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Abstract

The processes affecting myocardial survival in ischemia were studied in perfused rat hearts by using
largely non-invasive methods based on optical monitoring and nuclear magnetic resonance (NMR).

Ischemic preconditioning (IPC) has been shown to protect the heart considerably from ischemic
damage in all species studied. F1Fo-ATPase inhibition has been suggested to involve the mechanism
of IPC, but its significance has been doubted, partly because ischemic inhibition of F1Fo-ATPase has
been considered insignificant in rat. An improved method of F1Fo-ATPase activity measurement was
used in which the time-consuming isolation of mitochondria was omitted and the salt concentration
and pH conditions were optimized. It was demonstrated that ischemic F1Fo-ATPase inhibition does
occur in rat, and that the method can also be applied in human myocardium.

The mitochondrial ATP-sensitive potassium (mitKATP) channel opener, diazoxide, attenuated
myocardial damage and enhanced ischemic inhibition of F1Fo-ATPase similar to IPC. All of these
effects were abolished with the mitKATP inhibitor 5-HD. These results suggest that mitKATP opening
is connected to F1Fo-ATPase inhibition in the mechanism of IPC. Observations of the nature of F1Fo-
ATPase inhibition in isolated mitochondria suggest that IF1 binding is involved in the inhibition. 

Calcium perturbations in ischemia-reperfusion were studied in intact heart using calcium probing
with Fura-2. It was found that compensation for tissue autofluorescence and pH changes were
necessary for reliable Ca2+ monitoring. IPC significantly decreased myocardial calcium
accumulation in ischemia, and magnesium quenching of cytosolic Fura-2 fluorescence showed that
this is mainly mitochondrial. The attenuation of mitochondrial calcium overload was connected to an
enhanced decrease in mitochondrial membrane potential in IPC.

The role of calcium in respiratory control and in substrate selection was studied during fatty acid
oxidation. The energy state evaluated by 31P-NMR decreased slightly during hexanoate infusion
upon calcium-induced inotrophy, and a tendency for NADH and flavoprotein oxidation was also
monitored. These observations are in agreement with the theory that mitochondrial respiration is
mainly determined by the energy expenditure. Even a 50 µM octanoate concentration completely
surpassed glucose and internal substrates as a preferential myocardial energy source. The fatty acid
dominance remained unaltered even upon a calcium-induced increase in energy consumption
evaluated by 13C-NMR. The rate of anaplerosis was found to be considerable during octanoate
oxidation, and it was emphasised during low cardiac workload.

Keywords: 13C NMR, 31P NMR, calcium, fatty acids, ischemic preconditioning, mitochondria,
myocardial ischemia, potassium channels, proton-translocating ATPase
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5-HD  5-hydroxydecanoate 
ACC  acetyl-CoA-carboxylase 
ADP  adenosine diphosphate 
AMP  adenosine monophosphate 
ANT  adenine nucleotide translocator 
ATP   adenosine triphosphate 
CaBI  calcium-binding inhibitor 
cAMP  cyclic AMP 
CCCP  carbonyl cyanide m-chlorophenylhydrazone 
CoA  coenzyme A 
CPT  carnitine palmitoyltransferase 
CrP  creatine phosphate 
CSA  cyclosporin A 
CYP-D  cyclophilin-D 
DAG  diacylglycerol 
DOG  2-deoxyglucose 
F1Fo-ATPase mitochondrial F1Fo-adenosine triphosphatase = ATP synthase 
FAD/FADH flavin adenine dinucleotide, oxidised/reduced form 
FFA  free fatty acids 
FID  free induction decay 
FMN  flavin mononucleotide 
GAPDH  glyceraldehyde 3-phosphate dehydrogenase 
GLUT  glucose transporter 
H-FABP  heart-type fatty acid binding protein 
ICDH  isocitrate dehydrogenase 
IF1  F1Fo-ATPase inhibitor protein 
IMS  mitochondrial intermembrane space 
IPC  ischemic preconditioning 
KATP  ATP-sensitive potassium channel (location undefined) 
KGDH  ketoglutarate dehydrogenase 



LVDP  left ventricular developed pressure 
MAPK  mitogen activated protein kinase 
MCT  monocarboxylate translocator 
mitKATP  mitochondrial ATP-sensitive potassium channel 
MPT  mitochondrial permeability transition 
NAD / NADH nicotinamide adenine dinucleotide, oxidised/reduced form 
NADPH  nicotinamide adenine dinucleotide phosphate (reduced) 
NAD(P)H NADH + NADPH 
NMR  nuclear magnetic resonance 
NO  nitric oxide 
PC  preconditioning 
PDH  pyruvate dehydrogenase 
PFK  phosphofructokinase 
Pi  inorganic phosphate 
PPi  pyrophosphate 
PKC  protein kinase C 
PRP  pressure-rate product 
PT   pore permeability transition pore 
ROS  reactive oxygen species 
sarcKATP sarcolemmal ATP-sensitive potassium channel 
SEM  standard error of mean 
SMP  submitochondrial particles 
SR  sarcoplasmic reticulum 
TCA cycle tricarboxylic acid cycle (Krebs cycle) 
TG  triacylglycerols 
TNF-α  tumor necrosis factor α 
TMRME tetramethylrhodamine methyl ester 
VDAC  voltage-dependent anion channel 
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1 Introduction 

Ischemic heart disease is the most common cause of death (Murray & Lopez 1997). 
Therefore, it was a finding of great interest when Murry et al. showed in 1986 that brief 
ischemic periods prior to sustained ischemia protected the heart significantly from 
ischemic damage (Murry et al. 1986). This means that an endogenous protective 
phenomenon exists, and this was named ischemic preconditioning – IPC.  

The mechanism of IPC has been under extensive research since its discovery, but the 
pathways leading to cardioprotection are still undefined. IPC employs triggers, like 
adenosine, which initiate a multistage signalling system leading to end-effector action 
protecting the heart (Cohen et al. 2000, Yellon et al. 1998). An increasing number of 
studies have emphasized mitochondrial ATP-sensitive potassium (mitKATP) channels as a 
likely end-effector (Sato & Marban 2000). It is unclear how the opening of mitKATP 
channels may provide protection; however, some suggested means include an 
improvement in the cellular energy state, the attenuation of cellular calcium 
accumulation, and the preservation of structure and function of mitochondrial inter-
membrane space (Murry et al. 1990, Steenbergen et al. 1993, Laclau et al. 2001). 

F1Fo-ATPase is an ATP-producing enzyme complex localised in the inner 
mitochondrial membrane. However, in an ischemic situation, F1Fo-ATPase is the main 
ATP consumer and the only factor sustaining the mitochondrial membrane potential 
(Jennings et al. 1991a, Rouslin et al. 1986). Ischemic F1Fo-ATPase inhibition would 
theoretically benefit the heart, and its connection to the mechanism of IPC has been 
described (Vuorinen et al. 1995). However, the significance of ischemic F1Fo-ATPase 
inhibition in animals with rapid heartrates, such as rat, has been doubted (Rouslin 1987). 
Since IPC has been shown to occur in rat, the role of F1Fo-ATPase in IPC has been 
questioned.  

One of the aims of this research was to study the occurrence of ischemic F1Fo-ATPase 
inhibition in rat and its connection to mitKATP channel opening in IPC. The role of 
cellular calcium perturbations in IPC was also studied in the intact rat heart. 

Fatty acids are the main fuel for the heart in normal conditions (Fournier 1987, van der 
Vusse et al. 1992). It is known that fatty acids have an increasing effect on oxygen 
consumption (Hassinen et al. 1990). Since oxygen supply is limited in ischemic heart 
disease, oxygen consumption establishes a threat for the heart. Therefore, the regulation 
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of substrate selection and control of respiration during fatty acid oxidation in the heart are 
topics of interest concerning ischemic heart disease. Increased energy consumption is 
suggested to favour carbohydrate oxidation by increasing the activation of pyruvate 
dehydrogense (PDH), but results vary (Crass, III et al. 1969, Keul et al. 1966, Neely et 
al. 1969). Calcium is a known activator of PDH and several other enzymes involved in 
the oxidation of fatty acids and carbohydrates (McCormack et al. 1990), a role which is 
considered significant in the respiratory control (Heineman & Balaban 1993). 

Another aim of the current research was to study the regulation of substrate selection 
and the control of respiration during fatty acid oxidation and calcium induced workload 
alterations in the rat heart by using novel non-invasive methods.  



2 Review of the literature 

2.1  Myocardial energy state 

The heart requires a considerable amount of energy mainly for muscular contraction, the 
preservation of cellular ionic homeostasis, and protein synthesis (Brown 1992). Energy 
for these processes is gained from the hydrolysis of the high-energy phosphate bonds of 
adenosine triphosphate (ATP), an energy currency of the cell. ATP is mainly produced by 
mitochondrial oxidative phosphorylation from the oxidation of fatty acids, sugars, and 
amino acids. Another source of ATP production is glycolysis, but it plays a minor role in 
myocardial energy metabolism (Neely et al. 1972b). Therefore, the control of oxidative 
phosphorylation i.e. mitochondrial respiration and ATP synthesis is of key importance for 
adaptation to variations of myocardial energy consumption due to changes in workload.  

2.1.1  Overview of oxidative phosphorylation 

Fatty acids, glucose, and lactate are the primary fuels of the heart (Keul et al. 1966). 
These highly reduced substrates are oxidized via three interconnected pathways reducing 
nicotinamide adenine dinucleotide (NADH) and flavoproteins, which convey reducing 
equivalents to the mitochondrial respiratory chain. Mitochondrial respiration consists of 
the oxidation of NADH and flavoproteins by oxygen, which is coupled by the electron-
transporting respiratory chain to the pumping of protons out of the mitochondria. This 
generates an electrochemical gradient composed of membrane potential and pH 
difference across the mitochondrial inner membrane, as Mitchell described in his 
chemiosmotic theory (Mitchell 1976). The F1Fo-ATP-synthase located in the inner 
mitochondrial membrane uses this energy charge to synthesize ATP from adenosine 
diphosphate (ADP) and inorganic phosphate (Pi), allowing protons to return down their 
gradient. The Pi for phosphorylation is imported into the mitochondria by the phosphate 
translocator, and ATP is exported to the cytosol in exchange for ADP by the adenine 
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nucleotide translocator. These major steps in oxidative phosphorylation are described in 
Figure 1. 

Fig. 1. Overview of oxidative phosphorylation in myocardium. The major substrate oxidation 
pathways are stressed with shaded boxes. These pathways produce reducing equivalents, 
which are conveyed to the respiratory chain by the mediators NADH and flavoproteins as 
denoted with grey arrows. The substrate level reactions are separated with the dashed line. 
ANT = adenine nucleotide translocator, F1Fo = F1Fo-ATPase, PT = phosphate transporter, 
TCA = tricarboxylic acid cycle. 
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2.1.2  Control of mitochondrial respiration 

The essence of respiratory control is how the production of energy is adjusted to 
variations in its consumption. It is estimated that in a rat heart working at a low or 
moderate level, the available high-energy phosphates would cover the energy demand 
only for 12 s without the regeneration of ATP (Wilson 1994). Due to the heart’s high rate 
of ATP hydrolysis compared to the minor high-energy phosphate reserves, the energy 
production and the energy consumption must be tightly coupled. The regulation of 
mitochondrial respiration occurs at several steps during oxidative phosphorylation, and 
opinions of the dominating level vary. 

The first suggested regulators of respiration were ADP and Pi, laying the ground for 
kinetic models of respiratory control. Intracellular calcium is a significant regulator in 
many metabolic reactions, and it has also been proposed to regulate cellular respiration. 
Oxygen delivery has been suggested to regulate mitochondrial respiration, and it 
undoubtedly has a marked role in pathological situations such as hypoxia or ischemia. 
However, in physiological situations oxygen delivery probably plays a subordinate role in 
respiratory regulation in the heart, possibly due to autoregulation of the coronary blood 
flow (Feigl 1983). Many other possible regulators and mechanisms of respiratory control 
have been suggested, e.g. the regulation of the adenine nucleotide translocator by fatty 
acyl-CoA (Vignais 1976) or the regulation of cytochrome c oxidase by nitric oxide 
(Brown 1999), but only a few investigators have been able to describe these effects. 
These investigators have not received wider support, however, so these regulating factors 
are not considered further. The sites of regulation cover nearly all the reactions involved 
in oxidative phosphorylation. In the following sections the role of substrate level 
reactions, the respiratory chain, and F1Fo-ATP-synthase are contemplated in more detail. 

2.1.2.1  Regulation at the level of the respiratory chain: thermodynamic 
and kinetic models of respiratory control 

Regulation at the level of phosphorylation is interpreted here to include the models which 
emphasize the significance of adenine nucleotides (ADP, ATP) and Pi as metabolic 
feedback signals in the control of mitochondrial respiration. These models include the 
thermodynamic model or the near equilibrium hypothesis, and two main kinetic models 
of respiratory control, the ADP hypothesis and the translocase hypothesis. Another site 
for kinetic control apart from adenine nucleotide translocase is a creatine/creatine 
phosphate shuttle or facilitated diffusion (Bessman & Carpenter 1985), but it is not 
considered further. 

It is natural to assume that mitochondrial respiration is controlled by the ATP 
hydrolysis products, since ADP and Pi would act as end-product feedback. Lardy & 
Wellman and Chance & Williams were the first to observe a hyperbolic relationship 
between the rate of respiration and the extramitochondrial ADP concentration in isolated 
mitochondria (Chance & Williams 1955, Lardy & Wellman 1952). These findings lead to 
the kinetic model of respiratory control, where the extramitochondrial ADP concentration 
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is the primary factor controlling the rate of oxidative phosphorylation. This ADP 
hypothesis proposes that ADP has a direct kinetic effect on one or more of the reactions 
involved in ATP synthesis, thereby affecting the rate of mitochondrial respiration. 

Most of the ATP is consumed in the cytoplasm and synthesized in the mitochondrial 
matrix. This means that in order to oxidative phosphorylation to function properly, ADP 
and Pi must be transported into the mitochondria and ATP transported back out to the 
cytoplasm. This occurs through the electrogenic adenine nucleotide translocator (ANT), 
which transports ATP out and ADP into mitochondria in a 1:1 ratio. Pi transport into 
mitochondria is coupled with hydrogen by a phosphate transporter. Davis and Kunz 
found that the adenine nucleotide translocation is dependent on the extramitochondrial 
[ATP]/[ADP] ratio, and that the respiratory rate was a function of the [ATP]/[ADP] ratio 
and not of ADP alone (see Tager et al. 1983). These findings lead to another kinetic 
model of respiratory control, the translocase hypothesis, which postulates that the 
exchange of adenine nucleotides across the mitochondrial inner membrane determines the 
overall rate of respiration.  

In the early studies of Klingenberg (Klingenberg 1961) and in the more extensive 
studies of Erecinska & Wilson (Erecinska & Wilson 1982), it was found that neither the 
ADP nor the ATP/ADP ratio but the extramitochondrial phosphate potential defined as 
[ATP]/[ADP][Pi] has the best correlation with respiration rate. This observation, along 
with findings that the reactions of the respiratory chain are in near equilibrium except the 
reduction of oxygen by cytochrome aa3, lead to a model of thermodynamic control of 
respiration or the near equilibrium hypothesis. In this model, the redox span from 
NADH/NAD coupled to cytochrome c is in equilibrium with [ATP]/[ADP][Pi]. An 
increase in work stimulates ATPase, which decreases [ATP]/[ADP][Pi]. According to the 
near equilibrium theory, this causes cytochrome c reduction, which leads to an increased 
flow of reducing equivalent through cytochrome aa3 to oxygen. This draws reducing 
equivalents down the respiratory chain as the other reactions are in near equilibrium. As a 
result, the cellular redox state decreases and stimulates the oxidation of substrates. The 
net effect is to increase the rate of mitochondrial respiration and the delivery of reducing 
equivalents to the respiratory chain. 

Phosphorus nuclear magnetic resonance (31P-NMR) offers an opportunity to measure 
the concentrations of high-energy phosphates in the intact heart. This provides a chance 
to create an experimental environment which closely simulates the physiological state in 
situ. The second important benefit is that 31P-NMR detects free cytosolic concentrations 
of high-energy phosphates and Pi instead of biochemically measured total cytosolic 
concentrations, which include the bound, metabolically inactive pool as well (Meyer et 
al. 1982, Radda & Seeley 1979). By using 31P-NMR in vivo in rat, Bittl et al. measured a 
CRP concentration decrease and an ADP concentration increase upon adrenalin 
stimulation (Bittl et al. 1987). P. Headrick et al. also observed an ADP concentration 
increase and a significantly decreased [ATP]/[ADP][Pi] ratio as the workload increased 
by using a similar experimental setup (Headrick et al. 1994). These observations support 
the models of thermodynamic and kinetic control of respiration. However, in many 31P-
NMR studies, no significant correlation between high-energy phosphates and workload 
alterations have been detected, or the results have been varied depending on the 
substrates or methods and rates of workload alterations.  The 31P-NMR experiments did 
not show any significant change in the CrP/ATP ratio over a wide range of rate pressure 
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product variations in vivo in dog heart (Balaban et al. 1986) nor in Langendorff-perfused 
rat heart (Katz et al. 1987). In experiments with an isolated perfused working rat heart 
model, afterload changes had no effect on the concentrations of phosphate metabolites. In 
the same work, an isoprenaline-induced workload increment significantly decreased the 
[ATP]/[ADP][Pi] ratio, but it was attributed to an unknown isoprenaline effect (Jeffrey & 
Malloy 1992). From et al. found in a Langendorff-perfused rat heart that workload 
changes did not alter the phosphate potential when glucose solely or glucose with insulin 
were used as exogenous substrates. However, when pyruvate + glucose was used, oxygen 
consumption had a linear relationship with ADP concentration, the phosphate potential 
and the ATP/ADP ratio (From et al. 1986). The same group found later that with glucose 
+ octanoate as substrates, oxygen consumption was also linearly dependent on high-
energy phosphates and Pi. However, with other exogenous carbon sources like glucose, 
pyruvate, or palmitate, such a correlation was not found (From et al. 1990). A subsequent 
study from the same laboratory with in vivo canine hearts showed that high-energy 
phosphates were unaffected by moderate increases in energy expenditure, but were 
significantly altered by high workloads (Zhang et al. 1995).  

In spite of the high expectations of new NMR-technology to reveal the obscurities of 
respiratory control, a controversy still exists. Some of the NMR studies show high-energy 
phosphate changes upon workload alterations, but the number of NMR-studies suggests 
that the regulation at the level of phosphorylation does not exist, or at least, it is not 
universal but dependent on other factors like exogenous substrates. This means that 
control of respiration might occur in some other processes influencing oxidative 
phosphorylation, for example at the level of substrate level reactions.   

2.1.2.2  Substrate level regulation 

An elevation in workload increases the flow of reducing equivalents in the respiratory 
chain to reduce oxygen to water, leading to an increase in oxygen consumption. The 
substrate level reactions supply this increased need for reducing power. In the present 
context, the substrate level is defined to include reactions occurring before the respiratory 
chain, which produce reducing equivalents for the respiratory chain. In these reactions, 
substrates (fatty acids, glucose, lactate) are oxidized via interconnecting pathways (β-
oxidation, glycolysis, tricarboxylic cycle), and the released reducing power is conveyed 
to the respiratory chain by the mediation of NAD and flavoproteins (including FAD or 
FMN as a prosthetic group), as described in Figure 1. 

Previous experiments on perfused hearts showed that an increase in mitochondrial 
NADH can stimulate the rate of mitochondrial respiration (Nuutinen 1984, Williamson & 
Jamieson 1966), suggesting that the activation of substrate level reactions, producing 
increased NADH levels, is capable of causing an enhancement in ATP synthesis. These 
observations are consistent with the NMR findings showing that an increase in the rate of 
ATP synthesis could occur without a significant change in the ATP hydrolysis products. If 
a main site of respiratory regulation would be at the substrate level, an NADH decrease 
upon workload increase would be expected. Indeed, the studies of the groups of 
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Williamson and Balaban on perfused rat hearts have indicated that reduction of NADH 
occurs upon workload increase (Katz et al. 1987, Williamson & Jamieson 1966). A 
similar observation has been obtained in a study with heart in vivo (Kedem et al. 1989). 
However, several studies on perfused hearts in vitro show the opposite behaviour: the 
oxidation of NADH with increases in work (Kobayashi & Neely 1983, Neely et al. 
1972a, Nishiki et al. 1978). In subsequent studies on isolated rabbit heart, Balaban also 
did not find significant NADH redox changes during workload alterations, indicating that 
regulation of myocardial oxidative phosphorylation is not predominated by the 
availability of reducing equivalents to the respiratory chain (Heineman & Balaban 1993). 
Also with isolated heart, a significant NADH decrease upon workload increase was 
observed both in glucose and pyruvate perfused hearts, lending support to the hypothesis 
that changes in mitochondrial NADH/NAD are secondary to changes in oxygen 
consumption (Ashruf et al. 1995). A later study of Williamson et al. supported these 
views as well (Williamson et al. 1976). More recently, in experiments with trabeculae 
isolated from rat heart Brandes and Bers have noticed that upon workload increase, 
NADH oxidation occurs (Brandes & Bers 1996, Brandes & Bers 1997). As the workload 
begins to increase, NADH oxidation is extensive, but subsequently it partially recovers 
(Brandes & Bers 1997).  

According to recent data, it seems that primary regulation of oxidative 
phosphorylation does not take place at the substrate level. However, the role of substrate 
level reactions is substantial in cellular respiration. To increase ATP synthesis, the 
delivery of reducing equivalents to the respiratory chain must match their utilization in 
oxidative phosphorylation. Therefore, there must be a communication system between 
the processes consuming ATP and the delivery of reducing equivalents. Several factors 
involved in cellular energetics, such as ATP, ADP, Pi, Ca2+, Mg2+, NAD and NADH, are 
capable of regulating reactions at the substrate level to affect the production of reducing 
equivalents. Especially the regulative role of Ca2+ is emphasized, and Ca2+ is also 
proposed to have other sites of action in the machinery of oxidative phosphorylation.  

2.1.2.3  Calcium regulation and the role of F1Fo-ATPase in respiratory 
control 

It is widely known that positive inotropic agents increase contractile performance in heart 
muscle by raising the sarcoplasmic [Ca2+] during systole. In the secretory cells, calcium is 
known to mediate energy-consuming secretion. So, Ca2+ works as a second-messenger in 
processes increasing energy expenditure and ATP consumption. Partly because of several 
results pointing out a lack of high-energy phosphates to control cellular respiration, a 
quest has arisen for other candidates that are able to connect the needs of increased 
energy consumption to increased energy production. If Ca2+ would be able to enhance the 
rate of oxidative phosphorylation, it would be a convenient mediator in respiratory 
control because of its capability for parallel stimulation in energy-requiring and energy-
producing processes. 
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In order to activate energy production, Ca2+ should be able to enter the mitochondria, 
where the main site of energy production is situated, i.e. oxidative phosphorylation. 
Extensive studies in the 1960s and 1970s had revealed that mitochondria contain very 
active systems within their inner membranes that allow the specific transfer of Ca2+ both 
into and out of mitochondria (see Nicholls & Crompton 1980). At first these systems 
were considered to exist for cytosolic Ca2+ regulation, where mitochondria would 
primarily be a calcium store (see Nicholls 1978)). However, studies in the following 
decades have shown that the primary role of specific Ca2+ transporters is to relay changes 
in the cytosolic concentration of Ca2+ into the mitochondrial matrix (Chacon et al. 1994, 
Gibbs 1999, McCormack & Denton 1993), an observation in accordance with the 
possible role of Ca2+ in respiratory control. Specifically, in heart muscle an increased 
workload by positive inotropic stimulus also increases the time-averaged cytosolic [Ca2+] 
in the range which is known to activate Ca2+-stimulated processes in the mitochondria 
(McCormack et al. 1990, Miyata et al. 1991). A rapid mitochondrial Ca2+ uptake 
mechanism has been described (Gunter et al. 1998, Sparagna et al. 1995), and Ca2+ 
transients have been found to track single myocyte contraction (Chacon et al. 1996, 
Isenberg et al. 1993, Trollinger et al. 1997). These observations further support the 
possibility, that Ca2+ has a role in the regulation of mitochondrial energy metabolism in 
the heart.  

To test the role of Ca2+ in respiratory control, the mitochondrial calcium uptake 
inhibitor, ruthenium red, has been used (Katz et al. 1988, Katz et al. 1989, Unitt et al. 
1989). As ruthenium red blocked the entrance of Ca2+-ions into the mitochondria, a fall in 
ATP and CrP and a rise in ADP concentration were observed when workload was 
increased. In the absence of ruthenium red, there was no marked change in the cellular 
energy state during workload alterations. These studies lead these researchers to suggest 
that, when a Ca2+-dependent mechanism for activating oxidative metabolism is available, 
it is the preferred mechanism for promoting the overall process of oxidative 
phosphorylation. 

Currently, three different modes of regulating oxidative phosphorylation action by 
Ca2+ are considered. The strongest evidence for this is a regulation of mitochondrial 
substrate level enzymes by calcium. There are numerous observations that pyruvate 
dehydrogenase (PDH) and two enzymes of the TCA cycle catalysing non-equilibrium 
reactions (i.e. NAD-specific isocitrate dehydrogenase (ICDH) and ketoglutarate 
dehydrogenase (KGDH)) are stimulated by mitochondrial matrix Ca2+ within the normal 
physiological range (see McCormack et al. 1990). The activation of these Ca2+-sensitive 
dehydrogenases increases NADH production, which is suggested to increase cellular 
respiration and ATP synthesis.  

The second mode of Ca2+ action, which is proposed to have an impact on energy 
metabolism, is an effect of Ca2+ on pyrophosphate (PPi) metabolism and mitochondrial 
swelling. Halestrap and associates have studied this mechanism extensively, and they 
have found that a physiological rise in mitochondrial [Ca2+] leads to the inhibition of 
mitochondrial pyrophosphatase and an increased matrix [PPi]. They suggest that matrix 
[PPi] plays an important role in the regulation of mitochondrial function. The proposed 
mechanism is that PPi binds to the adenine nucleotide translocase, displacing the adenine 
nucleotides and facilitating the electrogenic transport of K+ through the carrier, which 
leads to mitochondrial swelling. The expanded matrix volume is shown to significantly 
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influence mitochondrial metabolism e.g. by increasing the rate of the TCA cycle, 
glycolysis, and especially fatty acid oxidation, and by increasing the ATP/ADP ratio 
(Halestrap 1989). However, most of the experiments leading to these findings were done 
with liver or hepatocytes. A subsequent study from Halestrap’s laboratory with 
Langendorff-perfused hearts and heart mitochondria did not show any significant 
increase in tissue [PPi] or mitochondrial volume due to Ca2+. These findings led to the 
conclusion that heart mitochondria do not show significant regulation of their matrix 
volume by physiological concentrations of Ca2+, and the physiological role of 
mitochondrial PPi in heart is negligible (Griffiths & Halestrap 1993). More recently 
matrix accumulation of Ca2+ has been described to change the volume of heart 
mitochondria (French et al. 1998). In addition a calcium-sensitive potassium channel has 
been described, the activation of which could lead to matrix swelling (Siemen et al. 
1999). In this way, an increased Ca2+ concentration could increase mitochondrial volume 
in a mechanism apart from PPi. 

The third way that mitochondrial Ca2+ is suggested to increase oxidative 
phosphorylation is via the modulation of the kinetic properties of F1Fo-ATPase. In 
cultured rat myocytes, F1Fo-ATPase activity increased when quiescent cells were 
stimulated to contract, and increased further when the cells were exposed to adrenergic 
stimulation. The increase in activity could be blocked by ruthenium red, which implies 
that intramitochondrial Ca2+ is a primary effector in the stimulation of F1Fo-ATPase 
(Harris & Das 1991). In a recent work, Balaban et al. revealed in isolated porcine heart 
mitochondria that [Ca2+] variations caused approximately twofold higher ATP production 
rates than could be explained by a simple increase in NADH or membrane potential via 
the activation of Ca2+-sensitive dehydrogenases (Territo et al. 2000). The mitochondrial 
effect of Ca2+ on oxygen consumption and NADH production was completely inhibited 
by ruthenium red, indicating the matrix dependence of the Ca2+-effect. The role of F1Fo-
ATPase was examined by using arsenate as a probe to cause a futile recycling of ADP-
arsenate within the matrix, catalysed by F1Fo-ATPase. Ca2+ increased the ADP 
arsenylation rate more than twofold, thereby suggesting it has a direct effect on the F1Fo-
ATPase. 

The way Ca2+ influences F1Fo-ATPase activity has not been established. One 
suggested mechanism is that Ca2+ binds to a calcium-binding inhibitor (CaBI), which has 
been demonstrated to inhibit the F1Fo-ATPase activity of bovine submitochondrial 
vesicles in the absence of Ca2+ (Yamada & Huzel 1989). However, little is known about 
the structure of CaBI, its affinity for, or its site of interaction with the membrane-bound 
F1Fo-ATPase. A better-known regulatory protein modulating F1Fo-ATPase activity is the 
intramitochondrial protein IF1, which binds to F1 in conditions of acidic pH or upon 
mitochondrial depolarisation. These properties mean that IF1 would inhibit ATP 
hydrolysis by F1Fo-ATPase in pathological conditions like ischemia or anoxia (Rouslin 
1987), but its effect on ATP synthesis in a physiological situation is less clear. Partly from 
experiments showing preferential IF1 binding to Ca2+-calmodulin, an idea has been raised 
that IF1 plus additional protein factors which confer Ca2+-sensitivity might have some 
control over physiological ATP synthesis (Harris & Das 1991). Also, the observation that 
mitochondria are uncoupled in Luft’s disease, which is caused by the lack of IF1, suggests 
that IF1 is bound to F1Fo-ATPase even under aerobic conditions (Yamada & Huzel 1992). 
Thus, IF1 appears to be needed for the maintenance of the proton tightness of the 
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mitochondrial inner membrane, which means that it might have some control over ATP 
synthesis in normoxia. The volume-expanding effect of Ca2+ discussed above could also 
explain the activation of F1Fo-ATPase. Another mechanism for F1Fo-ATPase activation is 
a direct effect of calcium on F1Fo-ATPase. The current theory for the kinetics of F1Fo-
ATPase states that the rate-limiting step in ATP formation is the release of ATP from the 
β-subunit (Boyer 1997). Therefore, if Ca2+ had any direct effect on F1Fo-ATPase, it 
should lower the free energy for ATP release. However, no evidence exists for direct 
interaction of Ca2+ with the F1Fo-ATPase.  

In recent years, the role of Ca2+ in respiratory control has received increased attention. 
The Ca2+-effect on substrate level enzymes is well documented and its importance in 
respiratory control receives wide acceptance. Other interesting regulatory effects of Ca2+ 
in respiratory control have been observed, but their significance is less clear. However, 
regulation at the level of phosphorylation in respiratory control is undisputed. The various 
findings upon respiratory control have led to the search for multiple regulators and 
control sites instead of one-factor theories.  

2.1.2.4  Shared control 

Mitochondrial respiration is a complex, multiple reaction integrated pathway, which 
includes many steps that could potentially share the control of the overall system. This 
means that there is the possibility of multiple sites of control, each of which could 
contribute by varying degrees to the overall regulation. Over the years it has become 
clear that respiratory regulation cannot be attributed solely to a single step (Hassinen 
1986a). The theory of shared control along the path of respiration largely originated from 
the metabolic control theory of Kacser and Burns (Kacser 1983, Kacser & Burns 1973), 
and has gained wide support in the field of respiratory control research (Balaban 1990, 
Brown 1992, Chance et al. 1986, Hassinen 1986a, Tager et al. 1983). In the metabolic 
control theory, the degree of rate limitation can be quantified as the flux control 
coefficient of the enzyme, which is the percentage change in the steady state rate of the 
pathway divided by the percentage change in the enzyme level causing the flux change. 
The sum of the control coefficients of all enzymes in a system always adds up to 1.  

The first application of the metabolic control theory on mitochondrial respiration was 
done with isolated liver mitochondria. Respiratory control was found to be shared and it 
was dependent on the rate of ATP turnover. At the maximum ATP turnover rate (state 3) 
during succinate oxidation, respiratory control was mainly governed by the adenine 
nucleotide carrier (control coefficient 0.32), respiratory substrate transport and succinate 
dehydrogenase (0.44), and cytochrome c oxidase (0.17) (Groen et al. 1982). Ever since, a 
number of estimates on respiratory control coefficients have been made mainly with 
isolated liver mitochondria (see Brown 1992). All the component enzymes and 
transporters of oxidative phosphorylation have been reported to partially limit 
mitochondrial respiration. However, the extent to which different steps limit the 
respiratory rate varies dramatically with different conditions. In addition, very different 
results have been obtained in mitochondria isolated from myocardium (Doussiere et al. 
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1984, Moreno-Sanchez et al. 1991). In these experiments the adenine nucleotide carrier 
had no control strength at all (Doussiere et al. 1984) or its control strength varied 
considerably depending on substrate and Ca2+ concentrations (Moreno-Sanchez et al. 
1991), while complex 1, NAD-linked dehydrogenases, and F1Fo-ATPase had most of the 
control over state 3 respiration. The distribution of control has been found to depend on 
the concentrations of externally added adenine nucleotides, phosphate, the substrate and 
calcium concentrations, and the kinetics of the added ATP-using enzyme (Doussiere et al. 
1984, Kunz et al. 1988, Moreno-Sanchez et al. 1991). Much of the disagreement in the 
literature can be accounted for by the fact that the control strength of a single step varies 
considerably depending on the conditions used. 

The theory of shared control gives some explanation for the regulation of 
mitochondrial respiration, but the relative control of the different steps along the 
respiratory pathway is not settled, and the control strength of a single step is variable 
depending on the tissue. Below, the significance of different factors controlling 
respiration is considered, with particular emphasis on the myocardium. 

Much of the recent experimental evidence emphasizes regulation at the level of the 
respiratory chain. Brandes and Bers have shown with heart trabeculae that upon a step 
increase in pacing frequency, thereby increasing the work rate, oxidation of the 
NADH/NAD couple occurs, which slightly recovers over the time. When work rate is 
increased by raising [Ca2+], similar NADH/NAD oxidation occurs, but recovery is 
remarkably greater (Brandes & Bers 1997). Several groups have observed NADH 
oxidation upon workload increase also in perfused hearts (Kobayashi & Neely 1983, 
Neely et al. 1972a, Nishiki et al. 1978). These results suggest that in the heart, the 
primary site of respiratory regulation lies after the substrate level reactions (e.g. 
respiratory chain, ANT) because NADH/NAD oxidation occurs at the moment of work 
increase. The primary signal communicating the needs of increased energy consumption 
to the oxidative phosphorylation pathway is probably the cellular energy state in the form 
of high-energy phosphates and Pi (Brown 1992, Gibbs 1999). A drop in the cellular 
energy state seems to cause increased respiratory chain activation and NADH oxidation. 
However, Ca2+-mediated processes in the substrate level rapidly follow and increase 
NADH production, increasing the thermodynamic driving force and restoring the cellular 
energy levels. Because the time resolution of 31P-NMR experiments is some minutes, an 
early fall in high-energy phosphates and a rise in Pi might not have been observed. This 
could explain at least some of the discrepancies in the 31P-NMR-studies. Indeed, using 
gated, time-resolved 31P-NMR, a transient drop in the cellular energy level was observed 
in intact perfused hearts within 30 s of increased workload by the addition of isoprenaline 
(Unitt et al. 1989). This has been confirmed by the observation that a significant decrease 
in CrP content and a concomitant increase in Pi content occurs with time constants of ≈5 
sec (Eijgelshoven et al. 1994). This series of events would fit well into the near-
equilibrium theory, although the kinetic theories would not be in discordance with those, 
either. However, the observation that ANT has no control strength in the heart (Doussiere 
et al. 1984), supports the view that the distribution of control strength sites is probably in 
more accordance with the near-equilibrium theory (Brown 1992, Hassinen 1986a). 

