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MAIN CONCLUSIONS 
 
In this thesis, we investigated mechanisms of cardioprotection by preconditioning and 
postconditioning. In this context, we focused on the involvement of mitochondria and the 
mechanisms, by which mitochondrial function is regulated in cardioprotective 
interventions.  
 
Mitochondrial bioenergetics can be regulated by activation of mKCa channels  
In the trigger mechanism of preconditioning are both the activation of mitochondrial 
potassium channels and the generation of reactive oxygen species involved. We 
investigated the effects of mKCa channel activation on mitochondrial bioenergetics. 
(chapter 2, 3) The mKCa channel activator NS1619 increased mitochondrial respiration in a 
dose-dependent manner. We could show that mitochondrial reactive oxygen species are 
increased by low concentrations of NS1619 lacking effect on mitochondrial membrane 
potential. We therefore conclude that mitochondria are capable to generate reactive oxygen 
species in response to mKCa channel activation. 
 
The effect of mKCa channel activation on mitochondrial respiration is age-dependent 
Aging is associated with multiple alterations and dysfunctions in cellular processes. In 
chapter 2 and 3 we demonstrated that mKCa channel activation stimulated mitochondrial 
respiration, an effect that might be age-dependent. We showed in isolated cardiac 
mitochondria that the effect of the mKCa channel activator NS1619 on mitochondrial 
respiration is lost with increasing age (chapter 4). The diminished effects of mKCa opening 
on mitochondrial respiration might be one underlying mechanism of the decreased 
protective potency of preconditioning in the aged myocardium. 
 
The noble gas helium induces preconditioning via activation of mKCa channels 
Cardiac preconditioning can be initiated by the noble gas helium. We demonstrated that the 
infarct size-reducing effect of helium-induced preconditioning is abrogated by 
administration of the mKCa channel antagonist iberotoxin (chapter 5). Furthermore, we 
demonstrated that helium causes a mild uncoupling of mitochondrial respiration, an effect 
that was also blocked by pre-treatment with iberotoxin. Therefore, we conclude that helium 
causes mitochondrial uncoupling, and might induce preconditioning in young rats via mKCa 
channel activation. 
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Helium-induced preconditioning is abolished in both aged and pre-diabetic rats 
Activation of mKCa channels is critically involved in helium-induced preconditioning 
(chapter 5). In chapter 4 we could show that the effect of mKCa channel activation on 
mitochondrial respiration is age-dependent. Based on these findings, we investigated the 
protective potency of helium in the aged myocardium. In this study, helium had no effect 
on infarct size and did not affect mitochondrial respiration in aged rat hearts (chapter 5). 
Furthermore, we demonstrated in a similar study that helium had no effect on infarct size 
and mitochondrial respiration in hearts from pre-diabetic rats (chapter 6). We suggest that 
the blockade of the protective effect of helium in aged and pre-diabetic rats could be 
associated with some defects at the level of the mKCa channel or its upstream signaling 
cascade. 
 
Helium-induced late preconditioning is not associated with alterations in 
mitochondrial function during the mediator phase 
In chapter 7 we demonstrate that helium is able to induce late preconditioning in the rat 
heart. As shown in chapter 5 and 6 of this thesis, helium causes a mild uncoupling of 
mitochondrial respiration shortly after helium administration. This mitochondrial effect of 
helium is not detectable during the mediator phase of late preconditiong, i.e. 6, 10, or 24 
hours after the helium treatment. Therefore, we conclude that regulation of mitochondrial 
bioenergetics is not involved in the mediator signaling steps of helium-induced late 
preconditioning.  
 
Hyperglycemia abolishes sevoflurane-induced postconditioning 
It is hypothesized that hyperglycaemia might cause a loss of cardioprotective mechanisms. 
In chapter 8, we demonstrated that hyperglycaemia blocks cardioprotection by 
sevoflurane-induced postconditioning, and that this loss of cardioprotection can be restored 
by administration of the mPTP inhibitor Cyclosporin A.  
 
