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Liimatta, Erkki, Intracellular calcium, preconditioning and regulation of cellular
respiration in heart. 
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Abstract
Heart muscle has to work constantly throughout the life and its energy metabolism is heavily
dependent on a continuous supply of oxygen. Energy metabolism must be effectively regulated to
meet the demands of changing workloads in different circumstances. If the oxygen supply is
interrupted, the function of the heart is easily disturbed and cells injured. Calcium metabolism is
of great importance in these pathological conditions.

In this thesis respiratory regulation was studied by non-destructive optical methods in mouse
heart. The myoglobin-deficient mouse was used as an experimental model to avoid the artefact
caused by intracellular myoglobin. Results show that increased consumption of energy and
oxygen lead to concomitant reduction of cytochrome aa3 and oxidation of flavoproteins. This
finding supports the view that cell respiration in intact myocardium is dominantly regulated at the
level of the respiratory chain.

The intracellular Ca2+ accumulation during ischemia is one of the major causes of irreversible
ischemia-reperfusion injury. Ischemic preconditioning (IPC) has been shown to protect the heart
muscle significantly from ischemic damage. In this thesis Ca2+ accumulation during ischemia and
reperfusion was studied in perfused rat heart using Fura-2 as a fluorescent Ca2+ indicator. As there
is a significant decrease in intracellular pH during prolonged ischemia, the pH-dependency of
Fura-2 signal was taken into account. It was found that IPC attenuates Ca2+accumulation during
ischemia and this was connected to a decrease in mitochondrial membrane potential. Both IPC and
the pharmacologically induced preconditioning with the mitoKATP opener diaxozide were shown
to be associated with increased production of superoxide monitored by means of lucigenin
chemiluminescence. The superoxide production correlated with the oxidation-reduction state of
flavoproteins. 

We also describe here a method for measuring of intracellular free Ca2+ in mouse heart during
ischemia by simultaneous monitoring of Fura-2 and the pH probe BCECF fluorescence by means
of dual wavelength excitation of both probes. The paradoxical decrease of Fura-2 fluorescence
during ischemia indicating decreasing intracellular Ca2+ concentration was due to the pH effect
on the dissociation constant of the Fura-2-Ca2+ complex. When the pH-dependency of Fura-2 was
compensated, an extensive Ca2+ accumulation during ischemia was detected. Much of the
previous literature on this subject must be re-evaluated because the pH-dependency of
intracellular Ca2+ probes has been largely overlooked.

Keywords: cell respiration, cytochrome c oxidase, diazoxide, dihydroethidium,
flavoproteins, fluorescent probes, intracellular calcium, lucigenin, mitochondria,
myocardial ischemia, myoglobin, NAD, preconditioning, reperfusion injury,
superoxides
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Abbreviations 

ADP adenosine diphosphate 

AK adenylate kinase 

AM acetomethyl 

ANOVA analysis of variance 

ANT 1 adenine nucleotide translocator 1 

ATP adenosine triphosphate 

AUC area under curve 

cAMP cyclic adenosine monophosphate  

cGMP cyclic guanosine monophosphate  

CK creatine kinase 

Cr creatine 

DHE dihydroethidium 

ERK extracellular-signal regulated kinase 

ETF electron transfer flavoprotein 

FAD flavin adenine dinucleotide 

F1FoATPase Mitochondrial ATP synthase (complex V) 

GSK glygocen synthase kinase 

5-HD 5-hydroxydecanoate 

IPC ischemic preconditioning 

Kd dissociation constant  

MEK 1 Meiosis-specific serine/threonine protein kinase 

mitoKATP mitochondrial ATP-dependent K channel 

MPTP mitochondrial permeability transition pore 

NADH reduced nicotineamide dinucleotide  

NOS nitric oxide synthetase 

RC respiratory chain  

ROS reactive oxygen species 

PDH puryvate dehydrogenase  

PCr phophocreatine 

PiC phosphate carrier 

PKC protein kinase C 

TCA tricarboxylic acid 

VDAC voltage-dependent anion channel 

Δψm mitochondrial membrane potential  
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1 Introduction 

Life in its every form is dependent on energy. A living cell has to work constantly 

to be able to grow and to develop and even to maintain its form and to protect 

itself from degradation. Hence, energy metabolism is of great importance in every 

aspect of the cell as well in physiological as in pathological conditions. 

In heart muscle the energy supply has an even more essential role. A heart 

requires considerable amounts of energy for constant pumping of blood by 

muscular contractions and to maintain ionic homeostasis during the electrical 

activity controlling its mechanical function. Energy metabolism in heart must also 

instantly adjust to variations in workload. 

Regulation of energy metabolism in heart is still at least partly unknown. The 

main reason behind this is the complex nature of the regulatory elements. Even 

though there is much knowledge about different factors and phenomena that 

influence energy state, there are still controversial views and results, especially 

regarding the importance of various regulatory elements. The main question is 

what mechanisms are involved in keeping ATP consumption and production in 

balance, or in other words, how a cell can maintain almost constant levels of ATP 

in changing circumstances? In the present research, one of the aims is to clarify 

the role of regulation at the level of respiratory chain. 

Calcium plays a central role in the contraction of heart muscle. Its release into 

cytosol during excitation of the cell activates contraction and regulates the 

contractile force. Concomitant elevation of Ca2+ levels in mitochondria is at least 

one factor that activates the consumption and generation of high-energy 

phosphates (McCormack & Denton 1990). So Ca2+ is involved in cardiac 

metabolism on many levels, but it may also have deleterious effects especially in 

pathological situations where excess calcium accumulates in certain cell 

compartments. 

Ischemia is a condition in which the supply of oxygen and nutrients is limited 

or completely hindered due to a diminished or totally interrupted blood flow to a 

certain tissue volume. Ischemic heart disease is one of the most common causes 

of death throughout the world (Murray & Lopez 1997). Cell damage as a 

consequence of ischemia or reperfusion varies from minor disturbances of cell 

metabolism to irreversible injury and cell death. Interestingly, it was found in 

1986 by Murry et al. that brief ischemic episodes prior to sustained ischemia can 

protect the heart significantly from the ischemia/reperfusion damage. This 

phenomenon was called ischemic preconditioning (Murry et al. 1986) and it is 
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considered one of the most powerful endogenous protective mechanisms against 

ischemia/reperfusion damage. Characteristic features of irreversible 

ischemia/reperfusion injury are depletion of ATP, accumulation of catabolites and 

overload of Ca2+ (Jennings & Reimer 1991). One part of this thesis was to 

investigate the possibility of measuring intracellular calcium concentration 

reliably during ischemia, although fluorescent calcium probes are pH dependent 

and the pH decrease in ischemia is substantial. 
Transgenic animal models can be used to study both physiological and 

pathological phenomena using different strategies. In this study the strategy was 

to find a model that gave a more informative or easier approach to the 

phenomenon under investigation. Myoglobin-deficient mouse (Godecke et al. 
1999) hearts were used as a model in which the artefact caused by intracellular 

myoglobin to optical measurements is eliminated to clarify calcium metabolism 

during ischemia and events in respiratory regulation. 
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2 Review of the literature 

2.1 Outline of energy metabolism 

2.1.1  Fundamentals 

A living cell is always connected to its environment and dependent on at least 

carbon compounds and some form of energy coming from outside the cell. For 

autotrophic organisms this may mean only CO2 and the energy of light 

(photophosphorylation), but for heterotrophic forms of life carbon sources must 

be more complex and energy must be harnessed to serve oxygen dependent 

reactions in which energy is transformed into a more suitable form for the cell. A 

living cell’s dependence on interplay with its environment can be derived from 

laws of chemistry and physics. According to the second law of thermodynamics, 

entropy can only increase in a closed system. In a living cell, on the contrary, the 

degree of organization gets higher when a cell grows and develops, which means 

entropy decreases. To be able to maintain and raise the level of organization, a 

cell must consume energy to work against this increase in entropy. The energy 

must come from outside a cell and this means that a cell can not be a closed 

system. One of the basic questions of biology is: how does a cell take energy from 

its environment and transform it to a form adequate for its use? The necessary 

interconversions and reactions form a metabolic network. 

The human being, like other higher heterotrophic organisms, is dependent on 

complex carbon compounds in its energy production and intermediary 

metabolism. It has to convert the energy, which is bound to the food sources, into 

high-energy phosphate bonds of adenosine triphosphate (ATP), or similar, to be 

able to use it as a driving force for cell functions. This process is dependent on 

oxygen, even though short term energy production can also be anaerobic. In the 

longer run, aerobic energy production in mitochondria is necessary for its 

significantly better efficiency and capacity. In aerobic energy production the 

energy of food sources is converted into ATP in a series of redox reactions which 

ends with the reduction of oxygen to water. Ninety-five percent of the energy 

required by a human system is aerobically generated (Nicholls & Ferguson 2002). 
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2.1.2 Mitochondria and oxidative phosphorylation 

Mitochondria play a central role in the aerobic energy production of eukaryotic 

cell. They are small cell organelles approximately 1 μm in length, defined by a 

double membrane, and they form networks inside the cell. The space defined by 

the inner membrane is called the mitochondrial matrix and there is an 

intermembrane space between the inner and outer membranes. The total volume 

of mitochondria is cell type-dependent and is usually in relation to the energy 

consumption of the tissue in question (Simon & Robin 1971). For example, in 

heart muscle cells almost one third of the cell volume is occupied by 

mitochondria. The outer membrane is permeable to H2O, ions and molecules up 

to 10 kD, but the permeability of the inner membrane is strictly controlled by 

translocators and it is not permeable to ions or polar molecules. The inner 

membrane forms folds, known as cristae, which protrude to the matrix side. The 

matrix of a mitochondrion contains mitochondrial DNA and essential metabolic 

enzymes including those necessary for the tricarboxylic acid cycle and β-

oxidation (Nicholls & Ferguson 2002). Human mtDNA contains 37 genes that 

encode subunits of respiratory chain complexes and ribosomal and tRNA 

(Anderson et al. 1981). The rest of the subunits and other necessary proteins are 

encoded in chromosomes.  

The actual machinery of oxidative phosphorylation in mitochondria consists 

of five enzyme complexes that are located in the inner mitochondrial membrane 

and can be divided into two subsystems. The respiratory chain (RC) encompasses 

complexes I-IV and converts the reducing power derived from fuel molecules in 

intermediary metabolism to the potential energy of an electrochemical gradient 

across the inner membrane by pumping protons from the matrix space. The ATP 

synthase (complex V) can transform the electrochemical gradient into the high-

energy phosphate bonds of adenosine triphosphate (ATP). The electrochemical 

gradient can also be released as heat when the respiratory chain and ATP synthase 

complex are uncoupled. This is the basis of e.g. non-shivering thermogenesis in 

brown adipose tissue (Nicholls & Ferguson 2002). 

The respiratory chain is composed of four multisubunit enzyme complexes 

called NADH-ubiquinone oxidoreductase (complex I), succinate-ubiquinone 

oxidoreductase (complex II), ubiquinol-cytochrome c oxidoreductase (complex 

III) and cytochrome oxidase (complex IV). They perform a series of redox 

reactions in which the electrons from substrates of complex I or II are transferred 

to oxygen. During this process complexes I, III and IV build up the 
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electrochemical potential across the inner membrane by pumping protons from 

the matrix of the mitochondrion to the intermembrane space with a stoichiometry 

of 12 H+/2 e- (Hatefi 1985). 

 

Fig. 1. The respiratory chain. The entry points of reducing equivalents and flow of 

electrons (e-) through the respiratory chain complexes. Proton (H+) pumping in 

complexes I, III and IV and ATP production by ATP synthase (proton pumping ATPase). 

QH2; reduced ubiquinone (quinol), Q; oxidized ubiquinone (quinone). 

The exact mechanism of proton pumping is not completely understood in the case 

of complex I, and there is no full explanation of its high H+/e- ratio. However, 

several hypotheses have been postulated (Brandt 1997, Dutton et al. 1998, 

Ohnishi & Salerno 2005, Ragan 1990). The mechanism of complex III can be 

explained by the Q-cycle, which was originally proposed by Peter Mitchell. The 

stoichiometry of proton pumping by complex III is 4H+/2 e- (Mitchell 1975). 

Complex IV catalyzes the reduction of oxygen to water and at the same time 

works as a proton pump. The stoichiometry of proton pumping is 2H+/2 e-, but 

concomitantly it translocates two electrons from the outer surface of the inner 

membrane (cytochrome c) to the inner surface, which is energetically equal to a 

proton pumping stoichiometry of 4H+/2 e- (Wikstrom 2004). 

The ATP synthase (proton-pumping ATPase) produces ATP, the energy 

currency of the cell, from ADP and inorganic phosphate by discharging the proton 
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gradient through its Fo subunit to activate the catalyzing unit F1 (Kato-Yamada et 
al. 1998, Ueno et al. 2005). The ATP synthase can also operate as an ATPase 

when there is no driving force available, e.g. in respiratory chain disturbances like 

ischemia, and reduce the amount of ATP available for vital cellular functions. The 

stoichiometry of ATP production is 1 ATP/4 H+ (Groth & Walker 1996). 

The rate of oxidative phosphorylation in the respiratory chain is dependent on 

the energy state and follows the ATP/ADP·Pi ratio of the cell. The regulation of 

cellular respiration is reviewed in detail later in this literature review with focus 

on the heart muscle as a model tissue of energy metabolism. 

2.2 Metabolism of myocardium 

2.2.1 General aspects and energy substrates 

The mammalian heart performs continous work as it pumps blood throughout the 

life span of an individual. The human heart beats about 80 000 times and pumps 

approximately 7200 liters of blood every day. The energy expenditure of this 

work of one day equals the amount of energy needed to lift one ton to 8 meters 

height (Fournier 1987). This means that the heart must be adapted to high 

metabolic and energetic activities. 

The mammalian heart is heavily dependent on oxygen supply for its 

metabolism and cannot produce enough ATP in anaerobic conditions to maintain 

its electrical and mechanical function. It consumes in normal conditions 

approximately 8–15 ml/O2/min/100 g tissue, which is approximately 3–5 times 

more than for brain tissue. In vigorous exercise oxygen consumption can rise up 

to 70 ml/O2/min/100 g tissue (Williamson et al. 1976). To ensure sufficient 

aerobic energy generation from the respiratory chain, heart cells contain a dense 

mitochondrial population with a large inner membrane area and high cytochrome 

content. In the cardiomyocyte most of the area between the myofibrils is covered 

with a mitochondrial network and another population of mitochondria is located 

in the subsarcolemmal position. There is some evidence of differences in function 

between these two populations (Manneschi & Federico 1995, Riva et al. 2005, 

Weinstein et al. 1986). Approximately 20–30% of the total cell volume of a 

cardiomyocyt is filled with mitochondria. 

In addition to oxygen, heart muscle is dependent on a constant supply of fuel 

substrates. The major energy source is fatty acid oxidation, which covers about 
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two-thirds of the total requirement (Fournier 1987, van der Vusse et al. 1992). 

The rest is covered by carbohydrate, lactate and ketone body oxidation (Jeffrey et 
al. 1995, Sherry et al. 1992). The exact contribution of different fuel substrates 

depends on the physiological state and workload of the heart muscle. In non-

physiological conditions, a considerable amount of energy comes from 

endogenous reserves consisting of triacylglycerol pool and glycogen (Saddik & 

Lopaschuk 1992, van der Vusse et al. 2000). Heart tissue has a substrate 

preference favoring fatty acids (FA) over glucose. In non-stressful conditions, 

fatty acids may cover up to 95% of the fuel substrates needed (Ala-Rami et al. 
2005, Collins-Nakai et al. 1994, Jeffrey et al. 1995, Saddik & Lopaschuk 1991). 

The oxidation of exogenous glucose is dependent on fatty acid and lactate 

availability. Also lactate, when available, supersedes glucose (Drake et al. 1980, 

Drake 1982, Goodwin & Taegtmeyer 2000). Under fasting conditions, ketone 

bodies are used as a primary substrate over the others and may be the fuel source 

for most of the energy consumed also in heart (Jeffrey et al. 1995). 

The fatty acids used by heart muscle come from the plasma pool of free fatty 

acids or from triacylglycerols of chylomicrons and lipoproteins. Normally the 

cellular uptake is proportional to the plasma levels and uptake is concentration 

dependent. When fatty acids enter the cell they have to be activated by 

esterification with CoA to be able to be further metabolized (Lopaschuk et al. 
1994). The main metabolic route for fatty acids in heart is the β-oxidation spiral 

(Schulz 1991). The enzymes of β-oxidation are located in mitochondrial matrix 

even though the inner membrane is impermeable to FA-CoA. The activated fatty 

acids have to be transported to mitochondrial matrix after conversion to their 

carnitine esters by means of a translocase and the re-esterified with CoA inside 

the mitochondria (Kerner & Hoppel 2000, Lopaschuk et al. 1994). In heart 

muscle malonyl-CoA, the precursor of fatty acid synthesis in other tissues, is one 

of the main regulators of fatty acid oxidation, it inhibits the carnitine-

acyltranferase I of the intermembrane space, which is linked to the carnitine-

acylcarnitine translocase of the inner membrane (Kerner & Hoppel 2000, 

Lopaschuk et al. 1994). In the mitochondrial matrix, activated fatty acids are 

ready for the four-step oxidation process in which the fatty acid chain is truncated 

at the β-carbon and a two-carbon unit, acetyl-CoA, is cut off in every cycle of the 

spiral. During the process reducing power is released for use by the respiratory 

chain (Schulz 1991). The acetyl-CoA is further processed in the citric acid cycle 

and respiratory chain. 
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Glucose and lactate constitute exogenous carbohydrate sources for heart cells. 

Some of the glucose is cycled through glycogen in the processes of glycogenesis 

and glycogenolysis. The glycogen represents an intracellular glucose store. The 

amount of glucose incorporated into the glycogen pool is of mainly substrate-

dependent. When fatty acids or lactate are present, glycogenesis is more active 

and when glucose is the main substrate, only a small percentage is incorporated 

into the glycogen store (Depre et al. 1999). The cell uptake of glucose is regulated 

by glucose transporters and the transmembrane glucose gradient (Young et al. 
2000). Inside the cell glucose is rapidly phosphorylated to glucose-6-phosphate 

and, if not stored as glycogen, it enters the glycolysis pathway. Glycolysis is an 

eight step pathway in which pyruvate is formed from glucose-6-phosphate. In 

anaerobic conditions pyruvate is turned into lactate by lactate hydrogenase to 

regenerate NAD, but in aerobic conditions it is taken into mitochondria and 

converted to acetyl-CoA by the pyruvate dehydrogenase complex (Depre et al. 
1998). The acetyl-CoA then enters the citric acid cycle and is oxidized to CO2 and 

water.  

