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Chapter 2: General discussion 
 

Jan Fräßdorf 



 

Cardiovascular disease is one of the major causes of death in Western nations. 
In 2004 more than 50 million individuals suffered from angina pectoris all over 
the world (WHO website), leading to approximately 8 million myocardial infarc-
tions per year. Clinically the main therapeutic goal is to reestablish myocardial 
perfusion to salvage myocardium that would be irreversible damaged by is-
chaemia. The more myocardium is irreversible lost, the more myocardial func-
tion is limited. This may lead to congestive heart failure with its consequences 
as invalidity or death. However, reperfusion of ischaemic myocardium is lead-
ing to additional myocardial damage. This paradoxical phenomenon is called 
reperfusion injury. Therefore, finding a therapy that renders myocardium re-
sistant to ischaemia and/ or limits the extent of reperfusion injury has potential 
to save millions of life. 

Anesthesiologists are involved in the treatment of myocardial ischaemia in the 
emergency room, the intensive care, the cardiology suite or in the operating 
theatre, and cardiovascular research is from the beginning of modern anaes-
thesia one of the main topics of anaesthesiology related research. In 1976, 
Bland and Lowenstein reported that the volatile anaesthetic halothane reduces 
ST-segment changes after myocardial ischemia in dogs (1). Tarnow et al. 
demonstrated that isoflurane increases the ischaemic threshold after pacing 
induced ischaemia in men, indicating that volatile anaesthetics could have car-
dioprotective properties in humans (2). However, these results were not used 
to intensify research in this area. In the meantime, Murry et al. discovered an 
endogenous cardioprotective mechanism: preconditioning. In 1986 they pub-
lished their observation that short term ischaemia, itself not lethal, prior to a 
prolonged and infarct inducing ischaemia reduces infarct size by 75% compared 
with untreated controls (3). Subsequently, this strong cardioprotection could 
be reproduced by several groups in every investigated species including human 
myocardium (for review see (4). As preconditioning is such a powerful cardio-
protective mechanism, further research focused to unravel the signal transduc-
tion cascade. The past 25 years with intensive research has shown that signal 
transduction of myocardial preconditioning is more complex than thought in 
the early beginnings. 

This complexity was even increased by the discovery that preconditioning has 
two different phases. The first one, called early preconditioning (EPC) occurs 



 

immediately after the preconditioning stimulus and lasts for two to three 
hours. Then, after a protection free interval of 24 hours, cardioprotection reoc-
curs and lasts for up to 72 hours. This phase is called late preconditioning. 

Liu et al. reported in 1991 that EPC is triggered by activation of adenosine A1-
receptors (5). This was the first evidence that EPC is receptor mediated. Further 
research showed that the signaling pathway can be divided into two different 
phases: the trigger and the mediator phase. During the trigger phase, different 
Gi protein coupled receptors are activated. Their endogenous ligands are re-
leased in the myocardium during the preconditioning stimulus. Besides adeno-
sine, bradykinin and endogenous opioids are these ligands (6). Blockade of one 
of these receptors completely abolished the cardioprotection observed after 
EPC with one single cycle of preconditioning. By repeating the precondition 
stimulus the signal transduction becomes more robust and blockade of one of 
the receptors does not abolish the cardioprotection (7), indicating that there is 
a threshold to induce EPC mediated cardioprotection. After one cycle of pre-
conditioning, only a small amount of adenosine, bradykinin and endogenous 
opioids are released and all three pathway are necessary to activate the follow-
ing step in the signal cascade. After multiple cycles preconditioning, more of 
these ligands are released and the blockade of one of the pathways is not suffi-
cient to block the complete signaling pathway. This phenomenon could at least 
in part be responsible for the observed stronger cardioprotection as described 
in part IV chapter 1 and part V chapter 3 of this thesis.  

The three different triggers, adenosine- bradykinine- and opioid receptor acti-
vation, converge in a common pathway: activation of protein kinase C (PKC). 
Blockade of PKC inhibits cardioprotection after stimulation of one of the trig-
gers mentioned above (6).  

Besides the receptor mediated activation of PKC, a reactive oxygen species 
(ROS) mediated PKC activation plays a role in signaling of preconditioning (8). 
Treatment with a ROS generator induces cardioprotection, which again is 
blocked by a PKC inhibitor, indicating that ROS mediated cardioprotection is 
located upstream of PKC (9). In part III chapter 1 of this thesis we demonstrated 
that ROS generation is not only necessary in ischaemic induced EPC, but also in 
isoflurane anaesthetic induced preconditioning.  