Experiments with Ruthenium Red show that when calcium entrance into mitochondria 
is inhibited, respiration and contractile force in the unstimulated heart are partly inhibited. 
This suggests that Ca2+-stimulation of substrate level dehydrogenases shares some control 
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over respiratory regulation (Katz et al. 1988, Unitt et al. 1989). Applications of the 
control theory to mitochondria isolated from myocardium also suggest some control of 
substrate level reactions (Doussiere et al. 1984, Moreno-Sanchez et al. 1991). 
Furthermore, if substrate level reactions in perfused rat heart are activated by adding 
exogenous fatty acid, which results in NAD reduction, oxygen consumption and the 
cellular energy state are also increased, suggesting substrate level control over the 
adenylate system in cellular respiration (Hassinen et al. 1990, Starnes et al. 1985).  

Although substrate level activation is essential upon workload increase, it does not 
necessarily mean that it would have a dominant effect on cellular respiration. It is 
notable, that when hearts are stimulated either by electrical stimulation or positive 
inotropic agents, Ruthenium Red does not block the stimulation of respiration and 
contraction, although it inhibits mitochondrial calcium uptake and the activation of 
calcium-sensitive dehydrogenases. This leads to greater oxidation of NADH and a greater 
increase in the ADP/ATP ratio (Katz et al. 1988, McCormack & England 1983). An 
observation that also supports a less dominating role of substrate level control in 
respiratory regulation is that stimulation of the mitochondrial NADH supply with β-
hydroxybutyrate in rat heart in vivo raises the phosphorylation potential, but does not 
stimulate respiration in moderate or high workloads (Kim et al. 1991). These findings 
suggest that the activation of substrate level dehydrogenase seems to have relatively little 
control over ATP turnover, but has significant control over the cellular energy state. This 
has led to the concept that the function of the substrate level reactions is not to control 
ATP turnover, but rather to prevent a large fall in the cellular energy state by stimulating 
calcium-sensitive dehydrogenases (Brown 1992). 

Although the model of shared control in respiratory regulation has gained wide 
acceptance, the distribution of control strength is unsettled. It seems obvious that the 
control strengths of different steps vary between tissues and diverse conditions, 
explaining many of the contradictory findings. In a physiological situation in heart, where 
increased blood circulation is required and the heart’s workload is increased, the cellular 
energy state, in a form of high-energy phosphates and Pi, is probably the initial mediator 
connecting the increasing energy consumption and production. The primary site of 
control appears to lie above the substrate level, although the activation of Ca2+-sensitive 
dehydrogenases at the substrate level will rapidly follow. The substrate level reactions 
share some control strength in respiratory control at least in some metabolic situations. 
Ca2+ is an important mediator in cellular energy metabolism, and its role in activating 
substrate level calcium sensitive dehydrogenases is well shown. Ca2+-activation in 
oxidative phosphorylation involving other mechanisms like F1Fo-ATPase stimulation is 
less clear.  

2.2  Myocardial substrate oxidation 

The human heart pumps some 13,000 litres of blood per day in about 80,000 heartbeats. 
The energy expended would be sufficient to lift a weight of 1000 kg about 8 meters 
(Fournier 1987). The energy needed for this performance is obtained from the oxidation 
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of myocardial substrates. The major fuel for the heart is long chain fatty acids, the 
oxidation of which is usually estimated to cover 60-70% of the myocardial energy 
requirements (Fournier 1987, van der Vusse et al. 1992). The remaining part is mainly 
accounted for by the oxidation of other exogenous substrates, such as glucose, lactate and 
ketone bodies (Jeffrey et al. 1995b, Sherry et al. 1992). In myocardium the glycogen and 
triacylglycerol pools serve as an endogenous fuel reserve. The oxidation of the 
degradation products of these endogenous sources is estimated to meet a considerable 
fraction of the needs of myocardial energy consumption (van der Vusse et al. 2000).  

The bulk of myocardial substrates are used for energy production and oxidized. A part 
of the exogenous substrates are channelled to endogenous energy stores or used as 
building blocks for structural compounds. The purpose of some other substrates is to 
maintain the correct pool size of the citric acid cycle; this metabolic route is called 
anaplerosis.  

2.2.1  Uptake and transport of exogenous substrates in the myocardium 

Before exogenous substrates can contribute to myocardial energy metabolism, they must 
be transported from the vascular lumen into the myocardial cell. During that journey they 
must cross several barriers: the luminal and abluminal membranes and cytoplasm of 
endothelial cells, the interstitial compartment, and the sarcolemma and sarcoplasmic 
space of myocytes.  

2.2.1.1  Uptake and transport of fatty acids 

Fatty acids constitute a special group because of their low solubility in water, therefore 
the role of carrier proteins is emphasized in fatty acid uptake and transport. In blood fatty 
acids are either attached to plasma albumin or covalently bound to the triacylglycerol 
core of circulating lipoproteins. The contribution of albumin-bound fatty acids to cardiac 
fatty acid utilization is suggested to be dominant (van der Vusse et al. 1992), while the 
contribution of lipoprotein triacylglycerol fatty acids in the isolated rat heart is estimated 
to be 20-25% at maximum (Wang et al. 1998). Attached to the luminal surface of 
endothelial cells lipoprotein lipase releases fatty acids from the triacylglycerols of 
lipoproteins.  

The pathway by which the transendothelial transport of fatty acids is accomplished has 
not been clearly delineated. Several suggestions exist, but two alternatives are favoured. 
The first one is a simple passive diffusion of free fatty acid molecules through the 
membranes and cytoplasm. The second model includes a facilitated mechanism involving 
specific membrane-associated fatty acid-binding and carrying proteins. Previously, a 
model of simple diffusion has been dominant, but after finding fatty acid binding proteins 
in cardiac endothelial cells, the second model has also gained popularity (van der Vusse 
et al. 2000). Transport through the interstitial space between the abluminal surface of the 
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endothelial cell and the sarcolemma of the cardiomyocyte is most likely mediated by 
albumin (van der Vusse et al. 1992). 

The sarcolemmal transport mechanisms are thought to be similar to those for 
endothelial membranes, and both non-protein-mediated diffusion and protein-mediated 
fatty acid transport have been proposed. However, fatty acid transport through the 
myocyte sarcolemma has been studied in more detail than that through the endothelial 
cells. Five fatty acid-binding membrane proteins have been described in cardiomyocytes, 
which have been suggested to be involved in the transmembrane transport of fatty acids 
(Schaap et al. 1998). Luiken et al. found in rat cardiomyocytes that transport protein 
inhibitors and mild proteolytic treatment significantly depressed the rate of palmitate 
uptake, suggesting the involvement of membrane proteins in fatty acid uptake by cardiac 
muscle cells (Luiken et al. 1997). Other recent findings have also argued for the 
involvement of sarcolemmal proteins in fatty acid transport. In the study of Luiken et al. 
there was a non-inhibitable component contributing to about 20% of cellular fatty acid 
uptake. This observation and the findings supporting a non-protein-mediated diffusion of 
fatty acids have led to the suggestion that both protein-mediated transport and simple 
diffusion occur in parallel, with their relative contribution to total fatty acid uptake 
depending on the physiological condition (van der Vusse et al. 2000). 

Unlike the mechanisms of fatty acid transport from the vascular lumen into the 
myocyte, the mechanism of the transplasmic transport of fatty acids is generally accepted. 
A heart-type fatty acid-binding protein (H-FABP) functions as an intracellular fatty acid 
carrier inside the myocytes. H-FABP belongs to a family of 14-15 kDa lipid-binding 
proteins, and shows one high-affinity fatty-acid binding site per protein molecule. In rat 
heart, H-FABP accounts for approximately 3% of the cytoplasmic proteins. H-FABP 
seems to be needed only for long-chain fatty acid transport because cardiomyocytes 
isolated from H-FABP knock-out mice showed a markedly lowered uptake of palmitate, 
while the uptake of octanoate was not affected. (See van der Vusse et al. 2000). 

2.2.1.2  Uptake of glucose 

As glucose is a water-soluble molecule, its transportation is more straightforward than 
that of long-chain fatty acids. The uptake of extracellular glucose is regulated by the 
transmembrane glucose gradient and the concentration and activity of glucose 
transporters. The transporters regulating the uptake of glucose belong to the GLUT 
family. GLUT4 and GLUT1 are the important isoforms present in the heart. Both are 
facilitative transporters simply mediating the movement of glucose down its 
concentration gradient, with GLUT 4 being an insulin-sensitive transporter, while 
GLUT1 is presumably independent of insulin action. GLUT 1 is found in many other 
tissues and, with its relatively low Km, it accounts for the bulk of basal glucose uptake. 
Under nonstimulated conditions, GLUT 4 makes only a small contribution to glucose 
uptake, but in stimulated conditions, such as hyperinsulenemia and energetic stress, it 
plays a significant role in the uptake of glucose (Young et al. 2000).  
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2.2.1.3  Uptake of lactate 

Lactate enters the myocyte via a facilitated transport system. In myocardium, 
monocarboxylate transporter 1 (MCT1), a member of the MCT family, functions as a 
proton symporter, so that both the lactate molecule and proton are cotransported in an 
electroneutral manner. Recently, a number of additional MCT transcripts have been found 
in the human heart. Exercise has been shown to increase myocardial MCT1 content by 
increasing lactate uptake in the heart. At present, the properties of MCTs are only 
partially known. (See Bonen 2000). 

2.2.2  Fatty acid oxidation 

Although peroxisomal oxidation of fatty acids occurs in the heart, mitochondrial β-
oxidation is the main pathway responsible for fatty acid originated energy production. 
Before fatty acids will react with the enzymes responsible for their future metabolism, 
they must be converted to an active intermediate. Acyl-CoA-synthetases, found in the 
endoplasmic reticulum, in the matrix, and on the outer membrane of mitochondria, 
catalyse this energy-requiring reaction in which coenzyme A and a free fatty acid form an 
active fatty acid or acyl-CoA. Once activated, the acyl moiety of fatty acid-CoA is 
translocated into the mitochondrial matrix as a carnitine ester by a complex of enzymes 
involving carnitine palmitoyltransferase 1 (CPT1), carnitine-acylcarnitine translocase, 
and carnitine palmitoyltransferase 2 (CPT2). CPT1 is located on the inner surface of the 
outer mitochondrial membrane, and it catalyses the formation of acylcarnitine from acyl-
CoA and carnitine. Carnitine-acylcarnitine translocase transports acylcarnitine across the 
inner mitochondrial membrane, and CPT2 associated with the inner mitochondrial 
membrane regenerates acyl-CoA, unbinding carnitine and adding CoA in the 
mitochondrial matrix. (See Lopaschuk et al. 1994). 

Mitochondrial β-oxidation occurs in four steps involving successive cleavages with 
the release of acetyl-CoA. The first step is catalysed by acyl-CoA dehydrogenase, 
resulting in the conversion of acyl-CoA to ∆2-3-trans-enoyl-CoA in the presence of 
flavoprotein including FAD as a prosthetic group. In the second step, water is added to 
form L-3-hydroxyacyl-CoA in the presence of the enzyme ∆2-enoyl-CoA hydratase. The 
third step involves L-3-hydroxyacyl-CoA dehydrogenase, which catalyses the formation 
of 3-ketoacyl-CoA and the reduction of NAD to NADH. Finally, 3-oxoacyl-CoA thiolase 
splits 3-ketoacyl-CoA, which requires CoA for production of both acetyl-CoA and an 
acyl-CoA derivative containing two carbons less than the original acyl-CoA molecule. 
More than one of each of the above enzymes is to be found in mitochondria, each specific 
for acyl chains of different lengths (see Schulz 1991). Reducing power in the form of 
hydrogen is released in two dehydrogenase reactions of β-oxidation and conveyed to the 
use of respiratory chain in oxidative phosphorylation as described in Figure 1. In the 
acyl-CoA dehydrogenase reaction, the reducing equivalents are conveyed to the 
ubiquinone pool of the respiratory chain via mediation by electron-transferring 



 33

flavoprotein (ETF) and the ETF-dehydrogenase metalloflavoprotein (Ruzicka & Beinert 
1977). 

When estimating the regulation of fatty acid oxidation, two main factors must be 
emphasized: the supply of fatty acids by the blood, and the cardiac work alterations. Both 
affect the level of high-energy phosphates, the redox state of mitochondria, and the 
acetyl-CoA/CoA ratio (van der Vusse et al. 1992). For example, during fasting or 
postprandial lipemia, the elevated free fatty acid concentration in the blood increases 
fatty acid uptake by the heart and leads to increased β-oxidation. This situation is also 
associated with a decrease in the utilization of carbohydrates by the inhibition of pyruvate 
dehydrogenase and phosphofructokinase (Grynberg & Demaison 1996).  

The multiplicity of possible regulatory sites makes an estimation of the overall control 
of fatty acid oxidation difficult. After activation of a free fatty acid in the cytoplasm, the 
first reaction leading to the oxidation of fatty acid is the conversion of acyl-CoA to 
acylcarnitine by CPT1, which makes it an attractive site of regulation. In the liver, the 
first intermediate of lipogenesis, malonyl-CoA, is formed by acetyl-CoA-carboxylase 
(ACC), and is a regulator of CPT1. A role of malonyl-CoA in the heart is less obvious 
because the existence of fatty acid synthesis in the heart is not certain (Lopaschuk et al. 
1994). However, it has been shown that CPT1 in the heart is extremely sensitive to 
inhibition by malonyl-CoA, and that malonyl-CoA is present in measurable quantities in 
the heart. Also, an isoform of ACC different from that in lipogenic tissues has been 
identified in heart and skeletal muscle. Tissues such as the liver and brown adipose tissue, 
which can both synthesize and oxidise fatty acids, express both isoforms of ACC. 
Lopaschuk et al. have provided evidence that the acetyl-CoA supply is a key determinant 
of ACC activity in the heart, and they suggest that an important site of regulation in fatty 
acid oxidation is the interaction of malonyl-CoA with CPT1. They hypothesize that 
acetyl-CoA produced by PDH can be transported from the mitochondria to the aqueous 
cytoplasm where it can then serve as a substrate for ACC, increasing malonyl-CoA 
production and decreasing fatty acid oxidation. By this mechanism, increased glycolytic 
activity could inhibit fatty acid oxidation (Lopaschuk et al. 1994). However, in a 
subsequent study they conclude that the myocardial substrate supply is the primary 
mechanism responsible for alterations in fatty acid oxidation rates under nonstressful 
conditions and when substrates are present at physiological concentrations. ACC 
inhibition is additionally involved in regulation during high fatty acid concentrations or 
upon increased workload alterations (Longnus et al. 2001). 

The other steps before actual mitochondrial β-oxidation that are suggested to be rate-
limiting for fatty acid oxidation include fatty acid activation by acetyl-CoA synthetases 
(Normann et al. 1983) and acylcarnitine transport. Acyl-CoA synthetases are inhibited by 
palmitoyl-CoA, a low concentration of CoA, and a high acetyl-CoA/CoA ratio. Carnitine-
acylcarnitine translocase is indicated to have sufficient activity to not be a rate-limiting 
step in carnitine transport (Lysiak et al. 1988). However, studies in the isolated rat heart 
have suggested that the translocase step limits the rate of fatty acid oxidation at high 
workloads (Oram et al. 1973). Also, upon diminished cardiac workload, Latipää found 
that the inhibition of fatty acid oxidation was associated with an elevated acyl-
carnitine/carnitine ratio without changes in the concentrations of β-oxidation 
intermediates. This observation suggested that the carnitine-acylcarnitine translocase or 
CPT2 is the primary regulatory site for fatty acid oxidation (Latipää 1989).  
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At sufficiently high and stable levels of fatty acids, the energy demand of the heart is 
the primary factor affecting the rate of β-oxidation. As it has been quite convincingly 
shown, the NADH/NAD and acetyl-CoA/CoA ratios decrease upon workload increase in 
the perfused heart (Neely et al. 1976). A decrease in the acetyl-CoA/CoA ratio activates 
both acyl-CoA-dehydrogenase and 3-oxoacyl-CoA thiolase. In the opposite situation 
when workload is decreased, the acetyl-CoA/CoA ratio increases, resulting in the 
accumulation of 3-ketoacyl-CoA, which inhibits acyl-CoA dehydrogenase. The 
NADH/NAD ratio has also been suggested to regulate β-oxidation at the level of 3-
hydroxyacyl-CoA dehydrogenase (Lopaschuk et al. 1994).  

In conclusion, studies with perfused hearts have demonstrated that the rate of cardiac 
fatty acid oxidation is a function of the fatty acid supply and cardiac energy consumption. 
The primary sites and mechanisms of control are not known.  

2.2.3  Carbohydrate oxidation 

The exogenous carbohydrate sources for the heart are glucose and lactate. The heart 
readily uptakes pyruvate, but its physiological role is negligible because of its rather low 
concentration in the blood.  

2.2.3.1  Glycolysis 

When transported into the myocardial cell, glucose is rapidly phosphorylated to glucose-
6-phosphate by hexokinase. In general, the rate of glucose transport is slower than its 
phosphorylation and limits the overall rate of glucose uptake. 

Although the bulk of glucose-6-phosphate usually enters the glycolytic pathway, 
glucose-6-phosphate can also enter the route to glycogen synthesis. Glycolysis involves 
eight steps, forming pyruvate from glucose-6-phosphate. In this metabolic route, the 
primary control is shared by phosphofructokinase-1 (PFK-1) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). In aerobic conditions, pyruvate is converted to 
acetyl-CoA by the pyruvate dehydrogenase complex (PDH), an important glycolytic 
regulator. Pyruvate may have another fate as it is converted to intermediates of the TCA 
cycle by pyruvate carboxylase or malic enzyme. This metabolic route is part of 
anaplerosis (see section 2.2.7.). Finally, acetyl-CoA enters into the TCA cycle where it is 
oxidized to CO2 and water. (Depre et al. 1999).   

The control of glycolysis seems to be shared over the glycolytic pathway. The first 
important site of control is glucose uptake by glucose transporters. Because the Km of 
glucose for transporters is close to the plasma glucose concentration, the saturating 
glucose transporters may, at the best, double the rate of glucose uptake. Therefore, the 
number of transporters at the cell surface basically controls the rate of glucose transport. 
Insulin, several other hormones, and energy demand increase the number of transporters. 
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Fatty acids decrease the recruitment of transporters, and thereby inhibit glucose uptake. 
(Depre et al. 1998).  

PFK-1 catalyses the first irreversible step of glycolysis proper, and is therefore a 
potent regulatory site. The most important activator of PFK-1 is fructose-2,6-diphosphate 
(Fru-2,6-P2), produced by phosphofructokinase-2 (PFK-2). The substrate for PFK-1, 
fructose-6-phosphate, increases the concentration of Fru-2,6-P2, while citrate has the 
opposite effect. Citrate also directly inhibits PFK-1. The accumulation of citrate results 
from on-going fatty acid oxidation, which is an important mechanism by which fatty 
acids inhibit glycolytic activity. Other mechanisms are the inhibition of glucose uptake 
and the inhibition of PDH by high acetyl-CoA and NADH/NAD ratios resulting from a 
high fatty acid oxidation rate. (Depre et al. 1998).  

GADPH also participates in the overall control of flux, especially during myocardial 
ischemia, when it appears to be a rate-limiting step for glycolysis (Stanley et al. 1997). 

The pyruvate dehydrogenase complex (PDH) is a mitochondrial multienzyme 
complex, and its activity in the heart is controlled by work, substrate availability, and 
hormones. PDH is regulated by its substrates and by phosphorylation/dephosphorylation. 
PDH kinase converts PDH into its inactive form and is stimulated by acetyl-CoA and 
NADH and inhibited by pyruvate. PDH phosphatase, which activates the PDC, is mainly 
stimulated by calcium. The Ca2+ concentration increases when the heart is subjected to 
increased workload, and this explains the PDH activation observed under these 
conditions. Fatty acids, or rather their oxidation, elevate the acetyl-CoA/CoA and 
NADH/NAD ratios, resulting in the activation of PDC kinase and PDC inhibition by 
phosphorylation. Lactate has also been shown to suppress workload-induced activation of 
PDH. Adrenalin stimulates PDH, whereas insulin has no clear effect on PDH activity in 
perfused hearts (Depre et al. 1998).  

Put together, a common feature that emerges from the analysis of glycolysis is that 
control is distributed over several enzymes and transporters. The relative control of 
different steps varies according to the metabolic situation. The nature of glycolytic 
control is in agreement with the flux control theory originally presented by Kacser and 
Burns. 

2.2.3.2  Oxidation of lactate 

Lactate is a physiological substrate for the heart. In the myocardium, lactate is rapidly 
oxidised by lactate dehydrogenase, converted to acetyl-CoA by PDH, and oxidised in the 
TCA cycle (Stanley et al. 1997). The uptake and utilization of lactate is a function of its 
blood concentration. Lactate is oxidised under normoxic conditions and inhibits 
glycolysis, thus acting as a preferred substrate. Inhibition of glycolysis occurs most at the 
level of PDH and PFK-1. The inhibition of glucose uptake by lactate is minimal at 
physiological concentrations of lactate, so that glucose metabolism is re-oriented towards 
glycogen synthesis (Depre et al. 1998). 
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2.2.4  Use of endogenous substrate sources 

Although most of the energy requirements of the heart are usually met by the use of 
exogenous substrates, in certain metabolic conditions endogenous sources may contribute 
to more than half of the total ATP production in the myocardium (Saddik & Lopaschuk 
1991). The endogenous substrate sources consist of triacylglycerols and glycogen. 

2.2.4.1  Utilization of triacylglycerols 

Intracellular myocardial triacylglycerol (TG) stores are localized in membrane-bound 
lipid particles in the endoplasmic reticulum, in lysosome-like particles, and in free-
floating cytosolic lipid droplets. The TG pool associated with the endoplasmic reticulum 
is surrounded by a unit membrane that holds enzymes of fatty acid activation and TG 
synthesis, as well as TG lipase activity. The fraction of TG associated with lysosome-like 
particles is also metabolically active, containing lipase activity, while the cytosolic lipid 
droplets may represent a rather inert storage pool, since they are not associated with 
membranes containing lipid-hydrolysing enzymes (Stam et al. 1987). 

A significant amount of fatty acids are esterified to TG, and in the isolated perfused rat 
heart more than 50% of the mobilized fatty acids can be re-esterified, indicating that 
myocardial endogenous TG are in a highly dynamic state (Schoonderwoerd et al. 1989). 
Triacylglycerols must be hydrolysed to glycerol and fatty acids in order to be utilized in 
myocardial energy production. The myocardium contains three lipases that could be 
responsible for the degradation of TG to diacylglycerol, the first and rate-limiting step in 
TG hydrolysis. The candidates are lysosomal acid TG lipase, neutral lipoprotein lipase, 
and the serum-independent TG lipase, but their nature and relative importance in 
catalysing the first step of lipolysis is far from clear. Complete TG breakdown involves 
the additional concerted action of the microsomal di- and monoacylglycerol lipases (van 
der Vusse et al. 1992).  

The main regulator of the rate of endogenous TG lipolysis is product-inhibition by 
fatty acids and their CoA- and carnitine-ester derivatives. Ketone bodies also strongly 
inhibit the lipolytic enzymes involved. Catecholamines and glucagon have been shown to 
increase TG breakdown, but the evidence for direct short-term hormonal activation of 
lipase activity in the myocardium is scarce. In fact, the stimulation of the removal of 
inhibitory product fatty acids and their metabolic intermediates by the hormone action 
might be an important way of regulation. It has been shown that increased β-oxidation 
and re-esterification eliminating lipolysis products increases endogenous lipolysis of TG 
(Stam et al. 1987). Furthermore, the rate of triacylglycerol lipolysis and oxidation is 
observed to be linearly related to work output in perfused hearts (Madden et al. 1993). 
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2.2.4.2  Utilization of glycogen 

Glycogen is an intrinsic carbohydrate store in tissues, and it occupies about 2% of the 
total cell volume in the adult cardiomyocyte. Glycogenolysis results in the formation of 
glucose-6-phosphate, and it is regulated by the activity of glycogen phosphorylase. 
Glycogen phosphorylase is activated when phosphorylated by phosphorylase kinase, 
which is activated by the binding of Ca2+ to its calmodulin component. Adrenalin 
increases [Ca2+], but also activates glycogen phosphorylase through the cAMP and 
protein kinase a signalling pathways (Stanley et al. 1997). Glycogen breakdown is 
rapidly stimulated during a sudden increase in heart work, which is consistent with the 
Ca2+-dependent activation of glycogenolysis (Wang et al. 2001b).  

A variable amount of exogenous glucose cycles through glycogen before entering the 
glycolytic pathway. Estimations of the portion of glucose taken up by the heart to be 
incorporated into glycogen vary from 5% to 70% (Henning et al. 1996). The proportion 
of glucose entering the glycogen pool is substrate-dependent. When glucose is the sole 
substrate, a small part of the extracellular glucose taken up by the cell is incorporated into 
glycogen before entering the glycolytic pathway, whereas the incorporation rate is 
significantly greater when fatty acids or lactate are present (Depre et al. 1999). It has 
been shown that fatty acids and lactate inhibit glycolysis more than glucose uptake, 
which may lead to a situation where glucose metabolism is re-oriented towards glycogen 
synthesis. In fact, net glycogen synthesis occurs when lactate or fatty acids are the 
predominant fuels for the heart (see Depre et al. 1999 and Stanley et al. 1997). 

By using labelled substrates in perfused hearts, it has been shown that glucose derived 
from glycogen is oxidized preferentially compared to exogenous glucose (Depre et al. 
1999, Henning et al. 1996). This observation is consistent with the concept that 
myocardial carbohydrate metabolism is compartmentalized. 

2.2.5  Role of calcium in the regulation of myocardial substrate 
oxidation 

Calcium is the only second-messenger molecule which has been convincingly shown to 
cross the permeability barrier of the mitochondrial inner membrane. This membrane 
contains specific transporters for Ca2+, the primary role of which is to relay the cytosolic 
Ca2+ concentration changes to the mitochondria. It is generally accepted that Ca2+ 
stimulates pyruvate dehydrogenase (PDH), thereby increasing the use of carbohydrates in 
cardiac energy metabolism. Ca2+ increases the activation of PDH primarily through the 
stimulation of PDH-phosphatase, which increases the active non-phosphorylated form of 
PDH (McCormack & Denton 1993). 

Ca2+ also stimulates citric acid cycle enzymes, ketoglutarate dehydrogenase (KGDH), 
and NAD-specific mitochondrial isocitrate dehydrogenase (ICDH).  Ca2+-stimulation of 
KGDH has been shown to occur in myocardium, but direct evidence of its significance 
with ICDH in heart is lacking. The activation of ICDH and KGDH by Ca2+ occurs via a 
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direct allosteric effect of Ca2+ on the dehydrogenases themselves, causing mainly a 
substantial drop in the Km values for their respective substrates, isocitrate and 
ketoglutarate (McCormack et al. 1990). 

Control of glycogenolysis is exerted at the level of glycogen phosphorylase, which is 
activated by phosphorylation catalysed by phosphorylase kinase. The latter is activated 
directly by an increase in cytosolic Ca2+ or indirectly by the cAMP-dependent protein 
kinase (Depre et al. 1998). So, Ca2+ enhances the utilization of carbohydrates by 
increasing glycogen breakdown and stimulating PDH. 

Some evidence favours the view that Ca2+ increases the use of fatty acids. In hearts 
from starved animals where carbohydrate utilization is minimized, the activity of PDH is 
kept very low by phosphorylation through PDH kinase. In these hearts, an inotropic 
activation, which presumably also results in an increase in mitochondrial Ca2+, is not 
capable increasing PDH activity. However, if PDH kinase is inhibited by pyruvate or 
dichloroacetate, inotropic stimulus is again capable of activating PDH. This suggests that 
intramitochondrial Ca2+ is still increasing under these circumstances and therefore would 
have an effect on the other matrix Ca2+-sensitive enzymes. However, to stimulate KGDH 
and maybe also ICDH without increasing the supply of acetyl-CoA would achieve little. 
A coordinated stimulation of the β-oxidation of fatty acids must therefore occur 
(McCormack et al. 1990). Whether this is brought about by Ca2+ or by some other 
mechanism is unknown. In isolated rat liver cells, Ca2+ was shown to stimulate β-
oxidation, but supraphysiological Ca2+ concentrations were used (Ontko & Otto 1975). 
Increased β-oxidation has been suggested to be achieved by a Ca2+-mediated increase in 
mitochondrial PPi and hence matrix volume (Halestrap 1989), but subsequently the same 
group has concluded that this mechanism is not valid in isolated heart mitochondria 
(Griffiths & Halestrap 1993). Further, in isolated rat hearts it is shown that increasing 
perfusate [Ca2+] or perfusing hearts in the presence of adrenalin does not increase 
palmitate oxidation (Lopaschuk et al. 1994).  

Ca2+ has also been described to mediate hormone-stimulated lipolysis, but the 
mechanism by which the mobilisation of triacylglycerols is increased remains to be 
solved. Indirect mechanisms have been suggested, such as involvement in the regulation 
of the substrate supply or the removal of fatty acids, which would cause the release of 
feedback-inhibition (Schoonderwoerd et al. 1989, Stam et al. 1987).  

It seems clear that Ca2+ stimulates myocardial carbohydrate metabolism at the level of 
PDH and glycogen phosphorylase. The role of Ca2+ regulation in fatty acid metabolism is 
unclear. Ca2+ might enhance the cardiac use of fatty acids indirectly, or the regulation 
may be independent of Ca2+. 

2.2.6  Substrate preference in the heart 

The heart is capable of the oxidation of various substrates to meet its energy needs. Fatty 
acids, lactate, and glucose are the major energy substrates for the heart. In specific 
situations, the oxidation of ketone bodies may cover a considerable part of the energy 
requirements. The endogenous fuel stores also play a significant role in myocardial 
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energy metabolism. The heart will oxidise pyruvate and acetate if they are supplied, but 
the normal circulating levels are too low for them to be considered as a major exogenous 
source of energy (Drake 1982). Amino acids can also serve as exogenous oxidisable 
substrates, but their role in energy production is negligible. 

The contribution of oxidized myocardial substrates varies markedly depending upon 
the substrate supply, and in some degree, the contractile activity of the heart. In addition, 
the presence of alternative and competing substrates and the availability of circulating or 
locally released hormones are capable of modulating cardiac metabolism (van der Vusse 
& de Groot 1992).  

Usually the heart prefers fatty acids, which under non-stressful conditions supply 50-
95% of ATP synthesis (Collins-Nakai et al. 1994, Jeffrey et al. 1995b, Saddik & 
Lopaschuk 1991). In a working heart model supplied with a mixture of the four major 
substrates mimicking physiological concentrations in rat (0.35 mM mixture of FFA, 5.5 
mM glucose, 1.2 mM lactate and 0.17 mM acetoacetate), Jeffrey et al. found that the 
energy supply from FFA was 49%, glucose 0%, lactate 15%, acetoacetate 23% and 
endogenous sources 13%, respectively (Jeffrey et al. 1995b). In other studies to evaluate 
the contribution of FFA to cardiac energy metabolism, usually one or two competing 
substrates have been used. 

The fatty acid preference is challenged by the competition of alternative substrates. 
For example, during fasting, the synthesis and plasma levels of ketone bodies increase, 
resulting in an increased proportion of ketone bodies oxidation in energy metabolism. 
When concentrations found in the fasted state in rat (0.87 mM mixture of FFA, 4.9 mM 
glucose, 0.87 mM lactate and 1.2 mM acetoacetate) were used, Jeffrey et al. found that 
acetoacetate contributed to most of the acetyl-CoA production (78%), as the contribution 
of FFA was 12% and endogenous substrates, 10%. Glucose and lactate did not contribute 
to acetyl-CoA production at all (Jeffrey et al. 1995b). A study based on the arterio-
coronary venous difference in healthy volunteers showed that during exercise when the 
plasma lactate level was raised, the proportion of lactate in the oxidative metabolism was 
61% compared to values of 21% for FFA and 16% for glucose (Keul et al. 1966). Based 
on a similar method in dogs, 4.5 mM lactate was evaluated to cover up to 87% of the 
energy supply of the heart (Drake et al. 1980). However, in rats 30% of oxygen 
consumption could be attributed to the oxidation of 5 mM lactate, whereas 70% 
originated from the oxidation of 1.2 mM oleate (Goodwin & Taegtmeyer 2000). 

The oxidation of exogenous glucose in the heart is substantially dependent on the 
availability of FFA and lactate because both of them supersede glucose in energy supply. 
Saddik and Lopaschuk made a study using isolated rat hearts, in which they varied the 
exogenous fatty acid supply. When there were no exogenous fatty acids available, 11 mM 
glucose contributed to 37% of the ATP production. When a low fatty acid concentration 
(0.4 mM palmitate) was used, the contribution of glucose to myocardial ATP production 
diminished to 11%, and it further decreased to 4.5% when the perfusate concentration of 
palmitate was increased to 1.2 mM (Saddik & Lopaschuk 1991). When a more 
physiological glucose concentration of 5.5 mM was used with insulin, and the competing 
substrates were 0.4 mM oleate and 0.5 mM lactate, the oxygen consumption resulting 
from the oxidation of glucose was estimated to be 3.2% (Goodwin & Taegtmeyer 2000). 
In a study by Jeffrey et al., the oxidation of glucose was not observed at all when 
acetoacetate was also added as a competing substrate (Jeffrey et al. 1995b). Lactate is 
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known to inhibit glucose oxidation, but the inhibition occurs mainly at the level of PDH 
and PFK-1, and the inhibition of glucose uptake is barely detectable at physiological 
concentrations of lactate. Also, fatty acids inhibit glucose oxidation more than its uptake. 
This means that a re-orientation of glucose metabolism toward glycogen and lactate 
synthesis and anaplerosis could occur (Depre et al. 1998). In fact, it has been shown that 
when palmitate (0.4 mM) and lactate (0.5 mM) are available as exogenous substrates, 
only less than 20% of exogenous glucose (11 mM) was oxidised (Henning et al. 1996). 
This explains at least part of the discrepancy as the studies based on substrate extraction 
measure glucose uptake, and studies using labelled substrate measure the actual oxidation 
of glucose and thereby their use in energy production.  

The heart readily uses its endogenous sources in energy production. Endogenous 
triacylglycerol stores provided 11% to 15% of the heart’s energy requirements, when the 
exogenous FFA supply was varied from 1.2 mM to 0.4 mM. When exogenous FFAs were 
not present, the contribution of triacylglycerols accounted for over 50% of myocardial 
ATP production (Saddik & Lopaschuk 1991). The high extracellular FFA supply probably 
diminishes TG lipolysis by product inhibition affecting lipase enzymes. In another study 
where 0.4 mM palmitate, 11 mM glucose with insulin, and 0.5 mM lactate were used as 
exogenous substrates, triacylglycerols and glycogen utilization produced approximately 
25% of the ATP with equal contributions by both (Henning et al. 1996). When 0.4 mM 
oleate, 5.5 mM glucose with insulin, and 0.5 mM lactate were used, oxygen consumption 
resulting from glycogen oxidation varied between 0% and 18% depending on the 
contractile state of the heart. When high FFA and lactate concentrations were present, the 
use of glycogen was negligible (Goodwin & Taegtmeyer 2000). In the study of Jeffrey et 
al. with the aim of using physiological concentrations of exogenous substrates, the use of 
endogenous substrate oxidation varied between 5% and 13% (Jeffrey et al. 1995b).  

It seems that fatty acids are the preferred substrate for the heart when they are 
available. In specific situations, the concentrations of competing substrates may rise in a 
way that they challenge the fatty acid preference. In prolonged fasting, the concentration 
of ketone bodies may elevate to such a degree that they could provide most of the energy 
needs of the heart. During heavy exercise, the plasma concentration of lactate rises and its 
oxidation in the heart increases, but the estimations of lactate use by the heart are varied. 
The myocardium uses its endogenous sources in energy production, and their 
contribution may be considerably high if the availability of major exogenous substrates is 
diminished.  

