruvate, whereas in the cells grown at normal glucose, both of these substrates were oxidised 

at a similar level. Moreover, in the high-glucose cells, the OCR with palmitate was similar to 

the OCR with pyruvate, whereas in the normal-glucose cells, the OCR with palmitate was 

much lower than the OCR with pyruvate. These results indicate an increased oxidation of 

glutamine and palmitate in the cells cultured under high-glucose conditions. Among the tested 

OCRs, the proton leak (non-ATP-linked OCR) exhibited the least dependence on the type of 

substrate that was applied (Figure 4.3 C). For both types of EA.hy926 cells, the highest (at 

least five-fold) difference between respiration with pyruvate as the sole substrate and 
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respiration with 25 mM glucose alone was observed in the ATP-linked OCR and the basal 

OCR (Figure 4.3). 

In general, for all of the examined conditions during measurements of mitochondrial 

respiratory function, glucose decreased the OCR of both types of cells in a concentration-

dependent manner. Moreover, the Crabtree effect (the decreased OCR in the presence of 

glucose) was observed during the sequential addition of glucose to the medium of pyruvate-

oxidising cells under basal conditions. Figure 4.4 shows the representative oxygen uptake 

measurement with EA.hy926 cells (using nG cells as an example), illustrating the Crabtree 

effect. 

 

 

Figure 4.4 The representative oxygen uptake measurement with EA.hy926 cells (using nG cells as an 

example), illustrating the Crabtree effect. The numbers on the traces refer to the OCR in nmol
-1

 O2 x min
-

1
 x mg protein. nG cells, cells grown in normal-glucose concentrations. 

 

4.1.1.3 High-glucose levels and mitochondrial oxidation of reducing fuels in cells 

As was shown above, under all conditions and with respect to all substrates except 

palmitate, the EA.hy926 cells grown at high-glucose concentrations displayed significantly 

lowered mitochondrial function relative to the cells exposed to normal-glucose concentrations  

(Figure 4.3). In particular, the high-glucose cells exhibited at least two-fold lower maximal 

mitochondrial respiratory capacity with pyruvate alone, glucose alone (either 5.5 mM or 25 

mM), or any combination of these substrates (Figure 4.3 B). For glutamine oxidation, a less 

dramatic decrease (only ~1.4-fold decrease) in the maximal OCR was observed. By contrast, 

the oxidation of palmitate was significantly higher in the high-glucose cells, and similar 

results were observed using stearic acid, another free FA (data not shown). These results 
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indicate that there is a greater contribution from FAs as fuels of endothelial respiration under 

high-glucose conditions. Interestingly, no significant differences in ATP-linked OCR were 

observed between both types of cells during the oxidation of glucose alone (either 5.5 mM or 

25 mM), indicating similar low levels of mitochondrial OXPHOS during carbohydrate 

catabolism (Figure 4.3 D). 

Thus, in endothelial cells, growth in high-glucose concentrations lowered 

mitochondrial respiration during carbohydrate and glutamine oxidation, and increased 

respiration with FAs. 

4.1.1.4 High-glucose levels and mitochondrial biogenesis and respiratory capacity 

The next step was measurement of mitochondrial key enzyme activities (CS and COX) 

(Figure 4.5), estimation of the cellular Q10 concentration (Figure 4.5), and determination of 

cellular protein levels of CS, COX (subunit II), mitochondrial marker, HKI (hexokinase I), 

and LDH (Figure 4.6) in EA.hy926 cells grown in normal- and high-glucose concentrations. 

 

       

Figure 4.5 The COX activity, CS activity, and cellular concentration of Q10 (expressed as the percentage 

of Q10 concentration in nG cells) in endothelial EA.hy926 cells grown in normal-glucose concentrations 

(nG cells) or high-glucose concentration (hG cells). DTNB, 5,5’-di-thiobis-(2-nitrobenzoic acid). Means ± 

SE; n = 4-8. 

  

The endothelial cells cultured in the normal-glucose or high-glucose conditions 

exhibited similar CS and COX activities (Figure 4.5), indicating that the different growth 

conditions did not change the capacity of the TCA cycle or the mitochondrial respiratory 
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chain. Moreover, no differences in the expressions of mitochondrial marker, COXII, and CS 

were detected (Figure 4.6), indicating unaltered mitochondrial biogenesis. Additionally, a 

significantly greater cellular Q10 content was found in the cells grown under high-glucose 

conditions (Figure 4.5). 

A significant upregulation of HKI and LDH was observed in the cells grown in high-

glucose concentrations (Figure 4.6), indicating that these cells displayed intensified anaerobic 

glucose oxidation through a glycolic pathway and lactate fermentation.  

 

 

Figure 4.6 Determination of protein levels in EA.hy926 cells grown in normal-glucose (nG cells) or high- 

glucose (hG cells) concentration. Representative Western blots and analyses of the protein expression of 

HKI, LDH, mitochondrial marker (Mito marker), CS, and COXII. Expression levels normalised for β 

actin protein abundance are shown. Means ± SE; n = 10. 

 

Thus, in EA.hy926 cells grown in high-glucose levels, the Crabtree effect (the decreased OCR 

in the presence of glucose) (Figure 4.4) was accompanied by the increased expression of both 

HKI, the enzyme catalysing the first rate-limiting step of the glycolytic pathway, and LDH, 

the enzyme catalysing the interconversion of pyruvate to lactate. These results indicate the 

increased anaerobic and decreased aerobic (mitochondrial) breakdown of glucose in 

EA.hy926 cells grown under high-glucose conditions. 

4.1.1.5 High-glucose levels and intracellular and mitochondrial ROS formation 

As shown in Figure 4.7, compared with cells cultured under normal-glucose 

conditions, exposure of EA.hy926 cells to high-glucose concentrations caused approximately 

two-fold increase in intracellular ROS generation. Moreover, DPI, a flavoprotein inhibitor of 

NADPH oxidase, inhibited significantly high-glucose-induced ROS generation. The DPI-

http://en.wikipedia.org/wiki/Pyruvate
http://en.wikipedia.org/wiki/Lactic_acid
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insensitive ROS generation was significantly higher in the high-glucose cells, indicating an 

elevated mitochondrial respiratory chain-derived ROS generation. Thus, in EA.hy926 cells, 

high-glucose-induced ROS appears to be produced through the enzyme NADPH oxidase and 

from mitochondrial sources. 

 

Figure 4.7 Determination of superoxide anion generation in EA.hy926 cells grown in normal-glucose (nG 

cells) or high-glucose levels (hG cells). NBT reduction in the absence or presence of 10 µM DPI is shown. 

Means ± SE; n = 7. 

 

4.1.2 Functional characteristics of mitochondria isolated from high-glucose-exposed 

endothelial cells 

The efficient procedure of mitochondria isolation from EA.hy926 cells, which was 

elaborated in this study (Chapter 3.3) produces highly active and well-coupled mitochondria 

(Figure 4.8). The mitochondria isolated from both types of cells exhibited good coupling 

parameters, i.e., high ADP/O and RCR with malate or succinate. These results indicate that 

mitochondrial electron transport through the respiratory chain of isolated endothelial 

mitochondria is coupled well with ATP synthesis when complex I and complex II substrates 

are applied. Moreover, the mitochondria were quite stable for 6-7 h and their outer 

mitochondrial membrane exhibited good integrity (97-99%). 
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Figure 4.8 Representative oxygen uptake measurements of non-phosphorylating respiration, 

phosphorylating respiration, and uncoupled respiration, as well as the obtained coupling parameters, 

ADP/O and RCR. Mitochondria isolated from cells grown in normal-glucose levels are shown as an 

example. Malate (10 mM) and 10 mM succinate (plus 1 µM rotenone) were used as respiratory substrates. 

The numbers on the traces refer to OCR in nmol O2 x min
-1 

x mg
-1

 protein. Means ± SE; n = 6. 

 

4.1.2.1 High-glucose levels and mitochondrial respiratory activity and protein levels 

Next step was to study functional characteristics of endothelial mitochondria isolated 

from normal-glucose and high-glucose cells. The highest maximal mitochondrial respiration 

(phosphorylating or uncoupled respiration) was observed with malate, either alone or 

supplemented with pyruvate, glutamate or a combination of succinate and glycerol-3-

phospate, and with succinate alone (Figure 4.9). Malate oxidation appeared to saturate the 

capacity of the mitochondrial respiratory chain, as the addition of the other reducing 

substrate(s) to malate did not further increase mitochondrial respiration. Interestingly, the 

apparent maximal mitochondrial respiration comprised ~27% of the apparent capacity of 

complex IV (COX) (Figure 4.10). Glutamate (an intermediate of amino acid metabolism), 

glycerol-3-phosphate and palmitoylcarnitine (lipid breakdown intermediates) were more 

weakly oxidised by EA.hy926 mitochondria than were malate or succinate (the TCA cycle 

intermediates) (Figure 4.9). Interestingly, the oxidation of pyruvate alone was not very intense 

compared with the oxidation of these two TCA cycle substrates. 
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Figure 4.9 The maximal respiration (phosphorylating respiration or uncoupled respiration) of 

mitochondria isolated from cells grown in normal-glucose (nG mito) and high-glucose (hG mito) levels.  

Respiratory substrates: 10 mM malate, 10 mM pyruvate, 10 mM glutamate, 10 mM succinate, 3 mM 

glycerol-3-phosphate (glycerol-3-P), and 0.3 mM palmitoyl-DL-carnitine. Means ± SE; n = 6. 

 

 

Figure 4.10 The COX activity, concentration of Q10 in mitochondria, and mitochondrial Q reduction level 

(QH2/Qtot), and ∆Ψ during non-phosphorylating oxidation of succinate. Measurements were performed 

with mitochondria isolated from cells grown in normal-glucose (nG mito) and high-glucose (hG mito) 

levels.  Means ± SE; n = 6. 

 

In high-glucose-exposed cells, the cytochrome pathway activity, COX activity, and 

OXPHOS efficiency did not change, and the mitochondrial  and Q reduction level of the 

resting state (with succinate as an oxidisable substrate) were also unaffected (Figure 4.9 and 
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Figure 4.10). The expression levels of subunits of ATP synthase () and the four respiratory 

chain complexes, namely, complex I (NDUFB8), complex II (subunit 30 kDa), complex III 

(Core2), and complex IV (COXII) (Figure 4.11), as well as the Q10 content of the 

mitochondria (Figure 4.10), were not affected by high-glucose growth. In addition, no change 

in the expression level or activity of CS was observed (Figure 4.5, Figure 4.6, and Figure 

4.12), indicating that high-glucose conditions produced no discernible change at the level of 

the TCA cycle. 

 

Figure 4.11 Determination of protein levels in mitochondria isolated from EA.hy926 cells grown in 

normal-glucose (nG, nG mito) or high-glucose (hG, hG mito) concentrations. Representative Western 

blots and analyses of the protein expression of particular subunits of ATP synthase, complex III (CIII), 

complex II (CII), and complex I (CI). Expression levels normalised for COXII protein abundance are 

shown. Means ± SE; n = 10. 

  

In endothelial mitochondria isolated from high-glucose cultured EA.hy926 cells, an 

increased level of expression of acyl-CoA dehydrogenase (ACADS), which catalyses the 

initial step of FA -oxidation, was observed (Figure 4.12). This finding is consistent with the 

greater oxidation of palmitoylcarnitine and glycerol-3-phosphate that was observed in 

mitochondria isolated from the high-glucose cells (Figure 4.9), indicating the greater 

oxidation of reducing substrates not originating from the TCA cycle. By contrast, these 

mitochondria demonstrated significantly decreased expression of the E3BP component of the 

pyruvate dehydrogenase complex (Figure 4.12) and significantly decreased pyruvate 

oxidation relative to mitochondria from cells cultured under normal-glucose levels (Figure 

4.9). 

Thus, these results indicate that growth of endothelial cells in high-glucose level 

induced an increase in mitochondrial oxidation of palmitoylcarnitine and glycerol-3-
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phosphate, and a decrease in pyruvate oxidation, whereas the TCA cycle and respiratory chain 

remained unaffected (Figure 4.9, Figure 4.10, and Figure 4.11). Growth under high-glucose 

concentrations did not influence the activity (Figure 4.9 and Figure 4.10) or composition 

(Figure 4.11) of basic respiratory chain components in EA.hy926 mitochondria. 

 

 

Figure 4.12  Determination of protein levels in mitochondria isolated from EA.hy926 cells grown in 

normal-glucose (nG, nG mito) or high-glucose (hG, hG mito) concentrations. Representative Western 

blots and analyses of the protein expression of UCP2, SOD2, ACADS, E3BP, and CS. Expression levels 

normalised for mitochondrial marker (mito marker) protein abundance are shown. Means ± SE; n = 10. 

 

4.1.2.2 High-glucose levels and UCP2 upregulation 

As shown in Figure 4.12, in response to high-glucose conditions, the upregulation of 

the expression of mitochondrial antioxidant proteins, such as SOD2 and UCP2, was observed. 

Therefore, the next goal of this study was to determine whether UCP2 is functionally active in 

endothelial mitochondria. The activation of UCP2 by free FAs (palmitic acid) and the 

inhibition by GTP was evaluated in isolated EA.hy926 mitochondria. In non-phosphorylating 

mitochondria isolated from cells grown in high-glucose conditions, the maximal rate of the 

respiration induced by palmitic acid, which presented UCP2 activity, was two-fold higher 

(Figure 4.13). Similarly, a two-fold greater decrease in the  and Q reduction level was 

observed upon maximal activation of UCP2 by palmitic acid. The addition of 2 mM GTP 

partially reversed the changes induced by palmitic acid in both types of mitochondria. 
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Figure 4.13 The effects of UCP2 activation by palmitic acid (PA) (7 µM per addition), and UCP2 

inhibition by 2 mM GTP on the oxygen uptake, ∆Ψ, and Q reduction level. The mitochondria from 

normal-glucose cells (nG mito) are represented by broken lines and numbers in italics, and the 

mitochondria from high-glucose cells (hG mito) are represented by solid lines and bold numbers. The 

numbers on the traces refer to OCR in nmol O2 x min
-1 

x mg
-1

 protein,  in mV, and Q reduction level in 

%. Succinate (with 1 µM rotenone) was used as and oxidisable substrate. Means ± SE; n = 6. 

 

 

 

Figure 4.14 The relationship between the respiratory rate and ∆Ψ (proton leak kinetics) during non-

phosphorylating succinate oxidation titrated with malonate. The palmitic acid (PA)-induced, GTP-

inhibited, UCP2-mediated proton leak at the same ∆Ψ (155 mV) is indicated as vertical lines. Broken lines 

indicate the mitochondria from normal-glucose cells (nG mito) and solid lines indicate the mitochondria 

from high-glucose cells (hG mito). The mitochondria were incubated in the absence or presence of 14 µM 

PA and/or 2 mM GTP. Means ± SE; n = 6. 
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Furthermore, a proton leak kinetics study (Figure 4.14) indicates that for given 

palmitic acid (14 M) and GTP (2 mM) concentrations, the palmitic acid-induced GTP-

inhibited UCP2-mediated proton leak at the same  (155 mV) was also two-fold higher in 

the mitochondria from the high-glucose cells.  