Glutamine prevents morphine-induced preconditioning 
In chapter 9, we initially aimed to investigate the impact of mPTP prevention in morphine-
induced preconditioning, but we failed to detect a cardioprotective effect of morphine. Our 
results demonstrate that glutamine, which was present in the perfusion buffer to simulate 
physiological substrate conditions, prevents morphine-induced preconditioning.  
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GENERAL DISCUSSION 
 
The general aim of this thesis was to investigate the role of cardiac mitochondria in the 
signaling pathways of cardioprotection. We focused on a) mechanisms by which mKCa 
channel activation regulates mitochondrial function, b) alterations in mitochondrial 
function caused by helium-induced preconditioning, and c) the impact of mPTP inhibition 
in cardioprotective interventions.  
Since Murry et al. (16) first described the phenomenon of ischemic preconditioning many 
efforts were made to investigate the exact underlying mechanisms. Now, it is well accepted 
that activation of K+ channels in the inner mitochondrial matrix is a key step during the 
trigger phase of preconditioning. (17) The exact mechanism by which K+ influx into the 
mitochondrial matrix regulates mitochondrial function to initiate preconditioning is 
incompletely understood. Preconditioning can be blocked by the administration of free 
radical scavengers showing that small amounts of reactive oxygen species are required as 
signaling molecules in the signaling pathways of preconditioning. (14; 15; 19; 23) It is 
proposed that the reactive oxygen species are generated from the mitochondrial electron 
transport chain as consequence of regulations in mitochondrial bioenergetics due to K+ 
channel activation. (6) However, the mechanism by which K+ channel activation regulates 
mitochondrial function to cause reactive oxygen species is incompletely understood. In this 
thesis, we investigated whether activation of mKCa channels is capable to affect 
mitochondrial function to stimulate mitochondrial reactive oxygen species production. We 
could demonstrate that mKCa channel activation stimulate mitochondrial respiration. This 
finding is in line with a study from Sato et al., (21) who demonstrated that activation of 
mKCa channels increases flavoprotein oxidation in a dose-dependent manner in ventricular 
myocytes. Furthermore, we offer a possibility by which mKCa channel activation causes 
generation of reactive oxygen species by sub-maximal K+ induced H+ leak into the 
mitochondrial matrix. This slight increase in reactive oxygen species generation during the 
trigger phase of preconditioning might be one mechanism by which mKCa channel 
activation initiates preconditioning. However, it is still unclear whether K+ channel-induced 
alterations in mitochondrial function are characteristic of all preconditioning stimuli to 
trigger cardioprotection, or whether differences in the signaling mechanisms exist. 
Very recently, it has been shown that cardiac preconditioning can be initiated by 
administration of the noble gases helium, argon, and neon. (18) Pagel et al. demonstrated 
that these noble gases were capable to induce cardioprotection by activating prosurvival 
signaling kinases and inhibiting mPTP opening in rabbits in vivo. We confirm the 
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cardioprotective properties of helium demonstrating that helium induces preconditioning in 
the rat heart in vivo. In our study, the mKCa channel antagonist iberotoxin abrogated not 
only the infarct size-reducing effect of helium, but also alterations in mitochondrial 
respiration induced by helium. Therefore, we suggest that helium acts at least partially by 
mitochondrial KCa channel activation-induced alterations in mitochondrial respiration. 
Furthermore, we demonstrate that helium-induced preconditioning is blocked in both aged 
and pre-diabetic rats. It has been demonstrated that the cardioprotective potency of 
preconditioning is abolished or reduced in the diseased or senescent myocardium. (1-3; 5; 
10; 11; 24; 25) There is evidence that the loss of cardioprotection in both the diabetic and 
the senescent heart is caused by defects in the signaling cascade at the level of the 
mitochondrion. (7; 13) Interestingly, the helium-induced alterations in mitochondrial 
respiration were also blocked in mitochondria isolated from aged and pre-diabetic rats. This 
finding further supports the impact of mKCa channel activation in helium-induced 
preconditioning, and, furthermore, it supports the possible role of mitochondria in the 
disease and age related loss of cardioprotection. 
Mitochondria are not only involved in the trigger mechanisms of preconditioning, but also 
in possible end-effector mechanisms of cardioprotective interventions during ischemia and 
reperfusion. (8) A possible candidate as end-effector of cardioprotection is the mPTP. (9; 
22) Inhibition of the mPTP by cyclosporine A confers cardioprotection. In the study 
described in chapter 8 of this thesis, we demonstrate that sevoflurane-induced 
postconditioning is blocked in hyperglycemic rats. Hyperglycemia has been shown to 
prevent cardioprotection by preconditioning. (12; 22) Furthermore, we demonstrate that 
inhibition of the mPTP is capable to restore the cardioprotective effect of sevoflurane-
induced postconditioning in hyperglycemic rats. This finding emphasizes that mitochondria 
are potential targets for pharmacological therapy in the setting of myocardial ischemia and 
reperfusion. 
Taken together, the results of this thesis strengthen and expand the knowledge that 
mitochondria are critically involved in multiple mechanistic steps of preconditioning and 
postconditioning. However, there are still multiple unanswered questions with regard to the 
role of mitochondria in cardioprotection, e.g. the upstream and downstream signaling steps 
of preconditioning are incompletely understood. The literature on preconditioning suggests 
many exclusive or crucially important signaling steps. This might be caused by the fact that 
in most studies mechanistic aspects rather than complete signaling networks are analyzed. 
This consideration should be taken into account when experimental results are interpreted 
and exclusive conclusions are drawn. 
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Limitations of the Experimental Models 
The results obtained in this thesis have to be evaluated within the limitations of the 
experimental models used. 
First, the phenomenon of ischemic preconditioning shows, that short periods of ischemia 
are capable of altering physiological processes. It is possible that isolated mitochondria or 
organs became ischemic during the isolation process, which in turn might influence 
experimental results. 
Second, it has been demonstrated that cardiac mitochondria exist in two functionally 
distinct populations, as subsarcolemmal and interfibrillar mitochondria. (20) Differences 
between these groups exist among others with regard to calcium handling and susceptibility 
to ischemic damage. (4) We investigated a mixed population of both subsarcolemmal and 
interfibrillar mitochondria, and did not test for differences between mitochondrial 
subpopulations. 
Third, the environment of isolated organs or organelles is highly artificial. The study 
described in chapter 9 demonstrates that e.g. substrate compositions can strongly influence 
isolated heart studies. 
Therefore, a broad experimental approach that includes in vivo experiments as well as 
investigations at the organ, cell, and sub-cellular level can minimize the risk of drawing 
incorrect conclusions from experimental studies.  
 