2.2.6.1  Effect of workload on substrate selection 

The increased contractility of the heart results in a higher demand for substrates. A 
question arises about the way the increased supply of substrates is covered. An early 
study by Keul et al. with human volunteers suggests that the heart prefers lactate during 
increased physical work. Proportions of FFAs and glucose extractions are both 
diminished during high workloads (Keul et al. 1966). Subsequent studies supported the 
view that increased substrate oxidation by increased workload is selective for 
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carbohydrates, with little or no increase in exogenous fatty acid oxidation (Collins-Nakai 
et al. 1994, Goodwin et al. 1998). In contrast, there are studies showing that fatty acid 
and carbohydrate oxidation increase in parallel (Crass, III et al. 1969, Neely et al. 1969). 
This view is also supported by the study of Jeffrey et al. with the use of a “physiological” 
mixture of exogenous substrates, where an increase in heart work by afterload alterations 
did not have any effect on substrate selection. The only significant change was an 
increase in the proportion of acetoacetate oxidation from 23% to 33% (Jeffrey et al. 
1995b) upon a decrease in heart work.  

The elegant study of Goodwin et al. aimed to evaluate variations in substrate selection 
from exogenous and endogenous sources upon increased heart work (Goodwin & 
Taegtmeyer 2000). By using 0.4 mM oleate, 0.5 mM lactate, and 5.5 mM glucose as 
exogenous substrates in the presence of insulin, they found that acute cardiac stimulation 
by adrenalin increased the oxygen consumption due to the oxidation of glycogen from 
0.1% to 20% and glucose oxidation from 3.2% to 14%, while the proportion of oleate 
oxidation diminished from 85% to 54%. However, the total oxidation of oleate increased 
16% compared to a value from non-stimulated heart. When the proportions of substrate 
oxidation were measured during prolonged stimulation, the oxidation of exogenous 
glucose increased to a fraction of 23% while the oxidation of glucose originating from 
glycogen decreased to a value of 3.8%. The contribution of lactate in substrate oxidation 
remained the same (≈ 10%) in all these three conditions. Increased glycogenolysis during 
the work jump was concluded to be due to a higher hydrolysis of high-energy phosphates 
compared to their synthesis, as increased AMP concentration would stimulate glycogen 
phosphorylase. 

The phenomenon mentioned above took place when the exogenous substrate supply 
was fixed and the heart stimulation varied. The usual situation in the exercising state in 
vivo, however, is associated with a high systemic lactate contribution that normally 
originates from skeletal muscle, as well as increased amounts of FFA, which result from 
the adrenergic stimulation of lipolysis in adipose tissue and in the heart itself. In an effort 
to mimic this situation, Goodwin et al. perfused heart with 1.2 mM oleate, 5.0 mM 
lactate, and 5.5 mM glucose (Goodwin & Taegtmeyer 2000). In this setting, the increase 
in the oxidation of glucose derived either from glycogen (0% to 3%) or from an 
exogenous source (0.1% to 1.6%) was minimal after the work jump. The predominant 
exogenous carbohydrate was lactate. The oxygen consumption due to lactate oxidation 
increased from 22% in the non-stimulated heart to 30% during acute adrenergic 
stimulation. Tighter coupling between workload and FFA oxidation was observed in the 
presence of high fat and high lactate; the proportion of oleate oxidation decreased less 
during stimulation of heart work (75% to 63%) and total β-oxidation increased more 
(1.18 to 2.11 µmol/min⋅g dry wt) compared to the situation during low fat and low lactate 
perfusion (85% to 54%) and (1.31 to 1.74 µmol/min⋅g dry wt), respectively. Additionally, 
a switch from glycogen to triglycerides as the predominant endogenous substrate 
occurred when the contribution of triglycerides to total β-oxidation was almost doubled 
to 20% during contractile stimulation in the presence of high fat and lactate 
concentrations. A significant correlation between heart work and triacylglycerol lipolysis 
and oxidation in rat heart has also been described elsewhere (Madden et al. 1993). The 
lack of glycogen oxidation during work jump was accounted for by improved 
homeostasis of high-energy phosphates, when high lactate and FFAs were available.  
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The evaluations of the effect of workload on substrate selection seem to vary. The key 
element is the availability of exogenous substrates during workload alterations. The way 
the heart is stimulated might also have an effect on substrate selection. Cardiac 
stimulation by adrenalin probably favours the use of carbohydrates as it is documented 
that adrenalin stimulates PDH complex activity (Hiraoka et al. 1980); non-hormonal 
stimulation, for example by increasing afterload, might have a different impact on 
substrate selection. The diversity of methods (in vivo vs. in vitro models, labelling vs. 
extraction techniques), and also the differences between species might have an effect on 
the results, making it difficult to compare the studies.  

2.2.7  Significance of anaplerosis in myocardial substrate oxidation 

Anaplerosis includes several mitochondrial enzyme reactions, which result in the increase 
or preservation of the concentration of citric acid cycle intermediates.  

The principal function of the citric acid cycle in the heart is to oxidise acetyl-CoA 
originating from various substrates, and thereby generate reducing equivalents for the 
respiratory chain, enabling mitochondrial ATP production. In this net process, the 
incorporated carbon atoms of the acetyl group of acetyl-CoA are removed as CO2, and 
the concentrations of the eight citric acid intermediates are not changed. Nevertheless, the 
citric acid cycle is amphibolic, i.e. besides its oxidative role, the citric acid cycle takes 
part in processes like gluconeogenesis and transamination, where some of the 
intermediates can be metabolised into amino acids. The removal of carbon atoms as 
forms other than CO2 reduces the pool size of citric acid cycle intermediates and the 
resulting deficit must be covered. The incorporation of carbon into citric acid cycle 
intermediates from sources other than acetyl-CoA increases the citric acid cycle pool size, 
and this process is termed anaplerosis (Kornberg 1966).  

Pyruvate, propionate, and some of the amino acids serve as anaplerotic substrates. 
Therefore, all carbohydrates forming pyruvate can contribute to anaplerosis, but only the 
odd-numbered fatty acids forming propionate may be involved in anaplerosis. The main 
anaplerotic reactions include the carboxylation of pyruvate to oxaloacetate, which is 
catalysed by pyruvate carboxylase, or to malate, which is catalysed by malic enzymes, as 
well as the conversion of propionate to succinyl-CoA and the transamination reactions. 
The opposite reaction to anaplerosis, i.e. the reduction of citric acid cycle intermediates 
called cataplerosis, occurs mainly through the decarboxylation of oxaloacetate to 
phosphoenolpyruvate by phosphoenolpyruvate carboxykinase and the efflux of cycle 
intermediates from the mitochondria (Panchal et al. 2000, Peuhkurinen 1984, Sundqvist 
et al. 1987). However, it is noteworthy that many of the reactions affecting the citric acid 
pool size are reversible and operate in near-equilibrium resulting in both anaplerotic and 
cataplerotic flux (Peuhkurinen 1984), with the net flux being dependent on the metabolic 
state (Sundqvist et al. 1987). 

By using 14C isotopic labelling analysis, Ilmo Hassinen’s team has demonstrated that 
an anaplerotic flux of carbon into the TCA cycle is an intrinsic part of cellular 
metabolism in the heart (Nuutinen et al. 1981, Peuhkurinen et al. 1982, Peuhkurinen & 
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Hassinen 1982). Subsequently other groups have confirmed this by using 13C-tracer 
kinetic modelling (Cohen & Bergman 1997, Jeffrey et al. 1996, Malloy et al. 1990). 
Under steady-state conditions, the concentrations of the tricarboxylic acid cycle 
metabolites are not changed in heart muscle, i.e. the anaplerotic flux equals the 
intermediate disposal. However, under certain conditions the total pool size of 
intermediates is known to change, e.g. accumulation of the cycle metabolites has been 
observed upon an increase in external substrate supply (see Nuutinen et al. 1981) or 
sudden diminution in the heart work (Hiltunen & Hassinen 1976). An increase in the 
concentrations of cycle metabolites that are operating close to their Km values could lead 
to a higher cycle activity, thereby increasing the energy production by the citric acid 
cycle. However, a net increase in any of the citric acid cycle intermediates (Neely et al. 
1972a) or a difference in the degree of anaplerotic flux in proportion to oxidative flux 
evaluated by 13C-NMR methods (Lewandowski 1992b) could not be demonstrated with 
increased workload in the heart. 

Taegtmeyer’s group demonstrated the significance of anaplerosis in myocardial 
substrate oxidation by perfusing rat heart solely with ketone bodies, which cannot act as 
anaplerotic substrates. This resulted in a decline in myocardial contractile function, which 
was prevented or rapidly reversed by the addition of anaplerotic substrates (glucose or 
pyruvate) (Gibala et al. 2000). Another impact of anaplerosis on substrate metabolism is 
connected to the accumulation of citrate upon the addition of fatty acids or decline in 
workload (see Nuutinen et al. 1981). The accumulation of citrate and its transportation to 
the cytosol leads to diminished glucose utilization in glycolysis due to feedback 
inhibition. Subsequent 13C-tracer studies have confirmed that citrate efflux accounts for at 
least 17-21% of the rate of anaplerotic flux catalysed by pyruvate carboxykinase, 
representing a significant cataplerotic route (Panchal et al. 2000). Thus anaplerosis is 
essential for the normal function of the heart, and it also plays a role in metabolic signal 
transmission between mitochondria and the cytosol.  

2.2.7.1  Effect of substrate and workload alterations on anaplerosis 

In the evaluation of citric acid cycle metabolism, a term of relative anaplerosis has been 
created, which is defined as the ratio of anaplerotic flux to the oxidative flux originating 
from acetyl-CoA. In the presence of non-anaplerotic acetate as a sole substrate in the rat 
heart, the relative anaplerosis was found to be 0.05-0.09, indicating that endogenous 
substrates are also mobilized through the anaplerotic reactions (Malloy et al. 1988). 
When pyruvate and glucose were presented as exogenous substrates, the relative 
anaplerosis was 0.13 when evaluated by 13C-NMR, which is in accord with a previous 
study using the 14C-tracer technique, where it was 0.08 (Nuutinen et al. 1981). When both 
pyruvate and acetate were available as exogenous substrates, the relative anaplerosis was 
found to be as high as 0.12-0.24. This observation is consistent with the known 
stimulation of pyruvate carboxylase by acetyl-CoA, which increases in the heart during 
perfusion with acetate (Peuhkurinen & Hassinen 1982). By using nonphysiological 1mM 
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propionate with 2.5 mM acetate, the relative anaplerosis was found to rise up to 0.29-0.40 
(Malloy et al. 1988).  

An increase in the workload of the heart has been observed to have no effect on the 
concentrations of citric acid cycle intermediates (Neely et al. 1972a) nor on the degree of 
relative anaplerosis (Lewandowski 1992b). However, a workload decrease by potassium 
arrest showed an increase in the total pool of the citric acid intermediates (Hiltunen & 
Hassinen 1976), and the relative anaplerosis was found to increase to 0.12 to 0.47 in the 
14C-tracer studies (Peuhkurinen et al. 1982).  The use of 13C-NMR gave nearly similar 
results as anaplerosis values were 0.09 and 0.32 in beating and arrested hearts, 
respectively (Lewandowski 1992b). The mechanism for the increase in TCA pool size 
during workload diminution is not known, but a decrease in cataplerosis by redox-
dependent inhibition of malic enzyme has been suggested (Peuhkurinen 1984). 

2.3  Preconditioning 

The preconditioning phenomenon was first reported in 1986, when brief ischemic periods 
prior to sustained ischemia were observed to provide a marked protection against 
ischemic heart injury in dog (Murry et al. 1986). Preconditioning protection has also been 
demonstrated in human myocardium after both global and regional ischemia (Yellon et 
al. 1993, Jenkins et al. 1997, Szmagal et al. 1998, Laurikka et al. 2002). Subsequently, 
preconditioning in heart has been also described to be induced by several other stimuli, 
such as a partial reduction in coronary flow with or without intermittent reperfusion, 
stretching of the left ventricular wall, rapid ventricular pacing, brief ischemia in adjacent 
myocardium, and remote ischemias of the kidney, intestines, and skeletal muscle 
(Duncker & Verdouw 2000). Intermittent thrombus formation and dissociation (Ovize et 
al. 1992a) and hypoxia (Headrick 1996) have also been described to cause 
preconditioning. In treadmill studies, exercise has been observed to induce myocardial 
preconditioning in rats and dogs (Domenech et al. 2002, Yamashita et al. 1999).  

In 1993 two groups independently described a delayed cardioprotection (Kuzuya et al. 
1993, Marber et al. 1993), which was observed to occur 12-24 hours after the 
initialisation by repetitive short cycles of ischemia followed by reperfusion, and the 
protection lasted 3 to 4 days (Baxter & Yellon 1997). This was a substantially new 
finding compared to the preconditioning phenomenon originally described by Murry et 
al., where protection was abolished after 1 or 3 hours of reperfusion (Murry et al. 1991). 
Hence, the preconditioning phenomenon was found to be biphasic, and the early phase 
was called classic preconditioning or the first window of protection, while the delayed 
phase was named the second window of protection. The signal transduction pathways of 
these two forms of protection are thought to be fairly similar, although much less is 
known about the second window of protection (Cohen et al. 2000). Contrary to classic 
preconditioning (Thornton et al. 1990), delayed preconditioning is abolished by the 
inhibition of protein synthesis (Meng et al. 1996), which suggests a different end-effector 
mechanism of protection. The nature of the protection is also different between the two 
phases of protection: the second window of protection is protective against stunning 
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(Ovize et al. 1992b), although the protection against necrosis is less powerful compared 
to the early phase of protection (Cohen et al. 2000).  

The preconditioning phenomenon occurs not only in myocardium, but endogenous 
protection has also been described in skeletal muscle and liver. Delayed preconditioning 
has been observed in neuronal tissue and in the small intestine (Yellon et al. 1998). 

In the following sections, the properties of the preconditioning phenomenon are 
considered mainly in reference to classical preconditioning in myocardium initiated by 
one or more brief total ischemic episodes, or by pharmacological agents.  

2.3.1  Ischemic preconditioning 

The endogenous protection of ischemic preconditioning (IPC) is achieved by exposing 
the heart to preceding transient total ischemia. In the primary study, Murry et al. used 
four 5-min ischemic periods separated by four 5-min reperfusion periods to achieve 
myocardial protection against infarction (Murry et al. 1986). Subsequently it has been 
found that a minimum of two 2-min periods of ischemia or a single 5-min ischemic 
period is enough for the initiation of protection against infarction (Li et al. 1990, Yellon 
et al. 1992), and repetition of the 5-min preconditioning cycles does not substantially 
increase the protective effects against infarction (Li et al. 1990). 

At least 1 min of reperfusion is needed before sustained ischemia (Yang et al. 1993). 
However, if preconditioning is initiated by partial occlusion, intermittent reperfusion is 
not required for protection against infarction (Yellon et al. 1998). 

2.3.2  Manifestations of protection 

A reduction in infarct size is the first described and most frequently used indicator of 
protection generated by IPC. Triphenyl terazolium chloride, which stains the myocytes 
that have sarcolemmal ruptures, has been used to estimate infarct size. By this method, 
IPC has been found to reduce myocardial infarction up to 70 – 85% (Murry et al. 1986, 
Thornton et al. 1990, Yellon et al. 1992). However, it is important to realise that the 
evolution of necrosis is delayed but not prevented. IPC will limit infarct size during a 
temporary coronary occlusion but not during a prolonged or permanent occlusion (Yellon 
et al. 1998).  

IPC has also been described to reduce apoptotic cell death (Gottlieb et al. 1996, 
Maulik et al. 1998, Piot et al. 1997). Unlike necrosis, apoptosis is an energy-requiring, 
caspase-mediated proteolytic process in which cell cleavage is deliberate and the immune 
response is not activated.  

Moderation of enzyme release has been used as an indication of protection against 
myocardial injury. Creatine kinase, lactate dehydrogenase, and troponin T release have 
been mainly measured in rats and shown to be reduced by IPC (Yamahara et al. 1994). 
The most impressive evidence for IPC manifesting in human myocardium is gained from 
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patients undergoing coronary artery bypass surgery, where infarct size cannot be used as 
an indicator of protection. Instead, troponin T (Szmagala et al. 1998), troponin I, and 
creatine kinase isoenzyme MB (Laurikka et al. 2002) release have been used as the 
indicators of protection after open-heart surgery.  

In addition to the irreversible damage described above, the incidence of arrhythmias 
and postischemic recovery of contractile function have been used as indicators of IPC. In 
the rat, ischemia and reperfusion-induced arrhythmias have been reported to decrease in 
response to IPC (Li et al. 1992), but somewhat confusingly the incidence of arrhythmias 
is increased in the pig (Ovize et al. 1995). In man, the IPC protocol suppressed 
ventricular tachyarrhytmias during early reperfusion and 24 hours after myocardial 
revascularisation in coronary artery bypass surgery (Wu et al. 2002). So it seems that 
both early and late IPC has an antiarrhytmic effect in human myocardium. 

In many studies, IPC has markedly improved the postischemic contractile function, 
and in some studies it has been used as an end-point (Cave 1995, Speechly-Dick et al. 
1995). This is closely related to a phenomenon called myocardial stunning, which has 
been defined as a reversible postischemic contractile dysfunction with normal or near 
normal coronary flow. It has been quite convincingly shown that IPC does not protect 
against stunning (Cave 1995, Jenkins et al. 1995, Ovize et al. 1992b), and therefore the 
use of contractile function as a sign of IPC protection is questionable. Indeed, several 
authors suggest that better ventricular function is a secondary effect, which results in 
protection against irreversible injury or lethal arrhythmias.  

2.3.3  Overview of the mechanism of ischemic preconditioning 

In the initial study of IPC, Murry et al. excluded the possibility of enhanced collateral 
circulation in the mechanism of IPC (Murry et al. 1986), and several studies have 
confirmed this observation (see Okubo et al. 1999). In addition, the mechanism of the 
classic IPC does not involve protein synthesis, since protection is achieved in the 
presence of a protein synthesis inhibitor (Thornton et al. 1990).  

The mechanism of IPC can be divided roughly into three parts. The first is (1) a 
triggering of IPC, which includes a number of neuroendocrine and paracrine triggers and 
their corresponding receptors. For example, adenosine, bradykinin, and opioids have been 
identified to trigger IPC. Their coupling to receptors activates a post-receptor signalling 
cascade. The triggers that do not require sarcolemmal receptors, namely oxygen-derived 
free radicals, nitric oxide, and a short increase in free intracellular calcium, have also 
been suggested be a part of the IPC mechanism. The second phase of IPC consists of  (2) 
a multistage signalling system including phospholipases, diacylglycerol, protein kinase C, 
and other kinases. This signalling system activates (3) end-effectors, which are finally 
capable of affecting the processes leading to cellular death, and thereby irreversible 
myocardial damage. A mitochondrial ATP-sensitive potassium channel (mitKATP) has 
received the broadest support as the end-effector of IPC (Cohen et al. 2000, O'Rourke 
2000). The pathways leading to mitKATP channel opening are described in Figure 2. 
Surprisingly, in recent studies the mitKATP channel has been suggested to be the trigger 
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rather than end-effector (Downey & Cohen 2000, Pain et al. 2000). Other suggested end-
effectors include ecto-5’-nucleotidase (Kitakaze et al. 1993), which is involved in 
adenosine metabolism, and alterations in the cytoskeleton (Maulik et al. 1996), but these 
suggestions have not received support and are therefore not considered further.  

The way in which the opening of mitKATP channels protects the myocardium is unclear. 
One of the earliest findings in IPC was that it slows the rate of ATP depletion in the 
beginning of sustained ischemia (Murry et al. 1990). An improved energy state in a 
preconditioned heart would maintain better ionic homeostasis, which would result in 
better cellular survival and myocardial protection. Also mitKATP openers have been shown 
to preserve ATP levels during ischemia (Docherty et al. 1997). The improved energy state 
has been suggested to be the result of decreased activity of F1Fo-ATPase, which is the 
main consumer of ATP during ischemic bout (Jennings et al. 1991b). In fact, IPC has 
been reported to inhibit F1Fo-ATPase activity in early ischemia (Vuorinen et al. 1995). 
The alterations in energy metabolism and F1Fo-ATPase activity are connected to IPC, but 
their role in the mechanism of IPC is controversial. 

Convincing data exist that suggest that an increase in intracellular calcium is involved 
in ischemic injury (Jennings & Reimer 1991, Silverman & Stern 1994). IPC has been 
shown to attenuate an increase in intracellular calcium in sustained ischemia 
(Steenbergen et al. 1993), which may be an important mechanism of IPC in 
cardioprotection. The mitKATP openers have been also described to decrease calcium 
overload in ischemia and reperfusion (Wang et al. 2001a). 

Several studies have shown that apoptosis contributes to cardiac cell death after 
ischemia, and that preconditioning may suppress apoptosis in addition to necrosis in the 
heart (Gottlieb et al. 1996, Piot et al. 1997). In the process of cellular death, the 
mitochondrial permeability transition (MPT) may have an essential role (Crompton et al. 
1987). MPT opens a large pore across the mitochondrial membranes, which leads to the 
collapse of oxidative phosphorylation and the leakage of apoptosis-related factors from 
the mitochondria (Crompton 1999). MPT is provoked by calcium increase, ATP 
depletion, and oxidative stress, which occur during ischemia-reperfusion. Because IPC 
and mitKATP openers decrease calcium accumulation and may also decrease ATP 
depletion, MPT might be an important process between the end-effectors of IPC and in 
the protection against cellular death.  
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Fig. 2. The major pathways suggested to precede mitochondrial ATP-sensitive potassium 
channel opening (mitKATP) in myocardial ischemic preconditioning. G = G-protein, PLC and 
PLD = phospholipases C and D, DAG = diacylglycerol, PKC = protein kinase C, TyK = 
tyrosine kinases, MAPK = mitogen-activated protein kinases. 

2.3.4  Triggers of ischemic preconditioning 

The triggers of IPC can be divided into two groups according to their connection to 
receptors. Paracrine/autocrine factors must connect to their sarcolemmal receptors to be 
able to activate the signalling system leading to cardioprotection. Oxygen-derived free 
radicals, nitric oxide (NO), and a transient elevation of intracellular calcium have been 
described to trigger IPC, and their effect is independent of receptor action. The mitKATP 
channel has also been suggested to be a trigger of IPC. 

2.3.4.1  Receptor-mediated triggers 

The paracrine/autocrine factors that have been described to trigger IPC include 
adenosine, catecholamines, bradykinin, acetylcholine, opioid peptides, endothelin, and 
angiotensin II (see Cohen et al. 2000). If these agents are presented to the heart before 
sustained ischemia, they are able to produce protection similar to IPC. The triggers bind 
to their respective G protein-coupled receptors, which activate the post-receptor 
signalling system to bring about myocardial protection. The use of receptor antagonists 
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may abolish the protective effects of IPC, and the use of receptor agonists makes it 
possible to imitate the IPC protection. 

The relative importance of triggers and their receptors is ambiguous. For instance, it 
has been considered that only adenosine, bradykinin, and opioids are released in 
sufficient quantities during transient ischemia to activate their receptors. It also depends 
on the species, which of the triggers and to what extent they contribute to 
preconditioning. Adenosine is the most studied trigger of IPC, and the evidence for its 
involvement in IPC is overwhelming (de Jong et al. 2000). However, it has been 
described that adenosine receptors are not part of the IPC mechanism in rat hearts (Cave 
et al. 1993, Liu & Downey 1992). More recent studies showed opposite results (see de 
Jong et al. 2000). The different results are probably due to different adenosine levels, 
adenosine metabolism, and receptor sensitivity in rat, which makes the species difference 
in the adenosine-mediated component of IPC to be more quantitative than qualitative in 
nature (de Jong et al. 2000). Among the other triggers of IPC, the results differ between 
species and according to the IPC protocols used.  

Certain cytokines may also trigger IPC. Cytokines are regulatory proteins, whose role 
is central in mediating the immune response and inflammatory reactions. Recently, 
cytokines have been found to have regulatory significance apart from the immune 
system. Cytokines such as tumor necrosis factor-α, and interleukins-1β and –6 are 
suggested to mediate IPC by stimulating protein kinase C (PKC), the mitogen-activated 
protein kinase cascade (MAPK), or the production of ROS (see Smith et al. 2002). 

Based on the great abundance of receptor systems, Goto et al. showed fine insight in 
proposing the threshold hypothesis of the triggering of IPC (Goto et al. 1995). Triggers of 
IPC are connected to receptors, which are all coupled to G-proteins that activate the post-
receptor signalling system converging to protein kinase C. Impulses from different 
receptors must achieve such a threshold that the activation of post-receptor signalling 
system leads to cardioprotection. This activation is reminiscent of the situation seen in the 
synaptic transmission of neural impulses, where the summation of different impulses 
occurs until the firing threshold is achieved. This hypothesis explains many of the 
contradictory findings, where blocking of the activation of one receptor does not prevent 
IPC because activation of other receptors is sufficient to activate the post-receptor 
signalling system. The role of triggers and their relative receptors most likely varies 
between different species, when the blocking of one receptor is sufficient to stop IPC in 
one specie but it is not enough in another. The threshold concept is well illustrated in a 
study, where a sublethal hypoxic insult and elevated bradykinin levels were insufficient to 
induce a preconditioning response when administrated separately, but, in combination, 
achieved a full protective effect (Morris & Yellon 1997). 

2.3.4.2  Other triggers of ischemic preconditioning 

Oxygen-derived free radicals have been suggested to trigger IPC (Das et al. 1999). Free 
radical scavengers have been found to abolish IPC protection, but the effect is dependent 
on the IPC protocol (Baines et al. 1997). If IPC is provoked with a single index ischemia, 
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the scavenger abolishes IPC protection, but IPC provoked with four cycles of ischemia is 
resistant to free radical scavengers. This suggests that other triggers of preconditioning 
are involved in IPC. In another study, exposure to low concentrations of oxygen radicals 
reproduced the beneficial effects of IPC on infarct size and postischemic recovery (Tritto 
et al. 1997). This study also showed that the protective effect of free radicals was 
mediated through PKC. In a recent study with a cultured chick embryonic cardiomyocyte 
model, it was found that the oxygen radical generated by IPC were hydrogen peroxide 
(H2O2) (Zhang et al. 2002). This study also confirmed the role of the PKC isoform ε in 
mediating free radical triggering. There is also evidence that PKC-independent pathways 
in the signalling system may be provoked by oxygen-derived free radicals (Das et al. 
1999). Free radicals have been shown to open mitKATP channels, suggesting further their 
relevance to IPC (Zhang et al. 2002). 

There exists abundant evidence that nitric oxide (NO) is both a trigger and a mediator 
of delayed preconditioning (Bolli 2001, Rakhit et al. 1999), but its role in early 
preconditioning is unclear (Rakhit et al. 1999). An inhibitor of nitric oxide synthase 
(NOS) has been shown to abolish the beneficial effects of IPC (Richard et al. 1995) and 
diazoxide-induced preconditioning (Ockaili et al. 1999). Manipulation of rat heart with 
NO donors improved the functional recovery during reperfusion in a fashion similar to 
IPC (Lochner et al. 2000). The role of NO was to be a trigger but not a mediator of IPC. 
The signal transduction was found to involve cyclic GMP, but a PKC-dependent pathway 
has also been suggested (Nakano et al. 2000). In a study with in vivo pig hearts, 
endogenous NO did not alter infarct size development, so NO was not considered to be 
involved in IPC (Post et al. 2000). Exogenous NO mimicked IPC in isolated rabbit 
hearts, but endogenous NO did not contribute to early IPC (Nakano et al. 2000). Thus, 
the role of NO in early IPC remains to be solved.  

The single or several index ischemias in IPC induce an increase in the intracellular 
calcium concentration. This transient increase in intracellular calcium is suggested to be a 
trigger for the preconditioning-induced protection against lethal ischemia injury, since 
similar protection is achieved by modulating the intracellular calcium (Miyawaki & 
Ashraf 1997, Przyklenk et al. 1999). This phenomenon is called calcium preconditioning, 
and it is thought to involve L-type Ca2+-channels and Na+-Ca2+ exchange. Calcium 
preconditioning has been also demonstrated in the human myocardium, and the 
involvement of PKC in the mediation of this effect has been suggested (Cain et al. 1998). 
In cultured myocytes, calcium preconditioning has been found to inhibit mitochondrial 
permeability transition (MPT) and apoptosis (Xu et al. 2001). So, the transient 
intracellular calcium changes might also be a trigger of IPC. 

It is noteworthy that the suggested triggers of IPC, which do not involve sarcolemmal 
receptor activation, are also connected to the activation of PKC. Therefore, the threshold 
hypothesis of triggering IPC that was suggested by Goto et al. appears valid, even if the 
triggers of IPC do not involve receptor activation. 
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2.3.5  Signalling system 

In the post-receptor signalling system, protein kinase C (PKC) activation has a central 
role (Cohen et al. 2000). The receptor activation caused by various triggers, or 
stimulation by receptor-independent triggers, converges to cause the activation of PKC, 
which seems to be a common signal transmission pathway of IPC. Tyrosine kinases and 
mitogen-activated protein kinases (MAPK) also mediate the signal transmission. An 
overview of the triggers and signal transduction pathway in IPC is presented in Figure 2. 

2.3.5.1  Protein kinase C  

PKC consists of a family of at least 12 serine/threonine kinase isoenzymes (Cohen et al. 
2000). It is involved in cellular growth, differentiation, and the immediate regulation of 
effector functions. PKC is known to modulate ion conductance by phosphorylating the 
serine and threonine residues of membrane proteins, and it also operates by activating 
transcription (Okubo et al. 1999, Simkhovich et al. 1998).  

The triggering of IPC by the activation of PKC occurs through receptors coupled to a 
G-protein system. Pertussis toxin, an inhibitor of G-protein, blocks the protective effects 
of IPC, which is the main argument for the participation of a G protein-mediated system 
in it (Thornton et al. 1993). The G-protein system activates phospholipases C and D, 
which degrade phospholipids in the membrane to diacylglycerol (DAG). DAG activates 
PKC and evidently causes the translocation of PKC from the cytosol to the membrane 
(Okubo et al. 1999). The activation of PKC by receptor-independent triggers is unknown.  

The role of PKC in the signalling system of IPC was originally shown by using PKC 
inhibitors to block the protection of IPC, and conversely, by using the activators of PKC 
to be as protective as IPC (Bankwala et al. 1994, Liu et al. 1994). The central role of 
PKC in the signalling system has been confirmed in numerous studies, especially in 
rabbit, rat, and human. However, in dog and pig, conflicting findings have been obtained, 
with PKC agonists failing to abolish IPC protection. These controversial results have 
been, however, interpreted to be partly due to a failure in achieving sufficiently high 
plasma concentrations of the very expensive, hemodynamically stable PKC antagonists 
(Cohen et al. 2000).  

A PKC antagonist failed to prevent protection in rabbit when it was administered after 
index ischemia, but when the antagonist was present just before and during the prolonged 
ischemia, the protection was completely abolished (Yang et al. 1997). These data show 
that PKC is essential only during sustained ischemia. The duration and temporal 
connection of protection by IPC was explained by assuming that protection lasts as long 
as PKC remains translocated in the membrane (Liu et al. 1994). Triggers of IPC would 
cause the translocation of PKC to the target site. As long as PKC remains translocated, 
the heart would be in a preconditioned state. The disruption of microtubules with 
colchicines, which inhibits intracellular translocation, blocked ischemic preconditioning 
(Liu et al. 1994). This finding supports the translocation theory. Evidence of the 
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translocation of different PKC isoenzymes has been reported, but whether PKC 
represents a key element in IPC has yet to be resolved (Cohen et al. 2000). 

PKC activation has been documented to be isoenzyme selective. Several isoenzymes 
have been suggested to have a role in IPC transmission (Cohen et al. 2000). In in situ 
rabbit hearts, only the PKC isoforms ε and η were translocated from the cytosolic 
fraction to the particulate fraction (Ping et al. 1997). In a study with selective peptide 
inhibitors of different isoenzymes in the isolated cardiomyocytes model, only the PKC-ε 
inhibitor was able to abolish the protection of IPC (Liu et al. 1999). The specific 
inhibitors of other PKC isoenzymes (α,β,γ and δ) studied did not abolish the protection. 
The PKC-ε inhibitor was also able to block the protection induced by a PKC activator. A 
similar PKC-ε mediated opening of mitKATP channels has been described in isolated 
rabbit hearts (Ohnuma et al. 2002). In the rat heart, PKC-δ activation has been found to 
mediate mitKATP opening and IPC (Wang et al. 2001c). These studies strongly suggest 
that at least in rabbit, the PKC-ε is mediating the protection by IPC.  In other species the 
significance of PKC isoenzymes may differ.  

2.3.5.2  Tyrosine kinases and mitogen activated protein kinases 

Tyrosine kinases and mitogen-activated protein kinases (MAPK) are important 
transducers of a variety of extracellular signals that regulate the proliferation, 
differentiation, and specific function of differentiated cells (Okubo et al. 1999).  

Experiments with the tyrosine kinase inhibitor genistein blocked the enhanced 
postischemic functional recovery seen in preconditioned rat hearts (Maulik et al. 1996). 
This suggests the involvement of tyrosine kinase in the signal transmission of IPC, an 
observation that has been reported in subsequent reports (Baines et al. 1998, Das et al. 
1996). The location of tyrosine kinase activation in the signal transmission is unclear. In 
the rabbit, the results point out that the tyrosine kinase involved is located downstream of 
PKC (Baines et al. 1998), but tyrosine kinase activation could also occur parallel to PKC 
activation or even before it (Cohen et al. 2000).  

As in the case of PKC activation, a tyrosine kinase inhibitor failed to block IPC in 
dog. The result was similar in the pig, but when a combination of a PKC and a tyrosine 
kinase inhibitor was administrated, a complete blockade of IPC was achieved. In the rat, 
a similar combination completely prevented protection by multiple cycles of IPC, 
whereas either alone could only attenuate the protective response. These results suggest 
that a redundant pathway exists parallel to PKC and that this pathway contains at least 
one tyrosine kinase (Cohen et al. 2000).  

The MAKP family consists of several enzymes, which form parallel signal 
transduction pathways. These enzymes can be activated by receptor tyrosine kinase, 
PKC, G protein-coupled receptors, and diverse cellular stresses. Thus, MAPK activation 
is thought to occur downstream and/or parallel to PKC activation (Yellon et al. 1998). 

The activities of enzymes belonging to the MAPK family have been observed to 
increase in preconditioned rat and rabbit hearts (Maulik et al. 1996, Weinbrenner et al. 
1997), and the preconditioning effects could be abolished by using a MAPK enzyme 
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inhibitor (Weinbrenner et al. 1997). However, in the hands of several other groups, 
MAPK enzyme inhibition produced cardioprotection (see Schneider et al. 2001), and it 
was not found to block preconditioning effects (Schneider et al. 2001). Thus, the 
involvement of the MAPK family in the signal transmission of early IPC is contradictory. 
There is more evidence of MAPK involvement in the delayed preconditioning, but in that 
case the results are not coherent either (Yellon et al. 1998). 

2.3.6  KATP channels 

In myocytes, ATP sensitive potassium channels (KATP channels) are present on the 
sarcolemmal (sarcKATP) and inner mitochondrial (mitKATP) membranes. The sarcKATP 
channel is composed of a tetramer of core inward rectifier K+ channel subunits 
surrounded by four sulfonylurea receptor subunits. At the moment, two different isoforms 
of channel-forming core proteins, and three different isoforms of sulfonylurea receptor 
subunits have been described, and they can form six different KATP channel subtypes 
(Babenko et al. 1998). Similarities between mitKATP and sarcKATP have led to the 
assumption that the composition of mitKATP is similar to sarcKATP. The purification of 
sulfonylurea binding protein and a putative pore-forming channel subunit from 
mitochondria has reinforced this assumption (Grover & Garlid 2000).  

