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Chapter 1: General introduction and outline of this 
thesis 
 

Jan Fräßdorf 

  



 

In the history of general anesthesia cardiovascular adverse events were appre-
hended as most anesthetics have negative inotropic effects. However, already 
back in 1976 Bland and Lowenstein described cardioprotective properties of 
the volatile anesthetic halothane in animals (1). In 1986 Tarnow et al. (2) 
demonstrated that isoflurane improves the tolerance to pacing induced ische-
mia in humans. Kersten et al. (3) suggested in 1997 that isoflurane may induce 
the strongest endogenous cardioprotection, which is known as precondition-
ing. 

Preconditioning was first described by Murry and co-workers (4). They ob-
served that short, sublethal periods of ischemia prior to a prolonged lethal is-
chemia reduce infarct size in dogs in vivo. This observation is meanwhile ex-
tended to other species (mouse, rat, sheep, human etc.), other organs (gut, 
brain, liver etc.) and other stimuli (tachycardia, heat, different receptor ago-
nists and anesthetics). 

Preconditioning consists of two different time windows: an early phase which 
begins within a few minutes after the preconditioning stimulus and lasts for 2 
to 3 h, and a late phase which occurs 12 to 24 h after the preconditioning stim-
ulus and lasts for 3 to 4 d (5).  

Outline of the thesis 
 

This thesis focuses on morphine and anaesthetic induced cardioprotection. In 
Part I chapter 2, an overview on the core topic: Anaesthesia and myocardial 
ischaemia/reperfusion injury, is given. 

Part II of this thesis illustrates morphine’s capability to induce cardioprotection. 

Opioids are used as analgesics on a regularly basis during surgery. In particular 
in cardiac surgery a high dose opioid regimen is used to avoid volatile anaes-
thetics with their known negative inotropic adverse effects. Opioid receptors 
are indentified as one of the triggers of ischaemic and pharmacological-induced 
early preconditioning. 

Chapter 1 describes a study on late preconditioning by the clinically used opioid 
receptor agonist morphine. In this in vivo investigation, we tested the hypothe-



 

sis that morphine induces late preconditioning and that opioid receptors and 
the nuclear transcription factor kappaB are involved in signaling of this cardio-
protection. 

In chapter 2 we demonstrated that research is not always straightforward. Aim 
of the study presented in this chapter was to clarify whether morphine induced 
preconditioning is mediated by prevention of mitochondrial permeability tran-
sition pore (mPTP) opening. However, due to the use of glutamine-containing 
buffer in our experiments, we initially were not able to induce cardioprotection 
with morphine in the rat heart in vitro. In contrast, in experiments with a buffer 
solution without glutamine, we were able to induce morphine induced precon-
ditioning. 

Next to mPTP, mitochondrial calcium sensitive potassium channels (BKCa) were 
suggested to be end-effectors or mediators of the preconditioning signaling 
cascade. In chapter 3 we showed that morphine induced preconditioning is 
mediated by opening of BKCa in rat hearts in vitro (in the absence of glutamine 
in the buffer solution). 

Part III of this thesis highlights various aspects of volatile anaesthetic- induced 
preconditioning. 

The objective of chapter 1 was to determine whether generation of free radi-
cals are involved in isoflurane-induced cardioprotection. By the use of two 
structurally different antioxidants we demonstrated that free radicals are in-
volved in the signal transduction cascade of isoflurane induced preconditioning 
in rabbit hearts in vivo. 

In chapter 2 we emphasize on the influence of various drugs used in anesthesia 
(xenon, isoflurane, nitrous oxide and morphine) on tumor necrosis factor (TNF)-
alpha induced cellular damage of human umbilical vein endothelial cells (HU-
VEC). 

The noble gas xenon has anaesthetics properties with almost no hemodynamic 
side effects. Therefore, it could be the ideal anesthetic for patients at risk for 
cardiovascular events. In chapter 3 we investigated if xenon can induce late 
preconditioning and whether cyclooxygenase 2 is required for this protective 
effect. We could clearly demonstrate that the inert noble gas xenon induces 



 

late preconditioning and that cyclooxygenase 2 is involved in the signaling of 
this cardioprotection. 

Almost every inhalational anaesthetic does have some cardioprotective proper-
ties. However, in chapter 4 we describe that nitrous oxide does not induce car-
dioprotection. 

Part IV of this thesis conveys reports illustrating the transfer of our pre-clinical 
experimental data into the clinical setting. 

Chapter 1 shows for the first time that the concept of volatile anaesthetic in-
duced preconditioning is effective in humans undergoing coronary artery by-
pass grafting. This effect seems to depend on the employed preconditioning 
protocol and other medication given during the operation. 

Part V of this thesis addresses the question why most of the clinical trials failed 
to show cardioprotection induced by preconditioning. 

Early research on preconditioning was done in healthy young animals. Chapter 
1 shows that regulation of mitochondrial respiration is age dependent. These 
results could explain why in the clinical setting it is difficult to induce precondi-
tioning. 

Diabetes mellitus can abolish cardioprotection induced by preconditioning. In 
Chapter 2 we report on the exact level of the preconditioning signaling cascade 
at which this blockade occurs. 

Going back from bedside to bench again we investigated in chapter 3 whether 
the clinically used preconditioning protocol or the antifibrinolytic agent apro-
tinin could be responsible for the observed differences in the results between 
our clinical trial illustrated in chapter 1 of part IV and other clinical trials that 
were unable to induce preconditioning in humans. 
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Chapter 2: Anaesthesia and myocardial ischemia/ 
reperfusion injury 
 

J. Fräßdorf, S. De Hert and W. Schlack 

British Journal of Anaesthesia 103 (1): 89–98 (2009) 



 

Abstract: 
Anaesthetists are confronted on a daily basis with patients with coronary artery 
disease, myocardial ischaemia, or both during the perioperative period. There-
fore, prevention and ultimately adequate therapy of perioperative myocardial 
ischaemia and its consequences are the major challenges in current anaesthetic 
practice. This review will focus on the translation of the laboratory evidence of 
anaesthetic-induced cardioprotection into daily clinical practice. 
 
Keywords: anaesthetics i.v., propofol; anaesthetics volatile; heart, ischaemia; 
muscle cardiac 



 

Prevention and adequate treatment of perioperative myocardial ischaemia and 
its consequences are the frequent challenges of current anaesthetic practice. 
The main goal in the therapy of myocardial ischaemia is to restore perfusion to 
the ischaemic tissue. However, reperfusion itself can induce additional cellular 
damage that can exceed that caused by the ischaemic injury, even resulting in 
death. This phenomenon is called lethal reperfusion injury.25 Rosenkranz and 
colleagues82 defined lethal reperfusion injury as an irreversible deterioration of 
the myocardium, which can be reduced by modifications of the conditions of 
reperfusion. However, not only modifications of reperfusion conditions but also 
the application of interventions before the occurrence of myocardial ischaemia 
may help to reduce the extent of ischaemic damage and subsequent reperfu-
sion injury. Interestingly, the use of certain anaesthetic drugs seems to repre-
sent one such intervention. There are three time frames in which protection 
against ischaemia–reperfusion injury can be induced: before ischaemia occurs, 
during ischaemia, and after the ischaemia at the onset of reperfusion. The first 
report that sublethal ischaemia before otherwise lethal ischaemia induces 
strong cardioprotection was published in 1986 by Murry and colleagues.65 This 
preconditioning typically consists of two distinct phases: the early phase which 
starts immediately after the ischaemic stimulus and protects the myocardium 
for 2–3 h, followed by a late protection period occurring after 12–24 h and last-
ing for 2–3 days. The latter is called the late preconditioning phase. It has since 
been shown that the application of short ischaemic episodes interspersed by 
short periods of reperfusion after the longer period of myocardial ischaemia 
was also associated with a protective effect on the extent of myocardial dam-
age and post-ischaemic dysfunction. This phenomenon was called post-
conditioning.112 Evidence has now accumulated that anaesthetics and some 
narcotics may be cardioprotective. While experimental findings are increasingly 
being applied to clinical practice, continuing efforts are directed towards the 
unraveling of the underlying mechanisms. The understanding of the underlying 
signal transduction cascade is of special importance because there is conflicting 
clinical evidence concerning the relative contributions of early or late pre- and 
post-conditioning to clinical cardioprotection provided by anaesthetic agents. 
Several factors may be responsible for this conflicting evidence such as the dif-
ferences in the extent and degree of myocardial ischaemia between different 
studies, possible interference by the use of other drugs, and the presence of 
co-existing disease such as diabetes. This review will focus on the translation of 
laboratory evidence of anaesthetic-induced cardioprotection into daily clinical 
practice.  



 

Experimental evidence 

Anaesthetic-induced early preconditioning 
Besides the classical stimulus of short-term ischaemia, there are several stimuli 
that may induce a preconditioning-like effect. Physical interventions, such as 
rapid pacing31 and hyperthermia,108 and also several pharmacological agents 
may induce a preconditioning effect. Developments in the understanding of 
potential pharmacological approaches to preconditioning have emerged from 
studies investigating the signal transduction cascade involved in ischaemic pre-
conditioning. Liu and colleagues52 demonstrated that the adenosine A1 recep-
tor was involved in ischaemic preconditioning; this provided evidence that pre-
conditioning was induced by a receptor interaction, but also indicated that pre-
conditioning could be modulated by pharmacological interventions. In 1997, 
Kersten and colleagues39 showed for the first time that a volatile anaesthetic 
(isoflurane) induces cardioprotection in a preconditioning protocol. This finding 
also triggered research into the mechanisms involved in anaesthetic precondi-
tioning. Indeed, during the last decade, many studies have addressed the signal 
transduction cascade involved in anaesthetic-induced preconditioning. The first 
steps discovered were the activation of adenosine- and ATP-sensitive potassi-
um (KATP) channels. Subsequently, the involvement of protein kinase C, mito-
gen-activated protein kinases, extracellular-regulated kinases (ERK), heat shock 
protein and their interaction with the cytoskeleton, and involvement of endo-
thelial nitric oxide synthase were described (for a recent review, see Weber 
and Schlack).102 In addition to the volatile anaesthetic agents, opioids have 
been shown to exhibit a preconditioning effect85 86 as have the noble gases 
xenon and helium.72 103 It was initially considered that anaesthetic- and is-
chaemic induced preconditioning shared the same signal transduction path-
way. However, in 2004, Sergeev and colleagues87 demonstrated that anaesthet-
ic-induced preconditioning was associated with a more homogenous and pre-
dictable cardioprotective phenotype at the transcriptional level compared with 
ischaemic-induced preconditioning. Using a proteomic approach, it was shown 
that volatile anaesthetics induce long-lasting changes in the expression profile 
of 106 proteins, which are related to their cardioprotective effect.36 During the 
last few years, the focus of research has moved further down the signal trans-
duction cascade leading to the theory that inhibition of the opening of the mi-
tochondrial permeability pore is one of the key steps in preconditioning-
induced cardioprotection. Although initially the opening of the KATP channel 
was considered to be the main step in the signal transduction of precondition-
ing, it has become increasingly obvious that this constitutes only one step 
among many others. A detailed description of the underlying signal transduc-



 

tion pathway is beyond the scope of this review and the reader is referred to a 
number of excellent review articles that have been published on the subject in 
recent years.8 14 90 102 A schematic overview of the mechanisms involved in the 
cardioprotective effects of volatile anaesthetic agents is shown in Figure 1. The 
protection offered by anaesthetic preconditioning may be altered by the use of 
certain drugs or in the presence of certain diseases. 
 

 
Figure 1: Schematic overview of the signal transduction of anaesthetic-induced cardioprotection and 
possible interactions through anaesthetic drugs or drugs used frequently in the perioperative period. 
Akt: protein kinase B; cAMP: cyclic adenosine monophosphate; ERK1: extracellular regulated kinase 
1; mitoKATP channels: mitochondrial adenosine triphosphate sensitive potassium channels; NO: ni-
tric oxide; eNOS: endothelial nitric oxide synthetase; PKC: protein kinase C; PLC: phospholipase C; 
PKA: protein kinase A; mitoPTP: mitochondrial permeability transition pore; BKCa channel: large con-
ductance Ca2+-sensitive K+ channel; Cyt: cytochrome C; I, II, III, IV, V: mitochondrial respiratory chain; 
SR: sarcoplasmatic reticulum; MEK 1: mitogen-activated protein kinase 1; PI3K: phosphoinositide 3-
kinases; PDK-1: 3-phosphoinositide-dependent kinase 1; GS: stimulatory G-protein. 
 

Drugs blocking preconditioning 
Ketamine is known to be a blocker of the KATP channel, which constitutes a 
central step in the preconditioning cascade.41 Müllenheim and colleagues61 63 
have demonstrated that only the R(-)-enantiomer of ketamine is responsible 
for the blocking of the early and late preconditioning effects. Thiopental also 
blocks KATP channels in isolated myocytes and attenuates cytoprotection in-
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duced by diazoxide, a KATP channel opener.111 In rat hearts in vitro, however, 
thiopental did not abolish ischaemic preconditioning.62 Propofol, on the other 
hand, does not interact with the KATP channels in vitro,111 but its structure is 
similar to that of the free-radical scavenger vitamin E (tocopherol). Small 
amounts of radical oxygen species are necessary to induce volatile anaesthetic-
induced preconditioning,60 and therefore, it is possible that propofol can inter-
fere with this type of cardioprotection. Smul and colleagues89 demonstrated in 
rabbit hearts in vivo that propofol blocks anaesthetic-induced preconditioning, 
whereas it has no influence on ischaemic preconditioning. It is important to 
note that b-blockers may adversely affect anaesthetic-induced preconditioning. 
In human right atrial tissue, desflurane-induced preconditioning is abolished by 
the non-selective β-blocker propranolol.28 Lange and colleagues49 have demon-
strated that anaesthetic-induced preconditioning (induced by desflurane or 
sevoflurane) is abolished in the presence of esmolol (a β1-blocker) and that des-
flurane-induced preconditioning is blocked by a β2-blocker.48 Finally, aprotinin 
that is a well-known protease inhibitor has been shown to abolish ischaemic- 
and anaesthetic induced preconditioning in in vivo animal models.5 20 

Pathophysiological and experimental conditions interacting with pre-
conditioning 
The KATP channels play a pivotal role in signal transduction of ischaemic- and 
anaesthetic-induced preconditioning. These channels are not only present in 
the myocardium, but also in the pancreas. Blockade of these channels stimu-
lates insulin secretion. Therefore, KATP channel blockers such as the sulphonylu-
rea gliblenclamide are widely used in diabetic patients. Of note, gliblenclamide 
is also used in experimental studies to block KATP channels in order to demon-
strate their crucial role in the signaling pathway of preconditioning. Diabetes 
itself92 and also hyperglycaemia37 in the non-diabetic myocardium have been 
shown to abolish anaesthetic-induced preconditioning. Most studies investigat-
ing ischaemic- or anaesthetic induced preconditioning have used healthy young 
animals. Whereas in hypertrophic myocardium, preconditioning seems to be 
preserved, in the failing heart, this powerful endogenous cardioprotection is 
not present (reviewed in Pantos and colleagues).73 In the aged heart, precondi-
tioning is also abolished,1 but can be restored by exercise and food restriction.2 
The first studies of ischaemic preconditioning were performed using a protocol 
of multiple short-term ischaemia episodes interspersed by reperfusion. Later, it 
was concluded that one cycle of ischaemia and reperfusion induced the same 
cardioprotection as multiple cycle protocols. 35 51 However, Sandhu and col-
leagues demonstrated that the efficacy of multiple cycle ischaemic precondi-
tioning protocols seemed to depend on the stabilization period after prepara-
tion of the experimental animals. With a 30 min stabilization period, they 



 

demonstrated that three cycles of short-term ischaemia and reperfusion before 
the index ischaemia of 30 min led to stronger cardioprotection compared with 
the one-cycle protocol of ischaemic preconditioning. Additionally, they were 
able to show that the one-cycle preconditioning protocol could be blocked by 
inhibiting protein kinase C or activating cAMP activity, whereas three-cycle pre-
conditioning required both interventions to be blocked.83 Multiple-cycle pre-
conditioning with sevoflurane increases the cardioprotection in guinea pig 
hearts in vitro.80 Desflurane-induced preconditioning has a threshold between 
0.5 and 1 MAC in a single-cycle protocol with 30 min desflurane exposure time. 
Increasing the concentration of desflurane to 1.5 MAC or the time of applica-
tion to 90 min does not increase the observed cardioprotection. While once 
cycle of 0.5 MAC was not protective, with repetitive administration (three cy-
cles of 10 min interspersed with 10 min wash-out) cardioprotection was in-
duced.48  

Anaesthetic-induced late preconditioning 
In 1993, two separate groups reported that the cardioprotection through is-
chaemic preconditioning reappeared after 12–24 h and lasted for 72 h.44 58 
There is some conflicting evidence regarding the existence of anaesthetic-
induced late preconditioning. Initially, Kehl and colleagues38 could not demon-
strate late preconditioning with isoflurane in dog hearts. In contrast, in neona-
tal rabbits, isoflurane did induce delayed cardioprotection.98 This finding was 
later confirmed in adult rabbits by Tanaka and colleagues.93 Sevoflurane was 
also shown to induce delayed cardioprotection.57 Apart from the halogenated 
volatile anaesthetics, the noble gas xenon101 and opioids, including the experi-
mental selective δ-opioid receptor agonist TAN-6722 and also morphine21 and 
remifentanil,110 seem to induce delayed cardioprotection. In contrast to early 
preconditioning,96 late preconditioning requires de-novo synthesis of pro-
teins.81 This may explain the gap in time between myocardial protection by ear-
ly and by late preconditioning that occurs after the initial stimulus. 

Interventions during ischaemia 
Interventions applied during ischaemia to reduce the extent of myocardial 
damage typically aim to shift the balance between oxygen consumption and 
oxygen supply in favour of the oxygen supply. It has long been recognized that 
volatile anaesthetic agents have negative inotropic and chronotropic proper-
ties, and thus decrease the oxygen consumption–supply ratio and improve the 
capability to maintain myocardial energy stores.84 Tarnow and colleagues94 
demonstrated in 1986 that patients receiving isoflurane during coronary artery 
bypass procedures were less susceptible to pacing-induced myocardial ischae-
mia. Compared with other strategies known to protect against ischaemia–



 

reperfusion injury, the contribution of this direct anti-ischaemic effect is 
small.84 During ischaemia and reperfusion, reactive oxygen species cause lipid 
peroxidation. As propofol has antioxidant properties, it is thought that propofol 
may reduce ischaemic injury. Propofol given before, during, and after the index 
ischaemia reduces lipid peroxidation and improves functional recovery in rat 
hearts in vitro. However, this cardioprotection was observed at a propofol con-
centration of 12 µg ml-1 but not of 5 µg ml-1.106 

Intervention after ischaemia at the onset of reperfusion 
In 1996, Schlack and colleagues84 described the protective effects of halothane 
against reperfusion injury. These findings were later confirmed for sevoflurane, 
desflurane, and xenon79 78 and for opioid receptor agonists such as morphine.24 

This idea of limiting the extent of reperfusion injury by a treatment during early 
reperfusion was re-introduced in 2003 when Zhao and colleagues published 
their observation that episodes of short-term ischaemia and reperfusion at the 
end of a period of longer term ischaemia reduced infarct size similar to is-
chaemic preconditioning. This phenomenon was named post-conditioning.112 
The underlying mechanisms of anaesthetic-induced postconditioning are the 
subject of intensive research. In 1997, Siegmund and colleagues88 demonstrat-
ed that halothane prevented hypercontracture of myocytes during early reper-
fusion via an interaction with the ryanodine receptor (calcium release channel) 
of the sarcoplasmic reticulum. Neutrophils contribute to the reperfusion injury 
and volatile anaesthetics have inhibitory effects on neutrophil adhesion in the 
coronary arteries after ischaemia.32 A third major factor accounting for lethal 
reperfusion injury is activation of apoptotic cell death.23 Several pro-survival, 
antiapoptotic kinases are activated at the time of reperfusion. These pro-
survival protein kinases are called reperfusion injury salvage kinases (RISK) and 
include protein kinase B, ERK1/2, c-Jun N-terminal kinase, protein kinases C and 
G, p70s6 kinase, and glycogen synthase kinase 3 beta.30 The RISK pathway is 
also activated by volatile anaesthetics and opioids. Interestingly, it can also be 
activated through preischaemic administration of volatile anaesthetics, opioids, 
or ischaemic preconditioning. Therefore, it is likely that pre- and post-
conditioning share some final steps in signal transduction.71 However, it is not 
clear if activation of the RISK pathway and consequent interaction with the mi-
tochondrial permeability pore is really the final step in signaling of myocardial 
pre- and or post-conditioning. The key clinical question, however, is when to 
instigate the intervention designed to limit reperfusion injury. Kin and col-
leagues investigated whether ischaemic postconditioning has to be started 
immediately with the beginning of reperfusion or 1 min after reperfusion. Post-
conditioning by three cycles of 10 s reperfusion and 10 s ischaemia reduced 
infarct size from 52% in controls to 40%. Delaying the post-conditioning proto-



 

col by only 1 min abolished the protective effects. Increasing the stimulus to six 
cycles of ischaemia and reperfusion did not further increase the protection.40 
Obal and colleagues investigated in sevoflurane-induced post-conditioning the 
effect of the sevoflurane concentration and the timing of administration. In a 
first set of experiments, sevoflurane was administered for 15 min starting with 
the onset of reperfusion. In these experiments, 0.75 MAC did not induce cardi-
oprotection, whereas 1 MAC did. Further increases in concentration up to 2 
MAC did not decrease infarct size in rat hearts in vivo.69 In a second set of ex-
periments, the time of administration of 1 MAC sevoflurane was investigated. It 
was observed that after 2 min of sevoflurane administration with the onset of 
reperfusion, cardioprotection was present, which could not be enhanced by a 
longer administration up to 10 min.70 Propofol as a free-radical scavenger43 
with calcium channel blocking properties7 might be anticipated to reduce is-
chaemia–reperfusion injury if given during reperfusion. However, application of 
propofol during early reperfusion results in conflicting evidence.17 42 105 Studies 
demonstrating protective properties of propofol used supra-therapeutic con-
centrations (30–120 mmol litre-1) in Langendorff-perfused hearts, whereas free 
plasma concentrations of propofol are usually ,1 mmol litre-1.74 Like precondi-
tioning, post-conditioning is altered in pathological conditions. Hyperglycaemia 
blocks sevoflurane-induced post-conditioning.33 The cardioprotection induced 
by sevoflurane can be restored by blocking the mitochondrial permeability 
transition pore.33 Rho-associated kinases (ROCKs) appear to have the opposite 
effect to the RISK group.27 104 ROCKs are activated in vasospastic angina, is-
chaemic stroke, and atherosclerosis.68 However, there is no direct evidence 
that cardioprotection through post-conditioning is altered in these circum-
stances. 

Clinical evidence 

Anaesthetic-induced early preconditioning 
Although a number of clinical studies have aimed to investigate anaesthetic-
induced preconditioning, it appears that the protocols used did not, in fact, 
constitute a genuine preconditioning intervention. Indeed, by definition pre-
conditioning requires that the stimulus is followed by a so-called washout peri-
od before the actual ischaemic insult occurs. Another methodological concern 
is the continued presence of slowly cleared drugs, such as morphine or β-
adrenoreceptor blockers, in the myocardium during the index ischaemia after 
their intended use as a preconditioning stimulus. As such, these interventions 
cannot be regarded as preconditioning stimuli. A further prerequisite for clini-
cal research in this field is the availability of a suitably predictable and repro-
ducible ischaemic insult. Such a predictable and comparable setting of myocar-



 

dial ischaemia is only seen during cardiac surgery, and this is why most of the 
clinical studies have been performed during coronary surgery. One problem is 
that these procedures themselves may influence preconditioning and confound 
the extent of anaesthetic preconditioning. For instance, cardiopulmonary by-
pass can induce cardioprotection,6 and most patients undergoing coronary sur-
gery have co-existing diseases and are taking medications that may interfere 
with anaesthetic-induced preconditioning. Belhomme and colleagues were the 
first to present evidence that isoflurane could induce anaesthetic-induced pre-
conditioning in patients undergoing coronary surgery. Exposure to isoflurane 
(2.5 MAC for 5 min) 10 min before aortic cross-clamping and cardioplegic arrest 
increased ecto-5’-nucleotidase, an indirect marker of protein kinase C, activa-
tion in right atrial samples. Furthermore, they observed a trend towards lower 
troponin I and creatine kinase-MB in isoflurane-treated patients. Other studies 
demonstrated improved cardiac function with lower troponin release after 
coronary surgery50 59 97 whereas some demonstrated only improved function.29 

75 Morphine, compared with fentanyl, improves functional recovery after coro-
nary surgery but has no influence on biochemical markers of myocardial necro-
sis.64 Once again, most of these studies do not comply with the strict definition 
of preconditioning. Of special interest is the study by Julier and colleagues who 
demonstrated that administration of 2 MAC sevoflurane before aortic cross-
clamping induced a translocation of protein kinase C in right atrial samples. This 
was the first study to demonstrate such an effect in the clinical setting. Howev-
er, a number of methodological issues should be kept in mind. The authors had 
to administer phenylephrine to treat the haemodynamic consequences of 4% 
sevoflurane in patients on cardiopulmonary bypass. Both phenylephrine 3 100 
and cardiopulmonary bypass6 were shown to induce cardioprotection in exper-
imental studies. On the other hand, all patients received aprotinin, which can 
block anaesthetic-induced preconditioning.20 Not all clinical preconditioning 
studies, however, have shown cardioprotective effects in terms of either better 
preservation of myocardial function or less postoperative myocardial damage.18 

76 77 This underscores the fact that the clinical preconditioning protocol may be 
critical to the demonstration of protective effects. This question was recently 
addressed by Bein and colleagues,4 who demonstrated that interrupted admin-
istration of sevoflurane before cardiopulmonary bypass induced cardioprotec-
tion in coronary artery bypass graft patients, whereas continuous administra-
tion did not. Similarly, we observed that in coronary surgery patients, a pre-
conditioning protocol with only one cycle of sevoflurane (1 MAC for 5 min 10 
min before cardiopulmonary bypass and aortic cross-clamping) did not de-
crease postoperative troponin I release, whereas the application of two cycles 



 

of sevoflurane administration for 5 min, interspersed by 5 min wash-out, signif-
icantly reduces troponin I levels.19 
Myocardial ischaemia also occurs on a regular basis during coronary artery 
stenting procedures. Treatment with 0.5 MAC sevoflurane for 20 min in pa-
tients before a stenting procedure did not reduce post-procedural plasma tro-
ponin levels.47 

Anaesthetic-induced late preconditioning 
There is only indirect evidence that anaesthetic-induced late preconditioning 
might occur in humans. Lucchinetti and colleagues53 investigated if a subanaes-
thetic dose of sevoflurane-induced changes in gene expression in white blood 
cells of volunteers. They observed markedly altered gene expression of rapid 
onset and reduced expression of the proinflammatory L-selectin, concluding 
that these findings were consistent with a ‘second window of protection’ in 
humans.53  

Interventions during ischaemia 
To investigate the direct anti-ischaemic properties of volatile anaesthetics is 
complicated. Nader and colleagues added sevoflurane (2 vol%) into the cardio-
plegia solution during coronary artery bypass graft procedures. They observed 
a better functional recovery and lower plasma troponin levels and a decrease 
of the inflammatory response after cardiopulmonary bypass and myocardial 
reperfusion.66 67 High-dose propofol (120 µg kg-1 min-1, plasma total propofol 
concentration ~4.2 mg ml-1) during cardiopulmonary bypass attenuated indices 
of oxidant stress and reduced the release of troponin after coronary surgery 
compared with ‘low’-dose (60 mg kg-1 min-1) propofol anaesthesia or isoflu-
rane-based anaesthesia.107  

Intervention after ischaemia with the onset of reperfusion 
As timing seems to be crucial in post-conditioning,40 volatile anaesthetics 
should be present with the onset of reperfusion to achieve clinically relevant 
cardioprotection. To date, little is known of the clinical relevance of this type of 
cardioprotection. De Hert and colleagues15 could not detect a significant reduc-
tion in cellular damage in terms of postoperative plasma troponin levels with 
sevoflurane given only during reperfusion. However, postoperative recovery of 
myocardial function seemed to occur earlier than in the control group. A similar 
phenomenon was observed in an anaesthetic-induced preconditioning group. 
Only when sevoflurane was administered during the whole procedure was 
there a significant reduction in postoperative troponin I release and a better 
preservation of postcardiopulmonary bypass myocardial function. The fact that 
in this study sevoflurane administration was started only with the release of 



 

the aortic cross-clamp might imply that the volatile anaesthetic was not pre-
sent in the myocardium during early reperfusion. In contrast, there is good clin-
ical evidence that ischaemic post-conditioning protects the myocardium during 
early reperfusion. Patients undergoing coronary stenting as treatment for myo-
cardial infarction who received a postconditioning protocol had reduced tro-
ponin I and creatine kinase-MB release, smaller infarct size after 6 months, and 
a better long-term functional recovery after 1 yr.95 Additionally, Luo and col-
leagues56 demonstrated that in children undergoing correction of a tetralogy of 
Fallot, post-conditioning reduced the need for inotropes in the first 24 h after 
operation, and it was associated with a 50% reduction in troponin I and a 34% 
reduction of creatine kinase-MB compared with controls. These findings were 
later confirmed in adult valve replacement surgery, where post-conditioning 
was induced by three cycles of reperfusion and ischaemia (each 30 s).55 How-
ever, a major concern with regard to ischaemic post-conditioning in humans is 
the increased risk of embolic events with every new aortic cross-clamping. 

Anaesthetic agents and clinical cardioprotection 
Although the relative contributions of pre- and postconditioning to clinical car-
dioprotective effects of volatile anaesthetics are unclear, the best available 
clinical evidence to date suggests that the effects of volatile anaesthetics are 
most evident when given throughout the entire surgical procedure. De Hert 
and colleagues13 demonstrated that sevoflurane reduced cellular damage and 
preserved post-bypass cardiac function compared with a propofol based anaes-
thetic regimen in patients undergoing coronary surgery. This cardioprotective 
effect was also observed in high-risk elderly patients with sevoflurane and des-
flurane11 and also in aortic valve replacement procedures.10 In contrast, no pro-
tection was observed in patients undergoing isolated mitral valve replacement, 
whereas patients undergoing mitral valve replacement plus coronary surgery 
had lower troponin plasma concentrations.46 The observed cardioprotection 
seemed to be associated with a shorter length of stay in the intensive care unit, 
a shorter length of stay in hospital, and a reduced incidence of prolonged (>48 
h) intensive care stay.16 These findings were subsequently confirmed by other 
groups, not only in surgery involving cardiopulmonary bypass99 but also in off-
pump surgery.26 Sevoflurane also attenuates transcripts involved in activation 
of the granulo-colony stimulating factor cell survival pathway and DNA damage 
signalling. These pathways are predictors of postoperative cardiac index and 
diastolic heart function. These data were collected by using gene microarray 
screening.54 However, the interpretation of data from gene microarray screen-
ing experiments seems to be complicated and could be associated with a high 
risk of false positive data.9 Another clinical setting with a high incidence of my-
ocardial ischaemia is major vascular surgery. De Hert and colleagues retrospec-



 

tively analysed if the use of volatile anaesthetics or an i.v. anaesthetic regimen 
affected postoperative troponin release in vascular surgery patients. No differ-
ences were observed but the subgroup of patients undergoing aortic surgery 
who received volatile anaesthetics (n=62) tended to have lower postoperative 
troponin levels compared with those who received an i.v. anaesthesia (n=43).12 

Effects on outcome 
An important question remains whether the choice of the anaesthetic regimen 
may affect major postoperative outcomes. Unfortunately, none of the studies 
performed to date is sufficiently powered to address this question. In a retro-
spective analysis of a Danish complication registry with more than 10 000 pa-
tients,34 possible cardioprotective properties of sevoflurane were investigated. 
The authors observed no difference in 30 day mortality compared with patients 
who received propofol anaesthesia (sevoflurane 2.84% vs propofol 3.3%, 
P=0.18). In a subgroup analysis the authors could demonstrate that patients 
with no history of unstable angina, myocardial infarction, or both and, there-
fore, most likely not preconditioned before the operation, benefited from 
sevoflurane anaesthesia in terms of a reduced mortality (sevoflurane 2.28% vs 
propofol 3.14%, P=0.015). On the other hand, propofol based anaesthesia was 
associated with a lower mortality in emergency procedures. Of note, there are 
a number of limitations with this study that should be kept in mind. Since this 
was a retrospective database analysis, there was no randomization: all 
propofol-based anaesthetics were given in one of the three participating cen-
tres. The other two centres used only sevoflurane-based anaesthesia. Secondly, 
the centres used different types of cardioplegia. The propofol centre used only 
crystalloid cardioplegia, whereas one of the sevoflurane centres used only 
blood cardioplegia, and the last centre used both types of cardioplegia. There-
fore, the differences observed are possibly biased through these circumstanc-
es. 
Several meta-analyses have tried to answer the question whether the use of a 
volatile anaesthetic during cardiacsurgery is superior to a propofol-based an-
aesthetic.45 91 109 `In the most recent meta-analysis (22 studies including 1922 
patients) including only studies comparing i.v. anaesthesia with either desflu-
rane or sevoflurane, Landoni and colleagues45 found a reduction of myocardial 
infarctions (volatile anaesthetics 2.4% vs propofol 5.1%, OR=0.51 CI 
(0.32–0.84), P for effect=0.008) and a reduced mortality (volatile anaesthetics 
0.4% vs propofol 1.6%, OR=0.31 CI (0.12–0.80), P for effect=0.02). Neither the 
observational study from Jakobsen and colleagues34 nor the metaanalysis 
from Landoni and colleagues45 investigated the possible influence of co-existing 
diseases or other co-administered drugs. 



 

Conclusion 
Volatile anaesthetics offer cardioprotective effects by different mechanisms, 
i.e. pre- and post-conditioning. A clinical benefit of volatile anaesthetics has 
been clearly demonstrated in patients undergoing heart surgery, reducing 
morbidity, and perhaps mortality. However, to what extent the concepts of ei-
ther pre- or post-conditioning contribute to the observed myocardial protec-
tion remains unclear. A more detailed knowledge of involvement of different 
mechanisms and of the efficiency of different administration protocols might 
allow a more tailored administration of cardioprotective anaesthetic protocols. 
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Abstract: 
δ1-opioid receptor agonists can induce cardioprotection by early and late pre-
conditioning (LPC). Morphine (MO) is commonly used for pain treatment during 
acute coronary syndromes. We investigated whether MO can induce myocardi-
al protection by LPC and whether a nuclear transcription factor κB (NF-κB)-
dependent intracellular signaling pathway is involved. Rats were subjected to 
25 min of regional ischemia and 2 h of reperfusion 24 h after treatment with 
saline (NaCl; 0.9% 5 mL), lipopolysaccharide of Escherichia coli (LPS; 1 mg/kg), 
or MO(3 mg/kg). LPS is a trigger of LPC and served as positive control. Naloxone 
(NAL) was used to investigate the role of opioid receptors in LPC and was given 
before NaCl, LPS, or MO application (trigger phase) or before ischemia reperfu-
sion (mediator phase). Infarct size (percentage area at risk) was 59% ± 9%, 51% 
± 6%, or 53% ± 10% in the NaCl, NAL-NaCl, and NaCl-NAL groups, respectively. 
Pretreatment with MO reduced infarct size to 20% ± 6% after 24 h (MO-24h), 
and this effect was abolished by NAL in the trigger (NAL-MO, 53% ± 14%) and in 
the mediator (MO-NAL, 60% ± 8%) phases. Pretreatment with LPS reduced in-
farct size to 23% ± 8%. NAL administration in the trigger phase had no effect on 
infarct size (NAL-LPS 30% ± 16%), whereas NAL during the mediator phase of 
LPC abolished the LPS-induced cardioprotection (LPS-NAL 54% ± 8%). The role 
of NF-κB in morphine induced LPC was investigated by Western blot and elec-
trophoretic mobility shift assay. Morphine and LPS treatment increased phos-
phorylation of the inhibitory protein κB, leading to an increased activity of NF-
κB. Thus, MO induces LPC similarly to LPS and it is likely that this cardioprotec-
tion is mediated at least in part by activation of NF-κB. Opioid receptors are 
involved as mediators in both MO- and LPS induced LPC but as triggers only in 
MO-induced LPC. 



 

The cardioprotection achieved by preconditioning can be differentiated into 
two phases: an early phase (EPC) and a late phase (LPC) of preconditioning. 
There is overwhelming evidence for an involvement of opioid receptors in the 
signal transduction cascade of early ischemic preconditioning (IP). Schultz et al. 
(1) demonstrated that naloxone (NAL), a nonspecific opioid receptor antago-
nist, completely abolished the cardioprotection of early IP. The early cardiopro-
tection is promoted by activation of δ-opioid receptors (2) and adenosine tri-
phosphate-sensitive potassium channels (3). Fryer et al. (4) provided evidence 
that opioid receptors are not only involved in EPC but also in LPC. In that study, 
a specific δ1-opioid receptor agonist, TAN-67, triggered the LPC. The de novo 
synthesis of mediator proteins is an essential step in the signaling cascade of 
LPC (5) and the nuclear transcription factor kappa B (NF-κB) is one important 
factor involved in LPC (6,7). Morphine (MO) is a commonly used analgesic that, 
besides having µ-opioid receptor-mediated analgesic effects, can also stimulate 
the δ1-opioid receptor. MO was shown to induce EPC (3) but little is known 
about potential late cardioprotective properties of MO and the potential un-
derlying mechanisms. We hypothesized that MO induces LPC and that opioid 
receptors and NF-κB are involved in this MO-induced cardioprotection. 

Methods 
The study was performed in accordance with the regulations of the German 
Animal Protection Law and was approved by the District Government of Düs-
seldorf. 

Experimental Protocol 
To investigate the late cardioprotective properties of MO and lipopolysaccha-
ride of Escherichia coli (LPS) and the underlying mechanism, we performed 
three sub-studies. 

Experiments for Infarct Size Determination 
Eighty-eight male Wistar rats were enrolled in the first part of the study and 
were randomized into 11 groups. All animals underwent 25 min of regional is-
chemia followed by 2 h of reperfusion (I/R). Excepting the animals of the MO-
12h and the LPS-12h groups, the animals were pretreated 24 h before I/R with 
MO (MO-24h: 3 mg/kg in 5 mL saline) LPS (LPS-24h: 1 mg/kg in 5 mL saline), or 
saline (NaCl 0.9% 5 mL) by intraperitoneal injection. The involvement of opioid 
receptors in this experimental setting was investigated using NAL (NAL 1 
mg/kg). To differentiate between the trigger and the mediator phases of LPC, 
NAL was given 10 min before MO, saline, or LPS administration (trigger) or 10 
min before I/R (mediator). A schematic illustration of the experimental protocol 
is given in Figure 1A. Five animals did not complete the experimental protocol: 



 

three animals of the LPS-groups were found dead in their cages after LPS ad-
ministration and 2 animals died from surgical bleeding (NaCl- and Nal+MO-
group). Eighty-three animals completed the experimental protocol. 
 

Figure 1. A, experimental 
protocol for infarct size 
experiments; B, experi-
mental protocol for West-
ern blot and electrophoret-
ic mobility shift assay (EM-
SA) experiments. NaCl = 
0.9% saline solution; Nal = 
1 mg/kg body weight na-
loxone-hydrochloride in-
traperitoneally; Mo = 3 
mg/kg body weight mor-
phine intraperitoneally; 
LPS = 1 mg/kg body weight 
lipopolysaccharide of Esch-
erichia coli; Ischemia = 25-
min occlusion of a left cor-
onary artery; Reperfusion = 
120 min of reperfusion; 
Western blot = excision of 
the hearts and preparation 
for Western blot (n = 4 
each group) or EMSA (n = 8 
each group). 
 
 
 
 
 
 

Experiments for Western Blot Analysis 
Twenty-four rats were randomly assigned to the six groups of the second part 
of the study. One of the essential steps in signal transduction of LPC is the acti-
vation of NF-κB by phosphorylation of the inhibitory protein IκB. We deter-
mined phosphorylation of IκB by Western blot analysis. Rats were treated with 
saline, MO, or LPS with or without pretreatment with NAL. After 2 h, the hearts 
were excised and prepared for Western blot analysis. A schematic illustration 
of the experimental protocol is given in Figure 1B. 



 

Experiments for Electrophoretic Mobility Shift Assay (EMSA) 
Forty-eight rats were randomly assigned to the six groups of the third part of 
the study. To confirm the indirect results from Western blots and to directly 
demonstrate that phosphorylation of IκB led to an activation of NF-κB DNA 
binding activity, we performed EMSA of NF-κB using the same protocol as for 
Western blot analysis (Fig. 1B). 
Chemicals were purchased from Sigma (Taufkirchen, Germany) or Merck-
Eurolab (Munich, Germany) unless otherwise stated in the manuscript. 

General Surgical Preparation 
After completing the preconditioning protocol, the rats (mean ± SD body 
weight, 444 ± 39 g) were anesthetized by intraperitoneal injection of S(+)-
ketamine (250 mg/kg). After intubation of the trachea, the lungs were ventilat-
ed (Rhema-Labortechnik Beatmungsgerät, Typ 10 mL, Cass, Germany) with a 
tidal volume of 5 mL at 60 breaths/min to maintain Pco2 within physiological 
limits. Surface electrocardiogram (Siemens Elema AB EKG-Gerät, Germany) was 
recorded continuously. After cannulation of a femoral vein, the rats received a 
continuous infusion of α-chloralose (25 mg/kg) and saline 0.9% (5 mL/h) for 
maintenance of anesthesia and compensation of fluid loss, respectively. For 
measurement of aortic pressure (AOP), a polyethylene catheter was inserted 
into the descending aorta via a femoral artery and connected to a pressure 
transducer (Statham PD23; Gould, Cleveland, OH). After left lateral thoracoto-
my in the fourth intercostals space and pericardiotomy were performed, a liga-
ture 
snare was passed around a major left coronary artery for later occlusion. A 
temperature probe was placed sub-diaphragmatically (GTH 1160; Digital Ther-
mometer, Geisinger Electronic, Germany) and body temperature was main-
tained at 37.9°C ± 0.7°C with a heating pad and a warming lamp. Arterial blood 
gas tensions were analyzed at baseline and during I/R and kept within physio-
logical ranges (data not shown). 

Infarct Size Assessment 
After completing the experimental protocol, hearts were excised and perfused 
on a modified Langendorff apparatus with saline at 80 mm Hg perfusion pres-
sure to wash out any remaining blood. The major left coronary artery was then 
re-occluded with the snare and 5-10 mL of 0.2% Evans Blue dye in 1% dextran 
was infused via the aortic root into the coronary system. This procedure identi-
fies the area at risk as unstained. The heart was frozen and cut into 8-12 trans-
verse slices of 1-mm thickness. The slices were incubated at 37°C for 15 min in 
buffered 1% triphenyltetrazolium chloride adjusted to pH 7.4 and then incu-
bated for 24 h in 4% formaldehyde. Viable myocardium was then identified as 



 

stained red by triphenyltetrazolium chloride, whereas necrotic myocardium 
appears pale gray. The area at risk and the infarcted area were determined by a 
blinded investigator by planimetry using Sigma Scan Pro 5 computer software 
(SPSS Science Software, Chicago, IL) and corrected for dry weight of each slice. 

Western Blot 
Hearts were excised and shock-frozen in liquid nitrogen. The investigators in-
volved in Western Blot analysis were blinded for the experimental protocol. 
The frozen tissue was pulverized and dissolved in 2.5 mL of lysis buffer contain-
ing: Tris base, EGTA, NaF, and Na3VO4 (as protease inhibitors), a freshly added 
proteinase inhibitor mix (aprotinin, leupeptin, and pepstatin), 100 µM/mL oka-
daic-acid and dithiothreitol (DTT). The solution was homogenized on ice (Ho-
mogenisator; IKA) and centrifuged at 1000g for 10 min at 4°C. After protein de-
termination of the supernatant by the Bradford method (8), equal amounts of 
protein were mixed 1:1 with loading buffer containing Tris-HCl, glycerol, and 
bromphenol blue. Samples were vortexed and boiled for 5 min at 95°C before 
being subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(10%, 100 V, 80 min) After electrophoresis proteins were transferred to a poly-
vinylidene diflouride membrane by tank blotting, 100 V for 1 h. Nonspecific 
binding of the antibody was blocked by incubation with 5% dry milk powder 
solution in Trisbuffered saline containing Tween (TBS-T) for 2 h. The membrane 
was incubated overnight at 4°C with the respective first antibody (phospho IκB-
α and nonphospho-IκB-α rabbit polyclonal antibody, Cell Signaling, Frank-
furt/Main, Germany) at a dilution of 1:1000 in. 5% bovine serum albumin. After 
washing in fresh, cold TBS-T, the blot was subjected to the antirabbit secondary 
antibody conjugated to horseradish peroxidase (Cell Signaling, Frankfurt/Main, 
Germany) for 2 h at room temperature. The immunoreactive bands were visu-
alized by chemoluminescence (Phototope®-HRP Western Detection Kit, Cell 
Signaling, Frankfurt/Main, Germany) detected on radiograph film (Hyperfilm 
ECL, Amersham). The blots were quantified by Sigma Scan software (Sigma 
Scan Pro 5®). 

