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Introduction 

10 

Cardiovascular disease can lead to ischemic heart disease which is the major 
reason of premature death in Europe (> 4 million in 2000) and accounts for 43% of 
all deaths in men and for 55% in women. It is an important cause of disability and 
contributes substantially to the escalating costs of healthcare (€ 168 575 million in 
2003 in the EU).1 The occurrence of cardiovascular diseases relates strongly to 
lifestyles and to modifiable physiological and biochemical factors. Risk factor 
modifications have been shown to reduce morbidity and mortality of ischemic heart 
disease. 
In 1986 an innate mechanism of the heart was described making the heart more 
resistant against ischemia/reperfusion injury, a phenomenon known as ischemic 
preconditioning.2 Since that time much research has been done to determine the 
underlying mechanisms against ischemia reperfusion damage and the possibility 
that experimental results could be transferred to therapeutic clinical use. Until 
today, 23 years after its first description, much more is known about 
preconditioning and many enzymes have been described to be involved in this 
infarct reducing strategy, but still the exact signaling pathway leading to myocardial 
protection is unknown. 
However, cardiac preconditioning is a powerful tool to reduce tissue damage. 
Ischemic preconditioning is an adaptive response in which brief exposure to 
ischemia/reperfusion enhances the ability of the heart to withstand a subsequent 
ischemic injury. Moreover, brief cycles of ischemia/reperfusion applied after a 
longer period of ischemia also confer cardioprotection against the consequences of 
myocardial ischemia/reperfusion, a phenomenon called postconditioning. Beside 
ischemic stimuli, it is also possible to mimic cardioprotection with anesthetics.3 4 
This cardioprotective effect of pre- and postconditioning is mediated by intracellular 
targets, like i.e. protein kinase C (PKC) or mitogen activated protein kinases 
(MAPK)5, and literature suggests that the interaction of enzymes with the 
mitochondria plays an essential role in the mechanism of organ protection. 
Clinical studies demonstrated that pharmacological preconditioning induced by 
anesthetics is also relevant in humans.6 7 In patients subjected to coronary artery 
bypass surgery the one-year cardiovascular outcome was improved after 
sevoflurane induced preconditioning.8 Furthermore, in patients undergoing CABG 
surgery, a better ventricular function after coming off bypass and less myocardial 
damage measured by a markedly reduced troponin release in the first 24 h after 
the operation, was shown by comparing sevoflurane with total intravenous 
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anesthesia by propofol.9 The length of hospital and ICU stay were shown to be 
significantly lower after inhalational anesthesia.10 
Most experimental studies on cardioprotection have been undertaken in healthy 
animal models, in which ischemia/reperfusion is imposed in the absence of other 
pathological processes and risk factors for cardiovascular impairment. However, 
ischemic heart disease develops as a consequence of a number of etiological risk 
factors and always coexists with other indispositions. These include arterial 
hypertension, cardiac hypertrophy, insulin resistance, diabetes and increasing age. 
These conditions exert multiple biochemical effects on the heart that can potentially 
affect the development of ischemia/reperfusion injury per se and also may interfere 
with responses to cardioprotective interventions. It is of great clinical importance to 
develop therapeutic approaches to protect the ischemic heart, requiring preclinical 
studies that examine cardioprotection specifically in relation to complicating 
disease states and risk factors. 
 
 
Cardioprotection by preconditioning 

Preconditioning is the strongest endogenous protective mechanism of the heart 
against the consequences of myocardial ischemia. Murry and colleagues first 
described this phenomenon showing that short periods of ischemia protect the 
heart against infarction induced by a consecutive longer ischemic period.2 Ischemic 
preconditioning is a biphasic phenomenon, with an early phase (early 
preconditioning, EPC) of protection that develops within minutes from the initial 
ischemic insult and lasts 2 to 3 hours, and a late (or delayed) phase (late 
preconditioning, LPC) that becomes apparent 12 to 24 hours later and lasts 3 to 4 
days (Fig. 1).11 12 The early phase is mediated by rapid posttranslational 
modification of pre-existing proteins, whereas the late phase is a result of the 
synthesis of new cardioprotective proteins.13  
It has been shown that early preconditioning is very effective in limiting lethal 
ischemia-reperfusion injury (i.e. infarction) but does not protect against reversible 
postischemic contractile dysfunction (myocardial stunning). In contrast, late 
preconditioning offers protection against both infarction and myocardial stunning.13 
Pharmacological activation of different receptors mimics ischemic preconditioning 
(pharmacological preconditioning). 
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Fig. 1: Concept of preconditioning. Brief cycles of ischemia/reperfusion (ischemic preconditioning) or 
anesthetics (anesthetic preconditioning) applied before ischemia protect the heart against tissue 
damage. The effect of early preconditioning is observed if the time window between preconditioning 
stimulus and ischemia is not longer than 2 to 3 hours. If this time window between preconditioning 
stimulus and ischemia is extended to 24 to 72 hours the effect of late preconditioning becomes 
apparent. 

 
 
Cardioprotection by postconditioning 

Reperfusion is necessary for salvage of myocardium from infarction, but 
reperfusion itself is associated with many events that may extend infarct size.14 
Besides preconditioning, also interventions at the onset of reperfusion after a 
longer period of ischemia confer cardioprotection against reperfusion injury. This 
phenomenon is called postconditioning and was first described in 2003 (Fig. 2)15 
and can be induced by brief cycles of ischemia16 as well as by application of 
pharmacological substances, like anesthetics17-21 and noble gases.22 
 
 
 
 
 
Fig. 2: Concept of postconditioning. Brief cycles of ischemia/reperfusion (ischemic postconditioning, 
top) or anesthetics (anesthetic postconditioning, bottom) applied at the onset of reperfusion protect the 
heart against reperfusion injury.  

 
Postconditioning has been observed to reduce infarct size and apoptosis as the 
“end games” of myocardial therapeutics.14 The salvage of infarct size was similar to 
that achieved by ischemic preconditioning.14 Postconditioning is associated with a 
reduction in endothelial cell activation, tissue superoxide generation, and 
intracellular and mitochondrial calcium accumulation.23  
As preconditioning would be more applicable in elective clinical situations, 
postconditioning offers the possibility to reduce myocardial damage after a critical 
event (e.g. myocardial infarction) took place. 
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Anesthetic pre- and postconditioning and helium 

Anesthetics, especially volatile anesthetics3 4 24 and the noble gas xenon25-28 are 
known to mimic the strong cardioprotection exerted by ischemic preconditioning 
and to induce cardioprotection against reperfusion injury, a phenomenon that is 
known as anesthetic-induced preconditioning. As for early preconditioning, this 
holds also true for the late phase of preconditioning.29-31 However, not all 
inhalational gases induce myocardial preconditioning: nitrous oxide is the only 
anesthetic gas that does not precondition rat hearts in vivo.32 There are other non-
anesthetic gases which might well precondition the heart: the noble gas helium was 
able to precondition rabbit myocardium33, and this effect was mediated via 
modulation of mitochondrial permeability transition pore (mPTP) and via activation 
of phosphatidylinositol 3-kinase (PI3K) and extracellular signal-regulated kinase 
(Erk1 or 2).33 These pathways have been shown to be also involved in xenon-
induced preconditioning.25 28 Although xenon might be a suitable anesthetic 
especially for patients at high cardiac risk during the perioperative period (no 
hemodynamic side effects34, organprotective effects in the heart22 26, brain35, and 
endothelium36), high costs and difficulties of its application yet prohibited its clinical 
use on a routine basis. 
Helium might be a perfect alternative as an organprotective gas: as a non-
anesthetic gas it might be administered to patients who are subjected to organ 
ischemia (vascular surgery, organ transplantation, cardiac surgery) or who recently 
underwent regional ischemia (stroke, angina pectoris, myocardial infarction, organ 
transplantation) without the `side-effect` of being anesthetized.37 Like xenon, 
helium lacks hemodynamic side effects and improves hemodynamics in 
mechanically ventilated patients with chronic obstructive pulmonary disease.38 A 
recent review suggested a certain beneficial effect of heliox in patients with severe 
airway obstruction.39 40 Heliox is also used clinically in children with ventilation 
disorders.41-43 Helium is not expensive and is easy to administer via a normal face 
mask.41 
 
Signaling pathways of preconditioning 
The signaling transduction pathways of preconditioning are characterized by the 
existence of triggers, initiating the signal transduction cascade after the stimulus 
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(ischemia, pharmacological agent), and mediators, which finally mediate 
cardioprotection during the index ischemia. 
Preconditioning activates inhibitory G-proteins44 and protein kinase C (PKC).45 This 
activation of PKC affects other signaling pathways like Raf/mitogen-activated 
protein (Raf-MEK-MAP) kinases and the PI3K-Akt cascade.46 Moreover, the 
release of free radicals activates different kinases including PKC (mainly its ε-
isoform)47, tyrosine kinases48 and mitogen-activated protein kinases (MAP-
kinases)49, which act as triggers and/or mediators of the resulting 
cardioprotection.50 The synthesis of new proteins in late preconditioning include NO 
synthase, cyclooxygenase-2 (COX-2), superoxide dismutase (SOD), and activation 
of stress-response transcription factors like nuclear factor-kappa B (NF-κB).12 
Evidence suggest that the mitochondrion plays a crucial role in cardioprotection by 
preconditioning and that mitochondrial function is regulated by mitochondrial ATP-
sensitive potassium (mKATP) channels and/or calcium-sensitive potassium (mKCa) 
channels.51-54 Regulation of mitochondrial function is supposed to be a key step in 
the protective mechanism of preconditioning.55 It has been shown that 
administration of volatile anesthetics before ischemia reduce mitochondrial reactive 
oxygen species generation and mitochondrial Ca2+ overload during ischemia.56-58 
Recent studies suggest that the mPTP is a possible end-effector of 
cardioprotection against ischemia/reperfusion injury.59 60 The opening of mPTP is 
triggered e.g. by cellular stress conditions including high Ca2+, oxidative stress, and 
ATP depletion, conditions that occur during ischemia/reperfusion61, and that are 
prevented by preconditioning. Opening of mPTP has been shown to induce 
necrosis and apoptosis during ischemia/reperfusion. As mentioned above, 
mitochondrial potassium channels (mKATP and mKCa) regulate mitochondrial 
function. Blockade of these channels abolish the cardioprotective effect of 
preconditioning.51 54 62 63 
 
Signaling pathways of postconditioning 
There are recent studies suggesting that ischemic postconditioning protects the 
myocardium by activating the PI3K-Akt pathway at time of myocardial reperfusion.5 
Studies demonstrated the activation of p70 ribosomal S6 kinase (p70S6K) and 
endothelial nitric oxide synthase (eNOS) downstream of Akt in postconditioned 
hearts5 and the inhibition of mPTP opening at time of myocardial reperfusion is 
also a potential mechanism.5 There are recent studies suggesting that ischemic 
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postconditioning protects the myocardium by activating the mitogen activated 
protein kinase 1/2-extracellular regulated kinase 1/2 (MEK1/2-Erk1/2) pathway at 
time of myocardial reperfusion.5 Zatta et al.64 suggested the survival kinase PKC-ε 
as a potential mediator of postconditioning-induced protection in intact rat hearts. 
 
 
Common pathways in pre- and postconditioning 

Preconditioning and postconditioning may share some signaling pathways, the so 
called reperfusion injury salvage kinase (RISK) pathway (see Fig. 3).65 The 
enzymes belonging to this pathway are activated during reperfusion by a 
preconditioning and/or postconditioning stimulus. It has been shown that 
phosphorylation of PI3K/Akt as well as Erk1/2 during reperfusion protects the 
myocardium against reperfusion injury. Furthermore, inhibition of glycogen 
synthase kinase-3beta (GSK-3β) leads to inhibition of mPTP opening.66 The mPTP 
is a possible end-effector in the signalling cascade of cardioprotection against 
reperfusion injury.59 60 67 Interestingly, activation of mKCa channels and 
simultaneous opening of the mPTP was shown to abolish the cardioprotection by 
mKCa channel activation alone but vice versa blockade of mKCa channels and 
simultaneous blockade of the mPTP was still protective.51 This further underlines 
that the mPTP might be an end-effector in the mechanism of cardioprotection. 
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Fig. 3: simplified possible mechanisms in part of cardioprotection induced by pre- or postconditioning: 
PKA = protein kinase A, mKCa = mitochondrial calcium sensitive potassium channel, PI3K = 
phosphatidylinositol 3-kinase, Akt = protein kinase B, PKC = protein kinase C, mKATP = mitochondrial 
ATP sensitive potassium channel, MEK1/2 = mitogen activated protein kinases, Erk1/2 = extracellular 
regulated kinases, GSK3β = glycogen synthase kinase-3β, mPTP = mitochondrial permeability 
transition pore. 

 
 
Risk factors of cardiovascular disease 

Several clinical studies demonstrated that pharmacological preconditioning induced 
by anesthetics is also relevant in humans.6 7 However, an important question 
remains, whether anesthetic preconditioning may be elicited in diseased 
myocardium. Most experimental studies were performed in young and healthy 
subjects, and it has been demonstrated that diseased myocardium may be less 
susceptible to protection by ischemic preconditioning.68 69  
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Hyperglycemia and diabetes mellitus 
Hyperglycemia is associated with increased mortality after acute myocardial 
infarction in diabetic patients as well as in patients without diabetes mellitus,70 
however, the reasons for this increased risk are poorly understood. One possible 
explanation for the poor prognosis of diabetic patients after cardiovascular events 
is the loss of endogenous protective mechanisms (e.g. ischemic preconditioning), 
either by the resulting hyperglycemia or by diabetes itself. The protective effects of 
both, ischemic and pharmacological preconditioning are diminished or abolished in 
animals with hyperglycemia or in diabetic subjects.71 72 These results are consistent 
with clinical findings that prodromal angina (as a clinical correlate of ischemic 
preconditioning) before myocardial infarction does not limit infarct size in diabetic 
patients.14 73 Mitochondrial dysfunction might be one reason for this failure to 
precondition diabetic myocardium.74 
Preconditioning by volatile anesthetics was abolished by hyperglycemia.75 
Furthermore, type 1 diabetes blocked the infarct size reducing effect of late 
preconditioning, and hyperglycemia blocked ischemic preconditioning 
independently of plasma insulin concentrations and plasma osmolality.72 76 Blood 
glucose reduction by shortterm insulin treatment was not able to restore the 
cardioprotection in the diabetic animals.76 In contrast, transient severe and 
moderate glucose deprivations preconditioned the isolated rat heart.77 Recently, it 
has been demonstrated that desflurane induced preconditioning is also blocked by 
hyperglycemia.78 These data show that hyperglycemia has detrimental effects on 
endogenous cardioprotective mechanisms. 
 
Aging 
The aging of the population will result in an increase of the incidence and 
prevalence of chronic diseases such as cardiovascular diseases. The morbidity 
and mortality of myocardial infarction increases with age79-81; possibly due to an 
aging related loss of potency of cardioprotective strategies, e.g. preconditioning.82 
Sniecinski et al. demonstrated a reduced efficacy of sevoflurane preconditioning 
with advanced age in isolated rat myocardium.83 In a recent study it was shown 
that isoflurane-induced preconditioning and isoflurane-stimulated reactive oxygen 
species production are attenuated in the senescent myocardium.84 Mio et al. could 
show that in human atrial cardiomyocytes isoflurane preconditioning and 
mitochondrial function are affected with increasing age.85 A study by Lee et al. 
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demonstrated a loss of protection in elderly patients (older than 65 years) 
undergoing coronary angioplasty compared to patients younger than 55 years of 
age.86 Consequently, older patients that would benefit the most from a therapy 
initiating a cardioprotective intervention state might yield the lowest profit from 
preconditioning. The underlying reason for the loss of the protective potency of 
preconditioning in the aged heart is unknown. 
 
 
Aims of the thesis 

In this thesis we try to get a more detailed insight into the mechanisms involved in 
the organ protective strategies of pre- and postconditioning. Because potent 
cardioprotection is most relevant in patients with cardiovascular risk factors, the 
general aim of this thesis is to investigate and understand potential differences 
between the healthy and diseased myocardium. This knowledge will help in 
developing strategies of protecting the heart of subjects with concomitant 
cardiovascular diseases against ischemia/reperfusion injury with anesthetics and 
the noble gases. 
The chapters 2, 3 and 4 are studies investigating the three different types of 
myocardial protection, e.g. early preconditioning, late preconditioning and 
postconditioning in healthy myocardium. The study in chapter 2 was designed to 
investigate the impact of the mPTP in morphine-induced early preconditioning. 
Interestingly, we could not detect a cardioprotective effect of morphine and thus the 
study became an investigation on experimental conditions in the isolated rat heart. 
In chapter 3 we investigated a concentration- and time-dependent effect of helium 
late preconditioning in the rat heart in vivo. We could show that the effect of helium-
induced late preconditioning is mediated by cyclooxygenase-2. Chapter 4 deals 
with postconditioning. In this study we investigated whether low xenon 
concentration with mild hypothermia could also induce organ protection in the rat 
heart. We showed that the combination of both interventions induced a 
postconditioning effect, while treatment with xenon or hypothermia alone was not 
protective. The chapters 5 and 6 focus on investigations of anesthetic pre- and 
postconditioning in state of hyperglycemia. In chapter 5 we demonstrated that 
desflurane-induced preconditioning is abolished by hyperglycemia. In chapter 6 
sevoflurane postconditioning was also blocked by acute hyperglycemia. 
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Interestingly, cardioprotection by sevoflurane could be restored by inhibition of the 
mPTP with cyclosporine A. The chapters 7 and 8 investigate the effects of 
sevoflurane postconditioning and helium-induced preconditioning in the heart of 
diabetic animals. In both studies, cardioprotection was blocked by diabetes and the 
infarct size reducing effect could not be restored. We also investigated whether 
helium preconditioning could protect the aged myocardium. It has been described 
that the effect of preconditioning is age-dependent, possibly caused by a reduced 
sensitivity of mKCa channels. In chapter 9 we demonstrate that in young 
myocardium helium preconditioning confers cardioprotection via activation of mKCa 
channels and that the cardioprotective properties of helium are lost in the aged 
heart. 
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Abstract 

Background: Morphine induces cardioprotection against ischaemia–reperfusion 
injury. While aiming to investigate the underlying signal transduction cascade of 
morphine preconditioning in isolated Langendorff-perfused rat hearts, the expected 
cardioprotection was not detectable. Thus, we investigated the influence of 
different preconditioning protocols and substrate conditions on cardioprotection in 
this experimental model. 
Methods: 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 
ischaemia; 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 another 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)].  
Results: Ischaemic preconditioning reduced infarct size by 75%, and continued 
morphine by 46% compared to control group. With the glutamine containing 
perfusate, 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 washout 
reduced infarct size from 45% ± 8% (control) to 20% ± 5% (3PC5 (15).  
Conclusion: Cardioprotection by morphine-induced preconditioning is model 
dependent: in the isolated rat heart, morphine preconditioning is prevented by a 
glutamine containing perfusate. 
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Introduction 

Stimulation of opioid receptors both by endogenous and exogenous opioids 
increases the resistance of the myocardium against ischaemia and reperfusion 
injury.1-4  
The mechanisms by which opioids protect the myocardium share common 
pathways with ischaemic preconditioning. It is shown that opening of mitochondrial 
ATP-sensitive potassium (mKATP) channels, which are involved in regulation 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.1 5 In 2002, Hausenloy et al. 
demonstrated that prevention of mPTP opening is involved in ischaemic 
preconditioning.6 
In this context, we initially aimed to investigate, whether morphine also induces 
preconditioning by prevention of mPTP opening in the isolated rat heart. However, 
the expected protective effect of morphine was surprisingly not detectable 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 administered. 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, dependent on the half-
time of morphine, it can be assumed that morphine is still present during 
ischaemia. In addition, differences in experimental conditions related to the 
substrates present in the perfusate may also affect cardioprotective interventions. 
Recent work suggests e.g. that glutamine may have cardioprotective potential.7 
Thus, we investigated whether the cardioprotective effect of morphine-induced 
preconditioning in the isolated rat heart depends on the preconditioning protocol 
and experimental substrate conditions. 
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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. 
 