KATP channels are selective for K+-ions. Their opening is inhibited by ATP and 
stimulated by ADP in the presence of Mg2+(Babenko et al. 1998). KATP channels take part 
in the regulation of insulin secretion in pancreatic β-cells, and they may partly regulate 
vascular tone in arterial smooth muscle cells. Their physiological role in myocytes is 
unclear, but in pathophysiological situations, like in ischemia-reperfusion, the KATP 
channels affect cellular activities (Yokoshiki et al. 1998).  

2.3.6.1  Sarcolemmal KATP channels 

Reports that sulfonylurea receptor antagonists could abolish IPC protection suggest that 
KATP channels may be effectors of protection (Auchampach et al. 1992, Schulz et al. 
1994). KATP channel openers also provide protection, which further supports the role of 
KATP channels in IPC (Mizumura et al. 1995, Rohmann et al. 1994). The protective 
effects were thought to be due to the opening of sarcKATP, which would cause a 
shortening of the action potential, limiting Ca2+ influx into the cytosol through L-type 
Ca2+-channels and thereby reducing contractility and saving high-energy phosphates.  

This hypothesis was challenged when a lack of correlation between the extent of 
action potential shortening and the reduction in infarct size was observed (Yao & Gross 
1994). The use of dofetilide, which prevents ischemic action potential shortening by 
blocking delayed rectifier K+ channels, did not abolish the protective effect of IPC 
(Grover et al. 1996). Furthermore, in simulated ischemia models of isolated 
cardiomyocytes, protection was achieved by KATP channel openers, even though the cells 
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were quiescent and no action potentials were being generated (Armstrong et al. 1997). 
These findings, along with the observations that mitKATP-specific channel openers could 
mimic IPC, diminished the significance of sarcKATP in the mechanism of IPC. 

Recently, the role of sarcKATP has been re-appreciated. In dog heart, a mitKATP specific 
channel blocker, 5-HD, only partially abolished the effect of IPC, while a non-specific 
KATP-channel blocker, glibenclamide, completely abolished the effect of IPC. Further, a 
mitKATP-specific channel opener, diazoxide, only partially decreased the infarct size 
(Sanada et al. 2001). These results suggested an independent role of sarcKATP and 
mitKATP in the limitation of infarct size by IPC. In another study where IPC was enhanced 
with adenosine infusion in rabbit heart, 5-HD blocked the infarct size reduction but had 
no effect on functional recovery. The use of the sarcKATP-specific blocker HMR-1883 
diminished functional recovery, but had no effect on infarct size. Glibenclamide was able 
to block both of the effects of adenosine-enhanced IPC (Toyoda et al. 2000). This 
suggested that infarct size reduction is modulated by mitKATP and functional recovery is 
modulated by sarcKATP. A finding that also supported the significance of sarcKATP was 
that IPC did not improve postischemic recovery in transgenic mice with altered sarcKATP 
channels (Suzuki et al. 2002).   

Although a shortening of the action potential might not be involved in the mechanism 
of IPC, sarcKATP channels could mediate the protective effects of IPC in an unknown 
manner. 

2.3.6.2  Mitochondrial KATP channels 

Potassium flux into mitochondria occurs through a selective mitochondrial ATP-sensitive 
potassium channel (mitKATP), and by parallel leak and nonselective K+-channel pathways 
(Garlid 1994). Also, a Ca2+-sensitive potassium channel has been described (Siemen et al. 
1999). The extrusion of K+ is coupled to the electrochemical gradient through the action 
of a K+/H+- exchanger as described in Figure 3. The physiological role of mitKATP in the 
heart is not clear, but it might involve matrix size regulation. During a workload increase, 
the matrix volume would tend to diminish and the opening of mitKATP would prevent 
matrix contraction. This would preserve mitochondrial structure and function, which 
would ensure increased energy production for higher workloads (Garlid 2000).  

Fig. 3. Potassium fluxes across the inner mitochondrial membrane. The plain arrow describes 
K+ leak into the mitochondria. KCa = calcium-sensitive potassium channel, KATP = 
mitochondrial ATP-sensitive potassium channel, Exc = K+/H+-exchanger. 
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The ATP-sensitive K+ channel in the mitochondrial inner membrane was first described 
by Inoue et al. in 1991 (Inoue et al. 1991). Because some studies indicated that the site of 
action of KATP-channel modulators might be distinct from sarcKATP (see the previous 
section), the role of mitKATP was subjected to further studies. 

In a notable study, Garlid et al. showed that diazoxide was 1000-2000 times more 
potent in opening mitKATP than sarcKATP. Diazoxide in doses sufficient to open mitKATP in 
isolated rat heart had no effect on sarcKATP. Moreover, diazoxide was able to produce 
cardioprotection. Garlid et al. concluded that in addition to diazoxide, other KATP channel 
agonists might act through mitKATP (Garlid et al. 1997). Subsequently, an accumulating 
body of evidence has pointed out a role of mitKATP rather than sarcKATP in the mechanism 
of IPC (Cohen et al. 2000, O'Rourke 2000, Sato & Marban 2000). This evidence has been 
gathered mainly from pharmacological studies using diazoxide, as well as the mitKATP 
channel blocker 5-HD that has been proven to block both diazoxide- and IPC-induced 
cardioprotection (see Sato & Marban 2000). Recently, a sarcKATP-specific opener, P-
1075, and a sarcKATP-specific blocker, HMR 1098, have been described. In experiments 
with rabbit ventricular myocytes, diazoxide, but not P-1075, blunted cellular injury. 
Further, the cardioprotection afforded by diazoxide or preconditioning was prevented by 
5-HD but not by HMR 1098 (Sato et al. 2000). These results support the view that 
mitKATP channels rather than sarcKATP channels are the likely effectors of 
cardioprotection.  

How the triggering of IPC is linked to the opening of mitKATP is not fully understood. 
All inducers of IPC are connected to mitKATP but the results are not coherent (see  Cohen 
et al. 2000, O'Rourke 2000). For example, 5-HD has been shown to block the protective 
effect of adenosine in several studies, but in a recent study acetylcholine, bradykinin, 
opioids, and phenylephrine, but not adenosine, triggered preconditioning by opening 
mitKATP channels (Cohen et al. 2001). As the triggers of IPC are known to activate PKC 
and other kinases, it would be tempting to deduce that they mediate the triggering signal 
to mitKATP. The fact that the sarcKATP channel cloned from the heart contains three sites 
for phosphorylation, and that KATP channels are sensitive to PKC would support this 
theory (see Cohen et al. 2000). In fact, several reports argue that PKC activation is 
required for the opening of mitKATP, and that PKC-isoenzymes ε and δ are the probable 
candidates (Ohnuma et al. 2002, Wang et al. 2001c, Zhang et al. 2002). Oxygen-derived 
free radicals (Zhang et al. 2002) and nitric oxide (Ockaili et al. 1999, Sasaki et al. 2000) 
have been found to mediate mitKATP opening, too.  

It is not clear why the opening of mitKATP is cardioprotective, but at least three 
hypotheses have been generated to explain this. One hypothesis receiving accumulating 
support is linked to mitochondrial calcium handling. Intracellular calcium ([Ca2+]i) 
overload is undoubtedly involved in ischemia-reperfusion injury (Jennings & Reimer 
1991), and several reports suggest that the situation is similar concerning particularly 
intramitochondrial calcium ([Ca2+]m) overload (see Wang et al. 2001a), e.g. the 
prevention of intramitochondrial calcium overload has been observed to be connected to 
an attenuation of postischemic reperfusion injury in rat heart (Miyamae et al. 1996). It 
has been hypothesized that IPC-induced opening of mitKATP would reduce [Ca2+]m 
overload (Liu et al. 1998). In a recent study with perfused rat heart, IPC and diazoxide 
have been shown to limit [Ca2+]m overload during ischemia, and that 5-HD partially or 
completely abolishes this effect. In rabbit ventricular myocytes, diazoxide attenuates 
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[Ca2+]m overload during simulated ischemia and reperfusion, and 5-HD reverses this 
effect (Murata et al. 2001). In those experiments, diazoxide lowered the mitochondrial 
membrane potential, which was reversed by 5-HD. These results were in accordance with 
a primary study by Holmuhamedov et al., who found that [Ca2+]m is reduced by diazoxide 
in intact neonatal rat myocytes, and 5-HD inhibited this effect (Holmuhamedov et al. 
1999). It has been proposed that the opening of mitKATP will further decrease the 
mitochondrial membrane potential during ischemia, which diminishes the extent of 
[Ca2+]m overload, and thereby protects the heart from irreversible injury (Holmuhamedov 
et al. 1999, Murata et al. 2001, Wang et al. 2001a).  

The second hypothesis involves mitochondrial swelling and the preservation of 
mitochondrial structure and function. Garlid et al. have thoroughly examined potassium 
fluxes in mitochondria (Garlid 1996, Kowaltowski et al. 2001). According to their model, 
mitKATP opening causes K+ uptake, which is in accord with the operation of a K+/H+ 
antiporter. K+ uptake is associated with the uptake of weak acids and water to maintain 
the electroneutrality and water movement attributable to osmotic forces. The net result is 
matrix swelling. According to Garlid’s theory, the ionic movements following the 
opening of mitKATP are too small to affect membrane potential. In permeabilized fibers 
prepared from hearts that have been subjected to IPC, the mitochondrial 
structure/function is better preserved than in controls, as indicated by the co-play between 
creatine kinase and ADP/ATP translocase. This was assumed to be due to mitKATP 
opening (Laclau et al. 2001). Also, in the light of findings that chloride channel inhibitors 
may play a role in cardioprotection, it seems possible that a balance between K+ influx 
and anion efflux may tune the mitochondrion to the optimal volume. Indeed, they have 
subsequently shown that diazoxide pre-treatment preserves the normal low outer 
membrane permeability to nucleotides, and that this is abolished with 5-HD. They 
hypothesize that the opening of mitKATP channels preserves adenine nucleotides during 
ischemia and efficient energy transfer upon reperfusion (Dos et al. 2002). 

The third hypothesis is connected to free oxygen radicals or reactive oxygen species 
(ROS). As described earlier, ROS have been suggested to trigger IPC by activating 
protein kinases, with mitKATP possibly acting as an end-effector. Surprisingly, recent 
studies suggest that the opening of mitKATP may act as a trigger of IPC by altering the 
rate of mitochondrial ROS production. In a series of studies with embryonic chick 
myocytes, it was found that IPC-, adenosine-, or achetylcholine-mediated protection was 
associated with an early rise in ROS production during the preconditioning period. This 
effect was reversed by 5-HD, a ROS scavenger, or the respiratory chain III inhibitor 
myxothiazol, indicating that mitochondria were the source of ROS production and that 
the opening of mitKATP could stimulate ROS accumulation (see O'Rourke 2000). In 
whole heart models, the triggering effect from diazoxide could be blocked by inhibitors 
of protein kinase C and tyrosine kinase, suggesting that diazoxide activates protein 
kinases, acting similarly to other triggers (Pain et al. 2000, Wang et al. 2001b). This 
effect was lost when ROS scavengers were administered with diazoxide. As ROS have 
been described to activate protein kinases, Pain et al. suggested that the effect of mitKATP 
on protein kinases is mediated by ROS (Pain et al. 2000). Recently, using the ROS-
sensitive fluorescent probe 2’,7’-dichloroflurescin, an increase in ROS production was 
observed upon diazoxide and pinacidil (a nonselective KATP opener) administration, 
which could be reversed by 5-HD. This was a direct demonstration that the opening 



 57

mitKATP increases ROS production. Interestingly, it is also known that KATP openers 
reduce ROS production during reperfusion, and that this phenomenon is prevented by 5-
HD, indicating a role of mitKATP (see Liu & O'Rourke 2001). So it is puzzling that 
mitKATP opening could either enhance or attenuate ROS production, depending on the 
preconditioning phase.   

When mitKATP openers and a closer were applied during different phases of IPC, it 
was found that mitKATP are probably triggers rather than end-effectors of IPC (Pain et al. 
2000). Inspired by this surprising result, Fryer et al. found the opposite behaviour in a 
similar type of experiment, which suggested that the mitKATP channel is also an important 
downstream regulator with effects lasting into the reperfusion period following prolonged 
ischemia (Fryer et al. 2001). This was in agreement with numerous previous findings (see 
Gross & Fryer 2000). However, in many recent works the conclusion has been reached 
that mitKATP acts as a trigger of IPC.  So, it seems that mitKATP plays a dual role both as a 
trigger and a mediator of cardioprotection (Liu & O'Rourke 2001). Garlid’s group has 
suggested that mitKATP opening promotes ROS production, which in turn triggers the 
signalling pathway leading to further mitKATP opening, in this way allowing mitKATP to 
act as a cardioprotective end-effector. This process is described in Fig. 2 (Dos et al. 
2002).  

According to numerous studies, mitKATP seems to be undoubtedly an effector in IPC. 
There are several receptor- and non-receptor-requiring triggers described to be involved 
in mitKATP opening.  The opening of mitKATP is probably achieved by phosphorylation, 
which requires the activation of PKC, with isoenzymes PKC-ε and -δ being the most 
probable candidates. Other kinases are probably involved in the mediation of mitKATP 
opening.  The way in which mitKATP opening produces cardioprotection is far from 
established, but some means including the modulation of mitochondrial calcium 
transients, energy metabolism, and ROS production have been suggested. In light of 
recent studies, it seems that mitKATP has a dual role as both a trigger and an end-effector 
of IPC.  

2.3.7  Energy state in ischemic preconditioning 

An improved energy state was one of the first suggested and studied effects of IPC. The 
group that discovered the preconditioning phenomenon soon found that after IPC in the 
canine myocardium, ATP depletion was lower in the first 10 min of sustained ischemia, 
showing a 35% higher ATP content. This difference, however, vanished towards the end 
of the 40 min ischemia period (Murry et al. 1990). Subsequently, IPC has also been found 
to improve the energy state similarly in pigs and rats (Kida et al. 1991, Steenbergen et al. 
1993, Vuorinen et al. 1995). Also, adenosine and KATP openers, which are known 
mediators of IPC, have been found to reserve ATP levels during sustained ischemia 
(Docherty et al. 1997, Fralix et al. 1993). 

 Because several studies suggest that preconditioning decreases rather than increases 
anaerobic glycolytic flux (see Takeo & Nasa 1999), which is the only source of ATP 
production during ischemia, the improved energy state during sustained ischemia must be 
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result of decreased ATP consumption. ATP is consumed in many sites, e.g. myosin-
ATPase, Na+-K+-ATPase, Ca2+-ATPase, fatty acid CoA synthase and adenylcyclase, but 
mitochondrial F1Fo-ATPase consumes 35-50% of ATP during ischemia and is thus the 
main consumer of ATP. 

IPC improves the cellular energy state also during the reperfusion period (Flack, III et 
al. 1991, Harrison et al. 1998, Headrick 1996, Miyamae et al. 1993). This is thought to be 
due to the ability of IPC to preserve mitochondrial function. IPC has been observed to 
sustain the mitochondrial oxygen consumption rate (Laclau et al. 2001, Yabe et al. 1997), 
the activity of the mitochondrial ADP/ATP translocator (Yabe et al. 1997), the ADP-
stimulated respiratory rate (Laclau et al. 2001), and the rate of ATP synthesis after 
ischemia (Fryer et al. 2000). The mechanism for the preservation of mitochondrial 
function is not known, but K. D. Garlid’s group has suggested that IPC may open 
mitochondrial KATP channels, which would result in mitochondrial matrix swelling. The 
ischemia-reperfusion damage has been found to cause matrix condensation in isolated 
mitochondria, which disturbs the integrity of the mitochondrial intermembrane space. 
The IPC induced matrix swelling would prevent this damage, and thereby preserve the 
structure-function of the mitochondrial intermembrane space, which would result in 
better mitochondrial function (Kowaltowski et al. 2001, Laclau et al. 2001).  

Despite these findings, the significance of energy metabolism in the mechanism of 
IPC has been questioned because of numerous opposite observations. IPC has been found 
to have no effect on the rate of myocardial ATP consumption (Cave & Hearse 1992, 
Harrison et al. 1998) or even accelerate it during sustained ischemia (Green et al. 1998, 
Kolocassides et al. 1996, Schaefer et al. 1995). This controversy may be partly explained 
by the use of different IPC protocols. In the experiments where ATP depletion was 
accelerated, two or more brief ischemic periods were used, but in the experiments 
showing ATP preservation, only one preconditioning ischemia was used (Green et al. 
1998, Schaefer et al. 1995). However, one cannot apply this to all observations, and it 
does not influence the conclusion that the protective effects of IPC have been achieved 
without observing a decline in myocardial ATP levels during sustained ischemia. In 
several studies, no improvement in the energy state during the reperfusion period has 
been found, albeit the favourable effects of IPC have been achieved (Babsky et al. 2002, 
Cave & Garlick 1997, Fryer et al. 2000). One must notice that the loose correlation 
between an improved cellular energy state and cardioprotection does not exclude the 
involvement of energy metabolism in IPC. This is because the spared energy during 
ischemia, or the produced energy during reperfusion, would be readily used to sustain 
cellular function in the energy-depleted heart. Thus, the surplus energy achieved by IPC 
might have been used for better preservation of cellular functions and cardioprotection, 
and therefore, in some cases, the connection between an improved energy state and the 
protective effects of IPC has not been observed. For example, Fryer et al. found clearly 
enhanced ATP production in preconditioned hearts, but there was no difference in the 
cellular energy state between IPC and control hearts. This was suggested to be due to 
stimulated ATP utilization in the IPC hearts (Fryer et al. 2000). The results that show the 
acceleration of ATP consumption by IPC, however, is difficult to explain in terms of the 
use of spared energy to sustain the cellular functions.  
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2.3.8  Role of F1Fo-ATPase 

Mitochondrial F1Fo-ATPase (ATP-synthase/H+-ATPase) is an enzyme complex located in 
the inner mitochondrial membrane that catalyses the reaction: 3H+ out + ADP + Pi ↔ 
3H+

in + ATP + H2O. The mitochondrial respiratory chain produces an electrochemical 
gradient across the inner membrane, which is used by F1Fo-ATPase to synthesize ATP 
from ADP and Pi (ATP-synthase). F1Fo-ATPase is regulated by two inhibitory proteins: 
calcium-sensitive CaBI and membrane potential-sensitive IF1 (Harris & Das 1991). The 
direction of the reversible proton-pumping ATPase/ATP synthase is dependent on the 
proton gradient; so in ischemia, when the membrane potential drops, F1Fo-ATPase 
consumes ATP, sustaining the mitochondrial membrane potential and pH difference. 
Because F1Fo-ATPase is the largest single ATP consumer during ischemia (Van der Heide 
et al. 1996), and is the only factor that maintains the mitochondrial membrane potential, 
its inhibition would result in ATP sparing and a faster decline in membrane potential. A 
lowering of the membrane potential would decrease mitochondrial Ca2+-accumulation, 
which, as well as the energy sparing, is considered to be part of the IPC mechanism and 
cardioprotection (Kida et al. 1991, Miyamae et al. 1996, Murry et al. 1990, Steenbergen 
et al. 1993, Vuorinen et al. 1995). Thus, the mitochondrial F1Fo-ATPase might contribute 
to the mechanism of IPC. However, different views have been presented regarding the 
role of F1Fo-ATPase in IPC.  

2.3.8.1  Inhibition of F1Fo-ATPase in rat myocardium 

Ischemic preconditioning has been shown to reduce infarct size in the heart in every 
species tested including dog, pig, rabbit, rat, and human (See ref. Cohen et al. 2000). 
F1Fo-ATPase inhibition has been suggested to be part of the IPC mechanism, but 
divergent views have been expressed on the existence of F1Fo-ATPase inhibition in 
ischemia in the fast-beating hearts of small rodents such as the rat. In a series of studies, 
Rouslin and his co-workers could not find any significant F1Fo-ATPase inhibition in rat, 
which has been suggested to be due to both the low quantity and low affinity of the F1Fo-
ATPase inhibitor IF1 (Rouslin 1987, Rouslin 1988, Rouslin et al. 1990, Rouslin et al. 
1995, Rouslin & Broge 1993). As the preconditioning phenomenon has been described in 
rat, this observation would imply that F1Fo-ATPase inhibition would not play a significant 
role in IPC. Unlike Rouslin’s group, Das and Harris and our group have been able to 
demonstrate a significant and reversible F1Fo-ATPase inhibition under ischemic 
conditions in rat (Das & Harris 1990, Vuorinen et al. 1995). These conflicting results 
might be due to methodological differences. No reports exist of an assay of the rat heart 
IF1 protein with antibodies raised against it. The estimates of IF1 levels are based on 
functional studies, which, according to Das and Harris, provide no reliable estimates of 
the IF1 content of rat mitochondrial membranes (Das & Harris 1990). However, this 
would not explain the diversity of observations about the significance of F1Fo-ATPase 
inhibition in rat. 
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2.3.8.2  ATP-synthase and ATPase activities 

The beneficial effect of F1Fo-ATPase inhibition and energy sparing during ischemia is not 
straightforward. Most of the ischemic damage appears during the reperfusion period, so if 
the F1Fo-ATPase remains inhibited in a way that it hampers ATP production during 
reperfusion, it might be more deleterious for cellular survival than the sparing of energy 
is beneficial during ischemia. It must be noticed, however, that the significance of F1Fo-
ATPase for ATP synthesis in normoxia and ATP hydrolysis in ischemia must be different. 
This is because the respiratory chain proper is not involved in the ischemic process, so 
that the number of regulatory components in the opposing pathways is different. That is 
to say that the flux control coefficient of F1Fo-ATPase is low for ATP synthesis by 
oxidative phosphorylation as evidenced in skeletal muscle mitochondria (Korzeniewski 
& Mazat 1996), and it should be considerably higher for ATP hydrolysis during ischemia. 
This has not been proved in a heart mitochondria model, however.  

2.3.8.3  F1Fo-ATPase inhibition in ischemic preconditioning 

One of the first findings in the preconditioned canine myocardium was a decrease in the 
ATP depletion rate early in sustained ischemia, and this led to a higher myocardial ATP 
content (Murry et al. 1990). Similar findings have been described subsequently in NMR 
experiments performed on rats and pigs (Kida et al. 1991, Steenbergen et al. 1993, 
Vuorinen et al. 1995). Because F1Fo-ATPase accounts for 35-50% of ATP wastage during 
ischemia (Vander Heide et al. 1996), the inhibition of F1Fo-ATPase might lead to the 
preservation of high-energy phosphates, and thereby enhanced ischemic survival. Several 
authors have suggested the role of F1Fo-ATPase inhibition in IPC (Jennings et al. 1991b, 
Murry et al. 1990, Yellon et al. 1992), but our group was the first to observe direct F1Fo-
ATPase activity data in an IPC model (Vuorinen et al. 1995). In a rat heart perfusion 
model, we found that cardioprotective IPC caused F1Fo-ATPase inhibition in the 
beginning of sustained ischemia, which led to the sparing of high-energy phosphates 
during ischemia-reperfusion. Thereafter, two groups have not found any correlation 
between ischemic preconditioning and the inhibition of F1Fo-ATPase in Langendorff-
perfused rat hearts (Green et al. 1998, Kobara et al. 1996). However, their sample 
preparation for the F1Fo-ATPase activity assessment was different compared to our 
method, which could explain the divergent results. 

Significant F1Fo-ATPase inhibition has also been found to occur in the dog heart 
during ischemia, this being closely correlated with a slowing down of the utilization of 
ATP (Vander Heide et al. 1996). In that study, F1Fo-ATPase activity was rapidly inhibited 
in the control group during ischemia, but no further inhibition was found after 5 min of 
ischemia. Because the values also did not differ before sustained ischemia, the 
importance of F1Fo-ATPase for ischemic preconditioning was doubted. However, they 
measured the F1Fo-ATPase activity in the IPC group only during reperfusion before 
sustained ischemia. It was also shown in the same study that about 60-70% of ATP was 
depleted during the first 5 min of sustained ischemia, so that the enhanced preservation of 
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ATP seen in the IPC group may well be due to a greater enhancement of F1Fo-ATPase 
inhibition in the first few minutes of sustained ischemia. In the study done in our 
laboratory, the same final F1Fo-ATPase inhibition was reached at the end of index 
ischemia in the rat heart, but the inhibition commenced faster in the preconditioned heart 
(Vuorinen et al. 1995). Thus, the enhanced F1Fo-ATPase inhibition could also have been 
observed in the IPC group in the first minutes of ischemia in canine heart, if it would 
have been measured.  

There are two possible ways that F1Fo-ATPase inhibition in the beginning of sustained 
ischemia could contribute to cardioprotection. The first one is connected to an improved 
cellular energy state, and the other one to a decline in the membrane potential and the 
attenuation of mitochondrial Ca2+-accumulation. F1Fo-ATPase inhibition leads to the 
sparing of high-energy phosphates, which might thereby result in the maintenance of 
cellular functions and cardioprotection. This is a plausible mechanism, but a unifying 
opinion about the significance of the cellular energy state improvement in IPC is hard to 
achieve due to the diversity of results observed. 

The disappearance of the membrane potential and ∆pH during ischemia allows F1Fo-
ATPase to run in the reverse direction to the consumption of ATP. This hydrolysis of ATP 
pumps H+ from the matrix, i.e. it maintains the mitochondrial membrane potential. 
Mitochondrial calcium accumulation occurs through the calcium uniporter, which 
facilitates the movement of calcium down its electrochemical gradient into the 
mitochondria (Gunter et al. 1998). As the inhibition of F1Fo-ATPase reduces its ability to 
maintain the membrane potential, it could also lessen mitochondrial calcium 
accumulation. This view is supported by mathematical modeling of mitochondrial ion 
homeostasis, which reveals a nonlinear dependence of the mitochondrial calcium 
concentration on mitochondrial membrane potential, suggesting that even small changes 
in membrane potential might have large effects on Ca2+-accumulation during ischemia 
(Murata et al. 2001). Postischemic reperfusion injury is related to a mitochondrial rather 
than cytosolic calcium increase, possibly influencing the mitochondrial permeability 
transition, which is associated with cell death by both necrosis and apoptosis (Crompton 
1999, Miyamae et al. 1996). 

The way in which IPC affects the enhancement of F1Fo-ATPase inhibition is unknown. 
It is an established fact that mitKATP channels are involved in the IPC mechanism. ATP 
hydrolysis under conditions of mitochondrial depolarisation and low pH has been 
described to cause the inhibition of F1Fo-ATPase by IF1 (Cabezon et al. 2000, Green & 
Grover 2000). If mitKATP opening would cause mitochondrial depolarisation, this could 
increase the intramitochondrial pH decline in ischemia, which might stimulate F1Fo-
ATPase inhibition by IF1. Some studies suggested that the opening of the mitKATP 
channels causes futile potassium cycling, resulting in membrane depolarisation 
(Holmuhamedov et al. 1999, Liu et al. 1998). Garlid’s group, however, has criticized 
these experiments for the use of excessive doses of diazoxide, which causes a non-
specific toxic effect related to uncoupling (Kowaltowski et al. 2001). Pharmacological 
doses of diazoxide should have minimal effects on the mitochondrial membrane potential 
because the transmembrane K+ fluxes allowed by mitKATP opening are low compared to 
the amounts of protons pumped by the respiratory chain (Kowaltowski et al. 2001). On 
the other hand, recent experiments with permeabilized myocytes have shown that a 
pharmacological 10-µM dose of diazoxide depolarizes the mitochondrial membrane in a 
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5-HD-inhibitable manner (Murata et al. 2001). It would also be interesting to know if 
mitKATP opening could have a more profound effect on the mitochondrial membrane 
potential, when the lack of oxygen prevents proton pumping by the respiratory chain 
during ischemia. In fact, Garlid’s group has proposed that mitKATP opening lowers the 
mitochondrial membrane potential and reduces Ca2+-accumulation in isolated 
mitochondria in a situation simulating ischemia. This has been not regarded as a direct 
effect, but it occurs through the preservation of IMS and nucleotide segregation (Dos et 
al. 2002). 

2.3.9  Carbohydrate metabolism in ischemic preconditioning 

IPC has been shown to cause myocardial glycogen depletion in numerous studies, and 
this has been considered to be connected to reduced lactate production and the 
preservation of intracellular pH (Jennings et al. 1991a, Kida et al. 1991, Murry et al. 
1990, Saddik & Lopaschuk 1991). The glycogen hypothesis states that reduced pre-
ischemic glycogen in IPC hearts protects the myocardium by reducing glycolytic rates, 
resulting in decreased lactate and hydrogen ion accumulation.  The reduced proton 
concentration is thought to protect the myocardium because hydrogen ions may have a 
direct toxic effect on the myocytes (Murry et al. 1990), or it may have beneficial effects 
on mitochondrial ion currents, preventing deleterious Ca2+ accumulation (Steenbergen et 
al. 1993).  

Although glycogen depletion and reduced lactate production seem to connect 
undeniably to the classic preconditioning phenomenon, many studies have shown that 
this does not explain the protective effects of IPC. It has been found that glycogen-
depleted myocardium could be still preconditioned, and the washout of catabolites during 
ischemia by means of anoxic intracoronary perfusion has no effect on infarct size (Sanz 
et al. 1995). A study by Weinbrenner et al. showed that bradykinin, which mimics the 
protective effects of IPC, has no effect on glycogen content, and that the blockade of 
adenosine receptors reverses the protective effects even if the glycogen content remains 
depleted. These results suggest that the loss of glycogen per se does not cause the 
protection of preconditioning (Weinbrenner et al. 1996). The absence of a correlation 
between glycogen content and the beneficial effects of preconditioning has also been 
reported in several other studies (Asimakis 1996, de Jonge et al. 2001, Doenst et al. 1998, 
Yabe & Takeo 1997). So it seems that carbohydrate metabolism contributes to the anti-
infarct effect of preconditioning, but only in co-operation with other mechanisms.  

2.3.10  Mitochondrial calcium transport 

Mitochondria form an electrochemically charged compartment with a highly 
impermeable inner mitochondrial membrane. This is required for oxidative 
phosphorylation along with the action of the respiratory chain and F1Fo-ATPase. In 
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addition to ATP synthesis, the electrochemical gradient over the inner mitochondrial 
membrane is used for the uptake of substrates for ATP synthesis, namely Pi and ADP with 
the exchange of ATP, and also the uptake of respiratory substrates and various ions. The 
ion fluxes mainly occur through tightly controlled ion channels. The proton 
electrochemical gradient is estimated to be about 180 mV (positive outside), which means 
that the concentration of monovalent cations, like K+ and Na+, would be 1000-fold higher 
inside the mitochondria at electrochemical equilibrium, and even 10 000-fold higher for 
Ca2+. However, it is estimated that there is no K+- and Na+-concentration gradient over 
the inner mitochondrial membrane, and the mitochondrial Ca2+-concentration oscillates 
only 0 to 10 times higher compared to the cytosol (Bernardi 1999). This characterises the 
tight ion flux control, which is a prerequisite for maintaining the electrochemical 
gradient, and thereby oxidative phosphorylation.  

The uptake of Ca2+ into the mitochondria occurs through a Ca2+-uniporter and efflux 
occurs through a Na+-Ca2+-exchanger and Na+-independent Ca2+ efflux mechanism 
(Bernardi 1999). The Na+-Ca2+-exchanger is responsible for most of the mitochondrial 
Ca2+-efflux in tissues such as heart and brain, where rapid metabolic responses are 
necessary. Na+-Ca2+-exchange operates with the co-operation of the Na+-H+- exchanger, 
where Ca2+ extrusion is coupled to the electrochemical gradient across the mitochondrial 
inner membrane. Recently, a rapid uptake mode of calcium has been described which 
probably occurs through a specific channel (Gunter et al. 1998). This kind of Ca2+ uptake 
has been observed in heart mitochondria, and it is fast enough to follow the cardiac 
contraction cycle (Bernardi 1999). During ischemia, the downfall of the membrane 
potential and triggering of the mitochondrial permeability transition (MPT) complicates  
mitochondrial Ca2+ transport. The pathways for physiological Ca2+ transport in 
mitochondria are described in Figure 4. 

Fig. 4. Mitochondrial calcium transport. UP = Ca2+-uniport, Rap = Ca2+-channel for rapid 
uptake, NICE = Na+-independent Ca2+-exchange, NCE = Na+/Ca2+-exchanger, NHE = 
Na+/H+-exchanger. 

2.3.10.1  Calcium currents in preconditioning 

Increased intracellular calcium loading is undoubtedly connected to ischemia-reperfusion 
damage (Jennings & Reimer 1991, Miyata et al. 1992), and therefore its role in IPC has 
been a subject of interest. Steenbergen et al. were the first to show that IPC attenuates 
intracellular calcium overload during ischemia-reperfusion (Steenbergen et al. 1993); 
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subsequently, other groups have confirmed this observation (An et al. 2001, Wang et al. 
2001a). Also, mitKATP openers (Behling & Malone 1995) and adenosine agonists 
(Musters et al. 1997), which mimic IPC protection, have been found to reduce 
intracellular Ca2+ levels. Recent observations suggest that it is in particular an attenuation 
of mitochondrial rather than cytosolic Ca2+ overload that is part of the IPC mechanism 
(Miyamae et al. 1996, Murata et al. 2001, Wang et al. 2001a). 

Steenbergen et al. suggested that IPC would attenuate cytosolic Ca2+-accumulation by 
inhibiting the electrochemically coupled extrusion of Ca2+ from the mitochondria. They 
found that IPC reduces the intracellular accumulation of H+, Na+, and Ca2+ during 
ischemia. Their hypothesis was that IPC causes the inhibition of glycolysis, which results 
in a slowing of the pH decline. This attenuates the accumulation of Na+ through Na+-H+- 
exchange across the plasma membrane, which could prevent cytosolic Ca2+-accumulation 
through the Na+-Ca2+-exchanger (Steenbergen et al. 1993).  

According to another hypothesis, IPC reduces Ca2+-induced Ca2+ release from the 
sarcoplasmic reticulum (SR) as a consequence of the reduction in the number of Ca2+ 
channels in SR (Zucchi et al. 1995). The mechanism behind this is not known.  

These two theories suppose that the reduction in cytosolic Ca2+-accumulation is 
connected to the protection by IPC. This has been questioned on the basis of the 
observations that reperfusion/reoxygenation injury correlates well with mitochondrial 
Ca2+ uptake, although there is no correlation with intracellular Ca2+ concentration 
(Miyamae et al. 1996, Miyata et al. 1992). In fact, Wang et al. showed in perfused rat 
hearts that IPC does not limit the cellular Ca2+ accumulation during ischemia, although it 
has a profound effect on mitochondrial Ca2+ accumulation (Wang et al. 2001a). This 
effect is connected to the opening of mitKATP because diazoxide similarly reduced 
mitochondrial Ca2+-accumulation, although cellular Ca2+-accumulation was even 
increased during ischemia. An observation that 5-HD reverses the prevention of 
mitochondrial Ca2+-accumulation by IPC and diazoxide further supports the role of 
mitKATP. It is also significant that although both IPC and diazoxide cause 
cardioprotection, only IPC reduces cellular Ca2+ accumulation in the reperfusion period, 
whereas cellular Ca2+ concentration in the diazoxide-treated group is higher than in 
controls. Thus, there is a dissociation between functional recovery and lower cellular Ca2+ 
concentration. These data are in accordance with the findings of Miyamae et al., who 
found that the recovery of ischemic-reperfused hearts is dependent on a lowered 
mitochondrial Ca2+ concentration, but was independent of the total cellular Ca2+ 
concentration (Miyamae et al. 1996). A correlation between preconditioning and reduced 
mitochondrial Ca2+ accumulation has also been described elsewhere (Murata et al. 2001).  