Nuclear Protein Isolation and EMSA 
The investigators involved in EMSA were blinded to the experimental protocol. 
Frozen tissue was pulverized and dissolved in 3 mL of hypotonic buffer A (10 
mM HEPES pH 7.9; 10 mM KCl; 0.1 mM EDTA; 0.1 mM EGTA; 1 mM DTT; 0.5 
mM phenylmethylsulfonylflouride). The tissue suspension was divided into 3 
portions and allowed to swell on ice for 10 min. After centrifugation at 1000g 
for 10 min at 4°C, 500 µL buffer A was added to each remaining pellet. Nonidet 
P-40 (10%, 30 µL), a detergent that renders the nuclear membranes permeable 
to obtain the nuclear protein containing NF-κB, was added followed by 10 s of 



 

vigorous vortexing and incubation on ice for 10 min. After centrifugation at 
12,000g for 30 s, each supernatant was removed and the nuclear pellet was 
extracted with 66 µL of hypertonic buffer B (20 mM HEPES pH 7.9; 0.4 M NaCl; 
1 mM EDTA; 1 mM EGTA; 1 mM DTT; 1 mMphenylmethylsulfonylflouride) by 
shaking at 4°C for 30 min. The extract was centrifuged at 12,000g and the su-
pernatant was frozen at -85°C. Protein concentrations were determined by the 
method of Lowry et al. (9) Nuclear extracts and EMSA experiments were per-
formed as described previously (10,11). A 22-mer double-stranded oligonucleo-
tide probe containing a consensus binding-sequence for NF-κB (5=-AGT TGA 
GGG GAC TTT CCC AGG C-3=, Promega, Mannheim, Germany) was 5= end-
labeled with [γ32P]-ATP (10 µCi) using T4 polynucleotide kinase. Equal amounts 
of nuclear protein (10 – 20 µg) were incubated for 20 min at room temperature 
in a 15-µL reaction volume containing 10 mM Tris-HCl (pH 7.5), 5  104 cpm 
radiolabeled oligonucleotide probe, 2 _g poly(dIdC), 4% glycerol, 1 mM MgCl2, 
0.5 mM EDTA, 50 mM NaCl, and 0.5 mM DTT. Specificity of the DNA-protein 
complex was confirmed by competition with a 100-fold excess of unlabeled NF-
κB (cold NF-κB excess) and activating protein-1 (AP-1) (5=-CGC TTG ATG AGT 
CAG CCG GAA-3=) (cold AP-1 excess) binding sequences, respectively. Nucleo-
protein-oligonucleotide complexes were resolved by electrophoresis (4.5% 
non-denaturing polyacrylamide gel, 100 V), and bands were visualized by de-
tection on radiograph film (Hyperfilm). Shifts were quantified by Sigma Scan 
Pro 5®. 

Statistical Analysis 
Data are presented as mean ± SD. Heart rate (HR, in bpm) and mean AOP 
(AOPmean, in mm Hg) were measured at regular intervals during baseline con-
ditions, coronary artery occlusion, and reperfusion. The hemodynamic data 
were analyzed for time and group effects with analysis of variance followed by 
Dunnett’s post hoc test (SPSS 11.5.1®). Infarct size data were analyzed for 
group effects by analysis of variance followed by Bonferroni’s multiple compar-
ison test (GraphPad Prism© 4.0; GraphPad, San Diego, CA). Western blot data 
are presented as phosphorylated IκB in percentage of total IκB and were ana-
lyzed by analysis of variance following Dunnett’s multiple comparison test 
(GraphPad Prism© 4.0). EMSA data are presented as x-fold increase of average 
light intensity and analyzed by analysis of variance following Dunnett’s multiple 
comparison test (GraphPad Prism© 4.0). 



 

Results 

Infarct Size Determination 
Infarct size was 59% ± 9% of the area at risk in saline-treated controls and was 
not affected by NAL administration during the trigger or mediator phases (Fig. 
2). Both, morphine and LPS reduced infarct size after 24 h to 20% ± 6% and 23% 
± 8%, respectively (P < 0.001 versus NaCl). The infarct size reduction by MO was 
abolished by NAL given either during the trigger phase or during the mediator 
phase. In contrast, blocking the opioid receptor during the trigger phase had no 
effect on LPS-induced cardioprotection. Blockade of the opioid receptors dur-
ing the mediator phase also abolished the infarct size reduction after LPS 
treatment. The administration of MO or LPS 12 h before I/R did not reduce in-
farct size, demonstrating the absence of a cardioprotective effect between EPC 
and LPC. The dry heart weight and the area at risk in percentage of the heart 
for each group are given in Table 1, with no differences observed between the 
groups.  
 

Figure 2. Results of infarct size measure-
ments as percent of the area at risk. Data 
shown are mean ± sd. Black bars = control 
experiments, treated with 0.9% saline 
(NaCl) and naloxone during trigger phase (A) 
or the mediator phase (B); Open bars = 
morphine-treated animals, additional block-
ade of opioid receptors during the trigger 
phase (A) or mediator phase (B) by nalox-
one; Gray bars = lipopolysaccharide (LPS)-
treated animals, additional blockade of opi-
oid receptors during the trigger phase (A) or 
mediator phase (B) by naloxone. ***P < 
0.001 versus NaCl; ###P < 0.001 versus Mo-
24 h; §§§P < 0.001 versus LPS-24h. 
 



 

Table 1:  Dry heart weight and area at risk in all groups; Data are mean ± SD. No statistically signifi-
cant difference were observed between groups. LPS = lipopolysaccharide of Escherichia coli. 

Hemodynamics 
Table 2 shows the time course of HR and AoPmean during the experiments. No 
significant differences in HR and AoPmean were observed between the exper-
imental groups during baseline conditions. At the beginning of ischemia, only in 
the NAL-LPS group, we did observe a statistically lower AOPmean. At the end of 
ischemia this difference was absent. At the end of the experiments, HR was 
lower in MO-NAL and LPS_NAL treated rats. The LPS-pretreated animals 
showed a slightly reduced AOPmean during baseline and a significant lower 
AOPmean at the end of the reperfusion period. Hemodynamic measurements 
are important to exclude any influence of the global hemodynamic on infarct 
size, especially during the ischemia. 
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Western Blot 
After phosphorylation of IκB, NF-κB is released and can translocate to the nu-
cleus, where it promotes gene transcription by binding to the DNA. MO and LPS 
led to a threefold increase of phosphorylated IκB (Fig. 3,NaCl, 8 ± 5; MO, 24 ± 
16; P < 0.01 versus NaCl; LPS, 23 ± 12; P < 0.05 versus NaCl), providing indirect 
evidence for an activation of NF-kB. Pretreatment with NAL abolished this ef-
fect. NAL itself did not influence phosphorylation of IκB (Fig. 3). 
 

Figure 3: Densitometric 
results after Western blot 
analysis of total inhibitory 
kappa B protein (IκB) and 
phosphorylated IκB (pIκB) as 
ratio of both. Data shown are 
mean ± sd. NaCl = with 0.9% 
saline treated control ani-
mals; Naloxone-NaCl = with 
naloxone pretreated con-
trols; Morphine = 3 mg/kg 
body weight morphine 2 h 
before heart removal; Nalox-
one-Morphine = 1 mg/kg 
body weight naloxone intra-
peritoneally 10 min before 
morphine administration; LPS 
= 1 mg/kg body weight lipo-
polysaccharide of Escherichia 
coli membranes 2 h before 
heart removal; Naloxone-LPS 
= 1 mg/kg body weight na-
loxone intra-peritoneally 10 
min before lipopolysaccha-
ride administration. *P < 0.05 
versus NaCl; **P < 0.01 ver-
sus NaCl.  

EMSA 
To directly investigate the DNA binding activity of NF-κB, we performed elec-
trophoretic mobility shift assays of NF-κB that was isolated from the nuclear 
cell extract. Figure 4 illustrates that both MO (8.0 ± 5.6) and LPS (8.1 ± 5.1) sig-
nificantly increased DNA binding activity of NF-kB (P < 0.05 versus NaCl: 3.6 ± 
2.4), and these effects were again blocked by pretreatment with NAL (NAL-
NaCl, 4.7 ± 4.5; NAL–MO, 5.0 ± 2.6; Nal-LPS, 5.0 ± 1.7; P > 0.05 versus NaCl, MO, 
and LPS, respectively). 
 



 

Figure 4: Densitometric results of 
electrophoretic mobility shift assay 
(EMSA) for nuclear transcription 
factor-κB activity in x-fold average 
light intensity (AVI). Data shown 
are mean ± sd. NaCl = with 0.9% 
saline-treated control animals; 
Naloxone-NaCl = with naloxone 
pretreated controls; Morphine = 3 
mg/kg body weight morphine 2 h 
before heart removal; Naloxone-
Morphine = 1 mg/kg body weight 
naloxone intraperitoneally 10 min 
before morphine administration; 
LPS = 1 mg/kg body weight lipopol-
ysaccharide of Escherichia coli 
membranes 2 h before heart re-
moval; Naloxone-LPS = 10 min be-

fore lipopolysaccharide administration 1 mg/kg body weight naloxone intraperitoneally; Cold NF-κB 
excess = 100-fold excess of unlabeled NF-κB binding sequences (to specify the DNA-protein complex 
by competition; positive control); Cold AP-1 excess = 100-fold excess of unlabeled AP-1 binding se-
quences (to specify the DNA-protein complex by competition; negative control). *P < 0.05 versus 
NaCl. 

Discussion 
The present study extends our knowledge about MO induced cardioprotection 
from the known EPC effect to the phase of LPC. In addition, we demonstrated 
for the first time that opioid receptors are not only involved in EPC but also in-
volved in the trigger phase of MO-induced LPC and in the mediator phase of 
both MO- and LPS-induced LPC. Moreover, we could show that activation of 
the DNA binding activity of nuclear transcription factor NF-kB is involved in 
MO-induced LPC. 
IP limits cellular damage after prolonged I/R in a time-dependent manner. Im-
mediately after the preconditioning stimulus, cardioprotection can be observed 
for 3-4 h (EPC), followed by a protection-free interval. After 24 h, the protective 
effect reappears and lasts for 2-3 days (LPC) (12,13). Other than ischemia, sev-
eral pharmacological stimuli induce both EPC and LPC (14,15). There is growing 
evidence that one of the three known opioid receptors, e.g., the δ1-opioid re-
ceptor, mediates EPC (2,4). Naltrindole, a specific δ1-opioid receptor antago-
nist, given before IP, abolished early cardioprotection (2). The analgesic effect 
of MO is mediated by µ-opioid receptors, but MO also interacts with δ-opioid 
receptors (16). Schultz et al. (3) demonstrated that MO mimics EPC, and there 
is strong evidence that MO-induced EPC is mediated by activation of the δ1-
opioid receptor (2). The MO induced cardioprotection is mediated by free oxy-
gen radicals and opening of ATP-sensitive potassium channels in isolated rat 
hearts (17) and isolated myocytes (18). Peart and Gross (19) demonstrated in 



 

rat hearts that MO preconditioning requires both, activation of δ1-opioid recep-
tor and adenosine A1 receptor. Recently, Gross et al. (20) investigated the in-
teraction of the analgesic drugs MO, aspirin, and ibuprofen against reperfusion 
injury. Although aspirin had no protective effect, ibuprofen and MO given 5 
minutes before reperfusion reduced infarct size. Aspirin in combination with 
MO abolished the cardioprotection, which was mediated by 12-lipoxygenase. 
The same group investigated the signal transduction of MO given before is-
chemia (preconditioning). They found that phosphatidylinositol-3 kinase, a tar-
get of rapamycin and, in combination with ischemia, a reduced glycogen syn-
thase kinase β-activity are involved in MO induced EPC (21). The combination 
of the volatile anesthetic isoflurane and MO enhanced the cardioprotection 
compared with the infarct size reduction achieved by sole administration of 
these anesthetics. This additive effect is mediated by opening of KATPchannels 
(22). 
Fryer et al. (4) found that the specific δ1-opioid receptor agonist TAN-67 in-
duced LPC. Recently, Jiang et al. (23) demonstrated that MO induced LPC in 
mice and that the inducible nitric oxide synthetase (iNOS) is a mediator of this 
cardioprotection. Our data now confirm these findings regarding MO-induced 
LPC in rats. In addition, the present data demonstrate that during the LPC, both 
MO- and LPS-induced cardioprotection is mediated by opioid receptors (Fig. 
2B). The distinct subtype of the opioid receptor inducing LPC remains specula-
tive and needs further investigation. The data of Fryer et al. may suggest that at 
least the δ1-opioid receptor could be involved (4). The mechanism whereby the 
cardioprotection is finally mediated in ischemic, MO- or LPS-induced cardiopro-
tection is unknown. It is most likely that endogenous opioid receptor ligands 
are involved: a direct MO effect 24 hours after administration can be eliminat-
ed because, first, the plasma half-life time of MO is 30 minutes in rats (24) and, 
second, 12 h after MO and LPS administration, no cardioprotection was ob-
served (Fig. 2A). Furthermore, Fryer et al. demonstrated that δ1-opioid induced 
LPC requires δ1-opioid receptor activation during both phases (4). Blockade of 
extracellular signal regulated kinase (ERK) or the p38 stress activated mitogen 
activated protein kinase (p38 MAPK) by specific blockers given before admin-
istration of δ1-opioid receptor agonist abolished late cardioprotection. These 
findings indicate that ERK and p38 MAPK are involved at least in the trigger 
phase of opioid-induced IP (25). 
LPS-induced late cardioprotection was abolished by NAL in the mediator phase, 
while, in the trigger phase, LPS-induced cardioprotection did not require opioid 
receptors. This surprising result is in line with the findings from Börner et al. 
(26), who demonstrated that the µ receptor gene in a human neuroblastoma 
cell line is regulated by the AP-1. AP-1 itself is upregulated by LPS (27), and it 



 

could be possible that LPS administration led to an increase in opioid receptor 
gene transcription. 
A de novo synthesis of proteins is required for ischemic LPC (5), and iNOS, cy-
clooxygenase-2, and 12-lipoxygenase are mediators of δ1-opioid receptor ago-
nist triggered LPC (28,29). The key step before a de novo synthesis of proteins is 
gene transcription. Activation of NF-κB is essential in ischemic (6) and LPS in-
duced (7) LPC. There is conflicting evidence regarding the influence of MO on 
NF-κB activity. Loop et al. (30) did not observe an activation of NF-κB after 
stimulation with MO in human lymphocytes in vitro. In contrast, Wang et al. 
(31) observed an increase in NF-κB activity via µ-opioid receptors in a human 
neuronal cell line (NT-2N). Our data now show that in the rat heart, MO and 
LPS increase NF-κB DNA binding activity via phosphorylation of the inhibitory 
IκB protein. NF-κB is present in the cytosol in an inactivated state, complexed 
with the inhibitory I_B protein. Activation occurs via phosphorylation of IκB at 
serine 32 and 36, resulting in the release and nuclear translocation of NF-κB. 
Therefore, phosphorylation of IκB is an indirect marker of cytosolic activation 
of NF-κB. After MO and LPS administration, an increase in phosphorylation of 
IκB, which was blocked by NAL administration, was observed (Fig. 3). To con-
firm this finding and to directly demonstrate the transcriptional activity of NF-
κB, we performed EMSA. With this technique, we substantiated that MO and 
LPS administration led to an activation of NF-κB, which was mediated by opioid 
receptors (Fig. 4). The evidence from this study for the involvement of NF-κB in 
MO induced LPC is indirect, but there is ample evidence that activation of NF-
κB is an essential step in the signal transduction of LPC (6). 
At first, the dosage of MO used in our experiments appears quite high com-
pared with the dosage used in humans. However, rodents generally need larger 
dosages of analgesics compared with humans, and for analgesic properties in 
rats 10 mg/kg MO is recommended (32). Whether these observed species dif-
ferences could be explained by differences in metabolism, receptor interac-
tions, or signal transduction remains unclear, as no comprehensive studies 
have been published. Therefore, our dosage is in the lower limit for rodents. 
However, whether this cardio protective effect could be observed in humans 
with human dosages remains unclear. No significant changes in behavior were 
observed after MO administration except for an initial lethargic period lasting 
15 to 30 minutes. LPS treatment led to impaired well-being of the animals 
showing lethargic behavior and scrubby pelt, but all animals were still interest-
ed in food. No significant differences in hemodynamics were observed between 
LPS-treated and untreated animals during baseline conditions. Hemodynamic 
measurements are important to exclude any influence of the global hemody-
namic on infarct size, especially during the ischemia. As several statistical com-



 

parisons were made (each group is compared with MO-24 and within groups 
each time point is compared with baseline values) the observed statistically 
significant differences could occur alone by chance, as our significant level was 
set before the study at P < 0.05. 
Almost all known anesthetics have a negative or positive influence on IP. Vola-
tile anesthetics induce cardioprotection similar to IP (33). Racemic ketamine 
and R(-)-ketamine abolished the cardioprotection induced by IP, whereas S(+)-
ketamine did not influence the cardioprotection (34-36). We therefore decided 
to use S(+)-ketamine as the induction drug and α-chloralose, as a classical anes-
thetic for physiological experiments for maintenance. We can not exclude an 
influence of baseline anesthesia on our results, but as we used the same anes-
thesia for all experiments, this is unlikely. 
To summarize, we demonstrate for the first time that MO is able to induce a 
late cardioprotection 24 h after its administration in rat hearts. If one assumes 
that LPC could be an important endogenous cardioprotective mechanism for 
patients with coronary artery disease (37,38), such a positive side effect of 
morphine, if confirmed in humans, could be of relevance when choosing the 
analgesic drug for patients with acute coronary syndromes. In addition, we 
provided indirect evidence that endogenous opioid receptor ligands must be 
involved in mediating cardioprotection of LPC. 
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Abstract 
Morphine induces cardioprotection against ischaemia–reperfusion injury. 
While aiming to investigate the underlying signal transduction cascade of mor-
phine preconditioning in isolated Langendorff-perfused rat hearts, the ex-
pected cardioprotection was not detectable. Thus, we investigated the influ-
ence of different preconditioning protocols and substrate conditions on cardio-
protection in this experimental model. 
Isolated rat hearts underwent 35 min global ischaemia followed by 60 min 
reperfusion. Morphine PC was initiated by 3 cycles of 5 min 1 μM morphine 
with either 5 min washout [3PC5 (5)] or 15 min washout [3PC5 (15)] before is-
chaemia; by 15 min morphine with 15 min washout before ischaemia [PC15 
(15)]; or by 15 min 10 μM morphine with 15 min washout [PC15 (15)-10 μM]. 
Ischaemic preconditioning was initiated by 3 cycles of 3 min ischaemia; in an-
other group, hearts received 1 μM morphine continuously for 10 min before 
ischaemia until the end of reperfusion [continued morphine]. 
To investigate the effects of glutamine, two groups received a glutamine-free 
perfusate: a control group, and a morphine preconditioning group [3PC5 (15)]. 
Ischaemic preconditioning reduced infarct size by 75%, and continued mor-
phine by 46% compared to control group. With the glutamine containing per-
fusate, none of the morphine PC pretreatments had an effect on infarct size. In 
glutamine-free perfusate, 3 cycles of 5 min 1 μM morphine with 15 min wash-
out reduced infarct size from 45%±8% (control) to 20%±5% (3PC5 (15). 
Cardioprotection by morphine-induced preconditioning is model dependent: in 
the isolated rat heart, morphine preconditioning is prevented by a glutamine 
containing perfusate. 
  



 

1. Introduction 
Stimulation of opioid receptors both by endogenous and exogenous opioids 
increases the resistance of the myocardium against ischaemia and reperfusion 
injury (Cohen et al., 2001; Schultz et al., 1995, 1996; Zhang et al., 2004). 
The mechanisms by which opioids protect the myocardium share common 
pathways with ischaemic preconditioning. It is shown that opening of mito-
chondrial ATP-sensitive potassium (mKATP) channels, which are involved in regu-
lation of mitochondrial functions, is a key step to mediate both morphine and 
ischaemic preconditioning induced cardioprotection, possibly due to inhibition 
of mitochondrial permeability transition pore (mPTP) opening (Cohen et al., 
2001; Murphy and Steenbergen, 2007). In 2002, Hausenloy et al. (2002) 
demonstrated that prevention of mPTP opening is involved in ischaemic pre-
conditioning. 
In this context, we initially aimed to investigate, whether morphine also induc-
es preconditioning by prevention of mPTP opening in the isolated rat heart. 
However, the expected protective effect of morphine was surprisingly not de-
tectable in our experimental model of the isolated Langendorff-perfused rat 
heart. Based on these unexpected results, we hypothesized in the present 
study that morphine-induced cardioprotection might be strongly dependent on 
the experimental conditions and the protocol by which morphine is adminis-
tered. Most studies investigating the protective potency of morphine in intact 
hearts are conducted using non-classical preconditioning protocols (i.e. without 
washout of morphine before ischaemia), or in in vivo models where, depend-
ent on the half-time of morphine, it can be assumed that morphine is still pre-
sent during ischaemia. In addition, differences in experimental conditions re-
lated to the substrates present in the perfusate may also affect cardioprotec-
tive interventions. Recent work suggests e.g. that glutamine may have cardio-
protective potential (Liu et al., 2007). 
Thus, we investigated whether the cardioprotective effect of morphine-
induced preconditioning in the isolated rat heart depends on the precondition-
ing protocol and experimental substrate conditions. 

2. Materials and methods 
All experiments were performed in accordance with the Guide for the Care and 
Use of Laboratory Animals published by the US National Institutes of Health 
(NIH Publication No. 85-23, revised 1996), and approved by the Animal Ethical 
Committee of the University of Amsterdam. 



 

2.1. Chemicals and reagents 
Morphine-HCl was purchased from Centrafarm (Etten-Leur, The Netherlands). 
All other chemicals were purchased fromSigma-Aldrich (Zwijndrecht, The Neth-
erlands). 

2.2. Surgical preparation 
Seventy-three male, Wistar rats (Charles River, Netherlands) weighing 250–350 
g were used for these studies. Rats were maintained on a 12:12 light/dark 
schedule (lights on at 0600 h) with food and water provided ad libitum. The 
rats were acclimated to the local animal facility for at least 7 days prior to use 
in an experiment. Rats were anesthetized with pentobarbital (90 mg/kg i.p.). 
After thoracotomy, the aorta was cannulated in situ and perfusion of the myo-
cardium with Krebs–Henseleit solution was started before excision of the heart 
to reduce ischaemic periods. Then, hearts were mounted on a Langendorff sys-
tem and were perfused at constant pressure (80 mm Hg) with Krebs–Henseleit 
solution containing (in mM) 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25 Na-
HCO3, 0.5 EDTA, 2.25 CaCl2, 11 glucose, 0.5 glutamine, 1 lactate, and 0.1 py-
ruvate at 37 °C. A fluid filled balloon was inserted into the left ventricle and 
end-diastolic pressure was set at 1–4 mmHg. All hearts underwent a stabiliza-
tion period of 20min.Heart rate, myocardial function (isovolumetric left ven-
tricular pressure), coronary flow, left ventricular end-diastolic pressure, and 
dP/dt max were measured continuously. Arrhythmic intervals were not used 
for data analysis. The rate pressure product was calculated as heart rate  
(maximal left ventricularpressure−left ventricular end-diastolic pressure). 

2.3. Experimental design 
To investigate whether morphine induces preconditioning in the isolated rat 
heart, we conducted a first series (series 1) of experiments (Fig. 1, panel A). 
Hearts were assigned to one of seven experimental groups. Hearts of all groups 
underwent 35 min of ischaemia followed by 60 min of reperfusion. In control 
group, hearts were kept under baseline conditions for 40 min prior to ischae-
mia. To investigate whether morphine induces preconditioning, 1 μM mor-
phine-HCl was given in three different preconditioning protocols: 3 cycles of 5 
min, interspersed by 5 min washout 15 min prior to ischaemia (3PC5 (15), 
group 2), 3 cycles of 5 min, interspersed by 5 minwashout 5 min prior to is-
chaemia (3PC5 (5), group 3), and for 15 min 15 min prior to ischaemia (PC15 
(15), group 4). To test, whether a high concentration of morphine induces pre-
conditioning, group 5 received 10 μM morphine for 15 min 15 min prior to is-
chaemia (PC15 (15) 
 



 

Figure 1: Experimental 
protocol. Panel A: Experi-
mental series 1. The per-
fusate contains 11 mM glu-
cose and physiological con-
centration of lactate (1 mM), 
pyruvate (0.1 mM) and glu-
tamine (0.5 mM) as sub-
strates. Panel B: Experi-
mental series 2. The per-
fusate contains 11 mM glu-
cose and physiological con-
centration of lactate (1 mM) 
and pyruvate (0.1 mM) as 
substrates. Panel C: Experi-
mental series 3. The per-
fusate contains 11 mM glu-
cose and physiological con-
centration of lactate (1 mM), 
pyruvate (0.1 mM) and glu-
tamine (0.5 mM) as sub-
strates. 
 
 
 

morphine 10 μM). As positive controls, ischaemic preconditioning group (group 
6) underwent 3 cycles of 3 min ischaemia 15 min prior to ischaemia, and group 
7 received 1 μM morphine for 10 min before ischaemia and throughout reper-
fusion (continued morphine). Morphine was dissolved in NaCl (0.9%) and sepa-
rately infused into a mixing chamber placed in the perfusion system. At 60 min 
of reperfusion, hearts were frozen at −20 °C. Subsequently, infarct sizes were 
determined by triphenyl-tetrazolium chloride (TTC) staining. Therefore, heart 
slices (7–9 per heart) were incubated with 0.75% TTC solution for 10 min at 37 
°C and fixed in 4% formalin solution for 24 h at room temperature. The infarct-
ed area was determined by planimetry using SigmaScan Pro 5® computer soft-
ware (SPSS Science Software, Chicago, IL) by two researchers in a blinded man-
ner. Based on our results from experimental series 1, we conducted subse-
quently a second series of experiments where we investigated the impact of 
glutamine onmorphine-induced preconditioning. For this, we conducted exper-
iments under the same conditions as in series 1 except that we perfused the 
hearts with glutamine-free Krebs–Henseleit solution. The experimental proto-
col (Fig. 1, panel B) corresponded to the first two groups of series 1, e.g. a con-
trol group and a 3PC5 (15) group. Infarct sizes were determined as described 
above. To support the finding that the loss of cardioprotection by morphine-
induced preconditioning is caused by glutamine and not by a different efficacy 
due to unequal infarct sizes in control groups, we conducted subsequently a 



 

third series of experiments. For this, we conducted experiments under the 
same conditions as in series 1 except that the hearts underwent a prolonged 
ischaemic time of 40 min. The experimental protocol (Fig. 1, panel C) corre-
sponded to the control group and the PC15 (15) group of series 1. Infarct sizes 
were determined as described above. 

2.4. Statistical analysis 
Data are presented as mean±S.D. Group differences were analyzed (SPSS Sci-
ence Software, version 12.0.1) with use of ANOVA followed by Dunnet's post 
hoc test for experimental series 1, and with the Student t test for experimental 
series 2 and 3. Changes were considered statistically significant when the P val-
ue was less than 0.05. 

3. Results 

3.1. Experimental series 1 
No differences in body 
or heart weight were 
observed between the 
groups (Table 1 panel 
A). 
 
 
 
 
 
 
 
 
 
 
 

 

3.1.1. Infarct size 
Infarct size was 26%±6% (n=8) in controls and was neither affected by any of 
the three preconditioning protocols with 1 μM morphine (3PC5 (15): 33%±7% 
(n=7); 3PC5 (5): 25%±10% (n=7); PC15 (15): 25%±5% (n=6), all n.s. vs. control), 
nor by the administration of 10 μM morphine (3PC5 (15): 26%±8% (n=7), n.s. 
vs. control) (Fig. 2, panel A). Ischaemic preconditioning by 3 cycles of 3 min is-
chaemia reduced infarct size to 6%±3% (n=7, Pb0.05 vs. control). Continuous 



 

administration of morphine reduced infarct size to 14%±7% (n=7, P<0.05 vs. 
control) (Fig. 2, panel A). 

Figure 2 Panel A shows infarct sizes as a 
percentage of the left ventricle in experi-
mental series 1; 
Panel B shows infarct sizes as a percent-
age of the left ventricle in experimental 
series 2; 
Panel C shows infarct sizes as a percentage 
of the left ventricle in experimental 
series 3. 
Data are presented as mean±SD. *P<0.05 
vs. control. 



 

3.1.2. Haemodynamics 
No significant differences in rate pressure product, left ventricular end-diastolic 
pressure, and dP/dtmax were observed between the experimental groups during 
baseline conditions, and at the beginning of ischaemia (Fig. 3). During the 3 cy-
cles of ischaemic preconditioning, we observed a statistically lower rate pres-
sure product and dP/dtmax. The latter remained reduced at 5 min of each reper-
fusion period of the preconditioning cycles. During reperfusion after the pro-
longed period of ischaemia, the left ventricular end-diastolic pressure was low-
er in the ischaemic preconditioning group compared with controls, and at the 
end of the experiment, rate pressure product, dP/dtmax, and phasic left ventric-
ular pressure was higher in the ischaemic preconditioning group. There was no 
difference in heart rate compared with controls at baseline and during reperfu-
sion (Table 2).  



 

There was no significant difference between all groups regarding the time 
when left ventricular contracture reached the maximum, and the level of max-
imal left ventricular ischaemic contracture (Table 1, panel A).  

Figure 3: Line plots 
showing the time 
course of rate pressure 
product (RPP), left ven-
tricular end-diastolic 
pressure (LVEDP), and 
dP/dtmax during experi-
mental series 1. The 
perfusate contains 11 
mM glucose and physio-
logical concentrations 
of lactate (1mM), py-
ruvate (0.1 mM) and 
glutamine (0.5 mM) as 
substrates. Data are 
presented as mean±SD. 
*P<0.05 vs. control 
  



 

3.2. Experimental series 2 
No differences in body or heart weight were observed between the groups 
(Table 1, panel B). 

3.2.1. Infarct size 
Infarct size was 45%±8% (n=6) in controls (Fig. 2, panel B). Preconditioning by 
administration of 1 μM morphine (3PC5 (15)) reduced infarct size to 20%±5% 
(n=6, Pb0.05 vs. control). 

3.2.2. Haemodynamics 
No significant differences in rate pressure product, left ventricular end-diastolic 
pressure, and dP/dtmax were observed between the experimental groups during 
baseline conditions, and at the beginning of ischaemia (Fig. 4). 
  



 

Figure 4: Line plots 
showing the time 
course of rate pressure 
product (RPP), left ven-
tricular end-diastolic 
pressure (LVEDP), and 
dP/dtmax during experi-
mental series 2. The 
perfusate contains 11 
mM glucose and physio-
logical concentrations 
of lactate (1mM) and 
pyruvate (0.1 mM) as 
substrates. Data are 
presented as mean±SD. 
*P<0.05 vs. control 



 

During reperfusion after the prolonged period of ischaemia, the left ventricular 
end-diastolic pressure was lower in the 3PC5 (15) group compared with con-
trols. There was no difference in heart rate, phasic left ventricular pressure, 
and coronary flow compared with controls at baseline and during reperfusion 
(Table 3). 

 
There was no significant difference between both groups regarding the time 
when left ventricular contracture reached the maximum (Table 1, panel B). The 
level of maximal left ventricular ischaemic contracture was significantly re-
duced in 3PC5 (15) (68±8 mm Hg vs. 82±11 mm Hg, Pb0.05). 

3.3. Experimental series 3 
No differences in body or heart weight were observed between the groups 
(Table 1, panel C). 

3.3.1. Infarct size 
Infarct size was 42%±6% (n=6) in controls (Fig. 2, panel C). Preconditioning by 
administration of 1 μM morphine (PC15 (15); n=6) did not reduce infarct size 
(41%±7%; n.s. vs. control). 



 

3.3.2. Haemodynamics 
 
No significant differences in rate pressure product, left ventricular end-diastolic 
pressure, and dP/dtmax were observed between the experimental groups during 
baseline, ischaemia and reperfusion (Fig. 5). There was no difference in heart 
rate, phasic left ventricular pressure, and coronary flow compared with con-
trols at baseline and during reperfusion (Table 4). 
 

 
There was no significant difference between both groups regarding the time 
when left ventricular contracture reached the maximum and the level of maxi-
mal left ventricular ischaemic contracture (Table 1, panel C). 
  



 

 
Figure 5: Line plots 
showing the time course 
of rate pressure product 
(RPP), left ventricular 
end-diastolic pressure 
(LVEDP), and dP/dtmax 
during experimental 
series 3. The perfusate 
contains 11 mM glucose 
and physiological con-
centrations of lactate 
(1mM), pyruvate (0.1 
mM) and glutamine (0.5 
mM) as substrates. Data 
are presented as 
mean±SD. 

 



 

4. Discussion 

The main findings of our study are that a) in the isolated Langendorff perfused 
rat heart morphine administration in a preconditioning manner does not in-
duce protection of the myocardium in the presence of physiological concentra-
tions of glutamine, while both continued administration of morphine, and is-
chaemic preconditioning protect the myocardium, and that b) morphine ad-
ministration in a preconditioning manner induces myocardial protection in the 
absence of glutamine. 
It is well known that stimulation of opioid receptors by both endogenous and 
exogenous opioids enhances the resistance of the myocardium against ischae-
mia–reperfusion injury (Peart et al., 2005; Peart and Gross, 2004; Zhang et al., 
2005, 2004). Schultz et al. showed that the nonselective opioid receptor antag-
onist naloxone abrogated the cardioprotective effect of ischaemic precondi-
tioning, (Schultz et al., 1995) and, furthermore, that exogenous opioid receptor 
stimulation by morphine initiates cardioprotection (Schultz et al.,1996). In a 
later study, Schultz et al. demonstrated that the cardioprotective effect of is-
chaemic preconditioning was mediated by δ1-opiod receptor activation. Phar-
macological blockade of neither μ-receptors nor k-opioid receptors had an ef-
fect on ischaemic preconditiong (Schultz et al., 1998). There is evidence that 
also morphine-induced preconditioning is mediated via activation of δ-opioid 
receptors (Schultz et al., 1997). Furthermore, it was shown that the regulation 
of mitochondrial function by activation of mitochondrial ATP-sensitive potassi-
um (mKATP) channels plays a central role in morphine-induced cardioprotection 
(Cohen et al., 2001; McPherson and Yao, 2001). Ludwig et al. (2003) demon-
strated that morphine enhanced isoflurane induced preconditioning via activa-
tion of mKATP channels. The involvement of mitochondria in morphine-induced 
cardioprotection is supported by data from our group, showing that morphine 
causes a translocation of hexokinase to the mitochondria (Zuurbier et al., 
2005). The interaction of hexokinase with the mitochondria may inhibit apop-
tosis through inhibition of mPTP opening (Majewski et al., 2004). Prevention of 
mPTP opening due to alterations in mitochondrial function is involved in is-
chaemic preconditioning (Hausenloy et al., 2002). Thus, we initially aimed at 
investigating the role of mPTP in morphine-induced preconditioning in the iso-
lated Langendorff perfused rat heart. However, we failed to detect a protective 
effect of morphine. Based on this surprising finding we investigated whether 
morphine-induced preconditioning depends on the preconditionin protocol. 
Our results show that morphine does not initiate cardioprotection when ad-
ministered in a preconditioning manner i.e. with a washout phase where the 
substance is no longer present during ischaemia and reperfusion. In contrast, 
with the continuous administration of morphine, cardioprotection could be ob-



 

served and infarct size was reduced. Many of the studies investigating the car-
dioprotective effects of morphine were conducted using either in vivo models 
of myocardial infarction or the Langendorff perfusion model. In the case of in 
vivo models, when the drug is given prior to ischaemia, it is difficult to discrimi-
nate between pharmacological actions that occur before ischaemia, i.e. pre-
conditioning, or during ischaemia and reperfusion because the substance will 
still be present in the tissues. Dependent on the half-time of morphine, it can 
be assumed that morphine is still present during ischaemia. In most prior stud-
ies investigating the protective effect of morphine on ischaemia–reperfusion 
injury in the isolated heart model, morphine was administered until the onset 
of ischaemia and/or throughout the reperfusion period, i.e., also not in a classi-
cal preconditioning protocol. Cohen et al. (2001) demonstrated in the isolated 
rabbit heart that 5 min of perfusion with 0.3 μM morphine initiates precondi-
tioning. In their study, morphine administration was followed by 15 min of per-
fusion with morphine-free perfusate to allow a washout of the drug before the 
global ischaemia Cohen et al., 2001). In contrast to their study, we did not de-
tect an infarct size reducing effect of morphine in a similar protocol, i.e. when 
morphine treatment was not given until the onset of the global ischaemia. 
Therefore, it is unlikely that the contradictory findings of both studies are 
caused by different experimental protocols. Furthermore, the morphine con-
centration of 1 μM that was used in the present study has been shown to in-
duce the strongest preconditioning effect in ventricular myocytes (Liang and 
Gross, 1999). Interestingly, ongoing experiments from a collaborating laborato-
ry (Department of Anaesthesiology, University of Düsseldorf, Germany) investi-
gating a different effect of morphine on the isolated rat heart showed a strong 
preconditioning effect of 1 μM morphine in isolated Langendorff perfused rat 
hearts (preliminary data). Therefore, we hypothesized that the protective 
properties of morphine are not only dependent on the administration protocol, 
but also affected by the experimental conditions. Recently, there is increasing 
interest in the question, why the translation of beneficial preconditioning ef-
fects obtained in animal models into the clinical setting has been disappointing 
(for review see Dirksen et al., 2007; Yellon and Hausenloy, 2007). One of the 
likely factors relates to that laboratory conditions often deviates largely from 
the normal physiological conditions. For example, the substrates and concen-
trations thereof used in isolated heart perfusion studies often deviates from 
that found in vivo (Chatham et al., 2001). Furthermore, discrepancies in the re-
sults of animal studies can partially be caused by the failure to use standardized 
models and research protocols (Bolli et al., 2004). A comparison of the exact 
models and research protocols of our study and the study from the collaborat-
ing laboratory showed a difference in the substrate composition of the per-



 

fusates. In contrast to the study conducted at the University of Düsseldorf, 
where only glucose and pyruvate were present, the perfusate used in the first 
series of our experiments contained a mixture of glucose and pyruvate, lactate, 
and glutamine at physiological concentrations to simulate physiological sub-
strate conditions (Chatham et al., 1999, 2001; Stein and Moore, 1954). As stat-
ed above, this metabolic profile was specifically chosen to minimize as much as 
possible problems associated with the translation from the laboratory condi-
tion to the in vivo condition. It is already known that glutamine at higher than 
physiological concentrations (1.25–2.5 mM) protects the heart against I/R inju-
ry (Khogali et al., 1998, 2002; Liu et al., 2007). Our present study not only 
shows that glutamine already at physiological concentrations protects the 
heart against I/R injury, but that this concentration of glutamine also prevents 
morphine-induced preconditioning. To exclude that the abolished effect of 
morphine-induced preconditioning is caused by a reduced efficacy due to lower 
infarct sizes between the control groups (i.e. between control groups of exper-
imental series 1 and 2), we conducted additional experiments (experimental 
series 3) with a prolonged ischaemic time to increase the infarct size in the 
presence of glutamine. Our results demonstrate that the extent of infarct size 
has no impact on the blockade of morphine-induced preconditioning by gluta-
mine. A limitation of this study is that it cannot provide deeper insight into the 
exact mechanism by which glutamine and morphine-induced preconditioning 
interfere. It has been demonstrated by Liu et al. (2007) that the cardioprotec-
tive effect of glutamine is mediated via activation of the hexosamine biosyn-
thesis pathway and increased protein O-linked N-acetylglucosamine (O-GlcNAc) 
levels. Recently, Jones et al. (2008) demonstrated that “O-GlcNAc signaling rep-
resents a unique endogenously recruitable mechanism of cardioprotection that 
may involve direct modification of mitochondrial proteins critical for survival 
such as voltage-dependent anion channel.” It is possible that at least parts of 
this pathway are also involved in the signal transduction of morphine-induced 
preconditioning. Future studies are needed to clarify this possible interaction. 
Taken together, this study demonstrates that morphine can induce precondi-
tioning, but that the protective effect strongly depends on experimental condi-
tions, e.g. both the administration protocol and the substrate conditions. The 
data from our study might suggest that a preconditioning effect of morphine 
may be non-existent due to the physiological presence of glutamine. On the 
other hand, from a continuous presence of morphine during ischaemia and 
reperfusion a cardioprotective effect of morphine could still be expected also in 
the absence of a preconditioning effect. Any translation from our highly artifi-
cial model to the in vivo situation should be done with caution. Therefore, we 
hope that the results of this study may contribute to a more critical view on 



 

experimental conditions and experimental settings when translating conclu-
sions from laboratory studies to the in vivo condition. 
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Abstract 
 

Purpose Mitochondrial calcium sensitive potassium (mKCa) channels are in-
volved in cardioprotection induced by ischemic preconditioning. In the present 
study we investigated whether morphine-induced preconditioning also involves 
activation of mKCa channels. 
Methods Isolated rat hearts (six groups; each n = 8) underwent global ischemia 
for 30 min followed by a 60-min reperfusion. Control animals were not further 
treated. Morphine preconditioning (MPC) was initiated by two five minute cy-
cles of morphine 1 µM infusion with one five-minute washout and one final 
ten-minute washout period before ischemia. The mKCa blocker, paxilline 1 µM, 
was administered, with and without morphine administration (MPC + Pax and 
Pax). As a positive control, we added an ischemic preconditioning group (IPC) 
alone and combined with paxilline (IPC + Pax). At the end of reperfusion, infarct 
sizes were determined by triphenyltetrazoliumchloride staining. 
Results Infarct size was (mean ± SD) 45 ± 9% of the area at risk in the Control 
group. The infarct size was less in the morphine or ischemic preconditioning 
groups (MPC: 23 ± 8%, IPC: 20 ± 5%; eachP<0.05 vs Control). Infarct size reduc-
tion was abolished by paxilline (MPC + Pax: 37 ± 7%, P<0.05 vs MPC and IPC + 
Pax: 36 ± 6%, P<0.05 vs IPC), whereas paxilline alone had no effect (Pax: 46 ± 
7%, not significantly different from Control). 
Conclusion Cardioprotection by morphine-induced preconditioning is mediat-
ed by activation of mKCa channels. 

Résumé 
Objectif Les canaux potassiques mitochondriaux calcium-dépendants (mKCa) 
participent à la cardioprotection induite par le préconditionnement isché-
mique. Dans la présente étude, nous avons tenté de découvrir si le précondi-
tionnement provoqué par la morphine implique également l’activation des ca-
naux mKCa. 
Méthodes Des cœurs isole’s de rats (six groupes; chacun de n = 8) ont été sou-
mis à une ischémie globale pendant 30 min, suivie d’une perfusion de 60 min. 
Les animaux témoins n’ont reçu aucun autre traitement. Le préconditionne-
ment provoqué par la morphine (MPC) a été initié par deux cycles de cinq mi-
nutes d’une perfusion de morphine à 1 µM, avec une période de rinçage de 
cinq minutes et une période de rinçage finale de dix minutes avant l’ischémie. 
L’inhibiteur des canaux mKCa, la paxilline à 1 µM, a été administré, avec ou sans 
administration de morphine (MPC + Pax et Pax). À titre de valeur té moin posi-
tive, nous avons ajouté un groupe soumis à un préconditionnement ischémique 
(IPC) seul et combiné à la paxilline (IPC + Pax). À la fin de la reperfusion, la taille 



 

de chaque infarctus a été determine par la coloration du chlorure de tryphényl-
tétrazolium. 
Résultats La taille de l’infarctus couvrait 45 ± 9 % (moyenne ± écart type) de la 
zone à risque dans le groupe témoin. La taille de l’infarctus était moins impor-
tante dans les groupes ayant reçu de la morphine ou ayant subi un précondi-
tionnement ischémique (MPC: 23 ± 8 %, IPC: 20 ± 5 %; chacun de P<0,05 contre 
le groupe témoin). L’effet de réduction de la taille de l’infarctus a été éliminé 
par la paxilline (MPC + Pax: 37 ± 7 %, P<0.05 contre MPC et IPC + Pax: 36 ± 6 %, 
P<0,05 contre IPC), tandis qu’administrée seule, la paxilline n’a eu aucun effet 
(Pax: 46 ± 7 %, aucune différence notable comparativement au groupe témoin). 
Conclusion La cardioprotection par préconditionnement provoqué par la 
morphine est assistée par l’activation des canaux mKCa. 
  



 

Introduction 
Cardioprotection by preconditioning can be induced by various stimuli, such as 
brief cycles of ischemia or pharmacological agents, including volatile anesthet-
ics and morphine1,2. Both ischemic and morphine preconditioning protect the 
heart by sharing common cellular pathways. Opening of mitochondrial ATP-
sensitive potassium (mKATP) channels is involved in regulation of mitochondrial 
functions, representing a key step in mediating the cardioprotective effects of 
ischemic- and morphine-induced preconditioning, possibly due to inhibition of 
mitochondrial permeability transition pore (mPTP).3-5 Besides opening of mKATP 
channels, activation of the mitochondrial calcium sensitive potassium (mKCa) 
channel is also involved in preconditioning.6,7 Cao et al. demonstrated that acti-
vation of mKCa channels plays a crucial role in ischemic preconditioning and that 
cardioprotection, by activation of mKCa channels, is independent of mKATP chan-
nels and vice versa.8 In another study, the same authors demonstrated that 
preconditioning by activation of κ-opioid receptors is triggered by mKCa chan-
nels.9 However, the opioid, morphine, is predominantly a µ-receptor agonist 
and has only a low affinity for κ-opioid receptors.10,11 Furthermore, there is no 
κ-opioid agonist for clinical practice available. It is not known whether activa-
tion of mKCa channels is involved in morphine induced preconditioning. The 
purpose of the present study was to test the hypothesis that morphine-induced 
preconditioning is mediated by activation of mKCa channels. 