 

 

Figure 4.15 The influence of palmitic acid (PA) and GTP on the ADP/O ratio during the phosphorylating 

respiration. Measurements were performed with mitochondria isolated from cells grown in normal-

glucose (nG mito) and high-glucose (hG mito) levels. Relative changes compared with the control values 

(in the absence of PA and GTP) are shown. Succinate (with 1 µM rotenone) was used as and oxidisable 

substrate. The mitochondria were incubated in the absence or presence of 14 µM PA and/or 2 mM GTP. 

Means ± SE; n = 6. 

 

Under phosphorylating conditions, the augmented activity of UCP2 in the 

mitochondria from the high-glucose cells led to a significantly greater reduction in the 

OXPHOS yield (Figure 4.15). For given palmitic acid (14 M) and GTP (2 mM) 

concentrations, the palmitic acid-induced GTP-reversed drop in the ADP/O ratio was almost 

two-fold greater in the mitochondria from the high-glucose cells than in the mitochondria 

from the normal-glucose cells. 

Thus, these results indicate that EA.hy926 mitochondria possess UCP2 activity that is 

stimulated by free FAs and inhibited by purine nucleotides. Moreover, UCP2 activity is two-

fold greater in mitochondria isolated from EA.hy926 cells cultured in high-glucose 

conditions.  
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4.1.3 Discussion and conclusions 

The comparison between the mitochondrial respiratory functions of endothelial 

EA.hy926 cells cultured in medium with either high- or normal-glucose concentration 

indicate that chronic high-glucose conditions induced a reduction in mitochondrial respiration 

with carbohydrate catabolism intermediates (glucose, pyruvate, or a combination of both of 

these substrates) and glutamine, whereas OCR with palmitate (an intermediate in lipid 

metabolism) was increased (Figure 4.3). The Crabtree effect was also observed in both types 

of cells when the influence of 5.5 mM or 25 mM glucose on pyruvate oxidation was studied 

(Figure 4.3 and Figure 4.4). In the cells grown in high glucose, the OCR with glutamine was 

significantly higher than the OCR with pyruvate (Figure 4.3). These results indicate that high-

glucose levels lower the contribution of carbohydrate oxidation to the aerobic metabolism of 

EA.hy926 cells, whereas the contributions of amino acid oxidation and lipid oxidation 

increase. Interestingly, it has been shown previously that in HUVEC, FAs can serve as an 

important energy source; moreover, the activation of the fuel-sensing enzyme AMPK favours 

the oxidation of FAs as the source of ATP production and reduces dependence on glycolysis 

(Dagher et al., 2001). The high-glucose EA.hy926 cells examined in this study seem to 

undergo a shift of aerobic metabolism towards the oxidation of lipids that resembles the 

change in the myocardial energy utilisation that is induced by high-glucose levels. In 

particular, diabetes is associated with a switch in myocardial substrate utilisation that results 

in decreased glucose oxidation and increased FA oxidation (Teagtmeyer et al., 2002). The 

present study shows for the first time that a shift to a predominant oxidation of FAs, which 

accompanies diabetic changes in metabolism, could also occur in endothelial cells. 

Manipulation of proteins that are upregulated in endothelial cells under high-glucose 

conditions (LDH, HKI, UCP2, and SOD2) by overexpression or siRNA could pinpoint in the 

future the molecules responsible for the described switch in oxidative metabolism. 

In EA.hy926 cells grown for 6 days in 25 mM glucose concentration, the Crabtree 

effect (the decreased OCR in the presence of glucose) was accompanied by the increased 

expression of both HKI (the enzyme catalysing the first step, which is the rate-limiting step, 

of the glycolytic pathway) and LDH (the enzyme that catalyses the interconversion of 

pyruvate and lactate) (Figure 4.6). These results indicate the increased anaerobic and 

decreased aerobic (mitochondrial) breakdown of glucose in EA.hy926 cells grown under 

chronic high-glucose conditions. It has been shown that HUVEC and bovine retinal 

endothelial cells (BREC) grown in high-glucose for 7 days exhibit elevated lactate production 

http://en.wikipedia.org/wiki/Pyruvate
http://en.wikipedia.org/wiki/Lactic_acid
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(La Selva et al., 1996). A short (up to 45 min) exposure of human microvascular endothelial 

cells (HMEC) to 25 mM glucose appears to produce no change in lactate production or OCR, 

although increased levels of a glycolytic intermediate, glucose 6-phosphate, have been 

observed (Sweet et al., 2009). Therefore, it appears that the respiratory response of endothelial 

cells to high glucose depends on the period of the exposure to elevated glucose (Figure 4.2). 

A clear decrease in respiration was observed in EA.hy926 cells grown in high-glucose levels 

for at least 6 days or longer. Therefore, the present study describing a chronic exposure to 

elevated glucose does not reflect the effect of short-term high-glucose levels on endothelial 

cells. 

 The presented results indicate the increased oxidative stress in EA.hy926 cells grown 

under chronic high-glucose conditions. A significantly higher intracellular and mitochondrial 

ROS generation (Figure 4.7) and upregulation of the expression of mitochondrial 

antioxidative system proteins such as SOD2 and UCP2 (Figure 4.12) were observed. The 

increased expression levels of SOD2 and UCP2 in response to high glucose have previously 

been observed for other endothelial cells (Zheng et al., 2009; Cui et al., 2006). Numerous 

reports also indicate that the exposure of endothelial cells to high glucose levels leads to 

increased intracellular and mitochondrial ROS production and therefore produces excessive 

oxidative stress (Cui et al., 2006; Du et al., 2000; Giardnio et al., 1996; Nascimento et al., 

2006; Nishikava et al., 2000; Srinivasan et al., 2004; Xie et al., 2008; Zheng et al., 2009 and 

Zheng et al., 2010). Mitochondrial contribution to high-glucose-induced ROS production was 

also observed in BAEC, BREC, HUVEC and retinal capillary endothelial cells, including 

cells chronically exposed to elevated glucose (Cui et al., 2006; Du et al., 2000; Nishikawa et 

al., 2000; Xie et al., 2008; Zheng et al., 2009 and Zheng et al., 2010). In EA.hy926 endothelial 

cells, high-glucose-induced ROS appears to be produced through the enzyme NADPH 

oxidase and from mitochondrial sources. However, these results indicate that glucose-fuelled 

oxidative metabolism cannot rather mediate oxidative stress because OCR with carbohydrate 

catabolism intermediates (glucose, pyruvate, or a combination of both of these substrates) was 

impaired in the EA.hy926 cells grown in high-glucose levels (Figure 4.3). Furthermore, 

mitochondria isolated from the high-glucose cells demonstrated significantly decreases in 

both pyruvate oxidation (Figure 4.9) and the expression of the E3BP component of the 

pyruvate dehydrogenase complex (Figure 4.12). Thus, it appears that the supply of energy to 

the TCA cycle from pyruvate, a key intermediate in several metabolic pathways, is impaired 

in EA.hy926 cells grown in high-glucose levels. This finding is consistent with previously 

promulgated suggestions that the accumulation of glucose 6-phosphate during the incubation 
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of endothelial cells under high-glucose concentrations indicates that downstream metabolic 

steps are rate-limiting (Sweet et al., 2009). 

The greater contribution of lipid oxidation to the aerobic metabolism of the EA.hy926 

cells grown in high glucose is indicated by the increased expression of ACADS (Figure 4.12) 

and the higher oxidation of palmitoylcarnitine and glycerol-3-phosphate in the mitochondria 

that were isolated from these cells (Figure 4.9). Glycerol-3-phosphate serves as a major link 

between carbohydrate metabolism and lipid metabolism, and the glycerol-3-phosphate shuttle 

is an important electron supply to the animal mitochondrial respiratory chain. Thus, the 

increased level of reducing substrates originating from lipid metabolism likely mediates the 

endothelial oxidative stress induced by excess glucose. In general, mROS generation is 

associated with increased levels of reduction of respiratory chain components (complex I and 

complex III) that may be due to the increased oxidation of mitochondrial fuels and/or the 

impairment of the QH2-oxidising pathway (Turrens et al., 2003). The impaired production of 

NO (a competitive inhibitor of complex IV, COX) observed in endothelial cells exposed to 

acute or chronic high-glucose levels (Du et al. 2000, Srinivasan et al. 2004) does not account 

for the latter possibility. However, eNOS, as being a source of ROS through other 

mechanism, cannot be excluded under experimental conditions of this study. The operation of 

the Crabtree effect would decrease the contribution of ROS produced by mitochondria and 

favour the contributions from other steps of glucose metabolism in the cell, including 

increased NADPH oxidase activity (Sweet et al., 2009). Under high-glucose conditions, 

endothelial mitochondria could stimulate the overall intracellular production of ROS; despite 

the fact, these mitochondria may not generally be a major source of ROS (Davidson, 2010). In 

high-glucose EA.hy926 cells, a higher cellular content of Q10 (in contrast to the 

mitochondrial Q10 content) (Figure 4.5 and Figure 4.10) may indicate an increased need for 

this lipid-soluble antioxidant, given that an elevated level of Q10 has been observed to be a 

protective response to excessive oxidative stress in certain diseases, including endothelial 

dysfunction (Littaru and Tain, 2007). 

Recent studies of mitochondrial function through extracellular flux analysis in 

adherent primary BAEC have indicated that endothelial mitochondria are highly coupled to 

ATP synthesis and possess a considerable bioenergetic reserve, although exposure to 

sublethal oxidative stress reduces this reserve capacity (Dranka et al., 2010). In EA.hy926 

cells, the apparent mitochondrial reserve capacity did not differ for any of the tested substrates 

between cells grown in normal and high glucose. The present study provided the first 

measurement of endothelial mitochondrial function, directly demonstrating that in isolated 

http://en.wikipedia.org/wiki/Carbohydrate_metabolism
http://en.wikipedia.org/wiki/Lipid_metabolism
http://en.wikipedia.org/wiki/Electron_transport_chain
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EA.hy926 mitochondria, electron transport is coupled well with ATP synthesis. Thus, despite 

the fact that endothelial cells are primarily glycolytic and do not generate significant 

contributions to cellular ATP production through OXPHOS, they possess active and well-

coupled mitochondria.  

The foregoing results indicate that EA.hy926 mitochondria possess UCP2 activity that 

is stimulated by free FAs and inhibited by purine nucleotides. Furthermore, UCP2 activity is 

two-fold greater in mitochondria isolated from EA.hy926 cells cultured in high-glucose 

concentrations. More details about the physiological role of UCP2 in endothelial cells under 

high-glucose conditions are presented in subsequent Chapter 4.2. 

It can be concluded that although in endothelial cells, the synthesis of ATP occurs 

primarily via a glycolytic pathway
 
(Davidson, 2010; Davidson and Duchen, 2007), they 

possess highly active and well-coupled mitochondria with a functioning energy-dissipating 

pathway that involves UCP2. The growth of endothelial cells under high-glucose conditions 

induces numerous changes in the cells’ aerobic metabolism, particularly with respect to the 

Crabtree effect, as well as a shift towards the oxidation of lipids and amino acids. These 

results indicate the role of endothelial mitochondria in response to metabolic disturbances that 

relate to hyperglycaemia. 
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 The influence of high-glucose exposure on UCP2 function and activity 4.2

in EA.hy926 cells 

The results presented in the previous chapter (Chapter 4.1) induced questions with 

respect to understanding the physiological role that UCP2 plays in endothelial mitochondria. 

The present chapter describes in more details the functional characteristics of UCP2 in 

isolated endothelial mitochondria and endothelial cells, and how UCP2 function is altered by 

long-term growth in glucose concentrations that are well above the physiological range. To 

address this issue, the UCP2 functions were studied in human endothelial EA.hy926 cells 

cultured in media with either high (25 mM) or normal (5.5 mM) D-glucose concentrations, 

representing high-glucose and normal-glucose levels. 

4.2.1 High-glucose levels and expression of UCP2 and UCP3 

Using western blot analysis, the expression of UCP2 and UCP3, but not UCP1, could 

be detected in EA.hy926 cells (Trenken et al., 2007). In the present study, the endothelial 

EA.hy926 cells cultured under normal- or high-glucose conditions exhibited a similar UCP3 

expression level (Figure 4.16 A and Figure 4.16 B). On the other hand, as presented 

previously (Figure 4.12), a significantly higher expression of UCP2 was observed in the cells 

grown in high-glucose concentrations (Figure 4.16 A and Figure 4.16 B). 

 

Figure 4.16  A: UCP2 and UCP3 protein levels in cells grown in normal glucose (5.5 mM D-glucose, nG 

cells), high glucose (25 mM D-glucose, hG cells) or high non-metabolised glucose (5.5 mM D-glucose plus 

19.5 mM L-glucose, hLG). The same amounts of proteins (40 g) were loaded into each lane. B: 

Expression levels normalised by  actin protein abundance are shown. Means ± SD; n = 7-8. 

  

To verify whether the upregulation of UCP2 was not due to the high osmolality, the effect of 

treatment with 19.5 mM L-glucose plus 5.5 mM D-glucose, providing an equivalent 

osmolality as 25 mM D-glucose, was studied (Figure 4.16). The analysis suggests that 
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osmolality control did not significantly change the expression of UCP2 protein, and that the 

observed upregulation of UCP2 is specific for metabolised 25 mM D-glucose. Furthermore, it 

seems that UCP2 is the only UCP involved in high glucose-induced modifications in 

EA.hy926 cells. Therefore, the high-glucose-induced changes in UCP activity (Chapter 

4.1.2.2 and Chapter 4.2) can be attributed to UCP2. 

4.2.2 High-glucose levels and UCP2 activity under non-phosphorylating and 

phosphorylating conditions 

To determine UCP2 function in endothelial mitochondria, the activation of UCP2 by 

free FAs (linoleic acid) and its inhibition by purine nucleotides (GTP) were studied in 

mitochondria isolated from EA.hy926 cells. Figure 4.17 A presents examples of oxygen 

consumption and  measurements for non-phosphorylating mitochondria respiring with 

succinate as a reducing substrate. In non-phosphorylating mitochondria isolated from cells 

grown in high-glucose conditions, the respiratory rate and  were observed to be more 

sensitive to 16 M linoleic acid (i.e., a greater stimulation of respiratory rate and a greater 

decrease in ) and a subsequent addition of 4 mM GTP (i.e., a more pronounced recoupling 

effect), indicating a higher level of UCP activity (mainly UCP2 activity) compared to that of 

the control mitochondria isolated from cells grown in normal-glucose conditions.  

Moreover, a proton leak kinetics study obtained with cyanide titration (Figure 4.17 B) 

indicates that for given linoleic acid (16 M) and GTP (4 mM) concentrations, the linoleic 

acid-induced, GTP-inhibited, UCP2-mediated proton leak at the same  (154 mV) was two-

fold greater in the mitochondria from high-glucose cells. These observations are consistent 

with the proton kinetics study obtained with malonate titration, when palmitic acid was 

applied to activate UCP2 (Figure 4.14). Thus, a much higher UCP2 activity was observed 

after exposure of endothelial cells to high-glucose levels independent of the type of 

respiratory chain titration (Q-reducing pathway titration or QH2-oxidising pathway titration). 