Thus, mitKATP has been considered central in the reduction of mitochondrial Ca2+ 
increase in IPC. Some studies have shown that openers of mitKATP cause mitochondrial 
depolarisation (Holmuhamedov et al. 1999, Liu et al. 1998), and this would result in 
reduced mitochondrial Ca2+-accumulation (Holmuhamedov et al. 1999). Garlid’s group, 
however, showed that the mitochondrial depolarisation in these studies was a result of 
excessive diazoxide concentrations, which have an uncoupling effect (Kowaltowski et al. 
2001). Still, significant mitochondrial depolarisation has been observed also with 
pharmacological diazoxide concentration (Murata et al. 2001). So, the mitKATP opening 
caused by IPC might lead to mitochondrial depolarisation, which would decrease the 
driving force for Ca2+-influx, and thereby reduce Ca2+-accumulation in mitochondria. 



 65

Garlid et al. have suggested that the opening of mitKATP inhibits contraction of  the 
mitochondria, which would preserve the mitochondrial intermembrane space and 
mitochondrial function (Kowaltowski et al. 2001). In a more detailed study with 
cardiomyocytes, this was shown to be connected to decreased ATP hydrolysis and 
reduced mitochondrial membrane potential in simulated ischemia, and Garlid’s group 
also speculated that the opening of mitKATP would protect the myocardium by reducing 
mitochondrial Ca2+ accumulation (Dos et al. 2002).  

The accumulation of Ca2+ has been shown to be connected to the formation of the 
mitochondrial permeability transition (Holmuhamedov et al. 1999), which might be the 
final pathway to irreversible cellular damage.  

2.3.11  Mechanisms of cellular death in myocardial ischemia and 
reperfusion 

Myocardial ischemia and reperfusion cause cellular damage, which may lead to cellular 
death by two very different mechanisms: necrosis or apoptosis. Ischemia ceases many 
cellular functions, which eventually leads to cellular death. Paradoxically, reperfusion 
itself, which is necessary for survival, may damage cells which are still potentially viable 
at the end of the ischemic bout. This is called reperfusion injury (Maxwell & Lip 1997).  

In myocardial ischemia the availability of oxygen ceases, ending energy production by 
oxidative phosphorylation, which normally provides 95% of the myocardial energy 
demand. This will lead to ATP depletion despite anaerobic energy production, which 
gives rise to cellular acidosis. Due to the profound reduction in energy stores, cellular ion 
homeostasis cannot be maintained, and this is mainly manifested by the leakage of K+ out 
of the cell and Ca2+ into the cytoplasm. Mitochondrial ion homeostasis is also disturbed. 
As ischemia proceeds, cellular functions are severely affected, which leads to necrosis 
characterised by cellular swelling, disruption of organelles, and plasma membrane 
disruption followed by an inflammatory reaction (Dispersyn & Borgers 2001, Maxwell & 
Lip 1997).  

Differing from necrosis, apoptosis is a programmed form of cell death, which is 
energy-dependent and includes distinct phases of structural morphological changes like 
nuclear chromatin condensation and cellular shrinking. Eventually, apoptotic bodies are 
formed, which are plasma membrane-delineated cellular particles containing cellular 
organelles and nuclear fragments, and these are rapidly phagocytosed by neighbouring 
cells without an inflammatory response. In regional ischemia, apoptosis has been 
reported to occur mainly in the border zone of the infarction (Palojoki et al. 2001), but it 
has also been observed in the core of the ischemic area and in the viable myocardium, 
remote from the ischemic area (see Dispersyn & Borgers 2001).  

It is not known how ischemia-reperfusion triggers apoptotic pathways, but the 
generation of reactive oxygen species, calcium overload, and nitric oxide are possible 
mechanisms. Currently, two major pathways leading to apoptosis have been 
characterised. One is a mitochondrial pathway, which involves the mitochondrial release 
of cytochrome c, apoptosis-inducing factor, and probably other factors like caspase 2 and 
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9 into the cytosol. The release of cytochrome c seems to depend on the opening of the 
mitochondrial permeability transition (MPT), which is associated with Ca2+ accumulation 
and a discharge of the electrochemical gradient in mitochondria.  

Another pathway is initiated by the ligation of death receptors onto the sarcolemmal 
surface, where the best-described pathways involve the binding of tumor necrosis factor 
α (TNF-α) and Fas ligands to their respective receptors. As a result of each of these 
pathways, a caspase activation cascade is initiated, which ultimately leads to protein 
cleavage, DNA fragmentation, and finally apoptotic cell death. (Dispersyn & Borgers 
2001).  

Lethal reperfusion injury is defined as injury caused by the restoration of blood flow 
after an ischemic episode that leads to the death of cells that were only reversibly injured 
during the preceding ischemic episode (Piper & Garcia-Dorado 1999). The generation of 
reactive oxygen species (ROS) upon reperfusion has been suggested to be the reason for 
myocardial damage (Maxwell & Lip 1997), but this has been doubted (see Piper & 
Garcia-Dorado 1999)), because an equal number of studies have shown successful and 
unsuccessful diminution of  infarct size by antioxidant strategies. Another explanation for 
reperfusion injury is myocardial hypercontracture, which can be demonstrated by 
histological means as contraction bands in reperfused myocardium.  In ischemia, the 
cytosol of myocytes becomes loaded with Ca2+. Upon reperfusion, intracellular Ca2+ is 
actively extruded from cytosol, but Ca2+ concentration remains high concomitantly with 
re-energization. This leads to myocardial activation and uncontrolled, excessive force 
generation, causing cellular disruption and necrosis. Ischemic acidosis attenuates 
contractile activation, but rapid normalization of tissue pH upon reperfusion abolishes 
this inhibitory effect. Hypercontraction injury becomes evident in the early phase, but 
reperfusion damages could also result in delayed necrosis or the initiation of apoptosis 
(Piper & Garcia-Dorado 1999). 

2.3.11.1  The role of the mitochondrial permeability transition 

Mitochondrial permeability transition (MPT) has been observed to occur in the process of 
cellular death. MPT is induced by ATP depletion, Ca2+ overload, Pi accumulation and 
oxidative stress, which all are qualities of ischemia-reperfusion damage. In the MPT 
process, pores are formed over the inner and outer mitochondrial membranes, which lead 
to the free diffusion of low molecular weight solutes, and thereby also mitochondrial 
depolarisation. This is naturally critical for cellular energy metabolisms, and it may 
present “the point of no return” for cellular survival (Crompton 1999).  

Crompton has described a complex causing MPT. This complex is formed by the 
voltage-dependent anion channel (VDAC) in the outer mitochondrial membrane, adenine 
nucleotide translocator (ANT) in the inner mitochondrial membrane, and the 
mitochondrial protein cyclophilin-D (CyP-D). This VDAC-ANT-CyP-D-complex is 
located at contact sites between the mitochondrial inner and outer membranes and is 
named permeability transition pore (PT pore) (Crompton 1999). Also, two VDAC 
molecules in co-operation forming a “megachannel” (Zoratti & Szabo 1995) or ANT pore 
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alone are supposed to cause MPT (Brustovetsky & Klingenberg 1996). Functional studies 
suggest that all the components of the PT pore are required, but the exact structure of the 
pores causing MPT remains still unresolved.  

In addition to the fact that the metabolic situation in ischemia-reperfusion induces 
MPT, the involvement of MPT in ischemia-reperfusion injury has been observed in 
studies using MPT modulators. Cyclosporin A (CSA) protects cardiomyocytes against 
anoxia-reoxygenation injury, and it is also a potent PT pore inhibitor (Nazareth et al. 
1991). Lemasters et al. used simultaneously calcein and tetramethylrhodamine methyl 
ester (TMRME), a mitochondrial membrane potential probe, to study MPT. In healthy 
hepatocytes, mitochondria indefinitely excluded calcein, which was trapped in the 
cytosolic compartment. Hypoxia or oxidative stress caused calcein entry into the 
mitochondrial matrix concomitantly with membrane potential dissipation (Nieminen et 
al. 1995). These events were blocked by CSA (Qian et al. 1997). Griffiths and Halestrap 
developed a novel technique to study MPT in perfused heart. They perfused heart with 
radiolabelled 2-deoxyglucose (DOG), which becomes entrapped in the cytoplasm as 
DOG-6-phosphate. After extracellular washout, hearts were incubated with EGTA, which 
closes PT pores quickly. The radioactivity of the mitochondrial fraction was used as an 
index of PT pore opening. This “hotdog” approach detects PT pore opening on 
reperfusion when this is associated with tissue injury. It proves that PT opening takes 
place before the plasma membrane becomes permeable to DOG, and is consistent with a 
causal relationship between pore opening and necrotic cell death (Griffiths & Halestrap 
1995).  

In addition to necrosis, MPT is connected to apoptotic cell death in ischemia-
reperfusion injury. MPT would result in the release of cytochrome c, which is one of the 
factors initiating the mitochondrial pathway leading to apoptosis. However, contrary to 
necrotic death, which is associated with an early loss of ATP, apoptosis requires ATP. 
Thus, MPT should occur without major loss of ATP, if apoptosis is brought about via 
MPT. Crompton has suggested two possible ways how this could take place. Firstly, he 
suggests that IF1 inhibits F1Fo-ATPase when the inner-membrane potential is collapsed, 
and this might limit ATP hydrolysis under conditions leading to apoptosis. The second 
possibility is that MPT occurs transiently and is highly localized, i.e. confined to a few 
mitochondria, and then the impact on the energetic state of the cell would be minimal 
(Crompton 1999). In TMRME studies with cardiomyocytes, a few transiently depolarised 
mitochondria were observed in close proximity to the Ca2+-release channels of the 
sarcoplasmic reticulum. This depolarisation was blocked by CSA, suggesting that it was 
caused by transient MPT. In cultured myocytes, anoxia-reoxygenation exposure caused 
apoptosis that was prevented by CSA (Xu et al. 2001). This argues for a role of MPT in 
apoptosis related to ischemia-reperfusion damage. 



3 Purpose of the present research 

A unified view about myocardial respiratory control is lacking. Calcium has been 
suggested to be an important factor connecting increased energy production to growing 
energy requirements during increased contractile function. The role of the substrate level 
is essential in respiratory regulation, and calcium is known to regulate several substrate 
level reactions. The knowledge of calcium action on respiratory regulation during fatty 
acid oxidation in myocardium is slight, although fatty acids are the main fuel for the 
heart. The fatty acid preference as myocardial substrate, however, is challenged during 
metabolic changes. For example, during a higher myocardial workload, the utilization of 
competing substrates is shown to increase, but data are incoherent possibly due to 
methodological differences. By using the advanced 13C-NMR-technique, the proportion 
of fatty acid and carbohydrate oxidation during metabolic alterations can be observed.  

Ischemic preconditioning (IPC) protects the heart from ischemic damage, and the 
opening of mitochondrial potassium channels (mitKATP) has been shown to be a part of 
that process. The exact protective mechanism is unclear, but studies in cellular models 
have suggested that both IPC and the opening of mitKATP attenuate intracellular calcium 
accumulation, which protects myocytes from cellular death. IPC and the opening of 
mitKATP have also been described to attenuate ATP depletion, which could be explained 
by F1Fo-ATPase inhibition. In fact, IPC has been shown to augment F1Fo-ATPase 
inhibition during early ischemia, but the role of F1Fo-ATPase in IPC is still in dispute. 
This is mainly because ischemic F1Fo-ATPase inhibition in rat has been questioned, 
although IPC phenomenon does occur in rat.  

The purpose of the present research was to: 

1. study respiratory regulation and substrate selection during fatty acid oxidation in 
calcium induced workload alterations, 

2. study how ischemia/reperfusion and IPC affect intracellular calcium accumulation 
and mitochondrial membrane potential, 

3. show that ischemic F1Fo-ATPase inhibition does occur in rat, and study its 
significance in the mechanism of IPC. 



4 Patients, materials and methods 

4.1  Patients 

The clinical study procedure was approved by the ethical committee of the Medical 
Faculty of Oulu, and the patients gave their informed consent before the operation. 

F1Fo-ATPase activity in human myocardium was measured in nine patients admitted 
for elective aortocoronary bypass grafting (V). The exclusion criteria were an ejection 
fraction below 40%, significant left main coronary artery stenosis, and unstable angina.  

4.2  Clinical study procedure 

Transmural myocardial biopsies for F1Fo-ATPase activity measurements were taken 
during an aortocoranary bypass operation with a Tru-Cut needle from the left anterior 
myocardium, which was macroscopically normal in appearance. The first biopsy was 
taken before the aortic cross-clamp (normoxic sample), the second at the end of the 5-min 
ischemic period (ischemic sample), and the third after 7 min of reperfusion (reperfusion 
sample). The biopsy samples were immediately homogenized in 1.0 ml of 20 mM Hepes, 
1 mM MgCl2, and 2 mM EGTA (pH 7.2) with a Potter-Elvehjem homogenizer. The 
homogenate was then stored in an ice-water bath, to be sonicated an average of 30 min 
later. F1Fo-ATPase activity was measured in the same way as in the rat heart experiments 
(described in section 4.7.). 

4.3  Reagents 

Standard chemicals were obtained from Boheringer-Mannheim (Mannheim, Germany), 
E. Merck (Darmstad, Germany), and Sigma Chemical Co (St Louis, MO, USA). The 
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reagents required for rat heart excision, sodium pentobarbital and heparin, were acquired 
from Orion Pharmaceutical Co. (Helsinki, Finland) and Lövens Kemiske Fabrik 
(Ballerup, Denmark), respectively. The insulin needed in heart perfusions was purchased 
from Novo Nordisk (Bagsvaerd, Denmark). 13C-stable isotopes were purchased from 
Cambridge Isotopic Laboratories (Andover, MA, USA). The fatty acids used as 
myocardial substrates were obtained from Fluka AG (Buchs, Switzerland). Fluorescent 
calcium indicator Fura-2 AM was purchased from Molecular Probes (Eugene, OR, USA). 
Diazoxide and 5-hydroxydecanoic acid (5-HD) were purchased from Research 
Biochemicals International (Natick, MA, USA).  

4.4  Heart perfusions 

4.4.1  Animals and instrumentation 

The work was carried out according to the recognized guidelines, and with prior approval 
by the Laboratory Animals Committee of the University of Oulu.  

Male Sprague-Dawley rats from the stocks of the Laboratory Animal Centre, 
University of Oulu, were used in all the experiments. They were anaesthetized with 
intraperitoneal sodium pentobarbital, and 500 IU heparin was injected into the inferior 
vena cava 1 min prior to excision of the heart. The excised heart was rinsed immediately 
in ice-cold physiological saline and connected to a modified Langendorff perfusion 
apparatus. Phosphate-free Krebs-Henseleit perfusion medium containing 120 mM NaCl, 
4.7 mM KCl, 2.5 mM CaCl2, 0.25-0.5 mM EDTA, 1.2 mM MgSO4, 25 mM NaHCO3, 
and 5-10 mM glucose with 12 IU/L insulin depending on the experiment. The perfusate 
was infused into the heart in a retrograde manner at 37 ºC and in equilibrium with 
O2/CO2 (19/1), with a constant pressure of 90 (II-V) or 100 (I) cm H2O, which was 
maintained by a hydrostatic overflow.  

Left ventricular pressure was monitored by inserting a water-filled latex balloon into 
the left ventricle and connecting it to an Isotec pressure transducer and a Statham SP1400 
pressure monitor. The diastolic pressure was adjusted to 15 mmHg. The heart rate was 
either measured from the pressure curve with a digital frequency counter or was 
calculated on-line from the pressure curve by a means of data logger software. 
Mechanical work output was expressed as the left ventricular developed pressure (LVDP, 
systolic minus diastolic pressure) or as the pressure-rate product (PRP, systolic pressure 
multiplied by the heart rate).  

Coronary flow was monitored throughout the experiments using a laboratory-made 
optical drop counter with analog output. Oxygen concentration in the effluent perfusate 
was monitored continuously with an YSI 5331 oxygen electrode. Oxygen consumption 
was calculated as the arterio-venous concentration difference multiplied by the coronary 
flow.  

The outputs of the monitoring devices during heart perfusions were fed to a Lab-PC 
data acquisition board and a personal computer for data storage and analysis.  
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4.4.2  Perfusion protocols 

After connection to a perfusion apparatus, hearts were perfused for 15-30 min to achieve 
a hemodynamic steady state. 

In (I) the hearts were perfused with 12 U/L insulin, 5 mM glucose, and 50 µM or 0.5 
mM octanoate. After a balancing period of 20 minutes with non-labelled substrates in the 
presence of 1.5 mM Ca2+, the once-through perfusion was switched to recirculation with 
the same concentrations of 13C-labeled substrates ([1,6-13C]glucose and [U-
13C]octanoate). In the low work group, the Ca2+ concentration was lowered to 0.5 mM, 
while in the high work group it was increased to 2.5 mM. After 30 minutes of 
recirculating perfusion with 13C-substrates, the hearts were quickly frozen and stored in 
liquid nitrogen for the preparation of NMR samples. An identical protocol was carried out 
with 0.5 mM octanoate instead of 0.05 mM octanoate using [1-13C]glucose and [1,2,3,4-
13C]octanoate as labelling substrates. An additional set of experiments was carried out to 
study the increase in oxygen consumption upon octanoate infusion. The hearts were 
initially perfused with a medium containing 5 mM glucose, 12 IU/L insulin, and 1.5 mM 
CaCl2. After a 15-min balancing period, the CaCl2 concentration was raised to 2.5 mM. 
After a further 10 min, 0.05 mM or 0.5 mM octanoate was added to the perfusate for 10 
min. Five minutes later, the calcium concentration was returned to 1.5 mM for a further 
20-min balancing period. Thereafter, a similar sequence of 50 mM or 0.5 mM octanoate 
perfusion was repeated in the presence of 0.5 mM Ca2+ with the same heart. Finally, the 
calcium concentration was returned to 1.5 mM to test the maintenance of the metabolic 
and hemodynamic parameters. 

In (II) the hearts were perfused for 10 min with 5 mM glucose as a substrate and 0.5 
mM Ca2+ in the perfusate. Hexanoate (1 mM) was then introduced for the next 45 min. 
From 20 min onwards, the perfusate Ca2+ concentration was increased by 0.5 mM per 
step in 5-min steps up to 2.5 mM, and thereafter reduced to 0.5 mM in a similar manner. 
The redox state of mitochondria using the surface fluorescence method was monitored, as 
well as work output and oxygen consumption. Another series of heart perfusions were 
done with an identical protocol in order to measure the cellular energy state by using 31P-
NMR.  

In (III) the hearts were divided into a preconditioning and a control group. After a 
balancing period, the preconditioning group was subjected to 5 min of preconditioning, a 
9-min intervening reperfusion, and 21 min of sustained ischemia followed by reperfusion. 
In the control group, the protocol was identical, but instead of a 5-min preconditioning 
ischemia, the hearts were perfused normally. Three separate sets of experiments with the 
above perfusion protocol were performed; one to measure heart rate, LVDP, and creatine 
kinase release, a second to measure free intracellular Ca2+ concentration, and a third to 
monitor mitochondrial membrane potential by means of safranine fluorescence. 

In (IV) the hearts were divided into diazoxide- and preconditioning- protocol groups 
each containing three sets of samples. In the diazoxide-protocol group, the hearts were 
perfused for 20 min, after which 20 µmol/L diazoxide (diazoxide), 20 µmol/L diazoxide 
+ 300 µmol/L 5-HD (diazoxide + 5-HD), or bare DMSO (vehicle) in a final concentration 
of 0.04% was added into perfusate for a 10-min period. After drug administration, the 
hearts were subjected to 21 min of ischemia followed by a 25-min reperfusion. In the 
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preconditioning (PC) protocols, hearts were subjected to normoxic perfusion (PC 
control), a 5-min ischemia following a 9-min intervening reperfusion (PC), and a 10-min 
5-HD infusion prior to a 5-min preconditioning ischemia (PC + 5-HD). This was 
followed by a 21-min sustained ischemia and a 25-min reperfusion as in the diazoxide 
protocols. Two sets of experiments were carried out in all the groups to measure 1) the 
F1Fo-ATPase activity and 2) LVDP, coronary flow, oxygen consumption, and lactate 
dehydrogenase as a sign of myocardial damage. In a separate series, phosphate-
containing metabolites and pH were measured by means of 31P-NMR in the diazoxide 
protocol group. The preischemic effects of 100 µM, 300 µM, and 500 µM 5-HD were 
studied in an additional series by monitoring the mitochondrial redox state, oxygen 
consumption, and hemodynamic parameters.  

In (V) the hearts were cut into two slices after a 15-min normoxic stabilization period. 
One slice was immediately placed in a self-sealing plastic bag containing a small amount 
of Krebs-Henseleit buffer gassed with N2/CO2 (19:1) in order to simulate global 
ischemia, while the second was immediately homogenised for F1Fo-ATPase activity 
measurements. To test the effect of high pH and high salt concentration on the inhibition 
of F1Fo-ATPase, a myocardial sample taken after 20 min of global ischemia was 
incubated for 10 min in a buffer at pH 9.6, pH 7.0, and pH 7.0 with 160 mM KCl. In 
addition, the behaviour of F1Fo-ATPase activity was measured from perfused rat heart in 
normoxia, preconditioning ischemia, intervening reperfusion, and sustained ischemia. 
F1Fo-ATPase activity was also measured in human myocardium as described earlier.  

4.5  NMR experiments 

4.5.1   13C-NMR-spectroscopy 

After perfusing hearts with 13C-labelled substrates, the hearts were immersed in liquid 
nitrogen at given time points (I). The frozen hearts were powdered and homogenized in 
6.0 % HClO4. After centrifugation, the supernatant was neutralized to pH 7 with KOH, 
centrifuged again and the supernatant freeze-dried.  The powder was redissolved in 0.6 
ml of 2H2O/H2O (1:1) and placed in a 5-mm NMR tube.  

13C-NMR spectra of the heart extracts were obtained in a Bruker AM-200 
spectrometer operating at 50.32 MHz. Protons were decoupled with a composite pulse 
decoupling sequence (WALTZ-16). The samples were spun at 20 Hz to reduce field 
inhomogeneity. The spectra were collected using a 45º tilt angle, an acquisition time of 
0.69 s, and an interpulse delay of 4.40 s. A spectral width of 12 kHz and 8k data points 
were used to collect the spectra. Typically, 9000 free induction decays (FID) were 
accumulated. The FIDs were zero-filled to 32k data points, and multiplied by an 
exponential function equivalent to a 1-2 Hz line broadening before Fourier 
transformation to improve the signal-to-noise ratio.  
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4.5.1.1   13C isotopomer analysis and calculation of metabolic fluxes 

Labelled substrates are metabolised in myocytes and incorporated into intermediates of 
the citric acid cycle (TCA cycle), but the concentrations of the TCA cycle intermediates 
are too low be measured by 13C-NMR. However, the TCA cycle intermediate α-
ketoglutarate is in equilibrium with glutamate in a transaminase reaction, and the amount 
of glutamate is enough to acquire a spectrum with an adequate signal-to-noise ratio. 
When the label in the various fuel substrates is positioned at different carbons, the label 
will be imported in different positions in glutamate. Hence, the metabolic fluxes of the 
perfused rat hearts can be calculated from the spectrum of the 13C-enriched glutamate.  

The substrates may be fed into the TCA cycle through acetyl-CoA, which means that 
the substrates are oxidised and used in energy production, or they may be incorporated 
into the TCA cycle through anaplerotic pathways, which means that the substrates are 
used to increase the concentrations of TCA intermediates. The isotopomer analysis used 
was modified from that of Malloy et al. (Malloy et al. 1988, Malloy et al. 1990), and is 
capable of measuring the proportion of oxidative flux into the TCA cycle of three labelled 
and one unlabelled source. Also, the fractional contribution of the anaplerotic fluxes into 
the TCA cycle can be analysed by a similar selection of sources.  

The method of Malloy et al. was modified by taking into account the long-range spin-
spin couplings of glutamate carbons 2 and 4 with C5 and C1, respectively. This enhances 
the fitting of a simulated spectrum to a measured spectrum, and gives more accurate flux 
values. Another modification was that the simulated spectrum was fitted to the 
experimental one, instead of solving the isotopomer analysis on the basis of peak areas of 
the spectrum. The program was written in the MATLAB environment (MATLAB 
Optimization Toolbox, The Mathworks, Natick, MA, USA). A simulated spectrum was 
calculated using the first-order spectrum theory. A Lorentzian line shape was assumed in 
modelling. The resonances of carbons 2, 3, and 4 of glutamate were used in the analysis. 
For the fitting itself, the constrained nonlinear least squares optimization algorithm 
available in the MATLAB Optimization Toolbox was used to solve the set of 
simultaneous equations, where the minimized parameter was the difference between the 
experimental and calculated spectra. 

Absolute acetyl-CoA fluxes were calculated using the oxygen consumption values and 
information gained from the isotopomer analysis. The acetyl-CoA input into the TCA 
cycle originates from labelled exogenous sources or unlabelled endogenous sources. As 
the identity of the endogenous source could not be identified by the experimental setup 
used in (I), it was assumed that this was all derived from tripalmitin. By assuming that 
glycogen was the only source of endogenous acetyl-CoA production, the difference in the 
results was less than 1 %, which is smaller than the experimental uncertainty of the 
method.  

In (I) two labelled exogenous substrates, namely octanoate and glucose, were used. 
Since it is known that β-oxidation of a fatty acid molecule proceeds to completion, 1 mol 
of octanoate must require 11 mol of oxygen, palmitate 23 mol, and glucose 6 mol. In 
oxidation, 1 mol of octanoate produces 4 mol of acetyl-CoA, glucose 2 mol, and 
palmitate 8 mol. The relationship between oxygen consumption (QO2) and absolute 
acetyl-CoA fluxes can be expressed by the equation: 
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QO2 = 11 IOCT / 4 + 6 IGLUK / 2 + 23 IENDOG /8 

Where IOCT, IGLUK, and IENDOG denote the absolute rates of acetyl-CoA input into the TCA 
cycle from octanoate, glucose, and endogenous sources, respectively, when the 
exogenous substrate is palmitate. By placing the oxygen consumption value and the 
values of relative acetyl-CoA fluxes into the equation, the absolute acetyl CoA-input 
from these sources can be obtained.  

4.5.2   31P-NMR-spectroscopy 

31P-spectra were acquired from beating rat hearts. To keep the ancillary equipment far 
away from the magnetic field, the heart perfusions were carried out through an over 4-
meter long “umbilical cord”, which included tubings surrounded with a water mantle 
keeping the perfusate at 37 ºC. Mechanical performance was monitored throughout the 
perfusions.  

A beating heart in a 16-mm NMR tube was inserted into a laboratory-built probe and 
perfused as described. Phosphorus NMR spectra were obtained at 81.02 Mhz in a Bruker 
DPX-200 spectrometer. The spectra were acquired without a deuterium lock every 3 (IV) 
or 5 (I) min by collecting blocks of 64 (IV) or 128 (I) free induction decays (FID) using a 
pulse width of 20 µs resulting in a 61° tilting angle. The acquisition time was 0.85 s (IV) 
or 1.024 s (I), and a relaxation delay of 1.89 (IV) or 1.32 s (I) was used between the 
acquisition period and the next pulse.  

4.5.2.1   31P-NMR data analysis 

The measured FIDs were multiplied by an exponential function, resulting in a 15-Hz (IV) 
or 10-Hz (I) line broadening before Fourier transformation. After deconvolution, the peak 
areas were measured and referred to the signal of methylenediphosphonate included in a 
small capillary in the sample tube. The relative concentrations of ATP, creatine phosphate 
(CrP), and inorganic phosphate (Pi) were estimated from the areas of the ATP-β-
phosphorus, CrP, and Pi peaks, respectively. In (I) the phosphorylation ratio, 
[ATP]/[ADP]⋅ [Pi], was calculated by using the chemically measured total creatine (CrT, 
20.1 mM) and ATP (5.55 mM) concentrations in the following equation: 

[ATP]f/([ADP]f ⋅[Pi]f) = Kck [CrP]⋅[H+] / {([CrT]-[CrP])⋅[Pi]},  

where the subscript f denotes free concentrations in the cytosol and Kck, the equilibrium 
constant of the creatine kinase reaction. 

Cytosolic pH was determined from the chemical shift of Pi (δPi) in relation to CrP 
according to the equation: 

pH = 6.77 + log [(δPi-3.29)/(5.68-δPi)] 
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4.6  Surface optical measurements on perfused hearts 

Optical signals, such as fluorescence and reflectance, can be obtained from the beating 
heart. Some intracellular compounds have intrinsic fluorescence properties, but extrinsic 
fluorescent probes can also be used to obtain data from molecules that show no intrinsic 
fluorescence. This allows the on-line monitoring of several cellular phenomena in a near 
physiological environment. Additionally, interventions such as workload alterations and 
ischemia-reperfusion, that are difficult to mimic in cellular models, can be examined in 
the heart perfusion model. In practice, this is carried out by placing a branched quartz-
fiber light guide on the epicardial surface. A pulsed light beam for fluorescence excitation 
or reflectance is conveyed to heart surface through one branch, and the fluorescence 
emission light or reflectance is registered through another. By using a multiple channel 
spectrometer, several optical parameters can be monitored during an experiment, when 
the sent and received light beams by time-sharing light pulses with appropriate 
wavelengths are selected by means of monochromators and light filters (Hassinen 
1986b). 

4.6.1  Mitochondrial redox state and myoglobin oxygenation state 

The mitochondrial redox state can be evaluated from the fluorescence of oxidised flavins, 
which are in rapid equilibrium with the free NADH/NAD pool of the mitochondrial 
matrix (Hassinen & Chance 1968, Voltti & Hassinen 1978, Nuutinen 1984). Flavin 
fluorescence and myoglobin oxygenation were measured simultaneously from the heart 
surface by means of a custom-made triple-wavelength spectrophotometer-fluorometer (I) 
(II) (IV). Flavin fluorescence was measured using a 465-nm excitation selected by an 
interference filter, and fluorescence emission was detected above 515 nm through a long-
pass filter. To make sure that the changes in mitochondrial redox state were not due to 
oxygen limitation or to changes in the oxygen demand/supply ratio, the myoglobin 
oxygenation state was monitored by the reflectance difference at wavelengths of 582 and 
630 nm, selected from grating monochromators. 

In (II) NADH and flavin fluorescence were measured simultaneously with a four-
channel fluorometer capable of dual wavelength excitation (University of Pennsylvania 
Biomedical Engineering Group, Philadelphia, PA, USA), where 340 nm (NADH) and 
465 nm (flavin) were used for excitation, and fluorescence emission was detected through 
a 495-nm band-pass filter and a 515-nm long-pass filter, respectively. The results from 
that experiment confirmed the consistency of the redox behaviour of NADH and 
fluorescent flavins with each other.  
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4.6.2  Intracellular calcium 

The four-channel fluorometer mentioned above was used to measure intracellular calcium 
from the beating heart (III). In this method, hearts were preloaded with the calcium 
indicator Fura-2, and the actual experiment was begun after a washout period.  

Previously, the fluorescence ratio with excitation wavelengths of 340 nm and 380 nm 
has been used to define the intracellular calcium concentration. However, it was found 
that this is not valid in myocardium, where the NADH fluorescence is high, disturbing 
the interpretation of Fura-2 fluorescence data. This is especially interfering in ischemia-
reperfusion, where mitochondrial redox changes are dramatic. Therefore, a method for 
correction of NADH autofluorescence had to be developed for studying the intracellular 
calcium changes in ischemia-reperfusion. This was accomplished by measuring the 
fluorescence through a 515-nm interference filter with excitation wavelengths of 340, 
380, and 465 nm. The autofluorescence changes of NADH in 340 nm and 380 nm 
excitation were proportioned to flavin autofluorescence at 465 nm excitation in unstained 
heart during ischemia-reperfusion. In Fura-2 experiments, the autofluorescence of NADH 
was calculated from the flavin fluorescence (465 nm excitation) and subtracted from 
Fura-2 fluorescence. Fura-2 has practically no fluorescence when excited at 465 nm, 
which enables the use of flavin oxidation in the autofluorescence correction.  

Additionally, the Fura-2 method was improved by taking into account the pH 
dependence of the calcium affinity of Fura-2. It was observed that the apparent 
dissociation constant of the Fura-2 calcium complex increased when pH decreased, so 
that the ischemic calcium concentration is much higher than anticipated on the basis of 
the fluorescence ratio recording alone. The behaviour of cytosolic pH was calculated 
from the chemical shift of inorganic phosphate from previous work with a similar 
protocol.  

4.6.3  Mitochondrial membrane potential 

The observation of mitochondrial membrane potential is based on the potential-dependent 
stacking of safranine in the mitochondrial inner membrane. This results in changes in 
fluorescence, which can be observed by surface optical methods (Åkerman & Wikström 
1976, Kauppinen & Hassinen 1984). 

The heart was loaded with 20 µM safranine for 15 min followed by a 10-min washout 
period before the actual experiment (III). Epicardial safranine fluorescence and 
reflectance changes were simultaneously measured by using a laboratory-built triple 
wavelength fluorometer-spectrophotometer. Safranine fluorescence was excited at 522 
nm and emission recorded at 590 nm. Epicardial diffuse reflectance at 590 nm and 453 
nm were recorded to correct the autofluorescence and internal filter effects of myoglobin 
and cytochromes, which contaminate the safranine fluorescence especially in the 
ischemia-reperfusion situation. In practice, this was carried out by measuring 
fluorescence and reflectance changes in anoxia-normoxia cycles in an unstained heart, so 
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that autofluorescence changes can be adjusted to reflectance changes and subtracted from 
a safranine fluorescence signal.  

4.7   Assessment of F1Fo-ATPase activity in rat heart 

The whole rat heart or part of the heart was homogenized in a solution consisting of 1 
mM MgCl2, 2 mM EGTA, and 20 MOPS, pH 7.0 (IV and V). The homogenate was 
rapidly sonicated in an ice-water bath, and then centrifuged at 5300 rpm in a Heraeus 
Biofuge for 30 s. The supernatant was diluted with the same buffer to an approximate 
protein concentration of 0.5 mg/ml. 

The activity of F1Fo-ATPase was measured in a cuvette containing 33 mM Tris acetate, 
83 mM sucrose, 10 mM MgCl2, 1 mM KCN, 1 mM EDTA, 2 mM ATP, 1.5 mM 
phosphoenolpyruvate, 0.17 mM NADH, and 4 U of pyruvate kinase and 20 U of lactate 
dehydrogenase per ml at pH 7.0. F1Fo-ATPase activity was measured by observing 
NADH oxidation in terms of changes in the absorbance difference at 340 and 385 nm on 
a Shimadzu-3000 dual-wavelength spectrophotometer. The activity was determined in the 
absence and presence of oligomycin, and the oligomycin-sensitive portion was denoted as 
F1Fo-ATPase. The activity was proportioned to protein concentration, which was 
measured using the Bio-Rad® assay. 

4.8  Creatine kinase and lactate dehydrogenase washout 
measurements 

Creatine kinase and lactate dehydrogenase activities were measured from the pooled 
perfusate effluent during a reperfusion period to evaluate the degree of ischemic damage. 

Creatine kinase activity (III) was measured by using hexokinase and glucose-6-
phosphate dehydrogenase as the indicator reactions and monitoring the appearance of 
NADPH (Foster et al. 1970). Lactate dehydrogenase activity (IV) was determined as 
pyruvate reduction by NADH (Bergmeyer & Bernt 1970). In both procedures, the 
absorbance difference of NAD(P)H was monitored at 340 and 385 nm in a Shimadzu-
3000 dual-wavelength spectrophotometer.  

4.9  Experiments on isolated mitochondria 

Experiments on isolated mitochondria were carried out to study the nature of F1Fo-
ATPase inhibition in more detail (IV and V).  

After excision, the rat heart was perfused retrogradely with buffer containing 
proteinase, minced with scissors, and then homogenized with a Teflon pestle tissue 
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grinder. Cell debris and nuclei were sedimented at 350xg and mitochondria at 6000xg, 
and the pellet was resuspended in 225 mM mannitol, 75 mM sucrose, 10 mM Hepes, and 
1 mM EDTA, pH 7.4. 

Mitochondrial oxygen consumption was measured with a Clark-type oxygen electrode 
at 25 °C in a buffer including glutamate and malate as respiratory substrates. The control 
strength of F1Fo-ATPase in mitochondrial respiration was evaluated by measuring state 3 
respiration in the presence of varying amounts of oligomycin (V).  