Methods 
The investigation conforms to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (NIH Publication No. 
85-23, revised 1996) and was performed in accordance with the requirements 
of the Animal Ethics Committee of the University of Duesseldorf, Duesseldorf, 
Germany. 

Chemicals and reagents 
All chemicals were purchased from Sigma-Aldrich (Taufkirchen, Germany). 

Surgical preparation 
Male Wistar rats were used for these studies. The rats were maintained on a 
12:12 light/dark schedule (lights on at 0600 hr) with food and water provided 
ad libitum. The animals were anesthetized with pentobarbital 90 mg  kg-1 ip. 
After thoracotomy, the hearts were excised, mounted on a Langendorff sys-
tem, and perfused at constant pressure (80 mmHg) with Krebs–Henseleit solu-
tion containing (in mM) 116 NaCl, 4.7 KCl, 1.1 MgSO4, 1.17 KH2PO4, 24.9 Na-
HCO3, 2.52 CaCl2, 8.3 glucose, and 2.2 pyruvate at 37°C. A fluid-filled balloon 
was inserted into the left ventricle, and end-diastolic pressure was set at 1-4 



 

mmHg. All hearts underwent a stabilization period of 20 min. Heart rate (HR), 
myocardial function (isovolumetric left ventricular pressure), coronary flow, left 
ventricular enddiastolic pressure, and rate of left ventricular pressure devel-
opment (dP/dtmax) were measured continuously. The data were digitized us-
ing an analogue to digital converter (PowerLab/8SP, ADInstruments Pty Ltd, 
Castle Hill, Australia) at a sampling rate of 500 Hz, and they were recorded con-
tinuously on a personal computer using Chart for Windows v5.0 (ADInstru-
ments). Maximal contracture and time to maximal contracture were noted dur-
ing ischemia. Arrhythmic intervals were not used for data analysis.  



 

Experimental protocol for infarct size determination 
The hearts were assigned randomly to one of six experimental groups (Figure 
1). The hearts of all groups underwent 30 min of ischemia followed by 60 min 
of reperfusion. In the control group (Con), the hearts were kept under baseline 
conditions prior to ischemia. To investigate whether morphine induces precon-
ditioning (MPC), morphine 1 µM was given in two five-minute cycles, separated 
by one fiveminute washout period, and ending with one final ten-minute 
washout period prior to ischemia. The morphine concentration was chosen be-
cause Liang et al. demonstrated that the preconditioning effect of morphine 
was maximal at 1 µM.12 Morphine was dissolved in 0.9% NaCl and separately 
infused into a mixing chamber placed in the perfusion system. As a positive 
control, the ischemic preconditioning group (IPC) underwent two similar five-  
minute cycles of ischemia ten minutes prior to ischemia. To test whether mKCa 
channels are involved in the phenomenon of preconditioning, the mKCa channel 
inhibitor, paxilline 1 µM,8,9 was given over 25 min together with  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Experimental protocol: IPC: ischemic preconditioning, MPC: morphine preconditioning, 
Pax: paxilline 
 
morphine- and ischemic-induced preconditioning (MPC + Pax and IPC +Pax). To 
rule out an effect of paxilline itself, we investigated the effect of paxilline alone 
(Pax). After 60 min of reperfusion, the heart was cut into transverse slices, 
which were then stained with 0.75% triphenyltetrazoliumchloride solution. The 
infarcted area was determined by planimetry using SigmaScan Pro 5® computer 
software (SPSS Science Software, Chicago, IL, USA). 



 

Statistical analysis 
The sample size was calculated using GraphPad StatMate™ Version 1.01 
(GraphPad Software, San Diego, CA, USA). Sample size analysis revealed that a 
group size of n = 8 was necessary to detect a difference in infarct size of 25% 
with a power of 80% and an α<0.05. The estimations of the mean difference of 
25% and the standard deviation (SD) of 15% were based on our own data.13 Da-
ta are expressed as mean ± SD. Heart rate (in min-1) and mean aortic pressure 
(in mmHg) were measured during baseline, coronary artery occlusion, and 
reperfusion period. Comparisons of hemodynamics between groups or be-
tween time points in a group were performed (SPSS Science Software, version 
12.0.1) using two-way analysis of variance followed by Dunnett’s 
post hoc test. A researcher blinded to the experimental groups determined the 
infarct sizes. The infarcts were analyzedby Student’s t test followed by Bonfer-
roni’s correctionfor multiple comparisons. Changes within and among groups 
were considered statistically significant if P<0.05. 

Results 
No differences in body or heart weight were observed between the groups 
(Table 1). In the preconditioning groups, the level of maximal ischemic contrac-
ture was significantly lower, and the time of maximal ischemic contracture was 
significantly higher compared with the Control group (P<0.05 vs Con) (Table 1). 

 
  



 

Infarct size measurement 
In the Control group, infarct size was (mean ± SD) 45 ± 9% of the area at risk 
(Figure 2). In the ischemic- and morphine-induced preconditioning groups, in-
farct size was similar and significantly less than in the Control group (IPC: 20 ± 
5%, MPC: 23 ± 8%; each P<0.05 vs Con) (Figure 2). 

Figure 2: Infarct size measure-
ment. Histogram showing the 
infarct size (IS) as percent of area 
at risk (AAR) in Controls (Con, 
n=8), morphine preconditioning 
(MPC, n=8), ischemic precondi-
tioning (IPC, n=8), morphine pre-
conditioning with paxilline 
(MPC+Pax, n=8), ischemic pre-
conditioning with paxilline 
(IPC+Pax, n=8), and paxilline 
alone (Pax, n=8). Data are 
mean±SD; *P<0.05 vs. Con; 
#P<0.05 vs. IPC; § P<0.05 vs. MPC 
 
 

 
The preconditioning effect of ischemia and morphine was attenuated signifi-
cantly by the mKCa -channel inhibitor, paxilline. Infarct size was 36 ± 6% and 37 
± 7% in the IPC + Pax and MPC + Pax groups, respectively; each P<0.05 vs IPC 
and MPC, respectively (Figure 2). Paxilline alone had no effect on infarct size 
(Pax: 46 ± 7%; not significantly different from Con). There was no significant 
difference in infarct size between the preconditioning groups with paxilline 
compared with the Control group. 

Hemodynamic variables 
Hemodynamic variables are summarized in Table 2. No significant differences 
in left ventricular end-diastolic pressure and dP/dtmax were observed between 
the experimental groups during baseline conditions and at the beginning of is-
chemia (Table 2). At the end of the experiment, dP/dtmax was higher in the 
preconditioning groups (Table 2). There was no difference in HR compared with 
Controls at baseline and during reperfusion, with the exception of the paxilline 
group at time point final ten-minute washout shortly before index ischemia 
(Table 2). 



 

 



 

Discussion 
The main finding of our study is that the opioid, morphine, initiates precondi-
tioning in a similar manner as ischemia, i.e., by activation of mKCa channels. 
Ischemic preconditioning (IPC) describes a cardioprotective phenomenon 
where short periods ofmyocardial ischemia protect the heart against a subse-
quent longer period of ischemia and reduce the deleterious consequences of 
ischemia/ reperfusion injury.14 Besides ischemic stimuli, volatile anesthetics15,16 
and morphine can mimic the cardioprotective effect of preconditioning.17 In 
contrast to volatile anesthetics, morphine can be administered to patientswho 
are subjected to organ ischemia (vascular surgery, organ transplantation, cardi-
ac surgery) or who recently underwent regional ischemia (stroke, angina pec-
toris, myocardial infarction, organ transplantation) without the side effect of 
being ‘‘anesthetized’’. 
The mechanisms by which opioids protect the myocardium share common 
pathways with ischemic preconditioning. Opening of mitochondrial ATP-
sensitive potassium (mKATP) channels that are involved in regulating mitochon-
drial functions is a key step that mediates cardioprotection induced by both 
morphine and ischemic preconditioning, possibly through inhibition of mito-
chondrial permeability transition pore (mPTP) opening.3,5 Mitochondrial calci-
um sensitive potassium (mKCa) channels seem to be another class of K+ chan-
nels, apart from mKATP channels, that mediate cardioprotection by precondi-
tioning.6,7 In 2002, Xu et al.7 reported that KCa-activated potassium channels are 
located on the inner mitochondrial membrane and mediate cardioprotection 
against ischemia and reperfusion injury in the isolated perfused guinea pig 
heart. Since this initial observation, mKCa-activated potassium channels have 
been found to be implicated in ischemic preconditioning against ischemia and 
reperfusion injury in isolated rat and mouse hearts, anesthetized dogs, and iso-
lated cardiac myocytes.6,8,9,18,19 The mKCa channel contains a pore forming α-
subunit and a regulatory β-subunit.20-22 The β-subunit consists of four accessory 
β-subunits (β1-4). Both mKATP and mKCa channel activation triggers precondi-
tioning that is independent one from the other and involves them PTP. 8 Cao et 
al. showed that ischemic preconditioning is triggered by activation of mKCa 
channels and is abolished by the mKCa channel inhibitor, paxilline.8 Paxilline is a 
mycotoxin produced by the fungus, Penicillium paxilli. It has the ability to block 
all subunits23 of mKCa channels and is a selective inhibitor.24 Besides paxilline, 
there are not many mKCa channel blockers available. Iberiotoxin, for example, is 
a mKCa channel blocker that is also suitable for in vivo use,13 whereas paxilline is 
predominantly used for in vitro experiments. However, we did not check 
whether iberiotoxin also abolishes morphine preconditioning. Besides ischemic 
preconditioning, our results demonstrate that pharmacological preconditioning 
with morphine also induces cardioprotection by activation ofmKCa channels. 



 

Cao et al.8 administered the mKCa channel blocker, paxilline, at the onset of 
reperfusion after a prolonged period of ischemia. We applied paxilline during 
the preconditioning period, suggesting that mKCa channel inhibition blocks the 
infarct size reducing effect of preconditioning during the trigger phase. In a re-
cent study, we could demonstrate that activation of mKCa channels not only 
reduced infarct size by preconditioning but also caused a significant reduction 
in the mitochondrial respiratory control index.13 Co-administration of the mKCa 
channel blocker, iberiotoxin, completely abolished the reduction in the respira-
tory control index, and we concluded that cardioprotection is mediated by acti-
vation of mKCa channels leading to mild mitochondrial uncoupling. Mild mito-
chondrial uncoupling during the trigger phase of preconditioning may repre-
sent a common characteristic of mitochondria in a ‘‘conditioned’’ state.7,25-27 
The involvement of mKCa channels in morphine-induced preconditioning was 
addressed in our study. We demonstrated here that ischemic- and morphine 
induced preconditioning reduced the infarct size to a similar extent. The mKCa 
channel blocker, paxilline, abolished both effects, confirming the findings of 
others that ischemic preconditioning involves activation of mKCa channels. Fur-
thermore, it supports our hypothesis that mKCa channels are involved in the 
trigger phase of morphine-induced preconditioning. Heinen et al. showed that 
opening of mKCa channels can cause a slight increase in mitochondrial reactive 
oxygen species generation.28 The mKCa channel agonist, NS1619, requires su-
peroxide radical generation during the preconditioning stimulus to induce a 
cardioprotective effect.29 Furthermore, these authors demonstrated that cardi-
oprotection by NS1619 reduces mitochondrial calcium overload and mitochon-
drial reactive oxygen species production during the subsequent period of is-
chemia and early reperfusion.29 Such a reduction in mitochondrial calcium 
overload and reactive oxygen species generation has been suggested to pre-
vent mPTP opening.30,31 Evidence suggests that the mKCa channel is located up-
stream of the mPTP, because cardioprotection induced by activation of mKCa 
channels was abolished by opening of the mPTP. Vice versa, inhibition of the 
mKCa channel with paxilline did not block protection induced by inhibition of 
the mPTP with cyclosporine A (CsA).8 Whether cardiac preconditioning by mor-
phine is also mediated by regulation of the mPTP due to mKCa channel activa-
tion is yet unknown. The results of the present study have to be interpreted 
within the scope of some limitations. First, we did not investigate possible up-
stream mechanisms of mKCa channels. Opioid receptors are G-protein coupled 
receptors whose activation inhibits adenylyl cyclase. The postreceptor signal-
ling following opioid receptor activation has not been well defined. We cannot 
rule out that morphine confers preconditioning via intracellular pathways lead-
ing to activation of mKCa channels. However, the means by which morphine 



 

regulates mKCa channel activation to induce preconditioning is unknown. It has 
been shown that mKCa channel activation is involved in desflurane precondi-
tioning and that protein kinase A (PKA) is located upstream of the mKCa chan-
nel.32 The activity of PKA as a possible upstream activator of KCa channels de-
pends on the cellular level of cyclic adenosine monophosphate (cAMP)—PKA is 
known as cAMP-dependent protein kinase. Gross et al. demonstrated that 
morphine-induced cardioprotection involves glycogen synthase kinase-3beta 
(GSK3beta) and Akt (also called PKB).33 However, we did not investigate in the 
present study whether these enzymes are related to mKCa channels. Another 
limitation of our study is that we did not determine the effect of ischemic and 
morphine preconditioning on the mitochondria. Xi et al. could show that mor-
phine prevents mPTP opening by inactivation of GSK3beta.34 Our results show-
ing that morphine confers preconditioning through activation of mKCa channels 
and the fact that enzymes like PKA regulate mKCa channel activation suggest 
future directions for investigating the underlying mechanism of morphine-
induced cardioprotection. Clinically, morphine might be administered to pa-
tients who are subjected to organ ischemia (vascular surgery, organ transplan-
tation, cardiac surgery) or who recently underwent regional ischemia (stroke, 
angina pectoris, myocardial infarction, organ transplantation) without the side-
effect of being ‘‘anesthetized’’. Furthermore, there is no κ-opioid agonist for 
clinical practice available. Therefore, unravelling the exact mechanisms of mor-
phine-induced cardioprotection might have clinical consequences. 
In summary, our results demonstrate that, besides ischemic preconditioning, 
morphine also initiates cardiac preconditioning via activation of mKCa channels. 
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Abstract: 
Background: Isoflurane exerts cardioprotective effects that mimic the is-
chemic preconditioning phenomenon. Generation of free radicals is implicated 
in ischemic preconditioning. The authors investigated whether isoflurane-
induced preconditioning may involve release of free radicals. 
Methods: Sixty-one α-chloralose–anesthetized rabbits were instrumented for 
measurement of left ventricular (LV) pressure (tip-manometer), cardiac output 
(ultrasonic flowprobe), and myocardial infarct size (triphenyltetrazolium stain-
ing). All rabbits were subjected to 30 min of occlusion of a major coronary ar-
tery and 2 h of subsequent reperfusion. Rabbits of all six groups underwent a 
treatment period consisting of either no intervention for 35 min (control group, 
n = 11) or 15 min of isoflurane inhalation (1 minimum alveolar concentration 
end-tidal concentration) followed by a 10-min washout period (isoflurane 
group, n = 12). Four additional groups received the radical scavenger N-(2-
mercaptoproprionyl)glycine (MPG; 1 mg·kg-1 · min-1) or Mn(III)tetrakis(4-
benzoic acid)porphyrine chloride (MnTBAP; 100µg · kg-1 · min-1) during the 
treatment period with (isoflurane + MPG; n = 11; isoflurane + MnTBAP, n = 9) 
or without isoflurane inhalation (MPG, n = 11; MnTBAP, n = 7). 
Results: Hemodynamic baseline values were not significantly different be-
tween groups (LV pressure, 97 ± 17 mmHg [mean ± SD]; cardiac output, 228 ± 
61 ml/min). During coronary artery occlusion, LV pressure was reduced to 91 ± 
17% of baseline and cardiac output to 94 ± 21%. After 2 h of reperfusion, re-
covery of LV pressure and cardiac output was not significantly different be-
tween groups (LV pressure, 83 ± 20%; cardiac output, 86 ± 23% of baseline). 
Infarct size was reduced from 49 ± 17% of the area at risk in controls to 29 ± 
19% in the isoflurane group (P = 0.04). MPG and MnTBAP themselves had no 
effect on infarct size (MPG, 50 ± 14%; MnTBAP, 56 ± 15%), but both abolished 
the preconditioning effect of isoflurane (isoflurane + MPG, 50 ± 24%, P = 0.02; 
isoflurane + MnTBAP, 55 ± 10%, P = 0.001). 
Conclusion: Isoflurane-induced preconditioning depends on the release of 
free radicals. 
 



 

ISCHEMIC preconditioning, first described by Murry et al.,1 markedly reduces 
myocyte death during prolonged periods of myocardial ischemia and has been 
reported in several mammalian species. Several nonischemic stimuli can pre-
condition the heart, including pharmacologic challenge by adenosine,2 opioids,3 
and several halogenated inhalational anesthetics,4–6 including isoflurane.4,7–13 In 
addition to animal studies, some work points to the existence of this strongest 
known endogenous protective mechanism against myocardial ischemia in hu-
man myocardium.14,15 Preadministration of isoflurane 10 min before aortic 
cross-clamping and cardioplegic arrest during coronary artery bypass surgery 
has been shown to reduce myocardial damage in humans.16 Although the pre-
cise signaling pathway of this protective phenomenon is not fully understood, 
activation of mitochondrial or sarcolemmal adenosine triphosphate (ATP)-
regulated potassium (KATP) channels is important for both ischemic and anes-
thetic-induced preconditioning.17 Recent evidence suggests that opening of mi-
tochondrial KATP channels during the preconditioning ischemia triggers the pre-
conditioned state by generating free radicals, resulting in activation of several 
protein kinases and protection by an unknown end-effector mechanism.18 Two 
very recent studies by McPherson and Yao3,19 provided first evidence that opi-
oid-induced preconditioning with morphine leads to activation of mitochondri-
al KATP channels, resulting in an increase of intracellular free radicals. However, 
it remains elusive whether release of free radicals is also critically important for 
isoflurane-induced myocardial preconditioning. Therefore, the objective of the 
current study was to determine whether generation of free radicals is involved 
in isoflurane-induced cardioprotection. Specifically, we investigated whether 
the two structurally different antioxidant drugs, N-(2-mercaptoproprionyl) gly-
cine (MPG) and Mn(III)tetrakis(4-benzoic acid)porphyrine chloride (MnTBAP), 
can block isoflurane-induced preconditioning in the rabbit heart in vivo. 

Materials and Methods 
The current study conforms to the Guiding Principles in the Care and Use of 
Animals as approved by the Council of the American Physiologic Society and 
was approved by the Animal Care Committee of the district of Düsseldorf (Düs-
seldorf, Germany). 

General Preparation 
The animal preparation has been described in detail previously.20 Briefly, α-
chloralose–anesthetized New Zealand White rabbits (mean weight, 2.98 ± 0.14 
kg) were instrumented for measurement of aortic pressure (Statham transduc-
er), cardiac output (ultrasonic flow probe), and left ventricular (LV) pressure 
(Millar tip manometer). A ligature snare was passed around a major coronary 
artery for later occlusion. The effectiveness of coronary artery occlusion was 



 

verified by the appearance of epicardial cyanosis and changes in surface elec-
trocardiogram. Ventricular fibrillation during coronary artery occlusion was 
treated by electrical defibrillation (5 J). After coronary artery occlusion, the 
snare occlude was released, and reperfusion was verified by the disappearance 
of epicardial cyanosis. Temperature was measured inside the pericardial cradle 
and maintained between 38.3 and 38.7°C by adjusting a heating pad and an 
infrared lamp. 
 

Experimental Protocol 
The experimental protocol is shown in figure 1. Twenty minutes after comple-
tion of the surgical preparation, baseline measurements were performed. All 
rabbits in all groups underwent 30 min of coronary artery occlusion followed by 
2 h of reperfusion. Eleven rabbits underwent the ischemia–reperfusion proce-
dure without further treatment (control group). Rabbits in the isoflurane group 
(n = 12) received isoflurane in an end-tidal concentration of 2% (corresponding 
to 1 minimum alveolar concentration in rabbits) for 15 min followed by a 10 
min washout period. In a first set of experiments, we determined whether 
isoflurane-induced preconditioning depends on the release of free radicals us-
ing the radical scavenger MPG (1 mg · kg-1 · min-1). 

Figure 1: Experimental protocol. ISO = isoflurane administration; MPG = N-(2-mercaptoproprionyl) 
glycine administration; MnTBAP = Mn(III)tetrakis(4-benzoic acid) porphyrine chloride administration 
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MPG was given for 10 min before isoflurane application, during isoflurane ap-
plication, and during the washout phase in the isoflurane + MPG group (n = 11). 
To determine a potential effect of MPG itself on infarct size, another 11 rabbits 
received MPG (1 mg · kg-1 · min-1) for 35 min before the 30-min ischemia with-
out isoflurane administration (MPG group). In a second set of experiments, we 
investigated the effects of a second chemically different antioxidant (MnTBAP). 
MnTBAP (100 µg · kg-1 · min-1) was given for 35 min before the 30-min ischemia 
with (isoflurane + MnTBAP, n = 9) or without isoflurane administration (MnT-
BAP group, n = 7). 

Infarct Size Assessment 
After 2 h of reperfusion, the heart was arrested by injection of potassium chlo-
ride solution into the left atrium and quickly excised. The area at risk size was 
then determined by Evans blue staining of the nonischemic area, and infarct 
size within the area at risk was determined by triphenyltetrazolium chloride 
staining. The procedure has been described in detail previously.20 

Data Analysis 
Left ventricular pressure, its first derivative rate of pressure increase (dP/dt), 
aortic pressure, and stroke volume were recorded continuously on an ink re-
corder (Recorder 2800; Gould Inc., Cleveland, OH). The data were digitized us-
ing an analog-to-digital converter (Data Translation, Marlboro, MA) at a sam-
pling rate of 500 Hz and processed later on a personal computer. 

Hemodynamic Variables 
Global systolic function was measured in terms of LV systolic pressure (LVSP) 
and maximum dP/dt (dP/dtmax). Global LV end-systole was defined as the point 
of minimum dP/dt (dP/dtmin), and LV end-diastole as the beginning of the sharp 
upslope of the LV dP/dt tracing. The time constant of decrease in LV isovolumic 
pressure (τ) was used as an index of LV relaxation. Cardiac output was calculat-
ed from stroke volume and heart rate, rate pressure product (RPP) from heart 
rate and LVSP, and systemic vascular resistance (SVR) from mean aortic  

Statistical Analysis 
Data are presented as mean and SD. Differences in hemodynamics were ana-
lyzed by two-way analysis of variance (ANOVA) for time and treatment (exper-
imental group) effects. If an overall significance between groups was found in 
the first set of experiments, comparison was performed for each time point 
using one-way ANOVA followed by the Dunnett post hoc test with the isoflu-
rane group as the reference group. Hemodynamic group effects in the second 
set of experiments were analyzed by one-way ANOVA followed by the Student 
t test for unpaired data with Bonferroni correction for multiple comparisons. If 



 

an overall significance within a group (time effect) was found, one-way ANOVA 
followed by the Dunnett post hoc test with the baseline value as the reference 
time point was used for the assessment of time effects in that group. In the 
first set of experiments, differences in infarct size were analyzed by ANOVA fol-
lowed by the Dunnett post hoc test with the isoflurane group as the reference 
group. In the second set of experiments, differences in infarct size were ana-
lyzed by ANOVA followed by the Student t test with Bonferroni correction for 
multiple comparisons. The hemodynamic effects of MPG and MnTBAP admin-
istration were analyzed by the Student t test for paired observation. Changes 
within and between groups were considered statistically significant when the P 
value was < 0.05. 

Results 
A total of 66 animals were studied. Five animals died from ventricular fibrilla-
tion during coronary artery occlusion. In the remaining 61 animals, complete 
data sets were obtained (control group, n = 11; isoflurane group, n = 12; isoflu-
rane + MPG group, n = 11; MPG group, n = 11; isoflurane + MnTBAP group, n = 
9; MnTBAP group,n = 7). 



 

Hemodynamic Function 
 
Hemodynamic variables are summarized in figure 2 and table 1. 
 

 
 
Table 1: Hemodynamic VariablesData are mean +/- SD.LVEDP = left ventricular end-diastolic pres-
sure; dP/dtmax = maximum rate of increase in left ventricular pressure; SVR = systemic vascular re-
sistance; RPP = rate pressure product; [tau] = time constant of decrease in isovolumic left ventricular 
pressure. ISO = isoflurane; MPG =N-(2-mercaptoproprionyl) glycine; MnTBAP = Mn(III)tetrakis(4-
benzoic acid)porphyrine chloride.+P P < 0.05 compared with the isoflurane group. 
 
During baseline recordings, there were no significant differences between 
groups in LVSP, cardiac output, heart rate, and calculated RPP. Administration 
of MPG or MnTBAP had no influence on hemodynamics. LVSP, dP/dtmax, RPP, 
and SVR were reduced during isoflurane administration in the isoflurane group 
(LVSP by a mean of 39 ± 18%; dP/dtmax by a mean of 43 ± 24%; RPP by a mean 
of 30 ± 23%; SVR by a mean of 49 ± 12%), in the isoflurane + MPG group (LVSP 
by a mean of 41 ± 14%; dP/dtmax by a mean of 52 ± 24%; RPP by a mean 40 ± 
20%, SVR by a mean of 38 ± 12%), and in the isoflurane + MnTBAP group (LVSP 
by a mean of 34 ± 24%; dP/dtmax by a mean of 39 ± 27%; RPP by a mean of 32 ± 
26%; SVR by a mean of 29 ± 11%). After the 10-min washout period of isoflu-



 

rane, all hemodynamic variables soon recovered and were not significantly dif-
ferent from baseline. Coronary artery occlusion was accompanied by a reduc-
tion of LVSP (by a mean of 9 ± 24%) and dP/dtmax (by a mean of 9 ± 38%) in all 
groups (table 1 and fig. 2). RPP did not significantly differ between groups. With 
regard to LV relaxation, τ increased by 35 ± 53% and LV end diastolic pressure 
by a mean of 3 ± 2 mmHg during coronary artery occlusion (all values at 25 min 
of ischemia). After 2 h of reperfusion, LVSP was reduced by a mean of 22 ± 18% 
and dP/dtmax by 30 ± 26% of baseline values, still reflecting impaired myocardial 
contractile function in all groups at the end of the experiments. As a conse-
quence of a reduction in heart rate and LVSP, RPP was reduced by a mean of 32 
± 17%. τ remained increased by a mean of 19 ± 28% at the end of the peri-
ments. 

Figure 2:  Line plot showing the time 
course of heart rate, cardiac output, 
and left ventricular peak systolic pres-
sure (LVSP) during experiments in the 
control, isoflurane, isoflurane + MPG, 
MPG, isoflurane + MnTBAP, and MnT-
BAP groups. Data are mean +/- SD. 
MPG =N-(2-mercaptoproprionyl) gly-
cine application; MnTBAP = 
Mn(III)tetrakis(4-benzoic acid)porphy-
rine chloride application. +P versus 
baseline conditions; *P < 0.05 com-
pared with the isoflurane group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Infarct Size 
Mean LV dry weight was 0.68 ± 0.19 g, with no significant differences between 
groups (data from individual groups are given in table 2). 
 

 
Table 2: Weights and Area at Risk SizeData are mean +/- SD.*P N-(2-mercaptoproprionyl) glycine; 
MnTBAP = Mn(III)tetrakis(4-benzoic acid)porphyrine chloride. 
 
The ischemic-reperfused area (area at risk) was 0.33 ± 0.21 g, and the area at 
risk constituted 46 ± 20% of the left ventricle, with no significant differences 
between groups. Isoflurane preadministration significantly reduced infarct size 
from 49 ± 17% of the area at risk (control group) to 29 ± 19% (P = 0.04, isoflu-
rane vs. control group; fig. 3). Pretreatment with the antioxidants MPG or 
MnTBAP alone had no effect on infarct size (MPG: 50 ± 14%, P = 0.03 vs. isoflu-
rane group; MnTBAP: 56 ± 15%, P = 0.005 vs. isoflurane group) but blocked 
isoflurane-induced preconditioning, as evidenced by an infarct size of 50 ± 24% 
in the isoflurane + MPG group (P = 0.02 vs. isoflurane group) and 55 ± 10% in 
the isoflurane + MnTBAP group (P = 0.001 vs. isoflurane group). 
 

Figure 3: Infarct 
size as a percentage 
of the area at risk in 
the ISO, control, 
ISO+MPG, MPG, 
ISO+MnTBAP, and 
MnTBAP groups. ISO 
= isoflurane; MPG 

=N-(2-
mercaptoproprionyl) 
glycine; MnTBAP = 

Mn(III)tetrakis(4-
benzoic ac-
id)porphyrine chlo-
ride. Open symbols 
= single data points, 
filled symbols = 
mean +/- SD. 
 



 

Discussion 
The main finding of our study was that the two structurally different antioxi-
dants, MPG and MnTBAP, completely blocked the cardioprotective effect of 
isofluraneinduced preconditioning in the rabbit heart in vivo. Thus, release of 
free radicals is critically important for isoflurane-induced preconditioning.  
Our study confirms the results of several previous studies, that pretreatment 
with a clinically relevant dose of isoflurane (1.1–2% = 0.5–1 minimum alveolar 
concentration) protects the myocardium from a subsequent prolonged ische-
mia8,10,11,13 and thus mimics the cardioprotective effects of ischemic precondi-
tioning. In the current investigation, pretreatment with 2% end-tidal isoflurane 
for 15 min reduced infarct size by 42% in comparison with controls. In a former 
study performed in our laboratory using the same experimental animal model, 
anesthetic regimen, and duration of ischemia (30 min) and reperfusion (2 h),20 
one 5-min period of ischemic preconditioning reduced infarct size by 47%. 
Thus, we could confirm the results of Ismaeil et al.10 and Piriou et al.,11 who ob-
served an approximately equivalent degree of protection offered by a 15-min 
preadministration of 1.1% end-tidal isoflurane to the protection induced by a 5-
min period of preconditioning ischemia in the same experimental rabbit model. 
We cannot rule out the effect of isoflurane-induced hypotension on the de-
crease of infarct size in the isoflurane group. However, it is unlikely that this 
decrease in blood pressure led to myocardial ischemia with consequent is-
chemic preconditioning, as we observed a similar reduction in blood pressure 
in animals treated with MPG + isoflurane or MnTBAP + isoflurane. The cardio-
protective effect of isoflurane preadministration was completely blocked in 
these groups. In the expiratory gas, no measurable isoflurane could be detect-
ed 5 min after its discontinuation, and myocardial contractile function recov-
ered during the 10-min washout period. Therefore, the cardioprotective effect 
of isoflurane pretreatment is not caused by a direct antiischemic effect. All ex-
periments were conducted during anesthesia with α-chloralose. This type of 
anesthesia maintains near-normal cardiovascular reflexes comparable with the 
awake state and is a classic anesthetic for physiologic and pharmacologic ex-
periments.21 An effect of α-chloralose on ischemic preconditioning has not 
been studied so far. However, we have shown previously that ischemic precon-
ditioning can be elicited in the presence of α-chloralose.20 

Mechanisms of Isoflurane-induced Preconditioning 
Although the precise mechanism of this protective phenomenon is poorly un-
derstood, several important parts of the proposed signal transduction cascade 
have been identified and are identical to those involved in ischemic precondi-
tioning. Some recent studies have addressed the role of adenosine receptors in 
isoflurane-induced preconditioning. Blocking A1 receptors abolished isoflurane-



 

induced cardioprotection against myocardial stunning7 and against infarction in 
rabbits10 and in human atrial trabecular muscles.13 An investigation by Piriou et 
al.11 suggested that mechanogated channels play a role in this phenomenon. 
Numerous reports support the central role of KATP channels in ischemic22 and 
isoflurane-induced 
preconditioning.7,9–11,13 Administration of a KATP channel blocker before or 
during isoflurane administration completely blocked the cardioprotection. Tol-
ler et al.23 showed that isoflurane pretreatment reduces myocardial infarct size 
by activating inhibitory guanine nucleotide binding proteins and speculated 
that activation of these proteins couples A1 receptors to KATP channels. All stud-
ies suggested that opening of KATP channels might be the end effector of isoflu-
rane-induced preconditioning. However, a study by Pain et al.18 in rabbit hearts 
revealed that opening of mitochondrial KATP channels may not be the final 
step in the preconditioning cascade, but rather acts as a trigger for the precon-
ditioned state through the generation of free radicals.18 This theory is support-
ed by many other studies that demonstrated a blockade of the cardioprotective 
effect of ischemic preconditioning by administrating radical scavengers such as 
superoxide dismutase or MPG during the preconditioning ischemia.24–27 There 
are no studies available investigating the release of free radicals during isoflu-
rane administration. However, two studies by McPherson and Yao3,19 provided 
first evidence that also anesthetic induced preconditioning with morphine 
leads to activation of mitochondrial KATP channels, resulting in an increase of 
intracellular free radical production. Furthermore, it has been shown that ex-
posure to a low concentration of oxygen radicals can reproduce the beneficial 
effects of ischemic preconditioning.27 Based on these findings, we hypothesized 
that the radical scavenger MPG might block isoflurane-induced precondition-
ing. In fact, administration of MPG (1 mg · kg-1 · min-1) for 10 min before or dur-
ing the isoflurane inhalation and the 10-min washout period completely 
blocked the cardioprotective effects of isoflurane-induced preconditioning in a 
first set of experiments. This result was confirmed in a second set of experi-
ments with the chemically different antioxidant MnTBAP. The differences in 
infarct size were not caused by differences in area at risk sizes, temperature, or 
hemodynamic parameters during ischemia and reperfusion. N-(2-
mercaptoproprionyl)glycine or MnTBAP were administered during the whole 
treatment period before the 30-min ischemia because it has been shown pre-
viously that the generation of free radicals is a trigger rather than a mediator of 
preconditioning-induced cardioprotection.18 Consistent with other studies in 
rabbits using MPG18,26,28 or MnTBAP,18 both drugs itself had no effect on infarct 
size. In contrast to the study by Kersten et al.,7 we did not observe an improved 
functional recovery in the isoflurane group. The most likely reason for this find-



 

ing is the duration of ischemia. Kersten et al. used four 5-min periods of coro-
nary artery occlusion interspersed with 5 min of reperfusion to investigate the 
influence of isoflurane preadministration on myocardial stunning. In contrast, 
our study was designed to determine the mechanism of isoflurane-induced 
preconditioning against infarction as the classic end point to evaluate the car-
dioprotective effects of preconditioning; therefore, we used one 30-min period 
of ischemia. A study by Cohen et al.29 
demonstrated that a reduction of infarct size after preconditioning did not pre-
dict the extent of early functional improvement of reperfused hearts, but im-
provement of functional recovery became evident 2–4 days after the ischemia. 
Furthermore, the absolute difference in infarct size (in grams) between the 
isoflurane and the other groups is small in comparison with total LV mass, 
thereby reducing the influence of infarct size reduction on global myocardial 
function. What is the source of the free radicals and what is the mechanism by 
which release of free radicals induces cardioprotection? Radicals are released 
from the mitochondria30,31 as a consequence of KATP channel opening. 3,31,32 In 
contrast, KATP channel blockers prevent their release.3,19,32 McPherson and 
Yao3,19 demonstrated that stimulation of opioid receptors by morphine leads to 
activation of mitochondrial KATP channels followed by an increase of intracellu-
lar free radical production.3,19 They suggested that this leads to a further ampli-
fied opening of KATP channels. Furthermore, it has been demonstrated that pro-
tein kinase C is activated by free radicals.33 Activation of protein kinase C is an 
important step in the signal transduction cascade of both anesthetic- induced4 
and ischemic preconditioning.34 The current study now adds the finding that 
release of free radicals is also crucially involved in mediating the cardioprotec-
tion of isoflurane-induced preconditioning. 
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Abstract: 
 

Background: The barrier properties of the endothelium are of critical im-
portance during pathophysiologic processes. These barrier properties depend 
on an intact cytoskeleton and are regulated by cell adhesion molecules. Tumor 
necrosis factor α (TNF-α) is known to induce cell adhesion molecule expression. 
In myocardium, the protective effect by xenon and isoflurane preconditioning 
was found to be linked to the cytoskeleton. The authors investigated the im-
pact of different anesthetics and morphine on TNF-α–induced endothelial cell 
adhesion molecule expression. 
Methods: Human umbilical vein endothelial cells were isolated from three dif-
ferent preparations. Cells were either left untreated or pretreated with xenon, 
nitrous oxide, isoflurane (each 0.43 minimum alveolar concentration), or mor-
phine (100 ng/ml) and stimulated with 10 ng/ml TNF-α. Reverse-transcription 
polymerase chain reaction and fluorescence-activated cell sorting of intracellu-
lar cell adhesion molecule 1, vascular cell adhesion molecule 1, and E-selectin 
were performed. Transcriptional activity of nuclear factor κB was assessed by 
infrared electrophoretic mobility shift assay. 
Results: Tumor necrosis factor α significantly induced messenger RNA (mRNA) 
and protein expression of cell adhesion molecules as well as transcriptional ac-
tivity of nuclear factor κB. All four agents prevented TNF-α–induced mRNA and 
protein expression of intracellular cell adhesion molecule 1. Vascular cell adhe-
sion molecule 1 expression was only blocked by the inhalational anesthetics 
and not by morphine. None of the four agents had an effect on TNF-α induced 
E-selectin expression. TNF-α–induced transcriptional activity of nuclear factor 
κB was decreased by all four agents. 
Conclusion: These results suggest a protective effect of anesthetics on TNF-α–
induced endothelial cell damage. 
 



 

ONE major target of damage during ischemia–reperfusion is the endothelium, 
and the barrier properties of the endothelium are critically important during 
different pathophysiologic processes. In health, the luminal endothelial cell sur-
face is a relatively nonadhesive conduit for the macromolecular constituents of 
the blood. During ischemia–reperfusion, various adhesive interactions between 
endothelial cells and the constituents of the blood are changed to recruit circu-
lating leukocytes to sites of inflammation. These processes are mainly regulat-
ed by changes in the cytoskeleton and the regulation of the expression of cell 
adhesion molecules (CAMs), such as intracellular adhesion molecule 1 (ICAM-
1), vascular cell adhesion molecule 1 (VCAM-1), and E-selectin.1 An increased 
release of proinflammatory cytokines, such as tumor necrosis factor α (TNF-α), 
proceeds this process and increases the expression of CAMs during ischemia–
reperfusion or inflammatory processes. The regulation of CAM expression oc-
curs at the transcriptional level and is mediated, especially for ICAM-1, via the 
proinflammatory transcription factor nuclear factor κB (NF-κB).2 
During the past decade, inhalational anesthetics, i.e., halogenated fluorocar-
bons such as isoflurane, as well as the noble gas xenon, have been recognized 
to induce preconditioning,3,4 and we previously showed that this effect is medi-
ated by phosphorylation and translocation of protein kinase C-ε from the cyto-
sol to membranes and p38 mitogen-activated protein kinase.5 Downstream of 
protein kinase C and p38 mitogen activated protein kinase, the activation of 
small heat shock protein 27 and colocalization of heat shock protein 27 with 
the actin cytoskeleton link pharmacologic preconditioning by anesthetics to the 
cytoskeleton of the cardiomyocyte.6 
So far, not much is known about the effects of anesthetic preconditioning on 
the endothelium. It was shown that polymorphonuclear neutrophil adhesion, 
which contributes to the endothelial damage during ischemia–reperfusion, can 
be influenced by volatile anesthetics.7–9 Zahler et al.10 suggested that the phe-
nomenon of ischemic preconditioning of the cardiomyocytes might be trans-
ferable to the endothelium. They showed that transient exposition of human 
umbilical vein endothelial cells (HUVECs) to hydrogen peroxide for 5 min re-
duced the TNF-α–induced expression of ICAM-1 and E-selectin. It was shown 
that preconditioning of rat aortic endothelial cells by anoxia and reoxygenation 
leads to a decreased expression of ICAM-1. This effect was 
mediated via protein kinase C,11 which is a key mediator of anesthetic-induced 
preconditioning of the heart in vivo.5 A continuous pretreatment of HUVECs (60 
min) with 1 minimum alveolar concentration (MAC) of the volatile anesthetic 
desflurane might suppress the expression of CAMs.12 Interestingly, de Rossi et 
al.13 showed that also the chemically inert gas xenon can reduce the cell sur-
face expression of L-selectin and P-selectin glycoprotein ligand 1 in isolated 



 

neutrophils. These data suggest that anesthetics coming from different drug 
classes might share the property to differentially regulate cytokine-induced 
CAM expression on the endothelium. 
Therefore, we hypothesized that the anesthetics nitrous oxide, xenon, and 
isoflurane and the analgetic opioid morphine might influence the TNF-α–
induced expression of the three adhesion molecules ICAM-1, VCAM-1, and E-
selectin. Moreover, we assumed that the four anesthetic-related agents might 
have different effects on the expression of the respective adhesion molecule 
on endothelial cells. 

Materials and Methods 
The hospital’s medical ethics committee was consulted, but according to Ger-
man regulations, no formal approval is required for research with noninvasive 
interventions, such as working with human umbilical cords. All experiments 
with gases were performed in a specialized gas chamber under temperature 
control. Six Petri dishes containing cells can be placed on the tray in the center 
of the gas chamber. The respective gases or gas mixtures are administered 
from below the dishes and equally distributed by using a fan inside the cham-
ber. Their concentrations and compositions can be monitored at the outlet of 
the chamber by a gas analyzer (Capnomatic Ultima; Datex, Helsinki, Finland). 
We worked with a standard mixture of xenon (70%, 25% O2, 5% N2), which was 
provided by Linde Gas AG (Pullach, Germany) and accompanied by a certificate 
of analysis for xenon verifying the composition of the mixture. Moreover, we 
measured the oxygen content given on the bottle (25%) at the outlet of the gas 
chamber to have an indirect proof for the validity of the mixture. In the bottom 
of the chamber, a temperature plate is installed, which is connected to an out-
side thermometer and a temperature-controlling device that exactly controlled 
and regulated the temperature within the chamber. 

Materials 
Xenon and nitrous oxide were purchased from Linde Gas AG. Isoflurane 
(Forene®) was from Abbott (Wiesbaden, Germany). If not mentioned other-
wise, all materials were purchased from either Sigma (Taufkirchen, Germany) 
or Merck-Eurolab (Munich, Germany). 

Isolation and Passaging of HUVECs 
Human umbilical vein endothelial cells were prepared by digestion of umbilical 
veins with 0.1 g/l collagenase A (Roche, Mannheim, Germany) and were grown 
in endothelial cell growth medium (Promocell, Heidelberg, Germany) supple-
mented with penicillin (100 U/ml)–streptomycin (100 ng/ml). To compensate 
for interindividual differences and to obtain the necessary yield of cells, cells of 



 

at least two umbilical cords were combined for each cell preparation (primary 
culture), and each experiment was performed with cells from three different 
preparations (three different primary cultures). Each primary cell culture flask 
containing a confluent monolayer of HUVECs on 25 cm2 was disseminated into 
a 75-cm2 cell culture flask (splitting 1:3). This procedure was repeated after 
confluency of passage 1 until passage 2 or 3. Depending on the method that 
was subsequently used (fluorescence-activated cell sorting, reverse-
transcription polymerase chain reaction, electrophoretic mobility shift assay), 
cells were disseminated in different tissue culture plates to facilitate stimula-
tion and subsequent assembling of the cells for the measurement. Each exper-
iment was performed at least three times in triplicate. Therefore, our sample 
size is given by the amount of primary cell culture preparations we worked 
with. For passaging of HUVECs, medium was removed and the cells were 
washed three times with ice-cold phosphate- buffered saline (PBS). Afterward, 
HUVECs were incubated with 2 ml trypsin–EDTA solution for 2 min at 37°C. The 
cells were gradually detached, and the digestion of trypsin was stopped with 
media 199 containing 10% fetal calf serum. After centrifugation at 218g, 4°C, 
for 10 min, the supernatant was discarded and the pellet was resuspended in 
endothelial cell growth medium (Promocell) and penicillin (100 U/ml)–
streptomycin (100 ng/ml). Experiments were performed with cells of passage 2 
or 3. HUVECs were identified using an antiserum against the von Willebrand 
factor (Serotec LTD, Wiesbaden, Germany). Fluorescence-activated cell sorting 
analysis of von Willebrand factor staining revealed that the cell preparation 
was 92% pure. 

Experimental Protocol 
The experimental protocol is shown in figure 1. 

Figure 1: The experimental protocol. Anesthetics: 0.43 minimum alveolar concentration (MAC) xen-
on, 0.43 MAC nitrous oxide, 100 ng/ml morphine, 0.43 MAC isoflurane. Con = control cells; EMSA = 
electrophoretic mobility shift assay; FACS = fluorescence-activated cell sorting; PCR = reverse-
transcription polymerase chain reaction; TNF = 10 ng/ml tumor necrosis factor α. 



 

After the respective pretreatment protocol, HUVECs were left either untreated 
or incubated with TNF-α (10 ng/ml) for the respective times. To ensure an “in-
termitted” treatment with the respective anesthetic, media was changed dur-
ing the washout periods (fig. 1). After this treatment, reverse-transcription pol-
ymerase chain reaction and fluorescence-activated cell sorting analysis of 
ICAM-1, VCAM-1, and E-selectin and infrared electrophoretic mobility shift as-
say were performed (fig. 1). To rule out an influence of media change or differ-
ent oxygen content in the gas mixtures, control experiments were performed. 
Fluorescence-activated cell sorting analysis on ICAM-1, VCAM-1, and E-selectin 
expression revealed that the media did not change it by itself and the concen-
tration of 25% (present in the xenon and nitrous oxide mixture) or 80% oxygen 
(present in the isoflurane mixture) had no effect on TNF-α–induced adhesion 
molecule expression (data not shown). 