 

How PKC mediates cardioprotection is until now not resolved. PKC has a lot of 
potential targets. It is known that PKC interacts with several mitochondrial 
structures such as mitochondrial permeability transition pore (mPTP), mito-
chondrial ATP sensitive potassium channels (mKATP) or the apoptosis pathway. 

Opening of the mPTP is involved in cellular necrosis after ischaemia and reper-
fusion (10), most likely due to uncontrolled influx of Ca2+ ions and a burst of 
ROS. Prevention of mPTP opening could be one of the true end-effectors of 
preconditioning. Besides the interaction of PKC with mPTP, also the mitochon-
drial calcium sensitive potassium channels (BKCa) interact with mPTP. Activat-
ing of BKCa prevents opening of mPTP at the onset of reperfusion. In part II 
chapter 2 we investigated whether morphine induced EPC is mediated via inhi-
bition of mPTP opening. However, we were not able to demonstrate in our set-
ting that morphine induces EPC. This was due to the containts of the buffer 
used in the Langendorff preparation, containing glutamine. This indicates one 
of the problems in research where results from laboratories all over the world 
are not always reproducible due to small differences in the experimental condi-
tions. In another set of experiments, on another location and without gluta-
mine, we could demonstrate that morphine induced preconditioning is mediat-
ed by activation of BKCa as shown and discussed in part III chapter 3 of this 
thesis. 

In the beginning it was thought that preconditioning protects via an anti-
ischaemic effect. In the last years it became more evident that preconditioning 
induces a phenotype of the myocyte that confers cardioprotection. These 
mechanisms are mainly the activation of PI3 kinase, Akt and the MEK1/2 and 
ERK 1/2 at the onset of reperfusion. Hausenloy et al. named theses kinases 
“reperfusion injury survival kinases (RISK)”, as pharmacological blockade of one 
of these kinases abolishes the preconditioning induced cardioprotection (11). 
The closed link between the RISK and mPTP opening was demonstrated by 
Juhaszova et al. in cardiomyocytes in vitro (12). 

In young and healthy animals, EPC can easily be induced. However, in experi-
mental models of disease (i.e. diabetes) or in aged myocardium, precondition-
ing is abolished. In part V chapter 2 of this thesis we addressed whether mito-
gen activated protein (MAP) kinases or heat schock protein (HSP) 27 are 
blocked through diabetes in rat hearts in vivo. MAP kinases and HSP 27 are 



 

downstream targets of PI3 kinase. We demonstrated that in our model, neither 
MAP kinases nor HSP 27 are affected by diabetes in rat hearts in vivo, suggest-
ing that the blockade of EPC by diabetes occurs downstream of these targets. 

With ageing, the potency of cardioprotection by preconditioning decreases 
(13). In part V chapter 1 of this thesis we demonstrated that in aged rats mito-
chondrial respiration is depressed and that the regulation of mitochondrial res-
piration through BKCa is age dependent. Opening of mPTP is regulated by 
phosphorylation of glycogen synthase kinase (GSK)-3β (12) . In aged rats inhibi-
tion of GSK-3β does not prevent the opening of mPTP in vitro (14). However 
these results were all gained in in vitro studies and therefore it is difficult to 
conclude if these effects are responsible for the decreased effectiveness of EPC 
in aged myocardium in vivo 

Endothelial dysfunction is common in the ischaemia reperfusion situation, pos-
sibly aggravating the injury through inflammation processes and or occlusion of 
blood vessels (15). De Fily et al. demonstrated that preconditioning reduces 
endothelial dysfunction after ischaemia and reperfusion (16). Several interac-
tions between endothelial cells and constituents of the blood occur and might 
recruit circulating leukocytes to the site of damage. Mainly cell adhesion mole-
cules (CAM) are activated. Release of pro-inflammatory cytokines as tumor ne-
crosis factor (TNF) α proceeds the expression of CAM. In part III chapter 2 of 
this thesis we investigated if anaesthetics (isoflurane, xenon and nitrous oxide) 
or the opioid morphine prevent the expression of CAMs in human umbilical 
vein endothelial cells after stimulation with TNF-α. All four agents prevented 
the expression of intracellular CAM. Intravascular CAM 1 expression was only 
blocked by the volatile anaesthetics isoflurane, xenon and nitrous oxide. None 
of the given pretreatments affected the expression of E-selectin. However, the 
increased transcriptional activity of the nuclear transcription factor κB was 
abolished by all four agents. These results indicate that anaesthetics and mor-
phine interact with CAM. Interestingly, nitrous oxide was not able to induce 
preconditioning in rat hearts in vivo as shown in part III chapter 4 of this thesis.  