Chemicals and reagents 
Morphine-HCl was purchased from Centrafarm (Etten-Leur, The Netherlands). All 
other chemicals were purchased from Sigma-Aldrich (Zwijndrecht, The 
Netherlands). 
 
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 myocardium 
with Krebs–Henseleit solution was started before excision of the heart to reduce 
ischaemic periods. Then, hearts were mounted on a Langendorff system 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 NaHCO3, 0.5 
EDTA, 2.25 CaCl2, 11 glucose, 0.5 glutamine, 1 lactate, and 0.1 pyruvate at 37 °C. 
A fluid filled balloon was inserted into the left ventricle and end-diastolic pressure 
was set at 1–4 mm Hg. All hearts underwent a stabilization period of 20 min. Heart 
rate, myocardial function (isovolumetric left ventricular pressure), coronary flow, left 
ventricular end-diastolic pressure, and dP/dtmax were measured continuously. 
Arrhythmic intervals were not used for data analysis. The rate pressure product 
was calculated as heart rate * (maximal left ventricular pressure − left ventricular 
end-diastolic pressure). 
 
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 
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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 ischaemia. To investigate 
whether morphine induces preconditioning, 1 μM morphine-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 min washout 5 min prior to ischaemia (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 preconditioning, group 5 received 10 μM 
morphine for 15 min 15 min prior to ischaemia (PC15 (15) 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 reperfusion (continued morphine). 
Morphine was dissolved in NaCl (0.9%) and separately 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 infarcted area 
was determined by planimetry using SigmaScan Pro 5® computer software (SPSS 
Science Software, Chicago, IL) by two researchers in a blinded manner. 
Based on our results from experimental series 1, we conducted subsequently a 
second series of experiments where we investigated the impact of glutamine on 
morphine-induced preconditioning. For this, we conducted experiments under the 
same conditions as in series 1 except that we perfused the hearts with glutamine-
free Krebs–Henseleit solution. The experimental protocol (Fig. 1, panel B) 
corresponded to the first two groups of series 1, e.g. a control 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. 
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The experimental protocol (Fig. 1, panel C) corresponded to the control group and 
the PC15 (15) group of series 1. 
Infarct sizes were determined as described above. 
 
Figure 1: Experimental protocol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1: Panel A: Experimental series 1. The perfusate contains 11mM glucose and physiological 
concentrations of lactate (1mM), pyruvate (0.1mM) and glutamine (0.5 mM) as substrates. Panel B: 
Experimental series 2. The perfusate contains 11 mM glucose and physiological concentrations of 
lactate (1 mM) and pyruvate (0.1 mM) as substrates. Panel C: Experimental series 3. The perfusate 
contains 11 mM glucose and physiological concentrations of lactate (1 mM), pyruvate (0.1 mM) and 
glutamine (0.5 mM) as substrates. 
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Statistical analysis 
Data are presented as mean ± S.D. Group differences were analyzed (SPSS 
Science 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 value 
was less than 0.05. 
 
 
Results 

Experimental series 1 
No differences in body or heart weight were observed between the groups (Table 1 
panel A). 
 
Table 1: Weights and ischaemic contracture 
 
A) with glutamine - 35 min ischaemia 

 Body 
weight 

(g) 

Heart 
weight 
wet (g) 

Heart 
weight 

dry (mg) 

 Time of max. 
ischaemic 
contracture 

(min) 

Level of max. 
ischaemic 
contracture 

(mmHg) 

Control 325±17 1.5±0.2 176±18  17±1 81±14 

3PC5(15) 332±27 1.5±0.2 183±16  17±1 86±6 

3PC5(5) 340±37 1.6±0.2 177±7  17±2 92±2 

PC15(15) 338±22 1.5±0.1 185±12  17±0 94±8 

PC15(15)-10μM 322±18 1.5±0.2 185±7  17±2 77±13 

IPC 330±35 1.5±0.1 182±17  17±2 74±8 
continued 
Morphine 334±27 1.5±0.1 185±13  17±2 87±16 

 
 
B) without glutamine - 35 min ischaemia 

 Body 
weight 

(g) 

Heart 
weight 
wet (g) 

Heart 
weight 

dry (mg) 

 Time of max. 
ischaemic 
contracture 

(min) 

Level of max. 
ischaemic 
contracture 

(mmHg) 

Control 320±23 1.4±0.1 172±6  17±1 82±11 

3PC5(15) 316±13 1.5±0.2 180±13  17±2 68±8 a 
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C) with glutamine - 40 min ischaemia 
 Body 

weight 
(g) 

Heart 
weight 
wet (g) 

Heart 
weight 

dry (mg) 

 Time of max. 
ischaemic 
contracture 

(min) 

Level of max. 
ischaemic 
contracture 

(mmHg) 

Control 288±11 1.3±0.1 180±6  17±1 70±17 

3PC5(15) 289±14 1.2±0.1 173±9  18±2 72±10 
 
Tab. 1: Data are mean±SD. aP<0.05 vs. control.PC = preconditioning; IPC = ischaemic preconditioning.  

 
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 ischaemia reduced infarct size to 6% ± 3% (n = 7, P<0.05 vs. control). 
Continuous administration of morphine reduced infarct size to 14% ± 7% (n = 7, 
P<0.05 vs. control) (Fig. 2, panel A). 
 
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 cycles 
of ischaemic preconditioning, we observed a statistically lower rate pressure 
product and dP/dtmax. The latter remained reduced at 5 min of each reperfusion 
period of the preconditioning cycles. During reperfusion after the prolonged period 
of ischaemia, the left ventricular end-diastolic pressure was lower in the ischaemic 
preconditioning group compared with controls, and at the end of the experiment, 
rate pressure product, dP/dtmax, and phasic left ventricular pressure was higher in 
the ischaemic preconditioning group. There was no difference in heart rate 
compared with controls at baseline and during reperfusion (Table 2). 
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Figure 2: Infarct size measurement 
 

Fig. 2: 

Panel A shows infarct sizes as a 
percentage of the left ventricle in 
experimental series 1. 

Panel B shows infarct sizes as a 
percentage 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. 
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Figure 3: Haemodynamic measurement  
 

Fig. 3: 

Line plots showing the time 
course of rate pressure product 
(RPP), left ventricular end-
diastolic pressure (LVEDP), and 
dP/dtmax during experimental 
series 1. The perfusate contains 
11 mM glucose and physiological 
concentrations of lactate (1 mM), 
pyruvate (0.1mM) and glutamine 
(0.5mM) as substrates.  

Data are presented as mean±SD. 
*P<0.05 vs. control. 
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Figure 3: Haemodynamic measurement  
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Table 2: Haemodynamic variables (with glutamine - 35 min ischaemia) 
 

 Baseline Reperfusion (min) 

  5 15 30 60 

Heart rate (bpm)  

Con 30352  160132 25384 26845 25278 

3PC5(15) 30019  132141 155124 156146 246102 

3PC5(5) 29119  132118 156113 248116 218102 

PC15(15) 28539  10691 105115 188109 23394 

PC15(15)-10μM 29738  176124 210112 26544 25745 

IPC 31836  19189 24771 24351 27944 

continued Morphine 29220  117140 235111 27048 26645 

Phasic LVP (mmHg)  

Con 130.110.1  28.213.9 32.418.3 44.322.3 50.517.5 

3PC5(15) 131.08.5  12.811.7 13.315.7 22.022.3 31.317.8 

3PC5(5) 132.320.9  22.816.5 22.919.1 40.024.0 44.519.3 

PC15(15) 126.68.9  26.515.0 26.917.3 37.515.5 42.411.0 

PC15(15)-10μM 133.711.1  15.614.2 19.516.0 32.921.5 47.915.3 

IPC 125.59.3  35.515.2 48.420.3 77.017.8a 73.911.9a 

continued Morphine 127.69.1  15.110.7 22.012.4 44.021.5 53.213.7 

CF (ml min-1)  

Con 12.52.5  7.61.7 7.81.8 7.91.8 7.71.9 

3PC5(15) 14.30.8  8.41.1 8.91.5 9.11.9 8.92.0 

3PC5(5) 13.82.6  8.91.5 8.51.4 8.51.4 8.51.5 

PC15(15) 12.32.3  8.72.4 8.72.4 8.11.1 7.90.9 

PC15(15)-10μM 13.52.0  8.10.8 8.10.8 8.21.0 8.11.6 

IPC 12.71.3  10.61.3a 10.21.1 10.01.4 9.41.8 

continued Morphine 13.41.3  9.81.5 9.81.9 9.72.1 9.42.4 
 
Tab. 2: Data are mean±SD. aP<0.05 vs. Con. Phasic LVP = systolic left ventricular pressure − 
enddiastolic eft ventricular pressure; CF = coronary flow; Con = control; PC = preconditioning;  IPC = 
ischaemic preconditioning.  
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There was no significant difference between all groups regarding the time when left 
ventricular contracture reached the maximum, and the level of maximal left 
ventricular ischaemic contracture (Table 1, panel A). 
 
Experimental series 2 
No differences in body or heart weight were observed between the groups (Table 
1, panel B). 
 
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, P<0.05 vs. control). 
 
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). During reperfusion 
after the prolonged period of ischaemia, the left ventricular end-diastolic pressure 
was lower in the 3PC5 (15) group compared with controls. There was no difference 
in heart rate, phasic left ventricular pressure, and coronary flow compared with 
controls at baseline and during reperfusion (Table 3). 
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Figure 4: Haemodynamic measurement 
 

Fig. 4: 

Line plots showing the time 
course of rate pressure product 
(RPP), left ventricular end-
diastolic pressure (LVEDP), and 
dP/dtmax during experimental 
series 2. The perfusate contains 
11 mM glucose and physiological 
concentrations of lactate (1 mM) 
and pyruvate (0.1 mM) as 
substrates.  

Data are presented as mean±SD. 
*P<0.05 vs. control. 
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Table 3: Haemodynamic variables (without glutamine - 35 min ischaemia) 
 

 Baseline Reperfusion (min) 

  5 15 30 60 

Heart rate (bpm)  

Con 31527  144150  202151  198123 29133 

3PC5(15) 31625    84119   24951     30628 25959 

Phasic LVP (mmHg)  

Con 119.813.7  14.58.6 15.19.4 24.916.0 40.513.8 

3PC5(15) 119.210.6  17.216.4 28.418.5 42.325.2 50.313.0 

CF (ml min-1)  

Con 14.21.4  7.51.1 7.91.1 7.91.0 7.70.9 

3PC5(15) 14.61.5  8.51.8 8.91.6 9.01.5 8.91.7 
 
Tab. 3: Data are mean±SD. Phasic LVP = systolic left ventricular pressure − end-diastolic left 
ventricular pressure; CF = coronary flow; Con = control; PC = preconditioning. 

 
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 reduced in 3PC5 
(15) (68 ± 8 mm Hg vs. 82 ± 11 mm Hg, P<0.05). 
 
Experimental series 3 
No differences in body or heart weight were observed between the groups (Table 
1, panel C). 
 
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). 
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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 reduced in 3PC5 
(15) (68 ± 8 mm Hg vs. 82 ± 11 mm Hg, P<0.05). 
 
Experimental series 3 
No differences in body or heart weight were observed between the groups (Table 
1, panel C). 
 
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). 
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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 controls at 
baseline and during reperfusion (Table 4). 
 
Figure 5: Haemodynamic measurement 
 

Fig. 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 
concentrations of lactate (1 mM), 
pyruvate (0.1 mM) and glutamine 
(0.5 mM) as substrates.  

Data are presented as mean±SD. 
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Table 4: Haemodynamic variables (with glutamine - 40 min ischaemia) 
 

 Baseline Reperfusion (min) 

  5 15 30 60 

Heart rate (bpm)  

Con 32018   141111   25848  225124 26140 

3PC5(15) 31624    227 49   26832     253  82 26733 

Phasic LVP (mmHg)  

Con 120.310.3  23.816.6 26.716.0 24.318.9 27.118.8 

3PC5(15) 125.813.1  23.913.5 25.011.9 29.412.1 24.712.1 

CF (ml min-1)  

Con 12.41.5  7.31.4 7.22.0 6.82.4 6.02.5 

3PC5(15) 12.21.6  8.11.5 7.91.9 7.21.7 6.71.8 
 
Tab. 4: Data are mean±SD. Phasic LVP = systolic left ventricular pressure − end-diastolic left 
ventricular pressure; CF = coronary flow; Con = control; PC = preconditioning. 

 
There was no significant difference between both groups regarding the time when 
left ventricular contracture reached the maximum and the level of maximal left 
ventricular ischaemic contracture (Table 1, panel C). 
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ventricular pressure; CF = coronary flow; Con = control; PC = preconditioning. 

 
There was no significant difference between both groups regarding the time when 
left ventricular contracture reached the maximum and the level of maximal left 
ventricular ischaemic contracture (Table 1, panel C). 
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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 induce 
protection of the myocardium in the presence of physiological concentrations of 
glutamine, while both continued administration of morphine, and ischaemic 
preconditioning protect the myocardium, and that b) morphine administration 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 ischaemia–
reperfusion injury.4 8-10 Schultz et al. showed that the nonselective opioid receptor 
antagonist naloxone abrogated the cardioprotective effect of ischaemic 
preconditioning2, and, furthermore, that exogenous opioid receptor stimulation by 
morphine initiates cardioprotection.3 In a later study, Schultz et al. demonstrated 
that the cardioprotective effect of ischaemic preconditioning was mediated by δ1-
opiod receptor activation. Pharmacological blockade of neither μ-receptors nor k-
opioid receptors had an effect on ischaemic preconditiong.11 There is evidence that 
also morphine-induced preconditioning is mediated via activation of δ-opioid 
receptors.12 
Furthermore, it was shown that the regulation of mitochondrial function by 
activation of mitochondrial ATP-sensitive potassium (mKATP) channels plays a 
central role in morphine-induced cardioprotection.1 13 Ludwig et al.14 demonstrated 
that morphine enhanced isoflurane induced preconditioning via activation 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.15 The interaction of hexokinase with the 
mitochondria may inhibit apoptosis through inhibition of mPTP opening.16 
Prevention of mPTP opening due to alterations in mitochondrial function is involved 
in ischaemic preconditioning.6 Thus, we initially aimed at investigating the role of 
mPTP in morphine-induced preconditioning in the isolated 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 preconditioning protocol. Our results show that morphine does not 
initiate cardioprotection when administered in a preconditioning manner i.e. with a 
washout phase where the substance is no longer present during ischaemia and 
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reperfusion. In contrast, with the continuous administration of morphine, 
cardioprotection could be observed and infarct size was reduced. Many of the 
studies investigating the cardioprotective 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 discriminate between pharmacological actions that occur before ischaemia, i.e. 
preconditioning, 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 studies 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 
classical preconditioning protocol. Cohen et al.1 demonstrated in the isolated rabbit 
heart that 5 min of perfusion with 0.3 μM morphine initiates preconditioning. In their 
study, morphine administration was followed by 15 min of perfusion with morphine-
free perfusate to allow a washout of the drug before the global ischaemia.1 In 
contrast to their study, we did not detect 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 
concentration of 1 μM that was used in the present study has been shown to 
induce the strongest preconditioning effect in ventricular myocytes.17 Interestingly, 
ongoing experiments from a collaborating laboratory (Department of 
Anaesthesiology, University of Düsseldorf, Germany) investigating 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 effects obtained in animal models into the clinical setting 
has been disappointing (for review see Dirksen et al.18 and Yellon and 
Hausenloy19). One of the likely factors relates to that laboratory conditions often 
deviates largely from the normal physiological conditions. For example, the 
substrates and concentrations thereof used in isolated heart perfusion studies 
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often deviates from that found in vivo.20 Furthermore, discrepancies in the results of 
animal studies can partially be caused by the failure to use standardized models 
and research protocols.21 
A comparison of the exact models and research protocols of our study and the 
study from the collaborating laboratory showed a difference in the substrate 
composition of the perfusates. 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 
substrate conditions.20 22 23 As stated above, this metabolic profile was specifically 
chosen to minimize as much as possible problems associated with the translation 
from the laboratory condition 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 injury.7 24 25 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 experimental 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 glutamine. 
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.7 that the cardioprotective effect of glutamine is 
mediated via activation of the hexosamine biosynthesis pathway and increased 
protein O-linked N-acetylglucosamine (O-GlcNAc) levels. Recently, Jones et al.26 
demonstrated that “O-GlcNAc signaling represents 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. 
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Taken together, this study demonstrates that morphine can induce preconditioning, 
but that the protective effect strongly depends on experimental conditions, 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 artificial 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 conclusions from laboratory studies to the in 
vivo condition. 
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Abstract 

Background: A recent study showed that the noble gas helium induces early 
myocardial preconditioning. Cyclooxygenase-2 (COX-2) has been shown to be an 
important mediator in the signal transduction of late preconditioning. In the present 
study we investigated whether helium induces late preconditioning in a 
concentration- and/or time-dependent manner and whether COX-2 activity and/or 
mitochondrial function are involved. 
Methods: The study was performed in male Wistar rats and consisted of two parts. 
In part 1, late preconditioning was achieved by administration of 70%, 50%, 30% 
and 10% helium for 15 minutes 24 hours before I/R. Based on findings of part 1, in 
additional experiments 30% helium was administered subsequently on three and 
two days before I/R. Furthermore, additional rats were pretreated with the COX-2 
inhibitor NS-398 (5 mg kg-1) with and without 30% helium. Additional experiments 
were performed for mitochondrial analysis. 
Results: Helium concentrations of 70%, 50% and 30% but not 10% reduced infarct 
size (He-LPC 70: 37(13)%, He-LPC 50: 34(16)%, He-LPC 30: 40(9)%; each 
P<0.05 vs. Con: 55(8)%, He-LPC 10: 53(4)%; P>0.05 vs. Con). Repeated 
administration of helium did not further enhance cardioprotection. NS-398 
completely abolished cardioprotection by 30% helium (He-LPC 30+NS-398: 
57(9)%; P<0.05 vs. He-LPC 30) but had itself no effect on infarct size (NS-398: 
55(9)%; P>0.05 vs. Con). There were no differences in mitochondrial function after 
helium preconditioning. 
Conclusions: Helium induces late preconditioning. Cardioprotection is already 
maximal with administration of one cycle of 30% helium and is abolished by 
functional blockade of COX-2 activity. 
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Introduction 

Cardioprotection by preconditioning consists of two phases, an early phase (early 
PC), disappearing between 2 and 3 hours after the preconditioning stimulus, and a 
late phase (late PC), reappearing 24 hours after the initial stimulus and lasting for 
2-3 days.1 Both, early PC and late PC can be induced by various stimuli, e.g. brief 
ischaemia or pharmacological agents including volatile anaesthetics and the noble 
gas xenon.2 3 The understanding of the exact underlying mechanisms of both 
ischaemic and pharmacological late PC is incomplete, but it has been 
demonstrated that cyclooxygenase-2 (COX-2) plays a central role as mediator in 
either case.4 5 
A recent study by Pagel et al.6 showed that the noble gas helium (He) in a 
concentration of 70% is capable of inducing early PC. The authors demonstrated 
that prevention of mitochondrial permeability transition pore (mPTP) opening is 
critically involved in helium-induced early PC. A possible mechanism by which 
mPTP opening is prevented is regulation of mitochondrial respiration, e.g. mild 
mitochondrial uncoupling. Rajesh et al. could show that ischaemic late 
preconditioning is abolished by mPTP opening.7 This finding suggests an 
involvement of mitochondria in this phenomenon. We recently demonstrated that 
helium causes mild uncoupling of mitochondrial respiration immediately after 
helium administration.8 9  
Helium might be a perfect alternative as an organ protective gas: in contrast to 
volatile anaesthetics or the noble gas xenon, helium is a non-anaesthetic gas 
which might be administered to patients who are subjected to organ ischaemia 
(vascular surgery, organ transplantation, cardiac surgery) or who recently 
underwent regional ischaemia (stroke, angina pectoris, myocardial infarction, organ 
transplantation) without the `side-effect` being anaesthetized.10 Like xenon, which 
clinical use on a routine basis is limited by its high costs and difficulties in 
application, also helium lacks haemodynamic side effects. In mechanically 
ventilated patients with chronic obstructive pulmonary disease haemodynamics are 
even improved.11 Organ-protection with less than 70% helium would be interesting, 
allowing an increase of oxygen fraction i.e. for cardiac risk patients.  
We hypothesize that a) the noble gas helium induces late PC in the rat heart in 
vivo, and b) whether that COX-2 and/or mitochondrial uncoupling are involved in 
the mechanism of helium-induced late PC. Furthermore, we aim to identify a 
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strategy that confers the greatest extent of infarct size reduction by using different 
helium concentrations and preconditioning protocols. 
 