Flow Cytometric Analysis of Cell Adhesion Molecules 
Four hours after treatment, surface expression of adhesion molecules was 
measured by flow cytometry using fluorescein isothiocyanate–labeled antibod-
ies against ICAM-1, VCAM-1, and E-selectin (Biosource and Calbiochem, 
Nivelles, Belgium). Briefly, cells were washed with ice-cold PBS three times and 
trypsinized. After detaching the cells and transferring them into fluorescence- 
activated cell sorting tubes, the digestion was stopped by addition of medium 
199 containing 10% fetal calf serum. After centrifugation (218g, 4°C, 15 min), 
the cell pellet was washed with ice-cold PBS three times. Cells were incubated 
with 1% bovine serum albumin for 30 min at room temperature. After 30 min 
of incubation with the respective antibody at 4°C, the cells were again washed 
with PBS and resuspended in a volume of 300 µl PBS for flow cytometric analy-
sis. For the adjustment of instrument settings, control cells were prepared by 
performing the procedure as described above but by omitting the addition of 
the antibody. At least three different sets of experiments with cells from differ-
ent isolations were performed in triplicate. 

RNA Isolation and Reverse-transcription Polymerase Chain Reaction 
RNA was prepared using an RNeasy® RNA isolation Mini kit (Qiagen, Hilden, 
Germany). Reverse-transcription polymerase chain reaction was performed us-
ing a One-step reverse-transcription polymerase chain reaction kit from Qi-
agen. Reverse-transcription polymerase chain reaction experiments were per-
formed with primers for respective target enzyme ICAM-1 (sense: 5’-TATGGC-
AAC-GAC-TCC-TTC-T-3’, antisense: 5’-CAT-TCA-GCGTCA-CCT-TGG-3’) VCAM-1 
(sense: 5’-ATG-ACA-TGC-TTGAGC-CAG-G-3’, antisense: 5’-GTG-TCT-CCT-TCT-
TTG-ACACT-3’), and E-selectin (sense: 5’-CTC-TGA-CAG-AAG-AAGCCA-A-3’, anti-
sense: 5’-ACT-TGA-GTC-CAG-TGA-AGC-CA-3’) and were standardized on glycer-



 

aldehyde 3-phosphate dehydrogenase (sense: 5’-TCA-CTC-AAG-ATT-GTC-AGC-
AA-3’, antisense: 5’-AGA-TCC-ACG-ACG-GAC-ACA-TT-3’). The conditions were as 
follows: CAMs: 30 min, 50°C (94°C for 1 min, 55°C for 1 min, 72°C for 1 min), 30 
cycles; glyceraldehydes 3-phosphate dehydrogenase: 30 min, 50°C (93°C for 24 
s, 55°C for 30 s, 73°C for 1 min), 30 cycles, adapted from previously described 
conditions.14 Polymerase chain reaction was followed by gel electrophoresis, 
ethidium bromide staining, and densitometric analysis using a Kodak Image sta-
tion® (Eastman Kodak Comp., Rochester, NY). 

Electrophoretic Mobility Shift Assay of Transcription Factor with In-
frared Technology 
Human umbilical vein endothelial cells were cultured in six-well plates until 
confluence. After the pretreatment protocol (fig. 1), they were left either un-
treated or treated with TNF-α (10 ng/ml) for 30 min. Nuclear and cytosolic ex-
tracts were prepared as described previously.15 Briefly, HUVECs were washed 
with PBS, scraped, and resuspended in 1,000 µl hypotonic buffer. Cells were 
allowed to swell on ice for 15 min. Nonidet P-40 (10%, 100 µl) was then added, 
followed by 10 s of vigorous vortexing and centrifugation at 12,000g for 30 s. 
The supernatant (containing the cytosolic protein) was removed. The nuclear 
pellet was extracted with 175 µl hypertonic buffer by shaking at 4°C for 15 min. 
The extract was centrifuged at 12,000g, and the supernatant was frozen at -
80°C. Protein concentrations were determined by the method of Lowry et al.16 

A 22-mer double-stranded oligonucleotide probe containing a consensus bind-
ing-sequence for NF-κB (5’-AGT TGA GGG GAC TTT CCC AGG C-3’), which is 5’ 
end-labeled with an IRDye 700 (Licor Bioscience, Bad Homburg, Germany), was 
incubated with equal amounts of nuclear protein (5 µg) for 20 min at room 
temperature in the dark in the binding buffer containing 100 mM Tris-HCl, 500 
mM potassium chloride, 10 mM dithiothreitol, and freshly added 25 mM dithi-
othreitol in 2.5% Tween-20. After addition of 1 µl 10 x orange loading dye, nu-
cleoprotein– oligonucleotide complexes were resolved by electrophoresis (6% 
nondenaturing polyacrylamide gel, 80 V), and bands were visualized and quan-
tified using the Odyssey IR Imager® (Licor Biosciences). 

Statistical Analysis 
Data are expressed as mean ± SD. Group comparisons were analyzed by one-
way analysis of variance (Graph Pad Prism version 4.00; GraphPad Software, 
Inc., San Diego, CA) followed by Bonferroni post hoc test for pairwise compari-
sons. Values with P < 0.05 were considered statistically significant versus the 
control group or the TNF-α group, respectively. 



 

Results 

Differential Regulation of TNF-α–induced mRNA Expression of CAMs 
As demonstrated in figure 2, all four agents significantly decreased the TNF-α–
induced messenger RNA (mRNA) expression of ICAM-1 (xenon [A]: 0.7 ± 0.3, 
nitrous oxide [B]: 0.6 ± 0.3, morphine [C]: 1.1 ± 0.4, isoflurane [D]: 0.8 ± 0.3 vs. 
TNF-α: 1.3 ± 0.7 [A], 1.1 ± 0.5 [B], 3.4 ± 1.8 [C], 2.1 ± 1.1 [D] arbitrary units of 
average light intensity [AVI], respectively; P < 0.05). It is remarkable that the 
effect of intermitted pretreatment with the four substances nearly led to con-
trol levels of ICAM-1 (figs. 2A–D). 
 

 
Figure 2 Differential regulation of tumor necrosis factor α. (TNF- α)-induced messenger RNA (mRNA) 
expression of cell adhesion molecules (CAMs) by anesthetics. mRNA expression of intracellular adhe-
sion molecule 1 (ICAM-1) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (A-D), vascular 
cell adhesion molecule 1 (VCAM-1) and GAPDH (E-H), and E-selectin and GAPDH (I-L) was determined 
by reverse-transcription polymerase chain reaction followed by gel electrophoresis and ethidium 
bromide staining. Human umbilical vein endothelial cells were cultured either in medium alone (Con) 
or in medium containing TNF- α (10 ng/ml, 1 h) with or without intermitted pretreatment of the cells 
with various anesthetics (xenon [Xe], nitrous oxide [N2O], morphine [Mo], isoflurane [Iso]). Figures 
show representative gels out of three independent experiments performed from different cell prepa-
rations. Graphs show densitometric evaluation of signal intensities normalized to GAPDH (average 
light intensity [AVI]). Data are mean +/- SD. Values in parentheses show number of measurements. * 
P 0.05, statistically significant versus control group. $ P 0.05, statistically significant versus TNF- α 
group. 
 



 

The expression of VCAM-1 was decreased by all inhalational anesthetics (xenon 
[E]: 4.7 ± 4.6, nitrous oxide [F]: 3.5 ± 2.2, isoflurane [H]: 3.3 ± 2.4 vs. TNF: 10.8 ± 
4.3 [E], 9.9 ± 1.7 [F], 9.6 ± 3.9 [H] AVI, respectively; P < 0.05) but not by the opi-
oid morphine (morphine [G]: 10.5 ± 4.7 vs. TNF-α [G]: 9.7 ± 3.6 AVI), as demon-
strated in figures 2E–H. In comparison with the effect of anesthetics on ICAM-1 
expression, the effect on VCAM-1 was lower and control levels were not 
achieved (figs. 2E–H). 
E-selectin was not influenced by any of the four agents (figs. 2I–L). In compari-
son with morphine and isoflurane, the pretreatment with the anesthetic gases 
xenon and nitrous oxide showed a slight tendency to reduced TNF-α–induced 
E-selectin expression (figs. 2I and J). 

Effects on TNF-α–induced CAM Protein Expression 
 
To determine whether the observed decreased mRNA expression in fact leads 
to a reduced expression of adhesion molecule protein, fluorescence-activated 
cell sorting analysis of the three adhesion molecules was performed (fig. 3). 
 
Overall, the results for the expression of CAM protein were in accord with the 
results obtained from the polymerase chain reaction. All four agents reduced 
TNF-α–induced ICAM-1 expression (xenon [A]: 52.8 ± 2.7, nitrous oxide [B]: 
35.3 ± 12.0, morphine [C]: 47.9 ± 22.5, isoflurane [D]: 33.4 ± 4.5 vs. TNF: 67.5 ± 
1.8 [A], 57.7 ± 19.2 [B], 89.6 ± 62.6 [C], 45.0 ± 18.9 [D] arbitrary units of mean 
fluorescence intensity, respectively; P < 0.05; figs. 3A–D). Also for protein ex-
pression, we found that the inhalational anesthetics suppressed TNF-α–
induced VCAM-1 expression (xenon [E]: 31.9 ± 5.1, nitrous oxide [F]: 40.3 ± 3.5, 
isoflurane [H]: 76.4 ± 5.5 vs. TNF: 60.9 ± 28.0 [E], 60.3 ± 6.6 [F], 92.6 ± 9.2 [H], 
respectively; P < 0.05; figures 3E–H), whereas morphine had no effect (mor-
phine [G]: 27.8 ± 2.5 vs. TNF-α [G]: 30.5 ± 5.9). The TNF-α–induced expression 
of E-selectin was not significantly influenced by the four agents (figs. 3I–L). In 
the case of E-selectin protein expression, morphine pretreatment lead to a 
slightly reduced TNF-α–induced expression in comparison with the other 
agents. 



 

 
 
Figure 3 Differential regulation of tumor necrosis factor α (TNF- α) -induced messenger RNA (mRNA) 
expression of cell adhesion molecules (CAMs) by anesthetics. mRNA expression of intracellular adhe-
sion molecule 1 (ICAM-1) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (A-D), vascular 
cell adhesion molecule 1 (VCAM-1) and GAPDH (E-H), and E-selectin and GAPDH (I-L) was determined 
by reverse-transcription polymerase chain reaction followed by gel electrophoresis and ethidium 
bromide staining. Human umbilical vein endothelial cells were cultured either in medium alone (Con) 
or in medium containing TNF- α (10 ng/ml, 1 h) with or without intermitted pretreatment of the cells 
with various anesthetics (xenon [Xe], nitrous oxide [N2O], morphine [Mo], isoflurane [Iso]). Figures 
show representative gels out of three independent experiments performed from different cell prepa-
rations. Graphs show densitometric evaluation of signal intensities normalized to GAPDH (average 
light intensity [AVI]). Data are mean +/- SD. Values in parentheses show number of measurements. * 
P < 0.05, statistically significant versus control group. $ P < 0.05, statistically significant versus TNF- α 
group. 



 

Prevention of TNF-α–induced Increase in NF-κB Transcriptional Activ-
ity 
We used nonradioactive infrared electrophoretic mobility shift assay to investi-
gate the effect on NF-κB, the transcription factor that is primary responsible for 
the induction of CAM. As clearly demonstrated in figure 4, all four agents abol-
ished the TNF-α–induced increase in NF-κB transcriptional activity (xenon [A]: 
2.0 ± 1.6, nitrous oxide [B]: 3.5 ± 2.2, morphine [C]: 2.5 ± 1.5, isoflurane [D]: 2.8 
± 0.7 vs. TNF-α: 6.6 ± 2.7 [A], 6.7 ± 1.4 [B], 5.7 ± 2.5 [C], 4.8 ± 0.9 [D] AVI, re-
spectively; P < 0.05). The intermitted pretreatment led to a significant reduc-
tion reaching control levels after application of all substances (fig. 4). 

 
Figure 4 Prevention of 
tumor necrosis factor α (TNF 
α)-induced increase in nu-
clear factor κB (NF-κB) tran-
scriptional activity after 
intermitted pretreatment 
with anesthetics. Human 
umbilical vein endothelial 
cells were cultured in either 
medium alone (Con) or in 
medium containing TNF- α 
(10 ng/ml) with or without 
intermitted pretreatment of 
the cells with the various 
anesthetics. Xenon (Xe;  A), 
nitrous oxide (N2O; B), mor-
phine (Mo; C), isoflurane 
(Iso; D) (upper panel). NF-κB 
binding activity was as-
sessed by infrared (IR) elec-
trophoretic mobility shift 
assay. NF-κB is present in 
the cytoplasm as a hetero-
dimer of p50 and p65 subu-
nits. Data represent one 
representative out of three 
independent experiments 
from different cell prepara-
tions with similar results. 
Data are mean +/- SD (av-
erage light intensity [AVI]). 
Values in parentheses show 
number of measurements. * 
P < 0.05 vs. control group. $ 
P <0.05 vs. TNF α group. 



 

Discussion 
It is suggested that prevention of the cytokine-induced increase in adhesion 
molecule expression may be at least in part responsible for the reduction of 
cellular damage that might, for example, occur after ischemia–reperfusion of 
different organs. Knowing that some anesthetics might protect against ische-
mia–reperfusion of the heart, whereas others do not,17 we aimed to clarify 
whether different inhalational anesthetics and the opioid morphine might dif-
ferentially influence cytokine-induced CAM expression in the in vitro model of 
HUVECs. 
The main findings of the current study are that (1) intermitted pretreatment 
with all four agents directly effects the mRNA and protein expression of ICAM-1 
in human endothelial cells; (2) that the inhalational anesthetics xenon, nitrous 
oxide, and isoflurane also suppress TNF-α–induced VCAM-1 expression; (3) that 
none of the agents had an effect on E-selectin; and (4) that all four agents pre-
vent TNF-α–induced transcriptional activation of NF-κB. These findings clearly 
suggest a differential regulation of TNF-α–induced CAM expression by anes-
thetics and morphine in HUVECs. 
We already know from pharmacologic preconditioning of the heart that most 
volatile anesthetics,4 the chemically inert gas xenon,5 and morphine18 can mim-
ic ischemic preconditioning and thereby protect the myocardium against cellu-
lar damage. In contrast, intravenous anesthetics such as ketamine can block 
ischemic preconditioning.19 Others, such as propofol, have no effect.20 Because 
it is known that the two inhalational gases xenon and nitrous oxide provide 
their anesthetic and neuroprotective effects via similar pathways,21–23 it is in-
teresting that regarding effects on the heart, nitrous oxide showed no cardio-
protective effect compared with xenon.17 
The first studies addressing the effects of volatile anestheticson the adhesion of 
polymorphonuclear neutrophil to the coronary endothelium came from Kow-
alski et al.7 They showed in the isolated guinea pig heart that continuous 
treatment with 1–2 MAC halothane, isoflurane, or sevoflurane suppressed the 
adhesion of polymorphonuclear neutrophils after myocardial ischemia.7 This 
effect is mediated at least in part via a decreased expression of the integrin 
CD11b, which is expressed on polymorphonuclear neutrophils.8 The same 
group transferred their observations to the model of HUVECs and demonstrat-
ed that halothane, isoflurane, and sevoflurane abolished the adhesion of poly-
morphonuclear neutrophils to HUVECs after stimulation with hydrogen perox-
ide.9 These studies were the first suggesting that volatile anesthetics might in-
fluence the expression of CAM on neutrophils targeting different adhesion 
molecules. 



 

In the current study, we could not find an effect of the volatile anesthetic 
isoflurane on TNF-α–induced E-selectin expression. Our data are in contrast to 
the study of Biao et al.,12 which showed that a 60-min pretreatment of HUVECs 
with 1 MAC of the volatile anesthetic desflurane suppressed the TNF-α–
induced expression of all three adhesion molecules (ICAM-1, VCAM-1, and E-
selectin) on a transcriptional level. These differences might be at least in part 
explained by the different treatment protocols; we used 3*5 min with intermit-
ted washout periods compared with 60 min continuous administration with 
desflurane in their study. Moreover, we used only half of the concentration 
(0.43 MAC) of the volatile anesthetic isoflurane. However, we chose this 
subanesthetic dose and the intermitted treatment protocol in accordance with 
findings from our in vivo studies, where these concentrations of xenon or 
isoflurane applied with a similar protocol had significant protective effect 
against ischemia–reperfusion injury of the heart.5 In accord with our study, a 
recent study of Lucchinetti et al.24 showed that administration of subanesthetic 
concentrations of sevoflurane, before and during forearm ischemia in humans, 
suppressed leukocyte activation and protected the endothelium against ische-
mia–reperfusion injury. In addition, lower doses of isoflurane increased protein 
kinase C-ε activation and decreased infarct size to a greater extent than higher 
doses.25 Hisano et al.26 showed that isoflurane and sevoflurane can suppress E-
selectin–mediated adhesion of HL60 cells to cytokine activated HUVECs under 
static conditions. However, as in our study, they could not find changes in the 
expression of E-selectin.26 
There are no further studies investigating the influence of volatile anesthetics 
on CAM (ICAM-1 or VCAM-1) expression on the endothelium. However, apart 
from suppressing TNF-α–induced adhesion molecule expression, there is also 
evidence from the literature that the volatile anesthetics isoflurane and halo-
thane protect endothelial cells against cytokine– and hydrogen peroxide–
induced apoptosis,27 which plays also a pivotal role during endothelial cell 
damage in different pathophysiologic situations. Some studies focused on se-
lectins, which are known to mainly mediate the initial rolling of leukocytes 
along the vessel, whereby ICAM-1 and VCAM-1 mediate the firm adhesion and 
diapedesis of leukocytes, together with the integrins expressed on the surface 
of the leukocyte.28 A study from de Rossi et al.29 focusing on a different group 
of CAM adhesion molecules expressed on neutrophils showed that isoflurane 
inhibits the activation of L-selectin, CD11a, and CD11b on human whole blood 
neutrophils. These data suggest that isoflurane mediates its protective effect in 
part via suppression of L-selectin, CD11a, and CD11b expression. The latter 
group also investigated effects of the noble gas xenon on adhesion molecule 
expression on neutrophils in vitro. They found that xenon reduced the surface 



 

expression of P-selectin glycoprotein ligand 1 and L-selectin after stimulation 
with N-formyl-methionyl-leucylphenylalanine or phorbol-12-myristate-13-
acetate.13 However, xenon did not affect the expression of the integrins CD11a 
and CD11b.13 Another study investigating the effects of xenon on adhesion 
molecule expression did not show an influence of xenon on the expression of 
different adhesion molecules such as L-selectin, CD18, and CD11b in an isolated 
cardiopulmonary bypass system.30 This is in contrast to our results and the re-
sults of de Rossi et al.13 However, the cited studies did not investigate adhesion 
molecule expression on the endothelium, and therefore, these studies can only 
be compared to a limited extent with our results. In the current study, both 
xenon and isoflurane significantly inhibited TNF-α–induced NF-κB activity. In 
contrast, de Rossi et al.31 found that only isoflurane reduced NF-κB activity af-
ter lipopolysaccharide stimulation in isolated monocytes, and that xenon, at a 
lower dose than that used by us, increased NF-κB activity. This difference might 
result from different experimental settings and stimuli in both studies. 
The second anesthetic gas we investigated was nitrous oxide. Because previous 
studies in the heart in vivo showed that nitrous oxide is, so far, the only inhala-
tional anesthetic gas that has no protective effect on the myocardium,17 the 
results of the current study were surprising. In endothelial cells, nitrous oxide 
had similar effects like the noble gas xenon. It significantly abolished TNF-α–
induced ICAM-1 and VCAM-1 expression as well as the increased transcription-
al activation of NF-κB. So far, this is the first study investigating an effect of ni-
trous oxide on HUVEC adhesion molecule expression; therefore, no comparison 
with the current literature is possible. In contrast to the two inhalational gases, 
the intravenous analgesic morphine had no effect on TNF-α–induced VCAM-1 
or E-selectin but suppressed ICAM-1 expression. In accord with our results, 
Wang et al. showed that morphine preconditioning can significantly attenuate 
ICAM-1 levels in human blood32 and also in rats in vivo.33 
Regarding the regulation of cytokine-induced NF-κB transcriptional activity by 
morphine, Welters et al.34 showed that morphine inhibits lipopolysaccharide-
induced NF-κB activation in human blood neutrophils and monocytes. Some 
controversy exists about the effects of morphine action on basal NF-κB tran-
scriptional activity. 
In rat hearts in vivo,35 morphine increased NF-κB activity, whereas in human T-
lymphocytes, it had no effect on NF-κB.36 
Regarding limitations of our study, it should be mentioned that we worked in 
an in vitro cell damage model of venous endothelial cells, which can only partly 
reflect aspects of a pathophysiologic situation. From our data, we cannot con-
clude whether the observed beneficial effects can also be transferred to arteri-
al endothelial cells. Moreover, from our data obtained from an in vitro primary 



 

cell culture setting, it is not possible to transfer the beneficial effects of the an-
esthetics and morphine to the pathophysiologic state of ischemia–reperfusion 
injury. 
Our results suggest that the suppression of TNF-α–induced adhesion molecule 
expression is differentially regulated by pretreatment with different anesthetics 
and the analgesic morphine. Moreover, the inhibition of TNF-α–induced NF-κB 
activity, which was similar for all agents, does not necessarily lead to a sup-
pressed expression of all three adhesion molecules. 
In contrast to the existing literature on beneficial effects of anesthetics on cy-
tokine-activated endothelial cells, we used for the first time a variety of anes-
thetics coming from completely different substance classes. Therefore, the re-
sults of our study provide novel aspects regarding effects of anesthetics on 
TNF-α–induced adhesion molecule expression on HUVECs. 
These data may contribute to the understanding of the underlying mechanism 
of anesthetic- and morphine-induced prevention of endothelial cell damage. 
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BACKGROUND: Xenon induces early myocardial preconditioning of the rat 
heart in vivo, but whether xenon induces late cardioprotection is not known. 
Cyclooxygenase-2 (COX-2) has been shown to be an important mediator in the 
signal transduction of myocardial ischemic late preconditioning (i-LPC). We in-
vestigated whether xenon induces late preconditioning (Xe-LPC) and whether 
COX-2 activity and/or expression are involved in mediating this effect. 

METHODS: Anesthetized male Wistar rats were instrumented with a coronary 
artery occluder. After 7 d of recovery, animals were randomized to 1 of 5 
groups each containing 8 animals. The i-LPC group underwent 5 min of coro-
nary occlusion to induce i-LPC. Xe-LPC was achieved by administration of xenon 
(70 volume%) for 15 min. Additional rats were pretreated with the COX-2 inhib-
itor NS-398 (5 mg kg-1 body weight i.p.) with and without Xe-LPC. A group of 
sham operated animals not undergoing i-LPC or Xe-LPC served as controls 
(Con). After 24 h, all animals were anesthetized and underwent 25 min of myo-
cardial ischemia induced by tightening of the coronary artery occluder followed 
by 2 h of reperfusion. Myocardial infarct size was assessed by triphenyltetrazo-
lium chloride staining. In additional experiments, hearts were excised at differ-
ent time points after preconditioning to investigate COX-2 mRNA and protein 
expression by polymerase chain reaction and infrared Western blot, respective-
ly. 

RESULTS: Both i-LPC and Xe-LPC reduced myocardial infarct size (% of the ar-
ea at risk) compared with Con (i-LPC: 29 ± 7%; Xe-LPC 31 ± 8%, both P < 0.05 vs 
Con 64 ± 6%). NS-398 abolished the cardioprotective effect of Xe-LPC (61 ± 6%, 
P < 0.05 vs Xe-LPC). COX-2 mRNA and protein expression was only increased in 
the i-LPC group, but not in the Xe-LPC group. 

CONCLUSION: Xenon induces late myocardial preconditioning that is abol-
ished by functional blockade of COX-2 activity. In contrast to i-LPC, Xe-LPC did 
not lead to an increased expression of COX-2 mRNA and protein. These data 
suggest differences in COX-2 regulation in i-LPC and Xe-LPC. 



 

Brief episodes of myocardial ischemia render the myocardium resistant to sub-
sequent longer periods of ischemia.1 This phenomenon, known as ischemic 
preconditioning, consists of 2 time windows: an early phase which begins with-
in a few minutes after an ischemic stimulus and lasts for 2 to 3 h, and a late 
phase which occurs 12 to 24 h after the preconditioning stimulus and lasts for 3 
to 4 d.2 Drugs including volatile anesthetics mimic myocardial ischemic precon-
ditioning and are able to induce early preconditioning in different animal spe-
cies3,4 as well as in humans.5 Volatile anesthetics have been found to induce 
late preconditioning,6–8 although this effect may be species dependent.9 In ad-
dition to volatile anesthetics, the noble gas xenon has been demonstrated to 
induce early myocardial preconditioning10 via activation of several signal trans-
duction kinases.11,12 However, in contrast to volatile anesthetics, whether xen-
on also produces late myocardial preconditioning is not known. 

Cyclooxygenase (COX) is a prostaglandin synthetase that mediates the conver-
sion of arachidonic acid to prostaglandin H2. In contrast to the constitutively 
expressed isoform COX-1, COX-2 is inducible in response to proinflammatory 
stimuli and is considered to be an important mediator of inflammation.13 Both 
ischemic late preconditioning (i-LPC) and volatile anesthestic-mediated late 
preconditioning have been shown to involve COX-2 pathways.14,15 Moreover, i-
LPC increases COX-1 and 2 expression and enhances myocardial concentrations 
of prostaglandins prostaglandin E2 and 6-keto-PGF1α after 24 h.16 

In the present study, we tested the hypothesis that xenon inhalation 24 h be-
fore myocardial ischemia induces late myocardial preconditioning in rat hearts 
in vivo. We further sought to evaluate the role of COX-2 in mediating late xen-
on myocardial preconditioning (Xe-LPC). 

METHODS 
The study was performed in accordance with the regulations of the German 
Animal Protection Law and was approved by the Bioethics Committee of the 
District of Düsseldorf, Germany. 

Animal Preparation 
One hundred twelve male Wistar rats (200–250 g) were subjected to this study. 
However, 10 animals died from surgical complications after coronary artery oc-
cluder implantation. Another 10 animals died of ventricular fibrillation or un-



 

controllable bleeding during the preparation for the ischemic or xenon precon-
ditioning experiments. 

After the depth of anesthesia was deemed adequate (by lack of muscle move-
ment and absence of palpebra reflex), a left thoracotomy was performed in the 
fourth intercostal space and the pericardium opened. The left anterior de-
scending coronary artery was identified and encircled with 2 5–0 prolene su-
tures (Ethicon 5/0, 1-metric, TF, Johnson and Johnson Medical BV, Norderstedt, 
Germany). A silicone tube (1.0 mm internal diameter, Roth, Karlsruhe, Germa-
ny) was tunnelled subcutaneously and externalized between the scapulae. The 
internal end was placed close to the sutures around the coronary artery. The 
two sutures were then externalized through this tube and the tube was filled 
with petroleum gel to prevent pneumothorax. The chest wound was closed in 
layers and covered by a vest (rat jacket, size M, Byron, Grand Island, NY) to pro-
tect the tube and the externalized sutures. Postoperative analgesia was provid-
ed by intercostal blockade and wound infiltration with 0.5% bupivacaïne. The 
animals received antibiotic prophylaxis with cefazolin (35 mg kg-1). Postopera-
tively, the animals had free access to food and water and were under close ob-
servation by an animal care specialist in the animal care department of the 
University of Düsseldorf. 

Late Preconditioning Protocols 
The animals were randomly assigned to five groups using sealed envelopes (Fig. 
1A). There were eight animals per group for the myocardial infarct size meas-
urement studies and four per group for the Western Blot analyses (discussed 
below). The animals were anesthetized with isoflurane 7 d after the prior pro-
cedure. 

 



 

 

Figure 1:.  Panel A, Experimental protocol for infarct size measurement: i-LPC = ischemic late pre-
conditioning; NS-398 = blocker of cycloogygenase-2. Panel B, Experimental protocol for polymerase 
chain reaction (PCR) and Western Blot assay, IR WB = infrared western blot. 

 

Ischemic preconditioning was induced by tightening of the previously placed 
suture around the coronary artery for 5 min. Myocardial ischemia was verified 
by the immediate occurrence of electrocardiogram (ECG) ST segment elevation. 
At the end of the 5-min period of coronary artery occlusion, the suture was re-
leased and removed to ensure proper reperfusion. This was verified by the dis-
appearance of the ECG changes. Animals in the XE-LPC groups were sedated 
with the i.p. injection of s-ketamine (250 mg kg-1). After tracheal intubation, 
their lungs were ventilated with 70% xenon and 30% oxygen for 15 min. The 
animals of the COX-2 inhibitor groups received 5 mg kg-1 NS-398 (in saline) i.p. 
with or without subsequent xenon preconditioning. The animals were then al-
lowed to recover. After the ischemic and xenon preconditioning studies, the 
animals were transfered back in their cages and were closely observed by the 
investigators for at least 1 h. After this period, the animals were brought back 
into the animal care facility for housing under the previously described condi-
tions. 



 

Myocardial Infarction Size Determination 
Twenty-four hours after completing the respective preconditioning protocol, 
the rats were anesthetized by an i.p. injection of S (+)-ketamine (250 mg kg-1). 
Surgical preparation was then performed as previously described.17 The right 
jugular vein was cannulated and a continuous infusion of α-chloralose (25 mg 
kg-1) administered. A polyethylene catheter was inserted into the descending 
aorta via a carotid artery and connected to a pressure transducer for meas-
urement of aortic pressure. All animals were connected to an ECG monitor. A 
temperature probe was placed sub-diaphragmatically and body temperature 
was maintained constant at 37.9 ± 0.7°C by adjusting a heating pad and a 
warming lamp. Arterial blood gases were analyzed at baseline, during ischemia 
and reperfusion and kept within physiological range. Twenty-five minutes of 
myocardial ischemia was induced by tightening the coronary artery occluder 
and verified by the appearance of epicardial cyanosis and ECG changes. After 
120 min of reperfusion, the heart was excised and myocardial infarct size was 
determined as previously described.17 Briefly, hearts were mounted on a modi-
fied Langendorff apparatus for perfusion with ice cold normal saline via the 
aortic root at a perfusion pressure of 40 cm H2O in order to wash out intravas-
cular blood. After 5 min of perfusion, the coronary artery was re-occluded and 
the remainder of the myocardium was perfused through the aortic root with 
0.2% Evans blue in normal saline for 10 min. Intravascular Evans blue was then 
washed out by perfusion for 5 min with normal saline. This treatment identified 
the area at risk (AAR) as unstained. The heart was then cut into 2 mm trans-
verse slices. The slices were stained with 0.75% triphenyltetrazolium chloride 
solution for 10 min at 37°C, fixed in 4% formalin solution for 6 h at room tem-
perature. The myocardial AAR and the infarcted area were determined by pla-
nimetry using SigmaScan Pro 5® computer software (SPSS Science Software, 
Chicago, IL) and corrected for dry weight. 

Western Blot Assay 
Animals in the Western Blot portion of the study were assigned to one of three 
groups as shown in Fig. 1B. To exclude any confounding effect of anesthesia on 
Western Blot assay, the rats were decapitated. At the respective time points (n 
= 4 for each time period), the hearts were quickly excised (Sham, 0 h, 2 h, 4 h, 8 
h, 12 h, 24 h) after the respective treatment of Xe- or i-LPC. The excised hearts 
were washed in ice cold saline solution and frozen in liquid nitrogen. The frozen 



 

tissue was pulverized and dissolved in lysis buffer containing the following in-
gredients: Tris base, ethylene glycol tetraacetic acid, sodium fluoride and sodi-
um orthovanadate, as phosphatase inhibitors (all from Sigma-Aldrich Chemi-
cals, Taufkirchen, Germany), and a freshly added protease inhibitor mix [apro-
tinin, leupeptin and pepstatin] and dithioerythriol (all from Merck-Eurolab, 
Munich, Germany). The solution was vigorously homogenized on ice (Homoge-
nizer, IKA) and then centrifuged at 1000g, 4°C, for 10 min. The supernatant, 
containing cytosolic fraction, was centrifuged again at 16,000g, 4°C, for 15 min 
to purify this fraction. COX-2 expression in the myocardial tissue was deter-
mined using infrared Western Blot analysis as previously described.18 After pro-
tein determination by the Lowry et al. method,19 equal amounts of the homog-
enate were mixed with mercaptoethanol and sodium dodecyl sulfate (SDS) pol-
yacrylamid and boiled at 95°C with loading buffer containing Tris–
hydrochloride, glycerol and bromphenol blue. Using SDS as an anionic deter-
gent produces proteins covered with a negative charge. These proteins than 
can be separated by SDS gel electrophoresis according to their size. The nega-
tively charged proteins were transferred to an Immobilon-fluorescence mem-
brane (Millipore, Schwalbach, Germany) using an electric current. Using the 
electric current enables the proteins to migrate from the gel to the membrane. 
COX-2 and α tubuline were detected using specific antibodies binding to these 
two enzymes on the membrane (Monoclonal mouse anti-α-tubulin antibody, 
Sigma-Aldrich, Taufkirchen, Germany; total COX-2 rabbit polyclonal antibody, 
Biomol, Hamburg, Germany). Nonspecific binding of the antibody was blocked 
by a 2 h incubation with 5% fat dry milk powder solution in Tris buffered saline 
containing Tween. 

After washing the membrane in fresh, cold Tris buffered saline containing 
Tween, secondary antibodies conjugated with infrared-dye 700 or infrared-dye 
800 (Biomol, Hamburg, Germany) were applied. Protein bands on the mem-
brane were visualized and quantified by the Odyssey infrared imager® (Licor 
Biosciences, Bad Homburg, Germany). Equal loading of the protein to the SDS 
gel electrophoresis gel was ensured by Coomassie blue staining (Coomassie 
brillant blue®, Serva Electrohoresis GmbH, Heidelberg, Germany) of each gel.20 
The results are presented as ratio of total protein to _-tubulin, which was used 
as internal standard. 



 

RNA Isolation 
RNA analysis was performed using a RNeasy® RNA isolation Mini kit (Qiagen, 
Hilden, Germany). Reverse transcription polymerase chain reaction (PCR) was 
performed using a one-step PCR kit from Qiagen. Reverse transcription PCR ex-
periments were performed with primers for the respective target gene COX-2 
(sense: 5’-CTGTATCCCGCCCTGCTGGT-3’, anti-sense: 5’-
GAGGCACTTGCGTTGATGGT-3’) and were standardized on Glyceraldehyde 3-
phosphate dehydrogenase (sense: 5’-TCCCTCAAGATTGTCAGCAA-3’, anti-
sense:5’-AGATCCACAACGGATACATT-3’). The conditions were as follows: COX-
2: 50°C 30 min, 15 min 95°C, [30 s 94°C-30 s 57°C-40 s 72°C] × 30 cycles, 10 min 
72°C; Glyceraldehyde 3-phosphate dehydrogenase: 30 min 50°C, 15 min 95°C, 
[24 s 93°C - 30 s 55°C - 1 min 73°C] × 30 cycles, 10 min 73°C. The PCR products 
were separated by agarose gel electrophoresis, ethidium bromide staining, and 
densitometric analysis using a Kodak Image station® (Eastman Kodak Comp., 
Rochester, NY). 

Statistical Analysis-Sample Size Calculation 
Sample size calculations were performed using GraphPad StatMate™ Version 
1.01 (GraphPad Software, San Diego, CA). A sample size of eight animals in each 
group allowed for the detection of a difference in myocardial infarct size of 
30% between control and the preconditioning groups or the preconditioning 
groups and the NS-398 COX-2 inhibitor group, respectively, with a power of 
95% and an α < 0.05. For PCR and Western Blot assay experiments, four ani-
mals in each group allows for the detection of a difference in protein expres-
sion between groups of 30% with a power of 95%, a standard deviation of 10, 
and an α < 0.05. Statistical analysis of the hemodynamic variables was per-
formed by two-way repeated measures analysis of variance (ANOVA) for time 
and treatment (experimental group) effects. If an overall significance was 
found, comparisons between groups were made for each time point using one-
way ANOVA followed by Dunnett’s post hoc test with the control group as the 
reference group. Time effects within each group were analyzed by repeated-
measures ANOVA followed by Dunnett’s post hoc test with the baseline value 
as the reference time point. PCR and Western Blot data were analyzed by one-
way ANOVA followed by Dunnett’s post hoc test with the control group as the 
reference group (Graph Pad Prism version 4.00). Differences in myocardial in-
farct size were analyzed by ANOVA followed by Student’s t-test with Bonferroni 



 

correction for multiple testing. Data are expressed as mean ± sd and P < 0.05 
was considered statistically significant. 

RESULTS 

Hemodynamic Results 
Table 1 shows the heart rate and mean aortic pressure during the different ex-
perimental protocols. There were no differences between the experimental 
groups at baseline or during during myocardial ischemia. At the end of the 
reperfusion period, heart rate and mean aortic pressure were lower in the 
groups receiving the COX-2 inhibitor NS-398 compared with baseline values. 
Heart rate was slower in the animals receiving NS-398 without xenon, com-
pared with the control animals after 60 and 120 min of reperfusion. 

 

Table 1: Heart Rate and Mean Aortic Pressure During the Experimental Protocols 

Myocardial Infarct Size 
Myocardial infarct size as a percentage of the AAR in the experimental groups 
is shown in Fig. 2. Xe-LPC (31 ± 8%) and i-LPC (29 ± 7%) reduced myocardial in-
farct size, compared with the control animals (64 ± 6%, P < 0.0001). Administra-
tion of the COX-2 inhibitor NS-398 blocked the reduction in myocardial infarc-
tion size observed with Xe-LPC (NS-398 + Xe-LPC, 61 ± 6%, P < 0.0001 vs Xe-
LPC), but it had no effect on myocardial infarct size when administered alone 
(NS-398 61 ± 7%, P < 1.0 vs control). 



 

 

Figure 2.  Myocardial infarct size measurement histogram shows the myocardial infarct size (percent 
of area at risk) of controls, xenon late preconditioning (Xe-LPC), ischemic late preconditioning (i-LPC), 
Xe-LPC + NS-398 and NS-398 (blocker of cycloogygenase-2) alone group. Data show means +/- sd; *P 
P < 0.05 vs Xe-LPC. 

COX-2 Messenger Ribonucleic Acid and Protein Expression 
Results for the COX-2 messenger ribonucleic acid (mRNA) and protein expres-
sion experiments are shown in Fig. 3. i-LPC increased the expression of COX-2 
mRNA in a time-dependent manner (Sham: 0.3 ± 0.25, 0 h: 0.8 ± 0.5; 2 h: 2.5 ± 
1.6; 4 h: 1.8 ± 0.1; 8 h 2.0 ± 1.2; 12 h: 1.8 ± 1.4; 24 h: 0.8 ± 0.4, all average light 
intensity, Fig. 3A) with a maximum increase occurring 2 h after i-LPC (P = 0.038 
vs Controls). In contrast, there was no increase in COX-2 mRNA expression in 
the Xe-LPC group (Con: 0.3 ± 0.1; 0 h: 0.25 ± 0.1; 2 h: 0.5 ± 0.3; 4 h: 0.2 ± 0.1; 8 
h: 0.3 ± 0.2; 12 h: 0.3 ± 0.2; 24 h: 0.3 ± 0.2; P = 0.979, 0.374, 0.723, 0.999, 1.0, 
0.999, respectively, Fig. 3B). 



 

  

Figure 3. COX-2 mRNA expression in ischemic late preconditioning (i-LPC) and xenon-induced late 
preconditioning (Xe-LPC) myocardium. Representative polymerase chain reaction (PCR) experiments 
of a time course (Con, 0 h, 2 h, 4 h, 8 h, 12 h, 24 h, each time point n = 4 animals) showing cyclooxy-
genase (COX)-2 mRNA expression in ischemic late preconditioned (i-LPC, panel A) or xenon late pre-
conditioned (Xe-LPC, panel B) myocardium. Upper panel shows amplificated COX-2, lower panel 
shows Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) PCR product. The histogram presents 
densitometric evaluation of all experiments. Data show ratio of COX-2 normalized to GAPDH (means 
+/- sd). 

 

Similar to the results of for the mRNA analysis, there was a time-dependent 
increase in COX-2 protein expression after i-LPC with a maximum increased 
level occurring 4 h after myocardial ischemia (P = 0.417 vs Controls, Fig. 4A). 
There was no time dependent change in COX-2 protein expression in Xe-LPC 
(Fig. 4B). 



 

 

Figure 4. Cyclooxygenase (COX)-2 protein expression in ischemic late preconditioning (i-LPC) and 
xenon-induced late preconditioning (Xe-LPC) myocardium. Representative infrared Western blot ex-
periments of the time course (Con, 0 h, 2 h, 4 h, 8 h, 12 h, 24 h, each time point n = 4 animals) show-
ing COX-2 protein expression (70 kDa) in ischemic late preconditioned (i-LPC, panel A) or xenon late 
preconditioned (Xe-LPC, panel B) myocardium. Upper panel shows total COX-2 protein, lower panel 
shows α-tubuline. The histogram presents densitometric evaluation of all experiments. Data show 
ratio of COX-2 normalized to [alpha]-tubuline (means +/- sd). 

 



 

DISCUSSION 
The present data show that the noble gas xenon induces a late phase of myo-
cardial preconditioning in rat hearts in vivo. The magnitude of protection is sim-
ilar to that resulting from late myocardial ischemic preconditioning. Further-
more, we demonstrated that COX-2 blockade abolished the cardioprotective 
effect of Xe-LPC (Fig. 2). Moreover, i-LPC increased the expression of COX-2 
mRNA and protein in a time dependent manner, but there was no difference in 
COX-2 mRNA and protein expression observed after xenon late myocardial pre-
conditioning. 

In various animal species, xenon has been shown to have cardioprotective ef-
fects including early myocardial preconditioning in rats10,21 and a reduction of 
myocardial reperfusion injury (postconditioning effect) in rabbits in vivo.22 Pos-
sible mechanisms for xenon-induced early cardioprotection like protein kinase 
C, p38 mitogene activated protein kinase, heat shock protein 27, KATP channels 
and phosphatidyl inositol dependent kinase 1 have been identified.10–21  

However, there are no prior data on whether xenon exposure leads to late my-
ocardial preconditioning and, if so, the potential mediators of this effect.  

It has been shown that cardioprotection by i-LPC and volatile anesthetic in-
duced late preconditioning are mediated by complex pathways including COX-
2.14,15 However, the literature also suggests that involvement of COX-2 might be 
differentially regulated in ischemic and anesthetic-induced late precondition-
ing. 

i-LPC increases COX-1 and 2 expression and enhances myocardial concentra-
tions of prostaglandins E2 and 6-keto-PGF1α in rabbits.16 In isoflurane induced 
late preconditioning in rabbits, the COX-2 inhibitor celecoxib effectively 
blocked the infarct size reducing effect of the volatile anesthetic.15 However, an 
effect of isoflurane on COX-1 and COX-2 protein expression was not observed. 
These data are in line with our findings showing that the myocardial infarct 
size-limiting effect of Xe-LPC can be blocked by inhibition of COX-2 activity in-
dependently of an upregulation of COX-2 mRNA and protein. These results sug-
gest that pharmacological late preconditioning depends more on an increased 
activity of existing COX-2 rather than a transcriptional upregulation of COX-2 
mRNA. In contrast, these results suggest that i-LPC requires upregulation of 



 

COX-2 mRNA and protein expression. Nonetheless, it must be considered that 
early anesthetic myocardial preconditioning17 involves a time-dependent up-
regulation of intracellular enzymes that could also exist in late anesthetic pre-
conditioning. In rabbits, the signaling pathways of i-LPC differ 24 or 72 h after 
the preconditioning stimulus.23 Only 72 h after the preconditioning ischemia, 
myocardial levels of COX-2 mRNA, protein and cardioprotective prostaglandins 
were found to be increased.23 In our experiments, we did not observe an in-
crease in COX-2 mRNA or protein 0 to 24 h after xenon preconditioning, but we 
did not measure COX-2 mRNA and protein level 72 h after preconditioning. 

In addition to COX-2, inducible nitric oxide synthase (iNOS)24,25 and mitochon-
drial KATP channels26 have been shown to be involved in i-LPC. Mitochondrial 
KATP channels have been shown to be also involved in xenon-induced early pre-
conditioning.21 Most importantly, nitric oxide, produced by iNOS, induces pre-
conditioning27 via activation of COX-228,29 and prostaglandins generated by COX-
2 may reduce infarct size by activating the opening of KATP channels.30 These 
data indicate that the protective effects of ischemic preconditioning on the 
myocardium via COX-2 is a complex interaction between iNOS, nitric oxide, 
prostaglandins and KATP channel opening. 

However, which other pathways surrounding COX-2 might also play a role in 
Xe-LPC cannot be answered from our results. Moreover, COX-2 implementation 
in Xe-LPC must rely on indirect evidence from the pharmacological blockade of 
COX-2. 

NS398 alone had remarkable hemodynamic effects during the reperfusion pe-
riod. This is thought to be a random effect rather than a specific pharmacologi-
cal side effect of NS398, a highly selective COX-2 blocker. 