Interestingly, the obtained proton leak kinetics (Figure 4.17 B and Figure 4.14) indicate the 

dependence of UCP2 inhibition by GTP on the Q reduction level. Namely, a full inhibition of 

UCP2-mediated proton leak was observed at lower Q reduction levels (titration with 

malonate) (Figure 4.14), while attenuation of this inhibition was observed at higher Q 

reduction levels (titration with cyanide) (Figure 4.17). 



88 
 

 

Figure 4.17 Linoleic acid (LA)-induced GTP-inhibited UCP2 activity in endothelial mitochondria. A: The 

effects of UCP2 activation by LA and UCP inhibition by GTP on oxygen uptake and . The 

mitochondria from normal-glucose cells (nG mito) are represented by broken lines and numbers in italics, 

and the mitochondria isolated from high-glucose cells (hG mito) are represented by solid lines and bold 

numbers. B: The relationship between the respiratory rate and  during non-phosphorylating succinate 

oxidation titrated with cyanide. The LA-induced GTP-inhibited UCP-mediated proton leak at the same 

 (154 mV) is indicated in the inset image. C: Effects of LA-induced GTP-inhibited UCP activity on the 

ADP/O ratio and RCR (phosphorylating respiration vs non-phosphorylating respiration). Concentrations 

used: 0, 8 and 16 M LA, and 4 mM GTP. D: The relationship between the respiratory rate and  

during non-phosphorylating respiration (state 4, st.4) in the absence or presence of LA and/or GTP, 

uncoupled respiration (st.U) in the presence of increasing concentrations of FCCP (up to 0.3 M) and 

phosphorylating respiration (st.3) in the presence of 0.4 mM ADP. Means ± SD; n =7. 
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Under phosphorylating conditions, a direct consequence of UCP activity is a decrease 

in the amount of ATP synthesised per oxygen consumed, i.e., the yield of mitochondrial 

OXPHOS. As shown in Figure 4.17 C, in both types of endothelial mitochondria, linoleic 

acid-induced GTP-inhibited UCP activity was able to divert energy from oxidative 

phosphorylation, indicating an energy-dissipating function during phosphorylating respiration. 

The increased activity of UCP2 in phosphorylating mitochondria from high-glucose cells led 

to a significantly greater reduction in the OXPHOS yield (ADP/O ratio) and RCR (Figure 

4.17 C). For given linoleic acid (8 or 16 M) and GTP (4 mM) concentrations, the linoleic 

acid-induced, GTP-reversed drops in the ADP/O ratio and RCR were approximately two-fold 

greater in the mitochondria from high-glucose cells. Similar results were observed when 14 

µM palmitic acid and 2 mM GTP were used to modulate UCP2 activity (Figure 4.15). Thus, a 

greater contribution of UCP2 activity to phosphorylating respiration was observed in the 

mitochondria from high-glucose cells compared to the mitochondria from normal-glucose 

cells. 

The voltage dependence of the electron flux (Figure 4.17 D) shows that the linoleic 

acid-induced GTP-inhibited respiration (for 16 M linoleic acid and 4 mM GTP) only occurs 

due to UCP-mediated proton recycling, as it corresponds to a pure protonophoretic effect of 

linoleic acid that is not distinguishable from the effect of a well-known protonophore FCCP.  

Indeed, for both types of mitochondria, couples of respiratory rate and  measurements in 

resting (state 4) respiration with increasing concentrations of FCCP or in the presence of 16 

M linoleic acid (with or without 4 mM GTP), as well as in phosphorylating state 3 

respiration, constituted a single flow-force relationship. Thus, a modulation of the force (), 

either by phosphorylation potential, linoleic acid or protonophore led to the same modification 

of the flow (respiratory rate). Results presented in Figure 4.17 D indicate that linoleic acid (at 

16 M concentration) did not interact with the respiratory chain of endothelial mitochondria 

and that the growth of endothelial cells under high-glucose conditions did not disturb the 

voltage dependence of the electron flux in the respiratory chain of these mitochondria. 

4.2.3 High-glucose levels and UCP2 control of respiratory rate, , and mROS  

The next step was to determine the effect of UCP2 activation on respiratory rate, , 

and mROS formation in mitochondria isolated from EA.hy926 cells grown in the high-

glucose and normal-glucose conditions. In mitochondria from normal-glucose and high-

glucose cells, respiration rates and  during the oxidation of succinate were similar in the 
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absence of linoleic acid (Figure 4.18 A, B, and C). The maximal linoleic acid concentration 

required to obtain a simultaneous increase in oxygen consumption and a decrease in  was 

determined for non-phosphorylating endothelial mitochondria from both studied types of cells 

(Figure 4.18). All measurements were performed in the presence of defatted BSA to exclude 

UCP activation by endogenous free FAs. Moreover, to exclude uncoupling mediated by an 

adenine nucleotide carrier, all measurements were performed in the presence of 

carboxyatractyloside.  

Figure 4.18 shows the influence of four different concentrations of linoleic acid (8, 16, 

24 and 32 μM) on the respiratory rate (Figure 4.18 A) and the ΔΨ (Figure 4.18 B). As shown 

in Figure 4.18 A, in mitochondria from normal-glucose cells, the maximal linoleic acid-

induced uncoupling effect was observed with 16 μM linoleic acid, which increased the 

respiration rate by ~55%. In mitochondria from high-glucose cells, the maximal linoleic acid-

induced uncoupling effect was observed with 24 μM linoleic acid, with which the respiration 

rate increased significantly by ~160%. These increases in respiration were accompanied by a 

decrease in ΔΨ of ~11 mV and ~23 mV for mitochondria from normal-glucose and high-

glucose cells, respectively (Figure 4.18 B). Results presented in Figure 4.18 affirm a much 

greater linoleic acid-induced uncoupling in mitochondria from high-glucose cells at any 

linoleic acid concentration up to 16 M.  Moreover, at 24 μM linoleic acid, there was 

decrease (in mitochondria from normal-glucose cells) and no further increase (in 

mitochondria from high-glucose cells) in oxygen consumption compared to that at 16 M 

linoleic acid. At 32 μM linoleic acid, an inhibition of respiration was also revealed in 

mitochondria from high-glucose cells. Thus, an inhibition of the respiratory chain occurred at 

a higher linoleic acid concentration in mitochondria from cells exposed to high-glucose levels, 

indicating less sensitivity to the inhibitory excess of FA.  

The determination of superoxide anion formation showed that in the absence of 

linoleic acid, mROS production was similar in both types of mitochondria respiring with 

succinate (Figure 4.18 C). With increasing linoleic acid concentrations up to 16 M or 24 M 

superoxide generation was gradually reduced in mitochondria from normal-glucose and high-

glucose cells, respectively. 
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Figure 4.18 The influence of increasing concentrations of linoleic acid (LA, 0-32 μM) on the respiratory 

rate (A),  (B), and superoxide formation (C) of endothelial non-phosphorylating mitochondria from 

normal-glucose (nG mito) and high-glucose (hG mito) cells. Measurements were performed in the 

presence of 1.8 μM carboxyatractyloside and 0.5 g/ml oligomycin. Means ± SD; n = 7-8. 
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However, for a given linoleic acid concentration (up to 16 M), the linoleic acid-

induced attenuation of mROS formation was significantly stronger in mitochondria from 

high-glucose cells. In mitochondria from normal-glucose and high-glucose cells, 

concentrations of linoleic acid higher than 16 M and 24 M, respectively, caused an increase 

in superoxide formation compared to that, which occurred in the presence of lower FA 

concentrations. 

The foregoing results indicate that when concentrations of FA were too high, an 

inhibition of the mitochondrial respiratory chain was observed, which was revealed by a 

decreased respiratory rate and , and increased mROS. However, in the case of 

mitochondria from high-glucose cells, less sensitivity to the inhibitory excess of FA was 

observed. Compared to non-phosphorylating conditions in both types of endothelial 

mitochondria, production of superoxide (Figure 4.19 B) and H2O2 (Figure 4.19 C) was 

considerably reduced by 30-50% under phosphorylating (in the presence of ADP) and 

uncoupled (in the presence of FCCP) conditions. In the presence of GTP, superoxide 

formation during uncoupled respiration did not change (Figure 4.19 B). When the non-

induced or linoleic acid-induced changes in mitochondrial function, including mROS 

production, are sensitive to purine nucleotides, they can be considered to indicate UCP 

activation.  The effects of UCP2 activation (by linoleic acid) or inhibition (by GTP) on mROS 

formation in non-phosphorylating mitochondria in the presence of OXPHOS inhibitors were 

measured (Figure 4.19 A and C). In the presence of oligomycin and carboxyatractyloside, the 

highest level of mROS formation was observed. 

Moreover, in both types of mitochondria, the addition of GTP, which blocks linoleic 

acid-induced UCP2 activity, increased superoxide formation in a concentration-dependent 

manner (Figure 4.19 A). The inhibitory effect of GTP on inducible UCP2 activity and thereby 

on UCP2 antioxidant activity was much greater in mitochondria from high-glucose cells. 

Furthermore, in the presence of 4 mM GTP, superoxide formation was restored to the level 

that was detected before FA addition. Similar effects of linoleic acid (i.e., decrease in mROS 

formation) and GTP (i.e., re-increase in mROS formation), more pronounced in high-glucose 

cells, were observed during H2O2 production measurement in non-phosphorylating 

mitochondria (Figure 4.19 C).  
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Figure 4.19 Effect of UCP activation and inhibition on mROS formation in endothelial mitochondria 

isolated from normal-glucose (nG mito) and high-glucose (hG mito) cells. In measurements of non-

phosphorylating mitochondria, 1.8 μM carboxyatractyloside (CATR) and 0.5 g/ml oligomycin (oligo) 

were added. Measurements of mitochondrial superoxide formation (with NBT) (A-B) and mitochondrial 

H2O2 formation (with Amplex Red) (C). Additions (where indicated): linoleic acid (LA, 16 M), GTP (2 or 

4 mM). Measurements under non-phosphorylating (state 4), phosphorylating (state 3, in the presence of 

0.4 mM ADP), uncoupled (state U, in the presence of 0.6 M FCCP and in the presence or absence of 4 

mM GTP) conditions. A-B: Superoxide formation is shown as relative to the control nG mitochondria in 

state 4 in the absence of carboxyatractyloside and oligomycin (100%) (the first bar in B). Means ± SD; n = 

7-8. 

 

These results show for the first time that FA-induced GTP-inhibited UCP2 activity 

lowers mROS formation in isolated endothelial mitochondria and that this mROS-decreasing 

protective function of UCP2 is much more pronounced in mitochondria from cells grown 

under elevated-glucose concentrations. Furthermore, these results clearly indicate that the 

UCP2 control of respiratory rate, , and mROS is more pronounced in mitochondria 

isolated from high-glucose-treated cells compared to control mitochondria. 
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4.2.4 High-glucose levels and effect of UCP2 silencing on inflammation and ROS 

To explicate a physiological role for UCP2 in endothelial cells, EA.hy926 cells 

cultured under normal-glucose (normal UCP2 level) and high-glucose (UCP2 upregulation) 

conditions (cells with control siRNA) were cultured with cells that had been treated with 

UCP2 siRNA to knock down UCP2 (no UCP2 cells). In the normal-glucose and high-glucose 

cells, the efficiency of knockdown was confirmed by a lack of UCP2 detection in UCP2-null 

cells (Figure 4.20). Moreover, UCP3 expression did not change in both types of endothelial 

cells independent of UCP2 silencing. The immunodetection of ICAM1 protein indicated an 

increased level of the inflammation marker in high-glucose cells compared to normal-glucose 

cells. This result was independent of the presence of UCP2. Thus, in both types of cells, the 

lack of UCP2 led to increased ICAM1 expression, although the increase was much greater in 

the high-glucose cells. These results indicate that in the high-glucose-treated cells, lack of 

UCP2 induces ameliorated inflammation compared to the control cells. 

As shown in Figure 4.21, compared to UCP2-expressing cells cultured in normal-glucose 

conditions, the exposure of UCP2-expressing cells to high-glucose concentrations caused a 

significant increase in total (Figure 4.21 A) and mitochondrial (Figure 4.21 A and B) 

superoxide generation. Mitochondrial superoxide generation was estimated in endothelial 

cells either as DPI-insensitive NBT reduction (Figure 4.21 A) or MitoSOX oxidation (Figure 

4.21 B). These results are consistent with previous observations (Figure 4.7), indicating that in 

EA.hy926 cells, high-glucose-induced ROS appear to be produced by the enzyme NADPH 

oxidase and from mitochondrial sources (including DPI-insensitive sources). To affirm that 

the high-glucose-induced enhancement of superoxide formation was not due to the high 

osmolality, the effect of treatment with 19.5 mM L-glucose plus 5.5 mM D-glucose, 

providing an equivalent osmolality as 25 mM D-glucose, was studied (Figure 4.21 B). The 

osmolality control did not show a significant change in superoxide production between cells 

grown with 19.5 mM L-glucose plus 5.5 mM D-glucose compared to cells grown with 25 mM 

D-glucose. This result indicates that the observed high-glucose-induced enhancement of 

superoxide formation is specific for metabolised 25 mM D-glucose. Thus, in normal-glucose 

and high-glucose cells, the absence of UCP2 caused a significant increase in total and 

mitochondrial superoxide formation (Figure 4.21). However, the enhancement of superoxide 

formation in UCP2-deficient cells was much more pronounced in high-glucose cells than in 

normal-glucose cells, indicating an increased need for the antioxidative activity of UCP2 

under high-glucose conditions. 
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Figure 4.20 Effect of UCP2 silencing on the UCP2, UCP3, and ICAM1 protein levels in EA.hy926 cells 

grown in normal-glucose (nG cells) or high-glucose (hG cells) conditions expressing either UCP2 targeting 

(UCP2 knockdown) or scrambled (control) siRNAs. A: Examples of immunoblots (using samples from 7 

different cellular fraction preparations) are shown. The same amounts of proteins (80 g) were loaded 

into each lane. B: Expression levels normalised by  actin protein abundance are shown. Means ± SD; n = 

7. 
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Figure 4.21 Superoxide formation in normal-glucose (5.5 mM, nG cells) or high-glucose (25 mM, hG cells) 

endothelial cells expressing either UCP2 targeting (UCP2 knockdown) or scrambled (control) siRNAs. A: 

Measurements of superoxide formation (with NBT) were performed in the absence or presence of 10 M 

DPI. B: Measurements of superoxide formation (with MitoSox probe) were performed in cells grown in 

normal glucose (5.5 mM D-glucose, nG cells), high glucose (25 mM D-glucose, hG cells) or high non-

metabolised glucose (5.5 mM D-glucose plus 19.5 mM L-glucose, hLG, an osmolality control). Means ± 

SD; n = 7-8. 
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4.2.5 High-glucose levels and effect of UCP2 silencing on cell viability and resistance to 

oxidative stress 

Despite increased ICAM1 expression (Figure 4.20) and pronounced ROS generation 

(Figure 4.21), endothelial cells grown under high-glucose conditions revealed a similar 

viability compared to normal-glucose cells (Figure 4.22).  

 

Figure 4.22  Viability of EA.hy926 cells grown under normal-glucose (nG cells) or high-glucose (hG cells) 

conditions with (UCP2 siRNA) or without (control siRNA) knockdown of mitochondrial UCP2. Cells were 

incubated in the absence or presence of 1.8 mM H2O2 for 24 h. Means ± SD; n = 7. 