 
Material and 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 Amsterdam, Amsterdam, The 
Netherlands.  
 
Experimental protocol for infarct size determination 
Surgical preparation was performed as described previously.12 13 Male Wistar rats 
(328 (19)g) were anaesthetized by intraperitoneal S-ketamine injection (150 mg kg-

1) followed by continuous α-chloralose infusion (30 mg kg-1 body weight h-1). S-
ketamine does not interfere with cardioprotection in animals in vivo.14 After tracheal 
intubation, the lungs were ventilated with 30% oxygen and 70% nitrogen and a 
positive end-expiratory pressure of 2-3 cm H2O. The right jugular vein was 
cannulated for saline and drug infusion, and the left carotid artery was cannulated 
for measurement of aortic pressure. A lateral left sided thoracotomy followed by 
pericardiotomy was performed and a ligature (5-0 Prolene) was passed below a 
major branch of the left coronary artery. Aortic pressure and electrocardiographic 
signals were digitized using an analogue to digital converter (PowerLab/8SP, 
ADInstruments Pty Ltd, Castle Hill, Australia) and were continuously recorded on a 
personal computer using Chart for Windows v5.0 (ADInstruments). 
After 120 minutes of reperfusion, the heart was excised under deep anaesthesia 
and mounted on a modified Langendorff apparatus for infarct staining.9 After 
staining with 0.2% Evans blue, the heart was cut into transverse slices, which were 
than stained with 0.75% triphenyltetrazoliumchloride (TTC) solution. The area of 
risk and the infarcted area were determined by planimetry using SigmaScan Pro 5 
computer software (SPSS Science Software, Chicago, IL). 
In part one of the study, rats were divided into seven groups (Fig. 1A): 24 hours 
before I/R rats received for 15 minutes 30% oxygen and 70% nitrogen (Con); 70% 
helium and 30% oxygen (He-LPC 70); 50% helium, 30% oxygen and 20% nitrogen 
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(He-LPC 50); 30% helium, 30% oxygen and 40% nitrogen (He-LPC 30) and 10% 
helium, 30% oxygen and 60% nitrogen (He-LPC 10). To investigate the 
involvement of COX-2, two additional groups were performed with 30% helium and 
the COX-2 inhibitor NS-398 (5 mg kg-1 i.p.) (He-LPC 30+NS-398 and NS-398). On 
the day of the experiment rats received 30% oxygen plus 70% nitrogen during 
coronary artery ligation.  
In part two of the study rats were divided into three groups (Fig. 1B): rats received 
30% helium, 30% oxygen and 40% nitrogen for 15 minutes on three (He-LPC 
3x30), two (He-LPC 2x30) or one day(s) (He-LPC 1x30), interspersed by 24 hours 
respectively. On the day of the experiment rats received 30% oxygen plus 70% 
nitrogen during coronary artery ligation.   
For mitochondrial respiration and Western Blot analysis, additional experiments 
were performed to investigate time effects of helium. Hearts were excised 6, 10, or 
24 hours after helium (30% helium, 30% oxygen and 40% nitrogen) inhalation for 
15 minutes (He-LPC 6h, He-LPC 10h, He-LPC 24h, respectively, each n = 5). 
Hearts from control animals (Con) were excised immediately after inhalation of 
30% oxygen and 70% nitrogen for 15 minutes. Rats underwent a sham operation 
and recovered for 20 minutes before hearts were excised in order to follow the 
same surgical protocol as in the infarct size experiments. 
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Figure 1: Experimental protocol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Panel A: Histogram showing the experimental protocol from part 1. Con = Control, He = Helium, 
LPC = late preconditioning, NS-398 = selective COX-2 inhibitor (5 mg kg-1 i.p.) administered 30 min 
before preconditioning. Spontaneously breathing rats received helium or oxygen 24 hours before 
ischaemia/reperfusion.  
Panel B: Histogram showing the experimental protocol from part 2. All rats were treated on three 
subsequent days, either with 30% helium or with 30% oxygen, interspersed by 24 hours between each 
treatment before ischaemia/reperfusion. 

 
Mitochondrial isolation and mitochondrial respiration 
Heart mitochondria were isolated by differential centrifugation and mitochondrial 
respiration was measured as described previously.9  
 
Western blot analysis 
Cellular fractionation and subsequent Western blot analysis were performed as 
described previously.15  
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Statistical Analysis 
Sample size was calculated using GraphPad StatMate™ Version 1.01 (GraphPad 
Software, San Diego, CA, USA). For the first part of the study, investigating 
concentration-dependent effects of helium, with α error of α < 0.05 a group size of 
n = 8 is necessary to detect a difference in infarct size of 25% with a power of 80%. 
Based on the results from part one, the second part of the study investigating 
additive effects of 30% helium, a group size of n = 6 is necessary to detect a 
difference in infarct size of 20% with a power of 80%. For western blot assay a 
group size of n = 5 is necessary to detect a minimal difference in protein 
expression of 25% with a power of 80%, a standard deviation of 10, and an   
0.05. For analysis of mitochondrial respiration, a group size of n = 5 is necessary to 
detect a minimal difference in RCI of 12% with a power of 80%, a standard 
deviation of 6, and an   0.05. 
Data are expressed as mean (SD). Heart rate (HR, in bpm) and mean aortic 
pressure (AOPmean, in mmHg) were measured during baseline, coronary artery 
occlusion, and reperfusion period. Infarct sizes were analyzed by Student’s t-test 
followed by Bonferroni’s correction for multiple comparisons. Comparisons 
between groups or between time points in a group were performed (SPSS Science 
Software, version 12.0.1) using two-way analysis of variance (ANOVA). If an 
overall significance was found, comparisons between groups were performed for 
each time point using one-way analysis of variance followed by Tukey’s post hoc 
test. 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. Western blot data and data from mitochondrial respiration 
were analyzed by one-way ANOVA followed by Tukey’s post-hoc test. Changes 
within and among groups were considered statistically significant if P<0.05. 
 
 
Results 

A total of 98 male Wistar rats were subjected to this study. Five animals were 
excluded because of failure of the staining procedure. The remaining 93 rats 
successfully completed the experimental protocol and analysis. 
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Haemodynamic variables 
Haemodynamic variables are summarized in Tab. 1. No significant differences in 
heart rate and aortic pressure were observed among the experimental groups 
during baseline, ischaemia or reperfusion. At the end of the experiments of part 1, 
mean aortic pressure significantly decreased compared with baseline in all groups. 
In part 2, mean aortic pressure did also decrease compared with baseline in all 
groups at the end of the experiments with exception of the He-LPC 3x30 group 
(Tab. 2). 
 
Table 1: Haemodynamic variables 
 

 Baseline  Ischaemia Reperfusion 

   15 24 5 30 60 120 

Heart Rate (bpm) 

Con 421(21)  427(24) 383(72)  416(17) 394(18) 387(17) 372(28) 

He-LPC 70 414(32)  432(30) 392(75)  407(49) 415(28) 406(25) 367(36) 

He-LPC 50 419(31)  415(28) 354(67)  414(21) 402(28) 383(31) 369(37) 

He-LPC 30 411(31)  409(37) 382(91)  409(35) 424(33) 404(28) 377(35) 

He-LPC 10 412(25)  419(15) 420(12)  406(19) 397(27) 384(29)  359(26)* 

He-LPC 30+NS-398 401(29)  400(35) 396(32)  385(28) 381(26) 371(21) 358(19) 

NS-398 407(47)  409(40) 397(41)  401(38) 390(28) 379(29) 359(27) 

Mean aortic pressure (mmHg) 

Con 129(20)  115(25) 113(26) 118(29) 100(31)   90(33) 84(28)* 

He-LPC 70 121(19)  122(18) 122(18) 119(21) 110(23) 102(27) 92(17)* 

He-LPC 50 118(19)  117(24) 114(22) 118(20) 101(20)   91(30) 78(26)* 

He-LPC 30 138(11)  139(19) 135(25) 135(22) 117(15) 108(28) 88(19)* 

He-LPC 10 133(11)  135(11) 134(12) 134(10) 117(11)  103(12)* 89(16)* 

He-LPC 30+NS-398 120(27)  106(30) 106(23) 102(22)   88(19)    76(18)* 74(13)* 

NS-398 127(32)  117(34) 111(34) 107(32)   97(29)   85(26) 78(26)* 
 
Tab. 1: Data are mean(SD). Con = control group; He-LPC 70 = Helium late preconditioning with 70% 
Helium + 30% oxygen; He-LPC 50 = Helium late preconditioning with 50% Helium + 30% oxygen + 20% 
nitrogen; He-LPC 30 = Helium late preconditioning with 30% Helium + 30% oxygen + 40% nitrogen; He-
LPC 10 = Helium late preconditioning with 10% Helium + 30% oxygen + 60% nitrogen; NS-398 = 
selective COX-2 inhibitor (5 mg kg-1); *P<0.05 vs. baseline. 
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Table 2: Haemodynamic variables 
 

 Baseline  Ischaemia Reperfusion 

   15 24 5 30 60 120 

Heart Rate (bpm) 

He-LPC 1x30 396(41)   394(35) 396(36) 390(37) 388(32) 378(34) 363(44) 

He-LPC 2x30 407(37)  407(31) 406(42) 399(40) 388(41) 391(45) 370(44) 

He-LPC 3x30 413(27)  413(38) 410(40) 405(42) 402(38) 388(40) 357(29) 

Mean aortic pressure (mmHg) 

He-LPC 1x30 137(15)  129(17) 123(18) 117(19) 117(18)  102(23)*  95(23)* 

He-LPC 2x30 135(30)  123(20) 119(21) 112(18) 111(17) 110(27)  97(22)* 

He-LPC 3x30 131(23)  118(33) 117(31) 122(33) 103(36) 105(27) 90(28) 
 
Tab. 2: Data are mean(SD). Con = control group; He-LPC 30 = Helium late preconditioning with 30% 
Helium + 30% oxygen + 40% nitrogen; *P<0.05 vs. baseline. 

 
Infarct size measurement 
Helium at concentrations of 70%, 50% and 30%, but not 10% significantly reduced 
infarct size compared to control (Tab. 3). Based on these findings, part 2 of the 
study was performed with 30% helium. Repeated daily administration of helium 
more than one day did not further enhance cardioprotection (Tab. 3). The COX-2 
inhibitor NS-398 completely abolished the cardioprotective effects of 30% helium 
but NS-398 itself had no effect on infarct size (Tab. 3). 
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Table 3: Infarct size measurement 
 

Group n Infarct Size (% of AAR) Area at risk (%) 

Con 8                 55   (8) 19   (4)
He-LPC 70 12  37 (13)* 18 (10) 

He-LPC 50 7  34 (16)* 16   (8) 

He-LPC 30 7  40   (9)* 22 (11) 

He-LPC 10 8                  53   (4) 20   (5) 

He-LPC 30+NS-398 7   57   (9) # 18   (5) 

NS-398 7                  55   (9) 17   (4) 

He-LPC 3x30 5 39   (9) 22   (6) 

He-LPC 2x30 6 38 (10) 21 (11) 

He-LPC 1x30 6 37 (11) 23   (6) 
 
Tab. 3: Data are mean(SD). Con = control group; He-LPC = helium late preconditioning;  
NS-398 = COX-2 inhibitor 5 mg kg-1; *P<0.05 vs. Con; #P<0.05 vs. He-LPC 30.  

 
Mitochondrial function 
The respiratory control indices are shown in Tab. 4. There were no significant 
changes in the RCI at 6 h, 10 h or 24 h after 30% helium administration (P>0.05 vs. 
Con). 
 
Table 4: Mitochondrial respiration 
 

 Con He 6h He 10h He 24h 
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RCI = respiratory control index, a parameter for the coupling between mitochondrial respiration and 
oxidative phosphorylation. P/O ratio = ratio between phosphate incorporated into ATP and oxygen 
consumed; a parameter for the efficiency of oxidative phosphorylation. 
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Table 3: Infarct size measurement 
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Western blot analysis of COX-2 
Helium pretreatment did not affect COX-2 expression in the whole heart fraction 
(He-LPC 6h: 1.32 (0.37), He-LPC 10h: 1.11 (0.27), He-LPC 24h: 1.11 (0.23); 
P>0.05 vs Con: 1.25 (0.37)). We also determined COX-2 expression in the 
cytosolic and the membrane fraction, but no changes were detectable (data not 
shown). 
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Discussion 

The late phase of preconditioning starts 12-24 hours after the preconditioning 
stimulus and lasts up to 4 days.1 These properties would make late PC an 
interesting intervention, e.g. for patients with cardiac disease undergoing coronary 
angioplasty or cardiac bypass surgery. Late PC would gain more importance, if it 
could be induced by a substance which is easy to administer and without any 
haemodynamic or anaesthetic properties. 
Pagel et al. recently showed that the noble gas helium offers protection against 
myocardial infarction by early PC.6 In the present study we demonstrate for the first 
time that helium induces also late PC and reduces infarct size by nearly 40% 
compared to non-preconditioned myocardium. Interestingly, the extend of 
cardioprotection induced by 30% helium was comparable to the cardioprotection 
induced by 50% or 70% helium. In the present study we found a dose-effect 
relation, although it is not a dose-dependent relation in a classical pharmacological 
view. It seems to be an on-and-off phenomenon and it might be possible that 
doses lower than 30% but higher than 10% helium also induce late 
preconditioning. The possibility to offer cardioprotection with less than 70% helium 
would allow to apply helium as preconditioning stimulus while having a high FiO2, 
e.g. when used in cardiac risk patients. Furthermore, helium is relatively cheap and 
easy to administer via a face mask, making it a suitable agent for organ protection 
in many clinical situations. 
Baxter et al. showed that more than one preconditioning cycle on the same day 24 
hours before I/R did not enhance the infarct size limiting effect of ischaemic late 
PC.16 There is no study investigating the infarct size reducing effect of repeated 
preconditioning cycles administered on subsequent days. Our results demonstrate 
that repeated cycles of helium administration on subsequent days could not 
enhance cardioprotection within the time window of late PC. However, recently it 
was shown that three cycles of helium EPC were more effective than one cycle and 
equal to five cycles of preconditioning. Whether this is also the case for LPC was 
not tested in the current study.17 
Studies investigating late PC indicate that a crucial step in mediating 
cardioprotection involves COX-2.4 18 19 Our results show that NS-398, in a 
concentration known to be effective from the literature in different animal species3 

18 19, completely abolished cardioprotection by He-LPC which  demonstrates a 
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functional involvement of COX-2 activity. It might be possible that also a lower dose 
of NS-398 could abolish the infarct size reducing effect of late preconditioning.  
However, COX-2 protein expression was not changed after He-LPC. Upregulation 
of COX-2 was also shown to be involved in late PC, but literature is at variance to 
this point. It seems that there are differences in animal species: ischaemic late PC 
and also pharmacological induced late PC by a δ-opioid receptor agonist led to an 
upregulation of COX-2 protein after 24 hours in rabbits5 19 and mice18, whereas in 
rats, there was no upregulation of COX-2 after pharmacological late PC by a δ-
opioid receptor agonist, but an increase in prostacyclin (PGI2) expression and 
production.20 Furthermore, also the kind of stimulus seems to play a crucial role for 
an upregulation in COX-2 expression along with increased COX-2 activity: after 
ischaemic late PC, it has been shown that COX-2 is upregulated and that COX-2 
activity is increased. In contrast, for pharmacological late PC, involvement of COX-
2 is not always coupled to a COX-2 protein or RNA upregulation. Tanaka et al. 
showed no alteration in COX-2 expression 24 hours after exposure to the volatile 
anaesthetic isoflurane in rabbits, but blockade of cardioprotection by using the 
COX-2 inhibitor celecoxib.21 We demonstrated previously by inhibiting COX-2 with 
NS-398 that COX-2 is involved in xenon-induced late PC in rats while no 
differences in COX-2 m-RNA and protein expression were detectable.3  
Our results indicate that COX-2 activity is functionally involved in the 
cardioprotective mechanism of He-LPC. However, our conclusion on COX-2 
implementation in He-LPC must rely on indirect evidence from the pharmacological 
blockade of COX-2.  
Alongside its role in early preconditioning, there is evidence that prevention of 
mPTP opening is also involved in late preconditioning.7 Rajesh et al. showed that 
the protective effect of delayed ischaemic preconditioning was abolished by 
administration of the mPTP opener atractyloside or lonidamine.7 Opening of the 
mPTP can be regulated by alterations in mitochondrial bioenergetics, e.g. mild 
uncoupling of mitochondrial respiration.22 Recently, we demonstrated that 
mitochondrial coupling was reduced in mitochondria that were isolated directly after 
helium exposure.8 9 In the present study, we did not detect a reduction in the RCI 
6h, 10h, and 24h after helium administration indicating that alterations in 
mitochondrial respiration are not involved in helium-induced late PC but rather 
limited to the early time window of preconditioning.  
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In conclusion, the current study demonstrates that inhalation of one-time 30% 
helium 24 hours before I/R offers cardioprotection in the same range as reported 
by other studies investigating pharmacological induced late PC. The 
cardioprotective effect was not associated with an increased COX-2 expression or 
an uncoupling of mitochondrial respiration but involves changes in the activity of 
existing COX-2. 
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Abstract  