In this study only a single concentration of xenon was used and our results 
must be restricted to this concentration. Notably, xenon preconditioning may 
occur independent of any anesthetic effect, as other noble gases without anes-
thetic properties, such as helium, are also able to dispay cardioprotective ef-
fects.31 In our study, xenon cardioprotection was only examined after 25 min of 
myocardial ischemia. Whether xenon cardioprotection occurs after longer peri-
ods of occlusion cannot be answered from this study. 



 

In summary, the present results show that the noble gas xenon induces late 
myocardial preconditioning in rat hearts in vivo. The results further indicate 
differences in the involvement of COX-2 between i-LPC and Xe-LPC. Although 
the latter involves changes in the activity of existing COX-2, the former appears 
to depend on the upregulation of COX-2 mRNA and protein expression. 
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Abstract 
Background: For nitrous oxide, a preconditioning effect on the heart has yet 
not been investigated. This is important because nitrous oxide is commonly 
used in combination with volatile anesthetics, which are known to precondition 
the heart. The authors aimed to clarify (1) whether nitrous oxide preconditions 
the heart, (2) how it affects protein kinase C (PKC) and tyrosine kinases (such as 
Src) as central mediators of preconditioning, and (3) whether isoflurane-
induced preconditioning is influenced by nitrous oxide. 

Methods: For infarct size measurements, anesthetized rats were subjected to 
25 min of coronary artery occlusion followed by 120 min of reperfusion. Rats 
received nitrous oxide (60%), isoflurane (1.4%) or isoflurane–nitrous oxide 
(1.4%/60%) during three 5-min periods before index ischemia (each group, n = 
7). Control animals remained untreated for 45 min. Additional hearts (control, 
60% nitrous oxide alone%, and isoflurane–nitrous oxide [0.6%/60%, in equi-
anesthetic doses]) were excised for Western blot of PKC-ε and Src kinase (each 
group, n = 4). 

Results: Nitrous oxide had no effect on infarct size (59.1 ± 15.2% of the area at 
risk vs. 51.1 ± 10.9% in controls). Isoflurane (1.4%) and isoflurane–nitrous oxide 
(1.4%/60%) reduced infarct size to 30.9 ± 10.6 and 28.7 ± 11.8% (both P < 0.01). 
Nitrous oxide (60%) had no effect on phosphorylation (2.3 ± 1.8 vs. 2.5 ± 1.7 in 
controls, average light intensity, arbitrary units) and translocation (7.0 ± 4.3 vs. 
7.4 ± 5.2 in controls) of PKC-ε. Src kinase phosphorylation was not influenced 
by nitrous oxide (4.6 ± 3.9 vs. 5.0 ± 3.8; 3.2 ± 2.2 vs. 3.5 ± 3.0). Isoflurane–
nitrous oxide (0.6%/60%, in equianesthetic doses) induced PKC-ε phosphoryla-
tion (5.4 ± 1.9 vs. 2.8 ± 1.5; P < 0.001) and translocation to membrane regions 
(13.8 ± 13.0 vs. 6.7 ± 2.0 in controls; P < 0.05). 

Conclusions: Nitrous oxide is the first inhalational anesthetic without precon-
ditioning effect on the heart. However, isoflurane-induced preconditioning and 
PKC-ε activation are not influenced by nitrous oxide. 



 

EVERY volatile anesthetic currently in clinical use studied so far has been rec-
ognized to mimic the strong cardioprotection against ischemia reperfusion 
damage exerted by ischemic preconditioning.1 This so-called anesthetic-
induced preconditioning by desflurane, isoflurane, or sevoflurane reduced in-
farct size to the same extent as ischemic preconditioning in rats,2–4 rabbits, and 
dogs.1,5–10 However, nitrous oxide as an anesthetic supplement for these vola-
tile anesthetics has never been subject of any cardiac preconditioning study. 
This seems to be of critical importance because most anesthetics in cardiac risk 
patients are given for noncardiac surgery, and nitrous oxide is still in wide-
spread clinical use and finds strong advocates among anesthetists. If precondi-
tioning and cardioprotection by anesthetics is becoming an accepted clinical 
concept in the future, it would be important to know whether a substance has 
these protective properties or even might block them like ketamine,11 especial-
ly when it is used in combination with cardioprotective agents such as isoflu-
rane. 

Besides the volatile anesthetics, the chemically “inert” gas xenon also induces 
pharmacologic preconditioning in the rat heart in vivo.3 Xenon shares the same 
anesthetic properties as the volatile anesthetics, but as a noble gas, it has a 
complete different molecular structure compared with the halogenated fluoro-
carbons. Therefore, the results of the previous study were surprising, leading 
us to the hypothesis that anesthetic preconditioning itself is mediated not only 
by volatile anesthetics but by all anesthetic gases. The molecular structure of 
nitrous oxide is also different from that of the halogenated agents, and in the 
current study, we tested the hypothesis that nitrous oxide has a precondition-
ing effect. 

Regarding the underlying molecular mechanisms of anesthetic-induced pre-
conditioning, there are complex different signal transduction pathways under 
current discussion. Activation of key enzymes such as protein kinase C (PKC) 
and protein tyrosine kinases (PTKs, such as Src kinase) have been shown to be 
involved in anesthetic preconditioning.2,3,12 For the inert gas xenon and the vol-
atile anesthetic isoflurane, we could recently demonstrate that cardioprotec-
tion was mediated via increased activation of PKC isoform ε in vivo.3,4 PKC 
isoforms have been shown to be mainly regulated via translocation to different 
cell compartments and subsequent phosphorylation at three phosphorylation 



 

sites, resulting in their activation.13 PKC-ε translocates from cytosolic to mem-
brane regions upon different stimuli14 and affects several downstream targets 
leading to the observed myocardial protection. 

The implication of PTKs in anesthetic-induced preconditioning is still a matter 
of controversy.12,15 In contrast, in ischemic preconditioning, both enzyme clas-
ses have been shown to be clearly involved in mediating cardioprotection.16,17 

In contrast to PKC, the Src kinase, a member of the PTK family, is regulated by 
tyrosine phosphorylation at two sites with opposing effects. Phosphorylation of 
tyrosine 416 in the activation loop of the kinase domain up-regulates the en-
zyme activity, and phosphorylation of tyrosine 527 in the C-terminal tail ren-
ders the enzyme less active (for review, see Roskoski).18 

The current study aimed to determine in an in vivo rat model (1) whether ni-
trous oxide preconditions the heart; (2) how it affects PKC and Src, both puta-
tive key enzymes of anesthetic preconditioning; (3) whether isoflurane-induced 
preconditioning is influenced by nitrous oxide; and (4) whether PKC-ε activation 
by isoflurane is still detectable in the presence of nitrous oxide. 

Materials and Methods 

The study was performed in accord with the regulations of the German Animal 
Protection Law and was approved by the Bioethics Committee of the District of 
Düsseldorf (Düsseldorf, Germany). A total of 40 male Wistar rats were used 
(200–250 g; 7 per group for infarct size measurement and 4 per group for 
Western blot). 

Materials 
Monoclonal mouse anti–α-tubulin and rabbit polyclonal anti–actin antibody 
were purchased from Sigma (Taufkirchen, Germany). The enhanced chemolu-
minescence protein detection kit was purchased from Santa Cruz (Heidelberg, 
Germany). Total PKC-ε rabbit polyclonal and phospho PKC-ε rabbit antibody 
were from Upstate (Charlottesville, VA). Peroxidase-conjugated goat anti-rabbit 
and donkey anti-mouse antibodies were from Jackson Immunolab (Dianova, 
Hamburg, Germany). Anti–phospho Src (Tyr 416) and phospho Src (Tyr 527) 
rabbit polyclonal antibodies were from Cell Signaling (Frankfurt/M, Germany). 



 

All other materials were purchased from either Sigma or Merck-Eurolab (Mu-
nich, Germany). 

Animal Preparation 
Male Wistar rats (200-250 g) were anesthetized by intraperitoneal S-ketamine 
injection (150 mg/kg). It has been demonstrated previously that the S-
enantiomer of ketamine does not influence myocardial preconditioning.11 Ani-
mals had free access to food and water at all times before the start of the ex-
periments. 

All animals were left untreated for 10 min before the start of the respective 
preconditioning protocol (figs. 1A and B). 

Further preparation and infarct size measurement by triphenyltetrazolium 
chloride (TTC) staining were performed as described previously.3 In summary, 
after tracheal intubation, the lungs were ventilated with oxygenenriched air 
and a positive end-expiratory pressure of 2–3 cm H2O. Respiratory rate was 
adjusted to maintain partial pressure of carbon dioxide within physiologic lim-
its. Body temperature was maintained at 38°C by the use of a heating pad. The 
right jugular vein was cannulated for saline and drug infusion, and the left ca-
rotid artery was cannulated for measurement of aortic pressure. Anesthesia 
was maintained by continuous α-chloralose infusion. A lateral left-sided thora-
cotomy followed by pericardiotomy was performed, and a ligature (5-0 Pro-
lene®; Ethicon GmbH, Norderstedt, Germany) was passed below the main 
branch of the left coronary artery. The ends of the suture were threaded 
through a propylene tube to form a snare, and the coronary artery was occlud-
ed by tightening the snare. Successful coronary artery occlusion was verified by 
epicardial cyanosis. 

Infarct Size Measurement/TTC Staining 
After 120 min of reperfusion, the heart was excised and mounted on a modi-
fied Langendorff apparatus for perfusion with ice-cold normal saline via the 
aortic root at a perfusion pressure of 40 cm H2O to wash out intravascular 
blood. After 5 min of perfusion, the coronary artery was reoccluded, and the 
remainder of the myocardium was perfused through the aortic root with 0.2% 
Evans blue in normal saline for 10 min. Intravascular Evans blue was then 
washed out by perfusion for 5 min with normal saline. This treatment identified 



 

the area at risk as unstained. The heart was then cut into transverse slices, 2 
mm thick. The slices were stained with 0.75% TTC solution for 10 min at 37°C 
and fixed in 4% formalin solution for 6 h at room temperature. The area of risk 
and the infarcted area were determined by planimetry using SigmaScan Pro 5® 
computer software (SPSS Science Software, Chicago, IL) and corrected for dry 
weight. 

Experimental Protocols for Infarct Size Measurement 
Rats were divided into four groups (fig. 1A): 

Control Group (n = 7). Rats received 20% oxygen plus 80% nitrogen during 
three 5-min periods before they were subjected to 25 min of left coronary ar-
tery occlusion, followed by 2 h of reperfusion. During the washout times, rats 
received 50% oxygen and 50% nitrogen. 

Nitrous Oxide–preconditioned Group (n = 7). Rats received 60% nitrous oxide 
(equivalent to 0.4 minimum alveolar concentration [MAC] in rats) plus 20% ox-
ygen and 20% nitrogen for three 5-min periods. The preconditioning periods 
were interspersed with two 5-min washout periods. After the last precondition-
ing, a 10-min final washout was performed before the 25-min coronary artery 
occlusion. Ischemia was followed by 2 h of reperfusion. During the washout 
times, rats received 50% oxygen and 50% nitrogen. Isoflurane-preconditioned 
Group (n = 7). Rats received 1.4% isoflurane (1 MAC in rats) plus 20% oxygen 
and 78.6% nitrogen for three 5-min periods. The preconditioning periods were 
interspersed with two 5-min washout periods. After the last preconditioning, a 
10-min final washout was performed before the 25-min coronary arterysion. 
Ischemia was followed by 2 h of reperfusion. During the washout times, rats 
received 50% oxygen and 50% nitrogen. 

Isoflurane in Nitrous Oxide–preconditioned Group (n = 7). Rats received a mix-
ture of 60% nitrous oxide, 20% oxygen, and 18.6% nitrogen to which 1.4% 
isoflurane was added for three 5-min periods. The preconditioning periods 
were interspersed with two 5-min washout periods. After the last precondition-
ing, a 10-min final washout was performed before the 25-min coronary artery 
occlusion. Ischemia was followed by 2 h of reperfusion. During the washout 
times, rats received 50% oxygen and 50% nitrogen. 



 

 

Figure 1 ( A) Experimental protocol for infarct size measurement. (B) Experimental protocol for 
Western blot assay and immunofluorescence staining. Iso = isoflurane; MAC = minimum alveolar con-
centration; N2O = nitrous oxide; PC = preconditioning. 

Experimental Protocols for Western Blot Assay 
Rats were divided into three groups (fig. 1B): 

Control Group (n = 4). Rats received 20% oxygen plus 80% nitrogen during 
three 5-min periods. The preconditioning periods were interspersed with two 
5-min washout periods. After the last preconditioning, a 10-min final washout 
was performed, and the hearts were excised and shock frozen in liquid nitro-
gen. During the washout times, rats received 50% oxygen and 50% nitrogen. 

Nitrous Oxide–preconditioned Group (n = 4). Rats received 60% nitrous oxide 
(equivalent to 0.4 MAC in rats) plus 20% oxygen and 20% nitrogen for three 5-
min periods. The preconditioning periods were interspersed with two 5-min 
washout periods. After the last preconditioning, a 10-min final washout was 



 

performed, and the hearts were excised and shock frozen in liquid nitrogen. 
During the washout times, rats received 50% oxygen and 50% nitrogen. 

Isoflurane in Nitrous Oxide–preconditioned Group (n = 4). Rats received a mix-
ture of 60% nitrous oxide, 20% oxygen, and 19.4% nitrogen to which 0.6% 
isoflurane was added for three 5-min periods. The preconditioning periods 
were interspersed with two 5-min washout periods. After the last precondition-
ing, a 10-min final washout was performed, and the hearts were excised and 
shock frozen in liquid nitrogen. This isoflurane concentration corresponds to 
0.4 MAC in rats. To compare the results with those of our previous study using 
a similar preconditioning protocol with xenon and isoflurane,3 we used the 
same isoflurane concentration for the investigations of the molecular targets. 
This isoflurane concentration was shown to induce a strong PKC phosphoryla-
tion and translocation in our previous study.3 During the washout times, rats 
received 50% oxygen and 50% nitrogen. After each preconditioning protocol, 
the end-tidal concentration of the anesthetic was measured during the final 
washout period to guarantee a sufficient washout of the respective anesthetic. 
End-tidal concentration of the anesthetic returned to zero within 2 min during 
the last washout. 

Measurement of Hemodynamic Variables 
Aortic pressure and electrocardiographic signals were digitized using an analog-
to-digital converter (PowerLab/ 8SP; ADInstruments Pty. Ltd., Castle Hill, Aus-
tralia) at a sampling rate of 500 Hz and were continuously recorded on a per-
sonal computer using Chart for Windows version 5.0 (ADInstruments Pty. Ltd.). 

Separation of Membrane and Cytosolic Fraction 
Tissue specimens were prepared for protein analysis to investigate PKC-ε acti-
vation and distribution (membrane and cytosolic fraction) within the myocytes. 
The excised hearts were frozen in liquid nitrogen. Subsequently, a tissue frac-
tionation was performed that was adapted from the literature.19,20 The frozen 
tissue was pulverized and dissolved in lysis buffer containing Tris base, EGTA, 
NaF, and Na3VO4 (as phosphatase inhibitors), a freshly added protease inhibitor 
mix (aprotinin, leupeptin, and pepstatin), and dithioerythriol. The solution was 
vigorously homogenized on ice (Homogenizer; IKA_, Staufen, Germany) and 
then centrifuged at 1,000g, 4°C, for 10 min. This centrifugation at low speed 
allows a raw separation between the cytosolic fraction that still contains cellu-



 

lar organelles and their membranes and the membrane fraction still containing 
nuclear particles. The supernatant, containing cytosolic fraction, was centri-
fuged again at 16,000g, 4°C, for 15 min to clean up this fraction and to separate 
the mitochondria and other cellular organelles from this fraction. The remain-
ing pellet was resuspended in lysis buffer containing 1% Triton X 100, incubated 
for 60 min on ice and vortexed. The solution was centrifuged at 16,000g, 4°C, 
for 15 min, and the supernatant was collected as membrane fraction. 

Western Blot Analysis 
After protein determination by the Lowry method,21equal amounts of protein 
were mixed with loading buffer containing Tris-HCl, glycerol, and bromphenol 
blue. Samples were vortexed and boiled at 95°C before being subjected to SDS-
PAGE. Samples were loaded on a 7.5% (PKC-ε) or a 10% (Src) SDS electrophore-
sis gel, respectively. The proteins were separated by electrophoresis and then 
transferred to a polyvinylidenfluorid membrane by tank blotting. Unspecific 
binding of the antibody was blocked by incubation with 5% fat dry milk powder 
solution in Tris-buffered saline containing Tween (TBS-T) for 2 h. Subsequently, 
the membrane was incubated overnight at 4°C with the respective first anti-
body at indicated concentrations. After washing in fresh, cold TBS-T, the blot 
was subjected to the appropriate horseradish peroxidase– conjugated second-
ary antibody for 2 h at room temperature. Immunoreactive bands were visual-
ized by chemoluminescence detected on x-ray film (Hyperfilm ECL; Amersham, 
Freiburg, Germany) using the enhanced chemoluminescence system from San-
ta Cruz. The blots were quantificated using a Kodak Image station® (Eastman 
Kodak Co., Rochester, NY). Equal loading of the protein to the SDS-PAGE gel 
was ensured by Coomassie blue staining (Coomassie brilliant blue®; Serva elec-
trophoresis GmbH, Heidelberg, Germany) of each gel, and the results are pre-
sented as ratio of phosphorylated protein to total protein, as ratio of phos-
phorylated protein to actin, or as ratio of phosphorylated protein to α-tubulin 
(as indicated in the respective figure legend) after multiplication of the average 
light intensity by 10 to facilitate the presentation of an X-fold increase. 

Statistical Analysis Sample Size Calculation 
Sample sizes were calculated using the program GraphPad StatMate version 
1.01 (GraphPad Software, San Diego, CA). For infarct size with and α error of α 



 

< 0.05 and a β error < 10%, a group size of n = 7 is necessary to detect a mini-
mal difference in infarct size of 30% with a power of 95%. 

For Western blot assay with and α error of α < 0.05 and a β error < 10%, a 
group size of n = 4 is necessary to detect a minimal difference in phosphoryla-
tion state of 45% with a power of 95%. 

Data are expressed as mean ± SD. Group comparisons were analyzed by Stu-
dent t test with Welch modification (Graph Pad Prism version 4.00) followed by 
Bonferroni correction for multiple comparisons. 

Statistical analysis of the hemodynamic variables was performed by two-way 
repeated-measures analysis of variance for time and treatment (experimental 
group) effects. If an overall significance was found, comparisons between 
groups were performed for each time point using one-way analysis of variance 
followed by Dunnett post hoc test with the control group as the reference 
group. Time effects within each group were analyzed by repeated-measures 
analysis of variance followed by Dunnett post hoc test with the baseline value 
as the reference time point. P < 0.05 was considered statistically significant. 

Results 

Hemodynamics 
Table 1 shows the time course of heart rate and mean aortic pressure during 
the experiments. No significant differences in heart rate and aortic pressure 
were observed between the experimental groups during baseline, ischemia, 
and reperfusion periods. 

 
Table 1 Hemodynamic Variables 



 

Isoflurane and isoflurane plus nitrous oxide transiently reduced mean aortic 
pressure during preconditioning cycles, but the values recovered to baseline 
during the washout periods. Isoflurane significantly reduced heart rate during 
the preconditioning periods compared with baseline conditions (precondition-
ing 1: 402 ± 37, preconditioning 2: 382 ± 45, preconditioning 3: 380 ± 37 vs. 
baseline: 459 ± 36) and with the control group (control: preconditioning 1: 459 
± 34, preconditioning 2: 451 ± 37, preconditioning 3: 460 ± 33). For isoflurane 
plus nitrous oxide, a difference of heart rate compared with the control group 
was only found during the third preconditioning cycle (preconditioning 3: 399 ± 
37) and disappeared after the final washout. The respective changes disap-
peared after the final washout. 

Infarct Size Measurement 
Nitrous oxide had no effect on infarct size compared with controls (59.1 ± 
15.2% of the area at risk vs. 51.1 ± 10.9%; fig. 2). In contrast, isoflurane signifi-
cantly reduced infarct size to 30.9 ± 10.6%; P < 0.01). A similar infarct size re-
duction could be observed for the combined application of isoflurane and N2O 
(28.7 ± 11.8%; P < 0.01 vs. controls). 

 

 



 

Figure 2 Infarct size measurement. Histogram shows the infarct size (percent of area at risk [AAR]) of 
controls, nitrous oxide preconditioning (N2O-PC), isoflurane preconditioning (Iso-PC), and nitrous ox-
ide preconditioning plus isoflurane preconditioning (N2O+Iso-PC) groups. Data are presented as mean 
+/- SD. ** P versus control group. 

Effects of Nitrous Oxide on PKC-ε Phosphorylation 
Direct influence of nitrous oxide administration on PKC-ε was determined by 
the use of a phospho-specific antibody against PKC-ε. Nitrous oxide had no ef-
fect on phosphorylation of PKC-ε (2.3 ± 1.8 vs. 2.5 ± 1.7 in controls; fig. 3A). To-
tal PKC-ε protein amount was equal in the different slots because the Western 
blot (fig. 3A, middle Western blot) showed a uniform distribution. Equal loading 
of protein samples was confirmed by detection of α-tubulin on the respective 
blot (fig. 3A, lowest Western blot). 

 

 

Figure 3. ( A) Phosphorylation of protein kinase C (PKC)-ε. One representative Western blot experi-
ment showing phosphorylation state of PKC- ε in control and nitrous oxide-treated hearts (N2O-PC) 
(each n = 4) is presented. Upper panel shows phosphorylated form of PKC- ε; middle panel shows total 
PKC- ε. The histogram presents densitometric evaluation as average light intensity (AVI). Data show 
ratio of phosphorylated (p)PKC- ε versus total PKC- ε (tPKC- ε) (mean +/- SD). Equal loading of the 
protein was confirmed by additional α-tubulin detection (lower panel). (B) Translocation of PKC- ε in 
Western blot assay. Membrane and cytosolic fraction of control (white bar) and N2O-PC hearts (gray 
bar) (each n = 4) were immunoblotted using antibodies against PKC- ε (upper panel) or α-tubulin 
(lower panel). The densitometric evaluation as AVI is shown in the histogram. Data are mean +/- SD, 
and the ratio of membrane PKC- ε to cytosolic PKC- ε is presented. 



 

Effects of Nitrous Oxide on PKC-ε Translocation 
Protein kinase C is activated not only by phosphorylation, but also by transloca-
tion to the membrane. Both activation steps can occur in parallel and also in-
dependently of each other.22 Therefore, the absence of an effect of nitrous ox-
ide on PKC-ε phosphorylation does not necessarily exclude a possible effect of 
nitrous oxide on PKC-ε translocation to membrane regions. Western blot assay 
of fractionated tissue (fig. 3B) clearly revealed that nitrous oxide had no effect 
on translocation of PKC-ε to membrane regions (ratio membrane to cytosol 
PKC-ε: 7.0 ± 4.3 vs. 7.4 ± 5.2 in controls; fig. 3B). α-Tubulin detection served as 
loading control (fig. 3B, lower Western blot). 

Effects of Nitrous Oxide on Src Phosphorylation 
Nitrous oxide had no effect on phosphorylation of Src-kinase (Tyr 416/527) (4.6 
± 3.9 vs. 5.0 ± 3.8 and 3.2 ± 2.2 vs. 3.5 ± 3.0; figs. 4A and B). Actin detection 
served as internal standard (fig. 4A, lower Western blot), and the ratio of phos-
phorylated protein to actin is shown. In addition, protein on the electrophore-
sis gels were stained with Coomassie blue to show equal protein loading on the 
respective gel (fig. 4A). 

 

Figure. 4 Influence of nitrous oxide on Src kinase phosphorylation (two phosphorylation sites). The 
phosphorylation state of Src kinase (tyrosine 416 [ A] and tyrosine 527 [B]) in control and nitrous ox-
ide-treated (N2O-PC) hearts (each n = 4) is demonstrated. Upper panel shows respectively phosphory-



 

lated form of Src (pSrc);middle panel shows actin distribution. The histogram presents densitometric 
evaluation as average light intensity (AVI). Data demonstrate ratio of phosphorylated Src versus actin 
(means +/- SD). Equal loading of protein on the gel was confirmed by Coomassie blue staining of the 
gel (respective lower panel). 



 

Influence of Nitrous Oxide on Isoflurane-induced Phosphorylation and 
Translocation of PKC-ε 
We could recently show that the volatile anesthetic isoflurane (0.4 MAC) en-
hanced phosphorylation as well as translocation of PKC-ε and that blockade of 
PKC in vivo by calphostin C completely abolished isoflurane induced cardiopro-
tection.3 Therefore, we aimed to clarify whether this increased phosphorylation 
and translocation of a key enzyme in isoflurane-induced preconditioning is in-
fluenced in the presence of nitrous oxide in an equianesthetic dose (0.4 MAC). 
The combined administration of isoflurane plus nitrous oxide (0.4 MAC/0.4 
MAC) induced PKC-ε phosphorylation (5.4 ± 1.9 vs. 2.8 ± 1.5; P < 0.001; fig. 5A) 
and translocation (ratio membrane to cytosol PKC-ε: 13.8 ± 13.0 vs. 6.7 ± 2.0 in 
controls; P < 0.05; fig. 5B) similar to that seen in the previous study with isoflu-
rane (0.4 MAC) alone,3,4 demonstrating that PKC-ε is still activated by isoflurane 
in the presence of nitrous oxide. 



 

 

Figure 5. (A) Phosphorylation of protein kinase C (PKC)-ε after combined nitrous oxide-isoflurane 
preconditioning. The phosphorylation state of PKC-ε in control, nitrous oxide-treated (N2O-PC), or 
nitrous oxide-isoflurane-treated (N2O+Iso-PC) hearts (each n = 4) is depicted. Upper panel is the phos-
phorylated form of PKC-ε (pPKC-ε); middle panel is the total PKC-ε (tPKC-ε). The densitometric evalua-
tion as average light intensity (AVI) is summarized in the histogram. Data show ratio of pPKC-ε versus 
tPKC-ε (mean +/- SD). Equal loading of the protein was confirmed by additional α-tubulin detection 
(lower panel). *** P  versus control group. (B) Translocation of PKC-ε after combined N2O+Iso-PC. 
Membrane and cytosolic fraction of control (white bar) and N2O-PC hearts (gray bar) and N2O+Iso-PC 
(each n = 4) were immunoblotted using antibodies against PKC-ε (upper panel) or α-tubulin (lower 
panel). One representative Western blot experiment is shown. The histogram presents densitometric 
evaluation as AVI. Data are mean +/- SD, and the ratio of membrane PKC-ε to cytosolic PKC-ε is 
shown. * P<0.05 versus control group. 



 

 Discussion 
We investigated whether nitrous oxide preconditions the rat heart in vivo and 
whether nitrous oxide affects the two key mediator enzymes of anesthetic-
induced preconditioning, PKC and PTKs. We also investigated whether isoflu-
rane-induced preconditioning and activation of PKC isoform ε is influenced by 
nitrous oxide. 

The new findings of the current study are as follows: First, nitrous oxide is the 
first inhalational anesthetic that does not precondition the heart in vivo. Se-
cond, nitrous oxide did not influence the activation (phosphorylation and trans-
location) of PKC-ε or Src tyrosine kinase. Third, isoflurane-induced precondi-
tioning and activation of PKC-ε by isoflurane were not affected by nitrous ox-
ide. 

The results obtained from the current study were surprising because not only 
all volatile anesthetics but also the inert gas xenon (0.4 MAC) had a strong car-
dioprotective effect on the rat heart in vivo.3 Moreover, the preconditioning 
effect was for a long time regarded to be a specific action of inhalational anes-
thetics. Therefore, nitrous oxide seems to be an exception to this rule. 

Because nitrous oxide is commonly used in combination with volatile anesthet-
ics such as isoflurane, a potential interaction between both anesthetics might 
influence the cardioprotection of volatile anesthetics. However, we could show 
that the presence of nitrous oxide had no effect on isoflurane-induced precon-
ditioning, because the combined administration of nitrous oxide and isoflurane 
(0.4 MAC/1 MAC) reduced infarct size up to 30%. These data suggest that there 
is no interaction between both anesthetics with regard to the preconditioning 
effect of the volatile anesthetic. 

The data from infarct size measurement were strongly supported by the find-
ings on the molecular target PKC-ε, which has been identified as mediator of 
isoflurane-induced preconditioning in our in vivo rat model.3,4 Isoflurane-
induced phosphorylation and translocation of PKC-ε were not influenced by 
nitrous oxide. Moreover, nitrous oxide alone did not affect the phosphorylation 
and translocation state of this enzyme. 

The phenomenon of anesthetic-induced preconditioning has raised a lot of at-
tention in the past years, and preconditioning by different inhalational anes-



 

thetics has been demonstrated in vitro and in vivo in different animal species 
and in humans. 

Ischemic and anesthetic-induced preconditioning share several steps in the sig-
naling cascade. One of these steps is the activation of different PKC isoforms by 
phosphorylation and translocation. PKC plays a central role in both precondi-
tioning forms.23 We previously demonstrated that PKC-ε phosphorylation was 
increased after three 5-min periods of xenon (0.4 MAC) and (0.4 MAC) inhala-
tion and that the PKC inhibitor calphostin C abolished both the anesthetic-
induced infarct size reduction and the increased phosphorylation and translo-
cation of PKC isoform ε.3 Similarly to xenon and isoflurane-induced precondi-
tioning, desflurane preconditioning involves the ε isoform of PKC.2 Moreover, 
the activation of PKC-ε seems to be initiated only by low doses of isoflurane 
because 0.4 MAC but not 1 MAC significantly increased PKC-ε phosphorylation 
and translocation.4 This is in contrast to findings of Ludwig et al.,12 who found 
that 1 MAC isoflurane given for 30 min before index ischemia induced translo-
cation of PKC-ε. However, there are two aspects that should be taken into ac-
count regarding the discrepancy between these results. First, Ludwig et al. used 
a different preconditioning model in comparison to our study. They induced 
preconditioning by 30 min of isoflurane administration followed by a 15-min 
washout phase. In our study, 15 min of isoflurane (1 MAC) and a 10-min wash-
out were used. Second, in the former study, hearts for tissue preparation and 
immunohistochemistry were excised directly after the preconditioning phase 
and not after the washout phase. As it is know from ischemic preconditioning 
and another study of our group, the translocation and phosphorylation of PKC 
follow a sensitive time course pattern.2 Therefore, these differences in time 
course pattern and preconditioning duration might explain the different re-
sults. 

However, identification of the PKC isoform mainly responsible for the cardio-
protection by anesthetics is still a matter of controversy. For example, Uecker 
et al.22 identified PKC-δ activation rather than PKC-ε as a key step in isoflurane-
induced preconditioning. They did not find an increased phosphorylation of 
PKC-ε after 15 min of isoflurane (1.5 MAC) administration in the isolated rat 
heart.22 However, as in our previous studies, they reported an increased trans-
location of PKC-ε to membrane regions.22 In contrast to these two studies, 



 

Stowe et al.24 identified PKC-ε as key mediator of preconditioning with sevoflu-
rane in guinea pigs. These divergent data clearly indicate that there is a com-
plex signaling cascade of anesthetic preconditioning depending on the choice 
of anesthetic, the species, and the preconditioning protocol. Moreover, there is 
obviously a pronounced discrepancy between the in vitro and in vivo situations. 

In recent preconditioning studies using the same experimental model as in the 
current study, PKC-ε could be identified as the central mediator of anesthetic-
induced preconditioning in vivo.2–4 Therefore, we focused on PKC-ε as one po-
tential target of nitrous oxide and demonstrated that this inhalational agent 
does not influence PKC-ε activation. 

Besides the activation of PKC, a variety of additional kinases are involved in is-
chemic as well as in anesthetic preconditioning. The activation of different PKC 
isoforms is closely related to PTK phosphorylation. Evidence has been reported 
that PTKs can be upstream of,25,26 parallel to,17,27,28 or downstream of PKC.29,30 

Regarding the signal transduction cascade of ischemic preconditioning, the 
blockade of PTK has been shown to inhibit cardioprotection by ischemic pre-
conditioning.29,31 Moreover, PTKs were identified as triggers rather than media-
tors of ischemic preconditioning.32 Vahlhaus et al.28 demonstrated in pigs that a 
combined inhibition of PKC and TK is needed to sufficiently block cardioprotec-
tion of ischemic preconditioning. Fryer et al.16 partially blocked ischemic pre-
conditioning by the use of genistein and lavendustin A. The same group report-
ed a successful blockade of cardioprotection induced by one 5-min cycle of 
preconditioning ischemia using genistein.17 However, genistein did not abro-
gate preconditioning by three 5-min cycles of ischemia in rats.17 In contrast to 
these studies, Kitakaze et al.33 could not show an implication of PTKs in the in-
farct size limiting effect of ischemic preconditioning in the canine heart. In 
summary, the role of PTK activation and its relation to PKC seem to depend on 
species and the choice of the ischemic preconditioning protocol. 

Concerning anesthetic-induced preconditioning, there is much more controver-
sy regarding the implication of PTKs in cardioprotection. Stadnicka et al.34 
showed in an in vitro model of guinea pig ventricular myocytes that PTK may 
modulate the responsiveness of sarcolemmal adenosine triphosphate–sensitive 
potassium channels to isoflurane. In contrast to the sarcolemmal adenosine 
triphosphate–sensitive potassium channels, the mitochondrial adenosine tri-



 

phosphate–sensitive potassium channels are activated independently of PKC 
and PTKs by isoflurane as reported by a later study of the same group.35 These 
in vitro data are supported by a recent study of Ludwig et al.,12 who found that 
the translocation of PKC-ε and -δ and activation of Src PTK mediate isoflurane-
induced preconditioning in vivo. They used an in vivo rat model and the PTK 
blocker lavendustin A and PP1 in combination with 30 min of isoflurane (1 
MAC) preconditioning. A recent study of our group using an in vivo rabbit mod-
el and a 15-min desflurane preconditioning stimulus demonstrated that the 
administration of two structurally different PTK inhibitors could not block car-
dioprotection by desflurane.15 

These data again indicate that the implication of PTKs strongly depends on the 
choice of the anesthetic agent, the intensity of the preconditioning stimulus, 
and the species. In addition, a parallel pathway of PTKs and PKC, dependent on 
the force of the stimulus as already suggested for ischemic preconditioning by 
Fryer, seems a possible explanation for the above described discrepancies. 

Nevertheless, besides PKC and adenosine triphosphate–sensitive potassium 
channels, PTKs seem to be one of the most supposable targets of precondition-
ing phenomena. Hence, we choose Src kinase phosphorylation as a further cel-
lular target to evaluate effects of nitrous oxide on preconditioning mediators. 
In agreement with the results from PKC-_ phosphorylation, we found no effect 
of nitrous oxide on either phosphorylation site of Src kinase. 

Preconditioning indicates that the cardioprotective stimulus is not present dur-
ing ischemia. Nitrous oxide has a low blood:gas partition coefficient of only 
0.47 and shows an extremely rapid onset and offset of its action. A sufficient 
washout of nitrous oxide and isoflurane was guaranteed by a high fresh gas 
flow during the washout period. Moreover, the end-tidal concentration of an-
esthetics was measured continuously and returned to zero within 2 min during 
the last washout. 

In the current study, we could not detect remarkable differences in the hemo-
dynamic variables between the groups. During administration of the anesthet-
ics, there was a transient reduction in mean aortic pressure and heart rate. 
Hemodynamics rapidly recovered to baseline conditions during the washout 
period. Most important, there were no significant differences between the 



 

groups during ischemia, and this would have been the only time period of criti-
cal importance in our experimental setting because major changes in this peri-
od might modify the ischemic injury. Regarding discussion of hemodynamic ef-
fects in our experimental setting, we would like to remark that the classic end-
point of cardioprotection by preconditioning is lethal cell damage, i.e., infarct 
size which was measured directly in our study. 

Hemodynamics were measured as a potential confounder of this target varia-
ble (i.e., major changes of hemodynamics during ischemia might modify is-
chemic injury) but not as an endpoint (i.e., stunning). 

Major changes in hemodynamics cannot be expected from the salvage of tissue 
if one takes into account the total mass of the infarcted tissue; it seems very 
unlikely that one can see changes in hemodynamic variables during resting 
conditions, i.e., when all compensatory mechanisms can still be used to keep 
the cardiac output at its normal resting value. 

This is also what we had observed in all previous studies and in different animal 
models ranging from rat and rabbit to dogs. The overall size of the ischemic ar-
ea is only around 25–31% of the total left ventricular contractile mass. In this 
area, 60–29% are infarcted. Even a reduction of the infarct size by 50% thus 
only gives 12–15% more of left ventricular contractile mass. With regard to 
healthy animals with a low resting cardiac output during anesthesia, such a 
small change in contractile mass is far away from bringing the left ventricle out 
of its compensatory range. 

It should also be considered that we used only one concentration of nitrous 
oxide, and our results must be limited to this concentration. However, we 
aimed to investigate the most clinically relevant dose of both anesthetics alone 
and in combination. Therefore, we choose 1 MAC isoflurane and 0.4 MAC (cor-
responding to 60 vol%) nitrous oxide. 

In general, several doses, preferably different by the factor of 10 in the form of 
a dose–response curve, should be investigated. Therefore, investigating a rele-
vant further increase in the dose would result in severe technical problems be-
cause hypoxic conditions occur in the in vivo rat model. The only alternative 
would be to repeat all experiments under hyperbaric conditions to further in-



 

crease the nitrous oxide dose, but this would not lead to clinically relevant re-
sults. 

In summary, 60% nitrous oxide had no effect on two important mediators of 
anesthetic-induced preconditioning, PKC-ε and the PTK Src. In accord with the-
se results, on the molecular level, nitrous oxide alone had no preconditioning 
effect on the rat heart in vivo. Therefore, in contrast to all other inhalational 
anesthetics, nitrous oxide is the first one that has no preconditioning effect. 
Because nitrous oxide is commonly used in combination with volatile anesthet-
ics, it is of special importance that isoflurane-induced preconditioning and PKC-
ε activation after isoflurane are not influenced by nitrous oxide. 

The authors thank Claudia Dohle and Yvonne Grüber (Technicians, Department 
of Anesthesiology, University Hospital of Düsseldorf, Düsseldorf, Germany) for 
excellent technical support. 
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Abstract 
Objective: Anesthetic preconditioning may contribute to the cardioprotective 
effects of sevoflurane in patients having coronary artery bypass surgery. We 
investigated whether 2 different sevoflurane administration protocols can in-
duce preconditioning in patients having coronary artery bypass. 

Methods: Thirty patients were randomly allocated to 1 of 3 groups. All pa-
tients received a total intravenous anesthesia with sufentanil (0.3 mg-1 · kg · h-
1) and propofol as target controlled infusion (2.5 mg/mL). The control group 
had no further intervention; 10 minutes prior to establishing the extracorporeal 
circulation, patients of the sevoflurane-I group received 1 minimum alveolar 
concentration of sevoflurane for 5 minutes. Patients of the sevoflurane-II group 
received (2 times) 5 minutes of sevoflurane, interspersed by 5-minute washout 
10 minutes prior to extracorporeal circulation. Troponin I was measured as 
marker of cardiac cellular damage. 

Results: Peak levels of troponin I release were observed at 4 hours after cardi-
opulmonary bypass and were not affected by 1 cycle of sevoflurane administra-
tion (controls: 14 ± 3 ng/mL vs sevoflurane-I group, 14 ± 3 ng/mL). Two periods 
of sevoflurane preconditioning significantly reduced cellular damage compared 
with controls (peak troponin I level sevoflurane-II group, 7 ± 2 ng/mL). 

Conclusion: These data show that sevoflurane-induced preconditioning is re-
producible in patients having coronary artery bypass but depends on the pre-
conditioning protocol used. 

 



 

Volatile anesthetics induce pharmacologic preconditioning of the heart (APC). 
Volatile anesthetics can also provide cardioprotective effects in the ischemia-
reperfusion situation of cardiac surgery.1-3 To which extent the phenomenon of 
APC might contribute to the clinical cardioprotection is still a matter of debate. 
In contrast to the large number of experimental studies investigating APC, 
mostly focusing on its signal transduction,4 only a few clinical studies are avail-
able investigating the effects of APC in humans.5 

The first indirect advice was provided by Belhomme and colleagues in 19996; 
they demonstrated that isoflurane (2.5 Vol%) administered before aortic cross-
clamping in coronary artery bypass graft (CABG) surgery increased the 5’ nu-
cleotidase activity in right atrial tissue,6 a marker of protein kinase C (PKC) acti-
vation, which is a central step in APC in experimental studies.7 However, a de-
crease in myocardial injury as measured by troponin I (TnI) or creatine kinase 
(CK)-MB release was not observed.6 A more recent study investigated if 
sevoflurane (4 Vol%) can induce preconditioning in CABG patients.8 There was 
no washout of the volatile anesthetic before ischemia in this study (which is by 
definition a prerequisite for the preconditioning phenomenon). Again, no dif-
ferences regarding myocardial injury as measured by CK-MB and troponin-T 
release were observed. These results suggest that APC might be present in hu-
mans, but the effect is still inconsistent. A significant inhomogeneity in the ex-
perimental setup is evident in clinical APC studies, using different time periods 
of APC,9 different concentrations of volatile anesthetics,8 and inclusion of a 
washout period6 or not.8 

In animal studies, myocardial protection by ischemic preconditioning (IPC) is 
strengthened by multiple cycles of short ischemia and reperfusion.10 In multiple 
cycles of IPC, it is necessary to inhibit different parallel pathways to block car-
dioprotection (eg, PKC as well as protein tyrosine kinase), whereas in single-
cycle IPC, the cardioprotection is completely abolished by blocking only 1 of 
these 2 kinases.10 Multiple cycles of sevoflurane preconditioning in a rat model 
in vivo strengthened the cardioprotective effect of APC. 

We hypothesized that the concept of APC is applicable in the setting of CABG 
procedures in humans but might depend on the preconditioning protocol. We 
looked for myocardial injury (cardiac TnI release) and myocardial function as 



 

measured by intraventricular tip manometer after application of 1 or 2 cycles 
of sevoflurane preconditioning in patients having CABG surgery. 

METHODS 
The study was performed according to the Declaration of Helsinki principles. 
The Ethical Committee of the Heinrich-Heine-University Düsseldorf, Germany 
approved the study, and written informed consent was obtained from each pa-
tient. Patients having isolated coronary revascularization were included. Exclu-
sion criteria were physical American Society of Anesthesiology status 4 or 5, 
angina during the previous 72 hours, unstable angina, acute myocardial infarc-
tion, ejection fraction lower than 40%, congestive heart failure, emergency 
procedures, former CABG surgery, concurrent valve repair, oral antidiabetics, 
or theophylline therapy. Cardiac operative risk was calculated using the Euro-
pean System for Cardiac Operative Risk Evaluation (EuroSCORE).12 

Patients were randomly (by using sealed envelopes) allocated to the control 
(no further specific treatment), SEVO-I or SEVO-II group. Ten minutes prior to 
establishing cardiopulmonary bypass (CPB), patients of the SEVO-I group re-
ceived 1 minimum alveolar concentration (MAC) of sevoflurane (2 Vol%) for 5 
minutes. Patients of the SEVO-II group received 2 cycles of 1 MAC sevoflurane 
for 5 minutes, interspersed by 5-minute washout, 10 minutes prior to establish-
ing CPB (see Figure 1). 

Anesthesia, Surgery, and Study Protocol 
The detailed information is available as an online supplement (Appendix 

E1). 



 

 

FIGURE 1. Experimental protocol; T0 to T17 time points of measurements (hemodynamic and/or 
laboratory samples). AOX, Aortic crossclamping (= myocardial ischemia); CPB, cardiopulmonary by-
pass; TCI, target-controlled infusion of propofol; MAC, minimum alveolar concentration; OP, opera-
tive; ICU, intensive care unit. Sevo I group received 1 minimum alveolar concentration of sevoflurane 
for 5 minutes before cardiopulmonary bypass; Sevo II group received (2 times) 5 minutes of sevoflu-
rane, interspersed by 5-minute washout 10 minutes prior to extracorporeal circulation 

 

Acetylsalicylic acid therapy was discontinued 1 week prior to surgery; all other 
preoperative medications were continued until the morning of the operation. 
Patient monitoring included continuous 5-lead electrocadiographic registration 
with ST-segment analysis (leads II and V5), pulse oximetry, invasive radial artery 
blood pressure measurement, central venous pressure (CVP), pulmonary artery 
catheters with continuous mixed venous saturation and cardiac output meas-



 

urement (CCOmbo, Edwards Lifescience, Irvine, CA), capnography, rectal tem-
perature, and urine output.  

Anesthesia was induced and maintained with propofol target-controlled infu-
sion with a plasma target concentration of 2.5 mg/mL plasma, sufentanil (0.3 
mg · kg-1 · h-1) and pancuronim bromide (0.1 mg/kg). 

Myocardial revascularization was performed according to the standard proce-
dure of the University of Düsseldorf by a single surgeon (A.B.) with warm (34°C) 
blood cardioplegia. 

According to the study protocol, norepinephrine was used to keep mean arteri-
al pressure (MAP) above 70mmHg, and dobutaminewas used tomaintain cardi-
ac index (CI) above 2.5L · min-1 · m-2.An overview of the time points of hemo-
dynamic measurements and blood sampling is given in Figure 1. 