Lactate is a physiological substrate for heart muscle and is also taken into 

cells by active transport by monocarboxylate transporters in a concentration-

dependent manner, but the process is not fully known (Bonen 2000). In cytosol 

lactate hydrogenase coverts lactate to pyruvate, which is converted to acetyl-CoA 

similarly to glucose derived pyruvate. In the presence of lactate, glycolysis is 

inhibited under aerobic conditions and glucose metabolism is directed towards 

glycogen (Depre et al. 1998). 

Ketone bodies, such as acetoacetate and 3-hydroxybutyrate, are formed in 

liver as an overflow when the capacity of the tricarboxylic acid cycle is exceeded 

due to high fatty acid supply and β-oxidation. This kind of metabolic state is 

usually linked to fasting or diabetes mellitus, and in spite of the harmful effects of 

high ketone body load, like acidosis, it is linked to the system’s attempt to save 

glucose for the nervous system and some other tissues. When there are enough 

ketone bodies in circulating blood, most of the extrahepatic tissues can use them 

as an energy source. After intake to heart cells, ketone bodies are split into acetyl-

CoA molecules which are processed in the citric acid cycle (Fukao et al. 2004). 

2.2.2 Calcium metabolism 

Calcium-dependent signalling plays a central role in the heart. Oscillations in 

Ca2+ concentration are the basis for the contraction-relaxation phenomenon and at 
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the same time Ca2+ plays a role in triggering some of the energy-producing 

pathways. So Ca2+ is an activator of both energy-consuming and energy-

producing pathways in the heart, and it has an important role in the coordination 

of metabolic events. There are also several pathologic conditions in heart muscle 

e.g. heart failure which are at least partly linked to calcium metabolism. 

The contraction of heart muscle is regulated by electrophysical events and 

Ca2+ ions have a central role. In cardiomyocyte cytosol the free Ca2+ 

concentration is about 100–200 nM in the relaxation phase and during contraction 

(systole) it rises up to 10 times higher. Contraction starts when the negative 

potential difference between the inside and outside of the cardiomyocyte 

discharges and Ca2+ ions start to flow across the plasma membrane inwards 

through voltage dependent L-type Ca-channels. Extracellular Ca2+ ions alone can 

not produce sufficient [Ca2+] rise in cytosol, but the rise triggers Ca2+ release from 

intracellular stores (e.g. sarcoplasmic reticulum) which ensures sufficient [Ca2+] 

for contraction initiation. During the relaxation phase of the contraction cycle, the 

[Ca2+] in cytosol diminishes to the diastolic level due to the action of 

sarcoplasmic reticulum pumps that restore the Ca2+ to intracellular stores and to a 

lesser extent due to the sarcolemmal Na+/Ca2+ -exchanger and Ca2+ pumps, which 

extrude Ca2+ from the cell into the extracellular space. When intracellular Ca2+ 

concentration descends, Ca2+ ions disengage from the troponin groups of 

sarcomeres and relaxation occurs. For more about the role calcium in the 

contraction of cardiac muscle see Bers (2002). 

Mitochondria accumulate Ca2+ in the matrix by a uniport mechanism in 

response to mitochondrial membrane potential. Equilibrium of the electrogenic 

mitochondrial Ca2+ uniporter with the membrane potential would develop up to a 

10000-fold concentration gradient of Ca2+ across the inner membrane. However 

the mitochondrial matrix [Ca2+] is only 2–3 times higher than in cytosol. This 

means that Ca2+ must be constantly pumped out from mitochondria against the 

inner membrane potential (app. 180 mV, positive outside) to prevent the 

accumulation of Ca2+ in the mitochondrial matrix (Bernardi 1999). To protect the 

mitochondria from permeability transition caused by excessive Ca2+ accumulation, 

the calcium uniport is counterbalanced by a Na+/Ca2+ exchanger driven by the 

mitochondrial proton gradient through the mediation of a Na+/H+ exchange. 

Mitochondrial [Ca2+] reflects the average cytosolic Ca2+ content and two and of 

the TCA cycle enzymes and pyruvate dehydrogenase are regulated by it 

(McCormack & Denton 1990, McCormack et al. 1992). Ca2+ has a unique role in 

activating both energy-consuming and energy-producing processes 
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simultaneously in cardiac muscle as the rise of cytosolic Ca2+ concentration 

during initiation of muscle contraction leads to activation of these two TCA cycle 

enzymes and pyruvate dehydrogenase in the mitochondrial matrix. The regulatory 

role of Ca2+ in cellular respiration is discussed further in the chapter handling the 

regulation of cardiac energy metabolism.  

Ca2+ has a significant role in ischemia-reperfusion phenomena and it has been 

thought to be one of the major causes of irreversible cell injury. When ATP 

production in ischemia decreases, the ATP-driven ion pumps are not able to 

maintain ionic homeostasis and Ca2+ starts to accumulate in the cytosol and 

enhance cross-bridge formation in the myofilaments. This growing tension leads 

to ischemic contracture and is associated with ischemic cell injury (Kolocassides 
et al. 1996). The detrimental effects of calcium metabolism are linked also to the 

early events of reperfusion, where accumulated Ca2+ causes excessive myocardial 

activation and contracture along with revived energy production and may even 

lead to rupture of the cell membrane and cell death (Kitakaze et al. 1997). 

Elevated Ca2+ levels in mitochondria are also part of the early events of the 

mitochondrial apoptosis pathway and therefore Ca2+ takes part also in triggering 

cell death in certain conditions. Ischemia-reperfusion injury is discussed more in 

the next chapter. 

An altered Ca2+ metabolism is also linked to several other pathological 

conditions like heart failure and hypertrophy. It is logical to assume that impaired 

Ca2+ release may cause decreased muscle contraction and defective Ca2+ removal 

may impede effective relaxation (Marks 2003). However, the evidence supporting 

the direct role of Ca2+ in failing hearts is variable. The relationship of altered 

calcium metabolism and increased apoptosis in the failing heart has also been 

under investigation, while it is known that Ca2+ is connected to early events of 

programmed cell death. The Ca2+ alterations have also been connected to cardiac 

hypertrophy signalling. (for review see Balke & Shorofsky (1998), Houser & 

Margulies (2003), Roderick et al. (2007).) 

2.2.3 Ischemia and reperfusion 

Metabolism of heart tissue relies heavily on a continuous oxygen supply and its 

disruption easily disturbs the mechanical and electrical function of the 

cardiomyocyte. Myocardial ischemia as well as sudden restoration of blood flow 

(reperfusion) causes cellular damage, which may lead to cell death. Ischemic 
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heart disease is one of the major causes of death throughout the world (Murray & 

Lopez 1997). 

Ischemic conditions in myocardium are generated as blood flow is reduced to 

a level where the oxygen supply is not sufficient to meet the metabolic demands. 

Besides lack of oxygen, reduced substrate supply and an accumulation of 

detrimental catabolites like lactate and H+ characterize the conditions in ischemic 

tissue (Jennings & Reimer 1991). Ischemic injury is a dynamic process and varies 

from an early-phase reversible metabolic state to necrotic cell death, depending 

on the severity of perturbation. Within seconds after a cessation of oxygen supply, 

metabolic changes start to happen. As soon as dissolved and myoglobin-bound 

oxygen is used up, oxidative phosphorylation in mitochondria is halted and 

creatine phosphate and ATP levels start to decrease and inorganic phosphate 

levels rise. At the same time, contraction failure occurs and the membrane 

potential of cardiac myocytes starts to decrease (Ross & Franklin 1976, Sayen et 
al. 1962). As adenosine nucleotides break down, adenosine and its catabolites 

accumulate. Adenosine has an endogenic protective effect as it is a powerful 

dilatator of cardiac blood vessels and it also restrains oxygen consumption within 

the cell (Downey et al. 1988, Jennings & Steenbergen 1985). A shortage of 

oxygen also hinders the oxidation of fatty acids, but lipolysis and intake of fatty 

acids continue leading to the accumulation of harmful fatty acid CoA-esters in the 

cytosol, which may inhibit ATP synthesis (Rasmussen et al. 1993). The cardiac 

cell tries to meet ATP demands by accelerating glycogenolysis and anaerobic 

glycolysis and this leads to the accumulation of lactate and H+ and acidification of 

the intracellular environment (King & Opie 1998). The ATP produced by 

anaerobic glycolysis is mainly used by ATP-dependent ion pumps (Cross et al. 
1995, Weiss & Hiltbrand 1985, Xu et al. 1995). As ATP levels decrease further, 

the cell loses its ability to maintain control of ions across membranes by ATP-

driven pumps and the transmembrane potential decreases. Cytosolic ions, such as 

K+ and Mg2+, start to leak out and extracellular Na+ and Ca2+ leak in. Calcium 

overload is linked to irreversible cell injury. Due to changes in ion homeostasis, 

the cell starts to swell. The protein synthesis of the cell is inhibited, proteins start 

to degrade and the cell membrane loses its integrity (Jennings & Reimer 1991, 

Piper et al. 2003). 

An ischemic part of the heart muscle cannot return to a normal metabolic 

state without sufficient recovery of blood flow, but it has been shown that rapid 

restoration of circulation can be as detrimental to the tissue as the ischemia itself. 

Overload of Ca2+ inside the cell and substantial free radical formation have been 
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considered major mechanisms of reperfusion injury (Hearse 1991, Lee & Allen 

1992). The oxygen-derived free radicals cause lipoperoxidation, membrane 

damage and inactivation of enzymes. The main site for the rapid rise of free 

radical generation is the respiratory chain, but xanthine oxidase, neutrophil 

activation and auto-oxidation of chatecolamines can also cause free radical 

formation. Neutrophil activation is such a slow phenomenon that it has probably 

no role in preconditioning, and the amount of xanthine oxidase in the heart is very 

small (Zweier & Talukder 2006). The Ca2+ accumulation among other factors 

activates intracellular phopholipases, which are able to cause changes in 

membrane lipid content (Jennings & Reimer 1991). 

Ca2+ overload and accelerated free radical formation can cause either 

apoptotic or necrotic cell death due to opening of the mitochondrial permeability 

transition pore (MPTP). Activation of the apoptotic cell death pathway is 

probably caused by opening of the MPTP that is insufficient to deplete ATP levels. 

It leads to swelling of mitochondria and rupture of the outer membrane. Rupture 

of the outer membrane releases contents of the intermembrane space to the 

cytosol, including cytochrome c and other apoptotic signal molecules that activate 

the caspase pathways of apoptotic cell death. If the opening of the MPTP is 

sufficient to totally dissipate the membrane potential and pH gradient across the 

inner membrane of mitochondria, it will cause ATP levels of the cell to collapse. 

This will lead to major perturbations in the ionic and metabolic homeostasis of 

the cell and ultimately to necrotic cell death through the activation of 

phopholipases, nucleases and proteases (Leung & Halestrap 2008). Apoptotic cell 

death can be seen especially in the border zones of the ischemic area (Borutaite & 

Brown 2003). 
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Fig. 2. A schematic representation of the series of events concerning ischemia-

reperfusion injury and mitochondrial permeability transition and the effect of 

preconditioning on the opening of the mitochondrial transition pore (MPTP). The 

outcome of the permeability transition is dependent on the severity of perturbation 

and the energy resources available. 

2.2.4 Preconditioning 

The classical ischemic preconditioning (IPC) phenomenon was first described 

Murry and co-workers. A brief ischemic period before the actual prolonged 

ischemia provided a distinct protection against the ischemic injury in dog heart 

and reduced the size of the infarction area (Murry et al. 1986). This same 

phenomenon was later demonstrated in human heart during operative heart 

surgery (Jenkins et al. 1997, Laurikka et al. 2002, Szmagala et al. 1998, Yellon et 
al. 1993). Later, a delayed “second window” mode of protection after ischemic 

preconditioning was described that appeared 12–24 hours after ischemic 

preconditioning and lasted a few days (Baxter et al. 1997, Kuzuya et al. 1993, 

Marber et al. 1993). The nature of these two phases of protection is slightly 

different. The second phase is protective against stunning (Ovize et al. 1992), but 

it is not as powerful against necrotic cell death as the early phase of protection 
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(Cohen et al. 2000). The preconditioning phenomenon has also been described in 

several other tissues e.g. skeletal muscle, liver, neuronal tissue and small intestine. 

Apart from brief ischemic periods, other initiators have also been described. The 

preconditioning effect has been produced e.g. by hypo- and hyperthermia, hypo- 

and hyperoxia and pharmacological substances, like diazoxide. This chapter is 

focused mainly on classical ischemic preconditioning. 

The mechanisms of preconditioning have been under intensive study for 

twenty years now but still the chain of events is not completely understood. In 

heart the series of events in classical ischemic preconditioning is initiated by the 

triggering of a receptor that launches complex signal transduction pathways 

leading the cell to a preconditioned state. In reperfusion the preconditioning 

program is executed involving the activation of certain key kinases and leading to 

lesser free radical formation and greater resistance to permeability transition in 

the mitochondrial inner membrane (Downey & Cohen 2005a). 

The signal transduction of IPC is complex and includes several different 

pathways with cytosolic, nuclear and mitochondrial targets. Nuclear pathways are 

probably associated with the second window of protection. The first receptor 

found to be related to triggering of IPC was the adenosine receptor (Liu et al. 
1991). After that, several other receptors like bradykinin, opioid and the α-

adrenergic receptor have been shown to be able to initiate IPC (Goto et al. 1995, 

Gross 2003, Tsuchida et al. 1994). Actually´, it has been thought that almost all 

sarcolemmal Gi protein-mediated receptors can put the heart into a preconditioned 

state (Downey & Cohen 2005b). Protein kinase C (PKC) was the first kinase to be 

connected to IPC signal transduction (Mitchell et al. 1995, Ytrehus et al. 1994). It 

was suggested that the observed oxygen radical production during 

ischemia/reperfusion had a signalling role, and it was found that a free radical 

scavenger and a PKC inhibitor alleviated the preconditioning effect, which was 

also obtained with the infusion of an oxygen radical-producing combination of 

hypoxanthine and xanthine oxidase (Baines et al. 1997). Later it was found that 

the ε isoform of PKC was the kinase associated with IPC (Liu et al. 1999). Since 

this discovery, several other kinases have been linked to the signal transduction 

pathway of IPC, both upstream (e.g. src kinase and epidermal growth factor 

receptor) and downstream (e.g. MEK 1, ERK) of PKC. Also nitric acid synthase 

(NOS), glycogen synthase kinase (GSK-3β) and mitochondrial ATP-sensitive 

potassium (mitoKATP) channels are connected to the signal pathway of IPC, but 

the series of events and the contribution of different factors are still under 

investigation. The current hypothesis is that agonists of G-protein-coupled 
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receptors activate a signalling cascade that leads to opening of the mitochondrial 

KATP channel and increased ROS formation during the perfusion phase before 

actual ischemia. The ROS activate protein kinase C, which activates survival 

kinases (Akt and ERK). The survival kinases lead to cardioprotection by 

influencing the mitochondrial permeability transition pore (MPTP) through 

phosphorylation of GSK-3β. For references see Downey et al. (2007). 

The generation of reactive oxygen species (ROS) is involved in the 

phenomenon of preconditioning in several ways. In the reperfusion phase, the re-

established oxygen supply leads to re-energization and calcium uptake of 

mitochondria, and at the same time leads to a burst of oxygen free radicals 

(Hearse 1991, Lee & Allen 1992). Free radical formation and excessive calcium 

uptake favor the condition of permeability transition in mitochondria and cell 

damage. Decreased formation of ROS in the reperfusion phase has been 

suggested to be associated with cardioprotection (Vanden Hoek et al. 2000).There 

is also evidence that ROS have a signalling role in putting the cardiomyocyte into 

a preconditioned state (Baines et al. 1997). Antioxidants are capable of inhibiting 

the preconditioning effect against late cardiac stunning, which indicates that ROS 

are necessary in IPC (Sun et al. 1996). ROS formation in mitochondria can be 

regarded as a non-enzymatic bypass of reducing equivalents to oxygen and is 

proportional to oxygen concentration and reducing power (Skulachev 1997). The 

main sites of ROS production in respiratory chain are thought to be complexes I 

and III. In complex I (NADH:ubiquinone oxidoreductase) the fully reduced or 

semiquinone form of FMN (Galkin & Brandt 2005, Kudin et al. 2004, Kussmaul 

& Hirst 2006) or ubisemiquinone (Ohnishi et al. 2005) are thought to be the 

oxygen reductants in superoxide production. In complex III the ubisemiquinone 

in the Qo site of the bc1 complex is considered as a major site of superoxide 

production (Zhang et al. 2007). There is also evidence that the highest rates of 

superoxide generation by complex I necessitate reversed electron flow from 

complex II (succinate:ubiquinone oxidoreductase) (Muller et al. 2007). Even an 

isolated complex II is able to produce superoxide in a manner that is sensitive to 

the complex II inhibitor 2-thenoyltrifluoroacetone (TTFA) (Chen et al. 2007)  

One of the key elements of preconditioning is the mitochondrial KATP channel, 

even though there have been different views about its role and some researchers 

have even questioned its existence (Das et al. 2003, Hanley et al. 2002). The 

mitoKATP channels were discovered in liver mitochondria in 1991 (Inoue et al. 
1991) and their role in cardioprotection was first introduced a year later (Gross & 

Auchampach 1992). The exact mechanism of mitoKATP in cardioprotection is not 
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completely understood. There is convincing evidence that the mitoKATP can act as 

a trigger of preconditioning. The proposed mechanism is that opening of the 

mitoKATP channel causes a burst of ROS, and this leads to the activation of 

downstream protein kinases of protection (Pain et al. 2000). The exact 

mechanism by which opening leads to ROS production is not known but it has 

been proposed that potassium entry, a small reduction of membrane potential and 

matrix alkalinization are needed (Costa et al. 2006, Murata et al. 2001). There is 

also some evidence indicating a mediator role of the mitoKATP channel in 

cardioprotection. It has been proposed that during reperfusion the activation of 

mitoKATP channel would decrease ROS formation (Vanden Hoek et al. 2000), 

improve calcium handling (Holmuhamedov et al. 1999) and due to the swelling 

of mitochondria (Garlid 1996) also improve ATP production by activating 

enzymes in the mitochondrial matrix (Halestrap 1994). The KATP channels have 

also been targets for pharmacological activation and inhibition. Diazoxide has 

been proven to selectively open mitoKATP channels and to mimic the 

cardioprotective effect of preconditioning (Garlid et al. 1997). The mitoKATP 

channel blocker 5-hydroxydecanoate abolishes the cardioprotective effect (Baines 
et al. 1999). Diazoxide and 5-hydroxydecanoate are two of the most used 

substances in this area, even though there is some discrepancy over the 

contribution of KATP channels as well as the role and specificity of their 

modulators (Hanley et al. 2002, Lim et al. 2002b). 