The effect of uncoupling (V) and mitKATP modulators (IV) on F1Fo-ATPase activity 
was estimated in isolated mitochondria. Mitochondrial uncoupling was achieved with 2 
µM CCCP, and its effect on F1Fo-ATPase activity was measured with or without the 
presence of 5 mM ATP. In (IV) the effect of 20 µM diazoxide, 300 µM 5-HD, or both of 
them was tested. After incubation, the mitochondria were sonicated and F1Fo-ATPase 
activity measured as described in section 4.7. 

In (IV) the effect of mitKATP modulators on mitochondrial membrane potential was 
evaluated using safranine as a probe (Åkerman & Wikström 1976, Kauppinen & 
Hassinen 1984). In short, after safranine loading, 20 µM diazoxide or 300 µM 5-HD were 
added in the presence of 5 mM ATP, and the safranine absorbance difference at 524 and 
484 nm were monitored with the Shimadzu-3000 spectrophotometer.  

4.10  Statistical analysis 

The results are presented as means ± standard errors of mean (SEM). To evaluate the 
differences, modifications of Student’s t-test were used, in which a p-value of 0.05 or less 
was considered statistically significant.  

For statistical testing, the repeated measurements typical for online recordings during 
heart perfusions analysis of variance or the method of summary measures were used. In 
(IV) the χ-square test was used to evaluate the difference in appearance of ventricular 
fibrillation between the control and diazoxide groups. In (V) the effects of pH and time 
on F1Fo-ATPase activity in normoxia and ischemia were tested with multiple regression 
analysis.  



5 Results 

5.1  Effect of calcium on myocardial contractility and oxygen 
consumption and its influence on substrate selection, anaplerosis, and 

cellular redox and energy states during fatty acid oxidation (I,II) 

The workload of the heart, and thereby energy consumption, is increased when the 
extracellular calcium concentration is raised. When the calcium concentration in 
perfusate is increased from 0.5 mM to 2.5 mM, the rate-pressure product increases 
approximately threefold and oxygen consumption doubles (Figure 1 in I and Figure 4 in 
II). In (I) hearts perfused with 0.5 mM [Ca2+] were named as the low work group and the 
perfused with 2.5 mM [Ca2+] as the high work group.  

5.1.1  Influence of energy consumption on substrate preference and 
anaplerosis (I) 

When 500 µM octanoate and 5.0 mM glucose in the presence of 12 IU/L insulin were 
administered as exogenous substrates to the low work group, 88 ± 4 % of acetyl-CoA 
input into the TCA cycle, i.e. substrate oxidation, originated from octanoate. The energy 
consumption increase in the high work group did not have any significant effect on the 
octanoate dominance in substrate oxidation, as the acetyl-CoA input was 95 ± 4 %. The 
flux of anaplerosis was 13 ± 3 % of the acetyl-CoA input in the high work group and 29 ± 
5 % in the low work group. The fatty acid dominated substrate oxidation also when the 
octanoate concentration was diminished to 50 µM, as 97 ± 2 % of substrate oxidation 
originated from octanoate in the low work group and 89 ± 6 % in the high work group.   
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5.1.2  Effect of calcium-induced work alterations and fatty acids on the 
cellular redox state (I,II) 

A large increase in energy consumption due to [Ca2+] increase caused an initial flavin 
oxidation, which partly recovered in glucose perfused hearts (Figure 4 in I, figure 1 in II). 
The energy consumption increases due to smaller [Ca2+] steps during hexanoate oxidation 
also caused a slight oxidation of flavins (Figure 1 in II). Fatty acid infusion resulted in a 
concentration-dependent reduction of flavins with an initial overshot, and a 
discontinuation of fatty acid infusion caused flavin oxidation (Figure 4 in I, Figure 1 in 
II). The flavin oxidation overshoot upon cessation of octanoate infusion was lacking with 
a low energy consumption rate, though it was clear with a high energy consumption rate.  

5.1.3  Effect of calcium induced workload alterations on the cellular 
energy state (II) 

Hexanoate infusion and a slight increase in energy consumption upon hexanoate 
oxidation did not cause any significant changes in the cellular energy state, which was 
evaluated as [CrP]/[Pi] and [ATP]/[ADP][Pi] ratios. Still, the addition of hexanoate tended 
to increase the cellular energy state, and workload alterations tended to decrease it. 
However, the discontinuation of hexanoate infusion caused a significant energy state 
decrease, which was most obvious after a large increase in energy consumption (Figure 5 
in II).  

5.2  Intracellular calcium accumulation and mitochondrial membrane 
potential in ischemic preconditioning (III) 

5.2.1  Effect of autofluorescence and pH on Fura-2 fluorescence in rat 
heart 

In previous studies, Fura-2 fluorescence has been excited at 340 and 380 nm and its 
emission measured at 515 nm, and the intracellular calcium concentration has been 
calculated from the 340/380 ratio. However, autofluorescence originating mainly from 
NADH contributes to Fura-2 fluorescence especially in ischemia (Figure 2c in III). When 
fluorescence changes are related to a Fura-2-insensitive 465-nm excitation signal, an 
autofluorescence correction can be successfully made during Fura-2 fluorescence 
monitoring (Figures 2 and 3 in III).  
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In in vitro experiments, it was found that the apparent dissociation constant of the 
Fura-2 calcium complex increases when pH decreases. This means that when pH 
decreases during ischemia, the true ischemic Ca2+-accumulation is much more prominent 
than expected on the basis of the uncorrected fluorescence ratio recording. The pH-
corrected data show that the ischemic preconditioning moderates [Ca2+]f increase. Also 
the apparent [Ca2+]f spike upon reperfusion is only an artefact caused by a rapid pH 
increase (Figures 6 and 8 in III). 

5.2.2  Calcium in preconditioning and its inter- and intracellular 
compartmentation 

Because Fura-2 fluorescence is monitored from the whole heart, and Fura-2 is known to 
be retained by endothelial cells, the contribution of the endothelial Fura-2 signal was 
tested. Bradykinin is known to increase the endothelial [Ca2+], and its administration in 
the K+-arrested heart had a considerable effect on the Fura-2 fluorescence (Figure 4 in 
III). Bradykinin had a marked effect on Fura-2 fluorescence also in the non-arrested 
heart, but when the pH correction was accounted for, a major part of the [Ca2+] changes 
was independent of bradykinin stimulation (Figure 5 in III).  

The subcellular origin of Fura-2 fluorescence was tested by quenching the cytosolic 
Fura-2 fluorescence with a MnCl2 infusion. The MnCl2 infusion only partly decreased 
Fura-2 fluorescence, suggesting that 60 % of monitored [Ca2+] changes occur in the 
mitochondria (Figure 7 in III). 

Put together, these results show that ischemic preconditioning decreases mainly 
intramitochondrial Ca2+-accumulation during ischemia-reperfusion in the myocardium.  

5.2.3  Mitochondrial membrane potential in ischemia 

Preconditioning ischemia caused mitochondrial membrane depolarisation, which was not 
fully restored during the intervening reperfusion. So, mitochondria were more 
depolarised in the preconditioned hearts already in the beginning of prolonged ischemia, 
and this difference became more obvious towards the end of the ischemia. Upon 
reperfusion, the membrane potential recovered better in the preconditioned hearts in a 
way that the mitochondrial membrane potentials were equal in preconditioned and 
control hearts during the reperfusion period. The mitochondrial membrane potential 
remained slightly depolarised in the end of the 21-min reperfusion in both groups (Figure 
9 in III). 
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5.3  F1Fo-ATPase inhibition and mitochondrial KATP channels in 
ischemia and preconditioning (IV,V) 

5.3.1  Influence of pH, storage time, and measuring procedure on 
ischemic F1Fo-ATPase activity in rat (V) 

The F1Fo-ATPase activity both in normoxic and ischemic samples was dependent on the 
pH of the preparation and assay medium. F1Fo-ATPase activity decreased as pH 
decreased in the range of 6.5-8.0 (Figure 1 in V). Of most importance is that ischemic 
F1Fo-ATPase inhibition becomes evident in a pH range of 6.5-7.5, and in the activity 
assessments using alkaline mediums of pH 8.0 or more, the difference vanishes (Figure 2 
in V). A storage time between 0-60 min has no significant effect on F1Fo-ATPase activity.  

In addition to high pH, a high salt concentration can reverse F1Fo-ATPase inhibition. 
When submitochondrial particles were incubated 10 min in medium with a normal salt 
concentration at pH 9.6, or with a high (160 mM KCl) salt concentration, the F1Fo-
ATPase inhibition was clearly reduced (Figure 3 in V).  

Also, the length of the procedure influences the detection of ischemic F1Fo-ATPase 
inhibition. When the measurements were performed using a procedure that included the 
isolation of mitochondria prior to the assay, ischemic F1Fo-ATPase inhibition could not be 
observed even if it was clearly seen in measurements performed with the rapid procedure.   

5.3.2  Studies on the nature of F1Fo-ATPase inhibition (IV,V) 

5.3.2.1  Reversibility of F1Fo-ATPase inhibition 

The reversibility of ischemic F1Fo-ATPase inhibition was shown both in vitro and in vivo. 
In vitro, treatment in a medium with pH 9.6 or with 160 mM KCl reversed ischemic F1Fo-
ATPase inhibition (Figure 3 in V). In vivo, ischemic F1Fo-ATPase inhibition was reversed 
upon reperfusion (Figure 4 in V). 

5.3.2.2  Effect of uncoupling on F1Fo-ATPase activity in isolated rat heart 
mitochondria (IV, V) 

The collapse of the mitochondrial membrane potential by CCCP reduced F1Fo-ATPase 
activity, but effective inhibition required the presence of 5mM ATP (Figure 5 in V). In 
similar conditions, the mitKATP opener diazoxide caused significant F1Fo-ATPase 
inhibition, without having any effect on the mitochondrial membrane potential (IV). 
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5.3.2.3  Effect of F1Fo-ATPase inhibition on cellular respiration 

In ischemia, F1Fo-ATPase inhibition may be beneficial because it slows down ATP 
breakdown and may improve the cellular energy state. However, if F1Fo-ATPase 
inhibition diminishes ATP synthesis upon reperfusion, its effect could be deleterious 
rather than beneficial. Therefore, the effect of oligomycin-induced F1Fo-ATPase 
inhibition on ADP-stimulated state 3 respiration was studied in isolated mitochondria. 
The results show that an oligomycin concentration causing 50% inhibition of ATPase 
causes negligible inhibition of oxygen consumption, which is a good estimate of the 
oxidative phosphorylation flux in coupled mitochondria. The control strength of F1Fo-
ATPase in cell respiration is 0.04 to 0.09 in various mitochondrial preparations, which 
can be estimated from the dose-response curve of oligomycin inhibition of state 3 
respiration (Figure 6 in V). This means that a 50% inhibition of F1Fo-ATPase, which 
occurs in sustained ischemia, would produce only a 3-5% inhibition of phosphorylating 
cell respiration upon reperfusion. 

5.3.2.4  Duration of F1Fo-ATPase inhibition enhancement in IPC 

When an ischemic bout was applied to the heart 9-15 min after a 5-min preconditioning 
ischemia, the ischemic F1Fo-ATPase inhibition was enhanced (Figure 3 in IV, Figure 4 in 
V). When the reperfusion period between preconditioning ischemia and sustained 
ischemia was increased to 120 min, the enhancement of ischemic inhibition was lost 
(Figure 4 in V). 

5.3.3  Effect of mitKATP modulators on myocardial protection, F1Fo-
ATPase inhibition, and cellular energy and redox states (IV) 

A diazoxide (20 µM) infusion prior to sustained ischemia protected the myocardium with 
the same efficiency as IPC when the degree of protection was evaluated from 
postischemic LDH release. Both of these protective effects were abolished by 300 µM 5-
HD (Figure 2 in IV).  

IPC and diazoxide both enhanced F1Fo-ATPase inhibition to the same degree after 6 
min of sustained ischemia. Again, 5-HD reversed the enhancement of F1Fo-ATPase 
inhibition enhancement in both cases (Figure 3 in IV).  

Although diazoxide inhibited ATP consumption by F1Fo-ATPase, this resulted in only 
a slight improvement in the ATP concentration, which was not statistically significant 
(Figure 5 in IV).  

Diazoxide has no effect on the cellular redox-state evaluated by flavin fluorescence 
data, but 5-HD caused a dose-dependent reduction of flavins (Figure 6 in IV).  



6 Discussion 

6.1  Role of calcium in the control of mitochondrial respiration and 
substrate selection during fatty acid oxidation in the heart 

6.1.1  Role of calcium in the control of mitochondrial respiration during 
fatty acid oxidation 

Mitochondrial respiration involves energy-producing machinery including the oxygen-
consuming respiratory chain, which produces an electrochemical gradient over the inner 
mitochondrial membrane, and F1Fo-ATPase, which uses this gradient in ATP synthesis 
(Mitchell 1976). The fuel for this ATP-producing machinery is produced in reactions at 
the substrate level, which must also be activated during times of increased energy 
requirement.  

Calcium has been suggested to regulate mitochondrial respiration both at the substrate 
level and at the level of oxidative phosphorylation. Calcium has been convincingly 
shown to regulate carbohydrate metabolism by affecting PDH activity. Calcium has also 
been suggested to regulate enzymes of the TCA cycle and β-oxidation (McCormack et al. 
1990). In oxidative phosphorylation, calcium has been proposed to stimulate F1Fo-
ATPase (Harris & Das 1991).  

The current results show that flavin oxidation occurs upon a calcium-induced increase 
in energy consumption. This is observed especially during a high workload when energy 
is gained from glucose oxidation. Flavin oxidation is less clear upon smaller workload 
changes during fatty acid oxidation. These results support the view that mitochondrial 
respiration is primarily regulated at the level of the respiratory chain, but stimulation at 
the substrate level rapidly follows, keeping the cellular redox-state nearly unchanged 
especially during slighter workload alterations. As has been convincingly shown, calcium 
stimulates PDH and the oxidation of glucose. In spite of this, a calcium-induced increase 
in energy consumption during glucose oxidation caused flavin oxidation, which 
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subsequently returned near to the original level. This means that calcium-stimulated 
glucose oxidation cannot match the increased activity of the respiratory chain at the 
moment of the transition of energy consumption, thus causing oxidation of the cellular 
redox state. 

It was confirmed that when fatty acids were added as exogenous substrates, they 
totally overrode glucose in substrate oxidation, as they concomitantly caused a permanent 
reduction in the cellular redox state. During fatty acid oxidation, the increase in energy 
consumption caused hardly any noticeable flavin oxidation, suggesting that when 
reducing power is gained from fatty acid oxidation, it is better matched to the increased 
respiratory chain activity. This could mean that calcium is a more effective substrate level 
stimulator during fatty acid oxidation than during glucose oxidation, and it is known that 
calcium stimulates the TCA cycle enzymes. This alone, however, is not sufficient, as the 
production of acetyl-CoA must also be increased, which means increased β-oxidation. 
The results in isolated rat liver mitochondria show the activation of β-oxidation in high 
Ca2+-concentrations (Lopaschuk et al. 1994, Ontko & Otto 1975), but the evidence for 
calcium as a β-oxidation activator in a more physiological situation in myocardium is 
vague, especially compared to PDH (McCormack et al. 1990). So, the theory of calcium 
as an effective stimulator of β-oxidation in the heart does not receive much support from 
previous studies.  

The other explanation for an effective substrate level response upon workload 
alterations could be the energy-linked regulation of β-oxidation. Earlier results suggest 
that the myocardial substrate supply is the primary cause for alterations in fatty acid 
oxidation rates (Grynberg & Demaison 1996, van der Vusse et al. 1992). As Hassinen et 
al. have previously shown, increased fatty acid oxidation causes NAD reduction, i.e. 
increased thermodynamic driving force, concomitantly with an increased cellular energy 
state (Hassinen et al. 1990). The present results support this view, since the addition of 
fatty acids caused flavin reduction with an initial overshoot, as well as a slight increase in 
the cellular energy state. After the redox overshoot, a new steady state is formed with an 
increased NADH/NAD ratio and increased cellular energy state, which fit to the 
thermodynamic model. Also, the acetyl-CoA/CoA ratio increases upon fatty acid 
oxidation. The increased NADH/NAD and acetyl-CoA/CoA ratios cause product 
inhibition of enzymes of β-oxidation (Lopaschuk et al. 1994). The increased energy 
demand by calcium tends to decrease this product inhibition, which results in increased 
β-oxidation, stabilizing the redox-changes better than during glucose oxidation.  

If the primary site of regulation lies above the substrate level, what is the primary 
regulator connecting the needs of increased energy consumption to increased energy 
production? Calcium has been suggested to stimulate substrate level reactions and F1Fo-
ATPase activity, but our results on the cellular redox state suggest that substrate level 
stimulation is an auxiliary mechanism that responds to increased energy consumption. 
The observation that the cellular energy state is mainly decreased upon a calcium-induced 
increase in energy consumption argues against a primary role of ATP synthase stimulation 
by calcium. The current results best fit to the thermodynamic model of regulation, where 
a decrease in the cellular energy state stimulates respiratory chain activity, leading to an 
increased rate of phosphorylation and the delivery of reducing equivalents to the 
respiratory chain (Erecinska & Wilson 1982). The results do not argue against the kinetic 
theories either, but considering previous data, where ANT shows no control strength in 
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the myocardium, the thermodynamic model prevails (Brown 1992, Doussiere et al. 1984, 
Hassinen 1986a). The thermodynamic model includes the principles of shared control as 
it anticipates substrate level reactions to be regulated in coordination with the machinery 
of oxidative phosphorylation. It seems that during fatty acid oxidation, when the 
thermodynamic driving force is increased because of NAD reduction, the substrate level 
reactions better support the cellular energy state. During glucose oxidation, the cellular 
energy state is more affected by workload increase. It appears that the function of the 
substrate level reactions is not to control ATP turnover, but rather to prevent a large fall in 
the cellular energy state. This is achieved at least partly by stimulating calcium sensitive 
dehydrogenases, which seems to be the main role of calcium in cellular energetics.  

6.1.2  Role of energy consumption in substrate selection and anaplerosis 

The present results support the view that fatty acids are the preferable substrate for the 
heart. This is observed even with a minor (50 µM) octanoate concentration, when 
virtually all of the acetyl-CoA input (97±2%) into the TCA-cycle, i.e. substrate oxidation, 
originated from octanoate, as the competing exogenous substrate was 5.0 mM glucose in 
the presence of 12 IU/L insulin. This is in good agreement with a previous study (Yu et 
al. 1996), but usually the fatty acid contribution has been evaluated to be smaller 
depending on the use of competing substrates and methods (Jeffrey et al. 1995a, Saddik 
& Lopaschuk 1991, Sherry et al. 1992).  

During fatty acid oxidation, any significant increase in the oxidation of glucose or 
endogenous substrates upon workload increase was not observed, but the fatty acid 
dominance in substrate oxidation continued. This is in disagreement with many studies, 
which suggest that the contribution of carbohydrates to energy production increases as 
the energy needs are increased (Collins-Nakai et al. 1994, Drake et al. 1980, Goodwin et 
al. 1998, Keul et al. 1966). In these studies, methods have been used that measure the 
extraction of substrates rather than their oxidation, and therefore their real use in energy 
production (Drake et al. 1980, Keul et al. 1966). Additionally, in some experiments, 
cardiac stimulation by adrenalin has been used, which favours the use of carbohydrates, 
as adrenalin has been documented to stimulate PDH complex (Hiraoka et al. 1980). In the 
present experiments, calcium was used to increase cardiac workload, which is also a 
well-known activator of PDH. In spite of that, octanoate superseded glucose in substrate 
oxidation. This is possibly due to an increased thermodynamic driving force and β-
oxidation raising the NADH/NAD-, ATP/ADP-, and acetyl-CoA/CoA-ratios, which all 
inhibit PDH activity. An increased acetyl-CoA concentration also stimulates pyruvate 
carboxylase, resulting in increased anaplerosis and citrate concentration, which inhibits 
phosphofructokinase, and thereby glycolysis (Depre et al. 1998). Apparently, increased 
Ca2+-stimulation of PDH is not sufficient to overrun the inhibitory signals originating 
from fatty acid oxidation.  

In studies where the methods used have been comparable to the current ones, the 
results are more in agreement with the present results (Goodwin & Taegtmeyer 2000, 
Jeffrey et al. 1995b, Saddik & Lopaschuk 1991). The difference from other studies is at 
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least partially explainable by the observation that fatty acids inhibit more cardiac glucose 
oxidation than its uptake (Henning et al. 1996). Therefore, glucose metabolism in the 
myocardium is conveyed to alternative routes rather than glycolysis.  

The anaplerotic rate during octanoate oxidation was 0.13±0.03 (mol/mol of acetyl-
CoA input into the TCA cycle) in the high workload group, which is in good agreement 
with previous results (Lewandowski 1992a, Malloy et al. 1988, Peuhkurinen et al. 1982). 
During the low work output, the anaplerotic rate increased to 0.29±0.05, which means 
that the absolute anaplerotic flux increased from 1.63±0.48 to 2.42±0.55 µmol/min⋅g dry 
wt. The work output of the low workload group was near to zero, which is the value in 
the potassium-arrested heart where relative anaplerosis has been found to be 0.32-0.47 
(Lewandowski 1992b, Peuhkurinen et al. 1982). So, the present finding is in good 
agreement with previous observations. A possible reason for the increased anaplerotic 
rate during low energy expenditure is the increased acetyl-CoA/CoA ratio, which has 
been found upon arrest of the heart (Hiltunen & Hassinen 1976). Similarly, when 
workload is reduced near to zero, an increase in the acetyl-CoA/CoA ratio may occur, 
which is a known activator of pyruvate carboxylase. This would lead to increased 
anaplerotic flux from pyruvate to oxaloacetate. Also, an increased ATP/ADP ratio is 
known to stimulate pyruvate carboxylase (Hiltunen & Hassinen 1976), but the observed 
ATP/ADP increase upon workload decrease during fatty acid oxidation was so small that 
this probably does not have any effect on anaplerosis.  

6.2  The mechanism of ischemic preconditioning 

The present results are coherent with numerous previous studies showing that IPC is 
cardioprotective. Protection was demonstrated by diminished enzyme release from 
preconditioned myocardium. Protection was also observed with the mitKATP channel 
opener, diazoxide, which mimics IPC. Diazoxide protected the heart also by preventing 
ventricular fibrillation during the reperfusion period. All these protective effects were 
abolished by using a mitKATP inhibitor, 5-HD. These results are in agreement with a 
widely favoured view that mitKATP channels are involved in the cardioprotective 
mechanism of IPC. However, knowledge of the way in which mitKATP channel opening is 
connected to protection of the heart is vague. 

The observations presented in this study suggest that the cardioprotective effects of 
mitKATP channel opening are at least partly connected to enhanced F1Fo-ATPase 
inhibition. Several authors have suggested the involvement of F1Fo-ATPase inhibition in 
IPC (Jennings et al. 1991b, Murry et al. 1990, Yellon et al. 1992), but our group was the 
first to directly show an enhanced F1Fo-ATPase inhibition in IPC (Vuorinen et al. 1995). 
The present results confirm this observation, as the IPC once again enhanced F1Fo-
ATPase inhibition in the beginning of sustained ischemia, which was also shown to occur 
after the administration of diazoxide. The involvement of mitKATP channels in F1Fo-
ATPase inhibition was also indicated by reversion of the effects of diazoxide and IPC by 
the mitKATP inhibitor 5-HD. Ischemic F1Fo-ATPase inhibition may lead to the sparing of 
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high-energy phosphates or the attenuation of mitochondrial Ca2+ overload, which both 
could be determinants of cellular survival.  

The significance of F1Fo-ATPase inhibition in IPC (Green et al. 1998, Kobara et al. 
1996), or in rat in general (Rouslin et al. 1995), has been a disputed issue. It has been 
considered that in the fast-beating hearts of rodents, like rat, the amount of F1Fo-ATPase-
inhibiting protein IF1 is low, and significant inhibition of F1Fo-ATPase does not occur in 
ischemia (Rouslin et al. 1995). The estimates of the amount of IF1 in rat have been 
criticised because conclusions have been based mainly on functional studies (Das & 
Harris 1990). In these, the measurement of F1Fo-ATPase activity has included the time-
consuming isolation of mitochondria, and alkaline buffers have been used both during 
organelle isolation and enzyme activity measurement. The present results are based on 
rapid sample preparation at pH 7, which has enabled reproducible results showing that 
ischemic F1Fo-ATPase inhibition does occur in rat. F1Fo-ATPase inhibition was shown to 
be reversible, which is also a quality of IF1 inhibition. The ischemic F1Fo-ATPase 
inhibition was lost with high pH or high KCl concentrations. Both factors are known to 
dissociate IF1 from F1Fo-ATPase, suggesting also that the observed inhibition is due to the 
binding of IF1. A further observation supporting F1Fo-ATPase inhibition due to IF1 
binding is that diazoxide applied to isolated mitochondria caused F1Fo-ATPase inhibition, 
whereas the treatment of submitochondrial particles (SMP) did not. A probable reason for 
this is that IF1 is a matrix protein that escapes when inverted vesicles (SMP) are formed, 
so that the application of diazoxide had no effect. 

Although the current results clearly support the previous observation that IPC 
enhances ischemic F1Fo-ATPase inhibition, some investigators have failed to show this in 
their experiments (Green et al. 1998, Kobara et al. 1996). It is noticeable that when 
methods similar to those experiments were used, our group did not observe the enhanced 
inhibition either. This strongly suggests that the observed discrepancies are due to 
methodological differences. Another doubt concerning the significance of F1Fo-ATPase in 
IPC is its dual role in cellular energetics upon ischemia-reperfusion. As F1Fo-ATPase 
inhibition during ischemia saves ATP and possibly attenuates mitochondrial Ca2+ 
overload, the inhibition during reperfusion may be deleterious because it may worsen 
ATP synthesis during reperfusion. The present results showed that the degree of 
inhibition achieved in sustained ischemia produces only a 3-5% inhibition of 
phosphorylating cell respiration, and does not pose any significant threat to cellular 
survival upon reperfusion. This means that the benefits gained by F1Fo-ATPase inhibition 
during ischemia are clearly larger than its harmful effect on the cellular energy state upon 
reperfusion. The current results also show that the enhancing effect of F1Fo-ATPase 
inhibition was lost when the intervening reperfusion was prolonged to 120 min. As the 
protective effect of preconditioning ischemia is estimated to vanish in 2 hours (Li & 
Kloner 1994), this observation further supports the view that there exists a connection 
between IPC and F1Fo-ATPase inhibition, and it offers a possible mechanism of 
cardioprotection. 

The way in which mitKATP channel opening leads to F1Fo-ATPase inhibition is still 
under speculation. One possibility is that mitKATP channel opening causes mitochondrial 
depolarisation, which would increase the intramitochondrial pH decline in ischemia, and 
thereby stimulate F1Fo-ATPase inhibition by IF1. Results in isolated mitochondria showed 
that CCCP, which collapses the mitochondrial membrane potential, caused F1Fo-ATPase 
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inhibition, which was further emphasized during ATP degradation. However, diazoxide 
caused significant F1Fo-ATPase inhibition without having any effect on the mitochondrial 
membrane potential. This suggests that the lowering of the mitochondrial membrane 
potential is not a prerequisite for F1Fo-ATPase inhibition. Nevertheless, diazoxide might 
accelerate the decline in membrane potential, especially in ischemia, which could 
increase the F1Fo-ATPase inhibition. 

Ischemic inhibition of F1Fo-ATPase could contribute to cellular survival in two 
possible ways: 1) by sparing high-energy phosphates during ischemia, or 2) by 
attenuating mitochondrial Ca2+ overload. The sparing of high-energy phosphates in IPC 
has been documented in many studies (Kida et al. 1991, Miyamae et al. 1996, Murry et 
al. 1990, Steenbergen et al. 1993), and enhanced F1Fo-ATPase inhibition has been offered 
as an explanation (Miyamae et al. 1996, Murry et al. 1990). IPC has been demonstrated 
to cause F1Fo-ATPase inhibition that was accompanied by an improved cellular energy 
state (Vuorinen et al. 1995). The present results show that also diazoxide inhibits F1Fo-
ATPase in a similar manner as IPC. Diazoxide infusion resulted in improved ATP levels 
in ischemia and reperfusion, but the difference was modest compared to the control group 
and was not statistically significant. This does not mean that the attenuation of ATP 
degradation due to enhanced F1Fo-ATPase inhibition would not possess a cardioprotective 
quality, since spared ATP is readily used for processes supporting cellular survival in the 
injured heart. However, as reviewed by Takeo and Nasa, the observations concerning the 
cellular energy state in IPC are highly varied, and the observations showing that IPC 
protection may occur even in an impaired cellular energy state question the significance 
of cellular energetics in IPC (Takeo & Nasa 1999). 

As the variable results cast doubts on option 1, the significance of option 2 is 
increased and, indeed, mitochondrial Ca2+ overload has gained wider acceptance as a 
determining factor in ischemic injury. It is considered an established fact that intracellular 
Ca2+ increase is a central factor in ischemia-reperfusion damage (Jennings & Reimer 
1991, Miyata et al. 1992). This has been linked to IPC by showing that it attenuates 
intracellular calcium increase. Some data obtained with cardiomyocytes suggest that it is 
the mitochondrial not cytosolic Ca2+ overload that is related to ischemia-reperfusion 
injury (Miyamae et al. 1996, Miyata et al. 1992). An improved Fura-2 method was 
developed to measure intracellular Ca2+ changes in ischemia-reperfusion, in which the 
effects of pH and autofluorescence were taken into account, which notably improved the 
Fura-2 signal during ischemia. By using this novel method, our laboratory succeeded to 
be the first to show in intact heart that IPC attenuates ischemic Ca2+ overload primarily in 
mitochondria (III). Subsequently, this finding has also been confirmed in a whole heart 
study by using Indo-1, where IPC lowered mitochondrial Ca2+ in ischemia-reperfusion 
(Wang et al. 2001a). In the same study, diazoxide also attenuated intramitochondrial Ca2+ 
overload, and this effect was reversed by 5-HD. Similar results have been obtained with 
rabbit ventricular myocytes, where the opening of mitKATP channels attenuated 
mitochondrial Ca2+ overload in a 5-HD inhibited manner (Murata et al. 2001). These 
results suggest that mitKATP channels are included in the protective mechanism of IPC by 
attenuating deleterious mitochondrial Ca2+ accumulation.  

Since mitKATP channel opening was also observed to enhance F1Fo-ATPase inhibition 
in ischemia, the protective mechanism linking this to Ca2+ accumulation may be 
explained. The action of F1Fo-ATPase is the only factor supporting the mitochondrial 
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membrane potential during ischemia. As IPC and mitKATP opening cause enhanced 
inhibition of F1Fo-ATPase, this also accelerates the decline of the membrane potential, 
which was shown here in perfused rat heart. Lowering of the membrane potential 
decreases voltage-dependent Ca2+ influx into the mitochondria, and thereby decreases 
mitochondrial Ca2+-accumulation (Fig. 5). 

Fig. 5. A suggestion for the cardioprotective mechanism in mitochondrion following mitKATP 
opening in IPC. Light grey arrows represent the major steps in the chain of events. MitKATP 
opening increases IF1-binding to F1Fo-ATPase in an unknown manner during ischemia, 
which accelerates ischemic F1Fo-ATPase inhibition. F1Fo-ATPase inhibition attenuates 
mitochondrial ATP degradation, and accelerates the decline of the mitochondrial membrane 
potential (∆Ψ), which leads to the attenuation of voltage-dependent calcium accumulation in 
the mitochondrion. These factors decrease the appearance of the mitochondrial permeability 
transition (MPT). An increase in MPT is associated with cellular necrosis and apoptosis 
leading to irreversible myocardial damage. 

Garlid and co-workers have proposed an alternative mechanism linking mitKATP channel 
opening and the attenuation of mitochondrial Ca2+-accumulation. Their data suggest that 
the opening of mitKATP channels leads to mitochondrial swelling, which prevents the 
expansion of the mitochondrial inter-membrane space (IMS) during ischemia, and 
therefore preserves the structure and function of IMS. This will keep the voltage-
dependent anion channels in a low conductance state, maintaining nucleotide segregation 
between the mitochondrial and cellular compartments. During ischemia, ATPsynthase 
functions in a reverse manner, supporting the mitochondrial protonmotive force using the 
free energy of ATP hydrolysis (∆GP) to pump hydrogen ions out of the mitochondria. As 
the mitochondrial ∆GP is in equilibrium with the protonmotive force mainly determined 
by membrane potential, this will lead to decreased membrane potential, and thereby 
decreased ATP hydrolysis and Ca2+-accumulation. If voltage-dependent anion channels 
would be in a high conductance state due to ischemic IMS expansion, the cytosolic and 
mitochondrial nucleotides would equilibrate, and a more pronounced ATP hydrolysis and 
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slower mitochondrial membrane potential decrease would occur (Dos et al. 2002). This 
theory necessitates an intact mitochondrion. The present observations of F1Fo-ATPase 
inhibition were made with SMP particles, which are inside-out inner membrane vesicles 
devoid of an outer membrane. This means that there are at least two mechanisms for 
F1Fo-ATPase inhibition, namely, the binding of the inhibitor IF1 and IMS volume 
changes.  

IPC protects the heart from irreversible injury, which is manifested as necrosis or 
apoptosis. Mitochondrial permeability transition (MPT) may present the final phase in 
both of these processes of cellular death, and Ca2+ overload and ATP depletion are known 
activators of MPT (Crompton 1999, Halestrap et al. 1998). It is interesting that the PT 
pore, the opening of which is considered to cause MPT, has been described to be 
composed of the outer membrane VDAC bridged with creatine kinase to the inner 
membrane ANT and cyclophilin-D. This means that IMS must be narrow for MPT to 
occur. On the contrary, Garlid et al. suggest that IMS expansion leads to the breaking of 
the creatine kinase bridge and the opening of VDAC, resulting in the loss of nucleotide 
segregation. In the present study, IPC was shown to reduce Ca2+-accumulation especially 
in mitochondria. IPC has been also found to improve the cellular energy state, although 
the results concerning this are more discordant. In a study where myocytes were exposed 
to conditions resembling reoxygenation/reperfusion, cyclosporin, which prevents MPT, 
increased the number of viable cells and reduced apoptosis in a similar manner as 
preconditioning induced by Ca2+ overload (Xu et al. 2001). In isolated mitochondria 
exposed to elevated extramitochondrial Ca2+, Pi, and anoxia to stimulate ischemic 
conditions, a specific mitKATP opener, diazoxide, reduced mitochondrial injury by 
preventing both the MPT and cytochrome c loss from the intermembrane space. Both 
effects were blocked by 5-HD, a potent closer of mitKATP (Korge et al. 2002). The 
involvement of MPT in IPC is also described in isolated rat hearts, where atractyloside, 
an opener of the MPT pore, abolished the cardioprotective effects of IPC, diazoxide, and 
CSA (Hausenloy et al. 2002). These observations suggest that IPC could prevent MPT 
through mitKATP opening.  

The present results show that enhancement of F1Fo-ATPase inhibition in the beginning 
of sustained ischemia is connected to mitKATP opening. Based on the present results and 
previous observations, a protective mechanism of IPC is suggested, in which a 
preconditioning stimulus activates a signalling cascade to open mitKATP channels, which 
leads to enhanced F1Fo-ATPase inhibition at least partly by the binding of IF1. Ischemic 
F1Fo-ATPase inhibition attenuates mitochondrial Ca2+ overload and inhibits the 
degradation of high-energy phosphates. This probably decreases the appearance of MPT, 
which lowers irreversible cellular damage, and thus will lead to cardioprotection (Fig. 5). 