Patients, surgeon, and perfusionists were blinded regarding the enrollment into 
the study groups. After surgery, patients were transferred to the intensive care 
unit (ICU) and received routine therapy, including fast weaning from the venti-
lator. All decisions regarding medical care on the ICU and the ward after the 
operation were done by physicians and nurses blinded to the study protocol. 

Hemodynamic Data Analysis 
Global hemodynamic variables (MAP, CVP, pulmonary artery pressure, pulmo-
nary artery occlusion pressure, CI, and heart rate) were measured at regular 
time points (see Figure 1). Additionally, we assessed left ventricular (LV) per-
formance in terms of systolic (LV peak systolic pressure and maximum rate of 
LV pressure increase [dP/dtmax]) and diastolic function (time constant of LV 
isovolumetric relaxation). dP/dt was direct calculated by the computer system 
(PowerLab, ADInstruments, Spechbach, Germany). Enddiastolic pressure was 
timed at the beginning of the sharp upslope of the LV dP/dt tracing. Mixed ve-
nous saturation and CI were measured continuously and recorded at regular 
intervals. 

Biochemical Analysis 
In all patients, blood samples were taken at time points T1 (baseline), T7 (10 
minutes post-CPB), T12 (4 hours post-CPB), T14 (12 hours post-CPB), T15 (24 
hours post-CPB), T16 (48 hours post-CPB), and T17 (72 hours post-CPB, see Fig-



 

ure 1). We measured cardiac TnI, CK and its myocardial specific isoform CK-MB, 
and brain natriuretic peptide (BNP) as markers of cellular injury and myocardial 
dysfunction, respectively. Blood samples were centrifuged and plasma was 
stored at-80°C until measurement. TnI (microparticle enzyme immunoassay, 
Abbott, Wiesbaden, Germany), CK, and CK-MB analyses were performed in our 
routine laboratory, and measurement of BNP levels were done by Siemens 
Medical Solutions Diagnostics (Fernwald, Germany). Institutional threshold val-
ues for TnI are ≤0.4 ng/mL as reference value, 0.5 to 2.0 ng/mL for suspicious 
myocardial ischemia, and ≥2.0 ng/mL for suspicious myocardial infarction. 

Tissue Fractionation and Western Blot Analysis 
Tissue fractionation and subsequent Western blot assay off shock-frozen right 
atrial tissue was performed as previously described.13 Cytosolic (P1), mem-
brane (P2), and the particulate fraction (P3) were electroblotted using the re-
spective first antibody for the phosphorylated and total PKC isoforms α (PKCα) 
and ε (PKCε) and the phosphorylated Src kinase (tyrosine 416). For detection of 
total PKCε, we used anti-PKCε antibody (1:10000; Upstate, Lake Placid, NY); for 
phospho-PKCε, anti-phospho-PKCε (ser 729) (1:10000, Upstate); for total PKCα, 
anti-PKCα (1:10000, Upstate); for phospho-PKCα, anti-phospho-PKCα (1:10000, 
Upstate); and for phospho-Src, the corresponding antibody (1:10000, Cell Sig-
nalling, Danvers, MA). As internal standard we used antibodies against α-
tubulin (1:50000, Sigma, Taufkirchen, Germany) in total PKCα and PKCε analy-
sis, or actin (1:10000, Sigma, Taufkirchen, Germany) in phospho-Src blots, re-
spectively. 

Statistical Analysis 
Primary end point of the study was reduction of myocardial damage in terms of 
TnI release. Sample size calculation was based on the assumption that the SD of 
the means of the TnI plasma levels will be 4.5 ng/mL, α = 0.05, and β = 0.8. A 
sample size of 10 patients in each group was necessary to detect a difference of 
the means of 40% (GraphPad StatMate, San Diego, CA). 

All data were tested for normal distribution (GraphPad Prism 4 for Windows, 
Graph Pad). Categorical data were analyzed by using Fisher exact test. Para-
metric data were analyzed by using a 2-way analysis of variance followed by 
Dunnett test as post hoc test with reference to the control group for group ef-



 

fects and to baseline measurements for time effects. Data are presented as 
mean ± standard deviation or median and range. 

  



 

RESULTS 

 

There were no significant differences regarding preoperative demographic data 
and predicted additive risk determined by EuroSCORE, which showed a medi-
um risk in all groups (Table 1). The number of bypass grafts and duration of 
aortic crossclamping were similar in all 3 groups (Table 1). 



 

Global hemodynamics were not different during baseline or at the end of the 
observation period (24 hours post-CPB; T15; Table E1). Before starting CPB, we 
observed a reduced heart rate and an increased pulmonary artery wedge pres-
sure in the SEVO-II group compared with control group. At T13, an increased CI 
in SEVO-II group compared with the control group was seen, but this effect was 
abrogated at T15. In both SEVO groups, CI was increased compared with base-
line values. dP/dtmax was increased in the SEVO-II group 10 minutes after CPB, 
as well as the LV pressures (see Table 2). 

Heart rate was increased in all patients after CPB due to external cardiac pac-
ing. 

TnI plasma concentrations were reduced in SEVO-II patients compared with 
SEVO-I patients and control group (see Figure 2). 

  



 

 

 

FIGURE 2. Plasma concentrations of troponin I during the observation period of the study. The hori-
zontal line marks the level of positive values for troponin I representing myocardial infarction. SEVO-I 
group received 1 minimum alveolar concentration of sevoflurane for 5 minutes before CPB; SEVO-II 
group received (2 times) 5 minutes of sevoflurane, interspersed by 5-minute washout 10 minutes prior 
to extracorporeal circulation and CPB. Control patients were not treated with sevoflurane. Data are 
mean _ standard deviation.†††P<.001 versus baseline (control and SEVO-I group), †P < .05 versus 
baseline (SEVO-II group); *P < .05, ***P <.001 control and SEVO-I group versus SEVO-II group at cor-
responding time points. CPB, Cardiopulmary bypass. 



 

Table 2. Myocardial function 

 

 



 

Regarding CK, CK-MB, and BNP, no significant differences between the groups 
were detected (Table E2). 

Although no change in phosphorylation of PKCe after APC was determined (ra-
tio phospho PKCe/total PKCe: control group, before APC 0.34 ± 0.1, after APC 
0.34 ± 0.14; SEVO-I group, 0.33 ± 0.1 vs 0.34 ± 0.1; SEVO-II group, 0.3 ± 0.1 vs 
0.31 ± 0.1), translocation of PKCe to the particular fraction of the right atrial 
tissue was observed in the SEVO-II group (ratio total PKCe after APC to before 
APC: P1 1.1 ± 0.2; P2 1.0 ± 0.1; P3 2.5 ± 1.4; P<.001 vs P1 and P2), but not in the 
SEVO-I group (P1 1.1 ± 0.3; P2 1.2 ± 0.4; P3 1.6 ± 0.7) or in the control group (P1 
1.1 ± 0.4; P2 1.0 ± 0.3; P3 1.1 ± 0.3). 

Neither PKCα (ratio phospho-PKCα/total-PKCα Con before APC 0.6 ± 0.14, after 
APC 0.64 ± 0.15; SEVO-I group 0.59 ± 0.1 vs 0.59 ± 0.12 and SEVO-II group 0.56 
± 0.11 vs 0.61 ± 0.21; ratio total PKCa before vs after APC: control group, P1 1.0 
± 0.2, P2 0.96 ± 0.1, P3 0.94 ± 0.2; SEVO-I group, P1 0.98 ± 0.1, P2 0.98 ± 0.2, P3 
0.91 ± 0.3; SEVO-II group, P1 1.06 ± 0.1, P2 1 ± 0.1, P3 0.97 ± 0.1) nor tyrosine 
kinase Src (ratio phospho-Src before vs. after APC, control group 0.95 ± 0.3, SE-
VO-I Group 0.91 ± 0.2, SEVO-II group 0.86 ± 0.3) was activated by sevoflurane 
administration. 



 

DISCUSSION 
Previous studies indicated that volatile anesthetics have direct cardioprotective 
properties, independent of hemodynamic or metabolic changes.14 In experi-
mental in vitro and in vivo models, volatile anesthetics have been shown to 
precondition the heart, thereby protecting the myocardium against infarction 
and postischemic dysfunction.4,7,15 We demonstrated in the present study that 
APC can be achieved in humans by 1 MAC sevoflurane; however, the cardiopro-
tection depends on the preconditioning protocol. Reduction of cellular damage 
goes along with improvement of myocardial function early after termination of 
extracorporeal circulation. 

Several studies have addressed the potential clinical implication of cardiopro-
tection by volatile anesthetics in coronary artery surgery patients, looking on 
cellular enzyme release and myocardial function.1,2,8,16 Although some studies 
show beneficial effects of volatile anesthetics, others do not, leaving the con-
cept of APC in humans questionable. This is in strong contrast to animal studies 
and might be caused by the different methods of the clinical investigations. 
Preconditioning includes a short stimulus (ischemic or pharmacologic stimulus), 
followed by definition by a short reperfusion or washout period of the pharma-
cologic stimulus, respectively.17 Therefore, to fulfill the criteria of precondition-
ing, the volatile anesthetic must not be present at the onset of sustained myo-
cardial ischemia. There are only a few clinical studies that meet this criteria. 
Belhomme and colleagues6 used high-dose isoflurane (2.5 Vol%) for 15 minutes 
followed by a 10-minute washout period before aortic crossclamping. They 
demonstrated an increase in 5’ nucleotidase activity (a marker of PKC activity) 
in right atrial tissue but could not show significant reduction of TnI or CK-MB 
release. Tomai and associates18 used a stimulus of 15 minutes of isoflurane fol-
lowed by 10-minute washout before CPB.18 They could not detect differences 
regarding myocardial function and cellular enzyme release between the control 
and the study group (20 patients in each group). Similar results were obtained 
from a second study of this group in diabetic patients.19 Piriou and colleagues20 
investigated 72 patients in a 2-center, randomized study. APC was induced with 
sevoflurane for 15 minutes (1 MAC) followed by 15-minute washout prior to 
CPB and myocardial ischemia. They did not observe a reduction in TnI. There 
was no difference in the activity of PKC, tyrosinkinase, or mitogen-activated 
protein kinase p38. But in the APC group, they observed fewer patients with 



 

low cardiac output. De Hert and associates9 investigated if the timing of the 
sevoflurane administration is crucial for the sevoflurane-induced cardioprotec-
tion. They administered sevoflurane after sternotomy until the start of CPB at a 
dose between 0.5 and 2.0 Vol%(preconditioning group), from the begin of 
reperfusion until the end of the procedure (postconditioning group), or 
throughout the entire procedure (sevoflurane for all); patients of the control 
group were anesthetized with propofol. In the preconditioning and the post-
conditioning group, the authors observed a trend to lower TnI plasma levels 
after the CABG procedure in their patients, but a significant reduction of this 
biomarker for myocardial damage was determined only in the sevoflurane for 
all group.9 As it is known from experimental data, where multiple precondition-
ing cycles exert stronger cardioprotective effects compared with single-cycle 
preconditioning protocols,10 we investigated whether multiple cycles are able 
to induce APC in humans having CABG procedures. Our data now show for the 
first time that reduction of cellular damage accompanied by improvement of 
early recovery of myocardial function depends on the preconditioning protocol: 
although one cycle of sevoflurane administration was not protective, 2 cycles 
reduced the cellular damage. 

Other clinical studies either used no preischemic washout or applied the vola-
tile anesthetic before and after CPB or during the whole surgical procedure. 
Accordingly, these studies might also have included cardioprotective effects 
other than preconditioning (ie, effects during ischemia or during reperfusion 
[postconditioning]). Julier and colleagues8 applied a high dose of sevoflurane (4 
Vol%) while the patient was already connected to the CPB and did not include a 
washout period. They found no differences in TnI release between groups, but 
they observed a decrease of pro N terminal (NT) brain natriuretic peptide (BNP) 
(pro-NT-BNP), a marker of myocardial dysfunction, after sevoflurane pretreat-
ment and a translocation of PKC-δ to the sarcolemma and of PKC-ε to mito-
chondria, intercalated discs, and the cell nucleus in right atrial tissue. Due to 
the high sevoflurane concentration, they had to administer phenylephrine to 
maintain perfusion pressure. Phenylephrine infusion as well as CPB might also 
induce a preconditioning effect,21 thereby probably masking protective effects 
of sevoflurane administration. In contrast to this study, we demonstrated a re-
duction of TnI after 2 cycles of sevoflurane preconditioning, but there was no 
reduction of BNP (see Figure 2 and Table E2). We observed a translocation of 



 

PKC-ε from the cytosolic fraction to the particulate fraction that contains the 
nuclei of the right atrial cells. These differences might be explained by the dif-
ferent protocols used. In addition, Julier and colleagues8 used aprotinin in their 
patients, and we did not. Aprotinin is a protease inhibitor that in animal exper-
iments can abolish 1-, 2-, and 3-cycle APC by sevoflurane.11 This might have in-
fluenced the cardioprotective effects of volatile anesthetics in previous clinical 
studies.8,9 

Besides aprotinin, which is a very strong blocker of preconditioning and was 
avoided in the present study, patients might face a variety of other factors that 
partially can block preconditioning in animal experiments, like elevated glucose 
levels,22 intake of oral antidiabetics,23 or beta-adrenoceptor blockers.24 In our 
study, most patients were on beta-blocker and mean glucose increased to 145 
mg/dL during CPB. One might speculate that a partial blockade of the precondi-
tioning mechanism by these factors could explain the presence of only 1 activa-
tion way of PKC (ie, only translocation of the enzyme) and the need for a 
stronger stimulus to induce organ protection. In IPC, multiple cycles of precon-
ditioning ischemia are more protective than a single cycle,10 and our data sup-
port that this concept of a stronger stimulus to protect the heart is also ob-
served in APC. Other perioperative factors that might influence the ischemia-
reperfusion injury were similar in our patients. All patients were completely 
revascularized, each anastomosis was performed during 1 cycle of blood cardi-
oplegia according to the technique of Calafiori, all operations were performed 
by the same surgeon, and no intermittent reperfusion was used. As different 
levels of anesthesia during the preconditioning protocol might lead to a better 
oxygen demand–supply ratio, we stopped for the preconditioning procedure 
(ie, sevoflurane administration) the propofol application and maintained in our 
patients the same depth of anesthesia in terms of bispectral index (BIS) levels 
(at T2, control group: 32± 7, SEVO-I group: 31 ± 8, SEVO-II group: 30 ± 10; T4, 
control group: 32 ± 6, SEVO-I group: 32 ± 5, SEVO-II group: 34 ± 8). To estimate 
the additive patient risk, we calculated the Euro-SCORE for each patient with an 
equal distribution of Euro-SCOREs within the groups (Table 1). As no differ-
ences in perioperative factors are obvious, we conclude that the observed ef-
fect is most likely due to the administration of sevoflurane. 



 

We did not measure plasma or myocardial levels of sevoflurane but measured 
routine end-tidal sevoflurane concentration in our patient. Using a high fresh 
gas flow during the preconditioning period, we were able to achieve fast wash-
in and washout of the volatile anesthetic (in every patient we achieved a meas-
ured level of 0% in the end-tidal respiratory gas, measured at 5 minutes after 
sevoflurane administration). 

Other clinical studies investigating volatile anesthetic-induced cardioprotection 
in CABG patients applied the substances either before or after ischemia or dur-
ing the whole surgical procedure, probably combining different cardioprotec-
tive effects like pre- and postconditioning. There is evidence that the most uni-
form cardioprotective effect can be achieved when the volatile anesthetic (eg, 
sevoflurane) is administered throughout the surgical procedure.9 Multicenter, 
randomized clinical trials demonstrated cardioprotective effects of desflurane 
in CABG surgery with CPB2 as well as in patients subjected to off-pump coro-
nary artery grafting.1 In contrast, a single-center study including 18 patients 
failed to show beneficial effects of sevoflurane-based anesthesia compared 
with propofol-based anesthesia at comparable bispectral levels.25 De Hert and 
colleagues9,26 showed in different studies that inhalational anesthetics are ben-
eficial compared with intravenous anesthetics in CABG surgery patients. How-
ever, administration of sevoflurane only before or after myocardial ischemia 
was less effective compared with administration of the volatile anesthetic 
throughout the procedure9; the later resulted in reduced length of stay on the 
ICU and in the hospital. 

One might ask what will happen if we give 10 minutes of sevoflurane instead of 
2 times 5 minutes prior to CPB. This question cannot be answered by our study. 
We have decided to increase the number of stimuli, because from animal stud-
ies it is well known that multiple cycles of IPC enhance the cardioprotection 
from ischemic- and anesthetic-induced preconditioning. Additionally, other 
groups tried with higher concentration8 or longer administration9 to precondi-
tion the myocardium but failed to show clear cardioprotective effects. 

We used cardiac TnI as biomarker for myocardial damage, which has high myo-
cardial tissue specificity and high sensitivity, reflecting even very small amounts 
of myocardial necrosis27 and irreversible cell injury in surgical patients.28 Cardi-
ac TnI might predict short- and long-term outcome after CABG surgery.29 How-



 

ever, our study was not designed and powered to measure short- or long-term 
outcome after CABG surgery, allowing no conclusion on patient outcome after 
myocardial preconditioning with volatile anesthetics. In contrast to a previous 
study,8 we did not observe significant differences in BNP levels between the 
groups. This discrepancy might be caused by different methodologies used in 
both studies as discussed earlier. 

Recent meta-analyses demonstrated that the newer volatile anesthetics 
sevoflurane and desflurane reduce postoperative rise in cardiac TnI3 and result 
in decreased morbidity and mortality.30 The present study demonstrates for the 
first time that a preconditioning effect of sevoflurane in patients having CABG 
depends on the preconditioning protocol. 

We thank Yvonne Grüber, technician, Department of Anesthesiology, Universi-
ty Hospital of Düsseldorf, Düsseldorf, Germany, for excellent technical support. 
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Abstract 
The protective potency of ischemic preconditioning decreases with increasing 
age. A key step in ischemic preconditioning is the opening of mitochondrial 
Ca2+ sensitive K+ (mKCa) channels, which causes mild uncoupling of mitochon-
drial respiration. We hypothesized that aging reduces the effects of mKCa chan-
nel opening on mitochondrial respiration. 

We measured the effects ofmKCa channel openerNS1619 (30 μM) on mito-
chondrial respiration in isolated heart mitochondria from young (2–3months) 
and old (22–26 months) Wistar rats. Oxygen consumption was monitored 
online after addition of 250 μM ADP (state 3 respiration), and after complete 
phosphorylation of ADP to ATP (state 4 respiration) in the presence or absence 
of the mKCa channel blocker paxilline (5 μM). The respiratory control index (RCI) 
was calculated as state 3/state 4. 

In mitochondria from young rats, NS1619 increased state 4 respiration by 
11.9±4.1% (mean±S.E.M.), decreased state 3 respiration by 7.6±2.5%, and re-
duced the RCI from 2.6±0.03 (control) to 2.1±0.06 (all P<0.05, n=12 for all 
groups). Paxilline blocked the effect of NS1619 on state 4 respiration 
(0.7±2.8%), but did not affect the decrease in state 3 respiration; paxilline 
blunted the decrease of RCI. In mitochondria from old rats, NS1619 had neither 
effect on state 4 (0.4±1.6%), and state 3 respiration (−7.4±1.5%), nor on RCI 
(3.0±0.13 vs. 3.2±0.11, n=12). 

Increasing age reduced the effects of mKCa opening on mitochondrial respira-
tion. This might be one underlying reason of the decreased protective potency 
of ischemic preconditioning in the aged myocardium. 



 

1. Introduction 
The worldwide population of persons aged ≥65 years will increase from 420 
million in 2000 to about 973 million in 2030. An increasing lifespan, expected to 
extend 10 years by 2050, is associated with an increase in the incidence and 
prevalence of chronic diseases such as coronary artery disease, which is a ma-
jor cause for myocardial infarction (Lakatta and Levy, 2003). The morbidity and 
mortality ofmyocardial infarction is enhanced with increasing age (Devlin et al., 
1995); possibly due to an aging related loss of the protective potency of cardio-
protective strategies, e.g. ischemic preconditioning (Juhaszova et al., 2005). 

Ischemic preconditioning is a cardioprotective phenomenon by which short pe-
riods of ischemia reduce the deleterious consequences of a subsequent pro-
longed period of ischemia/ reperfusion of the heart (Murry et al., 1986). So far, 
most studies that investigated the protective effects and the underlying mech-
anism of ischemic preconditioning were conducted in young animals. There is 
strong evidence from the literature that the cardioprotective effect of ischemic 
preconditioning decreases with increasing age both in animals (Abete et al., 
1996; Tani et al., 1997) and in humans (Lee et al., 2002). Lee et al. demonstrat-
ed a loss of protection by ischemic preconditioning in elderly patients undergo-
ing coronary angioplasty (Lee et al., 2002). A prolonged period of ischemia and 
the mitochondrial ATP-sensitive potassium (mKATP) channel activator nicorandil 
were able to (re)initiate a preconditioning state in these patients. The authors 
concluded that the impaired preconditioning response must result from some 
defects in the signal transduction of K+ channel activation of the aged myocar-
dium. 

It is proposed that signalling pathways in preconditioning converge on the mi-
tochondria (Murphy, 2004). Many reports strongly support the hypothesis that 
regulation of mitochondrial function by activation of K+ channels in the inner 
mitochondrial membrane resulting in an increased K+ influx into the mitochon-
drial matrix is a key step in the signal transduction cascade of ischemic precon-
ditioning (Murphy and Steenbergen, 2007; O'Rourke, 2004). 

In addition to the importance of mKATP channels, there is increasing evidence 
for a role of Ca2+ sensitive potassium (KCa) channel opening in ischemic pre-
conditioning. Recently, Cao et al. (Cao et al., 2005) demonstrated in isolated 
perfused rat hearts that blockade of KCa channels by paxilline abolished the re-



 

duction of infarct size caused by ischemic preconditioning. Furthermore, phar-
macological preconditioning was initiated by the KCa channel activator 1,3-
Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-
benzimidazol-2-one (NS1619). Xu et al. (Xu et al., 2002) detected mitochondrial 
(m) KCa channels in the inner mitochondrial membrane of guinea pig ventricular 
cells and suggested a role for mKCa channels in protection against ischemic inju-
ry. 

We aimed to investigate the effect of age-dependent changes in mKCa channel 
activation on mitochondrial respiration, and analyzed the effects of the mKCa 
channel agonist NS1619 and the antagonist paxilline on mitochondrial respira-
tion and oxidative phosphorylation in mitochondria isolated from young and 
old rat hearts. 

2. Materials and methods 
All experiments were performed in accordance with the Guide for the Care and 
Use of Laboratory Animals published by the US National Institutes of Health 
(NIH Publication No. 85–23, revised 1996), and approved by the Institutional 
Committee for Animal Care and Use (Heinrich-Heine-University Düsseldorf, 
Germany). 

2.1. Chemicals and reagents 
KCl was purchased from EMD Chemicals (Gibbstown, NJ); all other chemicals 
were purchased from Sigma Chemical Co. (Taufkirchen, Germany). NS1619 and 
paxilline were dissolved in DMSO before they were added to the experimental 
buffer. 

2.2. Mitochondrial isolation 
Heart mitochondria were isolated from young (2–3months) and old (22–26 
months) Wistar rats. Animals were anesthetized by an intraperitoneal injection 
of S(+)-ketamine (150 mg/kg). After decapitation, hearts were excised and 
heart mitochondria were isolated by differential centrifugation as described 
previously (Heinen et al., 2007a,b; Riess et al., 2004). Briefly, atria were re-
moved and ventricles were placed in isolation buffer [200 mmol/L mannitol, 50 
mmol/L sucrose, 5 mmol/L KH2PO4, 5 mmol/L 3-(n-morpholino) propanesul-
fonic acid (MOPS), 1 mmol/L Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-
tetraacetic acid (EGTA), 0.1% bovine serum albumin (BSA), pH 7.15 adjusted 



 

with KOH], and minced into 1 mm3 pieces. The suspension was homogenized 
for 15 s in 2.5 mL isolation buffer containing 5 U/mL protease (from Bacillus 
licheniformis, Enzyme Commission Number 3.4.21.14), and for another 15 s 
after addition of 17 mL isolation buffer. The suspension was centrifuged at 
3220 g for 10 min, the supernatant was removed, and the pellet was resus-
pended in 25 mL isolation buffer and centrifuged at 800 g for 10 min. The su-
pernatant was centrifuged at 3220 g for 10 min, and the final pellet was sus-
pended in 0.5 mL isolation buffer and kept on ice. Protein content was deter-
mined by the Bradfordmethod (Bradford, 1976). All isolation procedures were 
conducted at 4 °C. 

2.3. Mitochondrial O2 consumption 
Oxygen consumption was measured polarographically at 27 °C using a respiro-
metric system (System S 200A, Strathkelvin Instruments, Glasgow, Scotland). 
Mitochondria (0.25 mg protein/mL) were suspended in respiration buffer con-
taining 130 mmol/L KCl, 5 mmol/L K2HPO4, 20 mmol/L MOPS, 2.5 mmol/L EG-
TA, 1 μmol/L Na4P2O7, 0.1% BSA, pH 7.15 adjusted with KOH. Mitochondrial 
respiration was initiated by administration of 10 mmol/L complex II substrate 
succinate (+10 μmol/L complex I blocker rotenone) after 60 s (Fig. 1) in the 
presence or absence of 5 μmol/L mKCa channel blocker paxilline (Pax). The 
mKCa channel activator NS1619 (20, 30, or 50 μmol/L) or its vehicle DMSO 
(0.3%) were injected into the respiration chamber after 120 s. State 3 respira-
tion was initiated after 180 s by addition of 250 μmol/L adenosine-diphosphate 
(ADP). 

Respiration rates were recorded under state 3 conditions and after complete 
phosphorylation of ADP to adenosine-triphosphate (ATP) (state 4). The respira-
tory control index (RCI, state 3/state 4) and the P/O ratio (phosphate incorpo-
rated into ATP to oxygen consumed) were calculated as parameter of mito-
chondrial coupling between respiration and oxidative phosphorylation, and mi-
tochondrial efficiency, respectively. From each heart, respiration measure-
ments were repeated in 2 to 3 mitochondrial samples and the average was tak-
en (and counted as n=1). Respiration rates are expressed as absolute rates in 
nmol O2/mg/min or as percent of control. 



 

 

Figure. 1: Representative traces of mitochondrial respiration experiments. Mitochondrial respiration 
was initiated by addition of 10 mmol/L succinate + 10μmol/L rotenone (S/R); State 3 respiration was 
initiated by addition of 250 μmol/L ADP. NS1619 or its vehicle DMSO (0.3%) was administered at 120 
s. The respiration rates were analyzed both under state 3 conditions and after complete phosphoryla-
tion of ADP to ATP (state 4). When the effect of mKCa channel blockade by paxilline (Pax) was investi-
gated, 5 μmol/L Pax were present during the whole experimental protocol. 

To investigate concentration-dependent effects of mKCa
 channel opening on 

mitochondrial bioenergetics, we measured in a first series of experiments mi-
tochondrial respiration in the absence (control) or presence of 20, 30, or 50 
μmol/L NS1619 (NS20, NS30, or NS50, respectively). 

To test if the effects of NS1619 were caused by mKCa channel opening, we add-
ed in a second series of experiments 5 μmol/L mKCa channel blocker Pax in the 
absence or presence of 30 μmol/L NS1619. 

2.4. Statistical analysis 
To analyse concentration-dependent effects of NS1619 (experimental series 1), 
group data were compared by analysis of variance, followed by Dunett's post 
hoc test (all vs. control). 



 

To compare if the effects of NS30 were caused by mKCa channel opening (exper-
imental series 2), group data were compared by analysis of variance, followed 
by Tukey's post hoc test. Data were considered statistically significant when 
P<0.05 and are presented as means±S.E.M. 

3. Results 

3.1. Effect of aging on mitochondrial respiration 
The respiration rates of isolated mitochondria from old rat hearts are reduced 
compared to mitochondria from young rat hearts both under “resting” state 4 
conditions (72.5±6.3 nmol O2/mg/min vs. 100.5±5.4 nmol O2/mg/min) and 
“stimulated” state 3 conditions (218.4±13.9 nmol O2/mg/min vs. 260.8± 13.8 
nmol O2/mg/min) (Table 1). These age-dependent changes in respiration rates 
resulted in an increased RCI in old rats compared to young rats (3.1±0.08 vs. 
2.6±0.04). Aging did not affect the efficiency of oxidative phosphorylation as 
demonstrated by no change in P/O ratio. 

Table 1 Respiration rates under control conditions 

 

Data are mean ± S.E.M.; aP < 0.05 vs. young. RCI = respiratory control index (state 3/state 4). P/O 
ratio = ratio between phosphate incorporated into ATP to atoms O2 consumed. 



 

3.2. Concentration effects 

 

Figure 2.Summarized data for the concentration effects of 20, 30, or 50 μmol/L NS1619 (NS) on mi-
tochondrial respiration in young (left panel, n = 12 for all groups) or old (right panel, n = 15 for all 
groups) rat heart mitochondria. Data are mean ± S.E.M.; ANOVA followed by Dunnett's post hoc test; 
⁎P < 0.05 vs. control. RCI = respiratory control index, a parameter for the coupling between mito-
chondrial respiration and oxidative phosphorylation. P/O ratio = ratio between phosphate incorpo-
rated into ATP and oxygen consumed; a parameter for the efficiency of oxidative phosphorylation. 

The concentration-dependent effects of mKCa channel opening by NS1619 on 
mitochondrial bioenergetics were measured in our first series of experiments. 



 

Mitochondrial respiration was measured in the absence (control) or presence 
of 20, 30, or 50 μmol/L NS1619 (NS20, NS30, or NS50, respectively) (Fig. 2).  

 

We detected an age-dependent difference in respiration rates under state 4 
conditions. In young rats, NS1619 increased oxygen consumption state 4 in a 
dosedependent manner (NS20: 6.9±2.8%, P=ns; NS30: 11.5±3.2%, Pb0.05; 
NS50: 20.3±4.8%, Pb0.05). In old rats, only the highest concentration of 50 
μmol/L NS1619 increased state 4 respiration (NS50: 26.0±4.0%, Pb0.05). Fur-
thermore, NS1619 decreased state 3 respiration (NS20: −5.9±1.8%, P=ns; NS30: 
−10.5±4.4%, P<0.05; NS50: −23.3±1.8%, P<0.05) in young rats. In old rats, state 
3 was decreased by NS30 (−8.7 ± 2.4%, P<0.05) and NS50 (−24.0 ± 2.3%, 
P<0.05). The respiratory control index, a parameter of the coupling between 
mitochondrial respiration and oxidative phosphorylation, was decreased by 
NS30, and NS50 both in young rats (−0.5±0.1, and −0.9±0.1, both P<0.05, re-
spectively) and old rats, respectively (−0.3±0.1, and −1.0±0.1, both P<0.05). 
Opening of mKCa channel activation did not affect the efficiency of oxidative 
phosphorylation as shown by no changes in the P/O ratio neither in young nor 
in old rats. 

3.3. Blockade of mKCa channel activation 
In the second series of experiments we tested by using mKCa channel blocker 
Pax, if the effects of NS1619 were caused by mKCa channel opening (Fig. 3). Pax 
alone had no effect on state 4 respiration, indicating mKCa channels were closed 
under the experimental conditions in both young (−0.7±2.5%, P=ns) and old 
rats (1.7±1.5%, P=ns). Pre-administration of Pax blocked the NS30-induced in-
crease in state 4 respiration in young rats (11.9±4.1% vs. 0.7±2.8%, P<0.05), but 
had no effect on state 4 respiration in the presence of NS30 in old rats 
(0.4±1.6%, P=ns). Pax did not affect state 3 respiration neither in young 
(−1.0±2.0%, P=ns) nor in old rats (−2.4±1.4%, P=ns), and did not reduce the 
NS30 induced decrease in state 3 respiration in both young (−9.9±2.5% vs. 
−7.6±2.5%, P=ns) and old rats (−10.9±1.5% vs. −7.4±1.5%, P=ns). The NS30 in-
duced decrease in RCI in young (−0.4±0.1 vs. −0.3±0.1, P=ns) and old rats 
(−0.3±0.2 vs. −0.1±0.2, P=ns) was not affected by Pax. Furthermore, blockade of 
mKCa channels did not affect the efficiency of oxidative phosphorylation as 
demonstrated by no changes in the P/O ratio neither in young nor in old rats. 



 

 

Figure 3. Summarized data of the effects of 30 μmol/L NS1619 (NS30) on mitochondrial respiration 
and the blocking effects of mKCa channel antagonist paxilline (5 μmol/L, Pax) on mitochondrial respi-
ration in young (left panel, n = 12 for all groups) or old (right panel, n = 12 for all groups) rat heart 
mitochondria. Data are mean ± S.E.M., ANOVA followed by Tukey's post hoc test; *P < 0.05 vs. con-
trol, #P < 0.05 vs. NS1619. RCI = respiratory control index, a parameter for the coupling between mi-
tochondrial respiration and oxidative phosphorylation. P/O ratio = ratio between phosphate incorpo-
rated into ATP and oxygen consumed; a parameter for the efficiency of oxidative phosphorylation. 



 

4. Discussion 
The major findings of this study are that a) mitochondrial respiration is de-
pressed in mitochondria from aged rat hearts in comparison with those from 
young hearts, and b) the regulation of mitochondrial respiration by opening of 
mKCa channels is age-dependent. 

Mitochondria and alterations in mitochondrial function are deeply involved in 
the aging process (Lenaz, 1998). Investigations on age-dependent changes in 
mitochondrial bioenergetics have produced conflicting results, showing signifi-
cant changes (Chen et al., 1972; Hansford, 1978; Chiu and Richardson, 1980) or 
no differences (Takasawa et al., 1993) (for review see 

(Lesnefsky and Hoppel, 2006)). Fannin et al. demonstrated that these conflict-
ing results can be explained by the finding that aging selectively decreases oxi-
dative capacity in interfibrillar mitochondria, while respiration rates of subsar-
colemmal mitochondria remains unchanged (Fannin et al., 1999). Palmer et al. 
showed that a brief exposure to protease during the isolation procedure is re-
quired to isolate interfibrillar mitochondria (Palmer et al., 1977). In this study, 
we investigated respiration rates of interfibrillar mitochondria (or a mixed pop-
ulation), and confirmed that in this mitochondrial population the respiratory 
capacity of mitochondria from old rat hearts is reduced compared tomitochon-
dria from young rat hearts. 

Mitochondrial respiration and oxidative phosphorylation can be regulated by 
activation of K+ channels in the inner mitochondrial membrane. It was suggest-
ed that activation of mitochondrial K+ channels causes potassium influx from 
the intermembrane space into the mitochondrial matrix. Several recent studies 
have demonstrated a stimulating effect of matrix K+ influx through mKATP chan-
nels on mitochondrial respiration (Holmuhamedov et al., 1998; Debska et al., 
2002; Minners et al., 2001). Furthermore, there is strong evidence for the ex-
istence of another class of ion channels in the IMM that promote K+ influx into 
the mitochondrial matrix: the Ca2+ dependent K+ channel (mKCa). Siemen et al. 
(Siemen et al., 1999) first reported mKCa channels in the IMMof glial cells. Xu et 
al. (Xu et al., 2002) very recently discovered these channels in cardiac myocyte 
mitochondria. Patch-clamp recordings from mitoplasts of these cells showed 
Ca2+ dependent, large K+ conductance channels in the IMM and immunoblots of 
cardiac mitochondria with antibodies against the C terminal part of KCa channel 



 

identified a 55 kDa protein as part of this putative channel (Ohya et al., 2005). 
O'Rourke suggested that mitochondrial K+ channels function as energy dissipat-
ing channels (energy stored as the proton gradient, ΔμH) by expending ΔμH, in 
part to eject K+ via an electroneutral K+/H+ exchanger. The resulting decrease in 
ΔμH in turn enhances electron flow. The bioenergetic consequence of K+ chan-
nel opening would be accelerated cycling of K+ ions between the matrix and the 
intermembrane space (i.e. matrix K+ inflow through K+ channel, K+ extrusion via 
K+/H+ exchanger) and an increase in mitochondrial respiration (O'Rourke, 
2004).  

The regulation of mitochondrial function by mitochondrial K+ channel activation 
is a key step to trigger ischemic and pharmacological preconditioning 
(O'Rourke, 2004; Weber et al., 2006). It was shown that pharmacological block-
ade of K+ channel abrogates the cardioprotective effects of ischemic precondi-
tioning (Shintani et al., 2004; Auchampach et al., 1992; Cao et al., 2005). Fur-
thermore, a preconditioning effect can be mimicked by administration of a K+ 
channel opener (Garlid et al., 1997; Loubani et al., 2005; Cao et al., 2005). The 
exact mechanism by which K+ channel opening triggers and/or mediates pre-
conditioning is incompletely understood. Most studies investigating the agede-
pendent effect of ischemic or anesthetic preconditioning found that the protec-
tive potency of this phenomenon is diminished or abolished in the aged heart 
(Juhaszova et al., 2005; Abete et al., 1996; Fenton et al., 2000; Sniecinski and 
Liu, 2004; Tani et al., 1997). Furthermore, Lee et al. demonstrated that precon-
ditioning significantly enhances the tolerance of the heart to subsequent is-
chemia in adult but not in senescent patients (Lee et al., 2002). Since a pro-
longed period of ischemia and the mKATP channel activator nicorandil were able 
to (re)initiate a preconditioning state, the authors concluded that the impaired 
preconditioning response is due to some defects in signal transduction of acti-
vation of K+ channels in the aged heart. For this loss of efficiency of precondi-
tioning in the aged heart, age-dependent alterations in the regulation of mito-
chondrial function by ion cycling might be a possible reason. 

The aim of this study was to investigate, whether the bioenergetic conse-
quences of mKCa channel opening by NS1619 on mitochondrial function are 
age-dependent. Here we show that opening of mKCa channels by NS1619 in-
creases state 4 respiration only in young rat heart mitochondria and not in mi-



 

tochondria isolated from old rat hearts. The finding that NS1619 accelerates 
mitochondrial respiration under resting conditions is in agreement with a pre-
vious study from Sato et al., who demonstrated a dose dependent increase in 
flavoprotein oxidation by mKCa channel activation (Sato et al., 2005). Recently, 
Cancherini et al. described that NS1619 inhibited mitochondrial respiration 
(Cancherini et al., 2007). The inhibitory effects of NS1619 on mitochondrial 
state 3 respiration were described before by Debska et al. (Debska et al., 2003) 
and our group (Heinen et al., 2007a,b) and are confirmed by the present study. 
Cancherini et al. suggested that NS1619 promotes nonselective permeabiliza-
tion of the inner mitochondrial membrane to ions (Cancherini et al., 2007). In a 
previous study (Heinen et al., 2007b), we discovered in isolated guinea pig 
heart mitochondria that opening of mKCa channels by NS1619 accelerated mi-
tochondrial state 4 respiration while maintaining mitochondrial membrane po-
tential (ψm); conditions that were capable to increase generation of reactive 
oxygen species (ROS), a key trigger of preconditioning (Heinen et al., 2007b; 
Becker, 2004; Stowe et al., 2006). In the present study, mKCa channel activation 
also increased state 4 respiration in a dose dependent manner in young rat 
heart mitochondria. Furthermore, the effect of 30 μmol/L NS1619 was com-
pletely reversible by paxilline. We conclude that the effect of NS1619 on state 4 
respiration is mKCa channel mediated. Furthermore, our results demonstrate 
for the first time that this effect is age-dependent, since NS1619 had no effect 
on state 4 respiration in old rat heart mitochondria. 

It is interesting to note that activation of mKCa channels by NS1619 had no ef-
fect on the efficiency of oxidative phosphorylation as seen by no change in P/O 
ratios while state 4 respiration was increased. A possible explanation for this 
observation is that K+ channel opening regulates mitochondrial metabolism due 
to regulation of the matrix volume. It is proposed that the mitochondrial matrix 
contracts under state 3 conditions due to a reduced mitochondrial membrane 
potential, which is the driving force for cation and water uptake (Kowaltowski 
et al., 2001). Opening of K+ channels may reverse this matrix contracture to 
preserve oxidative phosphorylation (Halestrap, 1989; Kowaltowski et al., 2001). 

From the results of this study it is hard to conclude whether a decreased densi-
ty of mKCa channels in the inner mitochondrial membrane or a reduced sensitiv-
ity (or a combination) is responsible for the reduced effect of NS1619 on mito-



 

chondrial respiration. It is interesting to note that the high concentration of 
NS1619 accelerated state 4 respiration in young and old heart mitochondria in 
a comparable magnitude (approx. 20 nmol O2/mg/min). This finding supports 
the possibility that a decreased sensitivity of mKCa channels causes the age-
dependent difference in the effect of 30 μmol/L NS1619 (a concentration that 
has been shown to induce cardioprotection in young hearts). 

We demonstrated recently that mKCa channel opening by NS1619 increased 
state 4 respiration independent if complex I substrate pyruvate or complex II 
substrate succinate (with or without rotenone) was used (Heinen et al., 
2007a,b). Based on this finding, we conducted all experiments in isolated mito-
chondria respiring on complex II substrate succinate (+ rotenone). Neverthe-
less, this is a limitation of the present study.  

From the observation of this study that the bioenergetic consequences of mKCa 
channel opening on mitochondrial respiration are age-dependent, we specu-
late that the aging related reduction in mKCa channel activation and the result-
ing effects on mitochondrial function might contribute to the decreased pro-
tective potency of ischemic preconditioning in the aged myocardium. Whether 
NS1619 does indeed not confer protection to the older hearts against ische-
mia–reperfusion injury needs further investigation in a functional correlate 
study. 
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Abstract 
Diabetes mellitus blocks protection by ischemic preconditioning (IPC), but the 
mechanism is not known. We investigated the effect of ischemic precondition-
ing on mitogen-activated protein kinases (extracellular signal-regulated kinases 
1 and 2, c-Jun N-terminal kinases, p38 mitogen activated kinase) and heat 
shock protein 27 phosphorylation in diabetic and nondiabetic rat hearts in vivo. 
Two groups of anaesthetized nondiabetic and diabetic rats underwent a pre-
conditioning protocol (3 cycles of 3 min coronary artery occlusion and 5 min of 
reperfusion). Two further groups served as untreated controls. Hearts were 
excised for protein measurements by Western blot. Four additional groups un-
derwent 25 min of coronary occlusion followed by 2 h of reperfusion to induce 
myocardial infarction. In these animals, infarct size was measured. IPC reduced 
infarct size in the nondiabetic rats but not in the diabetic animals. In diabetic 
rats, IPC induced phosphorylation of the mitogenactivated protein kinases and 
of heat shock protein 27. We conclude that protection by IPC is blocked by dia-
betes mellitus in the rat heart in vivo without aff ecting phosphorylation of mi-
togen-activated protein kinases or heat shock protein 27. Therefore, the block-
ade mechanism of diabetes mellitus is downstream of mitogenactivated kinas-
es and heat shock protein 27. 



 

Introduction 
Coronary artery disease is one of the major causes of death in the Western 
world [1] . Diabetes mellitus increases the risk of coronary heart disease by a 
factor of 2– 4 [2, 3]. Nearly 50 % of deaths in diabetic patients are due to the 
consequences of coronary artery disease [4] . In-hospital and longterm mortali-
ty after myocardial infarction are also significantly higher in diabetic patients 
compared with nondiabetics [5, 6] . One possible explanation for the poor 
prognosis of diabetic patients with myocardial infarction is the blockade of en-
dogenous protective mechanisms. The strongest endogenous mechanism 
against the consequences of ischemia is known as ischemic preconditioning 
(IPC). This concept was first described by Murry et al., who showed that short 
periods of ischemia protect the heart against the consequences of a consecu-
tive longer ischemia [7]. One distinguishes two phases of protection: the early 
phase develops within minutes from the initial ischemic insult and lasts 2 to 3 
h; the late phase of IPC becomes apparent 12 to 24 h later and lasts 3 to 4 d [8]. 
In the laboratory animal, diabetes mellitus blocks protection by early [9] and 
late IPC [10] . There is also evidence for a clinically relevant blockade of IPC in 
diabetic patients [11] . However, little is known about the mechanism by which 
diabetes mellitus blocks signal transduction of IPC. Activation of the phosphati-
dylinositol 3-kinase (PI3 K)-Akt is known to be an important step in the cellular 
signaling pathway of IPC [12, 13], and phosphorylation of PI3K-Akt is blocked in 
a model of type 2 diabetes mellitus [14]. Each subfamily of the mitogen-
activated protein kinases (MAPK) – the 42 / 44-kDa extracellular signal-
regulated kinases (ERK), the 45 / 54-kDa c-Jun N-terminal kinase (JNK), and the 
38-kDa p38 MAPK – has been suggested to play a central role in the cardiopro-
tection achieved by early IPC [15 – 17]. The heat shock protein 27 (HSP27) is a 
downstream target of the p38 MAPK [15, 18]; its involvement in cardioprotec-
tion by IPC also has been discussed [16]. 

In the present study, we investigated whether the phosphorylation of MAPK, 
HSP27, and (PI3 K)-Akt is blocked by diabetes mellitus. We aimed to investigate 
the blockade level at which ischemic preconditioning is abrogated in diabetes 
mellitus. Detecting the blockade mechanism is required before restoration of 
protection in diabetic patients can be made possible. 



 

Material and Methods 
The present investigation conforms to the Guide for the Care and use of Labor-
atory Animals published by the U.S. National Institutes of Health (NIH Publica-
tion No.85-23, revised 1996) and was approved by the local Animal Care Com-
mittee. 