Background: Hypothermia protects against myocardial reperfusion injury. 
However, after cardiopulmonary resuscitation this potential benefit is mainly lost 
because of the delay of establishing hypothermia. Xenon provides immediate 
protection after myocardial ischemia. The combination of low dose xenon and mild 
hypothermia provided neuroprotection in neonatal rats. We investigated whether 
low xenon concentration with mild hypothermia also induces organ protection in the 
rat heart.  
Methods: Anesthetized rats (chloralose, ketamin, diazepam) were randomly 
allocated to eight groups and subjected to 25 min coronary artery occlusion, 
followed by 120 min reperfusion. At the onset of reperfusion, two control groups 
received no intervention and inhaled oxygen in air with an inspired oxygen fraction 
of either 0.8 [Con80] or 0.3 [Con30]. Further groups received either one hour of 
hypothermia of 34ºC [Hypo34] or 30 minutes of xenon 20% [Xe20]. Additional 
groups received xenon 20% and hypothermia 34ºC simultaneously [Xe20+Hypo34] 
or in succession [Xe20→Hypo34]. Two further groups received high concentration 
of xenon 70% and deep hypothermia of 32ºC simultaneously [Xe70+Hypo32], or in 
succession [Xe70→Hypo32]. Infarct sizes were assessed by triphenyltetrazolium 
chloride staining. 
Results: The combination of xenon 20% and hypothermia 34ºC significantly 
reduced infarct size [Xe20+Hypo34: 55(22)%, mean (SD)] compared to control 
[Con80: 76(12)%, p=0.03]. Cardioprotection could not be augmented by increasing 
xenon concentration to 70% and deepening hypothermia to 32ºC [Xe70+Hypo32: 
63(17)%, p=0.46 vs Xe20+Hypo34]. Xenon and hypothermia in succession 
produced no infarct size reduction.  
Conclusion: The combination of xenon 20% and hypothermia of 34ºC applied 
during early reperfusion reduces infarct size in the rat heart in vivo. 
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Introduction 

Myocardial infarct size is a strong, independent predictor of both heart failure, as 
well as early and late survival after acute myocardial infarction.1 2 Therefore, the 
development of novel strategies capable of maximizing the salvage of myocardium 
during reperfusion therapy could be of great epidemiologic and economic 
significance. Such strategies might also be of value following successful 
resuscitation from cardiac arrest. 
Post-ischemic application of xenon 70% (postconditioning stimulus) has been 
shown to reduce myocardial infarct size in rabbits.3 The combination of 
subanesthetic concentration (20%) xenon and mild hypothermia of 35ºC 
significantly reduced tissue damage when administered after ischemic-hypoxic 
brain injury in neonatal rats.4 This neuroprotective effect remained evident when 
hypothermia and xenon were administered consecutively.5 In both settings, neither 
intervention was efficacious when administered alone.  
Post-ischemic administration of xenon prior to hypothermia might be helpful in a 
clinical scenario of treating an acute ischemia-reperfusion event, i.e. reperfusion 
therapy following myocardial infarction or successful resuscitation from cardiac 
arrest. In such situations, achieving therapeutic levels of hypothermia is likely to be 
delayed relative to the onset of reperfusion. However, hypothermia is only 
cardioprotective when applied during the first minutes of reperfusion.6 Xenon can 
be administered rapidly in an attempt to bridge the delay of establishing 
hypothermia and still produce synergistic cardioprotection in conjunction with the 
ensuing hypothermia. 
The present study was designed to investigate the hypotheses that: 1) the 
combination of sub-anesthetic concentration of xenon 20% and mild hypothermia 
of 34ºC, applied at the onset of reperfusion, reduces myocardial infarct size; 2) the 
infarct sparing effect can be enhanced by increasing the xenon concentration and 
lowering the depth of hypothermia; 3) the two component interventions produce an 
infarct-sparing effect if applied asynchronously, i.e. xenon inhalation followed by 
hypothermia. 
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Materials and methods 

The study was performed in accordance with the regulations and guidelines of the 
Animal Ethics Committee of the University of Amsterdam, The Netherlands and 
was in line with European Union directives on the care and use of experimental 
animals. We obtained institutional review board approval from the Animal Ethics 
Committee of the University of Amsterdam to perform this study. Animals had free 
access to food and water at all times before the start of the experiments.  
Xenon was kindly provided by Linde AG (Linde Gas Therapeutics, Eindhoven, The 
Netherlands). All chemicals and reagents were purchased from Sigma 
(Taufkirchen, Germany). 
 
Surgical preparation 
Surgical preparation was performed as described previously.7 In brief, male Wistar 
rats (275-350 g) were anesthetized by intraperitoneal injection of S-ketamine (150 
mg kg-1) and diazepam (1.5 mg kg-1). S-ketamine does not interfere with 
preconditioning in animals in vivo.8 After tracheal intubation, the lungs were 
ventilated with oxygen-enriched air and a positive end-expiratory pressure of 2-3 
cm H2O. PCO2 and PO2 were kept within physiological limits by adjusting 
ventilation parameters. Body temperature was maintained at 37.3(0.3)°C by using 
a heating pad. The right jugular vein was cannulated for saline and drug infusion, 
and the left carotid artery was cannulated for measurement of aortic pressure. 
Anesthesia 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 a major branch of the left coronary artery. All animals 
were left untreated for 20 minutes before the start of the respective experimental 
protocol. Arterial pressure readings were digitalized using an analogue to digital 
converter (PowerLab/8SP, ADInstruments Pty Ltd, Castle Hill, Australia) at a 
sampling rate of 500 Hz and were continuously recorded on a personal computer 
using Chart for Windows v5.0 (ADInstruments).  
 
Study groups and experimental protocol 
The group allocation of rats was randomized (figure 1). All rats underwent 25 min 
of coronary artery occlusion followed by 2 hours of reperfusion. This period of 
myocardial ischemia has been shown previously to induce myocardial necrosis in 
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(Taufkirchen, Germany). 
 
Surgical preparation 
Surgical preparation was performed as described previously.7 In brief, male Wistar 
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mg kg-1) and diazepam (1.5 mg kg-1). S-ketamine does not interfere with 
preconditioning in animals in vivo.8 After tracheal intubation, the lungs were 
ventilated with oxygen-enriched air and a positive end-expiratory pressure of 2-3 
cm H2O. PCO2 and PO2 were kept within physiological limits by adjusting 
ventilation parameters. Body temperature was maintained at 37.3(0.3)°C by using 
a heating pad. The right jugular vein was cannulated for saline and drug infusion, 
and the left carotid artery was cannulated for measurement of aortic pressure. 
Anesthesia 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 a major branch of the left coronary artery. All animals 
were left untreated for 20 minutes before the start of the respective experimental 
protocol. Arterial pressure readings were digitalized using an analogue to digital 
converter (PowerLab/8SP, ADInstruments Pty Ltd, Castle Hill, Australia) at a 
sampling rate of 500 Hz and were continuously recorded on a personal computer 
using Chart for Windows v5.0 (ADInstruments).  
 
Study groups and experimental protocol 
The group allocation of rats was randomized (figure 1). All rats underwent 25 min 
of coronary artery occlusion followed by 2 hours of reperfusion. This period of 
myocardial ischemia has been shown previously to induce myocardial necrosis in 
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the used model.7 9 Interventions with xenon and hypothermia were administered at 
a lower intensity (xenon 20% and hypothermia of 34ºC) and a higher intensity 
(xenon 70% and hypothermia of 32ºC).  
 
Figure 1: Experimental protocol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Controls receiving 80% oxygen during reperfusion [Con80] (n=8): After 
surgical preparation, rats received no further treatment. 3 min prior to the onset of 
reperfusion, the FIO2 was increased to 0.8 and maintained at this level until the end 
of the experiment. 
Xenon and hypothermia group [Xe20+Hypo34] (n=9): These rats received 
xenon 20% along with hypothermia of 34°C. Administration of xenon 20% 
(equivalent to 0.12 minimal alveolar concentration in rats) and oxygen 80% was 
commenced 3 min prior to, and discontinued 30 min after the onset of reperfusion. 
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Following cessation of xenon inhalation, the FIO2 of 80% was maintained until the 
end of the experiment. Active cooling was commenced 5 min prior to, and 
hypothermia maintained for 1 hour after the onset of reperfusion.  
From previous studies it is known that sub-anesthetic concentrations of xenon or 
mild hypothermia alone did not induce organ protection.4 5 However, for control 
reasons we included two additional groups where these interventions were given 
separately [Hypothermia 34°C [Hypo34] (n=8), xenon 20% [Xe20] (n=8)]. These 
groups were not considered for statistical analysis. 
Asynchronous xenon and hypothermia group [Xe20→Hypo34] (n=7): These 
rats received xenon 20% as described above. Active cooling was commenced 5 
min prior to, and hypothermia maintained for 1 hour after cessation of xenon 
inhalation. 
Controls receiving 30% oxygen during reperfusion [Con30] (n=6): We used 
premixed gasmixtures as we were not able to mix an appropriate xenon content in 
our laboratory. To avoid differences caused by different oxygen concentrations, a 
second control group receiving 30% O2 was included when applying higher xenon 
concentrations. After surgical preparation, rats received no treatment. An FIO2 of 
30% was maintained throughout the experiment. 
Intensified stimuli of xenon and hypothermia [Xe70+Hypo32] (n=8): 
Administration of xenon 70% (equivalent to 0.43 minimal alveolar concentration in 
rats) was commenced 3 min prior to, and discontinued 30 min after the onset of 
reperfusion. In addition, active cooling to 32 °C was commenced 5 min prior to, and 
hypothermia maintained for 1 hour after the onset of reperfusion. An FIO2 of 30% 
was maintained throughout the experiment. 
Asynchronous xenon and hypothermia [Xe70→Hypo32] (n=8): These rats 
received xenon 70% as described above. Active cooling was commenced 5 min 
prior to, and hypothermia maintained for 1 hour after the cessation of xenon 
inhalation. 
 
Instruments of temperature regulation and measurement 
At induction of hypothermia, rats were placed on a bi-layer mat fashioned from 
polystyrene and sheet metal. This arrangement was shown in pilot experiments to 
facilitate rapid surface cooling using ice-water filled packs. Subsequent 
thermoregulation of the animals was achieved by using the packs in conjunction 
with heating lamps. At the end of the hypothermic interval rats were returned onto 
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the heating pads, and no further active thermoregulatory measures were 
undertaken. Thoracotomies were covered with gauze and aluminium foil. 
Temperature was measured via the oesophageal (GTH 1160, Digital 
Thermometer™, Greisinger Electronic, Germany) and rectal (ama-digit ad 15th 
digital thermometer, Germany) routes. Oesophageal temperature measurements, 
as opposed to those obtained rectally, were found to accurately reflect intrathoracic 
temperature at all times during pilot experiments. Oesophageal measurements 
were therefore considered to represent an acceptable approximation of myocardial 
temperature. 
 
Infarct size measurement 
Infarct size was determined using the triphenyltetrazoliumchloride staining as 
previously described.10 11 After 120 minutes of reperfusion, hearts were excised 
during deep anesthesia and mounted on a modified Langendorff apparatus for 
perfusion with normal saline via the aortic root at a perfusion pressure of 80 cm 
H2O in order to wash out intravascular blood. After 2 minutes of perfusion, the 
coronary artery was re-occluded and the remainder of the myocardium was 
perfused through the aortic root with 0.5% Evans blue in normal saline for 10 
minutes. Intravascular Evans blue was then washed out by perfusion for 10 
minutes with normal saline. This treatment identified the area at risk as unstained. 
Hearts were then frozen and cut into transverse slices of 1 mm thickness. The 
slices were incubated in 0.75% triphenyltetrazolium chloride solution for 10 minutes 
at 37°C, and fixed in 4% formalin solution for 16 hours at room temperature. The 
area of risk and the infarcted area were assessed by planimetry using SigmaScan 
Pro 5 computer software (SPSS Science Software, Chicago, IL).  
 
Statistical Analysis 
Data are expressed as mean (SD). Heart rate [HR, (beats min-1)], mean and 
systolic aortic blood pressure [AoPmean, AoPsyst, (mmHg)] and temperature (°C) 
were measured during baseline, coronary artery occlusion, and reperfusion period. 
Rate pressure product (RPP) was calculated as HR×AoPsyst. Comparisons of 
hemodynamics between groups or between time points within a group were 
performed using two-way analysis of variance (ANOVA, SPSS Science Software, 
version 12.0.1). If an overall significance was found, comparisons between groups 
were performed for each time point using one-way analysis of variance followed by 
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Tukey’s post hoc test. 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. Infarct sizes were analyzed by Student’s t-test 
followed by Bonferroni correction for multiple testing. Intervention groups 
[Xe20+Hypo34 and Xe20Hypo34] were compared to control [Con80]. Groups 
receiving stimuli of higher intensity [Xe70+Hypo32 and Xe70Hypo32] were 
compared to those receiving stimuli of lower intensity [Xe20+Hypo34 and 
Xe20Hypo34]. Changes within and between groups were considered statistically 
significant if P<0.05. 
 
 
Results 

There were no significant differences in body weight, size of the area at risk, or dry 
weight of the hearts between the groups (table 1). 
 
Table 1:  
 

Group Body weight (g) AAR (% of heart) Heart dry weight (mg) 

Con80 310 (19) 17.5 (6.7) 202 (11) 

Xe20+Hypo34 312 (13) 19.3 (9.8) 193 (12) 

Hypo34 310 (23) 19.9 (8.5) 199 (22) 

Xe20 317 (14) 21.3 (3.7) 202 (12) 

Xe20→Hypo34 313 (13) 17.4 (6.5) 195 (15) 

Con30 319 (11) 21.6 (7.3) 204 (21) 

Xe70+Hypo32 309 (13) 16.6 (7.4) 194 (18) 

Xe70→Hypo32 322 (18) 18.2 (4.9) 194 (19) 
 
Tab. 1: Data are mean(SD). Area at Risk (AAR) expressed as percentage of the heart. 
Con80 / Con30: Control 80% or 30% oxygen, Hypo34 = hypothermia 34°C, Xe20 = Xenon 20%, 
Xe20+Hypo34 / Xe70+Hypo32 = Xenon 20% and hypothermia of 34°C or Xenon 70% and hypothermia 
of 32°C simultaneously, Xe20→Hypo34 / Xe70→Hypo32 = Xenon 20% followed by hypothermia of 
34°C or Xenon 70% followed by hypothermia of 32°C. 
 
Infarct sizes 
The combination of xenon 20% and hypothermia 34ºC significantly reduced infarct 
size [Xe20+Hypo34: 55(22)%] compared to control [Con80: 76(12)%, P=0.03] 
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(figure 2). Cardioprotection could not be augmented by increasing xenon 
concentration to 70% and deepening hypothermia to 32ºC [Xe70+Hypo32: 
63(17)%, P=0.46 vs. Xe20+Hypo34]. Xenon and hypothermia in succession 
produced no infarct size reduction [Xe20→Hypo34: 65(13)% and Xe70→Hypo32: 
64(14)%, P=ns vs. respective controls].  
 
Figure 2: Infarct size measurement 
 

Fig. 2: 

Data are mean(SD). 

Con80 / Con30: Control 80% or 30% 
oxygen, Hypo34 = hypothermia 34°C, Xe20 
= Xenon 20%, Xe20+Hypo34 / 
Xe70+Hypo32 = Xenon 20% and 
hypothermia of 34°C or Xenon 70% and 
hypothermia of 32°C simultaneously, 
Xe20→Hypo34 / Xe70→Hypo32 = Xenon 
20% followed by hypothermia of 34°C or 
Xenon 70% followed by hypothermia of 
32°C. 
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Efficacy of temperature regulation 
The oesophageal temperatures in groups [Hypo34] and [Xe20+Hypo34] were 
34.8(0.3)°C at the onset of reperfusion, while the target temperature of 34°C was 
achieved 1.5(0.6) min later. The oesophageal temperature in group 
[Xe70+Hypo32] was 33.8(0.6)°C at the onset of reperfusion, while the target 
temperature of 32°C was achieved 2.3(0.6) min later. The temperature curves 
passed their respective nadir at 32.1°C and 29.9°C. Thereafter, temperature 
curves levelled out towards target temperature as shown in figure 3.  
 
Figure 3: Temperature measurement 
 

Fig. 3: 

Curves in the upper panel denote 
temperature changes over time 
for groups with target 
hypothermia of 34°C, Con80 and 
Xe20.  

Curves in the lower panel denote 
temperature changes over time 
for groups with target 
hypothermia of 32°C and Con30. 

Con80 / Con30: Control 80% or 
30% oxygen, Hypo34 = hypo-
thermia 34°C, Xe20 = Xenon 
20%, Xe20+Hypo34 / Xe70+ 
Hypo32 = Xenon 20% and hypo-
thermia of 34°C or Xenon 70% 
and hypothermia of 32°C 
simultaneously, Xe20→Hypo34 / 
Xe70→Hypo32 = Xenon 20% 
followed by hypothermia of 34°C 
or Xenon 70% followed by 
hypothermia of 32°C.  

Data are mean(SD). 
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Hemodynamic profile 
In the five groups subjected to hypothermia, the hemodynamic response to cooling 
was near-identical with respect to the depth of hypothermia (table 2). During 
exposure to 34°C of hypothermia, heart rates were reduced and the associated 
rate pressure product (RPP) at the same time points also decreased. By the end of 
the experiments, RPP recovered to values equal to the non-hypothermic groups. 
In the two groups exposed to 32°C of hypothermia [Xe70+Hypo32 and 
Xe70→Hypo32], heart rates decreased by 41.0(6.8)% and 39.7(7.9)%, while the 
RPP fell by 63.8(9.6)% and 64.0(8.3)%, respectively. Compared to control [Con30], 
RPP remained substantially lower in Xe70+Hypo32 and Xe70→Hypo32 groups 
until the end of the experiments. 
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Table 2: Hemodynamic variables 
 

Baseline  Ischemia Reperfusion 

   15 30 60 90 120 
Heart Rate (beats min-1) 

Con80 384 (35)  390 (37)   377 (27)  360 (24)  354 (21)    344 (28) 

Xe20+Hypo34 371 (30)  360 (25)   242 (40)*# 233 (22)*# 271 (27)*#    290 (29)*# 

Hypo34 387 (45)  379 (42)   258 (47)*# 237 (26)*# 285 (37)*#    302 (48)* 

Xe20 365 (45)  363 (33)   325 (28)# 307 (20)*# 299 (16)*#    294 (16)*# 

Xe20→Hypo34 363 (51)  363 (47)   243 (26)*# 235 (22)*# 217 (22)*#  267 (16)*# 

Con30 349 (40)  354 (30)   349 (24)  336 (21)  335 (35)    331 (30) 

Xe70+Hypo32 374 (30)  376 (31)   219 (22)*# 236 (31)*# 260 (33)*#  272 (20)*# 

Xe70→Hypo32 373 (38)  380 (37)   238 (31)*# 222 (27)*# 215 (29)*#  246 (31)*# 

RPP (mmHg min-1)×100 

Con80 566   (68)   481  (72)  466  (80)  423 (52)*  382 (71)*   314 (51)* 

Xe20+Hypo34 550   (68)   424  (78)*  261(103)*# 231 (71)*# 283 (86)*#   291 (76)* 

Hypo34 529   (91)   423  (99)  237  (80)*# 218 (75)*# 253 (46)*#   252 (49)* 

Xe20 535   (99)   462 (103)  358  (80)* 317 (51)*#  295 (35)*   274 (32)* 

Xe20→Hypo34 523 (142)   455 (150)  211  (43)*# 245 (74)*# 205 (63)*#   295 (54)* 

Con30 619   (93)   541  (81)  474  (77)*  444 (53)*  406 (77)*   373 (62)* 

Xe70+Hypo32 625 (114)   547  (95)  225  (50)*# 275 (83)*# 251 (50)*#   253 (40)*# 

Xe70→Hypo32 600   (91)   532  (71)  240  (68)*# 207 (34)*# 201 (36)*#   241 (49)*# 

MAP (mmHg) 