As demonstrated in part III chapter 2, morphine interacts with NFκB in HUVECs 
in vitro. NFκB has divergent functions within the myocardium. Depending on 
the physiological context and the cellular type it can protect cardiovascular tis-
sues from injury or contribute to pathogenesis (17). This transcription factor 



 

plays a prominent role in signaling of late preconditioning (LPC). Next to differ-
ent time courses (EPC occur immediately after the preconditioning stimulus 
and LPC with a delay of 24 hours), the main difference between EPC and LPC 
regarding the signalling is that EPC relies on phosphorylation of kinases and LPC 
on de-novo synthesis of proteins. 

In part II chapter 1 of this thesis we demonstrated that morphine induced late 
preconditioning in rat hearts in vivo. This cardioprotection was triggered and 
mediated through opioid receptors. Morphine increased NFκB activation, and 
this effect was abolished by blockade of opioid receptors. These results indicate 
that morphine and the opioid receptors interact with NFκB. 

Cyclooxygenase (COX)-2 is regulated by NFκB and involved in LPC (18). In part 
III chapter 3 of this thesis we tested the hypothesis that the anaesthetic noble 
gas xenon induces LPC and that this cardioprotection is mediated by COX-2. 
The data show that xenon induced LPC and pharmacological blockade of COX-2 
by the selective COX-2 inhibitor NS-398 abolished this cardioprotection. How-
ever, on a molecular level we were not able to show that xenon induces COX-2 
translation and expression. This is in contrast to our findings in the same study 
that ischaemic induced LPC does increase levels of COX-2 messenger RNA and 
protein expression. These results indicate that ischaemic and xenon induced 
LPC have in part different signal transduction pathways. 

In the beginning of preconditioning research, it was thought that precondition-
ing is an “all-or- nothing” phenomenon. That means, once induced, additional 
stimuli do not increase the extent of cardioprotection. Nowadays we know that 
increasing the number of stimuli makes the signal transduction more robust 
against counteracting mechanisms. For example, blockade of the β-
adrenorecpetors increases the threshold to induce preconditioning in rabbits in 
vivo (19). We tested the hypothesis that a multiple cycle protocol induces pre-
conditioning compared with a single cycle protocol in humans undergoing cor-
onary artery bypass grafting procedures. Here, we could clearly demonstrate 
that a multiple cycle protocol induces preconditioning, whereas as single cycle 
protocol does not (part IV chapter 1 of this thesis). These results were con-
firmed by Bein et al. (20)  



 

When we performed these experiments there was weak evidence that multiple 
cycle anesthetic induced preconditioning confers stronger protection com-
pared with a single cycle protocol (21). We therefore decided to provide more 
experimental evidence that multiple cycle anaesthetic induced preconditioning 
leads to stronger cardioprotection. Additionally, we tested the hypothesis that 
aprotinin blocks anaesthetic induced preconditioning. As shown in part V chap-
ter 3 of this thesis multiple cycle preconditioning induces stronger cardiopro-
tection with a maximum after three cycles. Aprotinin, used in open heart sur-
gery to prevent blood loss, completely abolished anaesthetic induced precondi-
tioning via blockade of endothelial NOS. 

The fact that volatile anaesthetics induce cardioprotection led to a change in 
clinical practice. Before, most centers dealing with open heart procedures used 
an high dose opioid based anesthesia. This was mainly caused by the idea that 
volatile anesthetics are negative inotrope and potent vasodilators and there-
fore counteracts the aim of achieving stable hemodynamics. However, nowa-
days, volatile anesthetics are widespread used during open heart procedures or 
in patients who are at risk for perioperative myocardial ischemia, due to its 
cardioprotective properties.  In the current guidelines on the perioperative car-
diovascular evaluation and care for non-cardiac surgery from the American Col-
lege of Cardiology  and the American Heart Association it is recommend to use 
volatile anesthetics in hemodynamic stable patients who are at risk for myo-
cardial ischemia (22). 

In conclusion, this thesis provides evidence that the opioid morphine and al-
most all inhalational anaesthetics, except nitrous oxide, induce preconditioning 
and the thesis gives an insight in the signaling transduction cascades. Precondi-
tioning can be influenced by age, diabetes or the chosen experimental condi-
tions. In humans, anaesthetic induced preconditioning strongly depends on the 
chosen protocol and co-administered drugs. 
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