 

Furthermore, UCP2 silencing led to a similar (~12%) decrease in cell viability in both types 

of cells grown in the absence of H2O2 (Figure 4.22). In order to verify whether the lack of 

UCP2 and/or high-glucose conditions had an impact on endothelial cell resistance to stress, 

the normal-glucose and high-glucose cells were incubated with 1.8 mM H2O2 for 24 h.  Their 

survival was evaluated relative to that of controls without H2O2 treatment. As shown in Figure 

4.22, peroxide significantly impaired cell viability in normal-glucose and high-glucose cells 

(by ~45% and ~26% in UCP2-expressing cells and by ~52% and ~40% in UCP2 knocked 

down cells, respectively). Moreover, high-glucose cells were significantly less sensitive to 

peroxide than normal-glucose cells independent of UCP2 expression. UCP2 silencing led to 

slightly more impaired stress resistance to peroxide in high-glucose cells compared to normal-
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glucose cells (~26% reduction and ~19% reduction vs high-glucose and normal-glucose 

UCP2-expressing cells, respectively) (Figure 4.22).  

These results indicate that UCP2 influences endothelial cell viability and resistance to 

oxidative stress. Moreover, in endothelial cells exposed to high-glucose concentrations, 

increased expression of UCP2 led to improved stress resistance. In high-glucose-treated cells, 

the increased activity of UCP2, and thereby increased antioxidant defence led to improved 

stress resistance and protection against acute oxidative stress.  

4.2.6 Discussion and conclusions 

In the present study, the effect of UCP2 on mitochondrial function was studied in 

mitochondria isolated from endothelial cells exposed to high-glucose levels. The results 

indicate that in isolated endothelial mitochondria, high-glucose conditions induced an increase 

in free FA-induced GTP-inhibited UCP2 activity under both non-phosphorylating and 

phosphorylating conditions (results shown in Chapter 4.1.2.2 and Chapter 4.2.2). In non-

phosphorylating mitochondria from high-glucose endothelial cells, the increased UCP2 

activity had a bigger impact on the mitochondrial respiratory rate, , and ROS generation. 

The presented results show that UCP2-mediated uncoupling modulates the proton leak across 

IMM of endothelial mitochondria. The observed antioxidative activity of endothelial UCP2 

was dependent on its effect on . The high-glucose-induced UCP2-mediated uncoupling 

caused an increased antioxidative efficiency (increased mROS attenuation) in mitochondria 

from high-glucose-exposed cells. However, the high-glucose-induced increase in the activity 

of UCP2 led to a greater reduction in the OXPHOS yield. These findings indicate that under 

high-glucose-induced oxidative stress, the maintenance of ATP synthesis efficiency is not as 

important as the attenuation of mROS production, especially given that endothelial 

mitochondria are not particularly dependent on OXPHOS.  

In endothelial mitochondria from both normal-glucose and high-glucose cells, an 

excess of linoleic acid inhibited the respiratory chain, no further activating mitochondrial 

uncoupling through UCP2 (Figure 4.18). As shown in the previous chapter (Chapter 4.1), 

high-glucose exposure induces a shift in endothelial aerobic metabolism from carbohydrate 

oxidation towards the oxidation of lipids and amino acids. Therefore, in hyperglycaemic 

endothelial cells, the increased oxidation of FAs by mitochondria may protect the 

mitochondrial respiratory chain against the inhibitory effect of excess levels of FAs. On the 

other hand, in endothelial mitochondria with high-glucose-induced increased levels of UCP2, 

lower levels of FAs may still activate UCP2-mediated uncoupling largely than in 
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mitochondria from normal-glucose cells. The results presented in this chapter indicate that the 

mitochondrial respiratory chain in high-glucose cells is less sensitive to free FA inhibition due 

to UCP2 upregulation. 

The exposure of endothelial cells to high-glucose levels leads to increased intracellular 

and  mitochondrial ROS production and therefore produces excessive oxidative stress (Du et 

al., 2000; Giardino et al., 1996; Nacsimento et al., 2006; Nishikava et al., 2000; Srinivasan et 

al., 2004; Zhang and Gutterman, 2007). Under our experimental conditions, the increased 

oxidative stress in EA.hy926 cells grown under chronic high-glucose conditions was revealed 

by significantly higher intracellular and mitochondrial ROS generation and the upregulation 

of UCP2 as a mitochondrial antioxidative system protein. The increased expression levels of 

UCP2 in response to high-glucose levels have previously been observed in other endothelial 

cell lines (such as HUVEC, BREC, and HMEC) (Cui et al., 2006; Dymkowska et al., 2014; 

Quian et al., 2011; Zheng et al., 2010) and endothelial cells isolated from animal models of 

diabetes (for example, diabetic mice) (Sun et al., 2013; Xie et al., 2008). In EA.hy926 

endothelial cells, high-glucose-induced ROS appear to be produced by the enzyme NADPH 

oxidase and by mitochondrial sources (Figure 4.21 and Figure 4.21). In general, mROS 

generation is associated with an increased reduction of respiratory chain components that may 

be caused by the increased oxidation of mitochondrial fuels and/or the impairment of the 

QH2-oxidising pathway. These results indicate that under high-glucose-induced oxidative 

stress conditions, UCP2 activity may attenuate mROS production by lessening the reduction 

level of mitochondrial respiratory chain complexes. A greater enhancement in superoxide 

formation was observed in UCP2-deficient EA.hy926 cells that were exposed to high-glucose 

concentrations compared to UCP2-deficient control cells (Figure 4.21), indicating an 

increased need for antioxidative UCP2 activity under high-glucose conditions. Our studies 

show that endothelial UCP2 participates in the control of mitochondria-derived ROS. 

As shown in Figure 4.22, UCP2 influenced cell viability both in high-glucose and 

normal-glucose EA.hy926 cells. There was a significant difference in viability of UCP2-

expressing and also UCP2-knocked down cells after H2O2 treatment between normal-glucose 

and high-glucose conditions (Figure 4.22), although UCP2 siRNA reduced UCP2 protein to 

similar very low levels in both types of endothelial cells (Figure 4.20). UCP2 silencing only 

slightly more impaired stress resistance in high-glucose cells compared to normal-glucose 

cells. These findings indicate the presence of additional UCP2-independent mechanisms of 

endothelial cell injury induced by high-glucose conditions. They could involve high-glucose-

induced UCP2-independent mitochondrial changes and non-mitochondrial alternations that 
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influence endothelial cell viability. However, high-glucose cells were significantly more 

resistant to peroxide independent of UCP2 expression. Thus, in endothelial cells exposed to 

high-glucose concentrations, the increased activity of energy-dissipating protein, i.e., UCP2, 

and thereby increased antioxidant defence led to improved stress resistance and protection 

against acute oxidative stress. These results indicate that in endothelial cells, hyperglycaemia 

could be involved in the hormetic induction (Cypser and Johnson, 2002) of antioxidant 

defence and stress resistance. Moreover, inhibition of high-glucose-induced apoptosis by 

lentivirus-mediated UCP2 overexpression has been observed in HUVEC cells (He et al., 

2014). Thus, our data highlight and support the importance of mitochondrial UCP2-mediated 

uncoupling in endothelial stress resistance. 

Several studies have shown that in response to hyperglycaemia, endothelial UCP2 may 

function as a sensor and negative regulator of mROS overproduction, which is an initiating 

cause in the pathogenesis of diabetic complications, such as diabetic retinopathy, 

hypertension, or atherosclerosis. In diabetic mice, AMPK activation increases UCP-2 

expression, resulting in the inhibition of both superoxide and prostacyclin synthase nitration 

and thus attenuation of oxidative stress (Xie et al., 2008). In diet-induced obese mice, UCP2 

protects endothelial function through increasing NO bioavailability secondary to the 

inhibition of ROS formation (Tian et al., 2012). Similarly, in diabetic ob/ob mice, vascular 

benefit is likely to result from the upregulation of UCP2 expression, which reduces oxidative 

stress and increases the level of NO (Sun et al., 2013). For example, this effect accounts for 

the endothelium-dependent relaxation observed in capsaicin-treated db/db mice. Thus, the 

results of present study showing a greater UCP2-mediated decrease in mROS generation, an 

improved antioxidative role for UCP2, and improved resistance to oxidant stress-induced cell 

death in association with increased UCP2 expression and activity in endothelial cells exposed 

to high-glucose levels, support studies on diabetes-induced vascular disease. The increase in 

UCP2 expression in endothelial cells may aid in preventing the development and progression 

of vascular dysfunction. For instance, UCP2 could be a useful target in treating 

atherosclerosis or hypertension-related vascular events (Lee et al., 2005; Liu et al., 2014). 

However, many questions must be addressed with respect to understanding the physiological 

role that UCP2 plays in endothelial mitochondria and its contribution to vascular function and 

disease. 

It can be concluded that UCP2 influences endothelial cell viability and resistance to 

oxidative stress. Endothelial cells exposed to high glucose concentrations are significantly 

more resistant to peroxide. In these cells, the increased activity of UCP2 leads to improved 
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stress resistance and protection against acute oxidative stress. These results indicate that 

endothelial UCP2 may function as a sensor and negative regulator of mROS production in 

response to exposure of endothelial cells to high-glucose levels. 

  



102 
 

 The influence of chronic hypoxia on the aerobic metabolism of 4.3

EA.hy926 cells 

The influence of hypoxic exposure of endothelial cells, especially chronic exposure to 

hypoxia, on the mitochondrial oxidative function has not been intensively studied. To study 

acute hypoxia-induced changes, endothelial EA.hy926 cells were cultured for 6 days at 1% O2 

tension. The aim of this study was to elucidate the effects of chronic hypoxia on the aerobic 

metabolism of endothelial cells at the cellular and mitochondrial levels. Cell viability, 

superoxide formation, and mitochondrial respiratory function, including the respiratory 

response to different reducing fuels and mitochondrial oxidative capacity, were determined in 

hypoxic cells (grown at 1% O2) and normoxic cells (grown at 20% O2). Moreover, the effect 

of the chronic exposure of growing endothelial cells to hypoxia on their mitochondria was 

studied by measuring mitochondrial respiratory activities with complex I and complex II 

substrates, ATP synthesis, ΔΨ, protein-mediated uncoupling, and mROS formation. 

4.3.1 Mitochondrial oxidative metabolism of hypoxia-exposed endothelial cells 

4.3.1.1 Hypoxia and anaerobic metabolism, mitochondrial biogenesis, and aerobic 

respiratory capacity  

In endothelial EA.hy926 cells exposed to chronic 6-day hypoxia, significantly elevated 

expression levels of HKI, the enzyme catalysing the first rate-limiting step of the glycolytic 

pathway, and LDH, the enzyme catalysing the interconversion of pyruvate and lactate, were 

observed in addition to an increased level of HIF1α (Figure 4.23). The changes were 

accompanied by a considerable ~60% increase in LDH activity (Figure 4.24 B), indicating 

that cells grown under hypoxic conditions display an intensified anaerobic glucose oxidation 

via the glycolytic pathway and lactic acid fermentation. Noteworthy, cell viability was 

unaltered in chronically hypoxic cells compared to normoxic cells (Figure 4.24 A). Moreover, 

EA.hy926 cells cultured under normoxic and hypoxic conditions exhibited similar activities 

(Figure 4.24 C and D) and expression levels (Figure 4.23) of CS and COX, indicating no 

change in the capacities of the TCA cycle or the mitochondrial respiratory chain and unaltered 

mitochondrial biogenesis (mitochondrial content). 
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Figure 4.23 Representative Western blots (left) and analyses of the protein expression (right) in 

endothelial cells grown for 6 days under normoxic (N) and hypoxic (H) conditions. Detected proteins: 

HIF1α, HKI, LDH, CS, COX (subunit II), SOD1, and mitochondrial marker (mito marker). Means ± SD; 

n = 10.  

 

  

 

Figure 4.24 Cell viability (A) and maximal activities of marker enzymes of aerobic (C, D) and anaerobic 

catabolism (B) of EA.hy926 cells grown in normoxia (N) or chronic hypoxia (H). DTNB, 5,5’-di-thiobis-(2-

nitrobenzoic acid). Means ± SD; n = 8.  

 

4.3.1.2 Hypoxia and mitochondrial oxidation of reducing fuels in cells 

As shown in Figure 4.25, under basal conditions (basal OCR) (Figure 4.25 A), FCCP-

stimulated conditions (maximal OCR) (Figure 4.25 C), and in the presence of oligomycin 

(oligomycin-resistant, ATP-linked OCR) (Figure 4.25 D), in both types of cells, the highest 
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OCR was observed with pyruvate or glutamine. The non-ATP-linked OCR (proton leak) 

exhibited the least dependence on the type of reducing substrate present (Figure 4.25 C). 

 

 

Figure 4.25 Oxidative metabolism of EA.hy926 cells grown in normoxia (N) or chronic hypoxia (H). 

Substrate-dependent changes in basal OCR (A), proton leak (B), maximal oxygen uptake (C, E), and 

ATP-dependent oxygen uptake (D). Substrates: 5 mM pyruvate, 5.5 mM glucose, 5 mM amino acids, or 

0.3 mM palmitate. Means ± SD; n = 6. 
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To determine how aerobic metabolism in endothelial EA.hy926 cells was altered by 

long-term cell growth at 1% O2, the cellular oxygen consumption was measured with different 

reducing fuels. In general, under all respiratory conditions and with respect to all reducing 

fuels except lysine and leucine (exclusively ketogenic amino acids), hypoxic cells displayed 

reduced mitochondrial function (Figure 4.25). In particular, cells exposed to hypoxia 

exhibited ~13-25% reductions in their maximal mitochondrial respiratory capacity in the 

presence of pyruvate, glucose, palmitic acid, or amino acids (glutamine, valine, and threonine) 

(Figure 4.25 C and E). Similarly, with pyruvate and glutamine, significantly reduced ATP-

linked OCR was observed in hypoxic cells, indicating diminished levels of mitochondrial 

OXPHOS (Figure 4.25 D). Interestingly, a significant reduction of non-ATP-linked OCR was 

also found during oxidation of all substrates (Figure 4.25 B), indicating decreased proton leak 

in hypoxic cells. Thus, mitochondrial respiratory measurements indicate a general reduction 

in mitochondrial respiration during carbohydrate, FA, and glucogenic amino acid oxidation in 

hypoxia-exposed endothelial cells. In contrast, the maximal oxidation of lysine and leucine 

was significantly higher in hypoxic cells (Figure 4.25 E), indicating a greater contribution 

from exclusively ketogenic amino acids as a fuel source for endothelial respiration during 

growth under hypoxic conditions. 

4.3.1.3 Hypoxia and intracellular and mitochondrial superoxide anion generation 

To examine the influence of hypoxia on mitochondrial and non-mitochondrial ROS 

generation, superoxide anion formation was measured in hypoxic and normoxic cells. 

Compared with normoxic cells, the exposure of EA.hy926 cells to chronic hypoxia caused a 

significant elevation in total (~80% increase) and mitochondrial (~75-100% increase) 

superoxide generation (Figure 4.26). Mitochondrial superoxide generation was measured as 

either DPI-insensitive NBT reduction (Figure 4.26 A) or MitoSOX oxidation (Figure 4.26 B). 