There is increasing evidence that preconditioning leads to prevention of 

mitochondrial permeability transition (Argaud et al. 2004, Hausenloy et al. 2004a, 

Javadov et al. 2000, Juhaszova et al. 2004). The exact molecular structure of the 

mitochondrial permeability transition pore (MPTP) is still under investigation and 

several molecules have been proposed, but according to current understanding 

cyclophilin-D and phosphate carrier (PiC) in the mitochondrial inner membrane 

take part in formation of the MPTP (Leung & Halestrap 2008). The opening of 

MPTP causes loss of the permeability barrier across the inner membrane for small 

molecular weight molecules. Due to this, F1Fo-ATP synthase starts to act in the 

reverse direction and break down ATP, while generation of ATP is stopped. 

Mitochondria also begin to swell and this may lead to rupture of the outer 

membrane and release of cytochrome c and other pro-apoptotic substances. If the 

opening is permanent, it leads to necrotic cell death, and even if the opening is 

temporary, the apoptotic cascade may be activated (Halestrap et al. 2004).  

Prevention of hypercontracture-mediated sarcolemmal rupture upon 

reperfusion may also be one mechanism of cell protection by preconditioning 
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(Piper et al. 2004). IPC is likely to affect hypercontracture-mediated sarcolemmal 

rupture through several mechanisms. PKG (cGMP-dependent protein kinase) 

probably induces improved calcium handling in reperfusion and this leads to less 

hypercontracture (Abdallah et al. 2005), and attenuation of calpain activation by 

IPC is likely to help maintain cellular integrity and also prevent mitochondria-

mediated cell death (Inserte et al. 2005). The relationship between 

hypercontracture-mediated sarcolemmal rupture and MPTP opening as end-

effectors of IPC is unclear. Anyhow, MPTP opening is thought to be a most 

important target for IPC (Halestrap et al. 2004, Hausenloy et al. 2004b). 

2.3 Regulation of cellular respiration in myocardium 

2.3.1 Introduction 

A continuous and heavy use of energy makes heart muscle totally dependent 

on aerobic metabolism. Oxidative phosphorylation has to be effectively regulated 

to meet the demands of continous work in changing circumstances. The amount 

of ATP in the cell, or more exactly the ATP/ADP·Pi ratio, is the main regulator of 

energy generation of the respiratory chain and ATP synthetase (Erecinska & 

Wilson 1982, Klingenberg 1961). Despite this fact, the current knowledge of 

regulation of cardiac energy metabolism is still more or less controversial. Several 

regulatory mechanisms that transmit messages from the energy state or ATP 

consumption to the machinery of oxidative phosphorylation are known in 

different levels, but the significance of various regulatory elements is difficult to 

evaluate. It should also be remembered that in metabolism there is no single rate-

limiting step, but several steps that all contribute (Korzeniewski & Mazat 1996). 

Several hypotheses about the dominant level of respiratory regulation in heart 

have been proposed and they usually emphasize either regulation via the 

ATP/ADP translocator or “substrate level” dehydrogenations (Heineman & 

Balaban 1990, Katz et al. 1989) or feedback regulation via the near-equilibria 

between the ATP/ADP translocator, F1Fo-ATPase and redox-linked proton pumps 

in the respiratory chain (Hassinen & Hiltunen 1975, Hassinen 1986a, Wilson et al. 
1977b).  

Two elements can be distinguished in the regulation of the metabolic pathway. 

Firstly, how the activity of a key enzyme in a pathway is regulated and secondly, 

how this modification of a key enzyme affects the overall rate of the metabolic 
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flux in the pathway. Metabolic Control Analysis (MCA) is a mathematical 

framework for describing control of metabolic pathways. In MCA the relative 

control of each step (enzyme) on the variables of a system (fluxes, metabolite 

concentrations) is studied and it analyzes how the control is distributed among the 

different enzymes of a metabolic pathway. In MCA, the degree of the relative 

control or rate limitation of an enzyme to a pathway can be described as a flux 

control coefficient, which is a ratio of fractional change of flux to the fractional 

change of concentration or activity of an enzyme. The sum of all coefficients in a 

system is a unity (Kacser & Burns 1973, Kacser 1983). However, the use of 

formal Metabolic Control Analysis is so far unachievable to study respiratory 

regulation due to the difficulties in gathering data from the fluxes in all the 

multiple pathways involved (Brown 1992, Fell 1992). 

As the Metabolic Control Analysis cannot yet be applied so comprehensively, 

another way to approach the regulation of cellular respiration in heart muscle is to 

adapt the “cross-over theorem” of Chance and co-workers to the interpretation of 

the experimental data (Chance et al. 1958). According to this hypothesis, an 

activation or inhibition step in a pathway can be identified as a “cross-over point”, 

where metabolite pool sizes or their oxidized and reduced species shift in opposite 

directions on opposite sides of the regulating step. As applied to the regulation of 

cellular respiration, the “cross-over theorem” can be used to predict the location 

of the regulatory step in an energy producing pathway. For example, the current 

trends emphasize respiratory regulation either by driving force, i.e. the “substrate-

level” processes supplying electrons to the respiratory chain, or by feedback 

regulation of the respiratory chain via signalling from the ATP/ADP·Pi system. 

These two alternatives would shift the redox state of mitochondrial NADH/NAD 

in opposite directions because the “cross-over points” would be on different sides 

of the NADH/NAD pool. If the activation of cellular respiration would be a 

consequence of increased NADH production by intermediary metabolism, an 

increase in oxygen consumption would be observed with a concomitant shift 

towards a higher (reduced) NADH/NAD ratio. If the flux increase in the oxygen-

reducing reaction would result from an effect mediated by the respiratory chain, a 

shift towards a lower (oxidized) NADH/NAD ratio would occur upon activation 

of cell respiration. If the control strengths of the NADH-generating and NADH-

consuming pathways were near equal, little change would be expected in the 

NADH/NAD ratio. 

At least the following entities can be distinguished from the overall 

regulation of cardiac respiration: 1) the regulation of NADH formation in both 
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cytosol and mitochondria, 2) control over the mitochondrial dehydrogenases, 3) 

regulation of ADP and Pi availability, 4) regulation of cytochrome c oxidase by 

ATP/ADP·Pi ratio trough equilibrium reactions in respiratory complexes I and III, 

5) allosteric and/or covalent modification of the respiratory chain, 6) ATP, ADP 

and signal transduction through phosphotransfer networks, 7) availability of 

oxygen, 8) regulation at the gene expression level. In the following sections they 

are divided into the regulatory factors of the substrate and respiratory chain levels 

according to current trends in respiratory regulation. In addition, it has been 

suggested that the organization of energy transport (Bessman & Geiger 1981) and 

signal transduction from mitochondrial matrix to different compartments of the 

cell, according to their needs, participate in overall regulation (Bessman & 

Carpenter 1985, Saks et al. 1994). These relatively new views are introduced here. 

2.3.2 Substrate level regulation 

Regulation at the “substrate level” denotes regulation of energy metabolism 

below the mitochondrial respiratory chain and has its origin in the textbook 

division of ATP formation into “substrate level phosphorylation” and oxidative 

phosphorylation. Substrate level regulation comprises the supply of reducing 

equivalents to the respiratory chain from various fuel substrates. The production 

of NADH and other reducing equivalents has an important role in cell respiration 

because the redox state of the mitochondrial matrix determines the driving force 

of reactions through the respiratory chain to oxygen, and even if not regulatory, 

the production of reducing equivalents must meet the energy demands. The 

tricarboxylic acid cycle represents a central pathway for feeding the respiratory 

chain and its inputs come from carbohydrate, fatty acid or amino acid metabolism. 

Carbohydrates represent a minor but still important fuel substrate for the 

cardiac muscle. Under aerobic conditions the end product of glycolysis is 

pyruvate which is transported to the mitochondrial matrix. In the matrix space it is 

oxidized to acetyl-CoA by the pyruvate dehydrogenase (PDH) complex and enters 

the citric acid cycle. PDH is interconvertible by means of phosphorylation and 

dephosphorylation. Phosphorylation causes the formation of an inactive PDH 

complex (PDHi) and dephosphorylations results in an active enzyme (PDHa). Free 

Ca2+ and Mg2+ ions are important activators of the phosphoprotein phosphatise, 

which is responsible for the dephosphorylation of PDH (Midgley et al. 1987). The 

amount of free Mg2+ is increased in mitochondria when the ATP level falls 

because ATP exists as a magnesium complex (Denton et al. 1975, Wieland & 
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Portenhauser 1974). Thus, the [ATP]/[ADP] ratio is one determinant of the 

[PDHi]/[ PDHa] ratio. Another determinant of the [PDHi]/[ PDHa] ratio is the 

mechanical workload of the heart. The heart rate and contraction force are linked 

to [Ca2+] transients and so the cytosolic time-averaged [Ca2+] and mechanical 

workload are connected together. It is also known that mitochondrial [Ca2+] 

follows the cytosolic concentration even though the transients are filtered out 

(Leisey et al. 1993, MacGowan et al. 2001). This means that free Ca2+ rise 

connected to the contraction phenomenon is also an effective activator of PDH in 

addition to the [ATP]/[ADP] ratio. The protein kinase responsible for inactivation 

of PDH is activated by increased acetyl-CoA/CoA and NADH/NAD+ ratios 

(Peters 2003, Ravindran et al. 1996). If there are fatty acids available, acetyl-CoA 

is increased in mitochondria due to β-oxidation (Ala-Rami et al. 2005). Thus, the 

presence of fatty acids leads to conversion of PDH to its inactive form with the 

subsequent inhibioton of carbohydrate oxidation. If there is an abundance of 

ketone bodies available, the acetyl-CoA/CoA ratio is also increased, which has a 

similar inhibitory effect on carbohydrate oxidation as fatty acids. 

Fatty acids are the main fuel substrate in heart muscle, but regulation of fatty 

acid oxidation is not completely known. It seems that when the β-oxidation spiral 

is initiated it proceeds to completion and intermediate metabolites do not 

accumulate. Fatty acid oxidation can be regulated at three levels. Even though 

fatty acids are taken into the cell in a concentration-dependent manner, the uptake 

can be modified at least in certain pathological conditions (Luiken et al. 1997). 

An effective regulation step is the import of fatty acids into the mitochondria via 

the acylcarnitine/carnitine transport system. Malonyl-CoA is an intermediate of 

fatty acid synthesis and it is also a powerful inhibitor of the acylcarnitine/carnitine 

translocase. In heart muscle malonyl-CoA is probably solely a regulator of lipid 

oxidation because fatty acids are synthesized only in very small quantities, in 

contrast to lipogenic tissues (Lopaschuk et al. 1994). The third possible level of 

regulation is within the process of β-oxidation proper. It is known that the 

semiquinone of electron transfer flavoprotein (ETF) is a feedback inhibitor of the 

first β-oxidation enzyme, acyl-CoA dehydrogenase, and NADH is an inhibitor of 

the third reaction, 3-hydroxyacyl-CoA dehydrogenase. Furthermore the last 

reaction, catalyzed by thiolase, is inhibited by its product acetyl-CoA. These 

inhibitors cannot stop the β-oxidation, only slow it down (Schulz 1991). 

The mitochondrial tricarboxylic (TCA) cycle is in the central position in 

oxidative energy production because it gets its input from carbohydrate, fatty acid 

and amino acid oxidations and reduces NAD and ubiquinone for the utilization of 
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the respiratory chain. While liberating reducing equivalents for the use of the 

respiratory chain, the intermediates of the TCA cycle are not consumed but act 

merely in catalytic role. However, the regulation of the TCA cycle is somewhat 

controversial as well as its role in the regulation of cell respiration in general. 

Anyhow, there are two possible ways of influencing the activity of the TCA cycle, 

namely, to influence the metabolic flux across the cycle or to regulate the pool 

size of TCA cycle intermediates. 

There are three enzymes in the TCA cycle which due to their properties may 

have regulatory roles and affect the flux of the cycle. The Km of the citrate 

synthase enzyme for oxaloacetate is within the range of the mitochondrial 

oxaloacetate concentration, and so the reaction velocity is dependent on it (Siess 
et al. 1984). Oxaloacetate concentration, for one, is dependent on the activity of 

the malate dehydrogenase reaction (Forsander 1970), which is at near-equilibrium, 

for this reason, the concentration of oxaloacetate becomes governed by the 

respiratory chain through the NADH/NAD+ ratio. A second possible regulatory 

site in the TCA cycle is isocitrate dehydrogenase, which provides feedback 

regulation from the respiratory chain. It is activated by calcium (Nichols et al. 
1994) or allosterically by ADP, whereas NADH acts as a product inhibitor 

(Ehrlich & Colman 1982). The third and last possible regulatory enzyme is 2-

oxoacid dehydrogenase. It is an anzyme activated by calcium at concentrations 

encountered in mitochondria (McCormack & Denton 1990) and, the enzyme 

activity follows the variations in calcium concentration according to the 

mechanical work output in heart muscle. So Ca2+ changes have a considerable 

role in the regulation of mitochondrial NADH production through these two TCA 

cycle enzymes. A positive correlation between intracellular calcium and energy 

consumption has been observed (Wu et al. 1992), but experiments with 

levosimendan, a calcium sensitizer, failed to distinguish between calcium increase 

or energy consumption as the cause of enhanced oxygen consumption (Todaka et 
al. 1996). The experiments including manipulation of work output by 

extracellular calcium changes in perfused heart during oxidation of medium chain 

fatty acids have supported the notion that oxygen consumption is mainly 

determined by energy consumption (Vuorinen et al. 1995b). There is also in vitro 

evidence that calcium regulation alone cannot explain the large fluctuations of 

energy consumption at least in excitable cells because the calcium concentrations 

needed for such a change in energy consumption would be very harmful to the 

mitochondria and cell (Cortassa et al. 2003, Territo et al. 2001). Anyhow, calcium 

has a unique role in activating both energy consuming and energy producing 
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processes simultaneously in cardiac muscle. Calcium has also been proposed to 

take part in volume regulation of mitochondria which also leads to activation of 

matrix enzymes (Halestrap 1994), but there is no evidence that this phenomena 

has a role in the regulation of cellular respiration in cardiac muscle. 

Pool size regulation of intermediates is another possibility to regulate the 

TCA cycle. Even though the flux of the cycle does not affect the pool size, the 

intermediates are used in some other, mainly biosynthetic, metabolic routes of 

amino acids, glucose and fatty acids. Thus, the pool size tends to diminish and 

needs continual replenishment to maintain the capacity for oxidation of acetyl-

CoA. This compensation phenomenon is called anaplerosis (Kornberg 1966) and 

it includes several pool size increasing mechanisms. The pool size reducing 

mechanisms, known as cataplerosis, are coupled to anaplerotic mechanisms and 

are also involved in amino acid, glucose and fatty acid metabolism. Both 

anaplerosis and cataplerosis are required for normal cell functioning as the pool 

size of TCA cycle intermediates is dependent on the metabolic state. 

2.3.3 Respiratory chain regulation 

The phenomenon of “respiratory control” describes the ability of oxidative 

phosphorylation and oxygen consumption to adjust to the energy needs of the cell. 

It was first described in mitochondrial suspensions by Lardy and Wellman in 

1952 (Lardy & Wellman 1952). In addition to “substrate level” regulation, more 

direct respiratory chain regulation has also been a key issue linked to the overall 

regulation of energy metabolism. Even though the dominant or rate-limiting level 

of respiratory control is still not completely understood, the regulation at the 

respiratory chain level seems to be a significant part of overall regulation. Various 

phenomena and molecules can influence the operation of the respiratory chain, 

like the availability of ADP and Pi, control of cytochrome c oxidase by 

equilibrium reactions and allosteric or covalent modifications, oxygen availability 

and regulation at the gene expression level.  

The ADP and inorganic phosphate are necessary for production of ATP by the 

respiratory chain and F1Fo-ATPase. They are transported through the inner 

membrane of mitochondria by the ADP/ATP translocator and phosphate 

translocator. The ADP/ATP translocator is electrogenic because of different net 

charges of ATP and ADP and so is linked to the membrane potential. The 

phosphate translocator is coupled to transmembrane pH difference as it is a 

phosphate-/OH- exchanger (Palmieri et al. 1993). The ADP/ATP translocator is 
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capable of regulating the rate of oxidative phosphorylation in isolated 

mitochondria (Groen et al. 1982). However, in skeletal muscle mitochondria the 

flux control coefficients of the oxidative phosphorylation system and translocases 

related to it have been estimated by fitting the experimental data to a theoretical 

model (Korzeniewski & Mazat 1996) according to the principles of Metabolic 

Control Analysis (Kacser & Burns 1973). In state 4 (resting) respiration most of 

the control was imposed by the proton leak in the inner membrane. In state 3.5 

(intermediate) the control was mainly exerted by ATP-consuming processes 

themselves, and in state 3 (full rate of oxidative phosphorylation) the flux control 

coefficient of complex III was 0.26, ADP/ATP translocator 0.14 and ATP synthase 

0.16 (Korzeniewski & Mazat 1996), For the F1Fo-ATPase, the flux control 

coefficient was 0.04–0.09 in oligomycin titration of rat heart mitochondria 

(Ylitalo et al. 2001). 

[ATP]/[ADP] or [ATP]/[ADP]·[Pi] ratios convey signals from the cytosolic 

energy state to mitochondria, thereby serving as feedback regulation. Free ADP 

concentration in heart muscle cells is very low (30–90 μM) compared to the free 

concentration of ATP (about 5 mM) or inorganic phosphate (around 1 mM). This 

means that the concentration of ATP remains almost constant in the range of 

metabolic fluctuations of the ATP/ADP ratio in vivo. A model of the metabolic 

state of a heart cell during work transitions relative to oxidative phosphorylation, 

ADP/ATP translocase, phosphate translocase, mitochondrial and cytosolic 

creatine kinases and adenylate kinase has been made. The model, at equilibrium, 

describes satisfactorily the state of ATP, CrP and Cr, but the concentration of ADP 

changes in a concentration-dependent, non-equilibrium manner, which indicates 

intracellular concentration gradients. The data also shows a reasonable fit to a 

Michaelis-Menten type hyperbolic relationship between oxygen consumption and 

cytosolic ADP (Vendelin et al. 2000). It means that oxidative phosphorylation is 

extremely sensitive to ADP, which is rather difficult to explain with a relatively 

constant ATP/ADP ratio. One explanation could be that there is some kind of 

amplification system to increase the sensitivity of mitochondria to cytosolic ADP. 

