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Ischemic heart disease, with its clinical consequences of acute myocardial infarction, 
sudden cardiac death, arrhythmias and heart failure is the leading cause of mortality in 
industrialized nations. (38; 55) The main cause of acute myocardial infarction is the 
occlusion of a coronary artery. A rapid reperfusion therapy is required to preserve 
myocardial tissue, because the extent of myocardial necrosis increases with growing 
duration of the ischemic period. (9; 48) Therapeutical options for the restoration of the 
coronary flow are angioplasty, thombolysis therapy, or surgical bypass grafting.  
During the last decades, many efforts were made to develop new therapeutic strategies for 
the preservation of myocardial tissue. Important observations in basic cardiovascular 
research demonstrated the existence of endogenous protection mechanisms capable to 
increase the resistance of the myocardium against myocardial ischemia. 
 
Cardioprotective mechanisms 
 
Ischemic preconditioning 
In 1986, Murry et al. demonstrated that short cycles of myocardial ischemia increase the 
resistance of the myocardium against the deleterious consequences of a subsequent 
prolonged period of myocardial ischemia. (39) This cardioprotective phenomenon is known 
as ischemic preconditioning. The protective effect of ischemic preconditioning lasts up to 3 
hours after the preconditioning ischemia, and is called classic or early preconditioning.  A 
“second window of protection” reappears 12-24 hours after the initial stimulus, lasts for 
about 2-3 days, and is known as late preconditioning. (7)  
The cardioprotective effect of ischemic preconditioning has been demonstrated in all 
animal species studied, and in human myocardium. (28) Ischemic preconditioning may play 
an important role to reduce the extent of myocardial infarction in patients with a history of 
angina. (3)  
Although much effort was taken to investigate the underlying mechanisms of ischemic 
preconditioning during the last two decades, the signaling pathway and the end-effector 
mechanisms of early and late preconditioning are still incompletely understood. Rapid 
posttranslational modifications of pre-existing proteins are involved in the signaling 
pathway of early preconditioning. It was proposed that the release of endogenous triggers 
causes activation of intracellular kinases including phosphatidylinositol 3-kinase (PI3-K), 
protein kinase B (Akt), mitogen-activated protein kinase (MAPK), and/or extracellular 
signal regulated kinase (Erk1/2). It is suggested that many of these signaling steps converge 
to the mitochondrion, with the consequence of alterations in mitochondrial bioenergetics. 
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(37) The synthesis of new cardioprotective proteins including NO synthase, 
cyclooxygenase-2 (COX-2), superoxide dismutase (SOD), and activation of stress-response 
transcription factors like NF-�B is involved in late preconditioning. (7)  
Despite these differences, early and late preconditioning seem to share mechanisms in their 
respective signalling pathways during both the trigger phase and the ischemia-reperfusion 
phase. It has been shown that activation of protein kinase C (PKC) is involved in both early 
and late preconditioning. (1; 6) Furthermore, there is strong evidence that regulation of 
mitochondrial function due to mitochondrial ATP-sensitive and/or calcium-sensitive 
potassium (mKATP / mKCa) channel activation is a central element in preconditioning. (11; 
34; 41; 50)  
 
Pharmacological preconditioning 
A cardioprotective effect similar to ischemic preconditioning can also be induced by 
transient pre-treatment with various pharmacological agents; this phenomenon is called 
pharmacological preconditioning. Most of these drugs act on receptors, enzymes, or ion 
channels that have been shown to be involved in the signal transduction pathway of 
ischemic preconditioning. For example, it is known that pharmacological activation of 
adenosine, �-adrenergic, muscarinergic, opioid or bradykinin receptors mimick the 
protective effect of ischemic preconditioning. (12; 49; 54; 60) Other drugs that are capable 
to initiate preconditioning are volatile anesthetics, noble gases, nitric oxide donors, 
angiotensin II receptor antagonists, angiotensin-converting enzyme inhibitors, and ethanol. 
(29; 36; 42; 43; 45; 57; 61) Furthermore, pharmacological activation of both mKATP 
channels and mKCa channels initiate a strong cardioprotective effect. (16; 41; 58) 
 