The results indicate that in hypoxic cells, DPI, a flavoprotein inhibitor of NADPH oxidase 

and eNOS, significantly inhibited (~30% reduction) hypoxia-induced superoxide generation 

(Figure 4.26 A). Thus, in endothelial cells, hypoxia-induced ROS production appears to occur 

via enzyme sources and mitochondrial sources (including DPI-insensitive respiratory chain 

sources).  
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Figure 4.26 Cellular and mitochondrial superoxide formation in endothelial cells grown in normoxia (N) 

or chronic hypoxia (H). Measurements of superoxide formation with NBT in the absence or presence of 

DPI (A) and with the MitoSox probe (B). Means ± SD; n = 7.  

 

4.3.2 Functional characteristics of mitochondria isolated from hypoxia-exposed cells 

4.3.2.1 Hypoxia and mitochondrial oxidative phosphorylation system 

To determine the effect of hypoxia on respiratory activity at the mitochondrial level, 

the maximal respiratory rate with various reducing substrates was measured in isolated 

endothelial mitochondria (Figure 4.27). In mitochondria from normoxic cells, the highest 

maximal respiration was observed with malate or a mixture of NAD-linked substrates (malate, 

α-ketoglutarate, and isocitrate), which saturate the capacity of the endothelial respiratory 

chain. In mitochondria from hypoxic cells, a significant ~30% decrease in malate-sustained 

complex I activity was observed (Figure 4.27 A), which was accompanied by ~30% reduction 

in complex I expression level (Figure 4.28). In addition, reduced (by ~20%) respiration with 

the mixture of NAD-linked substrates was found (Figure 4.27 A). Interestingly, in 

mitochondria from hypoxic cells, the maximal oxidation of α-ketoglutarate alone or isocitrate 

alone was significantly increased but did not exceed malate oxidation, which seems to 

saturate the decreased capacity of complex I. 
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Figure 4.27 Functional characteristics of endothelial mitochondria isolated from cells grown in normoxia 

(N) or chronic hypoxia (H). The maximal (phosphorylating or uncoupled) respiration with various 

respiratory substrates (A). The 5 mM TCA substrates (malate, succinate in the presence or absence of 2 

µM rotenone, pyruvate, -ketoglutarate, and isocitrate), 5 mM glutamate, and 0.3 mM palmitoylcarnitine 

were used. The COX activity (B).  Means ± SD; n = 4-8.  

In mitochondria from hypoxic endothelial cells, the reduced activity of complex I was 

displayed by significantly decreased respiratory rates and  during phosphorylating and 

non-phosphorylating oxidation of malate (Table 4.1). In contrast to reduction of activity and 

expression of complex I, the exposure of endothelial cells to hypoxia caused in mitochondria 

a significant ~60% increase in succinate oxidation (Figure 4.27 A) accompanied by ~100% 

elevation of complex II expression level (Figure 4.28). In mitochondria from hypoxic cells, 

the elevated activity of complex II was displayed by significantly increased respiratory rates 

and during phosphorylating and non-phosphorylating oxidation of succinate in the 

presence of rotenone (Table 4.1). Despite changes in activities of complex I and complex II, 

the efficiency of OXPHOS (the ADP/O ratio) during oxidation of malate or succinate was not 

significantly changed, although displayed a slight decreasing or increasing tendency, 

respectively. Except complex I and complex II, the expression of other components of the 

OXPHOS system and CS in mitochondria form hypoxic cells was unaltered (Figure 4.28). 

Moreover, the maximal COX activity was also unaffected (Figure 4.27 B). However, in 

mitochondria isolated from hypoxic cells, the oxidation of glutamate was significantly 

elevated, whereas the oxidation of palmitoylcarnitine was reduced (Figure 4.27 A). This latter 

change was accompanied by a downregulation in mitochondria of the expression of ACADS 

(Figure 4.28), the enzyme which catalyses the initial step of FA β-oxidation. 
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Succinate + rotenone Malate 

 N H N H 

State 3 rate 
 

51.8 ± 4.8 82.9 ± 5.4 
*** 

74.0 ± 7.0 52.5 ± 4.2 
* 

State 3  152.3 ± 0.7 160.4 ± 1.1 
** 

161.3 ± 1.2 152.6 ± 0.9 
** 

State 4 rate 
 

19.6 ± 2.2 18.6 ± 1.8 17.3 ± 1.2 13.7 ± 1.4 
* 

State 4  168.9 ± 0.9 172.9 ± 1.5 
* 

175.1 ± 1.5 170.4 ± 1.2 
* 

RCR 2.64 ± 0.16 4.46 ± 0.28 
*** 

4.28 ± 0.26 3.84 ± 0.24 
* 

ADP/O 1.34 ± 0.08 1.42 ± 0.07 2.39± 0.11 2.30 ± 0.07 
 

Table 4.1 Respiratory rates and  were measured in the absence (state 4, non-phosphorylating 

respiration following phosphorylating respiration) or presence (state 3, phosphorylating respiration) in 

mitochondria isolated from endothelial cells grown in normoxic (N) and hypoxic (H) conditions. RCR is 

equal to the ratio of state 3 to state 4 respiration. Means ± SD; n = 15. 
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Figure 4.28 Representative Western blots (left) and analyses of the protein expression (right) in 

mitochondria isolated from cells grown for 6 days under normoxic (N) and hypoxic (H) conditions. 

Detected proteins: HKI, COX (subunit II), SOD1, SOD2, UCP2, UCP3, glutamate dehydrogenase (GDH), 

ACADS, E3BP, ATP synthase (α-subunit), and subunits of respiratory chain complexes (CI-CIV), 

mitochondrial marker (mito marker), and GAPDH. Means ± SD; n = 10.  

 

4.3.2.2 Hypoxia and mitochondrial ROS formation 

In mitochondria isolated from hypoxic endothelial cells, the reduced activity of 

complex I led to a significantly decreased by ~10-14% H2O2 formation during malate 

oxidation under non-phosphorylating and phosphorylating conditions (Figure 4.29). 
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Figure 4.29 H2O2 production by endothelial mitochondria isolated form cells grown in normoxia (N) or 

chronic hypoxia (H) with various substrates. Percentage relative to the control (N) mitochondria oxidising 

succinate alone (100%). Means ± SD; n = 4-8.  

 

However, when malate and succinate were oxidised together, a considerable ~35-45% 

elevation of H2O2 formation was observed in mitochondria from hypoxia-exposed cells. This 

elevation was caused by the increase in complex II activity resulting in elevated mROS 

formation involving complex III and mainly the complex I-mediated reverse electron transfer. 

Namely, a ~20% increase in H2O2 formation was observed for non-phosphorylating 

mitochondria from hypoxic cells during succinate oxidation in the presence of rotenone (an 

inhibitor of complex I). No changes with succinate (plus rotenone) under phosphorylating 

conditions were found. In mitochondria from hypoxic cells, a greater elevation of H2O2 

formation was observed, both under non-phosphorylating (~50% increase) and 

phosphorylating (~20% increase) conditions, compared to mitochondria from normoxic cells, 

when succinate was oxidised in the absence of rotenone. These results indicate that in 

mitochondria after exposure of endothelial cells to hypoxia, the decreased activity of complex 

I may produce (i) less mROS when supplied by NAD-linked substrate, and (ii) more mROS 

when reverse electron transport is supplied by upregulated complex II activity.  

4.3.2.3 Hypoxia and UCP2  

The analysis of UCP2 protein expression (Figure 4.28) showed a slight ~20% down-

regulation of the protein in mitochondria isolated from hypoxic cells relative to those isolated 



111 
 

from control cells. No change in the UCP3 expression level was found. Therefore, the 

hypoxia-induced changes in UCP activity, described below, can be attributed to UCP2. 

To determine whether UCP2 activity is changed due to the growth of EA.hy926 cells 

in hypoxia, the activation of UCP2 by linoleic acid and the inhibition by GTP was evaluated 

in isolated endothelial mitochondria (Figure 4.30). In general, in non-phosphorylating 

mitochondria isolated from hypoxic cells, the stimulatory effect of linoleic acid and the 

inhibitory effect of GTP were weaker than the effects observed in control mitochondria. An 

analysis of the proton leak kinetics indicates that for specific linoleic acid (14 M) and GTP 

(4 mM) concentrations, the linoleic acid-induced GTP-inhibited UCP2-mediated proton leak 

(UCP2 activity) at the same  (162 mV) was ~18% lower in mitochondria from the hypoxic 

cells than it was in the control mitochondria (Figure 4.30, right panel). Despite slightly 

decreased UCP2 activity and protein levels, the expression level of SOD2, another 

mitochondrial antioxidant protein, was unaltered in mitochondria from hypoxic cells (Figure 

4.28).  

 

Figure 4.30 UCP activity in endothelial mitochondria isolated from cells grown in normoxia (N) or chronic 

hypoxia (H). The relationship between the respiratory rate and  (proton leak kinetics) during non-

phosphorylating succinate oxidation titrated with cyanide (left). The linoleic acid (LA)-induced, GTP-

inhibited, UCP-mediated proton leak at the same  (162 mV) (right). Means ± SD; n = 4-8.  
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4.3.3 Discussion and conclusions 

The hypoxia-induced responses in aerobic metabolism are well documented, for 

instance for cancer or brain cells (Lin et al., 2008; Eales et al., 2016; Lukyanova and Kirova, 

2015; Tormos and Chandel, 2010), but this issue has not been intensively studied in 

endothelial cells. Therefore, the aim of this study was to determine for the first time the 

effects of chronic hypoxia on mitochondrial oxidative metabolism in endothelial cells, 

including the effects on isolated endothelial mitochondria. The hypoxia-induced endothelial 

metabolism changes were supported by a significantly increased level of HIF1α (Figure 4.23). 

The comparison of the mitochondrial respiratory functions of EA.hy926 cells cultured in 

hypoxia or normoxia demonstrate that deficiency in O2 tension induces a general reduction in 

mitochondrial respiration supplied with carbohydrate catabolic intermediates (glucose or 

pyruvate), lipid metabolism intermediate (palmitic acid), and amino acids (glutamine, valine, 

or threonine), whereas cellular respiration with exclusively ketogenic amino acids (lysine or 

leucine) was significantly increased (Figure 4.25). The increased oxidation of exclusively 

ketogenic amino acids, which are directly degraded to acetyl-CoA, suggests that the TCA 

cycle is not impaired in hypoxic endothelial cells in contrast to pyruvate-dependent oxidation. 

Moreover, in EA.hy926 mitochondria from hypoxic cells, the mitochondrial oxidation of 

palmitoylcarnitine and the expression of ACADS were significantly decreased, confirming 

hypoxia-induced decrease in FA metabolism. Thus, similar to cancer cells (Huang et al., 

2014), in endothelial cells, hypoxia inhibits FA β-oxidation, another major source of acetyl-

CoA. In present study, in mitochondria from hypoxic endothelial cells, the oxidation of 

pyruvate and the expression of the E3BP component of pyruvate dehydrogenase complex 

were unaltered, suggesting that the other factors downregulate pyruvate-linked oxidation. It 

has been previously proposed that activation of HIF1α induces pyruvate dehydrogenase 

kinase 1 (PDK1), which inhibits pyruvate dehydrogenase complex, and respiration is 

decreased by substrate limitation (Papandreou at al., 2006; Kim et al., 2006). Metabolic 

responses observed in this study indicate that this HIF1α-coordinated regulatory pathway 

decreasing the TCA cycle activity under hypoxic exposure seems to occur also in endothelial 

cells. Limitation of mitochondrial fuel oxidation may provide some metabolic advantages to 

endothelial cells exposed to hypoxia, including diversion of pyruvate into anabolic pathways, 

or reduction of apoptosis by hyperpolarised . 

In EA.hy926 cells grown for 6 days in hypoxia, the decreased respiration in the 

presence of glucose (Figure 4.25) was accompanied by an elevated expression of HKI (Figure 
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4.23) and an elevated expression (Figure 4.23) and activity of LDH (Figure 4.24). Thus, in 

addition to the reduction in aerobic glucose oxidation, endothelial hypoxic cells display an 

enhanced anaerobic glycolysis, which seems to be an important energy source under hypoxic 

conditions. The results obtained with endothelial cells are consistent with previous 

observations from other cells that hypoxia affects energy metabolism and HIF1α activates 

transcription of genes encoding glycolytic enzymes to further increase flux of reducing 

equivalents from glucose to lactate (Lum et al., 2007). 

It has been well documented that the exposure of endothelial cells to hypoxia leads to 

increased intracellular ROS production and therefore oxidative stress (Quintero et al., 2006; 

Davidson 2010; Paternotte et al., 2008). Under experimental conditions of present study, a 

significant increase in intracellular ROS and mROS generation was also observed. However, 

the hypoxia-induced oxidative stress seems not to be excessive for endothelial cells because 

they maintained cell viability. Moreover, no changes in the expression levels of the cytosolic 

and mitochondrial SODs (SOD1 and SOD2, respectively) and UCP2, thus proteins of the 

antioxidative systems, were observed. Thus, there was no need for protection against the 

overwhelming oxidative stress and increased level of ROS may be involved in endothelial 

signalling. Increased mROS are now known to be biologically important in a variety of 

physiological systems, including adaptation to hypoxia (Tang et al., 2014; Sena and Chandel, 

2012). For instance, cells can utilise an acute increase in mROS to stabilise HIF under 

hypoxia conditions and subsequently restrain mROS production in chronic hypoxia to avoid 

cellular damage (Sena and Chandel, 2012). The present study indicates that the observed 

decrease in mitochondrial oxidative metabolism of endothelial cells may help mROS in not 

exceeding the buffering capacity of SODs. Therefore, cell viability of endothelial cells 

exposed to chronic hypoxia remains unchanged. 

Because the activities of COX and CS (Figure 4.24) and the expression level of 

mitochondrial marker proteins (Figure 4.28) remained unchanged, it appears that the chronic 

growth of EA.hy926 cells in hypoxia did not change their maximal aerobic respiration 

capacity or mitochondrial biogenesis. However, measurements of mitochondrial function in 

isolated endothelial mitochondria indicate that hypoxia induced an important remodelling of 

OXPHOS system at the level of respiratory chain dehydrogenases. In mitochondria from 

hypoxic endothelial cells, the considerably elevated protein expression (Figure 4.28) and 

activity of complex II (Figure 4.27, Table 4.1) contribute to an increase in and succinate-

sustained mROS formation mainly through increased reverse electron transport. It has been 

previously reported that in endothelial cells, complex II-driven electron flow is the primary 
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means by which the mitochondrial membrane is polarised under hypoxic conditions (Hawkins 

et al., 2010). Another interesting finding of this study is that in mitochondria from hypoxic 

endothelial cells, a reduction of expression (Figure 4.28) and maximal malate-sustained 

activity of complex I (Figure 4.27 and Table 4.1) was accompanied by an increase in 

oxidation of α-ketoglutarate or isocitrate, other but weaker than malate NAD-linked substrates 

(Figure 4.27). Thus, the hypoxia-induced reduction of OXPHOS system of endothelial 

mitochondria was found only during malate-sustained complex I activity. Interestingly, it has 

been reported that in many cells lack of oxygen deactivates mitochondrial complex I (Galkin 

et al., 2009; Lukyanova and Kirova, 2015). It has also been proposed that hypoxia induces 

reprogramming of respiratory chain function and switching from oxidation of complex I 

substrates to succinate oxidation (complex II) (Lukyanova and Kirova, 2015; Schonenberger 

and Kovacs, 2015). The dissociation of complex I from the large mitochondrial 

supercomplexes has been observed under hypoxic conditions, when succinate accumulates as 

a substrate for complex II (Chen et al., 2012; Moreno-Lastres et al., 2012). It is well 

documented that in mammalian cells hypoxia is connected with activation of succinate 

dehydrogenase and succinate oxidation, and with increased contribution of the latter to 

respiration and energy production (Eales et al., 2016; Lukyanova and Kirova, 2015; Tormos 

and Chandel, 2010). Under hypoxic conditions, complex II may function as an independent 

enzyme whose activity is limited only by the substrate availability. Hypoxia inhibits the 

malate-aspartate shuttle, which provides α-ketoglutarate to the cytosol, whereas succinate 

synthesis is intensified.  