Con80 132 (12)  103 (18)   111 (22) 104 (26)* 84 (23)* 71 (18)* 

Xe20+Hypo34 127 (10)  101 (21)  89 (26)*   81 (22)* 86 (24)* 84 (23)* 

Hypo34 121 (15)  100 (31)  82 (28)*   80 (30)* 73 (23)* 68 (23)* 

Xe20 125 (17)  111 (20)  93 (17)*   88 (11)* 84 (10)* 79 (11)* 

Xe20→Hypo34 123 (21)  107 (24)   70   (9)*#   88 (22)* 82 (25)* 89 (23)* 

Con30 144   (8)  135 (18)  117 (18)* 114 (11)* 102 (13)* 94 (10)* 

Xe70+Hypo32 140 (19)  129 (20)  86 (18)*#   97 (24)*    78 (12)*# 75 (16)* 

Xe70→Hypo32 138 (14)  125 (10)  84 (17)*#    78 (12)*#    78 (12)*# 81 (15)* 
 
Tab. 2: Data are mean(SD). RPP = rate pressure product, MAP = mean arterial pressure. Con80 / 
Con30: Control 80% or 30% oxygen, Hypo34 = hypothermia 34°C, Xe20 = Xenon 20%, Xe20+Hypo34 / 
Xe70+Hypo32 = Xenon 20% and hypothermia of 34°C or Xenon 70% and hypothermia of 32°C 
simultaneously, Xe20→Hypo34 / Xe70→Hypo32 = Xenon 20% followed by hypothermia of 34°C or 
Xenon 70% followed by hypothermia of 32°C. *P<0.05 against baseline, #P<0.05 against control. 
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Discussion 

In the present study we demonstrated that the combination of 20% xenon and 
hypothermia of 34ºC constitutes an effective postconditioning stimulus when 
administered after the ischemic insult, protecting the myocardium against 
reperfusion injury. Intensifying the stimuli by increasing the concentration of xenon 
from 20% to 70% and the depth of hypothermia from 34ºC to 32ºC does not result 
in enhanced protection. Asynchronous administration of xenon and hypothermia 
was not protective in our model used. 
In the context of cardioprotection, beneficial effects of hypothermia are lost if 
cooling is delayed by as little as fifteen minutes beyond the onset of reperfusion. 6 

12 Following successful resuscitation from cardiac arrest, such a delay is almost 
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triggered cardioprotective intervention with a non protective stimulus, a stimulus 
which does not confer cardioprotection by its own, could be enhanced by a second 
stimulus.  
We speculated that the time period to achieve effective hypothermia can be 
bridged by inhalation of even low xenon concentrations. Therefore, we 
administered both interventions asynchronously in a compressed timescale. Martin 
et al. demonstrated significant organ protection resulting from asynchronous 
application of these both interventions, with hypothermia being administered 1 hour 
and xenon up to 8 hours after the insult.5 In contrast to these data5,  we were not 
able to demonstrate an infarct sparing effect in those groups receiving xenon as a 
bridging intervention prior to the onset of hypothermia. This observation supports 
the hypothesis that any intervention has to be applied during early reperfusion, if it 
is at all to be effective as a postconditioning stimulus. Although there is 
experimental evidence that lethal myocardial reperfusion injury progresses for 
many hours following the restoration of coronary blood flow15 22, the window of 
therapeutic opportunity seems to be much more restricted for the heart than it is for 
neural tissue. Our findings are consistent with the notion that, so far, no modality 
capable of cardiac postconditioning has been shown to be efficacious after 30 
minutes of reperfusion have elapsed.23 
Apoptosis is one promoter of lethal reperfusion injury and accounts for up to 50% 
of final myocardial infarct size.15 24 Neuroprotective effects of xenon were attributed 
to an anti-apoptotic action.4 5 In the current study we did not investigate apoptosis 
directly. However, triphenyltetrazolium chloride staining is an established standard 
for identifying total infarct size, resulting from both, apoptosis as well as necrosis.25 

In the present study we observed a substantial decline of heart rate and rate 
pressure product associated with hypothermia. This implies reduced cardiac 
workload and suggests a more favorable cellular energy balance in the 
hypothermic groups. It could be argued that more plentiful cellular energy reserves 
might contribute to the infarct size reduction observed in group Xe20+Hypo34. 
However, atrial pacing has been used in previous studies to equalize cardiac work 
between hypothermic animals and controls, demonstrating that the infarct sparing 
effect of hypothermia is still evident when the decline in heart rate was 
compensated for.26 27 Other investigators support the notion that infarct size does 
not correlate with RPP during early reperfusion.28 29 We therefore conclude that the 
cardioprotection observed in group Xe20+Hypo34 reflects a pharmacodynamic 
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effect of the combination of xenon and hypothermia, rather than being a side effect 
of reduced cardiac workload during reperfusion.  
Lack of enhanced cardioprotection by increasing the concentration of xenon from 
20 to 70%, and deepening hypothermia from 34 to 32ºC, cannot be conclusively 
explained by the data of the present study. One possible explanation might be the 
different rate of re-warming. Although returning the animals onto their warming 
pads at the end of the hypothermic interval was the only re-warming measure, 
group Xe20+Hypo34 re-warmed by 2.4ºC from a starting temperature of 33.5ºC, 
while group Xe70+Hypo32 re-warmed by 3.7ºC from a starting temperature of 
31.6ºC towards the end of the protocol. Higher rates of re-warming have the 
potential to accelerate functional and metabolic disturbances.30 31 As a result, any 
degree of cardioprotection associated with intensified stimuli might be abolished. 
As we did not include a group of deep hypothermia alone, this question cannot not 
be conclusively answered from the presented data. The restriction of the 
hypothermic period to one hour constitutes another limitation of the present study. 
Re-warming from the deeper level of hypothermia of 32ºC at a rate lower than the 
one employed by us, may have allowed infarct-sparing effects to become apparent. 
The solubility of xenon increases by 8% in response to cooling from 37 to 34ºC.30-32 
This raises the theoretical possibility that myocardial xenon uptake could be slowed 
down in the hypothermic groups, particularly so in the groups exposed to 32ºC 
hypothermia. Admittedly, published relationships between solubility  of xenon and 
temperature vary widely, because of the differences in methods employed.30 31 33 
However, because we cannot modulate this minor influence of temperature on 
solubility of xenon, which will also hold true for the clinical situation of hypothermia 
and xenon use, we have to accept this phenomenon. 
In summary, the data of the present study demonstrate efficacious cardiac 
postconditioning by the combination of low, sub-anesthetic concentrations of xenon 
and mild hypothermia in a rat model. This approach could prove to be of great 
value as a therapeutic strategy to hold lethal myocardial reperfusion in humans - 
either during reperfusion therapy following acute myocardial infarction, or after 
successful resuscitation from cardiac arrest. 
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Abstract  

Background: Preconditioning by volatile anaesthetics is blocked by 
hyperglycaemia. The regulation of mitogen activated protein kinases during this 
effect has yet not been investigated.  
Methods: For infarct size measurements, anaesthetized rats were subjected to 25 
min coronary artery occlusion followed by 120 min reperfusion. Control animals 
were not further treated. One group was preconditioned by two 5-min periods of 
desflurane inhalation (desflurane preconditioning, Des-preconditioning, 1MAC), 
each followed by 10-min washout. Four groups received glucose 50% in order to 
achieve blood glucose concentrations between 22.2 and 33.3 mM/l. Glucose 
infusion started 40 min before ischaemia (early hyperglycaemia, EH) and stopped 
with the onset of artery occlusion with (EH+Des-preconditioning) or without (EH) 
preconditioning. The other two groups received glucose during ischaemia (late 
hyperglycaemia, LH), again with (LH+Des-preconditioning) or without (LH) 
preconditioning. Additional hearts were excised for Western blot of mitogen 
activated protein kinases. 
Results: Infarct size was reduced from 51.7±9.0 % in controls to 28.8±11.8 % after 
Des-preconditioning (P<0.01 vs. Con). Hyperglycaemia alone did not affect infarct 
size (EH, 51.5±9.0 %, LH, 44.3±16.9%), but EH as well as LH blocked Des-
preconditioning (49.1±12.3 %, P<0.01, 48.1±17.6 %, P<0.05 vs. Des-
preconditioning). All three mitogen activated protein kinases showed a similar time 
course pattern of phosphorylation in the Des-preconditioning, EH and EH+Des-
preconditioning group.  
Conclusion: Despite the lack of cardioprotection, mitogen activated protein 
kinases are activated in hyperglycaemic myocardium. Therefore, it can be 
assumed that the hyperglycaemic induced blockade of Des-preconditioning is 
situated downstream or in parallel of these mitogen activated protein kinases or 
involves different signal transduction pathways. 
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Introduction 

Diabetic patients often have hyperglycaemic blood sugar levels, and 
hyperglycaemia is an independent risk factor for short and long-term 
cardiovascular mortality.1-3  
Brief episodes of ischaemia before a subsequent longer ischaemic period exert a 
strong myocardial protection in vivo which is called ischaemic preconditioning. 
Evidence from literature suggests that similar to ischaemic preconditioning also 
administration of volatile anaesthetics protects the heart in a preconditioning 
manner (for review see Weber and Schlack).4 
Concerning the signal transduction of preconditioning, there exist triggers, i.e., 
mechanisms at the beginning of the signal transduction cascade, and mediators, 
which finally mediate cardioprotection during the index ischaemia.5 In the last years 
several triggers and mediators of ischaemic- and anaesthetic-induced 
cardioprotection have been identified. For example, each subfamily of the mitogen-
activated protein kinases (MAPK), the 42/44-kDa extracellular signal-regulated 
kinases (ERK 1/2), the c-Jun N-terminal kinase (JNK 1, 2 and 3), and the p38 
MAPK, have been suggested to play a central role in the cardioprotection achieved 
by ischaemic preconditioning.5 6 
For anaesthetic-induced preconditioning we could show that p38 MAPK and the 
ERK 1/2 are involved in the cardioprotection by isoflurane and also xenon 
preconditioning7 8, whereby JNK was not influenced by xenon preconditioning of 
the rat heart in vivo.8  
Diabetes mellitus blocks protection by early9 and by late ischaemic 
preconditioning10 and there is also evidence for a clinically relevant blockade of 
ischaemic preconditioning in diabetic patients.11 12 Moreover, also anaesthetic 
induced preconditioning was shown to be blocked by hyperglycaemia and diabetes 
mellitus.13 14 However, an optimal protection against ischaemia reperfusion injury 
may be advantageous especially for patients with increased blood sugar levels. 
Therefore, detecting the underlying blockade mechanism of anaesthetic-induced 
preconditioning would be critically important before restoration of protection during 
hyperglycaemia can be achieved in clinical settings. However, so far the signal 
transduction step which is blocked by hyperglycaemia and its location in the 
signaling cascade of preconditioning remains unknown.  
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Therefore the present study aimed to investigate a) whether desflurane 
preconditioning is blocked by early (during trigger phase) and late (during mediator 
phase) induced hyperglycaemia and b) how MAPK phosphorylation is regulated 
during des-preconditioning in hyperglycaemic myocardium. 
 
 
Materials and methods 

The study was performed in accordance with the Guide for the Care and Use of 
Laboratory Animals as adopted and promulgated by the United States National 
Institutes of Health Moreover, the study was performed in accordance with the 
regulations of the German Animal Protection Law and was approved by the Animal 
Care Committee of the District of Düsseldorf, Germany. Male Wistar rats (200-250 
g) were anaesthetized by intraperitoneal S-ketamine injection (150 mg/kg). S-
ketamine does not interfere with preconditioning in animals in vivo15 and an effect 
of S-ketamine on the investigated enzymes was excluded by additional Western 
blot analyses comparing animals with S-ketamine and without (sacrificed by 
cervical dislocation) S-ketamine treatment.16  
 
Materials  
Desflurane was purchased from Baxter (Unterschleissheim, Germany). The 
monoclonal anti-α-tubulin mouse antibody was from Sigma (Taufkirchen, 
Germany). The enhanced chemiluminescence protein detection kit was purchased 
from Santa Cruz (Heidelberg, Germany). Phospho and total p38 MAPK rabbit 
polyclonal antibody, phospho ERK 1/2 and total ERK 1/2 rabbit polyclonal 
antibodies and antibodies detecting phospho JNK 1/2 and 3 as well as total JNK 
1/2 and 3 were from Cell Signaling (Frankfurt/M, Germany). Peroxidase-conjugated 
goat anti-rabbit and donkey anti-mouse antibodies were from Jackson Immunolab 
(Dianova, Hamburg, Germany). All other materials were either purchased from 
Sigma (Taufkirchen, Germany) or Merck-Eurolab (Munich, Germany). 
 
Experimental protocol for infarct size determination 
Rats were divided into six groups (Fig. 1A):  
All animals underwent 25 min of coronary artery occlusion and 2 h of reperfusion 
(ischaemia reperfusion).  
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phase) induced hyperglycaemia and b) how MAPK phosphorylation is regulated 
during des-preconditioning in hyperglycaemic myocardium. 
 
 
Materials and methods 

The study was performed in accordance with the Guide for the Care and Use of 
Laboratory Animals as adopted and promulgated by the United States National 
Institutes of Health Moreover, the study was performed in accordance with the 
regulations of the German Animal Protection Law and was approved by the Animal 
Care Committee of the District of Düsseldorf, Germany. Male Wistar rats (200-250 
g) were anaesthetized by intraperitoneal S-ketamine injection (150 mg/kg). S-
ketamine does not interfere with preconditioning in animals in vivo15 and an effect 
of S-ketamine on the investigated enzymes was excluded by additional Western 
blot analyses comparing animals with S-ketamine and without (sacrificed by 
cervical dislocation) S-ketamine treatment.16  
 
Materials  
Desflurane was purchased from Baxter (Unterschleissheim, Germany). The 
monoclonal anti-α-tubulin mouse antibody was from Sigma (Taufkirchen, 
Germany). The enhanced chemiluminescence protein detection kit was purchased 
from Santa Cruz (Heidelberg, Germany). Phospho and total p38 MAPK rabbit 
polyclonal antibody, phospho ERK 1/2 and total ERK 1/2 rabbit polyclonal 
antibodies and antibodies detecting phospho JNK 1/2 and 3 as well as total JNK 
1/2 and 3 were from Cell Signaling (Frankfurt/M, Germany). Peroxidase-conjugated 
goat anti-rabbit and donkey anti-mouse antibodies were from Jackson Immunolab 
(Dianova, Hamburg, Germany). All other materials were either purchased from 
Sigma (Taufkirchen, Germany) or Merck-Eurolab (Munich, Germany). 
 
Experimental protocol for infarct size determination 
Rats were divided into six groups (Fig. 1A):  
All animals underwent 25 min of coronary artery occlusion and 2 h of reperfusion 
(ischaemia reperfusion).  
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Control group (Con, n = 10): After surgical preparation rats received 25% oxygen 
plus 75% nitrogen before ischaemia reperfusion.  
DesPC (desflurane preconditioning) group (n = 11): rats received 1 minimal 
alveolar concentration (MAC) desflurane for two 5-min periods, interspersed with 
one 10-min wash-out and one final 10 min washout before ischaemia reperfusion.  
EH (early hyperglycaemia) group (n = 12): rats received an infusion of glucose 
50 % in order to achieve blood glucose concentrations between 22.2 and 33.3 
mM/l. Glucose infusion started 40 min before ischaemia and stopped with onset of 
coronary artery occlusion. 
EH+DesPC group (n = 9): rats received an infusion of glucose 50 % in order to 
achieve blood glucose concentrations between 22.2 and 33.3 mM/l. Glucose 
infusion started 40 min before ischaemia and stopped with onset of coronary artery 
occlusion. The rats were preconditioned according to the DesPC group (see 
above). 
LH (late hyperglycaemia) group (n = 9): rats received glucose 50 % administered 
during ischaemia starting immediately before coronary artery occlusion and lasting 
until the end of ischaemia. 
LH+DesPC group (n = 9): rats received glucose 50 % administered during 
ischaemia starting immediately before coronary artery occlusion and lasting until 
the end of ischaemia and were preconditioned according to the DesPC protocol 
(see above). 
 
Experimental protocol for Western blot time courses 
Rats were divided into 13 groups (Fig. 1B):  
Control group (n = 3): After surgical preparation, the hearts were excised. 
DesPC 15’ group (n = 3): rats received 1 MAC desflurane for one 5-min period 
before excision of the hearts (total treatment phase 10 min baseline + 5 min PC = 
15 min [15’] before the hearts were excised).  
DesPC 25’ (n = 3): rats received 1 MAC desflurane for one 5-min periods with one 
10-min washout before excision of the hearts (total treatment phase 10 min 
baseline + 5 min PC PC + 10 min washout = 25 min [25’] before the hearts were 
excised).  
DesPC 30’ (n = 3): rats received 1 MAC desflurane for two 5-min periods 
interspersed with 1x10 min washout before excision of the hearts (total treatment 
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phase 10 min baseline + 2x5 min PC PC + 1x10 min washout= 30 min [30’] before 
the hearts were excised).  
DesPC 40’ (n = 3): rats received 1 MAC desflurane for two 5-min periods, 
interspersed with one 10 min wash-out and one final 10 min washout before 
excision of the hearts (total treatment 10 min baseline + 2x5 min PC + 2x10 min 
washout= 40 min before the hearts were excised).  
The protocol was repeated in animals with early hyperglycaemia with and without 
desflurane preconditioning (see fig. 1B). For each time point 3 hearts were excised.  
 
Figure 1: Experimental protocol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Des = Desflurane, EH = early hyperglycaemia, EH+DesPC=early hyperglycaemia, desflurane 
preconditioned, LH = late hyperglycaemia, LH+DesPC = late hyperglycaemia desflurane preconditioned 
hearts. 
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Surgical preparation 
Animal preparation was performed as described previously.7 In brief: male Wistar 
rats (200-250 g) were anaesthetized by intraperitoneal S-ketamine injection (150 
mg/kg). 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 PCO2 within physiological 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 measurement of aortic pressure. Anaesthesia 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 a major branch of the left 
coronary artery. All animals were left untreated for 10 min before the start of the 
respective preconditioning protocol. Arterial blood gases were analyzed at baseline 
and kept within physiological ranges.  
 
Infarct size measurement/ triphenyltetrazoliumchloride staining 
Infarct size was determined as described previously.7 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 of 
each slide. 
 
Haemodynamics 
Aortic pressure and electrocardiographic signals were digitized using an analogue 
to digital converter (PowerLab/8SP, ADInstruments Pty Ltd, Castle Hill, Australia) 
at a sampling rate of 500 Hz and were continuously recorded on a personal 
computer using Chart for Windows v5.0 (ADInstruments Pty Ltd, Castle Hill, 
Australia).  
 
Sample preparation for Western blot 
For Western blot assay, tissue specimens were prepared for protein analysis of 
phosphorylated MAPK. The excised hearts were frozen in liquid nitrogen. The 
frozen tissue was pulverized and dissolved in lysis buffer containing: Tris base, 
ethylene glycol tetraacetic acid, sodium fluoride and sodium orthovanadate (as 
phosphatase inhibitors), a freshly added protease inhibitor mix (aprotinin, leupeptin 
and pepstatin) and dithioerytriol. The solution was vigorously homogenized on ice 
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(Homogenisator, IKA) and then centrifuged at 1000 g, 4°C, for 10 min. The 
supernatant, containing the cytosolic fraction, was centrifuged again at 16000 g, 
4°C, for 15 min to clean up this fraction for further Western blot assay.  
 