Postconditioning 
Recently, it has been demonstrated that the extent of myocardial cell death after an 
ischemic period can be reduced by conducting repetitive cycles of ischemia/reperfusion at 
the end of the prolonged phase of ischemia. This phenomenon is called ischemic 
postconditioning, and was first described by Zhao et al. (62) The authors have shown that 
the magnitude of myocardial infarct size reduction induced by postconditioning is 
comparable to that seen with ischemic preconditioning. (62) Furthermore, postconditioning 
improves left ventricular functional recovery in isolated mouse hearts. (26) The protective 
potency of postconditioning to reduce infarct size has been shown in a variety of 
experimental models and animal species including mouse, (22; 30) rat, (27; 53) rabbit, (2; 
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59) pig, (24), and dog. (62) There is also evidence that postconditioning protects the human 
myocardium. (33; 51) 
 
Common pathways of preconditioning and postconditioning during early reperfusion 
Recently, a common cardioprotective pathway has been proposed, in which the signalling 
mechanisms of both preconditioning and postconditioning converge during the reperfusion 
period. (21) It has been suggested that the PI3-K-Akt and the Erk1/2-MAPK pathways are 
phosphorylated in response to a preconditioning or postconditioning stimulus. The group of 
enzymes that confer cardioprotection when activated during the reperfusion period is called 
the reperfusion injury salvage kinase (RISK) pathway. The mechanism by which RISK 
pathway activation mediates cardioprotection is incompletely understood, but a mechanistic 
link from the RISK pathway via glycogen synthase kinase-3beta (GSK-3�) to inhibition of 
the mitochondrial permeability transition pore (mPTP) opening has been proposed. (25) 
 
Role of mitochondria in cardioprotection 
 
Mitochondria play an essential, multifactorial role within the cell. Alongside the synthesis 
of adenosine-triphosphate, mitochondria are involved in cellular Ca2+ homeostasis, (40) the 
regulation of apoptosis, (31) and the generation of reactive oxygen species. (10)  
Mitochondria generate ATP primarily by oxidative phosphorylation through the 
chemiosmotic mechanism. (35) In this process, the reducing equivalents NADH and 
FADH2, which are mainly products of the Krebs cycle and of oxidation of fatty acids, 
transfer electrons to the mitochondrial electron transport chain. The passage of electrons 
through the complexes I, III, and IV of the electron transport chain are coupled to a proton 
transport across the inner mitochondrial membrane. The resulting electrochemical gradient 
is the major component of the mitochondrial membrane potential (��m), which serves as 
driving force for oxidative phosphorylation at complex V.  
As described above, there is strong evidence that mitochondrial mechanisms are involved 
in the protective effects of preconditioning and postconditioning. Preconditioning can be 
initiated by pharmacological activation of mitochondrial mKATP. (16; 32; 46) Further 
support for a role of mitochondria to “trigger” preconditioning has been given by the 
finding that mKATP channel blockade abolishes ischemic preconditioning. (4; 23) 
Furthermore, another class of mitochondrial K+ channels, the calcium sensitive potassium 
channel (mKCa), has been shown to mediate myocardial protection. (58) Pharmacological 
blockade of these channels abolishes the cardioprotective effect of ischemic 
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preconditioning, which suggests a central role of K+ channel opening in preconditioning. 
(11; 50) It has been proposed that potassium influx into the mitochondrial matrix through 
activated potassium channels regulate mitochondrial bioenergetics. These alterations are 
capable to cause a release of free radicals (ROS), most likely derived from electron leak of 
the mitochondrial electron transport chain. The ROS have been proposed to be critically 
important for the activation of different kinases that act as triggers and/or mediators of 
cardioprotection. (5; 44; 52) The exact mechanism by which K+ influx resulting from 
preconditioning-induced K+ channel opening alters mitochondrial function, subsequently 
initiating myocardial protection, is still incompletely understood. 
Mitochondria are not only important during the “trigger” phase of preconditioning, they are 
also involved in the putative end-effector mechanism of both preconditioning and 
postconditioning. A possible candidate as end-effector of cardioprotection against ischemia 
and reperfusion injury is the mPTP. (18; 20) The mPTP is a multiprotein complex formed 
at the contact sites between the inner and the outer mitochondrial membrane by several 
proteins including the adenine nucleotide translocase, the voltage-dependent anion channel, 
cyclophilin D, and hexokinase. (13) In the normal myocardium the inner mitochondrial 
membrane is relatively impermeable, as it must be to maintain a proton gradient (the 
driving force for oxidative phosphorylation) established by the mitochondrial respiration. 
Opening of the mPTP leads to a sudden increase in permeability of the inner mitochondrial 
membrane, loss of mitochondrial membrane potential (�m), swelling of the mitochondrial 
matrix with the consequence of outer mitochondrial membrane rupture and release of 
proteins into the cytosol (including pro-apoptotic cytochrome C). (47) The hypothesis that 
inhibition of mPTP is involved in the cardioprotective effect of preconditioning has been 
supported by Wang et al. (56) who demonstrated that nitric oxide (NO) induced 
preconditioning protects the heart against infarction via modulation of mPTP.  
Opening of mPTP is triggered by cellular stress conditions including high [Ca2+], oxidative 
stress, adenosine-triphosphate depletion, increased [Pi], and depolarization of the inner 
mitochondrial membrane, conditions that occur during ischemia and early reperfusion. (19) 
It has been shown that inhibition of mPTP opening by cyclosporine A prevents 
mitochondrial dysfunction, cytochrome C release and apoptosis in the rat heart. (8) In 
addition, Hausenloy et al. have demonstrated in isolated rat hearts that ischemic 
preconditioning as well as pharmacological preconditioning by mKATP channel activation 
confers cardioprotection by inhibition of mPTP at reperfusion. (20) The authors discussed 
three possible mechanisms by which preconditioning-induced altered mitochondrial 
function could be linked to inhibition of mPTP opening to protect the myocardium: a) 
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reduced mitochondrial Ca2+ overload due to a depolarization of �m (reduced driving force 
for Ca2+ inflow), b) improved mitochondrial adenosine-triphosphate levels, and c) reduced 
ROS production. All these alterations would prevent mPTP opening. (17; 19) Furthermore, 
another possible mechanism by which cardioprotective interventions could prevent mPTP 
opening is by activation of RISK pathway enzymes. The mechanism by which RISK 
pathway activation prevents mPTP opening is unclear, but it has been discussed that 
phosphorylation and inhibition of GSK-3�, a downstream target of the RISK pathway 
enzymes Akt and ERK1/2, is involved. (25)   
 