It has been found that oxidative phosphorylation does not follow simple 

Michaelis-Menten kinetics, but it is at least of second order in respect to ADP 

(Jeneson et al. 1996). Also, the fact that an arbitrary Hill equation gives a 

satisfactory fit for the dependence of oxidative phosphorylation rate on ADP 

concentration, with a n value of 3.5, strengthens the concept of the existence of a 

sensitizing amplification mechanism of ADP to mitochondria (Jeneson et al. 
1996). 
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Parallel activation of both ATP-consuming and ADP-producing systems by 

calcium has also been a popular explanation for the relatively constant ATP/ADP 

ratio during workload transitions in heart muscle. This phenomenon has been 

modelled in different muscles and it has been found that the closest fit to the 

experimental data is achieved when it is presumed that “each-step activation” 

occurs. This means that one common signal molecule influences all contributors 

of the pathway and they all become simultaneously activated, i.e. upon activation 

of ATP consumption in muscle, all the enzyme complexes of oxidative 

phosphorylation become simultaneously activated (Korzeniewski et al. 2005). 

However, the identity of such a signal molecule is difficult to point out.  

The classical measurements of redox potentials of the matrix NADH/NAD+ 

couple and cytochrome c, and the free energy change of ATP hydrolysis in cytosol 

in isolated liver mitochondria demonstrate that there is a near-equilibrium (Wilson 
et al. 1974). This concept has been expanded to isolated perfused rat heart and to 

an extended network of near-equilibria reactions (Hassinen & Hiltunen 1975, 

Hassinen 1986a) including the redox span across mitochondrial complexes I and 

III, the ATP/ADP translocase, F1Fo-ATPase and chemical potential of the inner 

membrane (Kauppinen et al. 1980, Kauppinen et al. 1983, Nuutinen et al. 1981, 

Nuutinen 1984). The classical notion is that in a metabolic pathway the rate-

limiting step is out of equilibrium and in respiratory chain the only step out of 

equilibrium, is cytochrome c oxidase. Mathematical modelling of the near-

equilibria of the respiratory system and cytochrome c oxidase predicts that 

oxygen consumption is inversely proportional to the cytosolic [ATP]/[ADP]·[Pi] 

ratio (Wilson et al. 1977b). The equilibria are beneficial to the oxidative 

phosphorylation system because they minimize the entropy increase and enhance 

the energy conservation efficiency. However, this paradigm does not fit to the 

simple Michaels-Menten kinetics of ADP regulation of cell respiration.  

The respiratory chain is also regulated by allosteric and covalent 

modifications of complexes I and IV. The significance of the allosteric and 

covalent modifications of the respiratory chain in overall regulation is unclear. In 

complex I there are several subunits, which are targets for allosterically or 

covalently binding molecules. The 42 kD (NDUFA 10) subunit is phosphorylated 

at tyrosine and remains in phosphorylated form even during isolation of complex 

I (Schilling et al. 2005). The 18 kD (AQDQ) subunit is phosphorylated by 

mitochondrial protein kinase A in vitro (Papa et al. 1996) and can be 

dephosphorylated by a mitochondrial serine phosphatase, which is deactivated by 

calcium unlike the mitochondrial puryvate dehydrogenase phosphatase (Signorile 
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et al. 2002). Cyclic AMP and PKA have been found inside the mitochondria even 

though cAMP does not penetrate the inner membrane. Probably their signal 

reaches mitochondria as “transductosomes” composed of a protein conglomerate 

assembled by A-kinase anchoring proteins in the outer membrane (Feliciello et al. 
2005, Muller & Bandlow 1987). Cytochrome c oxidase (complex IV) is in a 

central position in the overall regulation of energy metabolism, but is also a target 

for allosteric and covalent regulation. There are seven high affinity ATP binding 

sites in subunits IV and VIa (heart isomorph) of the enzyme. In subunit IV ATP 

acts as an allosteric inhibitor (Arnold & Kadenbach 1997) and in VIa it decreases 

proton pumping efficiency of the enzyme (Frank & Kadenbach 1996). In the heart 

isomorph of the VIa subunit, ADP acts as an allosteric activator (Anthony et al. 
1993). Cytochrome c oxidase can also be covalently modified by protein kinases. 

Cyclic AMP-dependent protein phosphorylation of subunits II and Vb reversibly 

switches on the allosteric ATP inhibition (Bender & Kadenbach 2000). A cAMP 

protein kinase exists in bovine heart mitochondria and it phosphorylates some 

mitochondrial proteins (Papa et al. 1999, Technikova-Dobrova et al. 2001). 

Subunit IV can also be phospohorylated, but the protein kinase responsible is 

unknown (Steenaart & Shore 1997). 

2.3.4 Organization of regulation and energy transport in the cell 

It is generally accepted that aerobic energy production and oxygen consumption 

in mitochondria are mainly determined by the intracellular [ATP]/[ADP]·[Pi] ratio. 

However, ATP is mainly produced in the mitochondrial matrix, but most of the 

ATP-consuming processes are located either in the cytosol or other compartments 

of the cell where most of the ADP is formed. In those areas ADP should be 

efficiently removed to avoid local high concentrations and inhibitory effects on 

the ATP-consuming reactions (de Meis & Inesi 1982, Yamashita et al 1994) as 

well as to transmit the energy consumption signal of ADP to mitochondria. The 

metabolic network responsible for correct ATP production and distribution and 

ADP removal is complicated and it is reasonable to assume that the logistics of 

both energy and information inside the cell influence the regulation of overall 

metabolism. The holistic approach in which metabolism or regulation is studied 

more in a system or at the network level than through a single factor is relatively 

new and the term “molecular system biology” has been coined to describe it 

(Kitano 2002, Noble 2002). 
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According to the more holistic molecular system biology approach of energy 

regulation in muscle, two systems have been thought to participate together in the 

overall regulation of mitochondrial respiration and energy fluxes between 

different cellular compartments  (Saks et al. 2006). Firstly, the metabolic 

phosphotransfer network in muscle consisting of the phosphocreatine shuttle (see 

below), adenylate kinase and glycolytical routes, communicate flux changes 

generated by ATPases all around the cell within structurally organized enzyme 

modules and networks balancing energy state in different parts of the cell (Dzeja 

& Terzic 2003, Kahn et al. 2005, Neumann et al. 2003). Secondly, the 

participation of mitochondria in the cellular calcium cycle adjusts oxidative 

phosphorylation to meet the needs of the cellular energy demands.  

The phosphocreatine (PCr) pool and creatine kinase (CK) isoenzymes in 

different parts of the cell form a major cellular energy transfer network. CK 

isoenzymes are found in mitochondria and in different cell compartments in 

soluble form or more or less associated with ATP consuming or delivering 

processes (Wallimann et al. 1992). They catalyze the “high-energy” phosphoryl 

group transfer from PCr to ADP to generate ATP or vice versa from ATP to ADP 

to form PCr (Bessman & Geiger 1981). The mitochondrial isoenzyme is located 

between mitochondrial membranes and it generates PCr from 

intramitochondrially produced ATP and cytosolic Cr, and the ADP produced 

returns to the matrix space to stimulate oxidative phosphorylation. PCr is the 

primary “high-energy” phosphate leaving mitochondria and entering the cytosol 

according to flux studies with 18O31P NMR (Aliev & Saks 1997, Jacobus & 

Lehninger 1973). PCr also varies according to performance of myocardium with 

different work loads (Pucar et al. 2001, Pucar et al. 2004). It is assumed that this 

process directs energy flux rapidly out of mitochondria and at the same time 

ensures a sufficient local ADP concentration for stimulation of oxidative 

phosphorylation (Jacobus & Lehninger 1973). In the cytosol and other 

compartments, CK isoenzymes are located near the ATP consuming sites and 

generate ATP from PCr and ADP to fine tune the ATP amount according to the 

cell’s needs and to prevent the ADP from inhibiting the ATPase-driven processes 

(Dzeja & Terzic 2003, Wallimann 1996, Wyss & Kaddurah-Daouk 2000). 

The adenylate kinase (AK) isoenzymes and glycolytic enzymes constitute an 

additional phosphotransfer network that work hand in hand with the CK-PCr 

system, and energy also flows from one network to the other in physiological 

cellular conditions (Bessman & Carpenter 1985, Dzeja & Terzic 2003, 

Kupriyanov et al. 1984, Wallimann et al. 1992). The AK isoenzymes and 
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glycolytic enzymes provide part of the phosphotransfer capacity also in 

physiological conditions, but in some pathological conditions (Dzeja et al. 1999) 

as well as in some transgenic models they have at least partly compensated for the 

decrease in the CK system (Abraham et al. 2002, Dzeja et al. 2004). 

In the system biology approach, it is thought that phosphotransfer networks 

and the calcium cycle of the cell have a significant role in energy regulation. The 

cellular and mitochondrial calcium cycle adjusts the capacity of substrate 

oxidation and energy-transducing processes to match the cellular demands (Saks 
et al. 2006). It is known that any attempt to raise the level of respiration more 

than two-fold by increasing calcium concentration would cause damage to 

mitochondria and the cell due to calcium overload (Brookes et al. 2004). Anyhow, 

it is proposed that the phosphotransfer networks form an effective metabolic 

feedback channelling and protect the cell from excess calcium accumulation in 

mitochondria and due to this phenomenon cell can work effectively in changing 

workloads without excessively large calcium oscillations (Ellington 2001). The 

importance of phosphotransfer network function is attested by several studies 

with transgenic mice, and there have been results indicating compromised energy 

metabolism and calcium handling perturbations in several cases (Janssen et al. 
2003, Momken et al. 2005, Pucar et al. 2002, Saupe et al. 2000, Spindler et al. 
2002, Spindler et al. 2004, Steeghs et al. 1998). 

A unifying theory of regulation of energy metabolism is still out of reach. The 

system biology approach emphasizes the role of calcium and phosphotransfer 

networks but the contribution of other factors cannot be excluded. Vice versa, 

phosphotransfer networks are probably important at least in providing feedback 

regulation of ADP and Pi through the adenylate translocators in the inner 

mitochondrial membrane and delivering ATP to ATPases of the cell but it is 

difficult to get the whole picture without the effects of near-equilibria reactions 

and direct regulation of respiratory chain. The substrate level dehydrogenations 

probably do not have a major role in overall regulation, but are essential in 

providing fuel for the respiratory chain in changing circumstances. 
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2.4 Non-destructive monitoring of energy metabolites in intact 
cells by means of optical probes 

2.4.1 Luminescence and fluorescence measurements 

Luminescence is a phenomenon in which the return of an excited molecule to its 

ground state causes emission of light. The excitation of a fluorophore is achieved 

by absorption of electromagnetic radiation (light). If the excited state is produced 

by a chemical reaction the phenomenon of emission is called chemiluminescence. 

The lifetime of the excited state varies in different molecules. If the lifetime is 

long, the phenomenon is called phosphorescence and if it is in the nanosecond 

range, it is called fluorescence. 

In practice, a process leading to fluorescence can be divided into three steps: 

excitation, excited-state lifetime and fluorescence emission of the fluorescent 

molecule. In excitation a photon from an external source is absorbed by a 

fluorophore and an excited electronic singlet state is created. The exited state 

lifetime is usually very short, approximately 1–10 nanoseconds, but during this 

time the fluorescent molecule undergoes conformational changes and may 

interact with its environment in different ways leading to partial loss of energy or 

processes that will disturb or inhibit the return of the electron to the ground state 

(non-radiative relaxation). These interactions influence the quality of emission. In 

fluorescence emission a photon is emitted and a fluorophore returns to the ground 

state. The photon emitted has a lower energy than the photon absorbed, and 

therefore also a longer wavelength. The difference between the wavelengths or 

energies is called the Stokes shift. In practice, a fluorescent probe experimental 

setup is composed of an excitation source, a fluorophore (probe), a device to 

differentiate emitted photons from excitation photons and a light detector to 

record the emission output.  

Fluorescent probes are designed to generate signals from specific areas of 

living cells or organs as a consequence of a particular stimulus. They are usually 

polyaromatic hydrocarbons or heterocyclic in chemical structure. Most of the 

classical members of the fluorescent calcium probes were originally produced by 

Tsien and collegues (Grynkiewicz et al. 1985, Tsien 1980, Tsien 1981). 

Fluorescent techniques in general are highly sensitive and selective, but there 

are certain pitfalls that may influence the usability and accuracy of these methods. 

Potential problems in the use of fluorescent probes are caused by intracellular 

buffering of ions, cytotoxicity, autofluorescence, photobleaching, 
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compartmentalization, binding to proteins and other ions, dye leakage (Takahashi 
et al. 1999) and also inner filter effects. Intracellular buffering can become a 

problem with high-affinity probes as they are chelators of specific ions. They may 

buffer small changes in intracellular ion content, when loaded in high 

concentrations and disturb cellular functions (Hofer & Machen 1994). 

Cytotoxicity of the probe may disturb cellular functions or even make the use of a 

certain probe impossible (Smith et al. 1981). A well-known source of error in 

fluorescent measurements is autofluorescence of intracellular constituents which 

fluoresce independently of probes. There are several molecules that can give off 

autofluorescence, but the most harmful sources for example in the use of 

intracellular fluorescent calcium probes are reduced nicotinamide nucleotides 

(NADH, NADPH), oxidized flavin adenine nucleotide (FAD) and flavin 

mononucleotide (FMN). NAD and NADP increase fluorescence upon reduction 

and flavins upon oxidation, and their excitation and emission maxima are in the 

same range as some short-wavelength probes (Harbig et al. 1976, Paddle 1985, 

Sick & Rosenthal 1989). For these probes it is essential to take into account the 

influence of autofluorescence. Photobleaching (photochemical decomposition) is 

a phenomenon that concerns all fluorescent probes. Excessive illumination causes 

a decrease in emission signal strength and can also cause fluorescence without 

indicator-ligand interaction. In dealing with photobleaching, the key issue is to 

balance between a good enough signal-to-noise ratio and avoidance of excess 

illumination (Becker & Fay 1987, Scheenen et al. 1996). Compartmentalization is 

one the most important features in the use of chemical fluorescence probes in 

practise. The indicator may be trapped in some intracellular organelle so that the 

distribution is not homogenous throughout the cell. When for example cytosolic 

calcium concentration is measured, it would be useful to minimize 

compartmentalization of the probe to cell organelles because the calcium 

concentration in different compartments is not the same. The degree of 

compartmentalization is affected by several factors like the chemical structure of 

the indicator, the loading conditions, cell type and sequestration of indicator 

(Cobbold & Rink 1987, Malgaroli et al. 1987, Roe et al. 1990). Another problem 

related to the chemical structure of the indicator is its ability or tendency to bind 

ions and proteins. To some extent the binding to intracellular proteins is a fairly 

common feature of fluorescent probes. The binding may alter fluorescent 

properties or reaction kinetics of the probe (Baylor & Hollingworth 1988). Other 

ions, like heavy metal ions and protons, may also disturb the wanted reaction 

between indicator and its ligand. Most of the probes are sensitive at least to some 
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extent to pH and the Kd values may change dramatically when the acidity of 

environment varies, which leads to difficulties in interpretation of the results 

(Lattanzio 1990, Lattanzio & Bartschat 1991). A well-known problem is also dye 

leakage from the cytosol to the extracellular medium during experiments. It is 

partly regulated by anion transport systems in cell membranes and can be 

inhibited or suppressed by propenicid, sulfinpyrazone or low temperature. Dye 

leakage is also dependent on indicator properties and cell type. The resistance of 

dye to leakage can be increased by altering the chemical properties like 

strengthening the polarity of molecule or conjugating it to suitable 

macromolecules (McDonough & Button 1989). Also, the inner filter effect may 

cause problems with intracellular fluorescent probes. It is an effect in which 

excitation or emission light is absorbed by intracellular chromophores (Kubista et 
al. 1994). 

2.4.2 Fluorescent calcium probes 

Chemical, light emitting calcium indicators can be divided into fluorescent and 

biological or synthetic chemiluminescent probes. Use of fluorescent probes is 

based on the use of light excitation, whereas bioluminescent probes are based on 

their ability to produce light by an intramolecular reaction in the presence of Ca2+. 

The fluorescent probes can be grouped e.g. according to their excitation/emission 

wavelengths or binding affinities or according to their principle of use 

(ratiometric vs. non-ratiometric use). The biological or synthetic 

chemiluminescent calcium probes are either Ca2+-binding photoproteins or their 

derivates or derivatives of green fluorescent protein. 

The excitation and emission wavelengths of fluorescent calcium probes 

determine the use of probes especially when multiple dyes are used 

simultaneously or the excitation light source has limited wavelength properties 

(e.g. excitation lasers). According to absorption spectra, the probes can be divided 

into UV and visible light (blue, green and red) excitable indicators. The first 

commonly used indicators were UV-excitable and they are still widely in use. The 

most common indicators in this category are quin-2, Indo-1 and Fura-2 and 

derivatives of these. These probes are used especially in quantitative ratiometric 

studies (Indo-1 and Fura-2). The common disadvantages in using UV-excitable 

probes are the relative cytotoxicity of UV light (Brakenhoff et al. 1996) and the 

intrinsic fluorescence of e.g. NADH in same wavelength range (Cobbold & Rink 

1987, Harbig et al. 1976, Paddle 1985). Visible light probes, like Fluo-3, calcium 
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green, Oregon green BAPTA, calcium orange, calcium crimson, Fura-red and 

Rhod 2, have an advantage over UV-excitable probes in terms of cytotoxicity and 

autofluorescence, and they can be used to monitor [Ca2+] changes, at the same 

time, UV-sensitive calcium chelators can be used to manipulate the observed 

change in calcium concentration. The visible fluorescent light indicators are 

mainly used in imaging applications with some exceptions. 

Most of the [Ca2+] indicators do not have different free and ion-bound 

molecule excitation or emission spectra and due to this they are used at a single 

wavelength. In case of Fura-2 and Indo-1, the spectra of free and ion-bound forms 

differ, and this gives a possibility to use them ratiometrically by isolating the 

emission signals of free and ion-bound forms with optical filters and measuring 

them separately. The ratio of two-wavelength excitation or emission is used to 

calculate ion concentrations. Also, correction for differences of pathlength and 

accessible volume of three-dimensional structures is allowed with ratiometric 

probes. 