Western blot analysis 
For each protein two to three independent western blot assays were performed. 
After protein determination by the Lowry method17, equal amounts of protein were 
mixed with loading buffer (1:1) containing Tris-HCl, glycerol and bromphenol blue. 
Samples were vortexed and boiled at 95°C before being subjected to sodium 
dodecyl sulfate-poly acrylamide gel electrophoresis. Samples were loaded on a 10 
% sodium dodecyl sulfate-poly acrylamide gel. The proteins were separated by 
electrophoresis and transferred to a Polyvinylidene Fluoride membrane by tank 
blotting (100V, 1h). Unspecific binding of the antibody was blocked by incubation 
with 5% fat dry milk powder or bovine serum albumin solution in Tris buffered 
saline containing Tween for 2 h. Subsequently, the membrane was incubated over 
night at 4°C with the respective primary antibody at indicated concentrations. After 
washing in fresh, cold Tris buffered saline containing Tween, the blot was 
subjected to the appropriate horseradish peroxidase conjugated secondary 
antibody for 2 h at room temperature. Immunoreactive bands were visualized by 
chemiluminescence detected on X-ray film (Hyperfilm ECL, Amersham) using the 
enhanced chemiluminescence system Santa Cruz. The blots were quantified using 
a Kodak Image station® (Eastman Kodak Comp., Rochester, NY) and the results 
are presented as ratio of phosphorylated protein to α-tubulin. Equal loading of 
protein on the gel was additionally proven by Coomassie staining of the gels. 
 
Statistical Analysis 
Data are expressed as mean  S.D. For haemodynamic data group comparisons 
were analyzed by Student’s t-test (Graph Pad Prism version 4.00) followed by 
Bonferroni’s correction for multiple comparisons. For each protein two to three 
independent western blot assays of each organ were performed. Western blot data 
were analysed by One-way ANOVA followed by Dunnett’s multiple comparison 
test. *P<0.05 vs control group. $P<0.05 vs desflurane PC group. 
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Results 

Blood glucose levels  
Blood glucose concentrations during the experiments are shown in fig. 2A. The 
animals had under baseline conditions blood glucose concentrations of 6.7 ± 1.6 
mM/l. The infusion of glucose 50 % during trigger and mediator phase in the 
respective groups resulted in blood glucose concentrations of more than 22.2 mM/l. 
After stop of glucose infusion, values declined until the end of the experiment to 5.9 
± 3.1 mM/l.  
 
Haemodynamic data 
Fig. 2 B-C shows the time course of heart rate (Fig. 2B) and mean aortic pressure 
(Fig. 2C) during the experiments. No significant differences in heart rate and aortic 
pressure were observed between the experimental groups during baseline, 
ischaemia and reperfusion period. Desflurane transiently reduced mean aortic 
pressure during preconditioning cycles. The values recovered to baseline during 
the washout periods (Fig. 2C).  
 
Infarct size measurement 
Desflurane preconditioning significantly reduced infarct size compared to controls 
(28.8±11.8 % of the area at risk vs. 51.7±9.0 %, fig. 3). Neither early nor late 
hyperglycaemia did affect infarct size (EH, 51.5±9.0 %, LH, 44.3±16.9%, Fig. 3), 
but blocked the cardioprotection by Des-preconditioning (EH+DesPC 49.1±12.3 %, 
P<0.01 vs. DesPC, LH+DesPC 48.1±17.6 %, P<0.05 vs. DesPC, Fig. 3).  
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Figure 2: Blood glucose measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: A shows blood glucose levels in mM/l during the whole experiment. ischaem. = ischaemia, 
DesPC = Desflurane preconditioning, EH = early hyperglycaemic, EH+DesPC = early hyperglycaemic 
desflurane preconditioned, LH = late hyperglycaemic, LH+DesPC = late hyperglycaemic desflurane 
preconditioned hearts. B–C shows the time course of heart rate (Fig. 2B) and mean aortic pressure (Fig. 
2C) during the experiments. 

 
Figure 3: Infarct size measurement 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Histogram shows the infarct size (percent of area at risk) of controls (con), Desflurane 
preconditioned (DesPC), early hyperglycaemic (EH), early hyperglycaemic desflurane preconditioned 
(EH+DesPC), late hyperglycaemic (LH) and late hyperglycaemic desflurane preconditioned 
(LH+DesPC) hearts. Data show means±S.D. *P<0.05 vs control group. $P<0.05 vs DesPC group. 
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Phosphorylation of MAPK 
For western blot of phosphorylation of all MAPK, hearts were excised at five 
different time points. The hearts were either taken from Des-preconditioning 
animals, from EH+DesPC or from only EH animals. The results for all Western 
blots are presented as ratio of phosphorylated protein to α-tubulin as a standard. 
Control values (non preconditioned, non hyperglycaemic animals which were sham 
operated and hearts were directly taken out) were set as 100%. Western blot data 
are percentage of control. 
 
Phosphorylation of p38 MAPK 
As demonstrated in Fig. 4, the phosphorylation state of p38 MAPK was elevated 
after 40 min in EH hearts (dark grey bars) and 25 min in EH+DesPC hearts (light 
grey bars). In Des-preconditioning hearts we did not find this time dependent 
phosphorylation pattern (Fig. 4).  
 
Figure 4: p38MAPK phosphorylation 
 

Fig. 4: 

Phosphorylation of p38 MAPK 
time course. One representative 
Western blot experiment of 
control (Con) and either 
desflurane treated (DesPC 15′, 
25′, 30′, 40′) (each n=3) in non 
hyperglycaemic (white) and 
hyperglycaemic animals (light 
grey) or non desflurane treated 
hyperglycaemic animals (dark 
grey) is shown.  

Upper panel shows phosphor-
rylated form of p38 MAPK, middle 
panel shows total p38 MAPK. 

Lower panel shows the internal 
standard α-tubulin. Data show 
ratio of phosphorylated protein vs 
α-tubulin as percentage of 
control.  

Data are means±S.D. *P<0.05 vs 
control group. 
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Phosphorylation of JNK 1/2 and 3  
JNK 2/3 isoform phosphorylation was elevated after 40 min in EH hearts (Fig. 5, 
dark grey bars) and EH+DesPC hearts (Fig. 5, light grey bars). For the 
phosphorylation of JNK 1 isoform we found a similar time course pattern (Fig. 5, 
left histogram). However, the levels were not statistically significant different from 
control levels (Fig. 5). 
 
Figure 5: JNK1/2 phosphorylation 
 

Fig. 5:  

Phosphorylation of JNK1/2 time course. 
One representative Western blot 
experiment of control (Con) and either 
desflurane treated (DesPC 15′, 25′, 30′, 40′) 
(each n=3) in non hyperglycaemic (white) 
and hyperglycaemic animals (light grey) or 
hyperglycaemic animals without DesPC 
(dark grey) is shown.  

Upper panel shows phosphorylated form of 
JNK 1/2 and 3, middle panel shows total 
JNK 1/2 and 3. 

Lower panel shows the internal standardα-
tubulin. Left histogram= pJNK (phospho 
JNK1, 46 kDa), right histogram= pJNK2 and 
3 (phospho JNK 2 and 3, 54 kDa). Data 
show ratio of phosphorylated protein vs α-
tubulin as percentage of control.  

Data are means±S.D. *P<0.05 vs control 
group. 

       
 
 
 
 
 
 
Phosphorylation of ERK 1/2 
As demonstrated in Fig. 6 there is a decrease in phosphorylated ERK 2 in the 
cytosolic fraction of EH+DesPC animals (Fig. 6, right histogram, light grey bars) 
after 30 min and in Des-preconditioning animals (Fig. 6, right histogram, white 
bars) after 25 and 30 min. However, in EH hearts we could not detect this effect 
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(Fig. 6, right histogram, dark grey bars). For the phosphorylation of the second 
isoform ERK 1 we could only detect a tendency of the above described effect but 
the differences did not reach statistical significance (Fig.6, left histogram). 
 
Figure 6: Erk1/2 MAPK phosphorylation 
 

Fig. 6: 

Phosphorylation of ERK 
1/2 MAPK. One 
representative Western 
blot experiment of 
control (Con) and either 
desflurane treated 
(DesPC 15′, 25′, 30′, 
40′) (each n=3) in non 
hyperglycaemic (white) 
and hyperglycaemic 
animals (light grey) or 
hyperglycaemic 
animals without DesPC 
(dark grey) is shown. 

Upper panel shows 
phosphorylated form of 
ERK 1/2. 

Middle panel shows 
total ERK 1/2. 

Lower panel shows the 
internal standard α-
tubulin. 

Left histogram = pERK 
1, right histogram = 
ERK 2. Data show ratio 
of phosphorylated pro-
tein vs α-tubulin as 
percentage of control. 

Data are means±S.D. 
*P<0.05 vs control 
group. 
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Discussion 

While hypoglycemia mimics ischaemic preconditioning18 19, diabetes mellitus and 
hyperglycaemia have been shown to block cardioprotection induced by ischaemic 
preconditioning9 11 12 20 21 and anaesthetic induced preconditioning13 14 22 in animals 
and humans. 
There are only three studies investigating the influence of hyperglycaemia or 
diabetes mellitus on anaesthetic–induced preconditioning in animals.  
All these studies have been performed in dogs with the volatile anaesthetic 
isoflurane. Tanaka et al. showed that isoflurane-induced preconditioning is blocked 
by diabetes mellitus in dogs.14 Hyperglycaemia induced by glucose infusion 
blocked isoflurane-induced preconditioning in dogs, probably due to excessive 
quantities of reactive oxygen species generated during hyperglycaemia.13 22  
Although these findings suggest a blockade of anaesthetic preconditioning in 
hyperglycaemic and diabetic myocardium, the relevant step of the signal 
transduction at which this blockade is mediated remains unknown. 
The main findings of the present study are: (1) that anaesthetic-induced 
preconditioning by desflurane is blocked if hyperglycaemia is present before 
(trigger phase) or during (mediator phase) ischaemia and that (2) despite the lack 
of cardioprotection, mitogen activated protein kinases are activated in 
hyperglycaemic myocardium.  
For all kinds of preconditioning one has to distinguish between triggers, e.g. 
mechanisms at the beginning of the signal transduction cascade, and mediators, 
which finally mediate cardioprotection during the long infarct-inducing (index) 
ischaemia.5 
We administered glucose either during the trigger (early hyperglycaemia) or the 
mediator (late hyperglycaemia) phase and in both settings infarct size reduction by 
desflurane preconditioning was blocked. When glucose was administered during 
the trigger phase we detected also during the mediator phase increased blood 
sugar levels. Therefore, we assume that the mediator phase of desflurane 
preconditioning is blocked by hyperglycaemia. However, if the blockade already 
occurs during the trigger phase can not be excluded from our results.  
Kehl et al. administered glucose during the trigger phase followed by a 30 minute 
intervention free period before index ischaemia.13 22 However, they did not measure 
blood glucose levels before index ischaemia, therefore, allowing no conclusions 
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whether isoflurane preconditioning is only blocked by hyperglycaemia during the 
trigger phase or also during the mediator phase.  
Opening of mitochondrial KATP channel has been shown to play a key role in the 
signal transduction of anaesthetic preconditioning.23 Hyperglycaemia and diabetes 
mellitus alter KATP channels in ventricular myocytes from diabetic rats.24 Kersten et 
al. showed that preconditioning evoked by the KATP channel opener diazoxide is 
blocked by hyperglycaemia and diabetes.25 
Therefore, at least for ischaemic preconditioning, it was assumed that the blockade 
of mitochondrial KATP channels is the underlying mechanism of the lack of 
protection in diabetic or hyperglycaemic animals.  
These results do not exclude a blockade of the signal transduction cascade 
downstream of KATP channels especially since the blockade of ischaemic 
preconditioning by diabetes has also been shown under normoglycaemic 
conditions26, while being dependent on the duration of the diabetic state.27  
The opening of mitochondrial KATP channels results in release of free radicals28 
which in turn activate several kinases, including the mitogen activated protein 
kinases, p38 MAPK, JNK 1/2 and 3 and the ERK 1/2. These kinases have all been 
shown to be involved in ischaemic preconditioning.5 6 29  
Regarding anaesthetic preconditioning, we could show that p38 MAPK and the 
ERK 1/2 are involved in the cardioprotection by isoflurane and xenon 
preconditioning.7 8 In contrast JNK was not influenced by xenon preconditioning.8 
A relationship between desflurane-induced early preconditioning of the heart and 
p38 MAPK has yet not been described. Our results do not show a time dependent 
increase in p38 MAPK phosphorylation in non hyperglycaemic animals. In contrast 
phosphorylation of p38 MAPK was increased in hyperglycaemic hearts with and 
without DesPC.  
For isoflurane Zheng and coworkers showed that isoflurane-induced late 
preconditioning of the brain is mediated via activation of p38 MAPK.30 In contrast, 
in vascular smooth muscle cells extracellular signal-regulated kinase (ERK 1/2) 
rather than p38 MAPK was identified as a downstream target of PKC after 
isoflurane administration.31 Da Silva and co-workers could not demonstrate an 
involvement of p38 MAPK in anaesthetic preconditioning induced by isoflurane in 
the isolated rat heart.32  
All these studies used different preconditioning protocols and were performed in 
non hyperglycaemic myocardium, limiting a transfer to our data.  
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Investigating phosphorylation of p38 MAPK in the diabetic myocardium, Strniskova 
and colleagues reported activation of p38 MAPK after 5 and 30 min of ischaemia33, 
which is in part in line with our results. However, they used a streptozotocin model 
of type I diabetic rats which is quite apart from our experimental model.  
Regarding JNK phosphorylation it was shown that isoflurane protects the kidneys 
against ischaemia reperfusion via inhibition of JNK and ERK 1/2.34 In the present 
study, we did not find a significant effect of desflurane on JNK phosphorylation in 
normoglycaemic hearts, which is in line with former results showing that JNK was 
not influenced by xenon preconditioning.8  
The results from the western blotting of ERK 1/2 are different from the results from 
p38 MAPK and JNK, showing a decrease in phosphorylation in the cytosolic 
fraction of all three treatment groups. This decrease in phosphorylation in the 
cytosol is in accordance with previous findings showing a translocation of ERK 1/2 
to the particulate fraction after xenon preconditioning.8 
In a former study using control hearts taken out after 40 min baseline, we found an 
increased phosphorylation of ERK 1/2 after DesPC.35 Therefore, further studies 
need to clarify whether ERK indeed plays a central role in anaesthetic-induced 
preconditioning in normo-and hyperglycaemic myocardium. 
In summary, our data show that (1) the mediator phase or trigger and mediator 
phase of Des-preconditioning is blocked by hyperglycaemia and that (2) despite 
the lack of cardioprotection, mitogen activated protein kinases are activated in 
hyperglycaemic myocardium.  
These results make it unlikely that changes in the phosphorylation pattern of the 
MAPK are responsible for the lack of cardioprotection in hyperglycaemic 
myocardium. Therefore, it can be assumed that the hyperglycaemic induced 
blockade of Des-preconditioning is situated downstream or in parallel of these 
mitogen activated protein kinases or involves different signal transduction 
pathways.  
Moreover, MAPK are downstream targets of mitochondrial KATP channels and are 
still activated in hyperglycaemic myocardium. These findings lead to the 
assumption that against former suggestions the hyperglycaemic induced blockade 
of the signal transduction cascade of Des-preconditioning is situated downstream 
or in parallel of the mitochondrial KATP channels. 
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Abstract  

Background: Recent studies showed that hyperglycaemia (HG) blocks 
anaesthetic-induced preconditioning. The influence of HG on anaesthetic-induced 

postconditioning (post) has not yet been determined. We investigated whether 
sevoflurane (Sevo)-induced postconditioning is blocked by HG and whether the 
blockade could be reversed by inhibiting the mitochondrial permeability transition 
pore (mPTP) with cyclosporine A (CsA).  
Methods: Chloralose-anaesthetized rats (n=7–11 per group) were subjected to 25 
min coronary artery occlusion followed by 120 min reperfusion. Postconditioning 
was achieved by administration of 1 or 2 MAC sevoflurane for the first 5 min of 
early reperfusion. HG was induced by infusion of glucose 50% (G 50) for 35 min, 

starting 5 min before ischaemia up to 5 min of reperfusion. CsA (5 or 10 mg kg–1) 
was administered i.v. 5 min before the onset of reperfusion. At the end of the 
experiments, hearts were excised for infarct size measurements.  
Results: Infarct size (% of area at risk) was reduced from 51.4 (5.0)% [mean (SD)] 
in controls to 32.7 (12.8)% after sevoflurane postconditioning (Sevo-post) (P<0.05). 
This infarct size reduction was completely abolished by HG [51.1 (13.2)%, P<0.05 
vs Sevo-post], but was restored by administration of sevoflurane with CsA [35.2 

(5.2)%, P<0.05 vs HG+Sevo-post]. Increased concentrations of sevoflurane or CsA 
alone could not restore cardioprotection in a state of HG [Sevo-post2, 54.1 
(12.6)%, P>0.05 vs HG+Sevo-post; CsA10, 58.8 (11.3)%, P>0.05 vs HG+CsA].  
Conclusion: Sevoflurane-induced postconditioning is blocked by HG. Inhibition of 
the mPTP with CsA is able to reverse this loss of cardioprotection. 
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Introduction 

Hyperglycaemia correlates with increased mortality after acute myocardial 
infarction in diabetic patients as well as in patients without diabetes mellitus. 1 2 
Hyperglycaemia was shown to abolish cardioprotection induced by ischaemic and 
anaesthetic preconditioning. 3 4  
Besides preconditioning, also postconditioning (i.e. cardioprotection by 
administration of the substance after ischaemia during early reperfusion) can be 
induced by volatile anaesthetics. 5 6 Recent studies demonstrated, that the volatile 
anaesthetic sevoflurane offers cardioprotection by postconditioning. 7 8 In both 
studies, postconditioning induced a cardioprotective effect that was comparable to 
the extent of cardioprotection induced by sevoflurane preconditioning. Furthermore, 
Obal et al. showed that sevoflurane induces maximal cardioprotection by 
postconditioning at a concentration of only 1 MAC. 9 It is not known whether 
anaesthetic-induced postconditioning can be induced in hyperglycaemic subjects. 
This question was tested in the first part of the study using the in vivo rat model. 
Recent studies showed that the mPTP is involved in isoflurane-induced 
postconditioning via phosphorylation and inhibition of GSK3β. 10 Krolikowski et al. 
demonstrated that keeping the mPTP closed with CsA enhanced cardioprotection 
of isoflurane-induced postconditioning. 11 Therefore, in the second part of the 
study, we tested if administration of CsA shortly before the reperfusion period could 
restore the assumed abolished cardioprotection. 
We hypothesized that (1) sevoflurane postconditioning is abolished by 
hyperglycaemia and (2) that the cardioprotection can be restored by inhibiting the 
mPTP in hyperglycaemic animals. 
 
 
Materials and methods 

The study was performed in accordance with the requirements of the Animal Ethics 
Committee of the University of Amsterdam and was in line with European Union 
directives on the care and use of experimental animals.  
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Materials  
Sevoflurane was purchased from Abbott (SEVOrane®, Abbott B.V., Hoofddorp, the 
Netherlands). Cyclosporine A was purchased from Fluka Biochemika (Sigma 
Aldrich, Steinheim, Germany). The Glucose 50% was purchased from B. Braun (B. 
Braun Melsungen AG, Melsungen, Germany). For measurement of the blood 
glucose levels, we used the FreeStyle Freedom blood glucose meter from Abbott. 
Rat insulin samples were measured with a Rat Insulin ELISA from Orange Medical 
(Orange Medical, Tilburg, the Netherlands). 
 