Induction of diabetes mellitus 
We used a model of streptozotocin-induced type 1 diabetes. This model is well 
established in rats and other animals [19 – 21]. Eight weeks before the experi-
ments, an intraperitoneal injection of 60 mg kg-1 streptozotocin induced a dia-
betic state in the animals of the diabetic groups. 

Surgical preparation 
The surgical preparation and the infarct-size measurement by triphenyltetrazo-
lium chloride staining have been described in detail previously [22]. In brief, 
male Wistar rats were anesthetized by intraperitoneal S( + )-ketamine injection 
(150 mg kg-1 ). After tracheal intubation, the lungs were ventilated with oxygen-
enriched air and a positive end-expiratory pressure of 2 –3 cm H2O. Respiratory 
rate was adjusted to maintain partial pressure of carbon dioxide within physio-
logic limits. Body temperature was maintained at 38 ° C by the use of a heating 
pad. The right jugular vein was cannulated for saline and drug infusion, and the 
left carotid artery was cannulated for the measurement of aortic pressure. An-
esthesia was maintained by continuous α-chloralose infusion. A lateral left-
sided thoracotomy followed by pericardiotomy was performed and a ligature 
(5-0 prolene) was passed below the main branch of the left coronary artery. 
The ends of the suture were threaded through a propylene tube to form a 
snare, and the coronary artery was occluded by tightening the snare. After sur-
gical preparation, the rats were allowed to recover for 30 min before starting 
the experimental protocol. Successful coronary artery occlusion was verified by 
epicardial cyanosis. 

Experimental protocol 
The study protocol is shown in Fig. 1 . For infarct-size measurement, 40 rats 
were randomly assigned to one of four groups, and all animals were subjected 
to 25 min of left coronary artery occlusion followed by 120 min of reperfusion. 
The control group (n = 10) and a group of diabetic animals (DM, n = 8) were not 
further treated. 



 

 

Fig. 1 Experimental protocols. Panel A: Infarct-size measurements (top). All animals underwent 25 
min of coronary occlusion followed by 120 min of reperfusion in order to induce myocardial infarc-
tion. The control group and a group of diabetic animals (DM) were not further treated. Ischemic pre-
conditioning (IPC) was induced by three 3-min cycles of coronary occlusion followed by 5 min of 
reperfusion in a group of nondiabetic (IPC) and in a group of diabetic (DM+IPC) animals. At the end of 
each experiment, hearts were excised to measure infarct size. Panel B: Western blot analysis (bot-
tom). A group of nondiabetic (IPC) and a group of diabetic (DM+IPC) rats underwent the precondi-
tioning protocol of three 3-min cycles of coronary occlusion followed by 5 min of reperfusion. A 
group of nondiabetic (control) and a group of diabetic (DM) animals were not treated. 

In a group of nondiabetic (IPC, n = 12) and one of diabetic animals (DM + IPC, n 
= 10), ischemic preconditioning was induced by 3 cycles of coronary artery oc-
clusion for 3 min, each followed by 5 min of reperfusion before the infarct-
inducing ischemia. To investigate MAPK, HSP27, and (PI3K)-Akt involvement, 
four groups of animals (control, IPC, DM, DM + IPC, each group n = 12) under-
went the preconditioning protocol without index ischemia. Then the snare was 



 

occluded while 1.5 ml of Evans blue was injected intravenously in order to 
identify the area at risk. The hearts were excised rapidly and the area at risk 
was cut out, frozen in liquid nitrogen, and stored at − 80 ° C for later Western 
blotting. 

Hemodynamics 
The aortic pressure signal was digitized using an analogue-to digital converter 
(PowerLab / 8SP, ADInstruments Pty Ltd., Castle Hill, Australia) at a sampling 
rate of 500 Hz and continuously recorded on a personal computer using Chart 
for Windows v 5.0 (ADInstruments Pty Ltd.). 

Infarct-size measurement 
For infarct-size measurement, hearts were excised after the 2 h reperfusion 
period. The size of the area at risk was then identified by Evans blue staining of 
the nonischemic area, and the infarct size within the area at risk was stained by 
triphenyltetrazolium chloride as described in detail previously [22]. The area at 
risk and the infarcted area were determined by planimetry using SigmaScan Pro 
5 computer software (SPSS Science Software, Chicago, IL, USA). 

Western blot analysis 
Because of the small size of the area-at-risk specimens, two pieces from two 
different animals of the same group were always processed together. The fro-
zen tissue was pulverized and dissolved in lysis buff er containing Tris base, EG-
TA, NaF, and Na3VO4 (as phosphatase inhibitors), a freshly added protease in-
hibitor mix (aprotinin, leupeptin, and pepstatin), okadaic acid, and dithio-
threitol. The solution was vigorously homogenized on ice (Homogenisator, IKA, 
Staufen, Germany) and then centrifuged at 1 000 × g, 4 ° C, for 10 min to obtain 
the cytosolic fraction of the tissue. The supernatant, containing the cytosolic 
fraction, was centrifuged again at 16.000 × g, 4 ° C, for 15 min to clean up the 
fraction. After protein determination by the Lowry method [23], equal amounts 
of protein were mixed with loading buffer containing Tris-HCl, glycerol, and 
bromphenol blue. Samples were vortexed and boiled at 95 ° C before being 
subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis. The 
proteins were separated by electrophoresis and then transferred to a polyvinyl-
idene difluoride membrane by tank blotting. Unspecific binding of the antibody 
was blocked by incubation with 5 % fat dry milk powder solution in Tris-
buffered saline containing Tween for 2 h. Subsequently, the membrane was 



 

incubated overnight at 4 ° C with respective first antibody (phosphor specific or 
total in the case of p38 MAPK [Cell Signaling, Danvers, MA, USA], ERK 1 and ERK 
2 [Cell Signaling, Danvers, MA, USA], and JKN-1 and JNK-2/3 [Cell Signal, Dan-
vers, MA, USA], HSP27 [Affinity BioReagents, Golden, CO, USA], (PI3K)-Akt [Cell 
Signaling, Danvers, MA, USA], and anti-α-tubulin [Sigma, Saint Louis, MO, USA]) 
at indicated concentrations. After washing in fresh, cold, Tween-containing 
Tris-buffered saline, the blot was subjected to the appropriate horseradish pe-
roxidase – conjugated secondary antibody for 2 h at room temperature. Immu-
noreactive bands were visualized by chemiluminescence detected on autoradi-
ography film (Hyperfilm ECL; Amersham, Freiburg, Germany) using the en-
hanced chemiluminescence system Santa Cruz. The blots were quantified by 
SigmaScan Pro 5 computer software (SPSS Science Software, Chicago, IL, USA). 
The results were calculated as the ratio of phosphorylated protein to α-tubulin 
and to total protein. Values are presented as absolute values of average light 
intensity. 

Statistical analysis 
Data are expressed as mean ± standard deviation. Statistical analysis was per-
formed using Student’s t-test to detect group differences followed by Bonfer-
roni’s correction for multiple comparisons. P-values smaller than 0.05 were 
considered statistically significant. 

Results 

Hemodynamics 
Table 1 shows heart rate and mean aortic pressure of the experimental groups. 
In all groups, heart rate was stable during the experiments but was lower in the 
diabetic animals. Aortic pressure did not differ between the groups under base-
line conditions (123 ± 22 mmHg), and there were no differences among the 
control, the IPC, and the DM groups. IPC in the diabetic animals led to a drop in 
mean aortic pressure, which stayed reduced until the end of the experiments. 
While mean aortic pressure in the control, IPC, and DM groups was 94 ± 17, 95 
± 18, and 73 ± 34 mmHg, respectively, after 120 min of reperfusion, it was only 
59 ± 21 in the DM + IPC group (p = 0.033 vs. IPC). 



 

 



 

Infarct size 
The diabetic animals had a reduced body weight compared with the nondiabet-
ic animals (p < 0.001). Heart dry weight and area-at-risk weight was reduced by 
93 mg and 47 mg in diabetic rats, respectively (p < 0.001). Table 2 shows animal 
weights and heart dry weights of the groups. Fig. 2 shows the infarct size in 
percentage of the area at risk. IPC reduced infarct size in the nondiabetic rats 
by 44 % compared with controls (p = 0.01). While diabetes mellitus itself had 
no effect on infarct size (p = 1.0 DM vs. control), it completely blocked the pro-
tective effect of IPC (p < 0.001 DM + IPC vs. IPC; p = 1.0 DM + IPC vs. DM). 

 

  



 

   

Fig. 2 Infarct size in percentage of the area at risk. Ischemic preconditioning (IPC) reduced infarct size 
significantly compared with controls. While diabetes mellitus (DM) had no effect on myocardial dam-
age, DM completely blocked the protection provided by IPC (DM+IPC). 

Western blot 
Fig. 3 shows the Western blot results of the phosphorylated MAPKs p38 MAPK, 
JNK-1, JNK-2 / 3, ERK-1, and ERK-2 and of phosphorylated HSP27. In diabetic 
rats, IPC led to phosphorylation of all MAPKs and of the downstream target 
HSP27. In nondiabetic rats, IPC also resulted in an increase in the phosphory-
lated form of the MAPKs and of HSP27 but reached statistical signifi cance in 
p38 MAPK, ERK-1, ERK-2, and JNK-2/3 only. Phosphorylated (PI3 K)-Akt showed 
no significant differences in either diabetic (IPC, 0.56 ± 0.57 vs. DM + IPC, 0.39 ± 
0.30; p = 0.52) or nondiabetic animals (control, 1.41 ± 0.99 vs. IPC, 1.23 ± 1.06; 
p = 1.0). 



 

 

Fig. 3 Phosphorylation of the mitogen-activated protein kinase (MAPK) p38 MAPK, the extracellular 
regulated kinases (ERK)-1 and ERK-2, the c-Jun N-terminal kinases (JNK)-1 and JNK-2/3, and heat 
shock protein 27 (HSP27), which is a downstream target of the p38 MAPK. α-tubulin is shown as ref-
erence. In diabetic animals (DM) ischemic preconditioning (IPC) resulted in phosphorylation (activa-
tion) of all analyzed MAPKs and HSP27. 

  



 

Discussion and Conclusions 
 

The present study shows that diabetes mellitus abolishes the protection pro-
vided by early ischemic preconditioning in the rat heart in vivo without affect-
ing the phosphorylation of any MAPK (p38 MAPK, ERK-1 and ERK-2, JNK-1 and 
JNK-2/3) or of HSP27. Therefore, the blockade mechanism in the diabetic ani-
mal is located downstream of MAPK and HSP27. 

In contrast to patients with diabetes mellitus, nondiabetic patients with pre-
infarction angina show a better outcome than patients without such an ischem-
ic event before acute myocardial infarction [11, 24, 25]. These findings suggest 
a clinically relevant blockade of ischemic preconditioning in diabetic patients. 
Gosh et al. failed to precondition human diabetic myocardium in vitro [26] in 
insulin-dependent and noninsulin-dependent diabetic patients. Therefore, it is 
likely that the blockade mechanism is independent of antidiabetic medication 
(sulfonylurea blocks cardiac KATP channels), as suggested by Cleveland and col-
leagues [27] . In the laboratory animal, hyperglycemia as well as diabetes melli-
tus blocked cardioprotection by early IPC [9, 28, 29] independently of osmolari-
ty and insulin levels [9]. In contrast, glucose deprivation can induce precondi-
tioning by opening of mitochondrial ATP-sensitive potassium (mKATP) channels 
[30]. Opening of mKATP channels plays a central role in the signal transduction 
cascade of IPC leading to activation of MAPK [31, 32]. Opening of mKATP chan-
nels can be altered by hyperglycemia and diabetes mellitus [33]. Kersten and 
colleagues showed that hyperglycemia and diabetes mellitus blocked the pre-
conditioning effect induced by the mKATP channel opener diazoxide [34]. One 
may hypothesize that the blockade of mKATP channel opening by hyperglycemia 
causes the lack of cardioprotection by IPC in diabetic animals and patients. 
However, the blockade of IPC by a diabetic state could also be shown under 
“normoglycemic” conditions [35], while being dependent on the duration of 
the diabetic state [36]. These findings suggest a mechanism of blockade inde-
pendent of or at least additional to KATP channel attenuation by hyperglycemia. 
Tsang and colleagues [14] investigated the (PI3K)-Akt (protein kinase B) path-
way as an important upstream (trigger) part of the signal transduction of early 
IPC [12, 37]. They found a blockade of early IPC in a rat model of type 2 diabe-
tes when using one 5 min cycle of ischemia, while 3 cycles of IPC were protec-



 

tive. One IPC cycle resulted in a smaller degree of (PI3K)-Akt phosphorylation 
compared with 3 IPC cycles. Whether this reduction in phosphorylation caused 
the lack of protection remains unclear. Phosphorylation of (PI3K)-Akt after IPC 
was clearly shown in in vitro models [12, 13]. In our in vivo rat model, we could 
not show an increased phosphorylation of (PI3K)-Akt in either nondiabetic or 
diabetic animals. A difference between the in vivo and the in vitro situation 
could therefore be suggested. Whether this lack of (PI3K)-Akt phosphorylation 
is only an expression of bad luck or suggests this to be an in vitro phenomenon 
remains unclear. However, we also investigated the MAPK and HSP27 pathway, 
which is located downstream of (PI3K)-Akt phosphorylation and mKATP opening 
[16, 38, 39]. Our data clearly show that all MAPKs (p38 MAPKK, ERK-1 and ERK-
2, JNK-1 and JNK-2/3) and HSP27 are phosphorylated in the diabetic animals, 
despite the absence of cardioprotection. These findings indicate that the diabe-
tes-induced blockade of the signal transduction cascade of early IPC is situated 
downstream from these proteins and, therefore, downstream of (PI3K)-Akt and 
the mKATP channel. Does one finding exclude the other? Not necessarily. A 
blockade downstream of MAPK and HSP27 can be present parallel with re-
duced (PI3K)-Akt phosphorylation. Reduced phosphorylation does not neces-
sarily mean blockade of the preconditioning signal. However, Tsang et al. [14] 
could show an effect of diabetes on protein phosphorylation in the signal 
transduction of preconditioning. Therefore, it seems worthy to continue look-
ing for a blockade of protein phosphorylation activation. 

In contrast to our findings, Hassouna and colleagues induced protection by pre-
treatment with the protein kinase C (upstream of MAPK [38]) activator PMA 
and the p38 MAPK activator anisomycin in atrial tissue of diabetic patients in 
vitro. Possible explanations for this discrepancy are the unspecificity of the ac-
tivators used, the comparableness of the type of diabetes in the two studies 
(streptozotocin-induced type 1 diabetes vs. type 2 diabetes), species differ-
ences (rat vs. human), tissue differences (ventricular myocardium vs. atrial tis-
sue), or model differences (in vivo vs. in vitro). They also found impaired depo-
larization and superoxide production in isolated mitochondria of diabetic pa-
tients, indicating but not proving a lack of mKATP channel opening. Hassouna’s 
findings suggest an upstream blockade resulting in the lack of mKATP channel 
opening. Hassouna’s study seems to contradict our results of an intact down-
stream phosphorylation of MAPKs and HSP27. Whether this is a result of study-



 

ing completely different models or of still unknown mechanisms cannot be an-
swered. A dual role of mKATP channel opening as trigger and mediator may also 
be an explanation [40]. 

Strniskova and colleagues investigated the phosphorylation of p38 and ERK af-
ter 5 and 30 min of regional ischemia in isolated rat heart in a model of strep-
tozotocin-induced diabetes mellitus [41]. Although Strniskova’s group also 
showed MAPK phosphorylation, these results are not comparable to our study 
because the experiments were performed only one week after induction of di-
abetes. However, blockade of cardioprotection by ischemic preconditioning is 
not observed before 5 weeks of existing diabetes mellitus [36, 42, 43]. There-
fore, no conclusion about signal transduction of ischemic preconditioning in the 
diabetic state can be drawn from their study. 

We used a rat model of type 1 diabetes (streptozotocin induced) that may not 
reflect conditions of the more clinically relevant type 2 diabetes in patients. 
However, this model is well established, and the duration of 8 weeks of diabe-
tes before performing the experiments is long enough to have pathomorpho-
logic changes typical for diabetes. Furthermore, after 8 weeks of streptozoto-
cin-induced diabetes, preconditioning is blocked in vitro [35], indicating chang-
es in the myocardium independent of the current blood glucose concentration. 

In the current investigation, we also observed the expected increased phos-
phorylation of JNK-1 and HSP27, but this increase did not reach statistical sig-
nificance using a conservative test such as Student ’ s t -test with Bonferroni ’ s 
correction. However, activation of these proteins by early IPC is well estab-
lished [44 –46]. Whether diabetes mellitus amplifies the phosphorylating effect 
of IPC on these proteins cannot be concluded from this study. A shift of the 
time course of activation by diabetes mellitus could be a possible explanation, 
but this is only speculation. One could argue that despite phosphorylation, the 
investigated proteins may not work properly in the diabetic myocardium, caus-
ing the blockade of preconditioning. However, we showed a phosphorylation of 
HSP27 that is controlled by the p38 MAPK [15], indicating that at least this pro-
tein is working. 

The involvement of HSP27 in the cardioprotection by early IPC can only be as-
sumed. At the moment, the lack of a specific blocker or activator of HSP27 that 



 

may be employed in vivo makes it impossible to prove a causal link between 
HSP27 phosphorylation and protection by IPC. However, the activation of 
HSP27 in the diabetic animals in our model supports the hypotheses that the 
upstream proteins of the signal transduction of IPC are not only phosphory-
lated but also have effects on downstream targets. 

We showed that diabetes mellitus blocks protection provided by early IPC in 
the diabetic rat heart in vivo. The streptozotocininduced diabetes did not affect 
activation of p38 MAPK, ERK-1 and ERK-2, JNK-1 and JNK-2 / 3, or HSP27. These 
findings show that the blockade of IPC-induced cardioprotection by diabetes 
mellitus is situated downstream of the MAPK and the HSP27 in the signal 
transduction cascade of early IPC. 
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Abstract 
Background: Sevoflurane induces preconditioning (SevoPC). The effect of 
aprotinin and the involvement of endothelial nitric-oxide synthase (NOS) 
on SevoPC are unknown. We investigated (1) whether SevoPC is strength-
ened by multiple preconditioning cycles, (2) whether SevoPC is blocked by 
aprotinin, and (3) whether endothelial NOS plays a crucial role in SevoPC. 

Methods: Anesthetized male Wistar rats were randomized to 15 groups 
(each n = 6) and underwent 25-min regional myocardial ischemia and 2-h 
reperfusion. Controls were not treated further. Preconditioning groups in-
haled 1 minimum alveolar concentration of sevoflurane for 5 min (SEVO-I), 
twice for 5 min each (SEVO-II), three times for 5 min each (SEVO-III), or six 
times for 5 min each (SEVO-VI). Aprotinin was administered with and with-
out sevoflurane. Involvement of endothelial NOS was determined with the 
nonspecific NOS blocker N-nitro-L-arginine-methyl-ester, the specific neu-
ronal NOS blocker 7-nitroindazole, and the specific inducible NOS blocker 
aminoguanidine. 

Results: SevoPC reduced infarct size in all protocols (SEVO-I, 42 ± 6%; SE-
VO-II, 33 ± 4%; SEVO-III, 11 ± 5%; SEVO-VI, 16 ± 4%; all P <0.001 vs. con-
trol, 67 ± 3%) and was least after three and six cycles of sevoflurane (P < 
0.001 vs. SEVO-II and -I, respectively). Aprotinin alone had no effect on in-
farct size but blocked SevoPC. N-nitro-L-arginine-methyl-ester abolished 
SevoPC (67 ± 4%; P < 0.05 vs. SEVO-III). Aminoguanidine and 7-
nitroindazole blocked SevoPC only partially (25 ± 6 and 31 ± 6%, respec-
tively; P < 0.05 vs. SEVO-III and control). SevoPC induced endothelial NOS 
phosphorylation, which was abrogated by aprotinin. 

Conclusion: SevoPC is strengthened by multiple preconditioning cycles, 
and phosphorylation of endothelial NOS is a crucial step in mediating 
SevoPC. These effects are abolished by aprotinin. 

 



 

ISCHEMIC preconditioning is a strong protective mechanism of the heart in 
which brief exposure to ischemia/ reperfusion markedly enhances the abil-
ity to withstand a subsequent ischemic injury. Beside ischemic stimuli, it is 
also possible to mimic this cardioprotective effect with volatile anesthetics, 
but it remains unclear whether repeated preconditioning stimuli can in-
crease cardioprotection.1 Volatile anesthetics also induce cardioprotection 
during cardiopulmonary bypass.2 Besides the fact that all volatile anesthet-
ics elicit cardioprotection by preconditioning in animals,3 there is also 
strong evidence for clinical cardioprotection with these substances.4,5 How-
ever, these cardioprotective effects are attributable to additive effects of 
preconditioning and postconditioning and to antiischemic effects. The evi-
dence for a clinically significant preconditioning-only effect is weak. We 
have shown that in contrast to just one 5-min cycle, two 5-min cycles of 1 
minimum alveolar concentration (MAC) sevoflurane before aortic cross-
clamping for coronary artery bypass graft surgery reduces myocardial 
damage in terms of troponin I release.6 Compared with other clinical stud-
ies, which did not show a protective effect, we identified two major differ-
ences: the preconditioning protocol and the use of aprotinin. 

From animal studies, it is known that multiple cycles of ischemic- and anes-
thetic-induced preconditioning strengthened the cardioprotective effect. A 
protocol consisting of two cycles of sevoflurane administration is more effi-
cient than a single, longer period with the same concentration in guinea pig 
hearts in vitro.7 Recently these findings were confirmed in rabbit hearts in 
vivo for desflurane.8 The authors demonstrated that multiple cycles of pre-
conditioning reduce the desflurane concentration that is needed to induce 
cardioprotection and therefore the side effects as well.8 In addition, the use 
of multiple cycles of ischemic preconditioning induces additional signaling 
pathways and makes the cellular signalling more robust against blockade.9 

Aprotinin was widely used in cardiac surgery to minimize blood loss. At the 
current time, serious concerns regarding the safety of aprotinin has limited 
its use. At first, an increased morbidity was observed in observational stud-
ies.10 A randomized controlled trial was stopped early because treatment of 
high-risk patients with aprotinin was associated with a 50% higher mortali-
ty compared with treatment with lysine analogs.11 However, there are still 
advocates who believe that aprotinin is a useful and safe drug in other pa-
tient populations (e.g., in liver transplantation).12,13 



 

The role of aprotinin in the setting of ischemia and reperfusion is not clear. 
There is evidence that aprotinin itself has cardioprotective properties.14,15 
However, there is also evidence that aprotinin abolishes ischemia-induced 
preconditioning16,17 and anesthetic-induced postconditioning.18 Despite its 
antifibrinolytic properties, aprotinin is known to be a competitive protein 
inhibitor of nitric-oxide synthase (NOS).19 Ulker et al.19 demonstrated that 
aprotinin downregulates endothelial NOS (eNOS) messenger RNA and pro-
tein expression in cultured rat coronary microvascular endothelial cells. In 
rabbit hearts in vivo, administration of desflurane induces a transient acti-
vation of NOS activity. Blocking NOS activity with the unspecific blocker N-
nitro-L-arginine methyl ester (L-NAME) abolishes desflurane-induced pre-
conditioning.20 It is not clear which isoform of the NOS system is involved in 
anesthetic induced preconditioning. It has been shown in human coronary 
artery endothelial cells that eNOS is activated through the 90-kd heat shock 
protein after isoflurane administration.21 

The aim of the study was to go from the bedside6 back to the bench and in-
vestigate the following: (1) Do multiple cycles of anesthetic-induced pre-
conditioning induce a stronger cardioprotection than one cycle of sevoflu-
rane-induced preconditioning (SevoPC)? (2) What influence does aprotinin 
have on SevoPC? (3) Is aprotinin blockade of eNOS responsible for the as-
sumed aprotinin-induced SevoPC inhibition? 

Materials and Methods 
The study was performed in accordance with the guidelines laid out in the 
Guide for the Care and Use of Laboratory Animals, which is available from 
the U.S. National Academy of Sciences, and the regulations of the German 
Animal Protection Law and was approved by the District Government of 
Düsseldorf, Germany. 

The influence of the preconditioning protocol and aprotinin on anesthetic-
induced preconditioning and the influence of anesthetic-induced precondi-
tioning and aprotinin on eNOS activity were investigated within two 
substudies. 

Experiments for Infarct Size Determination 
A total of 90 male Wistar rats were used for infarct size determination ex-
periments (n = 6 per group; body weight [BW], 380–420 g). 



 

Animals had free access to water and standard rat food at all times before 
experiments. The animal preparation and infarct size determination were 
performed as described previously.22 The animals were anesthetized by in-
traperitoneal injection of S(+)-ketamine (150 mg/kg BW) and were me-
chanically ventilated (positive end-expiratory pressure, 2–3 cm H2O; res-
piratory rate, 60 breaths/min; tidal volume, 5 ml; with oxygen-enriched air 
(inspired oxygen fraction, 0.4) after tracheal intubation. The respiratory 
rate was adjusted to maintain partial pressure of carbon dioxide within 
physiologic limits (end-tidal carbon dioxide, 35±5 mmHg). Body tempera-
ture was maintained at 38°C by using a heating pad. After a midline cervical 
incision, the right jugular vein was cannulated for fluid replacement and 
drug administration, and the left carotid artery was cannulated for meas-
urement of aortic pressure. Aortic pressure signals were digitized using an 
analog-digital converter and continuously recorded on a personal computer 
using the PowerLab software (PowerLab/8SP, Chart 5.0; ADInstruments 
Pty, Ltd., Castle Hill, Australia). Mean aortic pressure and heart rate were 
continuously recorded. Anesthesia was maintained by continuous α-
chloralose infusion (25 mg · kg BW-1 · h-1). After leftsided lateral thoracoto-
my and pericardiotomy were performed, a ligature (Prolene® 5.0; Ethicon 
GmbH, Nordersted, Germany) was passed below a main branch of the left 
coronary artery. The ends of the ligature were passed through a propylene 
tube to form a snare. Successful coronary occlusion was verified by epicar-
dial cyanosis. 

Experimental Protocol 
After successful instrumentation, the animals were randomly allocated (us-
ing sealed envelopes) into one of the 15 groups (see fig. 1). All animals un-
derwent 25 min of left coronary artery occlusion and 2 h of reperfusion. 

CON Group. Rats in the control (CON) group received no further treatment. 

SEVO-I Group. Rats received a single 5-min episode of 1 MAC sevoflurane 
(in rats 2.4 vol%)22 10 min before the 25-min left coronary artery occlusion. 

SEVO-II Group. Rats received 1 MAC sevoflurane for two 5-min periods, 
interspersed with one 5-min washout period, 10 min before ischemia and 
reperfusion. 



 

SEVO-III Group. Rats received 1 MAC sevoflurane for three 5-min periods, 
interspersed with two 5-min washout periods, 10 min before ischemia and 
reperfusion. 

SEVO-VI Group. Rats received 1 MAC sevoflurane for six 5-min periods, in-
terspersed with five 5-min washout periods, 10 min before ischemia and 
reperfusion. 

APRO-SEVO-I, -II and -III Groups. Aprotinin (Trasylol; Bayer AG, 
Leverkusen, Germany; 40.000 kallikrein inhibitor units/kg BW bolus IV, fol-
lowed by infusion of 40.000 kallikrein inhibitor units · kg BW-1 · h-1) was 
administered continuously over a time period of 45 min starting before is-
chemia and reperfusion. 

APRO. Rats were treated with aprotinin (Trasylol; Bayer AG, Leverkusen, 
Germany; 40.000 kallikrein inhibitor units/kg BW bolus IV, followed by in-
fusion of 40.000 kallikrein inhibitor units · kg BW-1 · h-1) over a time period 
of 45 min before ischemia and reperfusion. 

To investigate whether eNOS is involved in SevoPC, we blocked NOS activi-
ty. However, because of the lack of a specific eNOS blocker, we employed 
the nonspecific NOS blocker L-NAME, the selective neuronal NOS  



 

 

Fig. 1.  Experimental protocol. (A) Dose effect and influence of aprotinin. (B) Involvement of NOS 
isoforms. All blockers were given 30 min before the sevoflurane preconditioning protocol or at cor-
responding time point in control experiments. 7-NI = 7-nitroindazole; AG = aminoguanidine; APRO 
= aprotinin 45 min before ischemia; APRO-SEVO-I, -II, and -III = same protocol as corresponding 
SEVO-group with coadministration of aprotinin, starting 45 min before ischemia; CON = control 
group; KIU = kallikrein inhibitor units; L-NAME = N-nitro-l-arginine methyl ester; L-NAME-SEVO-



 

III, AG-SEVO-III, and 7-NI-SEVO-III = like SEVO-III with pretreatment with L-NAME (nonspecific 
NOS blocker), AG (specific inducible NOS blocker) or 7-NI (neuronal NOS blocker), respectively; L-
NAME, AG, and 7-NI = control experiments plus NOS blocker; MAC = minimum alveolar concentra-
tion; NOS = nitric-oxide synthase; SEVO-I, -II, -III, or -VI = sevoflurane group with administration of 
1 MAC sevoflurane 1, 2, 3, or 6 times, respectively, for 5 min each, interspersed with 5 min of wash-
out, 10 min before ischemia and reperfusion. 

 

(nNOS) blocker 7-nitroindazole (7-NI), or the specific inducible NOS (iNOS) 
blocker aminoguanidine. 

L-NAME-SEVO-III Group. The nonselective NOS inhibitor L-NAME 10 
mg/kg was administered as an IV infusion over 10 min starting 30 min be-
fore the SevoPC protocol. 

L-NAME Group. The nonselective NOS inhibitor L-NAME 10 mg/kg was 
administered as an IV infusion over 10 min beginning 65 min before left 
coronary artery occlusion. 

Aminoguanidine-SEVO-III Group. The selective iNOS inhibitor amino-
guanidine 300 mg/kg was injected subcutaneously 30 min before starting 
the SevoPC protocol. 

Aminoguanidine Group. The selective iNOS inhibitor aminoguanidine 300 
mg/kg was injected subcutaneously 65 min before coronary occlusion. 

7-NI-SEVO-III Group. The selective nNOS inhibitor 7-NI 50 mg/kg was in-
jected peritoneally 30 min before starting the SevoPC protocol. 

7-NI Group. The selective nNOS inhibitor 7-NI 50 mg/kg was injected peri-
toneally 65 min before left coronary artery occlusion. 

The doses of L-NAME, aminoguanidine, and 7-NI employed were based on 
those in the literature.23 After 2 h of reperfusion, the hearts were excised 
and infarct sizes were determined using a method described previously.22 
The area at risk and the infarct size were determined using planimetry and 
corrected for dry weight in each slice by using SigmaScan Pro5® (SPSS Sci-
ence Software, Chicago, IL). 

Western Blot Experiments 
To investigate the possible effects of SevoPC on eNOS phosphorylation, ad-
ditional experiments were performed. In total, 28 rats were instrumented 



 

as described above and underwent the preconditioning protocol as the an-
imals of the CON, SEVO-I, -II, -III, -VI, APRO-SEVO-III, and APRO alone 
groups, respectively (n = 4 per group). After completion of the precondi-
tioning protocol, the hearts were excised, washed in ice-cold saline to re-
move remaining blood, frozen in liquid nitrogen, and stored at -80°C. Cellu-
lar fractionation and subsequent Western blot analysis for phosphorylation 
of eNOS and cellular distribution of either total eNOS or phosphorylated 
eNOS was performed. Therefore, a cellular fractionation was performed as 
described previously.24 The cytosolic and the membrane fractions were fur-
ther used for Western blot analysis. After protein determination by the 
Lowry method, equal amounts of protein were mixed with loading buffer 
containing bromphenol blue, glycerol, and tris(hydroxylmethyl)-
aminomethane-HCl. Samples were vortexed and heated for 5 min at 95°C 
before being subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (7.5%). The proteins were separated by electrophoresis and 
transferred to a polyvinylidene difluoride membrane by tank blotting (100 
V, 1 h). Nonspecific binding of the antibody was blocked by incubation with 
5% fat dry milk solution in tris(hydroxymethyl)aminomethane-buffered 
saline containing Tween-20 for 2 h. Thereafter, the membrane was incubat-
ed overnight at 4°C with specific antibody (phosphoeNOS antibody #9571; 
Cell Signaling Technology, Danvers, MA; dilution 1:1,000 in 5% bovine se-
rum albumin), which detects phosphorylation of eNOS at the activating site 
Ser1177, or a specific total eNOS antibody (#9572, Cell Signaling Technolo-
gy), respectively. After washing in cold tris(hydroxymethyl)-aminomethane 
buffered saline containing Tween-20, the blot was subjected to antirabbit 
horseradish peroxidase-conjugated secondary antibody for 2 h at room 
temperature. By using chemiluminescence detected on X-ray film (Hyper-
film ECL; GE Healthcare, Freiburg, Germany) using the enhanced chemilu-
minescence system Santa Cruz Biotechnology (Santa Cruz, CA), the immu-
noreactive bands were visualized. The blots were quantified using a KODAK 
Image Station® (Carestream Health, Rochester, NY), and the results are pre-
sented as the ratio of phosphorylated eNOS to total eNOS or total eNOS to α-
tubulin. In addition, equal loading of protein on the gel was confirmed by 
detection of α-tubulin and Coomassie staining of the gels. 



 

Statistical Analysis 
Sample size analysis revealed that a group size of n = 6 was necessary to 
detect a difference in infarct size 25% with a power of 80% and an α of 0.05 
(two-tailed). Data are expressed as mean ± SD. Statistical analysis of infarct 
size and eNOS measurements was performed by ANOVA with Bonferroni’s 
multiple comparison test (two-tailed; Prism ver. 4.00; GraphPad Software, 
San Diego, CA). Statistical analysis of the hemodynamic variables was per-
formed by two way ANOVA for time and treatment effects. If an overall sig-
nificance was found, comparisons between groups were done for each time 
point using ANOVA followed by Dunnett post hoc test with the control 
group as reference group. Time effects within each group were analyzed by 
repeatedmeasures ANOVA followed by two-tailed Dunnett post hoc test 
with the baseline value as the reference time point. P less than 0.05 was 
considered statistically significant. 

Results 

Infarct Size Measurement 
All SevoPC protocols in the absence of aprotinin led to an infarct size reduc-
tion versus control (SEVO-I, 42 ± 6%, SEVO-II, 33 ± 4%; SEVO-III, 11 ± 5%; 
SEVO-VI, 16 ± 4% vs. CON, 67 ± 3%; for all four SevoPC groups, P less than 
0.001 vs. CON; see fig. 2A). The strongest infarct size reduction was ob-
served after administration of three or six sevoflurane cycles in the SEVO-III 
and -VI groups (P < 0.001 vs. SEVO-II and -I, respectively). Each sevoflurane 
induced myocardial protection was blocked by coadministration of apro-
tinin during the preconditioning protocol (see fig. 2). Aprotinin alone had 
no effect on infarct size (APRO, 61 ± 7%; P < 0.05 vs. CON). 

L-NAME completely blocked SevoPC after three cycles of preconditioning 
(L-NAME-SEVO-III, 67 ± 4%; P < 0.001 vs. SEVO-III) but had no effect on in-
farct size alone (L-NAME, 66±5%; P<0.05 vs. CON). Aminoguanidine and 7-
NI partially inhibited the cardioprotective effect of SevoPC (aminoguani-
dine-SEVO-III, 25±5%; P<0.05 vs. SEVO-III, P < 0.001 vs. CON; 7-NI-SEVO-
III, 31 ± 5%; P<0.001 vs. SEVO-III and CON, respectively). The blockers 
alone had no effect on infarct size (aminoguanidine, 68± 4%; 7-NI, 67 ± 7%; 
P > 0.05 vs. CON, see fig. 2B). 



 

 

Fig. 2. Infarct size measurement. Infarct size (IS) in percentage of the area at risk (AAR). Control ani-
mals underwent 25 min of regional myocardial ischemia, followed by 2 h of reperfusion. All blockers 
were given 30 min before the sevoflurane preconditioning protocol or at corresponding time point in 
control experiments. (A) Dose effect and influence of aprotinin. *** P versus CON. +++ P versus SE-
VO-I and SEVO-II. ### P versus corresponding SEVO-group, n = 6 per group, all data are mean +/- SD. 
(B) Involvement of NOS isoforms. *** P versus CON. ++ P versus SEVO-III. ++++++ P versus SEVO-III. 
### P versus corresponding SEVO group, n = 6 per group, all data are mean +/- SD. 7-NI = 7-
nitroindazole; AG = aminoguanidine; APRO = aprotinin 45 min before ischemia; APRO-SEVO-I, -II, and 
-III = same protocol as corresponding SEVO-group with coadministration of aprotinin, starting 45 min 
before ischemia; CON = control group; KIU = kallikrein inhibitor units; L-NAME = N-nitro-l-arginine 
methyl ester; L-NAME-SEVO-III, AG-SEVO-III, and 7-NI-SEVO-III = like SEVO-III with pretreatment with 
L-NAME (nonspecific NOS blocker), AG (specific inducible NOS blocker) or 7-NI (neuronal NOS block-
er), respectively; L-NAME, AG, and 7-NI = control experiments plus NOS blocker; MAC = minimum 
alveolar concentration; NOS = nitric-oxide synthase; SEVO-I, -II, -III. or -VI = sevoflurane group with 
administration of 1 MAC sevoflurane 1, 2, 3, or 6 times, respectively, for 5 min each, interspersed 
with 5 min of washout, 10 min before ischemia and reperfusion. 

Hemodynamic Measurement 
SevoPC led to a decrease in mean aortic pressure and heart rate (see table 
1) during the preconditioning protocol. However, at the last washout before 
ischemia these hemodynamic changes disappeared. Heart rate was reduced 
only in the aminoguanidine-SEVO-III and 7-NI-SEVO-III groups during is-
chemia compared with CON. During reperfusion, heart rate was reduced in 
the SEVO-II and SEVO-III groups compared with CON. 



 

 



 

 

Immunoblotting of Phosphorylated eNOS 
In the cytosolic fraction (P1), we could 
observe no changes in total or phos-
phorylated eNOS, respectively (data 
not shown). In the membrane fraction 
(P2), there was no change in total eNOS 
content, but we observed a 2.4 –3.2-
fold increase in eNOS phosphorylation 
after SEVO-I, -II, -III, and -VI, respec-
tively. In the SEVO-III protocol, the in-
creased phosphorylation was abolished 

by aprotinin. However, aprotinin alone had no effect on eNOS phosphoryla-
tion (see table 2). 



 

Discussion 
The aim of the study was to investigate whether multiple cycles of SevoPC 
are superior to a single cycle of SevoPC. Furthermore, we determined in 
which way aprotinin interferes with SevoPC and whether eNOS is involved. 

In our model, multiple cycles SevoPC led to increased cardioprotection in 
rat hearts in vivo. Even using a protocol wherein maximal protection is 
achieved, aprotinin completely abolished SevoPC. L-NAME likewise entirely 
abolished SevoPC, indicating the involvement of NOS. In contrast, 7-NI and 
aminoguanidine led to a partial blockade of SevoPC. This indicates that 
nNOS and iNOS are partially involved in SevoPC. 

Each SevoPC protocol employed led to a similar increase of eNOS phos-
phorylation. Treatment with aprotinin before SevoPC completely abolished 
this phosphorylation, indicating that eNOS phosphorylation seems to be 
necessary for SevoPC. 

Multiple-Cycle Preconditioning 
In the early studies, ischemic preconditioning looked like an “all or nothing” 
phenomenon. In some studies, increasing the duration or the number of is-
chemic stimuli did not increase the protection against ischemia–reperfusion 
injury.25,26 However, increasing the number of stimuli seems to activate 
more cardioprotective signaling pathways compared with a singlecycle pro-
tocol. The strength of the achievable cardioprotection depends on the ex-
perimental conditions.9 Riess et al.7 compared several protocols in guinea 
pig hearts in vitro. Using a concentration of 0.4 mM sevoflurane (approxi-
mately 2.8 vol%) for one 15-min or two 5-min treatments or a concentra-
tion of 0.2 mM sevoflurane (approximately 1.4 vol%), the authors found the 
strongest infarct size-reducing effect in the group treated with the high 
concentration given two times for 5 min.7 These results indicated for the 
first time that a multiple cycle regimen is superior to a single cycle protocol 
and that there seems to be a dose dependency in anesthetic-induced pre-
conditioning. This dose dependency has later been confirmed for desflu-
rane.8 In the same study, Lange et al.8 demonstrated in rabbit hearts in vivo 
that a single-cycle protocol, consisting of 0.5 MAC desflurane for 30 min, did 
not induce cardioprotection, whereas the same concentration given three 
times for 10 min each did. One might ask whether the longer administration 
time in a multiple-cycle protocol is responsible for the observed enhance-



 

ment of cardioprotection. We cannot answer this question from our data, 
but from experimental7,8 and clinical data,27 it is obvious that a pulsed ad-
ministration is necessary to improve the effect of preconditioning. We could 
clearly demonstrate that increasing the number of preconditioning cycles 
improves cardioprotection in terms of infarct size reduction with a maxi-
mum after three cycles. The use of a multiple-cycle protocol was one of the 
identified differences from our clinical study.6 We conclude that this effect 
could be responsible, at least in part, for the observed cardioprotection in 
our clinical trial.6 

Aprotinin Abolished SevoPC 
Aprotinin has possible direct cardioprotective properties.14,15 On the other 
hand, aprotinin has been shown to abolish ischemic-induced precondition-
ing in sheep in vivo.16 Inamura et al.18 demonstrated that sevoflurane-
induced postconditioning is abolished in the presence of aprotinin in guinea 
pig hearts in vitro. When given throughout the entire experimental protocol 
(starting 10 min before ischemia until the end of reperfusion), aprotinin al-
so abolished the observed cardioprotection. Because many of the signaling 
pathways of ischemic- and anesthetic-induced preconditioning are similar, 
we investigated whether aprotinin also blocks SevoPC. In our model, we 
could detect no direct cardioprotective properties of aprotinin (fig. 2), but 
we could clearly show that aprotinin abolished SevoPC in the rat heart in 
vivo. This blockade is independent on the preconditioning protocol used. In 
contrast, in multiple cycles of ischemic-induced preconditioning, it was 
shown that blocking only one step of the signaling pathway (protein kinase 
C or adenosine 3’,5’-cyclic monophosphate activity) was not sufficient to 
abolish the cardioprotective effect.28 Whether this difference is caused by 
differences in the signaling pathways of ischemic- and anesthetic-induced 
preconditioning, by the chosen target (protein kinase C, adenosine 3’,5’-
cyclic monophosphate, eNOS) or by a substance-specific effect of aprotinin 
cannot be answered from our data and needs further clarification. 

The second difference between our clinical trial6 and others has a major 
impact on SevoPC: the use of aprotinin. However, extrapolation of data from 
animal studies into the clinical setting should always be done with great 
caution. 



 

eNOS, Aprotinin, and SevoPC 
In human coronary artery cells, isoflurane-induced preconditioning has 
been shown to be mediated through the 90-kd heat shock protein-eNOS 
pathway.21 Using the unspecific NOS blocker L-NAME, it was shown that 
desflurane-induced myocardial preconditioning is mediated by NOS activi-
ty.29 Sevoflurane-induced postconditioning leads to an increased nitric ox-
ide production in vitro, and this increase is reduced by aprotinin18 and abol-
ished by the nonselective NOS inhibitor L-NAME. Until now there has been 
no direct evidence that eNOS plays a crucial role in the signaling pathway of 
anesthetic-induced cardioprotection. We observed a profound increase in 
eNOS phosphorylation (see table 2) after SevoPC that was blocked in the 
presence of aprotinin. Aprotinin was clinically used as an antifibrinolytic 
agent; in experimental laboratories, it is widely used as protease inhibitor. 
Ulker et al.19 demonstrated that aprotinin down-regulates eNOS messenger 
RNA and protein expression in cultured rat coronary microvascular endo-
thelial cells. We detected no differences in total eNOS amount in our study. 
Increase in gene expression and subsequent de novo protein biosynthesis 
requires time. Ulker et al.19 treated their cells overnight with aprotinin 
gathering the required time for the protein de novo synthesis. In our set-
ting, the duration of aprotinin treatment was most likely too short for de 
novo synthesis.19 On the other hand, phosphorylation is a fast and short-
lived reaction. Therefore, we investigated whether a difference in eNOS 
phosphorylation at the different time points of our protocol exists. In all of 
our experimental protocols, we detected a similar increase in phosphoryla-
tion. This indicates that one-cycle SevoPC is sufficient to achieve a maximal 
phosphorylation of eNOS in the myocardium. On the other hand, this raises 
the question of whether eNOS phosphorylation is the only signaling path-
way involved in SevoPC. As mentioned above in ischemic PC, increasing the 
number of cycles increases the intracellular signaling pathways, leading to 
stronger and more robust signaling. In addition, aprotinin is reported as the 
first competitive protein inhibitor of NOS activity.30 L-NAME, like aprotinin, 
completely abolishes SevoPC. In contrast, 7-NI and aminoguanidine did not 
abolish SevoPC. However, we observed a partial inhibition of cardioprotec-
tion in that the infarct sizes in these groups were at the level of two cycles 
of SevoPC. Isoflurane has been shown to induce postconditioning (a cardio-
protective mechanism sharing signaling pathways with preconditioning) is 
mediated by preventing mitochondrial permeability transition pore open-



 

ing via an eNOS-dependent mechanism.31 Another approach to explain NOS-
mediated cardioprotection is based on the theory that the mitochondria it-
self are able to generate nitric oxide from NOS. Here, nNOS could be one of 
the possible sources preventing opening of the mitochondrial permeability 
transition pore.32 However, the mechanism by which NOS is mediating pre-
conditioning remains unclear. Taking all data together, we conclude that 
aprotinin inhibits eNOS phosphorylation in SevoPC in the rat heart in vivo, 
which is a crucial step in the signal transduction cascade. 