The binding affinity of [Ca2+] indicators, which is reflected by their 

dissociation constant (Kd), determines also the usability of the probe. Calcium 

probes are expected to shift their absorption or emission spectra in the calcium 

concentration range of 0.1xKd to 10xKd, but the most sensitive and reliable 

measurement area is near or just below Kd. High affinity (low Kd) indicators may 

more easily buffer intracellular calcium and become saturated. The low affinity 

(high Kd) indicators have been recently developed and they are used e.g. in 

measuring calcium in subcellular organelles (Hofer & Machen 1993) and are also 

better for studying rapid [Ca2+] changes (Escobar et al. 1994).  

The chemical form of a probe is important when considering loading of the 

indicator to the cell. The probes in ionizable forms (acid, salt) are usually 

impermeable to cells and have to be used in a permeable, nonpolar form as 

(acetomethyl) esters. The AM forms are inactive as an indicator, but they can 

diffuse into the cell, where they are cleaved by esterases to their active form 

(Tsien 1981). This allows also loading of a whole organ like heart in fairly 

physical conditions. Other loading techniques are more or less either non-

physiological or invasive. 

Biological or synthetic chemiluminescent calcium indicators are either Ca2+-

binding photoproteins, like obelin and aequorin, or green fluorescent protein-

based synthetic Ca2+ indicators. The use of Ca2+-binding photoproteins requires 

simpler instrumentation than chemical fluorescent probes in experimental use 

because they need no exitation light. The major difficulties of these probes are 
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loading to the cell and detection of the fairly weak bioluminescent signal. 

Aequorin is one of the first reliable biological chemiluminescent Ca2+ indicators. 

In 1967 giant barnacle muscle fiber intracellular Ca2+ transients were recorded 

using aequorin chemiluminescence (Ridgway & Ashley 1967). It contains three 

calcium binding sites and emits blue light (465 nm) when at least two of these 

sites are occupied. Aequorin is thought to distribute only to the cytosol and it is 

also thought that pH does not affect its sensitivity for calcium markedly in the 

physiological pH range. However, Aequorin has also been shown to be pH-

sensitive (Allen & Orchard 1983a, Vysotski et al. 2003), and its light emission 

decreases by 40% upon a pH fall from 7.4 to 6.6(Allen & Orchard 1983b). In 

some cells the resting level of cytosolic [Ca2+] is quite close to the upper limit of 

measurable calcium level of the original aequorin, which diminishes its 

usefulness. Since the late 1980s several kinds of recombinant aequorin and 

semisynthetic aequorin have been developed to improve the properties and 

usefulness of the original aequorin (Inouye et al. 1985, Inouye et al. 1989). The 

green fluorescent protein based Ca2+ indicators have been mostly used as markers 

of gene expression or protein localization by cloning and fusing their DNA into 

the DNA of an organism (Chalfie et al. 1994, Inouye & Tsuji 1994). Some 

applications for calcium measurements have also been developed during the last 

10–15 years (Miyawaki et al. 1997, Persechini et al. 1997, Romoser et al. 1997). 

2.4.3 pH dependency of the fluorescent calcium probes 

Virtually all of the fluorescent calcium probes are polycarboxylates and actually 

developed from Ca2+ chelators. Due to their chemical structure the Ca2+ binding 

affinity of these probes is sensitive to pH, and the Kd values may vary 

substantially when pH conditions change during an experiment. In well buffered 

conditions e.g. in cell suspensions or monolayers this is not a problem but in 

experiments, where environmental conditions of the probe change during 

measurement, this may lead to incorrect interpretation of results. Especially in 

intact organs, the pH decrease in ischemia may be substantial. 

It was reported by Lattazio that e.g. the calcium-Indo-1 dissociation constant 

increases nine-fold when the pH drops from 7.2 to 5.4. There is also a similar 

relationship between the Kd of Fura-2 and Fluo-3 and the pH changes of their 

environment (Lattanzio 1990, Lattanzio & Bartschat 1991). So it is obvious that 

pH-sensitive calcium probes underestimate the amount of calcium in low pH 

conditions if the Kd change is not taken into consideration. The Kd values of 
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calcium probes, like Fura-2, have been mainly determined in vitro but attempts 

have also been made for in vivo calibrations (Petr & Wurster 1997).  

2.4.4 Spectrophotometry and fluorometry of intact cells. Problems 
imposed by myoglobin 

Myoglobin is a small heme protein and it is located in cardiac myocytes and other 

muscle cells that are adapted to perform sustained work. The chemical structure 

allows myoglobin to bind oxygen and in basal PO2 conditions, almost all 

myoglobin is in its oxygenated state. During exercise or hypoxic conditions, it 

may buffer oscillations of intracellular O2 pressure (Wittenberg & Wittenberg 

1987). It is nowadays commonly accepted that myoglobin facilitates the diffusion 

of oxygen and acts as an intracellular oxygen store (Merx et al. 2001). 

In spectrophotometric studies of myocardium or other myoglobin-rich tissue, 

myoglobin constitutes a significant source of artefact. First of all, the absorption 

spectrum of myoglobin changes according to its oxygenation and it overlaps those 

of e.g. cytochrome. This complicates the interpretation of optical measurements 

substantially especially when experimental conditions includes major changes in 

the availability of oxygen (Schenkman et al. 1997). The second reason for artefact 

due to myoglobin is an internal filter effect that affects fluorescence of exogenous 

intracellular probes as well as the fluorescence of endogenous chromophores 

(NADH and flavins) (Gnaiger et al. 1998).  

Two laboratories have been able to produce a myoglobin-deficient mouse 

strain. In both cases mice have been viable, fertile and without obvious signs of 

functional limitations (Godecke et al. 1999, Meeson et al. 2001). Several 

compensatory mechanisms and adaptations have been found. Gödecke and 

coworkers (1999) found that cardiac energetics, function and O2 consumption 

were not altered, but coronary flow, coronary reserve and hemoglobin 

concentration were elevated in Myo (-/-) mice. Capillary density in heart was 

higher in transgenic mice, explaining the difference in flow and reserve of 

capillaries. These mechanisms reduce the path length of O2 diffusion from 

capillaries to mitochondria and compensate for the facilitative role of myoglobin 

in oxygen diffusion. The isolated perfused Myo (-/-) hearts show no alteration in 

contractile parameters, tissue levels of ATP and phosphocreatine (P31-NMR) or 

oxygen consumption in either basal conditions or after maximal β-adenergic (200 

nM dobutamine) stimulation (Godecke et al. 1999, Godecke & Schrader 2000). 

Meeson and coworkers (2001) also found normal O2 consumption and a similar 
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increase in vascularity. During hypoxic stress Myo (-/-) mice do not differ from 

wild-type mice. The hearts are not decompensated but are well adapted and 

maintain stable cardiovascular function (Schlieper et al. 2004). A proteomics 

approach reveals expression differences in 21 proteins, the major features being a 

decrease in fatty acid-oxidizing and an increase in glycolytic enzymes (Flogel et 
al. 2005). It is well known that glycolysis and pyruvate oxidation are tightly 

regulated in heart muscle (Goodwin et al. 1998) but fatty acid oxidation is more 

influenced by substrate availability (Longnus et al. 2001). In Myo (-/-) heart 

Meeson and coworkers (2001) found that substrate utilization is well preserved. 

Fatty acids are the preferred metabolic substrate even though there was slight 

increase in use of lactate compared to the wild-type mice. Therefore, Myo (-/-) 

mice does not represent a special case that is not applicable to the general 

framework of oxidative metabolism. The behavior of Myo (-/-) heart 

mitochondria can be regarded as a general phenomenon. 

Myoglobin deficiency makes this mouse strain a good model for optical 

measurements of the respiratory chain because of elimination of some optical 

artefacts. The compensatory mechanisms of myoglobin deficient heart relate to 

the oxygen diffusion from heart muscle capillaries to mitochondria of cardiac 

cells. No alterations in heart function or energetics have been found in the Myo 

(-/-) mouse strain. 
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3 Aims of the present research 

The aims of the present research are to seek answers to the following questions: 

1. How do ischemia/reperfusion and preconditioning affect intracellular calcium 

accumulation and mitochondrial membrane potential? (I)  

2. Where is the dominant level of respiratory regulation in heart muscle? (II) 

3. Is it possible to develop a methodology for simultaneous on-line 

measurement of intracellular calcium and pH in intact heart to allow reliable 

use of fluorescent calcium probes during ischemia? (III) 

4. Is there a correlation between cellular redox state and ROS production during 

ischemic and pharmacological preconditioning? (IV) 
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4 Materials and methods 

4.1 Reagents 

The safranine and standard chemicals were obtained from E. Merck, Darmstadt, 

Germany. Fura-2-AM, calcein, BCECF-AM, ionomycin and 4Br-A23187 were 

from Molecular Probes, Eugene, OR, USA. Bradykinin, nigericin, horse 

myoglobin, lucigenin, diazoxide 5-hydroxydecanoate, xanthine oxidase and 

dihydroethidium were obtained from Sigma Chemical Co., St. Louis, MO. 

Sodium octanoate was purchased from Fluka, Buchs, Switzerland. Amobarbital 

(amytal, free acid) was the European Pharmacopoeia preparation, obtained from 

the Helsinki University Pharmacy, and fish sperm DNA was from Amresco Inc., 

Solon, Ohio. 

4.2 Laboratory animals 

The investigations conformed to the Guide for the Care and Use of Laboratory 

Animals (NIH Publication No. 85–23, revised 1985) and were conducted after 

prior approval from the Laboratory Animals Committee of the University of Oulu.  

Three-month old Male Sprague-Dawley rats were supplied by the Laboratory 

Animal Center of Oulu (I and IV). The reference mouse strain was C57BL/6J 

OlaHsd from the Laboratory Animal Center of the University of Oulu and 

originated from Harlan Netherlands. The myoglobin-deficient mouse strain (Myo 

(-/-)) originated from the Department of Physiology, Heinrich-Heine-University, 

Düsseldorf, Germany. The derivation of the Myo (-/-) strain by gene disruption 

has been documented previously (Godecke et al. 1999) (II and III). 

4.3 Methods 

4.3.1 Perfusion instrumentation and protocols 

In (I and IV), rats were anesthetized with intraperitoneal sodium pentobarbital (60 

mg/kg body weight) and 500 IU heparin was injected into the inferior vena cava. 

The hearts were excised one minute later and rinsed in ice-cold perfusion medium. 

Retrograde perfusion was started in a modified Langendorff apparatus at a 

pressure of (I) 90 cm H2O with phosphate-free Krebs-Henseleit perfusion 
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medium maintained at 37°C, gassed with O2/CO2 (19:1) and containing 120 mM 

NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 0.25 mM Ca-EDTA, 1.2 mM MgSO4, 25 mM 

NaHCO3, 10 mM glucose, and 12 U/l insulin, (IV) 100 cm H2O with Krebs-

Ringer buffer composed of 118.5 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 

mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3 and 10 mM glucose. 

Left ventricular pressure was monitored by means of a water-filled 

intraventricular latex balloon connected to an Isotec pressure transducer and 

Statham SP1400 pressure monitor. Mechanical function was estimated as the rate-

pressure product (developed pressure × heart rate). The end-diastolic pressure was 

set to 15 mmHg at the beginning of the experiment. 

In (I) the hearts were divided into a preconditioning and a control group. The 

recordings were begun with a 9-min normoxic perfusion and the preconditioning 

group was subjected to 5 min of preconditioning ischemia, a 9-min intervening 

reperfusion and 21 min of ischemia followed by reperfusion. The control group 

underwent a 23-min normoxic perfusion and 21 min of ischemia followed by 

reperfusion. Three separate sets of experiments with the above perfusion protocol 

were performed; one to measure heart rate, left ventricular developed pressure 

and creatine kinase release, a second to measure [Ca2+]f by means of Fura-2 

fluorescence, and a third to monitor mitochondrial membrane potential by means 

of safranine fluorescence. 

In (IV) pharmacological preconditioning experiments hearts were allowed to 

stabilize for about 10 minutes before data was collected. Then 20 minutes of data 

prior to the ischemia were recorded before applying global ischemia for a 20-min 

period. After that, perfusion was reconstituted and continued for 60 minutes. The 

hearts were divided into three groups: control group, diazoxide group (20 µM 

diazoxide present in the perfusion medium) and diazoxide + 5-HD group (20 µM 

diazoxide and 300 µM 5-hydroxydecanoate present in the perfusion medium). 

Two separate sets of parallel experiments were performed, one to measure 

superoxide generation and the other to measure flavoprotein and cytochrome aa3 

redox state. To study ischemic preconditioning, the hearts were subjected to 5 min 

of global ischemia followed by 10 min of normoxic perfusion, subsequent global 

ischemia for 20 min and final reperfusion for 60 min. 

In (II and III), six- to eight-week old mice were killed by cervical dislocation, 

the thorax was immediately opened, the heart cooled with ice-cold saline and 

retrograde perfusion with ice-cold Krebs-Henseleit bicarbonate buffer was 

initiated in situ. After dissection, the perfusion was continued at 37°C with a 

modified Krebs-Henseleit buffer containing 118.5 mM NaCl, 4.7 mM KCl, 2.5 
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mM CaCl2, 1.2 mM KH2PO4, 1.2 mM Mg2SO4 25 mM NaHCO3 and 10 mM 

glucose in equilibrium with O2/CO2 (19:1), at a hydrostatic pressure of 100 cm 

H2O (9.81 kPa).  

Potassium-induced arrest (II) was brought about by increasing the perfusate 

KCl concentration to 18 mM and lowering the NaCl concentration accordingly to 

keep the ionic strength constant.  

Calcium-induced changes in inotropy (II and III) were produced with a 

perfusion medium containing 121 mM NaCl, 4.7 mM KCl, 1.28 mM MgSO4, 25 

mM NaHCO3, 10 mM glucose 1 mM CaCl2 and 0.5 mM EDTA, with the free 

Ca2+ concentration varying between 0.5 and 2.5 mM by pumping 0.1 M CaCl2 at 

an appropriate rate.  

For recording ventricular pressure (II), the left ventricular wall was pierced 

with a saline-filled 1-mm i.d. polyethylene cannula connected to an Isotec 

pressure transducer and Statham SP1400 pressure monitor. Coronary flow (II) 

was measured with a drop counter and venous oxygen (II) with a Clark-type 

oxygen electrode. In some experiments (II) the heart was electrically paced using 

3-ms pulses 50% above the threshold voltage, applied with an epicardial Ag/AgCl 

electrode. 

In the phosphorus NMR experiments (III) the hearts were perfused with a 

modified Krebs-Henseleit buffer containing 120 mM NaCl, 4.7 mM KCl, 2.75 

mM CaCl2, 1.28 mM Mg2SO4, 24.8 mM NaHCO3, 0.25 mM EDTA (pH 7.4) and 

10 mM glucose and gassed with O2/CO2 (19:1). The fluorescent probes were 

loaded into the heart (III) by recirculating perfusion (5 µM) for 15–25 min 

followed by 10 min of wash-out before starting the experiment. 

4.3.2 NMR experiments and calibration of BCECF response 

The response of BCECF to pH in intact myocardium was calibrated by perfusing 

mouse hearts as described above in a 10-mm tube in a Bruker DPX200 4.7-Tesla 

NMR spectrometer operating at a phosphorus frequency of 81.014 MHz. Blocks 

consisting of 128 FID were collected over consecutive 5-min periods with the 

following acquisition parameters: spectral width 4807 Hz, excitation pulse 10 µs, 

resulting in a 50° tilt angle, relaxation delay 1.47 s, acquisition period 0.84 s and 

number of data points 8170. The spectra were processed and analyzed with the 

PERCH program using exponential multiplication, resulting in 15 Hz line 

broadening before Fourier transformation. 
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The response of BCECF in situ to pH was calibrated by comparison with the 

pH values obtained from the chemical shift of cytosolic inorganic phosphate in 

NMR spectra recorded during commencement of ischemia in isolated perfused 

hearts. Cytosolic pH was calculated from the equation:  

pH = 6.77 + log[(δPi - 3.29)/(5.68 - δPi)], 

where δPi is the chemical shift difference between CrP and Pi. The calibrated 

BCECF response was used in the calculation of intracellular calcium to determine 

the Kd of the Ca-Fura-2 complex at a certain time point using the values reported 

in (Lattanzio 1990) for the pH dependence of the pKa of the Ca-Fura-2 complex. 

4.3.3 Optical measurements 

Fluorescence signals were obtained from the surface of the beating heart using a 

light-tight perfusion chamber and a quartz rod placed against the left ventricle 

surface so that the perfusion medium formed an immersion seal between them. 

The time-shared light pulses were led to the heart surface through one branch of a 

Y-shaped fiber-optic light guide, the other branch being used to convey the 

fluorescence signals. This configuration has been found stable and immune to 

movement artifacts (Hassinen et al. 1981). In (II and IV), a custom-built 

spectrophotometer-fluorometer was used (Hassinen 1986b) as in the safranine 

experiments of (I). Otherwise, a rotating-filter four-channel fluorometer was used 

with the exception in (III), where a spectrofluorometer equipped with motorized 

grating monochromators was harnessed to study another set of experiments, and 

in (IV), where it was used in DHE experiments on a reconstituted enzyme system. 

Measurement and validation of intracellular calcium (I and III) 

In (I) the hearts were preloaded with Fura-2 by recirculating perfusion with 4 µM 

Fura-2 AM. The experiment was begun after a washout period of 20 min. It was 

found that the dual-wavelength excitation method for Fura-2 fluorescence 

measurement (340 nm versus 380 nm excitation) was not sufficient for studying 

ischemia/reperfusion-related phenomena in the intact heart because of the large 

contribution from the intensive NADH fluorescence during ischemia. Therefore, 

the method was validated by using continuous simultaneous monitoring of 

autofluorescence and pH correction for the Kd of the Fura-2-calcium complex. 
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The correction of autofluorescence to the Fura-2 signal was made by using 

three excitation wavelengths (340, 380 and 465 nm). In unstained heart the 

autofluorescence at 340 and 380 nm originates mainly from NADH and that at 

465 nm from flavoproteins. Fura-2 shows no fluorescence at 465-nm excitation. 

The autofluorescence at 340 and 380 nm was plotted against the autofluorescence 

465 nm. Because majority of flavin fluorescence originates from mitochondrial 

lipoic dehydrogenase, which is in rapid equilibrium with mitochondrial 

NADH/NAD and has a standard redox potential close to that of NADH/NAD, the 

proportion of reduced NAD closely follows that of oxidized flavins (Hassinen & 

Chance 1968). Therefore, flavin fluorescence can be used to monitor the changes 

in mitochondrial NADH, which is responsible for a major part of the NADH 

fluorescence (Nuutinen 1984). In Fura-2 experiments the NADH 

autofluorescence was calculated from the flavin fluorescence and subtracted from 

the 340 and 380-nm signals at 4-s intervals. 