Experimental protocol for infarct size determination: 
Animals had free access to food and water at all times before the start of the 
experiments. Male Wistar rats (250-350 g, 7-11 per group) were anaesthetized by 
intraperitoneal S-ketamine injection (150 mg kg-1). S-ketamine does not interfere 
with cardioprotection in animals in vivo. 12  
 
Rats were divided into ten groups (Fig. 1A): 
All animals underwent 25 min of coronary artery occlusion and 2 hours of 
reperfusion (I/R).  
Control group (Con) (n = 9): After surgical preparation, rats received 30% oxygen 
plus 70% nitrogen. Normal saline was given intravenously over 35 minutes starting 
5 min prior ischaemia up to 5 minutes of reperfusion.  
Sevoflurane postconditioned group (Sevo-post) (n = 11): Rats received 
sevoflurane with an endtidal concentration of 1 MAC (≙ 2.4 Vol%) for 5 minutes 
starting 1 minute prior to the onset of reperfusion; saline 0.9% was infused 
intravenously over 35 minutes starting 5 min prior ischaemia up to 5 minutes of 
reperfusion. 
Glucose 50% group (HG) (n = 9): Glucose 50% was administered intravenously 
over 35 minutes starting 5 minutes prior to ischaemia and was continued until 5 
minutes of reperfusion. Target blood glucose level before ischaemia was 22 mmol 
l-1 or higher and was maintained at this level.  
Glucose 50% + Sevoflurane postconditioned group (HG+Sevo-post) (n = 9): 
glucose 50% and sevoflurane were both given as described above.  
CsA group (CsA) (n = 9): CsA (5 mg kg-1 in DMSO 1% aqueous solution)11 was 
administered intravenously 5 minutes before reperfusion; saline 0.9% was infused 
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intravenously over 35 minutes starting 5 min prior ischaemia up to 5 minutes of 
reperfusion. 
CsA + Sevoflurane postconditioned group (CsA+Sevo-post) (n = 8): rats 
received CsA and sevoflurane as described above.  
Glucose 50% + CsA group (HG+CsA) (n = 8): Rats received Glucose 50% and 
CsA (5 mg kg-1) intravenously as described above.  
Glucose 50% + CsA + Sevoflurane postconditioned group (HG+CsA+Sevo-
post) (n = 8): rats received glucose 50%, CsA (5 mg kg-1) intravenously, and 
inhaled sevoflurane as described above. 
To investigate whether a higher concentration of sevoflurane or CsA alone could 
restore cardioprotection in state of hyperglycaemic condition we added two more 
groups with 2 MAC sevoflurane and 10 mg kg-1 CsA: 
Glucose 50% + Sevoflurane postconditioned group (HG+Sevo-post2) (n = 9): 
glucose 50% and 2 MAC sevoflurane were both given as described above. 
Glucose 50% + CsA group (HG+CsA10) (n = 7): Rats received Glucose 50% and 
CsA (10 mg kg-1) intravenously as described above.  
 
Surgical preparation and infarct size measurement: 
Surgical preparation was performed as described previously. 9 13 In brief, male 
Wistar rats (250-350 g) were anaesthetized by intraperitoneal S-ketamine injection 
(150 mg kg-1). Respiratory rate was adjusted to maintain PCO2 within physiological 
limits. Body temperature was maintained at 38°C by the use of a heating pad. 
Anaesthesia 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 a major branch of the left coronary artery. All animals 
were left untreated for 25 minutes before the start of the respective experimental 
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signals were digitized using an analogue to digital converter (PowerLab/8SP, 
ADInstruments Pty Ltd, Castle Hill, Australia) at a sampling rate of 500 Hz and 
were continuously recorded on a personal computer using Chart for Windows v5.0 
(ADInstruments).  
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After 120 minutes of reperfusion, the heart was excised and infarct size was 
determined as previously described. 9 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 of each slice. 
 
Figure 1: Experimental protocol and infarct size measurement 

 
Fig. 1: 

Experimental protocol:  
Sevo, sevoflurane; post, post-
conditioning; HG, hyperglycaemia; 
CsA, cyclosporine A.  

Infarct size measurement: 
Histogram shows the infarct size 
(per cent of area at risk, AAR) of 
controls (Con), sevoflurane 
postconditioning (Sevo), hypergly-
caemia (HG) alone, hyperglycaemia 
and sevoflurane postconditioning 
(HG+Sevo), cyclosporine A (CsA) 
alone, cyclosporine A and 
sevoflurane postconditioning (CsA+ 
Sevo), hyperglycaemia and cyclo-
sporine A (HG+CsA), hyper-
glycaemia and cyclosporine A and 
sevoflurane postconditioning (HG+ 
CsA+Sevo), hyperglycaemia and 
sevoflurane postconditioning with 2 
MAC (HG+Sevo2), hyper-glycaemia 
and cyclosporine A with 10 mg kg–1 
(HG+CsA10). 

Data shown are mean(SD). *P<0.05 
vs control group; #P<0.05 vs 
HG+Sevo; §P<0.05 vs HG+CsA (n = 
7–11 per group). 
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Blood glucose and insulin measurement 
Blood samples were collected at different times to measure blood glucose in each 
group (see Tab. 1). Insulin levels were measured in order to determine a 
physiological endocrinal reaction to hyperglycaemia. Samples were taken before 
ischaemia, during ischaemia and after 30 min of reperfusion. During ischaemia, 
insulin level was 4 fold increased in the hyperglycaemic groups compared to non 
hyperglycaemic groups. After 30 min of reperfusion, insulin level was still 7 fold 
higher in the hyperglycaemic groups compared with the non hyperglycaemic 
groups.  
 
Statistical Analysis 
Data are expressed as mean (SD). Heart rate (HR, in bpm) and mean aortic 
pressure (AOPmean, in mmHg) were measured during baseline, coronary artery 
occlusion, and reperfusion period. Inter-group differences of haemodynamic data 
were analyzed (SPSS Science Software, version 12.0.1) by performing a One-way 
ANOVA followed by Tukey’s post-hoc test. Time effects (changes from baseline 
value) during the experiments were analyzed by using a One-way ANOVA followed 
by Dunnett’s post-hoc test. Infarct sizes were analyzed by a One-way ANOVA 
followed by Tukey’s post-hoc test. Changes within and between groups were 
considered statistically significant if P<0.05. 
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Results 

Blood glucose measurement 
Glucose levels during the experimental protocol are shown in table 1.  
Mean baseline blood glucose levels were 7.1 (1.2) mmol l-1 and did not differ 
between the groups. Before ischaemia, mean blood glucose levels were 25.5 (1.5) 
mmol l-1 in the hyperglycaemic groups and 7.1 (0.7) mmol l-1 in the non-
hyperglycaemic groups. During ischaemia, blood glucose levels remained high at 
26.6 (1.2) mmol l-1 in hyperglycaemic groups, while blood glucose was 7.0 (0.6) 
mmol l-1 in the non-hyperglycaemic groups. After 5 minutes of reperfusion, blood 
glucose levels were 26.0 (1.3) mmol l-1 in the hyperglycaemic groups and then 
declined to 5.9 (0.9) mmol l-1 at the end of the reperfusion period. In the non-
hyperglycaemic groups, blood glucose levels were 6.8 (0.5) mmol l-1 after 5 
minutes of reperfusion and declined to 4.9 (0.6) mmol l-1 at the end of the 
reperfusion period. Blood glucose levels at the end of the reperfusion period of the 
non-hyperglycaemic groups were significantly decreased compared to baseline. In 
contrast, no significant differences were found in hyperglycaemic groups when 
comparing baseline values to values at the end of reperfusion. 
 
Table 1: Blood glucose measurement 

Baseline Ischaemia Reperfusion 
 

5 30 15 5 30 120 

Con 7.7 (2.1)   7.9 (2.2)    7.5 (2.4)    7.1 (1.5)   5.8 (1.0)  4.4 (0.9)* 

Sevo-post 7.8 (1.2)   7.4 (1.2)    7.3 (1.3)    7.3 (1.5)   6.5 (0.9)  5.8 (0.6)* 

HG 7.6 (1.8)  24.9 (2.3)  26.5 (0.9)  25.1 (1.4)  11.7 (3.1) 5.8 (1.2) 

HG+Sevo-post 8.4 (1.4)  24.7 (2.3)  27.0 (1.3)  25.8 (1.1)  13.4 (3.4) 6.9 (1.0) 

CsA 6.8 (1.0)   6.2 (0.6)    6.3 (0.8)    6.4 (1.0)   5.2 (0.7)  4.8 (0.6)* 

CsA+Sevo-post 6.7 (1.3)   6.7 (1.4)    6.3 (0.9)    6.4 (1.3)   5.1 (0.5)  4.6 (0.4)* 

HG+CsA 7.1 (0.8)  24.5 (0.9)  25.9 (1.4)  25.6 (1.2)  11.6 (3.6) 5.3 (0.7) 

HG+CsA+Sevo-post 6.2 (0.4)  24.8 (0.7)  27.2 (0.6)  26.3 (1.7)  11.6 (2.6) 6.0 (1.3) 

HG+Sevo-post2  6.5 (0.7)  27.1 (1.4) 26.5 (0.9) 26.8 (0.9)  15.1 (2.0) 5.6 (0.6) 

HG+CsA10 6.7 (0.7)  27.4 (1.1)  26.2 (1.8)  26.3 (1.5)  13.9 (3.4) 5.9 (0.6) 
 
Tab. 1: Data are mean(SD). Con, control; Sevo-post, 1 MAC sevoflurane postconditioning; Sevo-post2, 
2 MAC sevoflurane postconditioning; HG, hyperglycaemia; CsA, cyclosporine A 5 mg kg–1; CsA10, 
cyclosporine A 10 mg kg–1. *P<0.05 vs baseline. 
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HG+CsA+Sevo-post 6.2 (0.4)  24.8 (0.7)  27.2 (0.6)  26.3 (1.7)  11.6 (2.6) 6.0 (1.3) 
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Tab. 1: Data are mean(SD). Con, control; Sevo-post, 1 MAC sevoflurane postconditioning; Sevo-post2, 
2 MAC sevoflurane postconditioning; HG, hyperglycaemia; CsA, cyclosporine A 5 mg kg–1; CsA10, 
cyclosporine A 10 mg kg–1. *P<0.05 vs baseline. 
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Haemodynamic variables 
Haemodynamic variables are summarized in table 2. No significant differences in 
heart rate and aortic pressure were observed between the experimental groups 
during baseline. In sevoflurane treated groups, mean aortic pressure was 
transiently reduced during the postconditioning period with exception of the 
CsA+Sevo-post group. At the end of the experiments, mean aortic pressure was 
significantly decreased compared with baseline in all groups with the exception of 
the hyperglycaemic group. 
 
Table 2: Haemodynamic variables 

Baseline Ischemia Reperfusion 
 

5 25 
 

15 5 30 120 

HR (BPM)          

Con 431 (21)  432 (21)  430 (31)  425 (27) 419 (17)  380 (28)* 

Sevo-post 421 (61)  411 (88)  444 (27)  388 (15) 422 (42) 405 (33) 

HG 423 (45)  432 (15)  420 (27)  399 (24) 391 (34)  357 (29)* 

HG+Sevo-post 426 (55)  423 (32)  415 (53)  365 (35)# 401 (46) 410 (25) 

CsA 416 (40)  418 (44)  409 (54)  421 (39) 403 (31) 397 (30) 

CsA+Sevo-post 402 (19)  406 (30)  397 (33)  362 (35)# 372 (18) 359 (26) 

HG+CsA 418 (42)  399 (32)  414 (42)  389 (40) 392 (30) 405 (34) 

HG+CsA+Sevo-post 428 (46)  435 (24)  413 (61)  380 (21) 413 (35) 384 (35) 

HG+Sevo-post2 412 (29)  400 (29)    398 (31)  344 (21)# * 376 (14)* 340 (22)* 

HG+CsA10 405 (25)  389 (24)    392 (16)  392 (35) 373 (16) 339 (17)* 

AOPmean (mmHg)          

Con 127 (21)  124 (22)  111 (20)   101 (19) 101 (26)  72 (24)* 

Sevo-post 140 (17)  139 (18)  122 (34)    76 (19)* 113 (24)  98 (20)* 

HG 135 (19)  144 (17)  126 (34)   106 (33) 100 (28) 93 (48) 

HG+Sevo-post 141 (16)  148 (28)  129 (35)    74 (23)* 104 (36)  95 (21)* 

CsA 136 (15)  123 (18)  118 (15)   133 (12)  136 (13)  96 (20)* 

CsA+Sevo-post 126 (13)  125 (19)  114 (22)   99 (28) 135 (24)  87 (17)* 

HG+CsA 135 (20)  145 (19)  134 (15)   124 (20) 128 (16)  99 (19)* 

HG+CsA+Sevo-post 136 (14)  148 (16)  119 (22)    72 (12)* 113 (25)  82 (28)* 

HG+Sevo-post2 136 (16)  144 (16)  133 (15)    74 (12)* 103 (18) 90 (17)* 

HG+CsA10 143 (10)  149 (12)  131 (10)  124 (31) 116 (35)  79 (22)* 
Tab. 2: Data are mean(SD). Con, control; Sevo-post, 1 MAC sevoflurane postconditioning; Sevo-post2, 
2 MAC sevoflurane postconditioning; HG, hyperglycaemia; CsA, cyclosporine A 5 mg kg–1; CsA10, 
cyclosporine A 10 mg kg–1. *P<0.05 vs baseline; #P<0.05 vs control group. 



Bestand: 4897_Huhn_proefschrift.pdf - P 108 Bestand: 4897_Huhn_proefschrift.pdf - P 109

Hyperglycemia and postconditioning 

108 

Infarct size measurement 
Infarct size was reduced from 51.4 (5.0)% in controls to 32.7 (12.8)% after 
sevoflurane postconditioning (P<0.05, Fig. 1B). Hyperglycaemia alone had no 
effect on infarct size (56.0 (10.7)%) but abolished the postconditioning effect of 
sevoflurane (51.1 (13.2)%, P<0.05 vs. Sevo-post). In normoglycaemic rats, CsA 
had a similar infarct reducing effect as sevoflurane (31.8 (7.7)%), but combination 
of both drugs did not further reduce infarct size (31.3 (6.3)%, P<0.05 vs. controls). 
The cardioprotective effect of CsA alone was also blocked by hyperglycaemia (55.0 
(8.7)%, P>0.05 vs. controls). However, combination of CsA and Sevo provided the 
infarct sparing effect against hyperglycaemia (35.2 (5.2)%, p<0.05 vs. HG+Sevo-
post respectively HG+CsA). Increasing the sevoflurane concentration to 2 MAC 
with hyperglycaemia (54.1 (12.6)%, P>0.05 vs. HG+Sevo-post) or CsA to 10 mg 
kg-1 CsA (58.8 (11.3)%, P>0.05 vs. HG+CsA) had no effect on infarct size. 
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Discussion 

In the present study we investigated the effects of sevoflurane-induced 
postconditioning during hyperglycaemia. The main results show that: 1) 
hyperglycaemia abolishes cardioprotection by sevoflurane postconditioning and 
that 2) inhibition of mPTP with CsA reverses this loss of cardioprotection. 
Diabetic and also hyperglycaemic non-diabetic patients with myocardial ischaemia-
reperfusion like infarction or cardiac surgery, have a poorer prognosis than non 
diabetic or normoglycaemic controls. 1 14 It is hypothetized that hyperglycaemia 
might cause a loss of (endogenous) cardioprotective mechanisms. 
Beside cardioprotection by preconditioning, also cardioprotection by 
postconditioning, can be induced by ischaemic and pharmacological stimulie. 15 
The protective effects of early as well as late preconditioning can be blocked by 
hyperglycaemia or diabetes mellitus. 3 16 For ischaemic preconditioning it was 
shown that diabetes and hyperglycaemia of 17 and 34 mmol l-1 blocked 
cardioprotection in vivo. 3 The blockade was independent of plasma insulin 
concentrations and plasma osmolality. 17 Another study showed that, isoflurane-
induced preconditioning was blocked by hyperglycaemia. 4 So far, there is no study 
available investigating the influence of hyperglycaemia on postconditioning. 
Postconditioning describes a cardioprotective intervention at the onset of 
myocardial reperfusion. In our study, postconditioning by sevoflurane reduced 
infarct size by nearly 40%, but sevoflurane postconditioning was abolished in state 
of hyperglycaemia.  
For the hyperglycaemic groups we chose a blood glucose target level from 22 
mmol l-1.  From a former study we know that this blood glucose concentration 
blocks desflurane-induced preconditioning. 18 Blood glucose levels used in the 
literature investigating the effect of hyperglycaemia on ischaemic- and isoflurane-
induced preconditioning are quite in the same range. 3 4 In our study blood glucose 
levels declined significantly at the end of the reperfusion period compared to 
baseline in the control group. Furthermore, this is the fact in all non-hyperglycaemic 
groups. There are two possible explanations for this blood glucose decrease: first, 
after preparation the animals were in a slight hyperglycaemic condition because of 
surgical stress and, second, the animals did not receive any substrates (e.g. 
glucose, free fatty acids) over the whole experimental protocol and reached 
normoglycaemic levels at the end of the experiments.   
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The opening of the mPTP occurs in the early minutes of reperfusion and is 
associated with the pathogenesis of necrosis and apoptosis. mPTP-opening might 
thus be regarded as a crucial step from reversible to irreversible cell death.19 
Inhibition of mPTP with CsA at the onset of reperfusion was shown to protect the 
myocardium. 20 21 In addition, it was demonstrated that 0.5 MAC isoflurane 
combined with CsA 5 mg kg-1 induced postconditioning, while 0.5 MAC isoflurane 
or CsA 5 mg kg-1 alone could not induce cardioprotection. In contrast, application of 
1 MAC isoflurane or CsA at a dosage of 10 mg kg-1 were able to induce 
postconditioning. 11 In the current investigation, we used CsA in a concentration of 
5 mg kg-1. In our study, this low dosage led to a strong cardioprotection in rats in 
vivo. In two additional groups, 2 MAC sevoflurane alone or 10 mg kg-1 CsA alone in 
the hyperglycaemic condition were studied in order to investigate if higher doses of 
these agents given alone could restore cardioprotection. The data show that a 
single substance even at higher concentrations had no protective effect, in contrast 
to combination of the two substances (see figure 1). 
A study by Chiari et al. showed that a non protective intervention with three times 
10 seconds of ischaemic postconditioning, was enhanced by additional 
administration of 0.5 MAC isoflurane, a dosage which itself was also not protective. 
6 These studies indicate that a triggered cardioprotective intervention with a non 
protective stimulus, a stimulus which does not confer cardioprotection by its own, 
could be enhanced by a second stimulus, assuming that there exist different and/or 
parallel cardioprotective pathways which could alter myocardial infarct size by 
various activation. The cited studies did not combine the two single protective 
interventions and the studies were not performed in hyperglycaemic animals. In our 
study, the combination of the two protective stimuli, 1 MAC Sevo and CsA did not 
result in enhanced cardioprotection in normoglycaemic animals. To our knowledge 
there is no study available showing that two protective stimuli by the same 
cardioprotective intervention, in this case postconditioning, could enhance the 
cardioprotective effect significantly in comparison to the single intervention. With 
regard to the combination of two different cardioprotective interventions, i.e. 
combination of ischaemic late preconditioning and early ischaemic preconditioning 
or early preconditioning and postconditioning, the literature is ambiguous. 7 22 Our 
present results show that during hyperglycaemia, 1 MAC Sevo or 5 mg kg-1 CsA 
alone were not protective, but combination of both stimuli resulted in the full 
cardioprotective effect as observed in non-hyperglycaemic animals. Enhancement 
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of the doses of sevoflurane to 2 MAC or CsA to a concentration of 10 mg kg-1 had 
no effect on infarct size in state of hyperglycaemia when the substances were 
given alone. 
Elucidation of the molecular mechanisms involved in this cardioprotective 
interaction during hyperglycaemia is beyond the scope of the present study. The 
signal transduction pathways described for pharmacological postconditioning so far 
include i.e. PI3K/Akt, MEK1/2, ERK1/2 and eNOS. 15 23 24 The signal transduction 
cascade consists of two parallel ways. Activation of PI3K/Akt leads to inhibition of 
the mPTP, whereas MEK1/2 via ERK1/2 activation finally leads to protein 
translation. 25 Both pathways interact with each other. The inhibition of the mPTP 
with CsA occurs downstream in the cascade of pharmacological postconditioning. 
26 We speculate that sevoflurane amplifies the inhibition of the mPTP by CsA and 
additionally activates protein translation via a parallel pathway of the 
postconditioning cascade. Another explanation could be that the sole 
cardioprotective intervention with CsA or sevoflurane is not strong enough to 
protect the hyperglycaemic myocardium, but possibly the threshold for 
cardioprotection is lowered after combination of both protective pathways. Further 
research is needed to elucidate the molecular mechanisms contributing to this 
cardioprotective effect. 
In summary, we demonstrated that hyperglycaemia blocks cardioprotection by 
sevoflurane-induced postconditioning, and that this loss of cardioprotection can be 
restored by CsA administration briefly before the onset of reperfusion. 
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Abstract  