In the previous chapter (Chapter 4.2), it has been shown that one physiological role of 

UCP2 in endothelial cells could be the attenuation of mROS production under conditions of 

excessive oxidative stress such as exposure to high-glucose levels. The results of present 

chapter indicate that, in response to hypoxia during endothelial cell growth, UCP2 activity 

and protein levels were slightly but statistically significantly decreased in mitochondria even 

intracellular and mROS formation was increased. Reduction in UCP2 activity leads to higher 

and consequently increased mROS production. Thus, in hypoxic endothelial cells, one 

physiological role of UCP2 could be the ensuring of efficient OXPHOS yield rather that the 

attenuation of mROS production.  

In mammalian cells, multiple mitochondrial products, including the TCA cycle 

intermediates and mROS can coordinate PHD activity and thereby HIF stabilisation, hence 

the cellular response to oxygen deficiency (Pan et al., 2007; Lin et al., 2008). Accumulation 

of succinate and fumarate inhibits PHDs leading to elevated level of HIF, whereas α-
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ketoglutarate facilitates PHD action leading to HIF degradation (Koivunen et al., 2007). In 

present study, in hypoxic endothelial cells, no change in activity of CS, a pace-making 

enzyme of the first step of the TCA cycle was observed (Figure 4.24). However, the observed 

increase in mitochondrial oxidation of isocitrate, α-ketoglutarate and glutamate (up-stream of 

succinate oxidation) and the decrease in malate oxidation (down-stream of succinate 

oxidation) could be relevant for maintaining the high levels of succinate and fumarate despite 

the elevated activity of succinate dehydrogenase (complex II). Moreover, a significantly 

ameliorated mitochondrial oxidation of α-ketoglutarate may lead to suppression of cytosolic 

α-ketoglutarate accumulation in endothelial cells exposed to hypoxia. It has been reported that 

in mammalian cells, especially in cancer cells or other highly proliferating cells, ROS 

including mROS are crucial to activate HIF1 (Kietzmann and Gorlach, 2005). A precise role 

of mROS in regulating HIF1α is unclear, but the pathway stabilising HIF1α appears 

undoubtedly mitochondrial-dependent (Pan et al., 2007). The present study indicates that 

under hypoxic conditions, endothelial mitochondria also function as oxygen sensors and 

convey signals to HIF1 likely through elevated mROS, accumulation of succinate and 

decreased level of α-ketoglutarate. Thus, it seems that in endothelial cells, coordinated 

signalling between HIFs (at least HIF1α) and the mitochondria regulate cellular response to 

chronic hypoxia. 

In conclusion, the growth of endothelial cells under hypoxic conditions induces 

numerous changes in their aerobic metabolism, particularly a general decrease in 

mitochondrial respiration except for the increased oxidation of exclusively ketogenic amino 

acids. The hypoxia-induced increases in intracellular and mROS production do not lead to 

overwhelming oxidative stress because cell viability and antioxidant systems (SODs and 

UCPs) are not upregulated. The hypoxia-induced increase in mROS formation could result 

from decreased mitochondrial UCP2-mediated uncoupling, and mainly from remodelling of 

mitochondrial respiratory chain function with elevated activity of complex II and decreased 

activity of complex I. In mitochondria from hypoxic cells, the increased activity of complex II 

results in increase in succinate-sustained mROS formation mainly through increased reverse 

electron transport. These observations highlight the role of endothelial mitochondria in 

response to metabolic adaptations related to hypoxia. 
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 Functional characteristics of mitoBKCa in mitochondria of endothelial 4.4

EA.hy926 cells  

So far, no information has been reported about potassium channels in endothelial 

mitochondria, such as the mitoBKCa described in some other mammalian mitochondria. 

Therefore, the next goal was to search for mitoBKCa in the mitochondria of endothelial 

EA.hy926 cells and to determine the biochemical properties of this channel. With this 

purpose, the effects of BKCa channel activators (Ca
2+

, NS1619, and NS11021) and inhibitors 

(iberiotoxin and paxilline) on  and respiration in isolated mitochondria were studied. 

Moreover, to detect the presence of mitoBKCa subunits in endothelial mitochondria, 

immunological experiments were performed.  

4.4.1 Immunological detection of mitoBKCa protein 

Immunoblotting of total mitochondrial and mitoplast proteins allowed for the 

immunological detection of the human endothelial mitoBKCa channel. The immunoblotting 

was performed with antibodies raised against the mammalian plasma membrane BKCa pore 

(α-subunit KCa1.1) and auxiliary β-subunits. In the endothelial mitochondrial and mitoplast 

fractions, a protein band with a molecular mass of ~125 kDa was detected using the anti-

KCa1.1 antibody (Figure 4.31 A). Moreover, the anti-sloβ2 antibody cross reacted with a 

single band of ~44 kDa (Figure 4.31 B). No reactivity was observed with the anti-sloβ1 or 

anti-sloβ4 antibodies (data not shown). Using the anti-KCa1.1 and anti-sloβ2 antibodies 

(Figure 4.31 A and B), much stronger signals were obtained for the mitoplast fraction than for 

the mitochondrial fraction (for lanes with equal total protein concentration loaded on the SDS-

PAGE), proving that the detected proteins localised to the endothelial IMM. Moreover, 

specific blocking peptides blocked the antibody-antigen interaction, demonstrating the 

specificity of the reaction in the immunoblotting assays. Additionally, immunological analysis 

with antibodies raised against a plasma membrane marker (Na/K-ATPase) was performed 

(Figure 4.31 C). In contrast to a fraction containing total cells protein, mitochondrial (isolated 

mitochondria and mitoplasts) fractions displayed no signal with these antibodies. These 

results indicate the absence of surface membrane contamination in the endothelial 

mitochondrial fraction. Moreover, the immunodetection with antibody against ER marker 

(calnexin) revealed a presence of mitochondria-associated ER membrane (MAM) only in the 

mitochondrial fraction but not in the mitoplast fraction (Figure 4.31 D). These results 

strengthen the identification of α and β2 subunits of mitoBKCa in IMM of EA.hy926 cells. 
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Therefore, it can be concluded that the endothelial mitoBKCa may contain subunits that are 

similar to the surface α-subunit KCa1.1 and the β-subunit sloβ2. 

 

Figure 4.31 Western blot analysis of mitochondria and mitoplast fractions from endothelial EA.hy926 cells 

using anti-KCa1.1 (A) and anti-sloβ2 (B) antibodies raised against the mammalian BKCa proteins in the 

absence or presence of a specific blocking peptide. C, Detection of Na/K-ATPase subunit α. D, Detection of 

calnexin, ER membrane marker. C, cells; Mt, mitochondria; Mtpl, mitoplasts. Different amounts of 

protein were loaded into each lane (as indicated). Means ± SD; n = 3-4. 

 

4.4.2 Effects of mitoBKCa modulators on the respiratory rate and  

At the beginning, the possible effects of Ca
2+

 on the potassium permeability of the 

mitochondria isolated from EA.hy926 cells were studied. Mitochondrial non-phosphorylating 

(resting) respiration and  in potassium-containing medium in the presence of 100 µM 

CaCl2, using succinate as an oxidisable substrate, were studied. Figure 4.32 A presents an 

example of simultaneous measurements of the respiratory rate and . The addition of Ca
2+
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led to an accumulation of the ions into mitochondrial matrix. A significant transient increase 

in the respiratory rate from 22 to 39 nmol O2 × min
−1

 × mg
−1

 protein and a decrease in  

from 170 to 150 mV (Figure 4.32 A, left panel, dashed line) were observed. Compared to the 

initial values before Ca
2+

 addition, after transient Ca
2+

 accumulation, the resulting respiratory 

rate was increased by ~14% (to 27 nmol O2 × min
−1

 × mg
−1

 protein) and  was decreased 

by 3 mV (to 167 mV). Subsequent addition of 2 µM iberiotoxin into the respiring 

mitochondria caused an inhibition of mitoBKCa, leading to a decrease in the respiratory rate 

by 26% and an increase in  by 4 mV. Almost two-fold weaker effect of the inhibitor in the 

absence of Ca
2+ 

was observed (Figure 4.32 A, left panel, solid line). The foregoing results 

indicate that Ca
2+

 stimulates iberiotoxin-sensitive K
+
 flux into endothelial mitochondria, 

decreasing  and thus accelerating the mitochondrial respiration rate. The iberiotoxin-

sensitive changes in the respiratory rate and  represent the mitoBKCa activity (i.e., the 

channel-mediated K
+
 flux). The highest activity of mitoBKCa was observed in the presence of 

exogenous Ca
2+

 (100 µM) and the lowest activity was observed in the presence of 1 mM 

EGTA (a chelator of Ca
2+

).  

Moreover, similar to calcium ions, the potassium channel openers NS1619 and 

NS11021 stimulated non-phosphorylating oxygen uptake (Figure 4.32 B and C, left panel) 

and decreased non-phosphorylating  (Figure 4.32 B and C, right panel) in isolated 

EA.hy926 mitochondria. Figure 4.32 shows the effect of increasing concentrations of NS1619 

up to 80 µM or NS11021 up to 4 µM on the respiratory rate and . The addition of NS1619 

up to 50 µM or NS11021 up to 2.5 µM resulted in an increase in the rate of respiration by 

~100% (by ~20-21 nmol O2 × min
−1

 × mg
−1

 protein) and ~64% (by ~14-15 nmol O2 × min
−1

 × 

mg
−1

 protein) in the absence or presence of 2 µM iberiotoxin, respectively (Figure 4.32 B, 

right panel). At the same time,  decreased after the addition of up to 50 µM NS1619 or up 

to 2.5 µM NS11021 by ~24 and 20 mV in the absence or presence of iberiotoxin, respectively 

(Figure 4.32 B, right panel). As shown in Figure 4.32 B, only at 10 µM NS1619 or 2.5 µM 

NS11021, 2 µM iberiotoxin almost completely abolished the NS-induced respiration and  

depolarisation. In the presence of 20 to 50 µM NS1619 or 1 to 2.5 µM NS11021, iberiotoxin 

partially blocked NS-induced respiration and  depolarisation, indicating a non-specific 

uncoupling effect of both activators on isolated endothelial mitochondria. Moreover, 

concentrations of NS1619 above 50 µM and NS11021 above 2.5 µM caused a decrease in 

respiration and a further decrease in , indicating an impairment of the respiratory chain by 

higher concentrations of the potassium channel openers. Thus, it can be concluded that in 
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endothelial mitochondria, NS1619 (at 10 µM) and NS11021 (at 0.5 µM) stimulate the 

iberiotoxin-sensitive K
+
 flux, decrease , and thus accelerate the mitochondrial respiratory 

rate. 

Figure 4.32 C exemplifies the comparison of the efficiency of iberiotoxin and paxilline 

in the inhibition of mitoBKCa activity under NS-stimulated conditions. An example of the 

effect of increasing concentrations of the two inhibitors on NS1619-induced respiration and 

 depolarisation is shown (Figure 4.32 C, left panel). A subsequent increase in the 

concentrations of iberiotoxin (above 2 µM) and paxilline (above 20 µM) did not led to any 

additional effects (data not shown). NS1619-induced respiration was blocked by 2 µM 

iberiotoxin by 100% and by 20 µM paxilline by 72% (Figure 4.32 C, left panel). Iberiotoxin 

almost completely restored NS1619-induced  depolarisation (an increase by 4 mV), while 

paxilline only partially restored this parameter (an increase by 1.5 mV). The difference in the 

sensitivity of the endothelial mitoBKCa to iberiotoxin and paxilline was also evident when the 

NS-induced inhibitor-blocked changes in the respiratory rate and  were compared (Figure 

4.32 C, right panel). A weaker inhibitory effect of paxilline compared to iberiotoxin was 

observed with 10 µM NS1619, 0.5 µM NS11021 (Figure 4.32 C, right panel), and Ca
2+

-

induced mitoBKCa activity (data not shown), indicating a lower sensitivity of mitoBKCa 

activity to paxilline in isolated endothelial mitochondria. However, Ca
2+

 (100 µM), NS1619 

(10 µM) or NS11021 (0.5 µM), when applied separately, induced similar iberiotoxin-sensitive 

mitoBKCa activities, i.e., an ~7 nmol O2 × min
−1

 × mg
−1

 protein increase in respiratory rate 

and an ~4 mV  depolarisation (Figure 4.32 A and C, right panel). On the other hand, when 

100 µM Ca
2+

 and 10 µM NS1619 (or 0.5 µM NS11021) were applied simultaneously, no 

further increase in the iberiotoxin-sensitive mitoBKCa activity was observed (data not shown). 

The above bioenergetic analysis of the effects of the known mitoBKCa modulators on 

the respiratory rate and  in respiring endothelial mitochondria indicated the presence of 

Ca
2+

- and NS-induced, iberiotoxin- and paxilline-inhibited K
+
 flux. To exclude the influence of 

the applied modulators (Ca
2+

, NS1619, iberiotoxin, and paxilline) on succinate dehydrogenase 

(complex II) activity, experiments with malate as a respiratory substrate were also performed 

(data not shown). The results obtained with the NAD-linked complex I substrate confirmed the 

observations from the experiments described in (Figure 4.32)  for the FAD-linked substrate 

(succinate). 
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Figure 4.32 Influence of mitoBKCa modulators on the non-phosphorylating respiratory rate and  in 

mitochondria isolated from EA.hy926 cells. A, Effect of Ca
2+

. Left panel, Additions as indicated: 5 mM 

succinate, 100 µM CaCl2, and 2 µM iberiotoxin (IbTx). The solid line trace shows the measurement 
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obtained in the absence of activator (Ca
2+

). Right panel, The IbTx-induced changes in the non-

phosphorylating respiratory rate and ∆Ψ were calculated as the difference between the respective values 

measured in the absence and presence of 2 µM IbTx. Conditions: no additions (no activator), plus 100 µM 

CaCl2, and plus 1 mM EGTA. Statistical comparison vs control value (no additions). B, Effect of 

increasing concentrations of NS1619 or NS11021 on non-phosphorylating respiratory rate (left panel) and 

∆Ψ (right panel) in the absence or presence of 2 µM IbTx. IbTx was added prior to activator addition. C, 

Effect of IbTx and paxilline (Pax). Left panel, Additions as indicated: 5 mM succinate, 10 µM NS1619, 

and two doses of 1 µM IbTx (solid line) or 10 µM Pax (dashed line). Right panel, the inhibitor-sensitive 

changes in non-phosphorylating respiratory rate and ∆Ψ were calculated as the difference between 

respective values measured in the absence and presence of 2 µM IbTx or 20 µM Pax. The mitoBKCa 

activity was induced by 10 µM NS1619 or 0.5 µM NS11021. Statistical comparison vs value obtained with 

NS1619 and IbTx. A and C, numbers on the traces refer to the O2 uptake rates in nmol O2 × min
−1

 × mg
−1

 

protein or to the ∆Ψ values in mV. Means ± SD; n = 8. 