Also, because the influence of pH on the Kd of Ca-Fura-2 was found 

significant, a pH correction was made. The behavior of cytosolic pH was 

calculated from the chemical shift of inorganic phosphate in the 31P NMR work 

with a similar protocol made earlier in our group (Vuorinen et al. 1995a). 

Regression equations for the pH excursions were solved by a non-linear curve 

fitting procedure, and the time-dependent pH and the corresponding Kd for each 

consecutive 4-s time point of the ischemia experiment were calculated.  

In (III) the epicardial fluorescence of Fura-2 and BCECF was studied with 

excitation wavelengths 340 nm versus 380 nm for Fura-2 and 495 nm versus 465 

nm for BCECF. The fluorescence signals were conveyed to a photomultiplier tube 

guarded by a 515-nm interference filter. The time-averaged fluorescence was 

monitored by setting the bandwidth of the apparatus to 0.1 Hz. In some 

experiments the bandwidth was increased to 33 Hz, allowing recording of the 

calcium transients related to the heartbeat. The free calcium concentration was 

calculated from the Fura-2 fluorescence and corrected for changes in Kd by using 

pH values from BCECF fluorescence calibrated with NMR experiments as 

described earlier. 

In (I and III) the free calcium concentration was calculated from the Fura-2 

fluorescence by means of the equation  

[Ca2+]f(t)=Kd(t)·β·(R-Rmin)/Rmax-R) 

where Kd(t) is the dissociation constant of the calcium complex at time point t, β is 

the minimum/maximum fluorescence ratio of Fura-2 excited at the reference 
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wavelength 380 nm (F380(min)/F380(max) 
) and R is the fluorescence ratio 340/380 

in (I) corrected for autofluorescence as described above. 

In (I) maximum and minimum [Ca2+]f were obtained during infusion of 

ionomycin and ionomycin plus EGTA, respectively. Because ionomycin causes 

contracture of the heart muscle and vessels, resulting in an impediment of 

coronary flow and probably a leakage of Fura-2 from the cells, there remains 

some uncertainty in the estimation of Rmin.  

In (III) the maximal calcium-dependent fluorescence was measured during 

the infusion of 4Br-A23187, and minimum fluorescence during the subsequent 

infusion of EGTA. Because of the toxicity of the calcium ionophore, contracture 

and subsequent probe leakage occurred. It was also found that the “calcium 

paradox” was a convenient means of achieving a rapid permeabilization of the 

cells. In this study Rmax was 3.75 ±0.42 and Rmin 0.43 ±0.12. 

Mitochondrial membrane potential (I) 

The mitochondrial membrane potential (I) was monitored continuously by using 

the phenomenon of potential-dependent stacking of safranine in the mitochondrial 

inner membrane, which resulted in changes in fluorescence (Akerman & 

Wikstrom 1976, Kauppinen & Hassinen 1984). 

The heart was loaded with the dye by perfusing with 20 µM safranine for 15 

min. The experiment commenced after a washout period of 10 min. Epicardial 

safranine fluorescence was exited at 522 nm and emission recorded at 590 nm. 

Epicardial diffuse reflectance was recorded at 590 nm and 453 nm also in 

unstained heart during anoxia-normoxia cycles to correct the autofluorescence 

and internal filter effect of myoglobin and cytochromes, which interfere with the 

safranine signals especially in ischemia-reperfusion situations. 

The mitochondrial redox state (II and IV) 

The oxidation-reduction states of an electron carrier (mitochondrial NADH/NAD 

probed by flavoprotein fluorescence) and of the redox center of an enzyme (heme 

a of cytochrome c oxidase) were used to describe the mitochondrial redox state. 

The data from the redox center of cytochrome c oxidase are referred to 

cytochrome aa3 because of the uncertainty of the relative contributions of the two 

hemes (a and a3). 
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In (II) oxidation-reduction changes in cytochrome c oxidase (cytochrome aa3) 

were monitored with the wavelength pair 605 nm minus 630 nm, and redox 

changes in fluorescent flavoproteins with excitation at 465 nm and detection of 

the emission above 520 nm were observed simultaneously. The reflectance and 

fluorescence signals were read with time sharing by a multiplier phototube 

guarded by a 510-nm long-pass filter.  

In (IV) flavoprotein fluorescence emission above 520 nm, excited at 470 nm, 

and diffuse reflectance at 605 nm minus 630 nm were monitored simultaneously 

to record the oxidation-reduction changes of flavoproteins and cytochrome c 
oxidase (cytochrome aa3), respectively. To compensate for possible changes in 

optical geometry during ischemia, the flavoprotein fluorescence data were 

referenced to the reflectance changes at 630 nm. Flavoprotein data were 

standardized by taking the maximal reduction during ischemia as full reduction, 

and the baseline oxidation level before ischemia was taken as 100% oxidation. 

Cytochrome aa3 redox data were standardized by taking the maximal reduction 

during ischemia as full reduction and the baseline oxidation level before ischemia 

as full oxidation. 

Epicardial diffuse reflectance spectra of heart (II) 

Epicardial diffuse reflectance spectra were recorded with the dual-wavelength 

scanning mode using 540 nm as a fixed reference wavelength. Maximum 

reduction of mitochondrial flavoproteins and maximal oxidation of cytochrome 

aa3 was accomplished by adding 0.8–2.2 mM amytal to the perfusion medium to 

reversibly inhibit the NADH:ubiquinone oxidoreductase. For full reduction of the 

respiratory components, 1 mM or 2 mM KCN was added to the perfusate, global 

ischemia was produced by closing the aortic cannula, or hypoxia/anoxia was 

imposed by switching to a perfusate in equilibrium with N2/CO2 (19:1). 

Absorbance spectra of horse cardiac oxy- and deoxymyoglobin (II) 

Optical absorbance spectra of equine oxy- and deoxymyoglobin were obtained on 

an Aminco DW-2000 spectrophotometer after conversion of all ferric myoglobin 

to oxymyoglobin as described by Wittenberg and Wittenberg (Wittenberg & 

Wittenberg 1981) and careful titration with sodium dithionite, respectively. 
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Myoglobin oxygenation (IV) 

Myoglobin oxygenation grade was measured as the reflectance difference at 584 

and 630 nm. 

4.3.4 Superoxide generation 

Lucigenin chemiluminescence was used as an indicator of superoxide generation 

(IV). The hearts were placed in a light-tight perfusion chamber connected through 

a Lucite light guide to a bialkali-cathode multiplier phototube operated at -1250 V 

at room temperature. A preamplifier was built into the photomultiplier socket and 

the signal was led to an SR400 discriminator/counter. Photon counts were stored 

at 2-s intervals. Five minutes after the beginning of measurements, 5 µM 

lucigenin was introduced into the perfusion medium, and was present in the 

medium for the rest of the experiment. The minimum photon count during 

ischemia was taken as a zero point for individual experiments.  

DHE (dihydroethidium) fluorescence was also tested as a superoxide 

indicator both in ex vivo heart and in vitro. The perfused hearts were loaded with 

10 µM DHE for 10 min and 100 µM propenecid was present to inhibit washout of 

DHE. DHE fluorescence was excited at 535 nm and the emission was recorded 

through a filter blocking the band between 500–550 nm to block the excitation 

light. In some experiments reflectance at 452 nm was recorded to assess the 

contribution of changes in optical geometry. In vitro DHE experiments were 

performed on a reconstituted enzyme system containing xanthine oxidase, 

hypoxanthine and fish DNA. 

4.3.5 Creatine kinase washout measurements 

Creatine kinase activity was measured from pooled perfusate effluent during 

reperfusion to evaluate the degree of ischemic damage by using a conventional 

method with hexokinase and glucose-6-phosphate dehydrogenase as indicator 

reactions (Bergmeyer 1970). The NADPH appearance was monitored at 340 nm 

and 385 nm in a Shimadzu-3000 dual-wavelength spectrophotometer. 
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4.4 Statistical methods 

The data are expressed as means ± standard errors of means (SEM). Student’s t-

test or ANOVA followed by the Dunnet, Holm-Sidak or Bonferroni modifications 

of t-test for multiple comparisons was used to evaluate statistical differences and 

a p-value of 0.05 or less was considered statistically significant. 

In (I) the analysis of variance and the method of summary measures 

(Matthews et al. 1990) were used to test the differences between the groups. In (II) 

the data were tested, where appropriate, with linear or non-linear regression and 

analysis of variance using the Sigmastat software. In (III) calibration curves were 

obtained by non-linear fitting of the data with the Tablecurve and Sigmaplot 

programs. In (IV) the method of summary measures was used for statistical 

evaluation of superoxide generation, flavoprotein and cytochrome aa3 redox state 

and mechanical performance during the reperfusion period. To test for differences 

between the groups during early and late reperfusion, the Holm-Sidak method for 

multiple comparisons versus control group was used in the SigmaStat computer 

program. 
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5 Results 

5.1 Calcium metabolism and mitochondrial membrane potential 

during ischemic preconditioning in rats (I) 

The effect of ischemic preconditioning was tested with creatine kinase washout 

and mechanical performance. The integrated CK washout during the first 25 min 

of reperfusion was significantly (p < 0.05) smaller in the preconditioned group 

than without preconditioning ischemia. There was no significant statistical 

difference in mechanical performance during reperfusion even though hearts in 

the preconditioning group attained mechanical function faster. 

The intercellular compartmentation of the Fura-2 signal was tested with an 

infusion of bradykinin into a K+-arrested heart, which is known to increase [Ca2+] 

in endothelial cells. The resulting Fura-2 signal increased after infusion (fig. 4 

in I). Bradykinin also had a marked effect in non-arrested heart. However, 

ischemia-induced Ca2+ increase after pH-correction showed that a major part of 

the Fura-2 signal increase was independent of bradykinin (fig. 5 in I) indicating 

that the major part of the Fura-2-Ca2+ signal comes from the myocytes. The 

intracellular compartmentation was tested by quenching the cytosolic Fura-Ca 

fluorescence with MnCl2. The signal decrease of Fura-Ca fluorescence indicated 

that about 60% is of from mitochondrial origin.  

The autofluorescence and pH-corrected Fura-2 fluorescence data differs 

remarkably from the uncorrected data and shows that ischemic preconditioning 

moderates [Ca2+]f increase. The Fura-2 fluorescence ratio rose by 54 ±  15% 

during the 5-min preconditioning ischemia, but decreased rapidly to the basal 

value during reperfusion. At the beginning of the 21-min ischemia it then 

increased rapidly by 64 ± 9% in the preconditioning group and 65 ± 12% in the 

control group. A peak value was obtained after 5 min of ischemia, after which a 

greater decrease was observed in the preconditioning group, so that after 7 min of 

ischemia the fluorescence ratio was 151 ± 4% in the control group and 124 ± 6% 

in the preconditioning group relative to the normoxic baseline. During the rest of 

the 21-min ischemia [Ca2+]f remained lower in the preconditioning group 

(p = 0.02 by the method of summary measures). At the beginning of the final 

reperfusion there was a short, rapid peak in Fura-2 fluorescence (approximately 

100 s), which occurred similarly in both groups, 218 ±  16% vs. 216 ±  13% 

relative to the baseline. During the rest of the reperfusion, fluorescence rose again 
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and tended to be higher in the control group (p = 0.14 by the method of summary 

measures). The apparent [Ca2+]f spike in the beginning of the reperfusion can be 

explained as an artifact caused by rapid pH increase. 

A steady decrease in the mitochondrial membrane potential (Δ ψ m) was 

observed after the beginning of the preconditioning ischemia and a steady state 

was not reached during the 5-min period. On reperfusion, a rapid increase in Δψm 

occurred, although it did not reach the original level during the 9-min intervening 

reperfusion. In the beginning of the 21-min ischemia, Δψm potentials in the 

preconditioning group were slightly lower, and in both groups 21-min ischemia 

produced a growing decrease in the Δψm and a steady state was not reached 

before the end. The mitochondrial membrane potential decrease was larger in the 

preconditioned hearts (p = 0.016 by the summary measures). During the 

reperfusion phase, mitochondrial (inner) membranes were rapidly re-energized. 

There was no significant difference in Δ ψ m between the control and 

preconditioned hearts during reperfusion after 21 min of ischemia. 

5.2 Cardiac energetics and calcium metabolism in myoglobin 
deficient mice 

5.2.1 Regulation of cellular respiration (II) 

A diffuse reflectance spectrum of the heart shows that there is no myoglobin 

spectrum in Myo (-/-) mice, but the α-absorption bands of cytochrome aa3 at 605 

nm, cytochrome b at 563 nm and cytochromes c+c1 at 550 nm can be clearly 

distinguished. It was also consistently found that ischemia caused the most 

extreme reduction of the cytochromes in Myo (-/-) hearts, but in wild-type hearts 

the changes in cytochromes were mostly blunted by changes in the myoglobin 

spectrum.  

K+-arrest of the heart (18 mM KCl) caused a decrease in oxygen consumption, 

a marked reduction of the flavoproteins and slight oxidation of cytochrome aa3. 

Upon recommencement of beating after the K+-arrest, the response of cytochrome 

aa3 was biphasic. An initial reduction was followed by partial reoxidation. The 

reason is not apparent, but could be due to an accumulation of reducing 

equivalents during the slow mitochondrial respiration of cardiac standstill. 

A scale for the observations of the redox state of cytochrome aa3 was 

obtained by recording the fully oxidized state in the presence of 1 mM amytal and 



61 

the fully reduced state during an infusion of 2 mM KCN. The steady state 

reduction of cytochrome aa3 was 10–20%. 

Inotropy changes were obtained by stepwise changes of the perfusate calcium 

between 2.5 to 0.5 mM. A decrease in [Ca2+] and concomitant work output 

decrease caused reduction of flavoproteins (p = 0.007 with linear regression) and 

oxidation of cytochrome aa3 (p < 0.001) and an increase in [Ca2+] caused the 

opposite effect. The flavin oxidation was maximal at 2.0 mM Ca2+, and a further 

step to 2.5 mM [Ca2+] caused reduction. Oxygen consumption increased with 

increasing [Ca2+].  

Octanoate was also studied as a substrate because fatty acids are the natural 

substrates and they tend to increase oxygen consumption. Inotropy decrease with 

decreasing [Ca2+] (2.5 mM-0.5 mM) during the octanoate infusion caused a large-

scale reduction of flavins, and ionotropy increase caused rapid oxidation. There 

was a tendency for a biphasic effect upon stepwise increases in [Ca2+] in the 

presence of octanoate. The addition of octanoate caused a small increase in 

oxygen consumption, but here again the response was biphasic. Periodic infusion 

of octanoate in varying concentrations showed that the redox effect on flavins was 

not concentration-dependent within the range of 0.1 to 0.75 mM. 

The effect of chronotropy changes on mitochondrial redox state was studied 

by means of electrical pacing. Upon moderate increases in work output (from 3 to 

6 Hz), an oxidation of flavins and reduction of cytochrome aa3 was observed, but 

pacing to 8 Hz caused reduction of both flavins and cytochrome aa3. The redox 

effect suggests that cell respiration in the Myo (-/-) heart becomes oxygen-limited 

at high heart rates even though the extreme rate was comparable with the in vivo 

rate in mouse.  

Also, the correlation between oxygen consumption and the reduction grade of 

cytochrome aa3 was tested because it was predicted by previous mathematical 

modeling (Wilson et al. 1977b). There was a positive correlation (p < 0.001) 

5.2.2 Intracellular calcium measurements with simultaneous pH 
correction during ischaemia (III) 

Fura-2 and BCECF fluorescence were calibrated and used as described in the 

methods section. There was no significant crosstalk between them in 

simultaneous optical monitoring, which was also demonstrated by successive 

loading of the probes. 
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It was found that a decrease in the Fura-2 fluorescence ratio (340 nm/380 nm) 

occurred during ischemia even though [Ca2+] should rise. This finding was 

corroborated in similar experiments where the heart was connected to a dual 

monochromator spectrofluorometer (Fluoromax-2), so that it was not an 

instrumental artifact. The paradoxical shape of the fluorescence trace was entirely 

explained by the changes in pH and the apparent Kd of the calcium complex of 

the probe, as it was corrected with pH values obtained from the BCECF signal 

and Kd of the Ca-Fura-2 complex calculated for each time point one by one. The 

Fura-2 fluorescence ratio with excitation at 340 and 380 nm decreased during 

ischemia in the myoglobin knockout heart, with a concomitant decrease in the 

BCECF fluorescence ratio with 495/465 nm excitation. It is significant that 

although the temporal patterns of the BCECF and Fura-2 fluorescence were 

curvilinear, the calculated [Ca2+]f rose almost linearly from approximately 100 

nM to 500 nM during a 20-min ischemia. Upon reperfusion, [Ca2+]f rapidly 

returned to basal values. 

In the myoglobin-containing mouse heart, the behavior of Fura-2 

fluorescence was different. The 340/380-nm fluorescence ratio showed a sharp 

increase upon ischemia, but the time course of the BCECF fluorescence was not 

significantly different from that in the myoglobin-KO mouse. When the time-

course of autofluorescence of an unstained heart in a similar experiment was 

subtracted from the probe fluorescence, the sharp initial Fura-2 fluorescence 

increase partially disappeared, but still the 340/380 nm ratio and the pH-corrected 

[Ca2+]f tracing showed an apparent calcium spike at the normoxia/ischemia 

transition. It seems obvious that this is due to an internal filter effect of 

myoglobin because the 380-nm excitation wavelength hits the short-wavelength 

slope of the intense Soret peak of myoglobin, which shifts and changes shape 

upon deoxygenation resulting in an absorbance increase at 380 nm. The 340-nm 

excitation band, on the other hand, coincides with an isosbestic point of the 

oxy/deoxymyoglobin transition as seen in absorbance spectra of horse cardiac 

oxy- and deoxymyoglobin. 