7 Conclusions 

In the present study, the effect of calcium on respiratory control and substrate preference 
was studied in the heart during fatty acid oxidation by evaluating the cellular redox state, 
energy state, and substrate oxidation in the whole heart with non-invasive methods. The 
observed redox changes and changes in cellular energy state were minimal during 
transitions in energy consumption, especially during fatty acid oxidation. This shows that 
the response of substrate level reactions to an increased need for reducing equivalents in 
the respiratory chain is effective during fatty acid oxidation. These results support the 
view that cellular respiration is mainly determined by the mitochondrial respiratory chain, 
and that the role of substrate level reactions is mainly to prevent a large fall in the cellular 
energy state. 

In contrast to several previous studies, an increase in energy consumption did not 
change the fatty acid dominance in substrate oxidation, even when a minor fatty acid 
concentration and Ca2+ stimulation were used. This suggests that the control of PDH on 
substrate selection upon workload changes is negligible during fatty acid oxidation. The 
rate of anaplerosis is significant in the fatty acid-oxidising heart, and its contribution 
increases considerably during low energy expenditure.  

The present results confirm the view that ischemic preconditioning (IPC) protects the 
heart, and suggest that mitochondrial ATP-sensitive potassium channels (mitKATP) are 
part of the IPC mechanism. It was shown for the first time that mitKATP opening is 
connected to F1Fo-ATPase inhibition in the mechanism of IPC. Because the significance 
of F1Fo-ATPase inhibition has been doubted in rat, and thereby in IPC in general, it was 
demonstrated that F1Fo-ATPase inhibition does occur in rat, provided that rapid sample 
preparation and adequate pH and salt concentrations are used in the measurement 
procedure. The Fura-2 method for the measurement of intracellular calcium in intact heart 
was also improved by taking into account the seriously confusing autofluorescence and 
pH effects on the Fura-2 fluorescence signal. By this novel method, it was shown for the 
first time in intact heart that IPC attenuates mainly mitochondrial Ca2+-accumulation in 
ischemia. Based on these observations, a protective mechanism of IPC is suggested in 
which a preconditioning stimulus activates a signalling cascade to open mitKATP 
channels, which leads to enhanced F1Fo-ATPase inhibition at least partly by the binding 
of IF1. Ischemic F1Fo-ATPase inhibition attenuates mitochondrial Ca2+ overload and 
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inhibits the degradation of high-energy phosphates. This possibly decreases the 
appearance of MPT, which lowers irreversible cellular damage, and thus will lead to 
protection of the heart. 



 References 

Åkerman KE & Wikström MK (1976) Safranine as a probe of the mitochondrial membrane 
potential. FEBS Lett 68: 191-197. 

An J, Varadarajan SG, Novalija E & Stowe DF (2001) Ischemic and anesthetic preconditioning 
reduces cytosolic [Ca2+] and improves Ca(2+) responses in intact hearts. Am J Physiol Heart 
Circ Physiol 281: H1508-H1523. 

Armstrong SC, Kao R, Gao W, Shivell LC, Downey JM, Honkanen RE & Ganote CE (1997) 
Comparison of in vitro preconditioning responses of isolated pig and rabbit cardiomyocytes: 
effects of a protein phosphatase inhibitor, fostriecin. Journal of Molecular & Cellular 
Cardiology 29: 3009-3024. 

Ashruf JF, Coremans JM, Bruining HA & Ince C (1995) Increase of cardiac work is associated 
with decrease of mitochondrial NADH. Am J Physiol 269: H856-H862. 

Asimakis GK (1996) Myocardial glycogen depletion cannot explain the cardioprotective effects of 
ischemic preconditioning in the rat heart. J Mol Cell Cardiol 28: 563-570. 

Auchampach JA, Grover GJ & Gross GJ (1992) Blockade of ischaemic preconditioning in dogs by 
the novel ATP dependent potassium channel antagonist sodium 5-hydroxydecanoate. 
Cardiovasc Res 26: 1054-1062. 

Babenko AP, Aguilar-Bryan L & Bryan J (1998) A view of sur/KIR6.X, KATP channels. Annu 
Rev Physiol 60: 667-687. 

Babsky A, Hekmatyar S, Wehrli S, Doliba N, Osbakken M & Bansal N (2002) Influence of 
ischemic preconditioning on intracellular sodium, pH, and cellular energy status in isolated 
perfused heart. Exp Biol Med (Maywood ) 227: 520-528. 

Baines CP, Goto M & Downey JM (1997) Oxygen radicals released during ischemic 
preconditioning contribute to cardioprotection in the rabbit myocardium. J Mol Cell Cardiol 29: 
207-216. 

Baines CP, Wang L, Cohen MV & Downey JM (1998) Protein tyrosine kinase is downstream of 
protein kinase C for ischemic preconditioning's anti-infarct effect in the rabbit heart. J Mol Cell 
Cardiol 30: 383-392. 

Balaban RS (1990) Regulation of oxidative phosphorylation in the mammalian cell. Am J Physiol 
258: C377-C389. 

Balaban RS, Kantor HL, Katz LA & Briggs RW (1986) Relation between work and phosphate 
metabolite in the in vivo paced mammalian heart. Science 232: 1121-1123. 

Bankwala Z, Hale SL & Kloner RA (1994) Alpha-adrenoceptor stimulation with exogenous 
norepinephrine or release of endogenous catecholamines mimics ischemic preconditioning. 
Circulation 90: 1023-1028. 

Baxter GF & Yellon DM (1997) Time course of delayed myocardial protection after transient 
adenosine A1-receptor activation in the rabbit. J Cardiovasc Pharmacol 29: 631-638. 



 95
Behling RW & Malone HJ (1995) KATP-channel openers protect against increased cytosolic 

calcium during ischaemia and reperfusion. J Mol Cell Cardiol 27: 1809-1817. 
Bergmeyer HU & Bernt E (1970) Lactat-dehydrogenase, UV-test mit Pyruvat und NADH. 

In:Bergmeyer, H U (ed) Methoden der enzymatischen Analyse 533-538. Verlag-Chemie, 
Weinheim, Germany. 

Bernardi P (1999) Mitochondrial transport of cations: channels, exchangers, and permeability 
transition. Physiol Rev 79: 1127-1155. 

Bessman SP & Carpenter CL (1985) The creatine-creatine phosphate energy shuttle. Annu Rev 
Biochem 54: 831-862. 

Bittl JA, Balschi JA & Ingwall JS (1987) Effects of norepinephrine infusion on myocardial high-
energy phosphate content and turnover in the living rat. J Clin Invest 79: 1852-1859. 

Bolli R (2001) Cardioprotective function of inducible nitric oxide synthase and role of nitric oxide 
in myocardial ischemia and preconditioning: an overview of a decade of research. J Mol Cell 
Cardiol 33: 1897-1918. 

Bonen A (2000) Lactate transporters (MCT proteins) in heart and skeletal muscles. Med Sci Sports 
Exerc 32: 778-789. 

Boyer PD (1997) The ATP synthase--a splendid molecular machine. Annu Rev Biochem 66: 717-
749. 

Brandes R & Bers DM (1996) Increased work in cardiac trabeculae causes decreased mitochondrial 
NADH fluorescence followed by slow recovery. Biophys J 71: 1024-1035. 

Brandes R & Bers DM (1997) Intracellular Ca2+ increases the mitochondrial NADH concentration 
during elevated work in intact cardiac muscle. Circ Res 80: 82-87. 

Brown GC (1992) Control of respiration and ATP synthesis in mammalian mitochondria and cells. 
Biochem J 284 ( Pt 1): 1-13. 

Brown GC (1999) Nitric oxide and mitochondrial respiration. Biochim Biophys Acta 1411: 351-
369. 

Brustovetsky N & Klingenberg M (1996) Mitochondrial ADP/ATP carrier can be reversibly 
converted into a large channel by Ca2+. Biochemistry 35: 8483-8488. 

Cabezon E, Butler PJ, Runswick MJ & Walker JE (2000) Modulation of the oligomerization state 
of the bovine F1-ATPase inhibitor protein IF1, by pH. J Biol Chem 275: 25460-25464. 

Cain BS, Meldrum DR, Meng X, Shames BD, Banerjee A & Harken AH (1998) Calcium 
preconditioning in human myocardium. Ann Thorac Surg 65: 1065-1070. 

Cave AC (1995) Preconditioning induced protection against post-ischaemic contractile 
dysfunction: characteristics and mechanisms. J Mol Cell Cardiol 27: 969-979. 

Cave AC, Collis CS, Downey JM & Hearse DJ (1993) Improved functional recovery by ischaemic 
preconditioning is not mediated by adenosine in the globally ischaemic isolated rat heart. 
Cardiovasc Res 27: 663-668. 

Cave AC & Garlick PB (1997) Ischemic preconditioning and intracellular pH: a 31P NMR study in 
the isolated rat heart. Am J Physiol 272: H544-H552. 

Cave AC & Hearse DJ (1992) Ischaemic preconditioning and contractile function: studies with 
normothermic and hypothermic global ischaemia. J Mol Cell Cardiol 24: 1113-1123. 

Chacon E, Ohata H, Harper IS, Trollinger DR, Herman B & Lemasters JJ (1996) Mitochondrial 
free calcium transients during excitation-contraction coupling in rabbit cardiac myocytes. FEBS 
Lett 382: 31-36. 

Chacon E, Reece JM, Nieminen AL, Zahrebelski G, Herman B & Lemasters JJ (1994) Distribution 
of electrical potential, pH, free Ca2+, and volume inside cultured adult rabbit cardiac myocytes 
during chemical hypoxia: a multiparameter digitized confocal microscopic study. Biophys J 66: 
942-952. 

Chance B, Leigh JS, Jr., Kent J, McCully K, Nioka S, Clark BJ, Maris JM & Graham T (1986) 
Multiple controls of oxidative metabolism in living tissues as studied by phosphorus magnetic 
resonance. Proc Natl Acad Sci U S A 83: 9458-9462. 

Chance B & Williams GR (1955) Respiratory II enzymes in oxidative phosphorylation. J Biol 
Chem 217: 383-394. 

Cohen DM & Bergman RN (1997) Improved estimation of anaplerosis in heart using 13C NMR. 
Am J Physiol 273: E1228-E1242. 



 96
Cohen MV, Baines CP & Downey JM (2000) Ischemic preconditioning: from adenosine receptor 

of KATP channel. Annu Rev Physiol 62: 79-109. 
Cohen MV, Yang XM, Liu GS, Heusch G & Downey JM (2001) Acetylcholine, bradykinin, 

opioids, and phenylephrine, but not adenosine, trigger preconditioning by generating free 
radicals and opening mitochondrial K(ATP) channels. Circ Res 89: 273-278. 

Collins-Nakai RL, Noseworthy D & Lopaschuk GD (1994) Epinephrine increases ATP production 
in hearts by preferentially increasing glucose metabolism. Am J Physiol 267: H1862-H1871. 

Crass MF, III, McCaskill ES & Shipp JC (1969) Effect of pressure development on glucose and 
palmitate metabolism in perfused heart. Am J Physiol 216: 1569-1576. 

Crompton M (1999) The mitochondrial permeability transition pore and its role in cell death. 
Biochem J 341 ( Pt 2): 233-249. 

Crompton M, Costi A & Hayat L (1987) Evidence for the presence of a reversible Ca2+-dependent 
pore activated by oxidative stress in heart mitochondria. Biochem J 245: 915-918. 

Das AM & Harris DA (1990) Regulation of the mitochondrial ATP synthase in intact rat 
cardiomyocytes. Biochem J 266: 355-361. 

Das DK, Engelman RM & Maulik N (1999) Oxygen free radical signaling in ischemic 
preconditioning. Ann N Y Acad Sci 874: 49-65. 

Das DK, Maulik N, Yoshida T, Engelman RM & Zu YL (1996) Preconditioning potentiates 
molecular signaling for myocardial adaptation to ischemia. Ann N Y Acad Sci 793: 191-209. 

de Jong JW, de Jonge R, Keijzer E & Bradamante S (2000) The role of adenosine in 
preconditioning. Pharmacol Ther 87: 141-149. 

de Jonge R, de Jong JW, Giacometti D & Bradamante S (2001) Role of adenosine and glycogen in 
ischemic preconditioning of rat hearts. Eur J Pharmacol 414: 55-62. 

Depre C, Rider MH & Hue L (1998) Mechanisms of control of heart glycolysis. Eur J Biochem 
258: 277-290. 

Depre C, Vanoverschelde JL & Taegtmeyer H (1999) Glucose for the heart. Circulation 99: 578-
588. 

Dispersyn GD & Borgers M (2001) Apoptosis in the heart: about programmed cell death and 
survival. News Physiol Sci 16: 41-47. 

Docherty JC, Gunter HE, Kuzio B, Shoemaker L, Yang L & Deslauriers R (1997) Effects of 
cromakalim and glibenclamide on myocardial high energy phosphates and intracellular pH 
during ischemia-reperfusion: 31P NMR studies. J Mol Cell Cardiol 29: 1665-1673. 

Doenst T, Guthrie PH & Taegtmeyer H (1998) Ischemic preconditioning in rat heart: no correlation 
between glycogen content and return of function. Mol Cell Biochem 180: 153-161. 

Domenech R, Macho P, Schwarze H & Sanchez G (2002) Exercise induces early and late 
myocardial preconditioning in dogs. Cardiovasc Res 55: 561-566. 

Dos SP, Kowaltowski AJ, Laclau MN, Seetharaman S, Paucek P, Boudina S, Thambo JB, Tariosse 
L & Garlid KD (2002) Mechanisms by which opening the mitochondrial ATP- sensitive K(+) 
channel protects the ischemic heart. Am J Physiol Heart Circ Physiol 283: H284-H295. 

Doussiere J, Ligeti E, Brandolin G & Vignais PV (1984) Control of oxidative phosphorylation in 
rat heart mitochondria. The role of the adenine nucleotide carrier. Biochim Biophys Acta 766: 
492-500. 

Downey JM & Cohen MV (2000) Do mitochondrial K(ATP) channels serve as triggers rather than 
end- effectors of ischemic preconditioning's protection? Basic Res Cardiol 95: 272-274. 

Drake AJ (1982) Substrate utilization in the myocardium. Basic Res Cardiol 77: 1-11. 
Drake AJ, Haines JR & Noble MI (1980) Preferential uptake of lactate by the normal myocardium 

in dogs. Cardiovasc Res 14: 65-72. 
Duncker DJ & Verdouw PD (2000) Role of K+ATP channels in ischemic preconditioning and 

cardioprotection. Cardiovasc Drugs Ther 14: 7-16. 
Eijgelshoven MH, van Beek JH, Mottet I, Nederhoff MG, van Echteld CJ & Westerhof N (1994) 

Cardiac high-energy phosphates adapt faster than oxygen consumption to changes in heart rate. 
Circ Res 75: 751-759. 

Erecinska M & Wilson DF (1982) Regulation of cellular energy metabolism. J Membr Biol 70: 1-
14. 

Feigl EO (1983) Coronary physiology. Physiol Rev 63: 1-205. 



 97
Flack JE, III, Kimura Y, Engelman RM, Rousou JA, Iyengar J, Jones R & Das DK (1991) 

Preconditioning the heart by repeated stunning improves myocardial salvage. Circulation 84: 
III369-III374. 

Foster G, Bernt E & Bergmeyer HU (1970) Creatin-kinase. In:Bergmeyer, H U (ed) Methoden der 
enzymatischen Analyse 750-759. Verlag Chemie, Weinheim. 

Fournier NC (1987) Uptake and transport of lipid substrates in the heart. Basic Res Cardiol 82 
Suppl 1: 11-18. 

Fralix TA, Murphy E, London RE & Steenbergen C (1993) Protective effects of adenosine in the 
perfused rat heart: changes in metabolism and intracellular ion homeostasis. Am J Physiol 264: 
C986-C994. 

French SA, Territo PR & Balaban RS (1998) Correction for inner filter effects in turbid samples: 
fluorescence assays of mitochondrial NADH. Am J Physiol 275: C900-C909. 

From AH, Petein MA, Michurski SP, Zimmer SD & Ugurbil K (1986) 31P-NMR studies of 
respiratory regulation in the intact myocardium. FEBS Lett 206: 257-261. 

From AH, Zimmer SD, Michurski SP, Mohanakrishnan P, Ulstad VK, Thoma WJ & Ugurbil K 
(1990) Regulation of the oxidative phosphorylation rate in the intact cell. Biochemistry 29: 
3731-3743. 

Fryer RM, Eells JT, Hsu AK, Henry MM & Gross GJ (2000) Ischemic preconditioning in rats: role 
of mitochondrial K(ATP) channel in preservation of mitochondrial function. Am J Physiol 
Heart Circ Physiol 278: H305-H312. 

Fryer RM, Hsu AK & Gross GJ (2001) Mitochondrial K(ATP) channel opening is important during 
index ischemia and following myocardial reperfusion in ischemic preconditioned rat hearts. J 
Mol Cell Cardiol 33: 831-834. 

Garlid KD (1994) Mitochondrial cation transport: a progress report. J Bioenerg Biomembr 26: 537-
542. 

Garlid KD (1996) Cation transport in mitochondria--the potassium cycle. Biochimica et Biophysica 
Acta 1275: 123-126. 

Garlid KD (2000) Opening mitochondrial K(ATP) in the heart--what happens, and what does not 
happen. Basic Res Cardiol 95: 275-279. 

Garlid KD, Paucek P, Yarov-Yarovoy V, Murray HN, Darbenzio RB, D'Alonzo AJ, Lodge NJ, 
Smith MA & Grover GJ (1997) Cardioprotective effect of diazoxide and its interaction with 
mitochondrial ATP-sensitive K+ channels. Possible mechanism of cardioprotection. Circ Res 
81: 1072-1082. 

Gibala MJ, Young ME & Taegtmeyer H (2000) Anaplerosis of the citric acid cycle: role in energy 
metabolism of heart and skeletal muscle. Acta Physiol Scand 168: 657-665. 

Gibbs C (1999) Respiratory control in normal and hypertrophic hearts [editorial; comment]. 
[Review] [39 refs]. Cardiovascular Research 42: 567-570. 

Goodwin GW, Ahmad F, Doenst T & Taegtmeyer H (1998) Energy provision from glycogen, 
glucose, and fatty acids on adrenergic stimulation of isolated working rat hearts. Am J Physiol 
274: H1239-H1247. 

Goodwin GW & Taegtmeyer H (2000) Improved energy homeostasis of the heart in the metabolic 
state of exercise. Am J Physiol Heart Circ Physiol 279: H1490-H1501. 

Goto M, Liu Y, Yang XM, Ardell JL, Cohen MV & Downey JM (1995) Role of bradykinin in 
protection of ischemic preconditioning in rabbit hearts. Circ Res 77: 611-621. 

Gottlieb RA, Gruol DL, Zhu JY & Engler RL (1996) Preconditioning rabbit cardiomyocytes: role 
of pH, vacuolar proton ATPase, and apoptosis. J Clin Invest 97: 2391-2398. 

Green DW & Grover GJ (2000) The IF(1) inhibitor protein of the mitochondrial F(1)F(0)-ATPase. 
Biochim Biophys Acta 1458: 343-355. 

Green DW, Murray HN, Sleph PG, Wang FL, Baird AJ, Rogers WL & Grover GJ (1998) 
Preconditioning in rat hearts is independent of mitochondrial F1F0 ATPase inhibition. Am J 
Physiol 274: H90-H97. 

Griffiths EJ & Halestrap AP (1993) Pyrophosphate metabolism in the perfused heart and isolated 
heart mitochondria and its role in regulation of mitochondrial function by calcium. Biochem J 
290 ( Pt 2): 489-495. 



 98
Griffiths EJ & Halestrap AP (1995) Mitochondrial non-specific pores remain closed during cardiac 

ischaemia, but open upon reperfusion. Biochem J 307 ( Pt 1): 93-98. 
Groen AK, Wanders RJ, Westerhoff HV, Van der MR & Tager JM (1982) Quantification of the 

contribution of various steps to the control of mitochondrial respiration. J Biol Chem 257: 2754-
2757. 

Gross GJ & Fryer RM (2000) Mitochondrial K(ATP) channels: triggers or distal effectors of 
ischemic or pharmacological preconditioning? Circ Res 87: 431-433. 

Grover GJ, D'Alonzo AJ, Dzwonczyk S, Parham CS & Darbenzio RB (1996) Preconditioning is 
not abolished by the delayed rectifier K+ blocker dofetilide. Am J Physiol 271: H1207-H1214. 

Grover GJ & Garlid KD (2000) ATP-Sensitive potassium channels: a review of their 
cardioprotective pharmacology. [Review] [136 refs]. Journal of Molecular & Cellular 
Cardiology 32: 677-695. 

Grynberg A & Demaison L (1996) Fatty acid oxidation in the heart. J Cardiovasc Pharmacol 28 
Suppl 1: S11-S17. 

Gunter TE, Buntinas L, Sparagna GC & Gunter KK (1998) The Ca2+ transport mechanisms of 
mitochondria and Ca2+ uptake from physiological-type Ca2+ transients. Biochim Biophys Acta 
1366: 5-15. 

Halestrap AP (1989) The regulation of the matrix volume of mammalian mitochondria in vivo and 
in vitro and its role in the control of mitochondrial metabolism. Biochim Biophys Acta 973: 
355-382. 

Halestrap AP, Kerr PM, Javadov S & Woodfield KY (1998) Elucidating the molecular mechanism 
of the permeability transition pore and its role in reperfusion injury of the heart. Biochim 
Biophys Acta 1366: 79-94. 

Harris DA & Das AM (1991) Control of mitochondrial ATP synthesis in the heart. Biochem J 280 ( 
Pt 3): 561-573. 

Harrison GJ, Willis RJ & Headrick JP (1998) Extracellular adenosine levels and cellular energy 
metabolism in ischemically preconditioned rat heart. Cardiovasc Res 40: 74-87. 

Hassinen I & Chance B (1968) Oxidation-reduction properties of the mitochondrial flavoprotein 
chain. Biochem Biophys Res Commun 31: 895-900. 

Hassinen I, Ito K, Nioka S & Chance B (1990) Mechanism of fatty acid effect on myocardial 
oxygen consumption. A phosphorus NMR study. Biochim Biophys Acta 1019: 73-80. 

Hassinen IE (1986a) Mitochondrial respiratory control in the myocardium. Biochim Biophys Acta 
853: 135-151. 

Hassinen IE (1986b) Reflectance spectrophotometric and surface fluorometric methods for 
measuring the redox state of nicotinamide nucleotides and flavins in intact tissues. In:Chytil, F 
& McGormick, D B (eds) Methods of Enzymology 311-320. Academic Press, New York. 

Hausenloy DJ, Maddock HL, Baxter GF & Yellon DM (2002) Inhibiting mitochondrial 
permeability transition pore opening: a new paradigm for myocardial preconditioning? 
Cardiovasc Res 55: 534-543. 

Headrick JP (1996) Ischemic preconditioning: bioenergetic and metabolic changes and the role of 
endogenous adenosine. J Mol Cell Cardiol 28: 1227-1240. 

Headrick JP, Dobson GP, Williams JP, McKirdy JC, Jordan L & Willis RJ (1994) Bioenergetics 
and control of oxygen consumption in the in situ rat heart. Am J Physiol 267: H1074-H1084. 

Heineman FW & Balaban RS (1993) Effects of afterload and heart rate on NAD(P)H redox state in 
the isolated rabbit heart. American Journal of Physiology 264: H433-H440. 

Henning SL, Wambolt RB, Schonekess BO, Lopaschuk GD & Allard MF (1996) Contribution of 
glycogen to aerobic myocardial glucose utilization. Circulation 93: 1549-1555. 

Hiltunen JK & Hassinen IE (1976) Energy-linked regulation of glucose and pyruvate oxidation in 
isolated perfused rat heart. Role of pyruvate dehydrogenase. Biochim Biophys Acta 440: 377-
390. 

Hiraoka T, DeBuysere M & Olson MS (1980) Studies of the effects of beta-adrenergic agonists on 
the regulation of pyruvate dehydrogenase in the perfused rat heart. J Biol Chem 255: 7604-
7609. 

Holmuhamedov EL, Wang L & Terzic A (1999) ATP-sensitive K+ channel openers prevent Ca2+ 
overload in rat cardiac mitochondria. J Physiol 519 Pt 2: 347-360. 



 99
Inoue I, Nagase H, Kishi K & Higuti T (1991) ATP-sensitive K+ channel in the mitochondrial 

inner membrane. Nature 352: 244-247. 
Isenberg G, Han S, Schiefer A & Wendt-Gallitelli MF (1993) Changes in mitochondrial calcium 

concentration during the cardiac contraction cycle. Cardiovasc Res 27: 1800-1809. 
Jeffrey FM, Alvarez L, Diczku V, Sherry AD & Malloy CR (1995a) Direct evidence that 

perhexiline modifies myocardial substrate utilization from fatty acids to lactate. J Cardiovasc 
Pharmacol 25: 469-472. 

Jeffrey FM, Diczku V, Sherry AD & Malloy CR (1995b) Substrate selection in the isolated 
working rat heart: effects of reperfusion, afterload, and concentration. Basic Res Cardiol 90: 
388-396. 

Jeffrey FM & Malloy CR (1992) Respiratory control and substrate effects in the working rat heart. 
Biochem J 287 ( Pt 1): 117-123. 

Jeffrey FM, Storey CJ, Sherry AD & Malloy CR (1996) 13C isotopomer model for estimation of 
anaplerotic substrate oxidation via acetyl-CoA. Am J Physiol 271: E788-E799. 

Jenkins DP, Pugsley WB & Yellon DM (1995) Ischaemic preconditioning in a model of global 
ischaemia: infarct size limitation, but no reduction of stunning. J Mol Cell Cardiol 27: 1623-
1632. 

Jenkins DP, Pugsley WB, Alkhulaifi AM, Kemp M, Hooper J & Yellon DM (1997) Ischemic 
preconditioning reduces troponin T release in patients undergoing coronary artery bypass 
surgery. Heart 77: 314-318. 

Jennings RB, Murry CE & Reimer KA (1991a) Energy metabolism in preconditioned and control 
myocardium: effect of total ischemia. J Mol Cell Cardiol 23: 1449-1458. 

Jennings RB & Reimer KA (1991) The cell biology of acute myocardial ischemia. Annu Rev Med 
42: 225-246. 

Jennings RB, Reimer KA & Steenbergen C (1991b) Effect of inhibition of the mitochondrial 
ATPase on net myocardial ATP in total ischemia. J Mol Cell Cardiol 23: 1383-1395. 

Kacser H (1983) The control of enzyme systems in vivo: elasticity analysis of the steady state. 
Biochem Soc Trans 11: 35-40. 

Kacser H & Burns JA (1973) The control of flux. Symp Soc Exp Biol 27: 65-104. 
Katz LA, Koretsky AP & Balaban RS (1987) Respiratory control in the glucose perfused heart. A 

31P NMR and NADH fluorescence study. FEBS Letters 221: 270-276. 
Katz LA, Koretsky AP & Balaban RS (1988) Activation of dehydrogenase activity and cardiac 

respiration: a 31P-NMR study. American Journal of Physiology 255: H185-H188. 
Katz LA, Swain JA, Portman MA & Balaban RS (1989) Relation between phosphate metabolites 

and oxygen consumption of heart in vivo. American Journal of Physiology 256: H265-H274. 
Kauppinen RA & Hassinen IE (1984) Monitoring of mitochondrial membrane potential in isolated 

perfused rat heart. Am J Physiol 247: H508-H516. 
Kedem J, Sonn J, Scheinowitz M & Weiss HR (1989) Relationship between local oxygen 

consumption and local and external cardiac work: effect of tachycardia. Cardiovasc Res 23: 
1043-1052. 

Keul J, Doll E, Keppler D & Reindell H (1966) [Variations of arterial substrate level under the 
influence of physical work]. Int Z Angew Physiol 22: 356-385. 

Kida M, Fujiwara H, Ishida M, Kawai C, Ohura M, Miura I & Yabuuchi Y (1991) Ischemic 
preconditioning preserves creatine phosphate and intracellular pH. Circulation 84: 2495-2503. 

Kim DK, Heineman FW & Balaban RS (1991) Effects of beta-hydroxybutyrate on oxidative 
metabolism and phosphorylation potential in canine heart in vivo. Am J Physiol 260: H1767-
H1773. 

Kitakaze M, Hori M, Takashima S, Sato H, Inoue M & Kamada T (1993) Ischemic preconditioning 
increases adenosine release and 5'- nucleotidase activity during myocardial ischemia and 
reperfusion in dogs. Implications for myocardial salvage. Circulation 87: 208-215. 

Klingenberg M (1961) Zur reversibilitat der oxydativen phosphorylierung. Biochem Z 335: 263-
272. 



 100
Kobara M, Tatsumi T, Matoba S, Yamahara Y, Nakagawa C, Ohta B, Matsumoto T, Inoue D, 

Asayama J & Nakagawa M (1996) Effect of ischemic preconditioning on mitochondrial 
oxidative phosphorylation and high energy phosphates in rat hearts. J Mol Cell Cardiol 28: 417-
428. 

Kobayashi K & Neely JR (1983) Mechanism of pyruvate dehydrogenase activation by increased 
cardiac work. J Mol Cell Cardiol 15: 369-382. 

Kolocassides KG, Seymour AM, Galinanes M & Hearse DJ (1996) Paradoxical effect of ischemic 
preconditioning on ischemic contracture? NMR studies of energy metabolism and intracellular 
pH in the rat heart. J Mol Cell Cardiol 28: 1045-1057. 

Korge P, Honda HM & Weiss JN (2002) Protection of cardiac mitochondria by diazoxide and 
protein kinase C: implications for ischemic preconditioning. Proc Natl Acad Sci U S A 99: 
3312-3317. 

Kornberg HL (1966) Anaplerotic sequences and their role in metabolism. In:Campbell, P N & 
Marshall, R D (eds) Essays in Biochemistry vol 2: 1-31. Academic, London. 

Korzeniewski B & Mazat JP (1996) Theoretical studies on the control of oxidative phosphorylation 
in muscle mitochondria: application to mitochondrial deficiencies. Biochem J 319 ( Pt 1): 143-
148. 

Kowaltowski AJ, Seetharaman S, Paucek P & Garlid KD (2001) Bioenergetic consequences of 
opening the ATP-sensitive K+ channel of heart mitochondria. Am J Physiol Heart Circ Physiol 
280: H649-H657. 

Kunz W, Gellerich FN, Schild L & Schonfeld P (1988) Kinetic limitations in the overall reaction of 
mitochondrial oxidative phosphorylation accounting for flux-dependent changes in the apparent 
delta GexP/delta mu H+ ratio. FEBS Lett 233: 17-21. 

Kuzuya T, Hoshida S, Yamashita N, Fuji H, Oe H, Hori M, Kamada T & Tada M (1993) Delayed 
effects of sublethal ischemia on the acquisition of tolerance to ischemia. Circ Res 72: 1293-
1299. 

Laclau MN, Boudina S, Thambo JB, Tariosse L, Gouverneur G, Bonoron-Adele S, Saks VA, 
Garlid KD & Dos SP (2001) Cardioprotection by ischemic preconditioning preserves 
mitochondrial function and functional coupling between adenine nucleotide translocase and 
creatine kinase. J Mol Cell Cardiol 33: 947-956. 

Lardy HA & Wellman H (1952) Oxidative phosphorylations: Role of inorganinc phosphate as an 
acceptor systems in control of metabolic rate. J Biol Chem 195: 215-224. 

Latipää PM (1989) Energy-linked regulation of mitochondrial fatty acid oxidation in the isolated 
perfused rat heart. J Mol Cell Cardiol 21: 765-771. 

Laurikka J, Wu Z, Iisalo P, Kaukinen L, Honkonen E, Kaukinen S & Tarkka M (2002) Regional 
ischemic preconditioning enhances myocardial performance in off-pump coronary artery bypass 
grafting. Chest 121:1183-1189. 

Lewandowski ED (1992a) Metabolic heterogeneity of carbon substrate utilization in mammalian 
heart: NMR determinations of mitochondrial versus cytosolic compartmentation. Biochemistry 
31: 8916-8923. 

Lewandowski ED (1992b) Nuclear magnetic resonance evaluation of metabolic and respiratory 
support of work load in intact rabbit hearts. Circ Res 70: 576-582. 

Li GC, Vasquez JA, Gallagher KP & Lucchesi BR (1990) Myocardial protection with 
preconditioning. Circulation 82: 609-619. 

Li Y & Kloner RA (1994) Cardioprotective effects of ischemic preconditioning can be recaptured 
after they are lost. J Am Coll Cardiol 23: 470-474. 

Li YW, Whittaker P & Kloner RA (1992) The transient nature of the effect of ischaemic 
preconditioning on myocardial infarct size and ventricular arrhythmia. Am Heart J 123:346-353. 

Liu GS, Cohen MV, Mochly-Rosen D & Downey JM (1999) Protein kinase C-epsilon is 
responsible for the protection of preconditioning in rabbit cardiomyocytes. J Mol Cell Cardiol 
31: 1937-1948. 

Liu Y & Downey JM (1992) Ischemic preconditioning protects against infarction in rat heart. Am J 
Physiol 263: H1107-H1112. 

Liu Y & O'Rourke B (2001) Opening of mitochondrial K(ATP) channels triggers cardioprotection. 
Are reactive oxygen species involved? Circ Res 88: 750-752. 



 101
Liu Y, Sato T, O'Rourke B & Marban E (1998) Mitochondrial ATP-dependent potassium channels: 

novel effectors of cardioprotection? Circulation 97: 2463-2469. 
Liu Y, Ytrehus K & Downey JM (1994) Evidence that translocation of protein kinase C is a key 

event during ischemic preconditioning of rabbit myocardium. J Mol Cell Cardiol 26: 661-668. 
Lochner A, Marais E, Genade S & Moolman JA (2000) Nitric oxide: a trigger for classic 

preconditioning? Am J Physiol Heart Circ Physiol 279: H2752-H2765. 
Longnus SL, Wambolt RB, Barr RL, Lopaschuk GD & Allard MF (2001) Regulation of 

myocardial fatty acid oxidation by substrate supply. Am J Physiol Heart Circ Physiol 281: 
H1561-H1567. 

Lopaschuk GD, Belke DD, Gamble J, Itoi T & Schonekess BO (1994) Regulation of fatty acid 
oxidation in the mammalian heart in health and disease. Biochim Biophys Acta 1213: 263-276. 

Luiken JJ, van Nieuwenhoven FA, America G, van der Vusse GJ & Glatz JF (1997) Uptake and 
metabolism of palmitate by isolated cardiac myocytes from adult rats: involvement of 
sarcolemmal proteins. J Lipid Res 38: 745-758. 

Lysiak W, Lilly K, DiLisa F, Toth PP & Bieber LL (1988) Quantitation of the effect of L-carnitine 
on the levels of acid-soluble short-chain acyl-CoA and CoASH in rat heart and liver 
mitochondria. J Biol Chem 263: 1151-1156. 

Madden MC, Van Winkle WB, Kirk K, Pike MM, Pohost GM & Wolkowicz PE (1993) 1H-NMR 
spectroscopy can accurately quantitate the lipolysis and oxidation of cardiac triacylglycerols. 
Biochim Biophys Acta 1169: 176-182. 

Malloy CR, Sherry AD & Jeffrey FM (1988) Evaluation of carbon flux and substrate selection 
through alternate pathways involving the citric acid cycle of the heart by 13C NMR 
spectroscopy. J Biol Chem 263: 6964-6971. 

Malloy CR, Sherry AD & Jeffrey FM (1990) Analysis of tricarboxylic acid cycle of the heart using 
13C isotope isomers. Am J Physiol 259: H987-H995. 

Marber MS, Latchman DS, Walker JM & Yellon DM (1993) Cardiac stress protein elevation 24 
hours after brief ischemia or heat stress is associated with resistance to myocardial infarction. 
Circulation 88: 1264-1272. 

Maulik N, Watanabe M, Zu YL, Huang CK, Cordis GA, Schley JA & Das DK (1996) Ischemic 
preconditioning triggers the activation of MAP kinases and MAPKAP kinase 2 in rat hearts. 
FEBS Lett 396: 233-237. 