Clinical Implications 
There is strong evidence that the resistance of the myocardium against ischemia and 
reperfusion can be increased by preconditioning and postconditioning in humans. Patients 
suffering from ischemic heart disease could possibly benefit from therapeutical 
interventions that induce a “cardioprotective state”. On the other hand, the clinical 
implication could be limited because many conditions, diseases and pharmaceuticals 
interfere with cardioprotection. In this thesis, we described that the protective potency of 
cardiprotective interventions is reduced by aging, diabetes, and hyperglycemia. It is known 
that many other conditions or pharmaceuticals can prevent preconditioning and 
postconditioning. A detailed understanding of these interactions is required to develop 
strategies to protect the myocardium of more patients.  
 
Future Research 
Not only the understanding of the exact mechanisms of preconditioning and 
postconditioning,, but also that of how pathological conditions, diseases and 
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pharmaceuticals abolish cardioprotection is incomplete. To us, the results described in this 
thesis demonstrate that mitochondria are critically involved in the signal transduction 
pathways of preconditioning and postconditioning. Furthermore, this thesis supports the 
hypothesis that mitochondrial mechanisms might be involved in the underlying 
mechanisms of the age and disease related reduction of the cardioprotective potency of 
preconditioning and postconditioning. Future studies should investigate whether 
mitochondria are possible targets for pharmacological therapy to restore cardioprotection. 
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