5.3 Reactive oxygen species and redox state in pharmacological 
and ischemic preconditioning (IV) 

The basal superoxide generation, monitored by means of lucigenin 

chemiluminescence, dropped to zero during ischemia in all the groups and 

increased rapidly upon reperfusion. Thereafter, it began to decrease. Even though 
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the initial superoxide peak seemed to be somewhat lower in the diazoxide group 

than in the control group, cumulative superoxide production during the first 30 

minutes of reperfusion was not statistically different. The same was seen in the 

presence of an additional 300 µM 5-HD. In the IPC group both the peak and 

cumulative superoxide production rates, during the early (first 30 minutes) 

reperfusion, were significantly higher than in other groups. During the late (last 

30 minutes) reperfusion, superoxide formation began to rise in diazoxide-infused 

hearts (p < 0.025 compared to controls), reaching the level in the IPC group, in 

which superoxide generation remained high until the end of experiment 

(p < 0.017 compared to controls). 5-HD alleviated the effects of diazoxide on 

superoxide formation.  

Flavoproteins became completely reduced during ischemia, and in control 

hearts they were oxidized above the basal level upon reperfusion but subsequently 

reduced to nearly the preischemic basal level. There were no statistical 

differences between control, diazoxide and diazoxide+5-HD groups in the time 

course of flavoprotein oxidation during the first 30 min of reperfusion. In the IPC 

group, the postischemic oxidation of flavoprotein redox state was faster, reaching 

a maximal oxidation level of about 150% of basal and the cumulative (AUC) 

flavin oxidation was significantly different from the control group (p < 0.017). In 

the late reperfusion a slow, continual flavoprotein oxidation was observed in 

diazoxide-infused hearts reaching the level of the IPC group at the end of the 

experiment. During the same period, the cumulative flavoprotein redox state in 

the diazoxide-infused hearts and in the IPC group were significantly more 

oxidized than in the control group (p < 0.05). The slight tendency of 5-HD to 

diminish the effect of diazoxide was not statistically significant. 

The time-averaged (AUC) superoxide production rates in the four treatment 

groups showed a positive correlation to the oxidation state of fluorescent 

flavoproteins both during early and late reperfusion.  

There were no significant differences between the behavior of the 

cytochrome aa3 redox state in the treatment groups during early or late 

reperfusion, even though there was a slight tendency towards the more reduced 

state in the diazoxide group. Left ventricular contractile function recovered 

reasonably well after ischemia in all groups and there were no statistical 

differences between groups. However, in the control group the rate-pressure 

product soon fell below baseline and remained there until the end of the 

experiment, while the rate-pressure product in the diazoxide or diazoxide+5-HD 
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groups had even a tendency to surpass that obtained under basal conditions. Also, 

the IPC hearts eventually reached the basal function level. 

The superoxide monitored by means of the DHE fluorescence signal showed 

a very fast increase upon induction of a 5-min ischemia and upon reperfusion a 

precipitous decrease. The rapid DHE emission changes upon beginning or 

cessation of ischemia coincided with myoglobin oxygenation/deoxygenation, as 

verified by simultaneous reflectance spectrophotometry. The myoglobin 

deoxygenation proceeded with a half-time of 6 s, and 90% response was reached 

at 12 s. Simultaneously, the DHE signal increased with a half time of 14 s. Upon a 

subsequent 30-min ischemia there was again a rapid initial fluorescence increase 

followed by a more gradual, almost linear enhancement and a precipitous 

decrease upon reperfusion. 

The role of intracellular acidification in monotonous DHE fluorescence 

increase during 30 min of ischemia was tested in vitro by observing the ethidium 

fluorescence increase during superoxide production in a mixture consisting of 

xanthine oxidase, hypoxanthine, DHE and fish DNA. After subsequent 

elimination of oxygen with sodium dithionite, the superoxide production halted 

and the fluorescence remained stable. However, under these anoxic conditions, a 

subsequent acidification caused a decrease in fluorescence. 
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6 Discussion 

6.1 Regulation of cellular respiration 

Levels of regulation: Driving force or feedback? 

The regulation of cellular respiration in myocardium is divided into multiple 

levels which all contribute, and it is difficult to point out any actual rate-limiting 

step. The current trends emphasize regulation either by driving force or by 

feedback regulation of the respiratory chain. The “substrate-level” processes 

supplying electrons to the respiratory chain may be regarded as regulators of its 

driving force and the signalling from the ATP/ADP·Pi system to the respiratory 

chain as feedback regulation. 

In the present study, the increase in ATP consumption and oxygen 

consumption was unambiguously associated with a redox shift towards oxidation 

in the NADH/NAD ratio (as probed by flavin fluorescence), and it strongly 

supports the notion that a direct feedback from the adenylate system to the 

respiratory chain is the main regulator of oxygen consumption in the myoglobin-

deficient heart. Additional support for this notion was obtained from the redox 

transitions of cytochrome aa3. Although the steady state concentration of the 

reduced species of cytochrome aa3 was small, an increase in ATP consumption 

and oxygen consumption was always accompanied by a concomitant reduction of 

cytochrome aa3. This phenomenon was also seen in (IV), where diazoxide caused 

a slight reduction of cytochrome c oxidase in early reperfusion, and is in 

accordance with data from myoglobin-containing rat hearts in which ATP 

consumption has been manipulated with K+-arrest or an uncoupler (Hassinen & 

Hiltunen 1975).  

The driving force can also affect the oxygen consumption rate. Mathematical 

modeling and experiments with isolated hepatocytes have shown that the reaction 

velocity of cytochrome c oxidase is proportional to the concentration of its 

substrate, ferrocytochrome c (Wilson et al. 1977a). In an isolated perfused rat 

heart, the short-chain fatty acid hexanoate increases oxygen consumption 

concomitantly with NAD reduction and an increase in the [ATP]/[ADP]·[Pi] ratio 

(Hassinen et al. 1990), and step increases in perfusate [Ca2+] in the presence of 

this fatty acid caused decreases in [ATP]/[ADP]·[Pi] (Vuorinen et al. 1995b). In 

the myoglobin-deficient mouse heart, the addition of octanoate caused extensive 
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mitochondrial NAD reduction and a small increase in oxygen consumption. 

Stepwise increases in perfusate [Ca2+] in the presence of octanoate caused a 

biphasic response in which the initial rapid NADH oxidation predicted from the 

response of the respiratory chain was followed by a slow partial reduction, 

indicating activation of the rate of β-oxidation or a biphasic response of the 

intracellular [Ca2+]. The extent and pattern of the redox change was independent 

of octanoate concentration in the range of 0.1 to 0.75 mM. In cytochrome c 
oxidase there was a small shift of cytochrome aa3 towards reduction upon 

stimulation of oxygen consumption indicating feedback regulation of the 

respiratory chain. 

Dominant regulation takes place at level of the respiratory chain in 

accordance with the “cross-over theorem” 

The use of formal metabolic control analysis is so far unachievable to study 

respiratory regulation due to the difficulties in gathering data from the fluxes in 

all the multiple pathways involved (Brown 1992, Fell 1992). Instead, the “cross-

over theorem” of Chance and co-workers can be adapted to interpret the present 

data (Chance et al. 1958). According to this hypothesis, an activation or inhibition 

step in a pathway can be identified as a “cross-over point” where metabolite pool 

sizes or their oxidized and reduced species shift in opposite directions on opposite 

sides of the regulating step. In the present experiments the “cross-over point” 

takes place between the NADH/NAD pool and cytochrome c oxidase as estimated 

from the redox shifts during work transition. This is also in accord with the 

findings of Rossignol et al. in isolated rat heart mitochondria. They found the 

strongest control at NADH:ubiquinone oxidoreductase (Rossignol et al. 2000), 

which predicts similar effect on the redox changes in cytochrome aa3 found in the 

present experiments. Also, earlier results from our laboratory in the isolated 

perfused rat liver, where an ethanol-induced increase in oxygen consumption 

occurs concomitantly with the reduction of cytochrome aa3, are in accordance 

with the recent results (Jauhonen et al. 1985).  

Previously there have been varying findings of work transition effects on the 

mitochondrial redox state. The relative constancy of the cellular energy state 

during alterations in ATP consumption is proposed to be a result of the regulation 

of cellular respiration at the level of intermediary and oxidative metabolism 

feeding into the mitochondrial NADH and flavin pool (Heineman & Balaban 

1990). A pacing-induced moderate increase in work output has been observed to 
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cause an increase in NADH fluorescence in the perfused rat heart (Katz et al. 
1987), and a drop in perfusate [Ca2+] has been found to cause flavoprotein 

oxidation in certain conditions also in our laboratory (Nuutinen & Hassinen 1981). 

In isolated rat heart right ventricle trabeculae, elevated work has been found to 

increase mitochondrial NADH, but with an initial NADH oxidation before 

reduction (Brandes & Bers 1997). In the present experiments, work transition by a 

decrease in perfusate [Ca2+] caused flavin reduction and stepwise increments of 

[Ca2+] within the range of 0.5 to 2 mM always caused rapid flavin oxidation 

followed by a rebound reduction with a steady-state net oxidation. However, a 

[Ca2+] increase from 2 to 2.5 mM caused flavin reduction concomitantly with 

cytochrome aa3 reduction. This may be due to Ca2+-induced activation of NADH 

production or limitation by oxygen. 

In summary these results, recorded for the first time in the absence of the 

optical artifact of myoglobin, are in agreement with the notion that the dominant 

regulation of cellular respiration occurs at the level of the respiratory chain and 

the major regulator of oxygen consumption is not the NADH-generating 

intermediary metabolism, but the feedback regulation of the respiratory chain by 

the adenylate system. 

6.2 Ischemia and preconditioning 

6.2.1 Calcium metabolism 

Ischemic preconditioning moderates the intracellular calcium increase and 

lowers mitochondrial membrane potential during prolonged ischemia, and 
diminishies the tissue damage observed during reperfusion 

The mitochondrial [Ca2+]f increase causes cell damage and it is linked to the 

opening of the mitochondrial permeability transition pore, which is controlled by 

mitochondrial [Ca2+], pH and the redox state of NADPH/NADP and sulfhydryl 

groups (Bernardi 1996, Miyamae et al. 1996, Miyata et al. 1992). The opening of 

the MPTP is thought to be one of the major causes of ischemia-reperfusion injury 

leading to cell death, and the ultimate target of preconditioning is to prevent the 

opening of the MPTP (Leung & Halestrap 2008). 

In (I) it is shown that time-averaged intracellular calcium increased rapidly 

during the first minutes of continued ischemia, but after five minutes of ischemia 
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this increase is moderated in the preconditioned heart. At the end of a 21-min 

ischemia, there is a clear difference between the preconditioned and control hearts. 

Again, although a rapid shift toward basal values occurred upon reperfusion, a 

difference between control and preconditioned hearts remained after 15 min of 

reperfusion. The rapid and transient Fura-2 fluorescence increase upon 

reperfusion is not due to a spike in [Ca2+]f but is due to a summation of the effects 

of rapid pH increase, concurrent effect of the apparent Kd of the Fura-2 Ca2+ 

complex, and [Ca2+]f decrease. The mitochondrial membrane potential, measured 

as epicardial safranine fluorescence change, begins to decrease after cessation of 

the perfusate flow and it will not reach steady state even during 21 min of 

ischemia. In IPC hearts, the mitochondrial membrane potential decrease is 

significantly larger than in control hearts. After restoration of the flow, membrane 

potential is rapidly restored and there are no statistically significant differences 

between IPC and control groups. The protective effect of ischemic 

preconditioning is validated by the measurements of CK release and mechanical 

function during reperfusion. The tissue damage produced by the protocol used is 

mild so that hearts can recover to beat after ischemia. A longer ischemia was not 

used because after extensive reperfusion injury, hearts would not have survived 

and Ca2+ monitoring after severe damage and washout of the probe would have 

been difficult. The protocol used was chosen to be well under that “edge”. 

Previously similar findings about the intracellular calcium changes have been 

made, but time courses of probe fluorescence during ischemia have been different. 

Dekker et al. observed a 10-min time lag between start of ischemia and rise of the 

Indo-1 fluorescence ratio in perfused papillary muscle loaded via the vascular 

route (Dekker et al. 1996), Mohabir et al. observed an initial increase, subsequent 

recovery and a secondary increase in the Indo-1 fluorescence ratio in perfused 

rabbit heart loaded with extravascular injection (Mohabir et al. 1991).The present 

pH-corrected data show a more continual increase, which is modified by 

preconditioning. The findings of the present research have been later confirmed 

by Stamm and del Nido using 31P NMR and Rhod-2 fluorometry in rabbit heart 

(Stamm & del Nido 2004). 

At least four different hypotheses have been proposed concerning observed 

protection against intracellular calcium increase by ischemic preconditioning (Liu 
et al. 1998a, Steenbergen et al. 1993). According to the first, prevention of the pH 

drop by inhibition of glycolysis attenuates Na+/H+ exchange across the plasma 

membrane, and this in turn helps to retain the Na+ gradient necessary for calcium 

extrusion by Na+/Ca2+ exchange (Steenbergen et al. 1993). This view is supported 
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by the facts that Na+/H+ exchanger inhibitors are protective against ischemic 

injury (Bugge & Ytrehus 1995, Takeo et al. 2004). The importance of attenuation 

of glycolysis for protection has been doubted, however (Asimakis 1996). The 

second hypothesis suggests that opening of plasma membrane KATP channels 

shortens the duration of the action potential and thus lessens the Ca2+ influx 

through the L-type Ca2+ channels (Behling & Malone 1995, Lee et al. 1988). 

Modulation of the KATP channels may be mediated by protein kinase C 

(Simkhovich et al. 1998). The KATP opening hypothesis is mainly based on the 

properties of the channel openers, but work with blocking agents has not 

confirmed this hypothesis (Grover et al. 1996). According to the third hypothesis, 

ischemic preconditioning reduces Ca2+ release from the sarcoplasmic reticulum 

Ca2+ channels (ryanodine receptors) (Zucchi et al. 1995) and this view is 

supported by experiments with the ryanodine receptor inhibitor ruthenium red 

(RuR) (Gupta et al. 1989). 

The fourth hypothesis links cardiac protection to the mitoKATP channels 

(Garlid et al. 1997, Sato et al. 1998). The mechanisms of mitoKATP mediated 

protection against ischemia-reperfusion injury are related to ROS production, 

blunting of calcium accumulation and improvement of energy metabolism. 

In the present study, preconditioning moderates [Ca2+]f increase during 

ischemia according to the Fura-2 data corrected for the pH dependence of Kd, and 

the difference between the experimental groups is greatest at the late stage of 

ischemia. It is interesting that ATP levels are also higher in the preconditioning 

group (Miyata et al. 1992), which is in apparent contradiction with the 

observation of lowered Δψm. One explanation is that the mitochondrial membrane 

potential cannot be maintained because of an inhibition of the mitochondrial F1Fo-

ATPase (Miyata et al. 1991) but this Δψm decrease could also be related to the 

mitochondrial KATP channels. Opening of these mitoKATP channels, whose 

physiological function probably is related to regulation of mitochondrial volume 

(Garlid & Paucek 2003), would decrease Δψm and promote lowering of the 

mitochondrial matrix pH. These in turn would promote inhibition of the F1Fo-

ATPase. There is indirect evidence from isolated cardiac myocytes that mitoKATP 

openers decrease Δψm (Liu et al. 1998b). It is also known that maintaining lower 

pH during early reperfusion protects against calcium accumulation and 

reperfusion injury (Panagiotopoulos et al. 1990). There have also been results 

indicating that ischemic preconditioning inhibits complex II of the respiratory 

chain, which would be an activation pathway for the mitoKATP channel in IPC 

(Wojtovich & Brookes 2008). The present results, indicating moderation of 
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intracellular calcium increase and lowered membrane potential during ischemia in 

preconditioned hearts, can be reconciled with the hypothesis of mitoKATP opening 

in ischemic preconditioning. Considering the mechanism of preconditioning, the 

observed depolarization of the mitochondrial inner membrane may be important 

because of the pH sensitivity of mitochondrial F1Fo -ATPase. 

6.2.2 ROS production and redox state in preconditioning 

Both diazoxide-induced and ischemic preconditioning are related to 
increased ROS production combined with increased NADH/NAD ratio 

during reperfusion 

ROS has been linked to cardioprotection (Baines et al. 1997), and the ROS 

production immediately upon reperfusion is linked to ischemic preconditioning 

(Liu et al. 2007, Sun et al. 1996). Hypoxic preconditioning preserves also the 

ascorbate- and thiol-dependent components of the endogenous antioxidant reserve 

(Engelman et al. 1995). It has been shown that diazoxide increases ROS 

production without mitoKATP modulation by inhibiting the respiratory chain 

(complex II) (Minners et al. 2007), although there are experiments supporting the 

role of mitoKATP opening as the mechanism behind increased ROS production 

(Krenz et al. 2002). Evidence has been presented to suggest that mitoKATP 

opening reduces ROS generation in brain mitochondria (Ferranti et al. 2003), but 

mitoKATP channels are themselves controlled by the thiol redox status in the cell 

((Facundo et al. 2007). KATP channels exist in the plasma membrane and the 

mitochondrial inner membrane, and their relative contributions to cell protection 

from ischemia are still under discussion (Suzuki et al. 2003). Particularly data on 

the effects of mitoKATP agonist-induced pharmacological preconditioning have 

suggested that reactive oxygen species may have a role in the signalling of 

ischemic or chemically induced preconditioning. 

Studies of the correlation between cellular redox state and ROS generation 

have shown conflicting results. The high NADH/NAD ratio in the mitochondrial 

matrix have been related to H2O2 production in isolated mitochondria (Zoccarato 
et al. 2007) and to superoxide production in the submitochondrial particles 

(Grivennikova & Vinogradov 2006) indicating necessity of reduced state. There is 

also contradicting evidence showing that ROS formation is maximal during 

NAD(P)H oxidation due to a lack of metabolic fuel (Martens et al. 2005). 
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Interestingly, there are also results from bovine heart submitochondrial particles 

that production of superoxide and hydrogen peroxide is maximal when the redox 

potential of the succinate/fumarate couple is about +40 mV and decreases as the 

redox potential moves towards a higher or lower value (Ksenzenko et al. 1984), 

indicating that extreme reducing power in the respiratory chain is not associated 

with the highest rates of free radical formation, as would be expected. 

In (IV) flavin fluorescence was employed as an indicator of changes in 

NADH/NAD ratio in mitochondria and lucigenin was used as a superoxide probe. 

Also DHE was tested as an indicator of superoxide. Mechanical function was 

used as an indicator of postischemic survival. The protective effect of diazoxide 

and IPC was only modest and 5-hydroxydecanoate did not modify the diazoxide 

effect on recovery (with the exception of a slight effect during late reperfusion), 

confirming some previous observations (Lim et al. 2002a). There were no 

statistically significant differences in the postischemic mechanical survival 

between the groups. 