Maulik N, Yoshida T, Engelman RM, Deaton D, Flack JE, III, Rousou JA & Das DK (1998) 
Ischemic preconditioning attenuates apoptotic cell death associated with ischemia/reperfusion. 
Mol Cell Biochem 186: 139-145. 

Maxwell SR & Lip GY (1997) Reperfusion injury: a review of the pathophysiology, clinical 
manifestations and therapeutic options. Int J Cardiol 58: 95-117. 

McCormack JG & Denton RM (1993) The role of intramitochondrial Ca2+ in the regulation of 
oxidative phosphorylation in mammalian tissues. [Review] [46 refs]. Biochemical Society 
Transactions 21: 793-799. 

McCormack JG & England PJ (1983) Ruthenium Red inhibits the activation of pyruvate 
dehydrogenase caused by positive inotropic agents in the perfused rat heart. Biochem J 214: 
581-585. 

McCormack JG, Halestrap AP & Denton RM (1990) Role of calcium ions in regulation of 
mammalian intramitochondrial metabolism. [Review] [355 refs]. Physiological Reviews 70: 
391-425. 

Meng X, Cleveland JC, Jr., Rowland RT, Mitchell MB, Brown JM, Banerjee A & Harken AH 
(1996) Norepinephrine-induced sustained myocardial adaptation to ischemia is dependent on 
alpha 1-adrenoceptors and protein synthesis. J Mol Cell Cardiol 28: 2017-2025. 

Meyer RA, Kuchmerick MJ & Brown TR (1982) Application of 31P-NMR spectroscopy to the 
study of striated muscle metabolism. Am J Physiol 242: C1-11. 

Mitchell P (1976) Vectorial chemistry and the molecular mechanics of chemiosmotic coupling: 
power transmission by proticity. Biochem Soc Trans 4: 399-430. 

Miyamae M, Camacho SA, Weiner MW & Figueredo VM (1996) Attenuation of postischemic 
reperfusion injury is related to prevention of [Ca2+]m overload in rat hearts. Am J Physiol 271: 
H2145-H2153. 



 102
Miyamae M, Fujiwara H, Kida M, Yokota R, Tanaka M, Katsuragawa M, Hasegawa K, Ohura M, 

Koga K, Yabuuchi Y & . (1993) Preconditioning improves energy metabolism during 
reperfusion but does not attenuate myocardial stunning in porcine hearts. Circulation 88: 223-
234. 

Miyata H, Lakatta EG, Stern MD & Silverman HS (1992) Relation of mitochondrial and cytosolic 
free calcium to cardiac myocyte recovery after exposure to anoxia. Circ Res 71: 605-613. 

Miyata H, Silverman HS, Sollott SJ, Lakatta EG, Stern MD & Hansford RG (1991) Measurement 
of mitochondrial free Ca2+ concentration in living single rat cardiac myocytes. Am J Physiol 
261: H1123-H1134. 

Miyawaki H & Ashraf M (1997) Ca2+ as a mediator of ischemic preconditioning. Circ Res 80: 
790-799. 

Mizumura T, Nithipatikom K & Gross GJ (1995) Bimakalim, an ATP-sensitive potassium channel 
opener, mimics the effects of ischemic preconditioning to reduce infarct size, adenosine release, 
and neutrophil function in dogs. Circulation 92: 1236-1245. 

Moreno-Sanchez R, Devars S, Lopez-Gomez F, Uribe A & Corona N (1991) Distribution of 
control of oxidative phosphorylation in mitochondria oxidizing NAD-linked substrates. Biochim 
Biophys Acta 1060: 284-292. 

Morris SD & Yellon DM (1997) Angiotensin-converting enzyme inhibitors potentiate 
preconditioning through bradykinin B2 receptor activation in human heart. J Am Coll Cardiol 
29: 1599-1606. 

Murata M, Akao M, O'Rourke B & Marban E (2001) Mitochondrial ATP-sensitive potassium 
channels attenuate matrix Ca(2+) overload during simulated ischemia and reperfusion: possible 
mechanism of cardioprotection. Circ Res 89: 891-898. 

Murray CJ & Lopez AD (1997) Mortality by cause for eight regions of the world: Global Burden of 
Disease Study Lancet. 349: 1269-1276. 

Murry CE, Jennings RB & Reimer KA (1986) Preconditioning with ischemia: a delay of lethal cell 
injury in ischemic myocardium. Circulation 74: 1124-1136. 

Murry CE, Richard VJ, Jennings RB & Reimer KA (1991) Myocardial protection is lost before 
contractile function recovers from ischemic preconditioning. Am J Physiol 260: H796-H804. 

Murry CE, Richard VJ, Reimer KA & Jennings RB (1990) Ischemic preconditioning slows energy 
metabolism and delays ultrastructural damage during a sustained ischemic episode. Circ Res 66: 
913-931. 

Musters RJ, van der Meulen ET, van der Laarse WJ & van Hardeveld C (1997) Norepinephrine 
pretreatment attenuates Ca2+ overloading in rat trabeculae during subsequent metabolic 
inhibition: improved contractile recovery via an alpha 1-adrenergic, PKC-dependent signaling 
mechanism. J Mol Cell Cardiol 29: 1341-1354. 

Nakano A, Liu GS, Heusch G, Downey JM & Cohen MV (2000) Exogenous nitric oxide can 
trigger a preconditioned state through a free radical mechanism, but endogenous nitric oxide is 
not a trigger of classical ischemic preconditioning. J Mol Cell Cardiol 32: 1159-1167. 

Nazareth W, Yafei N & Crompton M (1991) Inhibition of anoxia-induced injury in heart myocytes 
by cyclosporin A. J Mol Cell Cardiol 23: 1351-1354. 

Neely JR, Bowman RH & Morgan HE (1969) Effects of ventricular pressure development and 
palmitate on glucose transport. Am J Physiol 216: 804-811. 

Neely JR, Denton RM, England PJ & Randle PJ (1972a) The effects of increased heart work on the 
tricarboxylate cycle and its interactions with glycolysis in the perfused rat heart. Biochem J 128: 
147-159. 

Neely JR, Rovetto MJ & Oram JF (1972b) Myocardial utilization of carbohydrate and lipids. Prog 
Cardiovasc Dis 15: 289-329. 

Neely JR, Whitmer M & Mochizuki S (1976) Effects of mechanical activity and hormones on 
myocardial glucose and fatty acid utilization. Circ Res 38: I22-I30. 

Nicholls DG (1978) The regulation of extramitochondrial free calcium ion concentration by rat 
liver mitochondria. Biochem J 176: 463-474. 

Nicholls DG & Crompton M (1980) Mitochondrial calcium transport. FEBS Lett 111: 261-268. 



 103
Nieminen AL, Saylor AK, Tesfai SA, Herman B & Lemasters JJ (1995) Contribution of the 

mitochondrial permeability transition to lethal injury after exposure of hepatocytes to t-
butylhydroperoxide. Biochem J 307 ( Pt 1): 99-106. 

Nishiki K, Erecinska M & Wilson DF (1978) Energy relationships between cytosolic metabolism 
and mitochondrial respiration in rat heart. Am J Physiol 234: C73-C81. 

Normann PT, Norseth J & Flatmark T (1983) Acyl-CoA synthetase activity of rat heart 
mitochondria. Substrate specificity with special reference to very-long-chain and isomeric fatty 
acids. Biochim Biophys Acta 752: 474-481. 

Nuutinen EM (1984) Subcellular origin of the surface fluorescence of reduced nicotinamide 
nucleotides in the isolated perfused rat heart. Basic Res Cardiol 79: 49-58. 

Nuutinen EM, Peuhkurinen KJ, Pietiläinen EP, Hiltunen JK & Hassinen IE (1981) Elimination and 
replenishment of tricarboxylic acid-cycle intermediates in myocardium. Biochem J 194: 867-
875. 

O'Rourke B (2000) Myocardial K(ATP) channels in preconditioning. Circ Res 87: 845-855. 
Ockaili R, Emani VR, Okubo S, Brown M, Krottapalli K & Kukreja RC (1999) Opening of 

mitochondrial KATP channel induces early and delayed cardioprotective effect: role of nitric 
oxide. Am J Physiol 277: H2425-H2434. 

Ohnuma Y, Miura T, Miki T, Tanno M, Kuno A, Tsuchida A & Shimamoto K (2002) Opening of 
mitochondrial K(ATP) channel occurs downstream of PKC- epsilon activation in the 
mechanism of preconditioning. Am J Physiol Heart Circ Physiol 283: H440-H447. 

Okubo S, Xi L, Bernardo NL, Yoshida K & Kukreja RC (1999) Myocardial preconditioning: basic 
concepts and potential mechanisms. Mol Cell Biochem 196: 3-12. 

Ontko JA & Otto DA (1975) Calcium-mediated alterations in the oxidation-reduction state of 
pyridine nucleotidesin isolated liver cells. FEBS Lett 53: 297-301. 

Oram JF, Bennetch SL & Neely JR (1973) Regulation of fatty acid utilization in isolated perfused 
rat hearts. J Biol Chem 248: 5299-5309. 

Ovize M, Kloner RA, Hale SL & Przyklenk K (1992a) Coronary cyclic flow variations 
"precondition" ischemic myocardium. Circulation 85: 779-789. 

Ovize M, Przyklenk K, Hale SL & Kloner RA (1992b) Preconditioning does not attenuate 
myocardial stunning. Circulation 85: 2247-2254. 

Ovize M, Aupetit J, Rioufoul G, Loufoua J, Andr-Fouet X, Miniaire Y & Faucon G (1995) 
Preconditioning reduces infarct size but accelerates time to ventricular fibrillation in ischemic 
pig heart. Am J Physiol 269:H72-H79. 

Pain T, Yang XM, Critz SD, Yue Y, Nakano A, Liu GS, Heusch G, Cohen MV & Downey JM 
(2000) Opening of mitochondrial KATP channels triggers the preconditioned state by 
generating free radicals. Circ Res 87: 460-466. 

Palojoki E, Saraste A, Eriksson A, Pulkki K, Kallajoki M, Voipio-Pulkki LM & Tikkanen I (2001) 
Cardiomyocyte apoptosis and ventricular remodeling after myocardial infarction in rats. Am J 
Physiol Heart Circ Physiol 280: H2726-H2731. 

Panchal AR, Comte B, Huang H, Kerwin T, Darvish A, des RC, Brunengraber H & Stanley WC 
(2000) Partitioning of pyruvate between oxidation and anaplerosis in swine hearts. Am J Physiol 
Heart Circ Physiol 279: H2390-H2398. 

Peuhkurinen KJ (1984) Regulation of the tricarboxylic acid cycle pool size in heart muscle. J Mol 
Cell Cardiol 16: 487-495. 

Peuhkurinen KJ & Hassinen IE (1982) Pyruvate carboxylation as an anaplerotic mechanism in the 
isolated perfused rat heart. Biochem J 202: 67-76. 

Peuhkurinen KJ, Nuutinen EM, Pietilainen EP, Hiltunen JK & Hassinen IE (1982) Role of pyruvate 
carboxylation in the energy-linked regulation of pool sizes of tricarboxylic acid-cycle 
intermediates in the myocardium. Biochem J 208: 577-581. 

Ping P, Zhang J, Qiu Y, Tang XL, Manchikalapudi S, Cao X & Bolli R (1997) Ischemic 
preconditioning induces selective translocation of protein kinase C isoforms epsilon and eta in 
the heart of conscious rabbits without subcellular redistribution of total protein kinase C 
activity. Circ Res 81: 404-414. 

Piot CA, Padmanaban D, Ursell PC, Sievers RE & Wolfe CL (1997) Ischemic preconditioning 
decreases apoptosis in rat hearts in vivo. Circulation 96: 1598-1604. 



 104
Piper HM & Garcia-Dorado D (1999) Prime causes of rapid cardiomyocyte death during 

reperfusion. Ann Thorac Surg 68: 1913-1919. 
Post H, Schulz R, Behrends M, Gres P, Umschlag C & Heusch G (2000) No involvement of 

endogenous nitric oxide in classical ischemic preconditioning in swine. J Mol Cell Cardiol 32: 
725-733. 

Przyklenk K, Simkhovich BZ, Bauer B, Hata K, Zhao L, Elliott GT & Kloner RA (1999) Cellular 
mechanisms of infarct size reduction with ischemic preconditioning. Role of calcium? Ann N Y 
Acad Sci 874: 192-210. 

Qian T, Nieminen AL, Herman B & Lemasters JJ (1997) Mitochondrial permeability transition in 
pH-dependent reperfusion injury to rat hepatocytes. Am J Physiol 273: C1783-C1792. 

Radda GK & Seeley PJ (1979) Recent studies on cellular metabolism by nuclear magnetic 
resonance. Annu Rev Physiol 41: 749-769. 

Rakhit RD, Edwards RJ & Marber MS (1999) Nitric oxide, nitrates and ischaemic preconditioning. 
Cardiovasc Res 43: 621-627. 

Richard V, Blanc T, Kaeffer N, Tron C & Thuillez C (1995) Myocardial and coronary endothelial 
protective effects of acetylcholine after myocardial ischaemia and reperfusion in rats: role of 
nitric oxide. Br J Pharmacol 115: 1532-1538. 

Rohmann S, Weygandt H, Schelling P, Soei LK, Becker KH, Verdouw PD, Lues I & Hausler G 
(1994) Effect of bimakalim (EMD 52692), an opener of ATP sensitive potassium channels, on 
infarct size, coronary blood flow, regional wall function, and oxygen consumption in swine. 
Cardiovasc Res 28: 858-863. 

Rouslin W (1987) The mitochondrial adenosine 5'-triphosphatase in slow and fast heart rate hearts. 
American Journal of Physiology 252: H622-H627. 

Rouslin W (1988) Factors affecting the loss of mitochondrial function during zero-flow ischemia 
(autolysis) in slow and fast heart-rate hearts. Journal of Molecular & Cellular Cardiology 20: 
999-1007. 

Rouslin W & Broge CW (1993) Mechanisms of ATP conservation during ischemia in slow and fast 
heart rate hearts. American Journal of Physiology 264: C209-C216. 

Rouslin W, Broge CW & Grupp IL (1990) ATP depletion and mitochondrial functional loss during 
ischemia in slow and fast heart-rate hearts. American Journal of Physiology 259: H1759-H1766. 

Rouslin W, Broge CW, Guerrieri F & Capozza G (1995) ATPase activity, IF1 content, and proton 
conductivity of ESMP from control and ischemic slow and fast heart-rate hearts. J Bioenerg 
Biomembr 27: 459-66. 

Rouslin W, Erickson JL & Solaro RJ (1986) Effects of oligomycin and acidosis on rates of ATP 
depletion in ischemic heart muscle. American Journal of Physiology 250: H503-H508. 

Ruzicka FJ & Beinert H (1977) A new iron-sulfur flavoprotein of the respiratory chain. A 
component of the fatty acid beeta-oxidation pathway. J Biol Chem 252: 8440-8445. 

Saddik M & Lopaschuk GD (1991) Myocardial triglyceride turnover and contribution to energy 
substrate utilization in isolated working rat hearts. J Biol Chem 266: 8162-8170. 

Sanada S, Kitakaze M, Asanuma H, Harada K, Ogita H, Node K, Takashima S, Sakata Y, Asakura 
M, Shinozaki Y, Mori H, Kuzuya T & Hori M (2001) Role of mitochondrial and sarcolemmal 
K(ATP) channels in ischemic preconditioning of the canine heart. Am J Physiol Heart Circ 
Physiol 280: H256-H263. 

Sanz E, Garcia DD, Oliveras J, Barrabes JA, Gonzalez MA, Ruiz-Meana M, Solares J, Carreras 
MJ, Garcia-Lafuente A, Desco M & . (1995) Dissociation between anti-infarct effect and anti-
edema effect of ischemic preconditioning. Am J Physiol 268: H233-H241. 

Sasaki N, Sato T, Ohler A, O'Rourke B & Marban E (2000) Activation of mitochondrial ATP-
dependent potassium channels by nitric oxide. Circulation 101: 439-445. 

Sato T & Marban E (2000) The role of mitochondrial K(ATP) channels in cardioprotection. Basic 
Res Cardiol 95: 285-289. 

Sato T, Sasaki N, Seharaseyon J, O'Rourke B & Marban E (2000) Selective pharmacological agents 
implicate mitochondrial but not sarcolemmal K(ATP) channels in ischemic cardioprotection. 
Circulation 101: 2418-2423. 

Schaap FG, van der Vusse GJ & Glatz JF (1998) Fatty acid-binding proteins in the heart. Mol Cell 
Biochem 180: 43-51. 



 105
Schaefer S, Carr LJ, Prussel E & Ramasamy R (1995) Effects of glycogen depletion on ischemic 

injury in isolated rat hearts: insights into preconditioning. Am J Physiol 268: H935-H944. 
Schneider S, Chen W, Hou J, Steenbergen C & Murphy E (2001) Inhibition of p38 MAPK 

alpha/beta reduces ischemic injury and does not block protective effects of preconditioning. Am 
J Physiol Heart Circ Physiol 280: H499-H508. 

Schoonderwoerd K, van der KT, Hulsmann WC & Stam H (1989) Hormones and triacylglycerol 
metabolism under normoxic and ischemic conditions. Mol Cell Biochem 88: 129-137. 

Schulz H (1991) Beta oxidation of fatty acids. Biochim Biophys Acta 1081: 109-120. 
Schulz R, Rose J & Heusch G (1994) Involvement of activation of ATP-dependent potassium 

channels in ischemic preconditioning in swine. Am J Physiol 267: H1341-H1352. 
Sherry AD, Malloy CR, Zhao P & Thompson JR (1992) Alterations in substrate utilization in the 

reperfused myocardium: a direct analysis by 13C NMR. Biochemistry 31: 4833-4837. 
Siemen D, Loupatatzis C, Borecky J, Gulbins E & Lang F (1999) Ca2+-activated K channel of the 

BK-type in the inner mitochondrial membrane of a human glioma cell line. Biochem Biophys 
Res Commun 257: 549-554. 

Silverman HS & Stern MD (1994) Ionic basis of ischaemic cardiac injury: insights from cellular 
studies. Cardiovasc Res 28: 581-597. 

Simkhovich BZ, Przyklenk K & Kloner RA (1998) Role of protein kinase C as a cellular mediator 
of ischemic preconditioning: a critical review. Cardiovasc Res 40: 9-22. 

Smith RM, Lecour S & Sack MN (2002) Innate immunity and cardiac preconditioning: a putative 
intrinsic cardioprotective program. Cardiovasc Res 55:474-482.  

Sparagna GC, Gunter KK, Sheu SS & Gunter TE (1995) Mitochondrial calcium uptake from 
physiological-type pulses of calcium. A description of the rapid uptake mode. J Biol Chem 270: 
27510-27515. 

Speechly-Dick ME, Grover GJ & Yellon DM (1995) Does ischemic preconditioning in the human 
involve protein kinase C and the ATP-dependent K+ channel? Studies of contractile function 
after simulated ischemia in an atrial in vitro model. Circ Res 77: 1030-1035. 

Stam H, Schoonderwoerd K & Hulsmann WC (1987) Synthesis, storage and degradation of 
myocardial triglycerides. Basic Res Cardiol 82 Suppl 1: 19-28. 

Stanley WC, Lopaschuk GD, Hall JL & McCormack JG (1997) Regulation of myocardial 
carbohydrate metabolism under normal and ischaemic conditions. Potential for pharmacological 
interventions. [Review] [184 refs]. Cardiovascular Research 33: 243-257. 

Starnes JW, Wilson DF & Erecinska M (1985) Substrate dependence of metabolic state and 
coronary flow in perfused rat heart. Am J Physiol 249: H799-H806. 

Steenbergen C, Perlman ME, London RE & Murphy E (1993) Mechanism of preconditioning. Ionic 
alterations. Circ Res 72: 112-125. 

Sundqvist KE, Heikkilä J, Hassinen IE & Hiltunen JK (1987) Role of NADP+ (corrected)-linked 
malic enzymes as regulators of the pool size of tricarboxylic acid-cycle intermediates in the 
perfused rat heart. Biochem J 243: 853-857. 

Suzuki M, Sasaki N, Miki T, Sakamoto N, Ohmoto-Sekine Y, Tamagawa M, Seino S, Marban E & 
Nakaya H (2002) Role of sarcolemmal K(ATP) channels in cardioprotection against 
ischemia/reperfusion injury in mice. J Clin Invest 109: 509-516. 

Szmagal P, Morawski W, Krejca M, Gburek T & Bochenek A (1998) Evaluation of perioperative 
myocardial tissue damage in ischemically preconditioned human heart during aorto coronary 
bypass surgery. J Cardiovasc Surg 39: 791-795. 

Tager JM, Wanders RJ, Groen AK, Kunz W, Bohnensack R, Kuster U, Letko G, Bohme G, 
Duszynski J & Wojtczak L (1983) Control of mitochondrial respiration. FEBS Lett 151: 1-9. 

Takeo S & Nasa Y (1999) Role of energy metabolism in the preconditioned heart--a possible 
contribution of mitochondria. Cardiovasc Res 43: 32-43. 

Territo PR, Mootha VK, French SA & Balaban RS (2000) Ca(2+) activation of heart mitochondrial 
oxidative phosphorylation: role of the F(0)/F(1)-ATPase. Am J Physiol Cell Physiol 278: C423-
C435. 

Thornton J, Striplin S, Liu GS, Swafford A, Stanley AW, Van Winkle DM & Downey JM (1990) 
Inhibition of protein synthesis does not block myocardial protection afforded by 
preconditioning. Am J Physiol 259: H1822-H1825. 



 106
Thornton JD, Liu GS & Downey JM (1993) Pretreatment with pertussis toxin blocks the protective 

effects of preconditioning: evidence for a G-protein mechanism. J Mol Cell Cardiol 25: 311-
320. 

Toyoda Y, Friehs I, Parker RA, Levitsky S & McCully JD (2000) Differential role of sarcolemmal 
and mitochondrial K(ATP) channels in adenosine-enhanced ischemic preconditioning. Am J 
Physiol Heart Circ Physiol 279: H2694-H2703. 

Tritto I, D'Andrea D, Eramo N, Scognamiglio A, De Simone C, Violante A, Esposito A, Chiariello 
M & Ambrosio G (1997) Oxygen radicals can induce preconditioning in rabbit hearts. Circ Res 
80: 743-748. 

Trollinger DR, Cascio WE & Lemasters JJ (1997) Selective loading of Rhod 2 into mitochondria 
shows mitochondrial Ca2+ transients during the contractile cycle in adult rabbit cardiac 
myocytes. Biochem Biophys Res Commun 236: 738-742. 

Unitt JF, McCormack JG, Reid D, MacLachlan LK & England PJ (1989) Direct evidence for a role 
of intramitochondrial Ca2+ in the regulation of oxidative phosphorylation in the stimulated rat 
heart. Studies using 31P n.m.r. and ruthenium red. Biochem J 262: 293-301. 

van der Vusse GJ & de Groot MJ (1992) Interrelationship between lactate and cardiac fatty acid 
metabolism. Mol Cell Biochem 116: 11-17. 

van der Vusse GJ, Glatz JF, Stam HC & Reneman RS (1992) Fatty acid homeostasis in the 
normoxic and ischemic heart. Physiol Rev 72: 881-940. 

van der Vusse GJ, van Bilsen M & Glatz JF (2000) Cardiac fatty acid uptake and transport in health 
and disease. Cardiovasc Res 45: 279-293. 

Vander Heide RS, Hill ML, Reimer KA & Jennings RB (1996) Effect of reversible ischemia on the 
activity of the mitochondrial ATPase: relationship to ischemic preconditioning. J Mol Cell 
Cardiol 28: 103-112. 

Vignais PV (1976) Molecular and physiological aspects of adenine nucleotide transport in 
mitochondria. Biochim Biophys Acta 456: 1-38. 

Voltti H & Hassinen IE (1978) Oxidation-reduction midpoint potentials of mitochondrial 
flavoproteins and their intramitochondrial localization. J Bioenerg Biomembr 10: 45-58. 

Vuorinen K, Ylitalo K, Peuhkurinen K, Raatikainen P, Ala-Rämi A & Hassinen IE (1995) 
Mechanisms of ischemic preconditioning in rat myocardium. Roles of adenosine, cellular 
energy state, and mitochondrial F1F0-ATPase. Circulation 91: 2810-2818. 

Wang L, Cherednichenko G, Hernandez L, Halow J, Camacho SA, Figueredo V & Schaefer S 
(2001a) Preconditioning limits mitochondrial Ca(2+) during ischemia in rat hearts: role of 
K(ATP) channels. Am J Physiol Heart Circ Physiol 280: H2321-H2328. 

Wang S, Cone J & Liu Y (2001b) Dual roles of mitochondrial K(ATP) channels in diazoxide-
mediated protection in isolated rabbit hearts. Am J Physiol Heart Circ Physiol 280: H246-H255. 

Wang X, Hole DG, Da Costa TH & Evans RD (1998) Alterations in myocardial lipid metabolism 
during lactation in the rat. Am J Physiol 275: E265-E271. 

Wang Y, Takashi E, Xu M, Ayub A & Ashraf M (2001c) Downregulation of protein kinase C 
inhibits activation of mitochondrial K(ATP) channels by diazoxide. Circulation 104: 85-90. 

Weinbrenner C, Liu GS, Cohen MV & Downey JM (1997) Phosphorylation of tyrosine 182 of p38 
mitogen-activated protein kinase correlates with the protection of preconditioning in the rabbit 
heart. J Mol Cell Cardiol 29: 2383-2391. 

Weinbrenner C, Wang P & Downey JM (1996) Loss of glycogen during preconditioning is not a 
prerequisite for protection of the rabbit heart. Basic Res Cardiol 91: 374-381. 

Williamson JR, Ford C, Illingworth J & Safer B (1976) Coordination of citric acid cycle activity 
with electron transport flux. Circ Res 38: I39-I51. 

Williamson JR & Jamieson D (1966) Metabolic effects of epinephrine in the perfused rat heart. 
Comparison of intracellular redox states, tissue pO2, and force of contraction. Mol Pharmacol 2: 
191-205. 

Wilson DF (1994) Factors affecting the rate and energetics of mitochondrial oxidative 
phosphorylation. [Review] [37 refs]. Medicine & Science in Sports & Exercise 26: 37-43. 

Wu ZK, Iivainen E, Pehkonen T, Laurikka J & Tarkka MR (2002) Ischemic preconditioning 
suppresses ventricular tachyarrhytmias after myocardial revascularization. Circulation 106: 
2999-3001. 



 107
Xu M, Wang Y, Hirai K, Ayub A & Ashraf M (2001) Calcium preconditioning inhibits 

mitochondrial permeability transition and apoptosis. Am J Physiol Heart Circ Physiol 280: 
H899-H908. 

Yabe K, Nasa Y, Sato M, Iijima R & Takeo S (1997) Preconditioning preserves mitochondrial 
function and glycolytic flux during an early period of reperfusion in perfused rat hearts. 
Cardiovasc Res 33: 677-685. 

Yabe K & Takeo S (1997) Does glycogen depletion play an important role in ischemic 
preconditioning? Heart Vessels 12: 136-142. 

Yamada EW & Huzel NJ (1989) Calcium-binding ATPase inhibitor protein of bovine heart 
mitochondria. Role in ATP synthesis and effect of Ca2+. Biochemistry 28: 9714-9718. 

Yamada EW & Huzel NJ (1992) Distribution of the ATPase inhibitor proteins of mitochondria in 
mammalian tissues including fibroblasts from a patient with Luft's disease. Biochim Biophys 
Acta 1139: 143-147. 

Yamahara Y, Asayama J, Kobara M, Ohta B, Matsumoto T, Miyazaki H, Tatsumi T, Ishibashi K, 
Inoue M, Inoue D & . (1994) Effects of ischemic preconditioning on the release of cardiac 
troponin T in isolated rat hearts. Basic Res Cardiol 89: 241-249. 

Yamashita N, Hoshida S, Otsu K, Asahi M, Kuzuya T & Hori M (1999) Exercise provides direct 
biphasic cardioprotection via manganese superoxide dismutase activation. J Exp Med 189: 
1699-1706. 

Yang XM, Arnoult S, Tsuchida A, Cope D, Thornton JD, Daly JF, Cohen MV & Downey JM 
(1993) The protection of ischaemic preconditioning can be reinstated in the rabbit heart after the 
initial protection has waned. Cardiovasc Res 27: 556-558. 

Yang XM, Sato H, Downey JM & Cohen MV (1997) Protection of ischemic preconditioning is 
dependent upon a critical timing sequence of protein kinase C activation. J Mol Cell Cardiol 29: 
991-999. 

Yao Z & Gross GJ (1994) Effects of the KATP channel opener bimakalim on coronary blood flow, 
monophasic action potential duration, and infarct size in dogs. Circulation 89: 1769-1775. 

Yellon DM, Alkhulaifi AM, Browne EE & Pugsley WB (1992) Ischaemic preconditioning limits 
infarct size in the rat heart. Cardiovasc Res 26: 983-7. 

Yellon DM, Alkhulaifi AM & Pugsley WB (1993) Preconditioning the human myocardium. Lancet 
342:276-277. 

Yellon DM, Baxter GF, Garcia-Dorado D, Heusch G & Sumeray MS (1998) Ischaemic 
preconditioning: present position and future directions. Cardiovasc Res 37: 21-33. 

Yokoshiki H, Sunagawa M, Seki T & Sperelakis N (1998) ATP-sensitive K+ channels in 
pancreatic, cardiac, and vascular smooth muscle cells. Am J Physiol 274: C25-C37. 

Young LH, Coven DL & Russell RR, III (2000) Cellular and molecular regulation of cardiac 
glucose transport. J Nucl Cardiol 7: 267-276. 

Yu X, White LT, Alpert NM & Lewandowski ED (1996) Subcellular metabolite transport and 
carbon isotope kinetics in the intramyocardial glutamate pool. Biochemistry 35: 6963-6968. 

Zhang HY, McPherson BC, Liu H, Baman TS, Rock P & Yao Z (2002) H(2)O(2) opens 
mitochondrial K(ATP) channels and inhibits GABA receptors via protein kinase C-epsilon in 
cardiomyocytes. Am J Physiol Heart Circ Physiol 282: H1395-H1403. 

Zhang J, Duncker DJ, Xu Y, Zhang Y, Path G, Merkle H, Hendrich K, From AH, Bache RJ & 
Ugurbil K (1995) Transmural bioenergetic responses of normal myocardium to high workstates. 
Am J Physiol 268: H1891-H1905. 

Zoratti M & Szabo I (1995) The mitochondrial permeability transition. Biochim Biophys Acta 
1241: 139-176. 

Zucchi R, Ronca-Testoni S, Yu G, Galbani P, Ronca G & Mariani M (1995) Postischemic changes 
in cardiac sarcoplasmic reticulum Ca2+ channels. A possible mechanism of ischemic 
preconditioning. Circ Res 76: 1049-1056. 


	Abstract
	Acknowledgements
	Abbreviations
	List of original articles
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Myocardial energy state
	2.1.1 Overview of oxidative phosphorylation
	2.1.2 Control of mitochondrial respiration
	2.1.2.1 Regulation at the level of the respiratory chain: thermodynamic
	2.1.2.2 Substrate level regulation
	2.1.2.3 Calcium regulation and the role of F1Fo-ATPase in respiratory
	2.1.2.4 Shared control


	2.2 Myocardial substrate oxidation
	2.2.1 Uptake and transport of exogenous substrates in the myocardium
	2.2.1.1 Uptake and transport of fatty acids
	2.2.1.2 Uptake of glucose
	2.2.1.3 Uptake of lactate

	2.2.2 Fatty acid oxidation
	2.2.3 Carbohydrate oxidation
	2.2.3.1 Glycolysis
	2.2.3.2 Oxidation of lactate

	2.2.4 Use of endogenous substrate sources
	2.2.4.1 Utilization of triacylglycerols
	2.2.4.2 Utilization of glycogen

	2.2.5 Role of calcium in the regulation of myocardial substrate
	2.2.6 Substrate preference in the heart
	2.2.6.1 Effect of workload on substrate selection

	2.2.7 Significance of anaplerosis in myocardial substrate oxidation
	2.2.7.1 Effect of substrate and workload alterations on anaplerosis


	2.3 Preconditioning
	2.3.1 Ischemic preconditioning
	2.3.2 Manifestations of protection
	2.3.3 Overview of the mechanism of ischemic preconditioning
	2.3.4 Triggers of ischemic preconditioning
	2.3.4.1 Receptor-mediated triggers
	2.3.4.2 Other triggers of ischemic preconditioning

	2.3.5 Signalling system
	2.3.5.1 Protein kinase C
	2.3.5.2 Tyrosine kinases and mitogen activated protein kinases

	2.3.6 KATP channels
	2.3.6.1 Sarcolemmal KATP channels
	2.3.6.2 Mitochondrial KATP channels

	2.3.7 Energy state in ischemic preconditioning
	2.3.8 Role of F1Fo-ATPase
	2.3.8.1 Inhibition of F1Fo-ATPase in rat myocardium
	2.3.8.2 ATP-synthase and ATPase activities
	2.3.8.3 F1Fo-ATPase inhibition in ischemic preconditioning

	2.3.9 Carbohydrate metabolism in ischemic preconditioning
	2.3.10 Mitochondrial calcium transport
	2.3.10.1 Calcium currents in preconditioning

	2.3.11 Mechanisms of cellular death in myocardial ischemia and
	2.3.11.1 The role of the mitochondrial permeability transition



	3 Purpose of the present research
	4 Patients, materials and methods
	4.1 Patients
	4.2 Clinical study procedure
	4.3 Reagents
	4.4 Heart perfusions
	4.4.1 Animals and instrumentation
	4.4.2 Perfusion protocols

	4.5 NMR experiments
	4.5.1 13C-NMR-spectroscopy
	4.5.1.1 13C isotopomer analysis and calculation of metabolic fluxes

	4.5.2 31P-NMR-spectroscopy
	4.5.2.1 31P-NMR data analysis


	4.6 Surface optical measurements on perfused hearts
	4.6.1 Mitochondrial redox state and myoglobin oxygenation state
	4.6.2 Intracellular calcium
	4.6.3 Mitochondrial membrane potential

	4.7 Assessment of F1Fo-ATPase activity in rat heart
	4.8 Creatine kinase and lactate dehydrogenase washout
	4.9 Experiments on isolated mitochondria
	4.10 Statistical analysis

	5 Results
	5.1 Effect of calcium on myocardial contractility and oxygen
	5.1.1 Influence of energy consumption on substrate preference and
	5.1.2 Effect of calcium-induced work alterations and fatty acids on the
	5.1.3 Effect of calcium induced workload alterations on the cellular

	5.2 Intracellular calcium accumulation and mitochondrial membrane
	5.2.1 Effect of autofluorescence and pH on Fura-2 fluorescence in rat
	5.2.2 Calcium in preconditioning and its inter- and intracellular
	5.2.3 Mitochondrial membrane potential in ischemia

	5.3 F1Fo-ATPase inhibition and mitochondrial KATP channels in
	5.3.1 Influence of pH, storage time, and measuring procedure on
	5.3.2 Studies on the nature of F1Fo-ATPase inhibition (IV,V)
	5.3.2.1 Reversibility of F1Fo-ATPase inhibition
	5.3.2.2 Effect of uncoupling on F1Fo-ATPase activity in isolated rat heart
	5.3.2.3 Effect of F1Fo-ATPase inhibition on cellular respiration
	5.3.2.4 Duration of F1Fo-ATPase inhibition enhancement in IPC

	5.3.3 Effect of mitKATP modulators on myocardial protection, F1Fo-


	6 Discussion
	6.1 Role of calcium in the control of mitochondrial respiration and
	6.1.1 Role of calcium in the control of mitochondrial respiration during
	6.1.2 Role of energy consumption in substrate selection and anaplerosis

	6.2 The mechanism of ischemic preconditioning

	7 Conclusions
	References