 

4.4.1 Cation selectivity 

Cation selectivity of endothelial mitoBKCa was studied by determination of the effect 

of NS1619 and iberiotoxin on isolated EA.hy926 mitochondria that were respiring (with 

succinate) in incubation media containing different monovalent cations (chloride salts) 

compared to those incubated in the presence of K
+
 or in the absence of any monovalent 

cations. 

 

Figure 4.33 Cation selectivity; the influence of monovalent cations on the NS1619-induced, iberiotoxin-

sensitive non-phosphorylating respiratory rate and . Mitochondria were incubated in the standard 

incubation medium (Chapter 3.7.2), except that 2.5 mM KH2PO4 was replaced with 2.5 mM TrisH2PO4 

and 50 mM KCl was replaced with 50 mM of another chloride salt: NaCl, LiCl, CsCl, or RbCl (as 

indicated). The changes in the non-phosphorylating respiratory rate and ∆Ψ induced by a given chloride 

salt relative to the initial values of respiration or ∆Ψ are shown as the difference between the respective 

values measured in the presence of 10 µM NS1619 and the values measured in the presence of NS1619 and 

2 µM iberiotoxin. Means ± SD; n = 8. Statistical comparison vs values obtained in the presence of KCl. 
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Figure 4.33 presents the influence of 50 mM KCl, NaCl, LiCl, RbCl, and CsCl in the 

incubation media on the NS1619-induced, iberiotoxin-sensitive increase in non-

phosphorylating respiration and  depolarisation (i.e., the difference between the respective 

values obtained in the presence of 10 µM NS1619 and those obtained in the presence of 

NS1619 and 2 µM iberiotoxin). These results indicate that the influence of potassium channel 

modulators (NS1619 and iberiotoxin) on the isolated endothelial mitochondria can be 

significantly attributed to K
+
 influx through IMM. Similar results were obtained when 

iberiotoxin was replaced with 20 µM paxilline (data not shown).  

 

4.4.2 Effect of mitoBKCa activity on phosphorylating mitochondria 

The effect of mitoBKCa activity on phosphorylating endothelial mitochondria was 

studied by determination of the ADP/O ratio and RCR, the best parameters to estimate 

OXPHOS efficiency, in the absence or presence of the channel activator (10 µM NS1619) 

and/or the channel inhibitor (2 µM iberiotoxin) (Table 4.2). 

 

 State 4 State 3 RCR ADP/O 4 3 

No additions 22 ± 3 64 ± 5 2.9 ± 0.3 1.34 ± 0.12 170 ± 1 141 ± 4 

+ NS1619 29 ± 3* 63 ± 4 2.2 ± 0.2* 1.18 ± 0.11* 165 ± 2* 140 ± 4 

+ NS1619, IbTx 23 ± 2 64 ± 3 2.7 ± 0.2 1.30 ± 0.11 168 ± 2 140 ± 4 

 

Table 4.2 Effect of mitoBKCa activity on the respiratory rates, ∆Ψ, and coupling parameters of isolated 

EA.hy926 mitochondria. Mitochondria were incubated in standard incubation medium in the presence of 

5 mM succinate (plus rotenone) and in the absence or presence of mitoBKCa modulators: 2 µM iberiotoxin 

(IbTx) (inhibitor), and 10 µM NS1619 (activator). Comparisons were made between the results of separate 

experiments. ∆Ψ3 and ∆Ψ4, ∆Ψ under phosphorylating and non-phosphorylating conditions (respectively) 

presented in mV. The respiratory rates in state 3 and state 4 are given in nmol O2 × min
−1

 × mg
−1

 protein. 

Means ± SD; n = 6. 

 

In the presence of the mitoBKCa modulators, phosphorylating (state 3) respiration and  

(3) remained unchanged. However, when the mitoBKCa was activated by NS1619, 

NS1619-induced mitochondrial uncoupling was observed, as the ADP/O ratio and RCR were 

significantly lowered, non-phosphorylating (state 4) respiration significantly increased, and 

non-phosphorylating  (4) significantly decreased. The effect of NS1619 on the 

coupling parameters was concentration-dependent up to 50 µM (data not shown). When 

NS1619-induced mitoBKCa-mediated uncoupling was inhibited by iberiotoxin, the ADP/O 



123 
 

ratio, RCR, non-phosphorylating respiration and  (4) were clearly restored (Table 4.2). 

The foregoing results clearly indicate that NS1619-induced, iberiotoxin-inhibited uncoupling 

diverts energy from ATP synthesis during phosphorylating respiration in endothelial 

EA.hy926 mitochondria. 

 

4.4.3 Discussion and conclusions 

The results of Chapter 4.4 present for the first time the functional properties of 

mitoBKCa in endothelial mitochondria. These studies were performed in collaboration with 

Prof. Szewczyk’s group from Nencki Institute in Warsaw. Above described in details 

biochemical experiments were performed in Department of Bioenergetics UAM Poznan. The 

Warsaw group performed electrophysiological experiments (Bednarczyk et al., 2013). The 

electrophysiological properties of mitoBKCa were studied in IMM of endothelial EA.hy926 

mitochondria, using a patch clamp technique in the mitoplast-attached mode. Large 

conductance (270  10 pS), voltage dependence, a higher open-state probability at positive 

potentials, sensitivity to Ca
2+

, NS1619 (a BKCa channel opener), and paxilline and iberiotoxin 

(BKCa channel inhibitors) (Bednarczyk et al., 2013) indicate the similarity of endothelial 

mitoBKCa to the mammalian mitoBKCa channels previously reported in glioma (Siemen et al., 

1999), skeletal muscle (Skalska at al., 2008), brain (Fahanik-Babaei et al., 2011), and cardiac 

(Xu et al., 2002) cells. Interestingly, mitoBKCa with similar electrophysiological properties 

(although with a much higher conductance of 502-605 pS) has also been described in non-

mammalian (potato tuber) mitochondria (Koszela-Piotrowska et al., 2009). The mitoBKCa 

channel of slime mode Dictyostelium discoideum displays conductance (~260 pS) (Laskowski 

et al., 2015) similar to that of human endothelial channel (Bednarczyk et al., 2013). 

In EA.hy926 cells, the mRNA expression of BKCa -subunit has been previously 

detected, while the mRNA and protein expression of the BKCa channel -subunit, 

corresponding to the 4-subunit, has been undetectable (Papassotiriou et al., 2000). -

subunit has not been searched in these cells until now. The immunodetection of mitoBKCa 

subunits in the mitochondria of EA.hy926 cells (Figure 4.31) indicates cross-reactivity with 

antibodies raised against the KCa1.1 -subunit of BKCa and the -subunit of the slo2 BKCa 

channel. However, the existence of 2-subunit of plasma membrane BKCa in EA.hy926 cells 

cannot be excluded. The mRNA transcript for 2-subunit has been shown by RT-PCR in 

porcine basilar and middle cerebral arteries (Wulf et al., 2009). Immunological detection of 
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mitoBKCa subunits (Figure 4.31) indicates that the channel present in the endothelial IMM 

may be structurally similar to the plasma BKCa. Specifically, it may be formed by the 

principle pore-forming -subunit that interacts with an auxiliary 2-subunit. The predominant 

2-subunit may determine the mitoBKCa. activity, including Ca
2+

 and  sensitivity, as in the 

case of the plasma BKCa. The relative molecular mass of the detected endothelial mitoBKCa 

proteins (~125 and ~44 kDa for the - and 2-subunits, respectively) are the same as those of 

the mammalian proteins from the plasma membrane (Douglas et al., 2006; Wulf et al., 2009) 

and mitochondria (Piwonska et al., 2008). The 2-subunit of mitoBKCa has been detected in 

astrocyte mitochondria (Piwonska et al., 2008) and potato tuber mitochondria (Koszela-

Piotrowska et al., 2009). The molecular identity (gene and protein sequences) of mitoBKCa 

still awaits elucidation. It has been recently shown that SLO2 coded for by a member of the 

BKCa gene family underlies mitoBKCa activity and anaesthetic preconditioning-induced 

protection in both Caenorhabditis elegans and perhaps in mouse hearts, as well (Slo2) 

(Wojtovich et al., 2011). 

In isolated EA.hy926 mitochondria, 10 M NS1619 and 0.5 M NS11021 induced a 

similar mitoBKCa activity, which was revealed as an ~7 nmol O2 × min
−1

 × mg
−1

 protein 

iberiotoxin-sensitive increase in non-phosphorylating respiration and an ~4 mV iberiotoxin-

sensitive decrease in non-phosphorylating (Figure 4.32). These results indicate that in 

isolated endothelial mitochondria, NS11021 works at concentrations 20 times lower compared 

to NS1619. Thus, NS11021 seems to be much more efficient activator of mitoBKCa (Figure 

4.32) and BKCa (Bentzen et al., 2007). In endothelial mitochondria, 2 M iberiotoxin 

completely abolished the NS-induced respiration and  depolarisation only at 

concentrations of openers not higher than 10 M (with NS1619) or 0.5 M (with 

NS11021)(Figure 4.32). When compared to the full inhibitory effect of iberiotoxin on Ca
2+

-

induced respiration and  depolarisation, this observation could indicate a non-specific 

uncoupling effect of NS1619 and NS11021 within the concentration range of 20 M to 50 

M and 1 M to 2.5 M (respectively) on isolated endothelial mitochondria (when 0.7 mg of 

mitochondrial protein is used) rather than the low sensitivity of the channel to iberiotoxin. 

Similarly, in some isolated mammalian mitochondria, the sensitivity of NS1619- or NS11021-

induced respiration and  depolarisation to mitoBKCa blockers (iberiotoxin, charybdotoxin, 

and paxilline) is not complete (Aon et al., 2010; Heinen et al., 2007; Skalska el al., 2009; 

Skalska et al., 2008). Furthermore, in mitochondria isolated from EA.hy962 cells, 

concentrations of NS1619 above 50 M and NS11021 above 2.5 M caused a decrease in 
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respiration and a further decrease in , indicating an impairment of the respiratory chain by 

higher concentrations of the potassium channel openers. Biochemical analysis presented in 

this chapter indicates that the application of NS1619 and NS11021 to isolated mitochondria 

requires some caution because above a given concentration of these compounds, non-specific 

mitochondrial uncoupling or even impairment of the respiratory chain may take place. 

Under non-phosphorylating conditions, potassium channel activators, Ca
2+

 (100 µM), 

NS1619 (10 µM), and NS11021 (0.5 µM), were able to modulate the respiratory rate 

(stimulation) and  (depolarisation) in isolated endothelial mitochondria (Figure 4.32). 

Conversely, mitochondrial respiratory rate inhibition and  repolarisation were observed 

when mitoBKCa inhibitors, iberiotoxin and paxilline, were applied. These effects were 

markedly dependent on the presence of K
+
 in the incubation medium. Furthermore, this study 

shows for the first time that the activation of mitoBKCa leads to a decrease in the yield of 

OXPHOS. Namely, in the phosphorylating mitochondria of EA.hy926 cells, NS1619-induced 

iberiotoxin-inhibited uncoupling decreased ATP synthesis (Table 4.2). Thus, endothelial 

mitoBKCa can potentially modulate the tightness of coupling between respiration and ATP 

synthesis in mitochondria, thereby contributing to the maintenance of a balance between 

energy supply and demand in the cell. The observed effects of mitoBKCa modulators indicate 

the activation of electrogenic potassium transport through IMM of human endothelial 

EA.hy926 cells, as K
+
 influx into the matrix led to a decrease in  and a stimulation of the 

respiratory rate. Thus, endothelial mitoBKCa may function as a possible signalling link 

between intramitochondrial calcium levels and mitochondrial  and ROS. It has been 

previously observed that potassium channels affect mitochondrial matrix swelling, regulate 

the concentration of ROS, change the mitochondrial  and the transport of Ca
2+

 into 

mitochondria (O'Rourke 2007; Szabo et al., 2012; Szewczyk et al., 2009). Interesingly, recent 

studies have shown that endothelial mitoBKCa can be activated by CO, a product of heme 

degradation by heme oxygenases (Kaczra et al., 2015). 

The presented results show identification and characterisation of mitoBKCa in IMM of 

endothelial EA.hy926 cells using immunoblotting and functional measurements of oxygen 

uptake and  with isolated mitochondria. It can be concluded that functional and molecular 

properties of mitoBKCa of human endothelial cells are similar to those of the plasma 

membrane BKCa channels and mitoBKCa channels of other mammalian cells. However, the 

physiological role of mitoBKCa in endothelial mitochondria, which seems to significantly 

modulate mitochondrial metabolism, awaits exploration.  
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5 General conclusions 

The results presented in this doctoral thesis demonstrate that primarily glycolytic 

endothelial cells possess highly active mitochondria with functioning energy-dissipating 

pathways UCP2 and mitoBKCa. The growth of endothelial EA.hy926 cells under 

pathophysiological conditions, i.e., under high-glucose or hypoxic conditions, induces 

numerous changes in their aerobic metabolism.  

High-glucose exposure induced a shift of the endothelial aerobic metabolism from the 

carbohydrate oxidation towards the oxidation of lipids and amino acids. Moreover, high-

glucose-exposed endothelial cells may display intensified anaerobic glucose oxidation 

through a glycolic pathway and lactate fermentation. The presented results indicate the 

increased anaerobic and decreased aerobic (mitochondrial) breakdown of glucose in 

endothelial cells grown under high-glucose conditions. However, high-glucose levels did not 

change mitochondrial biogenesis or aerobic respiratory capacity of endothelial cells. No 

changes were also observed in the mitochondrial OXPHOS system. Mitochondria isolated 

from high-glucose-exposed cells displayed a greater oxidation of reducing substrates not 

originating from the TCA cycle (palmitoylcarnitine and glycerol-3-phospate). The entry to the 

TCA cycle was decreased as revealed by the decreased oxidation of pyruvate and the 

decreased expression of E3BP. High-glucose conditions induced an elevation of intracellular 

and mROS formation that was accompanied by the increased expression of mitochondrial 

antioxidant proteins SOD2 and UCP2. Figure 5.1 presents observed effects of chronic high-

glucose concentrations on endothelial cells and their mitochondria. 