The results show that during the first 30 minutes of reperfusion the redox 

state of the flavins in all groups shifts from complete reduction to oxidation above 

the basal state and superoxide generation is at its highest. In diazoxide-treated 

hearts, a more continual drift towards oxidation above the basal level occurs 

during later reperfusion. 5-HD slightly diminished this effect. In the IPC group, 

changes in redox state and superoxide production were more distinct and 

statistically significant in both early and late reperfusion. In all groups the 

superoxide production was highest during the early reperfusion followed by a 

slow decline that reached a steady state at 40 min of reperfusion. Comparison of 

the four treatment groups during the reperfusion period suggests that there is a 

correlation between the oxidation state of the flavins and superoxide production. 

Mitochondria are considered as significant sites of ROS production. In 

normal conditions very little ROS escapes from the respiratory chain, but in 

postischemic reperfusion there are two extreme situations that affect the 

functioning of mitochondrial respiration. The mitochondrial NADH/NAD ratio is 

high at first, converting some key enzymes of oxidative metabolism to their 

inactive state and leading to a delay in commencing cell respiration, which 

probably causes an overshoot of the intracellular oxygen concentration upon 

reoxygenation. The main sites of ROS production in the respiratory chain are 

thought to be complexes I and III (Turrens 2003). Also an isolated complex II is 

able to produce superoxide in a manner that is sensitive to the complex II 

inhibitor 2-thenoyltrifluoroacetone (TTFA) (Chen et al. 2007). Diazoxide is also 
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an inhibitor of complex II (Schäfer et al. 1969), which is in contrast to its 

stimulating effect on ROS production observed in the present experiments and 

previously (Minners et al. 2007), this indicates that complex II is not be a major 

ROS producer in preconditioning phenomenon. 

The present experiments suggest that both means of preconditioning tested 

are related to enhanced ROS production and to a shift in the redox state towards 

oxidation, even though myocardial ROS formation is more influenced by 

intracellular oxygen concentration than by excessive reducing power. 

5-hydroxydecanoate could not block the effects of diazoxide on flavoprotein 

redox state, so the effect of diazoxide on ROS production may be partially 

mediated by other means than mitoKATP. Interestingly, it has been shown that IPC 

leads to inhibition of complex II and this may be an activation pathway for 

mitoKATP during IPC (Wojtovich & Brookes 2008). 

Methodological aspects can explain some of the contradictory 

observations on ROS production 

Generation of reactive oxygen species (ROS) has been suggested as being 

involved in the ischemia-reperfusion damage as well as preconditioning in several 

ways and the results are at variance. Enhanced ROS production has been reported 

mainly during the reperfusion phase, but there are recent reports indicating that 

ROS production occurs even under the anoxic conditions of prolonged global 

ischemia (Becker et al. 1999, Kevin et al. 2003). Some of the discrepant results 

can be explained by the properties of different models and techniques.  

Due to the methodological difficulties, cardiac ischemia is often performed 

with isolated or cultured cells exposed to “simulated ischemia” achieved by 

metabolic inhibitors. This applies especially to the research of ROS production. In 

digitonin-permeabilized myotubes, which essentially represent a model for 

mitochondria exposed in situ to an extracellular environment, 5-HD has been 

shown to inhibit diazoxide-induced ROS production (Muller et al. 2007) when 

measured with dichlorodihydrofluorescein diacetate, which mainly detects H2O2 

(Keston & Brandt 1965). The literature on superoxide production in the intact 

isolated perfused heart is limited in scope. Succinylated cytochrome c in the 

perfusion fluid has been employed as a probe for monitoring postischemic 

superoxide production, but since cytochrome c is a large protein molecule that 

does not penetrate the plasma membrane, it responds only to extracellular 

superoxide, probably produced near the vascular lumen (Southworth et al. 1998). 
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Infusion of EPR spin traps has also been used (Blasig et al. 1990, Bolli et al. 1989, 

Shuter et al. 1990), but even this method applies to the intravascular space. So, 

one reason for the difference between the results obtained previously and those 

obtained with isolated perfused hearts in the present study must be linked to the 

specificity and compartmentation of the ROS-responsive fluorescent probes in 

relation to the compartmentation of the different species of ROS. 

Several probes have been used to study ROS formation in cellular conditions. 

Dihydroethidium has been used as a probe for superoxide in cerebellar cells 

(Budd et al. 1997). Succinylated cytochrome c in the perfusion fluid (Duda et al. 
2006) detects only superoxide washed out of the tissue, mainly from endothelial 

cells. 2,7-Dichlorofluorescein diacetate or Amplex Red have been employed to 

detect hydrogen peroxide production in mitochondria (Costa & Garlid 2008). 

Conjugated dienes or lipid peroxidation products have been used as ROS markers 

in heart muscle (Matejikova et al. 2009), but in this case, the oxidizing species 

may only be indirectly inferred. 

In (IV) lucigenin was employed to monitor superoxide anion production in 

intact isolated perfused hearts. Lucigenin has some properties that make it 

suitable for monitoring mitochondrial superoxide in intact cells, although 

superoxide-enhanced chemiluminescence of lucigenin necessitates a preceding 

one-electron reduction to produce a cationic radical (Faulkner & Fridovich 1993). 

Previous data suggest that complex I catalyzes the one-electron reduction of 

lucigenin (Kervinen et al. 2004). Lucigenin is specific to superoxide in cellular 

systems and is also a lipophilic cation, which is taken up by mitochondria (Li et al. 
1999, Myhre et al. 2003). These properties make lucigenin appropriate for 

monitoring mitochondrial superoxide production in the intact perfused heart. It 

should be also noted that the lifetime of superoxide is short and it poorly 

penetrates biological membranes. So, it is advantageous that the probe resides in 

the same compartment where superoxide is produced. 

It has lately been reported that superoxide production in isolated perfused 

heart increases during global ischemia and decreases upon reperfusion (Kevin et 
al. 2003, Pasdois et al. 2008), which is in opposition to the current understanding 

of superoxide formation. In these studies DHE (dihydroethidine) was used as a 

superoxide probe and the method is based on DHE oxidation by superoxide to a 

compound experiencing fluorescence red shift when intercalating with double-

helical DNA (Benov et al. 1998). In present experiments the DHE fluorescence 

signal increase during global ischemia could be reproduced but there are several 

features of the probe that are difficult to explain. 
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Firstly, if intercalation into DNA is necessary for the development of the red 

fluorescence of the DHE oxidation product, its fluorescence during a constant rate 

of superoxide production should increase linearly but stay constant after its 

cessation, as easily demonstrable in vitro in the presence of a reconstituted 

enzyme system. The principal target for binding of oxidized DHE in 

cardiomyocytes would be mitochondrial DNA because superoxide production is 

largely mitochondrial. Thus, an extremely rapid disappearance of the intracellular 

fluorescent DHE-DNA complex upon reoxygenation is not in line with this 

chemistry.  

Moreover, in the present experiments DHE fluorescence and intracellular 

oxygen were simultaneously monitored by using myoglobin or cytochrome aa3 as 

endogenous oxygen probes. The results with myoglobin and cytochrome aa3 

show that the anoxia is complete a few seconds after induction of global ischemia. 

The production of superoxide in the absence of oxygen is against all odds.  

In (IV) the pH sensitivity of the probe was also tested to explain the 

paradoxical behaviour of DHE fluorescence because a profound pH decrease 

occurs during global ischemia in rat heart as shown in (I). The ethidium 

fluorescence in vitro decreased upon acidification in our experiments indicating 

pH-dependency of the probe, even though the effect is in the opposite direction. 

In the search for an optical artefact, the epicardial DHE fluorescence signal and 

epicardial reflectance at 452 nm were monitored simultaneously and indeed, the 

fluorescence changes were largely blunted when expressed as 

fluorescence/reflectance ratio, except for a steep increase during the last five 

minutes of a 30-min global ischemia. These data indicate that there is a non-

specific, geometry-linked or internal filter effect on the DHE fluorescence signal 

due to oxygen binding chromophores. 

6.3 Calcium probes and intracellular pH 

While the intracellular calcium accumulation in ischemia-reperfusion injury is an 

established fact (Jennings & Reimer 1991, Miyata et al. 1992, Silverman & Stern 

1994), it is also well-known that intracellular pH decreases drastically during 

prolonged ischemia due to anaerobic glycolysis and the accumulation of lactate 

and H+ (King & Opie 1998). It is significant that although cytosolic calcium and 

pH have been studied simultaneously in numerous cases, little attention has yet 

been paid to the effect of protons on the dissociation constants of the fluorescent 

calcium indicators, which are known to increase while pH drops (Lattanzio 1990). 
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In the present studies the effect of pH transition during ischemia is taken into 

account when measuring intracellular calcium with fluorescent probes in intact 

heart. 

pH sensitivity of the fluorescent calcium probes is evident 

Protons are involved in the complexation of Ca2+ by the probes. In the literature 

the pH dependence of the apparent Kd of Ca2+ chelator probes like Fura-2 during 

intracellular acidification by ischemia have been ignored or considered it 

insignificant (Grynkiewicz et al. 1985). There are also contrasting reports 

indicating that the apparent Kd decreases upon decrease in pH (Reers et al. 1989) 

but this would be opposite to the properties of most calcium chelators. It has also 

been observed using Fura-2 that the apparent Kd increases upon a decrease in pH, 

but with an anomalous plateau between pH 6.85 and 7.0 (Uto et al. 1991). 

The Kd values at pH 7 are 380, 231 and 100 nM (in the presence of 0.96 mM 

free Mg2+) and the linearized pKd versus pH slope is 1.77, 0.32 and 1.03 in the 

earlier experiments (Grynkiewicz et al. 1985, Uto et al. 1991) and the present 

study, respectively. A nonlinear dependence of the pKd of Fura-2 has been 

reported between pH 5.5 to 7.4 (Lattanzio 1990). The discrepant findings 

probably reflect the uncertainties in the stability constants used in calculations of 

the [Ca2+]f of the buffers It is evident that the Kd behavior leads to an 

underestimation of the calcium at low pH with the Fura-2 method if it is not 

properly corrected. 

The compartmentation of the probes 

It is known that the Fura-2 fluorescence signal originates from both the cytosol 

and mitochondria (Allen et al. 1993, Davis et al. 1987). In the present 

experiments about 60% of the Fura-2 signal originated from mitochondria in rat 

heart. Also the intercellular distribution of the Fura-2 signal in rat heart was tested 

and only a part of the signal comes from endothelial cells. It has been shown that 

BCECF fluorescence in cultured cells is distributed inhomogenously after loading 

but the pH response of the fluorescence is identical in the mitochondria, nucleus 

and cytosol Further, it has been concluded that despite its inhomogenous 

distribution BCECF is mainly reporting cytosolic pH (Weinlich et al. 1998). It has 

been concluded on the basis of experiments with isolated cardiomyocytes that 

Fura-2 and BCECF may report mitochondrial as well as cytosolic parameters 
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when the probes are used in intact cells (Davis et al. 1987). There have also been 

observations that the Fura-2 signal in mitochondria increases in isolated perfused 

heart during prolonged hypoxia, when the total cellular [Ca2+] does not increase 

markedly, this indicates that the Fura-2 signal reports mainly mitochondrial Ca2+ 

(Allen et al. 1993). 

In studies if ischemia, pH correction of the apparent dissociation constants 
of the intracellular fluorescent Ca2+ probes is possible 

In the present studies, the in vitro dissociation constants of the probes by 

Lattanzio (1990) were used, since the isolated perfused heart model does not 

allow intracellular calibration of the probes. This is because the calcium and 

proton ionophores are too toxic and initiate rapid washout of the probes. This 

appears acceptable because the intracellular Kd of Fura-2 at pH 7.2 and 22°C has 

been determined in cultured astrocytes in vivo (Petr & Wurster 1997), and is not 

markedly different from the in vitro value published by Grynkiewicz et al. (1985). 

In (I) the Fura-2 technology was combined with pH determination with 31P 

NMR in the rat heart in parallel experiments. The results show marked difference 

between the pH-corrected and plain Fura-2 signal, indicating the clear 

underestimation of intracellular calcium concentration without proper correction 

of the dissociation constant. Those findings have recently been confirmed by 

others, who employed 31P NMR and Rhod-2 fluorometry in the rabbit heart 

(Stamm & del Nido 2004). The experiments with intracellular calcein, which is 

not calcium responsive under the conditions encountered in the present rat heart 

study, show that the ischemic Fura-2 behaviour is not due to changes in internal 

optical filtering. However, the time resolution of the method is poor because the 

low sensitivity of the 31P NMR means that long data accumulation times are 

needed. The procedure is therefore not well suited for measuring rapid 

phenomena. 

In (III) the myoglobin knockout mouse was used as an experimental model 

for a whole-organ spectroscopic study of perturbations in calcium concentration 

during ischemia and reperfusion to get the advantage of a lesser internal filter 

effect. The inherently fast optical probes were employed to monitor rapid changes 

of pH and intracellular calcium simultaneously in the same tissue volume. The 

fluorescent intracellular pH indicator BCECF was calibrated against the rather 

slow pH excursion verified by 31P NMR during ischemia. An acidimetric titration 

of the stained heart was also tested in the presence of an H+/K+ ionophore, 
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nigericin and high [K+] (Thomas et al. 1979), but this method was found to be 

unreliable due to cell damage. Nigericin is known to be cardiotoxic (Shier & 

DuBourdieu 1992), and its infusion leads to hypercontracture and probe leak-out. 

Anyhow, calibration of the rapid fluorometric pH measurement method against 

the slow NMR method during a slow pH transition gives the possibility to 

monitor rapid pH transitions. It is also noteworthy that in mouse heart uncorrected 

Fura-2 data showed even decreasing intracellular calcium during ischemia, but 

the paradoxical finding was entirely explained by the changes of the apparent Kd 

of the calcium complex of Fura-2. 

One should note that we are reporting here only on time-averaged changes in 

calcium and pH. Studying of the beat-to-beat calcium transients is not relevant in 

the context of prolonged ischemia because ischemia leads to rapid cardiac arrest. 

It has been shown previously that the Ca2+ transients disappear within the five 

first minutes of global ischemia (Miklos et al. 2003). In mice contraction-related 

transients are also small compared to the huge increase in the time-averaged 

[Ca2+]f, partly because of the negative correlation between the [Ca2+]f transient 

amplitude and rate in mouse heart myocytes (Antoons et al. 2002). One potential 

residual error of this method is connected to compartmentation of the Fura-2. If 

much of the Fura-2 signal originates from mitochondria and the pH recorded is 

mainly cytosolic, it would again underestimate calcium concentration. At the 

present time, fast recording of intramitochondrial pH in an intact organ is not 

possible. The steady-state ΔpH across the inner mitochondrial membrane in a rat 

heart beating at 5 Hz is 0.6 pH units (Kauppinen 1983). During prolonged 

ischemia ΔpH across the inner membrane decreases and intramitochondrial pH 

approaches that of the cytosol.  

The myoglobin concentration of a typical mammalian heart is about 250 

µmoles/kg (Wittenberg & Wittenberg 2003), and the pH decrease during 20 min 

of ischemia was slightly slower in the myoglobin-containing heart. The difference 

in the buffering capacity of total cytosolic proteins is probably not sufficient to 

explain this finding, which most likely is due to a difference in the maximum 

ischemic glycolytic rate between the mouse strains. It is also obvious from the 

present data that myoglobin is an obstacle in mouse heart when monitoring Fura-2 

fluorescence. It is also remarkable that interference by NADH fluorescence 

appears smaller and the myoglobin interference larger in mouse heart than in rat 

heart, where the NADH autofluorescence is a major source of interference in 

Fura-2 monitoring during the normoxia/ischemia transition like in (I). 
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For calcium detection, Fura-2 and BCECF were found to be applicable for 

simultaneous loading because detection of both probes can be based on excitation 

spectrum shifts. Simultaneous monitoring of two dual-excitation dyes is possible 

with a rotating-disc, four-channel fluorometer with fast wavelength alternation (a 

50 Hz cycle) and allows the same emission filter to be used for both probes. 
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7 Conclusions 

In the present study respiratory, regulation in heart muscle was studied in order to 

find out the dominant level of respiratory regulation (II). The current trends 

emphasize respiratory regulation either by driving force, i.e. the “substrate-level” 

processes supplying electrons to the respiratory chain, or by feedback regulation 

of the respiratory chain, via signalling from the ATP/ADP·Pi system. The results 

indicate that the main regulation takes place between the NADH/NAD pool and 

cytochrome c oxidase as estimated from the redox shifts during work transitions, 

and this is in agreement with the notion that the major regulator of oxygen 

consumption is the feedback regulation of the respiratory chain. 

The effect of ischemia/reperfusion and preconditioning on intracellular 

calcium accumulation and mitochondrial membrane potential was studied in (I). 

The results show that ischemic preconditioning moderates the intracellular 

calcium increase and lowers mitochondrial membrane potential during ischemia 

with concomitant diminished tissue damage during reperfusion. This can be 

reconciled with the hypothesis of opening of the mitoKATP channel in ischemic 

preconditioning. 

The possible correlation between cellular redox state and ROS production 

during ischemic and diazoxide-induced preconditioning was clarified in (IV). The 

present results show that both ischemic and diazoxide-induced preconditioning 

are associated with the enhanced ROS production and a shift in redox state 

towards oxidation in the mitochondrial free NADH/NAD pool during reperfusion. 

5-HD could not block the effect of diazoxide and this may indicate that the effect 

of diazoxide on ROS production is mediated at least partially by other means than 

mitoKATP. In (IV),  two methods that are used in monitoring superoxide were also 

tested. Chemiluminescence monitoring of superoxide with lucigenin was found to 

more reliable than fluorescent monitoring with DHE during ischemia/reperfusion. 

Fluorescent monitoring with DHE indicates that there is substantial superoxide 

formation during ischemia, even though there is no oxygen available probably 

due to interference by endogenous chromophores. 

The pH sensitivity of the fluorescent calcium probes is evident and it is also 

known that intracellular pH decreases substantially during prolonged ischemia. In 

(III) the aim was to show that it is possible to develop a methodology for 

simultaneous on-line measurement of intracellular calcium and pH in intact heart 

to allow reliable use of fluorescent calcium probes during ischemia. The pH 

correction of the apparent dissociation constant can be executed by parallel 31P 
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NMR measurements, but the time resolution is poor like in (I). In (III) a method 

for fast simultaneous on-line pH correction of the apparent dissociation constant 

of the intracellular fluorescent Ca2+ during ischemia was developed using the 

myoglobin-free mouse as an experimental model. It was found that Fura-2 and the 

pH probe BCECF are applicable to simultaneous loading and detection and a real-

time pH correction of the apparent dissociation constant is possible. 
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