AIMS OF THIS THESIS 
 
The general aim of this thesis is to investigate the role of cardiac mitochondria in the 
signaling pathway of cardioprotection. The literature demonstrates that mitochondria and 
the regulation of mitochondrial processes are key components of cardioprotective 
interventions including preconditioning and postconditioning.   
In chapters 2 and 3 we study the regulation of mitochondrial bioenergetics by mKCa 
channels, whose activation has been shown to be important in preconditioning. For this, a 
sub-cellular approach of isolated cardiac mitochondria is used to investigate how 
pharmacological mKCa channel activation regulates mitochondrial respiration, membrane 
potential, and reactive oxygen production, and how these three parameters of mitochondrial 
function interrelate.  
The cardioprotective potency of preconditioning has previously been demonstrated to be 
reduced in the senescent myocardium, probably due to some defects in mitochondrial K+ 
channel function. In this context, we investigate in chapter 4 whether the effects of 
pharmacological mKCa channel activation on mitochondrial respiration are age-dependent.  
The investigation described in chapters 5, 6, and 7 focusses on the cardioprotective 
properties of the noble gas helium. In these three studies the mechanisms of helium-
induced preconditioning are investigated in in vivo experiments, in isolated cardiac 
mitochondria, and at the protein level. In chapter 5 the involvement of mKCa channels in 
helium-induced preconditioning is investigated. We provide evidence that helium confers 
cardioprotection via regulation of mitochondrial function. Furthermore, we demonstrate 
that helium-induced preconditioning is abolished in the aged rat heart. In chapter 6 we 
investigate the protective effects of helium in the diabetic heart, and in chapter 7 we show 
that helium initiates late preconditioning. 
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In the last section of this thesis, we aim to investigate the mPTP in preconditioning and 
postconditioning. The study described in Chapter 8 demonstrates that the cardioprotective 
effect of sevoflurane-induced postconditioning, which is abolished by hyperglycemia, can 
be restored by pharmacological blockade of the mitochondrial permeability transition pore. 
Chapter 9 demonstrates in an impressive manner possible methodological pitfalls during 
the experimental testing of hypotheses. In this study, we aimed initially to investigate the 
role of mPTP inhibition in pharmacological preconditioning by morphine, but we failed to 
detect a protective effect of morphine at all. Therefore, this study resulted in a 
methodological investigation on the impact of experimental (substrate) conditions in 
isolated perfused heart experiments.  
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