Endothelial UCP2 may function as a sensor and negative regulator of mROS 

production in response to high-glucose levels. Under non-phosphorylating and 

phosphorylating conditions, UCP2 activity was significantly higher in mitochondria isolated 

from high-glucose-treated cells. A more pronounced control of the respiratory rate,  and 

mROS by UCP2 was observed in these mitochondria. A greater UCP2-mediated decrease in 

mROS generation indicates an improved antioxidative role for UCP2 under high-glucose 

conditions. Mitochondrial and non-mitochondrial ROS generation was significantly higher in 

high-glucose cells independent of UCP2 expression. UCP2 gene silencing led to elevated 

mROS formation and ICAM1 expression, especially in high-glucose-cultured cells. UCP2 

influenced endothelial cell viability and resistance to oxidative stress. Endothelial cells 

exposed to high-glucose concentrations were significantly more resistant to peroxide. In these 
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cells, the increased activity of UCP2 led to improved stress resistance and protection against 

acute oxidative stress (Figure 5.1).  

 

Figure 5.1 Schematic summary of effects of chronic high-glucose exposure on human endothelial 

EA.hy926 cells and their mitochondria. ↑, increase; ↓, decrease.  

 

In endothelial EA.hy926 cells, the growth of endothelial cells under hypoxic 

conditions induced a shift in catabolic metabolism from aerobic toward anaerobic. A general 

decrease in mitochondrial respiration was observed except for the increased oxidation of 

exclusively ketogenic amino acids. The hypoxia-induced non-excessive increase in 

intracellular and mROS formation may be involved in endothelial signalling of hypoxic 

responses. The hypoxia-induced increase in mROS formation could result from decreased 

mitochondrial UCP2-mediated uncoupling and mainly from remodelling of mitochondrial 

respiratory chain functions with the elevated activity of complex II and decreased activity of 

complex I. In mitochondria from hypoxic cells, the increased activity of complex II resulted 

in an amelioration of succinate-sustained mROS formation mainly through increased reverse 

electron transport. The presented results indicate an important role of succinate, complex II 

and reverse electron transport in hypoxia-induced adjustments of endothelial cells. These 

observations highlight the role of endothelial mitochondria in response to metabolic 

adaptations related to hypoxia. Figure 5.2 presents observed effects of chronic hypoxia on 

endothelial cells and their mitochondria. 
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Figure 5.2 Schematic summary of effects of chronic hypoxia on human endothelial EA.hy926 cells and 

their mitochondria. ↑, increase; ↓, decrease; ≈, no change.  

 

Large conductance Ca
2+

-activated potassium channel (mitoBKCa) functions in 

mitochondria of endothelial EA.hy926 cells. Its functional and molecular properties are 

similar to those of the plasma membrane BKCa channels and mitoBKCa channels of other 

mammalian cells. Substances known to modulate BKCa channel activity influence the 

bioenergetics of endothelial mitochondria. Activators of mitoBKCa such as Ca
2+

, NS1619, and 

NS11021 depolarise and stimulate non-phosphorylating respiration. These effects are 

blocked by iberiotoxin and paxilline in a potassium-dependent manner (Figure 5.3). The 

endothelial mitoBKCa can potentially modulate the tightness of coupling between respiration 

and ATP synthesis in mitochondria, thereby contributing to the maintenance of a balance 

between energy supply and demand in the cell. The endothelial mitoBKCa may be formed by 

the principle pore-forming -subunit that interacts with an auxiliary 2-subunit.  
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Figure 5.3 Schematic summary presenting effects of activators and inhibitors of mitoBKCa of human 

endothelial mitochondria. 

 

Summary 

1. The present study highlights the role of endothelial mitochondria in response to 

metabolic adaptations related to pathophysiological conditions such as high-glucose 

levels and hypoxia. 

2. The high-glucose and hypoxia conditions induce numerous changes in their aerobic 

metabolism of endothelial cells including changes in reducing fuel oxidation at 

different steps of oxidative catabolism. 

3. The high-glucose-induced and hypoxia-induced increases in mROS formation may be 

involved in endothelial signalling of metabolic responses related to oxidative stress 

(high-glucose levels) and non-excessive ROS levels (hypoxia). 

4. Endothelial UCP2 may function as a sensor and negative regulator of mROS 

production in response to high-glucose levels, antagonising oxidative stress-induced 

endothelial cell dysfunction. Downregulation of UCP2 under hypoxic conditions also 

indicates its involvement in modifications of mitochondrial function resulting from 

hypoxia-induced metabolic adjustments. 

5.  Energy-dissipating pathways UCP2 and mitoBKCa may contribute to the maintenance 

of energy balance in the endothelial cell. 
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6 Streszczenie 

 

Śródbłonek naczyniowy tworzy pojedynczą warstwę komórek wyściełającą naczynia 

krwionośne stanowiąc jednocześnie pierwszą linię kontaktu z warunkami panującymi we 

krwi. Prawidłowe funkcjonowanie śródbłonka przekłada się na prawidłowe działanie układu 

krążenia a w konsekwencji całego organizmu. Dysfunkcja śródbłonka związana jest z 

rozwojem wielu chorób sercowo-naczyniowych. W komórkach śródbłonka synteza ATP 

zachodzi głównie drogą glikolityczną. Stosunkowo niewielka zależność komórek śródbłonka 

od mitochondrialnego dostarczania energii może sugerować nieznaczną rolę mitochondriów 

w tych komórkach. Jednakże ostatnie badania pokazują, że mitochondria śródbłonka nie tylko 

uczestniczą w procesie wytwarzania ATP na drodze fosforylacji oksydacyjnej, ale również 

odgrywają rolę wewnątrzkomórkowego buforu jonów wapnia oraz są istotnym miejscem 

wytwarzania reaktywnych form tlenu (ROS) i tlenku azotu (NO). Mitochondria komórek 

śródbłonka mogą pełnić rolę czujnika zmian zachodzących w lokalnym środowisku (krwi) 

oraz wpływać na przeżywanie tych komórek w warunkach stresu oksydacyjnego. Celem 

rozprawy doktorskiej było zbadanie metabolizmu tlenowego komórek śródbłonka EA.hy926 

w warunkach fizjologicznych i patofizjologicznych. Zmiany w metabolizmie tlenowym 

(mitochondrialnym) badano na poziomie całych komórek śródbłonka oraz mitochondriów 

izolowanych z tych komórek.  

Realizacja projektu wymagała opracowania procedury hodowli komórek śródbłonka 

(unieśmiertelniona linia z ludzkiej żyły pępowinowej EA.hy926) na bardzo dużą skalę oraz 

opracowania procedury izolacji z tych komórek dużej ilości aktywnych, dobrze sprzężonych 

mitochondriów. Przedstawione wyniki pokazują, że komórki śródbłonka, mimo głównie 

glikolitycznego dostarczania energii, posiadają bardzo aktywne, sprzężone mitochondria.  

Pierwszym celem przeprowadzonych badań było określenie wpływu chronicznego, 

wysokiego stężenia glukozy na metabolizm tlenowy komórek śródbłonka. Komórki 

śródbłonka EA.hy926 hodowano w mediach zawierającym 5.5 mM lub 25 mM glukozę, co 

reprezentuje odpowiednio normalne i wysokie stężenie glukozy. Zmiany w oddychaniu 

obserwowano w komórkach śródbłonka rosnących co najmniej 6 dni w 25 mM glukozie. 

Hodowla komórek śródbłonka w warunkach wysokiej glukozy powoduje znaczne obniżenie 

mitochondrialnego oddychania podczas utleniania pirogronianu i glukozy (katabolizmu 

węglowodanów), mniej wyraźne obniżenie mitochondrialnego oddychania z glutaminą 

(katabolizmu aminokwasów) oraz istotne zwiększenie mitochondrialnego oddychania z 
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palmitynianem (katabolizmu tłuszczy). Efekt Crabtree obserwowano w obu typach komórek. 

Komórki śródbłonka rosnące w warunkach wysokiego stężenia wykazują większą ilość 

koenzymu Q10 oraz podwyższoną produkcję ROS. Ponadto ekspozycja komórek śródbłonka 

na wysokie stężenie glukozy indukuje wzrost ekspresji heksokinazy I (HK1), dehydrogenazy 

mleczanowej (LDH), dehydrogenazy acetylo-CoA (ACADS), białka rozprzęgającego 2 

(UCP2), dysmutazy ponadtlenkowej 2 (SOD2), oraz obniżoną ekspresję podjednostki E3 

kompleksu dehydrogenazy pirogronianowej (E3BP).W mitochondriach izolowanych z 

komórek śródbłonka hodowanych w warunkach wysokiego stężenia glukozy obserwowano 

wzrost utleniania palmitylo-karnityny i glicerolo-3-fosforanu oraz obniżenie utleniania 

pirogronianu. Przeprowadzone badania wskazują, że w komórkach śródbłonka chroniczne, 

wysokie stężenie glukozy prowadzi do przesunięcia metabolizmu tlenowego w stronę 

utleniania tłuszczy i aminokwasów. 

  Występujące we wewnętrznej błonie mitochondrialnej białka rozprzęgające (UCPs) 

katalizują przeciek protonów prowadzący do zmniejszenia protonowego gradientu 

elektrochemicznego wytworzonego przez mitochondrialny łańcuch oddechowy. UCPs są 

aktywowane przez wolne kwasy tłuszczowe a ich allosterycznymi inhibitorami są nukleotydy 

purynowe. UCPs poprzez rozpraszanie użytecznej energii swobodnej pochodzącej z 

utleniania substratów oddechowych stanowią ważny punkt kontrolny gospodarki 

energetycznej komórki oraz mitochondrialnej produkcji reaktywnych from tlenu (mROS). 

Przedstawione badania charakteryzują funkcjonowanie i antyoksydacyjną rolę UCP2 w 

komórkach śródbłonka oraz w izolowanych z nich mitochondriach. Badania opisują zmiany w 

funkcjonowaniu UCP2 wywołane długotrwałą ekspozycją komórek śródbłonka na wysokie 

stężenie glukozy. Ludzkie komórki śródbłonka EA.hy926 hodowano w medium 

zawierającym wysokie (25 mM) lub normalne (5.5 mM) stężenie glukozy. W warunkach 

fosforylujących oraz niefosforylujących, aktywność UCP2 jest znacznie wyższa w 

mitochondriach izolowanych z komórek śródbłonka rosnących w warunkach wysokiej 

glukozy. Ponadto obserwowano zwiększoną kontrolę przez UCP2 szybkości oddychania, 

potencjału błonowego oraz produkcji mROS. Wydajniejsze obniżanie produkcji mROS za 

pośrednictwem UCP2 wskazuje na zwiększoną antyoksydacyjną rolę UCP2 w 

mitochondriach izolowanych z komórek rosnących w warunkach wysokiego stężenia 

glukozy. Mitochondrialna oraz komórkowa produkcja ROS jest znacznie wyższa w 

komórkach śródbłonka rosnących w warunkach wysokiej glukozy niezależnie od ekspresji 

UCP2. Wyciszenie ekspresji genu UCP2 prowadzi do znacznie większej produkcji mROS 

oraz zwiększonej ekspresji ICAM1 (cząsteczki adhezyjnej będącej markerem stanu 
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zapalnego), szczególnie w komórkach rosnących w wysokim stężeniu glukozy. Badania 

wykazały, że UCP2 wpływa na żywotność komórek śródbłonka oraz ich odporność na stres 

oksydacyjny. Komórki śródbłonka wystawione na podwyższony poziom glukozy są znacznie 

bardziej odporne na nadtlenek wodoru. W komórkach tych, wzrost aktywności UCP2 

prowadzi do znacznie zwiększonej odporności na stres oksydacyjny. Przedstawione wyniki 

pokazują, że UCP2 może służyć jako czujnik oraz negatywny regulator produkcji mROS w 

odpowiedzi komórek śródbłonka na podwyższony poziom glukozy.  

Kolejnym celem przeprowadzonym badań było określenie wypływu niskiego stężenia 

tlenu w hodowli na metabolizm oksydacyjny ludzkich komórek śródbłonka. Komórki 

śródbłonka EA.hy926 hodowano w warunkach 1% lub 20% stężenia tlenu, reprezentujących 

odpowiednio hipoksję oraz normoksję.  Badania pokazały, że 6-dniowa ekspozycja komórek 

śródbłonka na 1% stężenie tlenu powoduje liczne zmiany w ich metabolizmie tlenowym na 

poziomie komórek oraz izolowanych mitochondriów. Hipoksja powoduje zwiększoną 

fermentację, jednocześnie nie doprowadzając do zmian w biogenezie mitochondriów oraz w 

ich pojemności oddechowej. W komórkach śródbłonka chroniczna hipoksja obniża utlenianie 

węglowodanów, kwasów tłuszczowych i aminokwasów z wyjątkiem aminokwasów 

ketogennych. Hipoksja prowadzi do wzrostu całkowitej i mitochondrialnej produkcji ROS, 

jednakże białka systemu antyoksydacyjnego (SOD1, SOD2, UCP2) nie ulegają zwiększonej 

ekspresji. Ekspozycja komórek śródbłonka na niedotlenienie prowadzi do znaczącej re-

aranżacji mitochondrialnego łańcucha oddechowego z przeciwstawną regulacją dwóch 

najważniejszych dehydrogenaz (zwiększona aktywność kompleksu II, zmniejszona 

aktywność kompleksu I). Zwiększonej aktywności kompleksu II towarzyszy zwiększona 

produkcja mROS, głównie poprzez odwrócony transport elektronów. Wzrost komórek 

śródbłonka w warunkach chronicznej hipoksji prowadzi do obniżenia aktywności oraz 

ekspresji UCP2. Wyniki te pokazują, że (i) wzrost komórek śródbłonka w warunkach 

chronicznego niedotlenienia powoduje przesunięcie katabolizmu z tlenowego na beztlenowy; 

(ii) w mitochondriach komórek poddanych chronicznej hipoksji, kompleks II pełni istotną 

rolę w produkcji mROS, głównie poprzez odwrócony transport elektronów; oraz (iii) 

indukowany hipoksją zwiększony poziom mROS stanowi ważny element sygnalizacyjny w 

metabolicznej odpowiedzi komórek śródbłonka na warunki obniżonego stężenia tlenu. 

W przedstawionej pracy scharakteryzowano kanał potasowy regulowany jonami 

wapnia o dużym przewodnictwie (BKCa) mitochondriów komórek śródbłonka EA.hy926. 

Przy użyciu przeciwciał skierowanych na podjednostki kanału BKCa błony plazmatycznej, 

zidentyfikowano w wewnętrznej błonie mitochondriów śródbłonka tworzącą por kanału 
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podjednostkę α oraz podjednostkę regulatorową β2. Substancje znane jako modulatory 

aktywności kanału BKCa wpływają na bioenergetykę mitochondriów izolowanych z komórek 

śródbłonka. W warunkach niefosforylujących, aktywatory: 100 µM Ca
2+

, 10 µM NS1619 oraz 

0.5 µM NS11021 depolaryzują mitochondrialny potencjał błonowy oraz stymulują 

oddychanie. Efekt ten jest blokowany przez paksylinę i iberiotoksynę w sposób zależny od 

obecności jonów potasu. Wyniki te pokazują po raz pierwszy, że w wewnętrznej błonie 

mitochondriów ludzkich komórek śródbłonka EA.hy926 obecny jest kanał potasowy 

regulowany jonami wapnia o dużym przewodnictwie mający właściwości podobne to kanału 

obecnego w błonie plazmatycznej.  
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