Limitations of the Study 
Because of the lack of an available eNOS blocker, we cannot directly show 
that eNOS mediates SevoPC. However, using specific blockers of nNOS and 
iNOS, we were able to show indirectly that eNOS is most likely to be the in-
volved isoform of NOS. Because the nNOS and iNOS blockers themselves 
also impaired the cardioprotective effect, it is possible that these isoforms 
are at least partially involved in this phenomenon. On the other hand, ami-
noguanidine and 7-NI are not 100% specific blockers of nNOS33 and iNOS,34 
respectively. Therefore, it is most likely that these substances partially 
blocked eNOS, leading to a partial blockade of the preconditioning effect. 

We did not investigate four or five cycles of SevoPC, longer administration, 
or higher concentrations. One of these protocols could theoretically have 
led to stronger cardioprotection. 

Global hemodynamics can influence myocardial oxygen consumption. Dur-
ing sevoflurane administration, we observed a decrease in mean aortic 
pressure and heart rate. However, this decrease was reversed immediately 
before index ischemia. During ischemia, we found a solely statistically sig-
nificant decrease in heart rate in animals in the SEVO-III group. However, 
that this decrease in heart rate should be responsible for the observed car-
dioprotection seems highly unlikely. Animals in the L-NAME-SEVO III group 
had an even lower heart rate but had infarct sizes in the same order as ani-
mals in the control group. 

Premenopausal women, compared with men of the same age, possess a re-
duced risk for cardiovascular disease.35 This tolerance to ischemia–
reperfusion is mediated by estrogen.36 The expression of iNOS and eNOS is 
stimulated by 17β-estradiol in rats in vivo.37 In some studies, premenopau-
sal female animals showed reduced ischemia–reperfusion injury.38,39 How-



 

ever, these results are inconsistent; no sex differences were found in in vivo 
rat models or in vitro mouse models. Wang et al.40 investigated sex-specific 
differences in isoflurane-induced late preconditioning. Female rabbits had a 
smaller infarct size compared with male rabbits.40 However, administration 
of isoflurane 24 h before ischemia and reperfusion reduced infarct size in 
male rabbits only. This male-specific cardioprotective effect was abolished 
by the nonspecific NOS blocker L-NAME, whereas specific pharmacological 
blockade of nNOS or iNOS had no influence on infarct size.40 It remains un-
clear whether employing a different (pulsed) protocol in female subjects 
could lead to anesthetic-induced late preconditioning. No data exist on sex-
specific differences in anesthetic induced early preconditioning. In isolated 
hearts taken from female mice, ischemia induced early preconditioning 
could not be induced. Again, hearts from female mice had decreased infarct 
sizes compared with hearts from male counterparts.41 Despite sex-specific 
differences, it is also possible that species specific differences for the in-
volvement of NOS in cardioprotection exist. In rats, nNOS plays a substan-
tial role in nitric-oxide mediated protection against ischemia–reperfusion–
induced ventricular fibrillation, whereas in rabbits and marmosets, it does 
not.42,43 However, in patients with unstable angina compared with patients 
without angina, increased concentrations of eNOS are reported.44 

Our results indicate for the first time that eNOS phosphorylation is a crucial 
step in mediating cardioprotection by sevoflurane. We did not confirm this 
result with an established eNOS blocker, but we could clearly show that 
aprotinin blocks eNOS phosphorylation and sevoflurane-induced infarct 
size reduction. 

In conclusion, we demonstrate that multiple cycles of SevoPC are superior 
to single-cycle protocol. Aprotinin abolishes this cardioprotection inde-
pendent of the protocol used. 
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Chapter 1: Main conclusions 
 

Jan Fräßdorf 



 

In this present thesis we investigated the influence of anaesthetics on myocar-
dial ischaemia reperfusion injury, namely protection by preconditioning includ-
ing the underlying mechanisms.  

Preconditioning was first described by Murry et al. in 1986 (1). In 1997 Kersten 
et al. (2) showed that volatile anaesthetics like isoflurane also induce early pre-
conditioning. Since then there is overwhelming evidence that several different 
anaesthetics induce cardioprotection via pre- or postconditioning. However, 
not every drug used to induce or maintain anaesthesia is capable to induce 
cardioprotection. Ketamine, especially the R(-)-enantiomer of Ketamine, blocks 
preconditioning, whereas nitrous oxide has no effect on preconditioning. The 
impact of anaesthesia on ischaemia-reperfusion injury is discussed in detail in 
the review in chapter 2 of this thesis. 

Part II of this thesis deals with the role of opioid receptors for preconditioning. 

In experimental studies, subtype selective opioid receptor agonists induce early 
and late preconditioning. In chapter 1 of part II we demonstrate that mor-
phine, a clinically widespread used unspecific opioid receptor agonist, induces 
late preconditioning in rat hearts in vivo. The treatment with morphine leads to 
an increase in phosphorylation of IκB and consecutive to an increase in activity 
of the nuclear transcription factor κB. This indicates that this important tran-
scriptionfactor is involved in morphine induced late preconditioning. These ex-
periments have also been performed with lipopolysaccharide of Escherichia coli 
(LPS) as a positive control. Interestingly, we observed that blocking of opioid 
receptors with the unspecific antagonist naloxone during the trigger phase 
abolished the LPS induced cardioprotection. Co-treatment with naloxone dur-
ing the mediator phase, thus application of the substance shortly before sus-
tained ischaemia was established, did not influence LPS induced cardioprotec-
tion. We therefore concluded that the endogenous opioid system is at least 
involved in LPS induced late preconditioning. 

Knowing the underlying mechanisms of preconditioning is of utmost im-
portance to understand which clinical circumstances are interfering with this 
phenomenon. After decades of research there is still no answer what is the 
end-effector of preconditioning. One of the latest candidates is the mitochon-
drial permeability transition pore (mPTP). In chapter 2 of part II we aimed to 



 

investigate if the mPTP is involved in morphine induced early preconditioning in 
rat harts in vitro. However, performing the experiments, we were not able to 
induce cardioprotection through morphine induced preconditioning in our 
Langendorff-model at L.E.I.C.A. (Laboratory of Experimental Intensive Care and 
Anaesthesiology) at the AMC in Amsterdam, whereas in our laboratory at the 
Heinrich-Heine-University in Düsseldorf we previously showed a cardioprotec-
tive effect. After intensive discussions we found that there was a small, but im-
portant, difference in the mixture of the Krebs-Henseleit buffer used in the two 
laboratories. The Amsterdam buffer contained glutamine, whereas the Düssel-
dorf buffer did not. Glutamine, added to the Krebs-Henseleit buffer completely 
blocked morphine induced preconditioning.  

For quite a long time, the ATP-sensitive potassium channel was thought to be 
THE endeffector of preconditioning. However, nowadays we know that this is 
only one of the channels involved in signal transduction of preconditioning. 
Another important channel that is involved in preconditioning initiated cardio-
protection is the mitochondrial calcium sensitive potassium (BKCa) channel. In 
chapter 3 of part II we investigated whether these channels are involved in 
morphine induced early preconditioning in rat hearts in vitro. Here, in the ab-
sence of glutamine, we could demonstrate that BKCa channels are involved in 
morphine induced early preconditioning.  

Taken together, the clinically widespread used opioid morphine is capable to 
induce early and late preconditioning in rat hearts. Opioid receptors are in-
volved not only through direct stimulation by morphine, but also (in case of LPS 
induced late preconditioning), endogenous ligands of these receptors are in-
volved in the trigger phase. Downstream in the signaling pathway, BKCa chan-
nels are involved in early preconditioning in vitro. However, experimental con-
ditions have to be taken into account while interpreting and transfering exper-
imental results, as is shown in chapter 2 of part II. 

In part III of this thesis some mechanisms of anaesthetic induced precondition-
ing are discussed.  

Radical oxygen specimens (ROS) are thought to be responsible for part of the 
damage induced by reperfusion of ischaemic myocardium. However, in chapter 



 

1 of part III, we could demonstrate that at least small amounts of ROS are piv-
otal in signaling of isoflurane induced early preconditioning in rabbits in vivo. 

In addition to direct myocardial damage, endothelial damage occurs during is-
chaemia reperfusion injury. Consequently, interactions between the endotheli-
um and constitutes of the blood may lead to attraction of leucocytes and re-
lease of pro-inflammatory cytokines. Tumor necrosis factor (TNF) α is one of 
these cytokines and is a known strong activator of cell adhesion molecules 
(CAM) as intracellular adhesion molecule 1, vascular adhesion molecule 1 and 
E-selectin. The expression of these CAM is regulated by NFκB. In chapter 2 of 
part III we tested the hypothesis that different anaesthetic agents as xenon, 
isoflurane, nitrous oxide and the analgesic morphine are able to abolish the 
TNF-α induced expression of these CAM in human umbilical vein endothelial 
cells in vitro. All four agents blocked the TNF-α induced expression of intracellu-
lar adhesion molecule 1. However, morphine had no influence on vascular ad-
hesion molecule 1 expression after TNF-α stimulation, whereas the anaesthetic 
agents (xenon, isoflurane and nitrous oxide) did attenuate expression. None of 
the investigated substances affected E-selectin expression. NFκB activation was 
abolished by all four agents. 

Xenon could be the ideal anaesthetic agent for cardiac compromised patient 
due to its negligible hemodynamic side effects. In chapter 3 of part III we show 
that xenon induces late preconditioning in the rat heart in vivo. The cardiopro-
tective effect was comparable with that induced by ischemic late precondition-
ing. As one step in the signaling cascade, cyclooxgenase-2 was identified. Alt-
hough functional blockade of this enzyme led to a complete blockade of xenon 
as well as ischaemia induced late preconditioning, only ischaemic late precon-
ditioning induced cyclooxygenase-2 on messenger RNA and protein level. These 
results indicate different patterns in the signaling of ischaemic and xenon in-
duced late preconditioning. 

As mentioned in chapter 2 of part III nitrous oxide is able to inhibit CAM. In 
chapter 4 of part III we investigated the impact of nitrous oxide on precondi-
tioning. Nitrous oxide itself was not able to induce preconditioning and is 
therefore the only inhalational anesthetic gas without the capability to induce 
this powerful cardioprotection. However, nitrous oxide did not interfere with 



 

isoflurane induced preconditioning and one of the crucial signaling steps like 
protein kinase C activation. 

With all the experimental evidence from other laboratories and our own results 
it was reasonable to translate the promising results from animal experiments 
into the clinical setting (part IV). In chapter 1 of this section the results of our 
clinical trial are described. In patients undergoing coronary artery bypass graft-
ing (CABG) procedures, we tested two different preconditioning protocols and 
demonstrated that the concept of myocardial anaesthetic preconditioning 
works in humans. Our results indicated that at least two stimuli are necessary 
to induce cardioprotec-tion by anaesthetic preconditioning. 

Part V of this thesis addresses the question why most of the clinical trials failed 
to show cardioprotection induced by preconditioning. 

Most research was done in young, healthy animals. Therefore, we broadened 
our research from healthy myocardium to experimental studies in animals with 
pathophysiologic changes suspected to interfere with the mechanisms of pre-
conditioning. 

As mentioned in part II chapter 3, BKCa channels are involved in the signal 
transduction of preconditioning. In chapter 1 of part V we demonstrated that 
age has a significant influence on mitochondrial respiration due to changes in 
BKCa activity. These changes are capable to block the preconditioning effects of 
cardioprotective agents. 

Diabetes mellitus is one of the risk factors for the development of coronary ar-
tery disease. It is known that diabetes mellitus abolishes preconditioning. The 
underlying mechanisms are not yet clear. In chapter 2 of part V we investigated 
how diabetes mellitus interacts with several kinases that are involved in signal-
ing preconditioning. Although diabetes mellitus abolished ischaemic precondi-
tioning, we could not detect an impairment of phosphorylation (= activation) of 
mitogen activated protein kinases or heat shock protein 27 after ischemic pre-
conditioning. Therefore we conclude that the blockade of ischaemic precondi-
tioning by diabetes mellitus is downstream of mitogen activated protein kinas-
es and heat shock protein 27 in rats in vivo. 



 

After reviewing the results of our clinical trial in part IV chapter 1 we asked our 
self why we observed a cardioprotection in our study population, while other 
groups did not. We indentified two major differences with the protocols of the 
other studies: the preconditioning protocol and the fact that our patients were 
not treated with aprotinin. Going back from bed to bench we conducted an ex-
perimental study to answer two questions: which influence has the precondi-
tioning protocol on cardioprotection and does aprotinin affect preconditioning 
by anaesthetics. In chapter 3 of part V the answers are given. Multiple cycles of 
anaesthetic preconditioning led to a stronger protection compared with one 
cycle of preconditioning. Aprotinin, formerly used in CABG procedures to pre-
vent blood loss, completely abolished anaesthetic induced preconditioning in 
rat hearts in vivo, independently of the chosen preconditioning protocol. In ad-
dition, we demonstrated that endothelial nitric oxide synthase is involved in 
anaesthetic induced preconditioning and its blockade by aprotinin. 
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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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In dit proefschrift onderzochten we de invloed van narcosemiddelen (anesthe-
tica) op de gevolgen van zuurstoftekort in het hart (myocardiale ischemie-
reperfusie schade). Voornaamst aandachtspunt is de invloed van anesthetica 
op de bescherming van het hart door preconditionering. Naast het beschrijven 
dat anesthetica bescherming kunnen bieden aan het hart (cardioprotectie) via 
inductie van preconditionering, hebben wij ook het onderliggende mechanisme 
onderzocht. 

Preconditionering werd voor het eerst beschreven door Murry et al. in 1986. In 
1997 werd door Kersten et al. beschreven dat isofluraan vroege preconditione-
ring kan induceren. Sindsdien is er overweldigend bewijs dat bijna alle anesthe-
tica cardioprotectie kunnen induceren via preconditionering of postconditione-
ring. Preconditionering kent twee fasen: de vroege en de late preconditione-
ring. Bij de vroege fase kan onmiddelijk na de stimulus een cardioprotectie 
aangetoond worden. Deze bescherming is voor een uur of 3 aantoonbaar. Na 
een protectievrij interval van ca. 24 uur is er opnieuw een protectie aantoon-
baar. Dit fenomeen wordt late preconditionering genoemd. Bij de late fase is er 
dus sprake van een beginfase (triggerfase) en een bemidelaar (mediator) fase. 

Echter, niet elk middel dat wordt gebruikt voor het inleiden of in stand houden 
van anesthesie is in staat om cardioprotectie te induceren. Ketamine, met na-
me de R-enantiomeer blokkeert de preconditionering, terwijl lachgas geen ef-
fect op de preconditionering heeft. De invloed van narcose op ischemie-
reperfusieschade is in detail besproken in het overzichtsartikel in deel I hoofd-
stuk 2 van dit proefschrift. 

Deel II van dit proefschrift behandelt de invloed van de opioïd-receptor op pre-
conditionering. Voor experimentele, selectieve opioïd-receptor-agonisten, is 
aangetoond dat zij de vroege en late preconditionering kunnen induceren. In 
hoofdstuk 1 van deel II hebben we aangetoond dat de klinisch wijdverbreid ge-
bruikte onspecifieke opioïd-receptor-agonist morfine late preconditionering bij 
rattenharten in vivo induceert. De behandeling met morfine leidt tot een toe-
name van de fosforylering van het inhiberende (remmende) proteine κB en 
aansluitend tot een toename van de activiteit van de nucleaire transcriptiefac-
tor kB. Dit duidt erop dat deze belangrijke transcriptiefactor in morfine-
geïnduceerde late preconditionering betrokken is. In deze studie hebben wij 
lipopolysaccharide van Escherichia coli (LPS) als positieve controle gebruikt. Het 



 

blokkeren van opioïd-receptoren met de onspecifieke antagonist naloxon tij-
dens de beginfase van de LPS-geïnduceerde cardioprotectie blokkeert deze vol-
ledig. Co-behandeling met naloxon tijdens de mediatoor fase, kort voor de 
aanhoudende ischemie, had geen invloed op LPS-geïnduceerde protectie. Zo 
kunnen we concluderen dat het endogene opioïde systeem op zijn minst be-
trokken is bij de LPS-geïnduceerde late preconditionering. 

Sinds het begin van het onderzoek naar preconditionering was men op zoek 
naar het onderliggende mechanisme. Dit is van het allergrootste belang om te 
begrijpen hoe preconditionering werkt, en waarschijnlijk nog belangrijker om te 
begrijpen welke klinische omstandigheden interfereren met dit fenomeen. Na 
decennia van onderzoek is er nog steeds geen antwoord op de vraag wat de 
eind-effector van preconditionering is. Eén van de laatste kandidaten is de mi-
tochondriale permeabiliteit transitie porie (mPTP). In hoofdstuk 2 van deel II 
hebben we specifiek onderzocht of dit mPTP betrokken is bij morfine geïndu-
ceerde vroege preconditionering bij rattenharten in vitro. Echter, bij het uitvoe-
ren van de experimenten waren wij niet in staat om cardioprotectie te bereiken 
door morfine-geinduceerde preconditionering in ons Langendorff-model bij het 
L.E.I.C.A. (Laboratorium voor Experimentele Anesthesiologie en Intensive Care) 
in het AMC in Amsterdam, terwijl we dit in ons laboratorium aan de Heinrich-
Heine-Universiteit in Düsseldorf wél konden. Na intensieve besprekingen von-
den we dat er een klein, maar belangrijk verschil bestond in het mengsel van de 
Krebs-Henseleit buffer dat in de twee laboratoria in gebruik was. De Amster-
damse buffer bevat glutamine, in tegenstelling tot de buffer in Düsseldorf. Wij 
zagen ons genoodzaakt het doel van het onderzoek aan te passen. Glutamine, 
toegevoegd aan de Krebs-Henseleit buffer blokkeert volledig morfine-
geinduceerde preconditionering. Dit resultaat laat zien, dat kleine details soms 
van groot belang kunnen zijn. 

Lange tijd is het ATP-gevoelige kaliumkanaal aangezien als de eind-effector van 
preconditionering. Echter, tegenwoordig weten we dat dit slechts één van de 
kanalen is die betrokken zijn bij de signaaltransductie van preconditionering. 
Een ander belangrijk kanaal dat betrokken is bij preconditionering is het mito-
chondriale calcium-gevoelige kalium-kanaal (BKCa). In hoofdstuk 3 van deel II 
hebben we onderzocht of deze kanalen zijn betrokken bij morfine-
geinduceerde vroege preconditionering bij rattenharten in vitro. Hier, in de af-



 

wezigheid van glutamine, konden we aantonen dat BKCa-kanalen betrokken 
zijn bij de morfine-geinduceerde vroege preconditionering. 

Concluderend, het klinisch vaak gebruikte opioïd morfine is in staat om de 
vroege en late preconditionering te induceren. Opiaatreceptoren zijn bij deze 
cardioprotectie niet alleen betrokken door middel van directe stimulatie door 
morfine, maar ook in geval van LPS-geïnduceerde late preconditionering. Endo-
gene liganden van deze receptoren zijn betrokken in de triggerfase. Morfine 
induceert de activering van de transcriptiefactor NFκB, dit zou het tijdsverloop 
van de late preconditionering kunnen verklaren. Stroomafwaarts in de signale-
ringsroute zijn BKCa-kanalen bij de vroege preconditionering in vitro betrokken. 
De experimentele condities dienen echter altijd mede te worden beoordeeld 
bij de interpretatie van onderzoeksresultaten.  

In deel III van dit proefschrift wordt een aantal mechanismen van door anes-
thetica geïnduceerde preconditionering besproken. Radicale zuurstof molecu-
len (ROS) worden ervan verdacht dat ze verantwoordelijk zijn voor een deel van 
de schade die veroorzaakt wordt door reperfusie van ischemisch hartweefsel. 
Echter, in hoofdstuk 1 van deel III, konden we aantonen dat ten minste kleine 
hoeveelheden ROS centraal betrokken zijn bij het signaleren van door 
isofluraan geïnduceerde vroege preconditionering. Naast directe schade aan 
het myocard kan ook endotheliale schade ontstaan tijdens ischemie en reper-
fusie. Gevolg van deze endotheelschade is dat interacties kunnen optreden tus-
sen het endotheel en het bloed die leiden tot aantrekking van leukocyten en 
het vrijkomen van pro-inflammatoire cytokines. Tumor necrose factor (TNF) α 
is één van deze cytokines en een bekende sterke activator van cel-adhesie-
moleculen (CAM), zoals intracellulaire adhesiemoleculen-1, vasculaire adhe-
siemoleculen-1 en E-selectine. De expressie van deze CAM wordt geregeld door 
NFκB. In hoofdstuk 2 van deel III hebben wij de hypothese getest dat verschil-
lende anesthetica zoals xenon, isofluraan, lachgas en de pijnstiller morfine in 
staat zijn om de TNF-α geïnduceerde expressie van deze CAM te voorkómen. 
Alle vier geteste middelen blokkeren de TNF-α geïnduceerde expressie van in-
tracellulaire adhesiemoleculen-1. Echter, morfine heeft geen invloed op de 
vasculaire adhesiemolecuul-1-expressie, terwijl de anesthetica (xenon, 
isofluraan en lachgas) deze wel remmen. Geen van de onderzochte middelen 



 

heeft een negatieve invloed gehad op E-selectine. NFκB activering werd ge-
remd door alle vier geteste geneesmiddelen. 

Zoals al eerder gezegd, het inert edelgas xenon heeft anesthetische eigen-
schappen. Xenon zou het ideale anestheticum voor de cardiaal gecompromit-
teerde patiënt kunnen zijn vanwege de te verwaarlozen hemodynamische bij-
werkingen. In hoofdstuk 3 van deel III hebben we kunnen aantonen dat xenon 
late preconditionering in ratten in vivo induceert. Het cardioprotectieve effect 
was vergelijkbaar met dat, veroorzaakt door ischemische late preconditione-
ring. Als een stap in de signaalcascade is cyclooxgenase-2 geïdentificeerd. Func-
tionele blokkade van dit enzym leidt tot een volledige blokkade van xenon en 
ischemie-geïnduceerde late conditionering. Echter, alleen ischemische late pre-
conditionering induceert cyclooxygenase-2 op messenger-RNA en eiwitniveau. 
Deze resultaten tonen aan dat er verschillende patronen in de signalering van 
ischemische en xenon- geïnduceerde late preconditionering zijn. 

Zoals vermeld in hoofdstuk 2 van deel III is lachgas in staat om CAM te rem-
men. In hoofdstuk 4/ deel III  onderzochten we het effect van lachgas op de 
preconditionering. Lachgas zelf was niet in staat om preconditionering te indu-
ceren. Het is dus het enige vluchtige anestheticum zonder de mogelijkheid om 
deze krachtige cardioprotectie te induceren. Aan de andere kant interfereert 
het niet met isofluraan-geïnduceerde preconditionering en één van de cruciale 
signaleringsstappen, de activering van proteïne kinase C. 

Met het experimentele bewijs van andere laboratoria en onze eigen onder-
zoeksresultaten hebben we geprobeerd om de veelbelovende resultaten van 
dierproeven te vertalen naar de klinische setting (deel IV). In hoofdstuk 1 van 
deze sectie worden de resultaten van onze klinische studie beschreven. Het 
meeste klinische preconditioneringsonderzoek is uitgevoerd bij patiënten die 
een coronaire bypassoperatie (CABG) ondergaan. We testten verschillende 
preconditioneringsprotocollen en konden aantonen dat het concept van anes-
thetica-geïnduceerde preconditionering bij patiënten, die een CABG procedure 
ondergaan, werkt. Uit onze resultaten blijkt dat twee stimuli nodig zijn om car-
dioprotectie te induceren door anesthetica-geïnduceerde preconditionering. 

Uit klinische studies bleek dat preconditionering niet zo eenvoudig te induceren 
is als in het dierexperimentele setting. In deel V van dit proefschrift hebben wij 



 

deze onbeantwoorde klinische vragen met nieuwe experimentele protocollen 
benaderd. 

Het meeste onderzoek werd gedaan in jonge, gezonde dieren. Zoals hierboven 
vermeld zijn BKCa-kanalen betrokken bij de signaaltransductie van preconditio-
nering. In hoofdstuk 1 van deel V hebben we aangetoond dat de leeftijd een 
invloed heeft op de mitochondriale respiratie en dat dit te wijten is aan veran-
deringen in de activiteit van BKCa. 

Diabetes mellitus is één van de risicofactoren voor de ontwikkeling van coro-
naire hartziekte. Het is bekend dat diabetes mellitus preconditionering onmo-
gelijk maakt. Het onderliggende mechanisme is niet duidelijk. In hoofdstuk 2, 
deel V hebben we de interactie onderzocht van diabetes mellitus met verschil-
lende kinases, waarvan bekend is dat die betrokken zijn bij de signaaltransduc-
tie van preconditionering. Hier konden we aantonen dat door diabetes mellitus 
de ischemische preconditionering geblokkeerd wordt. We konden echter niet 
ontdekken dat de door ons onderzochte mitogeen geactiveerde proteïne kina-
ses of heat shock protein 27 minder gefosforyleerd worden. Daarom conclude-
ren we dat ischemische preconditionering door diabetes mellitus in de signaal 
transductie keten achter de mitogeen geactiveerd proteïne kinases en heat 
shock protein 27 in ratten in vivo geblokkeerd wordt. 

Na bestudering van de resultaten van onze klinische studie in hoofdstuk 1/deel 
IV vroegen we ons af waardoor wij wel een cardioprotectie in onze studiepopu-
latie waargenomen hebben en andere onderzoeksgroepen niet. We hebben 
toen twee grote verschillen ten opzicht van andere onderzoeken geïdentifi-
ceerd: het preconditioneringsprotocol en het feit dat onze patiënten niet wer-
den behandeld met aprotinine. Wij hebben vervolgens een dierexperimentele 
studie opgezet om twee vragen te beantwoorden: 1) welke invloed heeft het 
preconditioneringsprotocol op de cardioprotectie en 2) heeft aprotinine een 
invloed op preconditionering. In hoofdstuk 3, deel V worden de antwoorden 
gegeven. Vergeleken met één cyclus leiden meerdere cycli preconditionering 
tot een sterkere bescherming . Aprotinine, dat gebruikt werd in CABG-
procedures om bloeden te voorkomen, heft de anesthetica-geïnduceerde pre-
conditionering volledig op, onafhankelijk van het gekozen protocol. Daarnaast 
hebben we aangetoond dat endotheliale stikstofoxidesynthetase betrokken is 



 

bij de anesthetica-geïnduceerde preconditionering en de blokkade hiervan 
door aprotinine. 
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In der hier vorliegenden Arbeit untersuchten wir den Einfluss von Anästhetika 
auf den myokardialen Ischämie-Reperfusionsschaden. Schwerpunkt ist der Ein-
fluss von Anästhetika auf den myokardialen Schutz durch Präkonditionierung. 
Neben der Beschreibung, dass Anästhetika eine Kardioprotektion über die In-
duktion von Präkonditionierung auslösen können, untersuchten wir Teile der 
zugrunde liegenden Mechanismen 

Präkonditionierung wurde erstmals von Murry et al. im Jahr 1986 beschrieben. 
Kersten et al. zeigten 1997, dass das volatile Anästhetikum Isofluran eine frühe 
Präkonditionierung induzieren kann. Seitdem konnte gezeigt werden, dass fast 
alle Anästhetika Kardioprotektion sowohl über den Mechanismus der Präkondi-
tionierung, als auch über die sogenannte Postkonditionierung induzieren. Nicht 
jedes Medikament welches zur Induktion oder Aufrechterhaltung einer Narko-
se gebraucht wird, ist in der Lage, Kardioprotektion zu induzieren. Ketamin, 
insbesondere das R (-)-Enantiomer, blockiert die ischämisch induzierte Präkon-
ditionierung. Lachgas dahingegen hat keine Auswirkung auf Präkonditionie-
rung. Die Wechselwirkungen zwischen Anästhetika und dem Ischämie-
Reperfusionsschaden werden im Detail in der Übersichtarbeit in Teil 1 Kapitel 2 
diskutiert. 

Teil II dieser Arbeit befasst sich mit dem Einfluss von Opioid-Rezeptoren auf die 
Präkonditionierung. Für experimentelle, selektive Opioid-Rezeptor-Agonisten, 
konnte gezeigt werden, dass sie frühe und späte Präkonditionierung induzie-
ren. In Kapitel 1/ Teil II haben wir gezeigt, dass das klinische weit verbreitet 
eingesetzte Opioid Morphin späte Präkonditionierung in Rattenherzen in vivo 
induziert. Im Gegensatz zu den experimentellen selektiven Substanzen stimu-
liert Morphin die Opioidrezeptoren unspezifisch. Die Behandlung mit Morphin 
führt zu einem Anstieg der Phosphorylierung von IκB, ein Enzym das in nicht-
phosphoryliertem Zustand den nucleären Transcriptionsfaktor κB inhibiert. 
Weiterhin haben wir in dieser Studie auch einen Anstieg der Aktivität des nuk-
leären Transkriptionsfaktors kappaB nachweisen können. Dies deutet darauf 
hin, dass dieser wichtige Transkriptionsfaktor bei der Morphin induzierten spä-
ten Präkonditionierung beteiligt ist. Als positive Kontrolle wurden in dieser Ver-
suchsreihe Experimente mit Lipopolysacchariden (LPS) von Escherichia coli Bak-
terien durchgeführt. Hierbei haben wir zeigen können, dass die Blockade der 
Opioid-Rezeptoren mit dem unspezifischen Antagonisten Naloxon während der 



 

Triggerphase die LPS induzierte Kardioprotektion aufhebt. Blockade der Opiat-
rezeptoren während der Mediator Phase, also kurz vor der langen Ischämie, 
hatte keinen Einfluss auf die LPS induzierte späte Präkonditionierung. So 
schlussfolgern wir, dass das endogene Opioid-System zumindest in der LPS in-
duzierten späten Präkonditionierung beteiligt ist. 

Mit Entdeckung der Kardioprotektion durch Präkonditionierung wurde intensiv 
nach dem zugrunde liegenden Mechanismus geforscht. Die Entschlüsselung des 
Mechanismus ist von größter Bedeutung. Zu verstehen, wie Präkonditionierung 
das Herz schützt und unter welchen klinischen Umstände diese blockiert wird, 
öffnet die Möglichkeit, diesen stärksten endogene Protektionsmechanismus 
auch klinisch einzusetzen. Nach Jahrzehnten intensiver Forschung gibt es noch 
keine Antwort darauf, welches der End-Effektor der Präkonditionierung ist. Ei-
ner der jüngsten Kandidaten ist die mitochondriale permeability transition pore 
(mPTP). In Teil II Kapitel 2 wollten wir untersuchen, ob die Öffnung des mPTP 
bei der Morphin induzierten frühen Präkonditionierung beteiligt ist. Während 
wir die Experimente durchführten, konnten wir allerdings keine Morphin indu-
zierte Präkonditionierung nachweisen. Die Versuche wurden an unserem Lan-
gendorff-Modell im L.E.I.C.A (Labor für Experimentelle Anästhesiologie und In-
tensivmedizin) im AMC in Amsterdam durchgeführt. Parallel dazu wurden Ver-
suche in unserem Labor an der Heinrich-Heine-Universität Düsseldorf durchge-
führt und hier konnten wir den protektiven Effekt der Morphin induzierten 
Präkonditionierung nachweisen. Nach intensiven Diskussionen stellten wir fest, 
dass es einen kleinen Unterschied bei der Zusammenstellung der Krebs-
Henseleit-Puffer gab, die in den beiden Laboratorien eingesetzt wurden. Der 
Amsterdamer Puffer enthält Glutamin, der Düsseldorfer Puffer hingegen nicht. 
Wir haben daher in weiteren Experimenten untersucht, ob Glutamin die Mor-
phin induzierte Präkonditionierung blockiert. Glutamin, in physiologischen Kon-
zentration dem Krebs-Henseleit-Puffer zugefügt, blockiert tatsächlich die Mor-
phin induzierte Präkonditionierung. Dies zeigt, dass experimentelle Forschung 
nicht so leicht von einem Labor in das andere zu übertragen ist und damit auch 
nicht so einfach experimentelle Daten in den klinischen Alltag implementiert 
werden können. 

Lange Zeit galten die ATP-sensitiven Kaliumkanäle als der Endeffektor der 
Präkonditionierung. Mittlerweile wissen wir, dass dies nur einer der Kanäle ist, 



 

welcher in der Signaltransduktion der Präkonditionierung beteiligt ist. Ein wei-
terer wichtiger Kanal ist der mitochondriale Calzium-sensitive Kaliumkanal 
(BKCa). In Teil II Kapitel 3 haben wir untersucht, ob dieser Kanal bei der frühen 
Morphin induzierten Präkonditionierung im Rattenherzen in vitro beteiligt ist. 
Hier, in der Abwesenheit von Glutamin, konnten wir zeigen, dass BKCa Kanäle 
in der Morphin induzierte frühen Präkonditionierung involviert sind. 

Zusammenfassend konnten wir zeigen, dass das klinisch weit verbreitet einge-
setzte Opioid Morphin in der Lage ist die frühe und die späte Präkonditionie-
rung im Rattenherzen zu induzieren. In der Signaltransduktion dieser Kardi-
oprotektion sind Opioid-Rezeptoren nicht nur nach direkter Stimulation durch 
Morphin, sondern auch, wie im Fall der späten LPS induzierten Präkonditionie-
rung gezeigt, endogene Liganden dieser Rezeptoren beteiligt. Morphin indu-
ziert die Aktivierung des Transkriptionsfaktors NFkB. Dies führt aller Voraus-
sicht nach zu einer de-novo Synsthese von Proteinen, was den zeitlichen Ver-
lauf der späten Präkonditionierung erklären könnte. Stromabwärts in der Sig-
naltransduktion ist die Aktivierung  von BKCa Kanäle in der frühen Präkonditio-
nierung in vitro beteiligt. Allerdings müssen auch immer die experimentellen 
Bedingungen berücksichtigt werden, bevor experimentelle Ergebnisse in einen 
größeren Kontext betrachtet werden. 

In Teil III dieser Arbeit werden einige Mechanismen der Narkose induzierten 
Präkonditionierung diskutiert. 

Von radikale Sauerstoff Spezies (ROS) wird angenommen, dass sie Verantwort-
lich für einen Teil der Schäden durch Reperfusion von ischämischem Myokard 
sind. In Kapitel 1 von Abschnitt III konnten wir nachweisen, dass zumindest ge-
ringe Mengen von ROS eine entscheidende Rolle in der Signaltransduktion der 
Isofluran induzierte Präkonditionierung spielen. 

Neben der direkten myokardialen Schädigung durch die Reperfusion scheinen 
auch endotheliale Schäden während Ischämie und Reperfusion eine große Rolle 
zu spielen. Folge dieses Endothelschadens ist, dass Wechselwirkungen zwi-
schen dem Endothel und Blutbestandteilen auftreten. Diese führen zur Anzie-
hung von Leukozyten und zur Freisetzung von pro-inflammatorischen Zytokinen 
im geschädigten Gebiet. Tumor-Nekrose-Faktor (TNF) α ist eines dieser Zytoki-
ne und ein bekannter starker Aktivator der Zelladhäsionsmoleküle (CAM), wie 



 

das intrazelluläre Adhäsionsmolekül 1, das vaskuläre Adhäsionsmolekül 1 und 
E-Selektin. Die Expression dieser CAM wird durch den NFkB reguliert. In Ab-
schnitt III Kapitel 2 testeten wir die Hypothese, dass unterschiedliche Anästhe-
tika wie Xenon, Isofluran, Lachgas und das Analgetikum Morphin in der Lage 
sind, die TNF-α induzierte Expression dieser CAM in HUVECs in vitro zu blockie-
ren. Alle vier Substanzen blockierten die TNF-α induzierte Expression von intra-
zellulärem Adhäsionsmolekül 1. Allerdings hat Morphin keinen Einfluss auf die 
vaskuläre Adhäsionsmolekül 1-Expression. Keine der untersuchten Substanzen 
hatte einen Einfluss auf E-Selektin. Die Aktivierung von NFκB wurde durch die 
Vorbehandlung mit Xenon, Isofluran, Lachgas oder Morphin unterdrückt.  

Wie oben erwähnt hat das inerte Edelgas Xenon anästhetische Eigenschaften. 
Xenon könnte das ideale Anästhetikum für Patienten mit einen hohen Risiko für 
kardiale Komplikationen sein, da es vernachlässigbare hämodynamische Ne-
benwirkungen hat. In Kapitel 3 Teil III konnten wir zeigen, dass Xenon die späte 
Präkonditionierung im Rattenherzen in vivo induziert. Die kardioprotektive 
Wirkung war vergleichbar mit derjenigen, die durch die späte ischämische 
Präkonditionierung induziert wurde. Als einen Schritt in der Signalkaskade 
konnten wir die Cyclooxgenase-2 identifizieren. Die funktionelle, pharmakolo-
gische Blockade dieses Enzyms führt zu einer kompletten Blockade der Xenon- 
und Ischämie-induzierten späten Präkonditionierung. Dahingegen konnten wir 
nur nach ischämischer später Präkonditionierung eine Hochregulierung der 
Cyclooxygenase-2 auf Messenger RNA- und Protein-Ebene nachweisen. Diese 
Ergebnisse zeigen, dass die Signaltransduktion von ischämischer und Xenon in-
duzierter später Präkonditionierung zum Teil unterschiedlich sind. 

Wie in Kapitel 2 von Abschnitt III erwähnt ist Lachgas in der Lage, CAM zu blo-
ckieren. In Kapitel 4 des gleichen Abschnittes untersuchten wir den Einfluss von 
Lachgas auf die Präkonditionierung. Lachgas induzierte keine Präkonditionie-
rung in Rattenherzen und ist somit das einzige inhalative Narkosegas ohne die 
Fähigkeit, diese stärkste endogene Kardioprotektion zu induzieren. Auf der an-
deren Seite wird die Isofluran induzierte Präkonditionierung und einer der ent-
scheidenden Schritte der Signaltransduktion, die Aktivierung der Proteinkinase 
C, nicht durch Lachgas gehemmt. 

Mit all den experimentellen Beweisen aus anderen Laboratorien und unseren 
eigenen Forschungsergebnissen haben wir versucht, die vielversprechenden 



 

Ergebnisse aus den Tierversuchen in die klinische Umgebung (Teil IV) zu über-
setzen. In Kapitel 1 dieses Abschnittes werden die Ergebnisse unserer klini-
schen Studie beschrieben. Die meisten klinischen Studien zur Präkonditionie-
rung wurden bei Patienten durchgeführt, die sich einer koronaren Bypassope-
ration (CABG) unterziehen mussten. Hierbei sind die Ergebnisse widersprüch-
lich (siehe auch Abschnitt I Kapitel 2). Wir testeten zwei verschiedene Präkondi-
tionierungsprotokolle und konnten zeigen, dass das Konzept der Anästhetika 
induzierten myokardialen Präkonditionierung bei Patienten, die sich einer 
CABG Operation unterziehen mussten, nachweisbar ist. Unsere Ergebnisse zei-
gen, dass zwei Stimuli notwendig sind um die Kardioprotektion zu induzieren. 

Ausgehend von den Beobachtungen in unserer klinischen Studie wird in Teil V 
dieser Arbeit die Diskussion erweitert vom gesunden Myokard zu experimentel-
len Studien an Tieren mit Pathophysiologien, welche die Mechanismen der 
Präkonditionierung stören können. 

Die meisten Untersuchungen wurden bei jungen, gesunden Tieren durchge-
führt. Wie oben erwähnt, sind BKCa Kanäle an der Signaltransduktion der 
Präkonditionierung beteiligt. In Abschnitt V Kapitel 1 haben wir gezeigt, dass 
das Alter einen Einfluss auf die mitochondriale Atmung aufgrund von Änderun-
gen in der Aktivität von BKCa Kanälen hat. 

Diabetes mellitus ist einer der Risikofaktoren für die Entwicklung der koronaren 
Herzkrankheit. Es ist bekannt, dass Diabetes mellitus Präkonditionierung auf-
hebt. Der zugrunde liegende Mechanismus ist unklar. In Abschnitt V Kapitel 2 
haben wir untersucht, ob ein Diabetes mellitus mit Kinasen die an der Signal-
transduktion der Präkonditionierung involviert sind, interagiert. Hier konnten 
wir bestätigen, dass Diabetes mellitus die ischämische Präkonditionierung auf-
hebt. Allerdings konnten wir nicht erkennen, dass es zu einer Beeinträchtigung 
der Phosphorylierung (= Aktivierung) der Mitogen aktivierten Protein Kinasen 
oder Hitzeschock-Protein 27 nach ischämischen Präkonditionierung in diabeti-
schen Ratten kommt. Daraus schließen wir, dass die Blockade der ischämischen 
Präkonditionierung durch Diabetes mellitus stromabwärts der Mitogen akti-
vierten Protein Kinasen und Hitzeschock-Protein 27 in Ratten in vivo stattfin-
det. 



 

Nach Durchsicht der Ergebnisse unserer klinischen Studie in Abschnitt IV Kapi-
tel 1, fragten wir uns selbst, warum wir eine Kardioprotektion in unserer Studie 
beobachteten konnten und andere Arbeitsgruppen hingegen nicht. Wir identi-
fizierten zwei wesentliche Unterschiede mit den Protokollen der anderen Stu-
dien: das Präkonditionierungsprotokoll und die Tatsache, dass unsere Patienten 
nicht mit Aprotinin behandelt wurden. Wir haben daher in einer tierexperimen-
tellen Studie versucht, zwei Fragen zu beantworten: Welchen Einfluss hat das 
Präkonditionierungsprotokoll auf die Kardioprotektion und welchen Einfluss 
hat Aprotinin auf die Ptäkonditionierung. In Abschnitt V Kapitel 3 sind die Ant-
worten gegeben. Präkonditionierung, ausgelöst durch mehrere Zyklen, führt zu 
einem stärkeren Schutz. Aprotinin, dass bei CABG Operationen verwendet 
wurde um Blutungen zu verhindern, blockierte vollständig die Anästhetika in-
duzierte Myokardprotektion, unabhängig vom gewählten Präkonditionierungs-
protokoll. Darüber hinaus haben wir gezeigt, dass die endotheliale Isoform der 
Stickstoffmonoxid Synthetase an der Anästhetika induzierten Präkonditionie-
rung beteiligt ist und diese durch Aprotinin blockiert wird. 
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treiben bist Du in Deiner Getriebenheit ein Vorbild für mich, wohl wissend, dass 
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Vanaf school in Duitsland hebben velen bijgedragen aan mijn ontwikkeling en 
een aantal daarvan wil ik graag noemen omdat zij op beslissende momenten 
een belangrijke invloed hebben gehad. In min of meer chronologische volgor-
de, en mij deels in het Duits uitend: 

 

Op de middelbare school: 

Herr Grüllich, lange nicht gesehen aber ich denke trotzdem noch daran. Sie ha-
ben nicht unerheblichen Einfluss auf meine Entscheidungen gehabt. Ohne Ihre 
Stimulation wäre ich sicherlich nicht auf die Idee gekommen um an der Volks-
hochschule in Düsseldorf abends ein Chemiepraktikum zu machen. Ohne dieses 
Praktikum wäre ich wohl auch nie auf die Idee gekommen um Chemie studie-
ren zu wollen. Es ist dann nicht so weit gekommen, aber ohne diese Idee wäre 
ich wohl auch nie in Neuss auf das Marie-Curie Gymnasium gegangen und hätte 
nicht die Personen kennen gelernt, die mich weiter auf diesen Weg gebracht 
haben. 

Op school in Neuss heb ik enkele goede vrienden leren kennen. 

Martin Mertens, mein Dank gilt auch Dir, da Du mich mit der Medizin, in Form 
des Rettungsdienstes, in Kontakt gebracht hast. 

Henrik Lesaar, mein guter Freund, und auch seine Eltern, Frau Lesaar und Herr 
Professor Lesaar, Euch und Ihnen bin ich auch sehr viel Dank schuldig um mich 
in der Oberstufe und auch danach regelmäßig zu motivieren und natürlich auch 
herzlichen Dank für die Mandarinen, Weintrauben und Bananen und alles. 

Stefan Kröger, Hado Hein, Sebastian Alphons, Uthelm Bechtel, Dirk Scheulen 
und alle andere: Was habe ich von Euch genossen. Wahre Freundschaft ist zum 
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koffie te drinken, toen ze me vroeg wat voor plannen ik had en of ik al gepro-
moveerd was. Wel, anesthesiologie vond ik prachtig en “promotie”? Bij de af-



 

deling Traumatologie had ik een ingang tot onderzoek maar ik ondervond daar 
onvoldoende begeleiding. Christel Lorenz wist echter wel iemand die mij zou 
kunnen begeleiden….. 
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Worte zu wenig wären um meinen Dank Ausdruck zu geben, belasse ich es ein-
fach bei DANKE! 
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gen samen werken. 
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Karsten, mein grosser Bruder, auch Dir gilt mein Dank. Äusserlich, so sagt man, 
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Tijdens mijn opleiding heb ik nog iemand leren kennen en ook leren lief heb-
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