Background: Hyperglycaemia blocks sevoflurane-induced postconditioning, and 
cardioprotection in hyperglycaemic myocardium can be restored by inhibition of the 
mitochondrial permeability transition pore (mPTP). We investigated whether 
sevoflurane-induced postconditioning is also blocked in the prediabetic heart and if 
so, whether cardioprotection could be restored by inhibiting mPTP.  
Methods: Zucker lean (ZL) and Zucker obese (ZO) rats were  assigned to one of 
seven groups. Animals underwent 25 minutes of ischaemia and 120 minutes of 
reperfusion. Control (ZL-/ZO Con) animals were not further treated. 
Postconditioning groups (ZL-/ZO Sevo-post) received sevoflurane for 5 minutes 
starting 1 minute prior to the onset of reperfusion. The mPTP inhibitor cyclosporine 
A (CsA) was administered intravenously in a concentration of 5 (ZO CsA and ZO 
CsA+Sevo-post) or 10 mg/kg (ZO CsA10+Sevo-post) 5 min before the onset of 
reperfusion. At the end of reperfusion, infarct sizes were measured by TTC 
staining. Blood samples were collected to measure plasma levels of insulin, 
cholesterol and triglycerides.  
Results: Sevoflurane-postconditioning reduced infarct size in ZL rats to 35±12% 
(P<0.05 vs. ZL-Con: 60±6%). In ZO rats sevoflurane-postconditioning was 
abolished (ZO Sevo-post: 59±12%, n.s. vs. ZO Con: 58±6%). 5 mg and 10 mg CsA 
could not restore cardioprotection (ZO CsA+Sevo-post: 59±7%, ZO CsA10+Sevo-
post: 57±14%; n.s. vs. ZO Con). In ZO rats insulin, cholesterol and triglyceride 
levels were significant higher than in ZL rats (all p<0.05). 
Conclusion: Inhibition of mPTP with CsA failed to restore cardioprotection in the 
prediabetic but normoglycaemic heart of Zucker obese rats in vivo.  
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Introduction 

Ischaemic preconditioning is a well described adaptive response of the heart by 
which brief exposure to ischaemia/reperfusion markedly protects the myocardium 
against a subsequent longer ischaemic injury. Brief cycles of ischaemia/reperfusion 
applied after a longer period of ischaemia also confer cardioprotection against the 
consequences of myocardial ischaemia/reperfusion. This phenomenon is called 
ischaemic postconditioning.  
Besides preconditioning, also postconditioning (i.e. cardioprotection by 
administration of the substance after ischaemia during early reperfusion) can be 
induced by volatile anaesthetics.1 2 Recent studies demonstrated, that the volatile 
anaesthetic sevoflurane offers cardioprotection by postconditioning.3 4 In both 
studies, postconditioning induced a cardioprotective effect that was comparable to 
the extent of cardioprotection induced by sevoflurane preconditioning. Furthermore, 
Obal et al. showed that sevoflurane induces maximal cardioprotection by 
postconditioning at a concentration of only 1 MAC.5 However, in case of 
preconditioning the critical ischaemia/reperfusion situation has to be foreseen to 
provide the ideal time point for preconditioning.   
Both, ischaemic and pharmacological conditioning, is abolished by acute 
hyperglycaemia6 7 and in type 1 diabetes8-10, even if hyperglycaemia is corrected.8 
We could recently demonstrate that hyperglycaemia abolished the infarct size-
reducing effect of pharmacological-induced postconditioning by the volatile 
anaesthetic sevoflurane. By inhibition of the mitochondrial permeability transition 
pore (mPTP) with cyclosporine A (CsA), we could restore the cardioprotection. 
These findings suggest that mPTP plays a role as a key mediator of 
pharmacological postconditioning.10  
Opening of the mPTP in the early minutes of reperfusion is associated with 
necrosis and apoptosis. mPTP-opening might thus be regarded as a crucial step 
from reversible to irreversible cell death.11 Inhibition of mPTP with CsA at the onset 
of reperfusion was shown to protect the myocardium.12 
The incidence of acute hyperglycaemia without any other metabolic diseases is 
unlikely. Type 2 diabetes is the much more common type of diabetes in the 
western population. Recently, it was shown that preconditioning (ischaemic and 
pharmacological) is abolished in Zucker obese rats. These animals were 
hyperinsulinemic and normoglycaemic representing a prediabetic state of type 2 
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diabetes 13. Based on our previous findings in hyperglycaemic rats we wondered 
whether postconditioning can be induced in normoglycaemic Zucker obese rats 
and if so which role mPTP might play in the underlying molecular mechanism. 
We hypothesized that (1) postconditioning by the volatile anaesthetic sevoflurane is 
abolished in Zucker obese rats and (2) that the cardioprotection can be restored by 
inhibition of the mPTP in these obese prediabetic animals. 
 
 
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 (Academic Medical Centre Amsterdam, The 
Netherlands). Animals (Harlan Laboratories, The Netherlands) had free access to 
food and water at all times before the start of the experiments. 
 
Experimental protocol 
Surgical preparation was performed as described previously.5 In brief, male Zucker 
lean (ZL) rats (272±34 g) and Zucker obese (ZO) rats (376±45 g) at the age of 10 
weeks were randomly assigned to one of seven groups (Fig. 1, each n=7) and 
anaesthetized by intraperitoneal S-ketamine injection (150 mg/kg). Respiratory rate 
was adjusted to maintain PCO2 within physiological limits. Body temperature was 
maintained at 38°C by the use of a heating pad. Anaesthesia 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 a 
major branch of the left coronary artery. After surgical preparation, animals 
recovered for 20 minutes and were subsequently exposed to 25 minutes ischaemia 
followed by 120 minutes reperfusion. The control (ZL Con and ZO Con) animals 
were not further treated. In the postconditioning groups (ZL Sevo-post and ZO 
Sevo-post), rats received sevoflurane (Abbott, SEVOrane®, Abbott B.V., 
Hoofddorp, The Netherlands) with an end-tidal concentration of 2.4 Vol% for 5 
minutes starting 1 minute prior to the onset of reperfusion. Cyclosporine A (Sigma 
Aldrich, Steinheim, Germany) was administered intravenously in obese rats in a 
concentration of 5 mg/kg (ZO CsA) 5 min before reperfusion. In two additional 
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groups, CsA in a concentration of 5 and 10 mg/kg was combined with sevoflurane 
postconditioning (ZO CsA+Sevo-post and ZO CsA10+Sevo-post) (Fig.1). 
 
Figure 1: Experimental protocol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Measurement of infarct size 
After 120 min of reperfusion, the hearts were quickly excised and infarct size was 
measured as described previously.5 Hearts were perfused on a modified 
Langendorff apparatus with normal saline at 80 mmHg perfusion pressure to wash 
out any remaining blood. The coronary artery was then reoccluded and 5–10 ml of 
0.2% Evans Blue dye in 1% dextran was infused via the aortic root into the 
coronary system. This maneuver identifies the area at risk as unstained. The heart 
was then frozen, cut into thin slices (1 mm) and incubated (10 min, 37°C) in 

buffered 1% triphenyltetrazolium chloride (TTC) to identify viable myocardium as 
red stained while necrotic tissue remains pale gray. The area at risk and the 
infarcted area were determined by planimetry using SigmaScan Pro 5 computer 
software (SPSS Science Software, Chicago, IL) by one observer blinded to the 
study group. 
 



Bestand: 4897_Huhn_proefschrift.pdf - P 120 Bestand: 4897_Huhn_proefschrift.pdf - P 121

Diabetes and postconditioning 

120 

Blood glucose measurement 
Blood samples were collected at different times to measure blood glucose in each 
group.  
 
Metabolic profile measurement 
Blood samples were collected to measure plasma levels of insulin, cholesterol and 
triglycerides.  
 
Statistical Analysis 
Data are expressed as mean±SD. Heart rate and mean aortic pressure were 
measured during baseline, coronary artery occlusion, and the reperfusion period. 
Sample sizes were calculated using the program PS Power and Sample Size 
Calculations Version 2.1.30. It was calculated that for infarct size comparisons a 
group size of n=7 is necessary to detect a minimal difference in infarct size of 20% 
with a power of 80% and a   0.05 and a within group standard deviation of 12%. 
Statistical analysis (SPSS Science Software, version 12.0.1) of the hemodynamic 
variables was performed by two-way repeated measures 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 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. Infarct sizes were analyzed by Student’s t-test followed by 
Bonferroni’s correction for multiple comparisons. Changes within and between 
groups were considered statistically significant if P<0.05. 
 
 
Results 

Haemodynamic variables 
No significant differences in heart rate and aortic pressure were observed between 
the experimental groups during baseline and ischaemia (Tab. 1). In sevoflurane 
treated groups, mean aortic pressure was transiently reduced during the 
postconditioning period. At the end of the experiments, mean aortic pressure was 
significantly decreased compared with baseline in all groups. 
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Table 1: Haemodynamic variables 
 

Baseline Ischaemia  Reperfusion  
 

 15  5 30 120 

Heart Rate (bpm) 

ZL Con 407  25 401  20  381  14 333  18*  301  16* 

ZL Sevo-PostC 403  44 404  42  353  44 341  38*  307  21* 

ZO Con 383  47 394  24  387  27 372  35 336  32 

ZO Sevo-PostC 401  29 404  24  369  15 368  27  322  15* 

ZO CsA 376  15 383  27  393  38 385  41    333  33 

ZO CsA+Sevo-PostC 383  45 392  33  382  31 401  29    350  27 

ZO CsA10+Sevo-PostC 369  14 391  30  364  17 402  21 358  19 

Mean AOP (mmHg) 

ZL Con 110    8  96  11   80  10* 64    7* 57    6* 

ZL Sevo-PostC 111    9  91  22     58  11#,* 61  15* 60    4* 

ZO Con 119  21  108  32     103  30 91  25 73  18* 

ZO Sevo-PostC 116  20  94  22   68  16* 83  25 64  22* 

ZO CsA 106  19  85  25     109  28 92  26 56  15* 

ZO CsA+Sevo-PostC 117    6  100  23  71  24* 95  21 58  12* 

ZO CsA10+Sevo-PostC 125  16  114  16  97  12*   110  13 84    8* 
 
Tab. 1: Data are mean±SD. ZL = Zucker lean; ZO = Zucker obese; Con = control group; Sevo-post = 
sevo-flurane postconditioning; CsA = cyclosporine A 5 mg/kg; CsA10 = cyclosporine A 10 mg/kg. 
*P<0.05 vs. baseline, #P<0.05 vs. ZL control group.  

 
Blood glucose measurement  
Zucker obese rats are widely used as a model of type 2 diabetes, at an age of 10-
12 weeks rats are hyperinsulinemic but normoglycaemic representing a prediabetic 
state. Only at higher age rats develop hyperglycaemia. To validate that at this age 
(10-12 weeks) our animals were indeed normoglycaemic we tested blood glucose 
levels during the whole experiments. Results are presented in table 2.  
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Table 2: Blood glucose measurement 
 

Baseline  Ischaemia  Reperfusion  
 

  15  30 

ZL Con 5.4  0.6  5.9  0.3  5.4  0.3 

ZL Sevo-post 5.6  0.6  5.6  0.3  5.0  0.1 

ZO Con 6.1  0.7  6.5  1.6  5.3  0.6 

ZO Sevo-post 6.1  1.3  5.3  0.5  5.1  0.5 

ZO CsA 6.4  1.0  6.9  0.7  5.5  0.5 

ZO CsA+Sevo-post 6.1  0.5  7.0  0.8  5.3  0.4 

ZO CsA10+Sevo-post 6.0  0.5  6.5  0.9  5.6  0.4 
 
Tab. 2: Data are mean±SD. ZL = Zucker lean; ZO = Zucker obese; Con = control group; Sevo-post =  
sevoflurane postconditioning; CsA = cyclosporine A 5 mg/kg; CsA10 = cyclosporine A 10 mg/kg 

 
Metabolic profile measurement 
Insulin levels were 0.20±0.16 nmol/l in ZL rats and 2.01±1.45 nmol/l in ZO rats 
(P<0.05 ZL vs. ZO). Cholesterol (2.35±0.46 mmol/l vs. 1.56±0.08 mmol/l, P<0.05) 

and triglycerides (1.56±0.44 mmol/l vs. 0.43±0.06 mmol/l, P<0.05) were 
significantly higher in ZO rats compared to ZL rats. 
 
Infarct size measurement 
In Zucker lean rats, infarct size was reduced from 60±6 % in controls to 35±12 % 
after sevoflurane postconditioning (P<0.05, Fig. 2). Sevoflurane-induced 
postconditioning was abolished in Zucker obese rats (ZO Sevo-post: 59±12 %, n.s. 
vs. ZO Con: 58±6 %). The administration of CsA in a concentration of 5 mg/kg had 
no effect on infarct size in Zucker obese rats (ZO CsA: 61±9 %, n.s. vs. ZO Con). 
Neither 5 mg CsA nor 10 mg CsA, each combined with sevoflurane could restore 
cardioprotection in obese animals (ZO CsA+Sevo-post: 59±7 %, ZO CsA10+Sevo-
post: 57±14 %; all n.s. vs. ZO Con). 
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Table 2: Blood glucose measurement 
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Figure 2: Infarct size measurement 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 2: Histogram shows the infarct size (percent of area at risk, AAR) of Zucker lean controls (ZL Con), 
Zucker lean sevoflurane postconditioning (ZL Sevo-post), Zucker obese controls (ZO Con), Zucker 
obese sevoflurane postconditioning (ZO Sevo-post), Zucker obese cyclosporine A 5 mg/kg (ZO CsA) 
alone, Zucker obese cyclosporine A 5 mg/kg and sevoflurane postconditioning (ZO CsA+Sevo-post), 
Zucker obese and cyclosporine A 10 mg/kg and sevoflurane postconditioning (ZO CsA10+Sevo-post). 
Data shown are mean±SD, *P<0.05 vs. ZL control group.  
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Discussion 

There exist only few studies in the literature investigating the effect of 
postconditioning in the state of type 1 diabetes. Gross et al. investigated the effect 
of morphine-induced postconditioning in a streptozotocin-induced type 1 diabetes 
rat heart model.9 The authors could show that the protective effect of morphine was 
abolished in the diabetic heart. However, inhibition of glycogen synthase kinase 3 
beta (GSK-3beta) induced cardioprotection by postconditioning in these diabetic rat 
hearts.9  
We could previously show that postconditioning induced by either 1 MAC (minimal 
alveolar concentration) sevoflurane or the mPTP inhibitor CsA in a concentration of 
5 mg/kg is blocked in state of hyperglycaemia. Interestingly, while a doubling of 
each stimulus could not induce a postconditioning effect, the combination of both 1 
MAC sevoflurane and 5 mg CsA was able to induce postconditioning under 
hyperglycaemic conditions.10 These data suggest that in state of hyperglycaemia, 
mPTP is a key mediator in pharmacological postconditioning. 
In a very recent study it was shown that glycogen synthase kinase 3 beta is 
required to prevent mPTP opening in the signal transduction cascade of 
postconditioning.14 However, it was also shown that postconditioning with CsA is 
protective in transgenic mice where the cardiac glycogen synthase kinase 3 beta 
activity cannot be inactivated.14 From these data we can conclude that 
postconditioning does not require glycogen synthase kinase 3 beta necessarily if 
one inhibits the downstream target of glycogen synthase kinase 3 beta, namely the 
mPTP. 
However, type 2 diabetes is the much more common type of diabetes and the 
influence of type 2 diabetes on postconditioning has yet not been determined. The 
only studies investigating “conditioning” effects in type 2 diabetes focused on 
preconditioning either ischaemic or pharmacological. Kristiansen et al. 
demonstrated in Zucker diabetic fatty and lean Goto-Kakizaki rats, two widely used 
rat models of type 2 diabetes, that ischaemic preconditioning does not reduce 
infarct size.15 In contrast, Tsang et al. showed that ischaemic preconditioning can 
be induced in hearts from Goto-Kakizaki rats, but the threshold that is required to 
achieve preconditioning is elevated in diabetic compared with non diabetic 
hearts.16 Both experimental diabetes models used in these studies are 
characterized by a significant hyperglycaemia, although using the same animal 
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model blood glucose levels were nearly twice as high in the study of Tsang as in 
the study of Kristiansen. Furthermore, the preconditioning protocols and the index 
ischaemia time used in these studies were different; Kristiansen et al. used 4 
cycles of 2 min before 50 min of ischaemia15, whereas Tsang et al. used 3 cycles 
of 5 min before 35 min of ischaemia.16 Very recently, Katakam et al. demonstrated 
that both, ischaemic and pharmacological preconditioning induced by the mKATP 
channel agonist diazoxide, are abolished in Zucker obese rats.13 In this study rats 
were hyperinsulinemic and normoglycaemic representing a prediabetic state of 
type 2 diabetes.13 
In our study, postconditioning by sevoflurane reduced infarct size in Zucker lean 
rats by 42%, but postconditioning was abolished in the normoglycaemic Zucker 
obese rat (Fig. 2). Combined administration of sevoflurane and CsA was not able 
to restore cardioprotection in the type 2 prediabetic normoglycaemic rat heart. 
These results are in contrast to what is known in the hyperglycaemic rat heart.10 
From our previous study in hyperglycaemic rats we know that increasing only one 
stimulus is not sufficient to achieve cardioprotection.10 Based on this knowledge 
and on the fact that 1 MAC sevoflurane offers maximal protection by 
postconditioning5, we investigated whether sevoflurane combined with a doubled 
CsA concentration could protect the prediabetic myocardium, but even this 
treatment could not restore cardioprotection (Fig. 2).  
These results lead to the question, why the hyperglycaemic type 1 diabetic heart 
and the acute hyperglycaemic heart could be protected by postconditioning, but not 
the type 2 diabetic heart.9 10 The type 1 diabetes induced by streptozotocin and the 
hyperglycaemia achieved by glucose infusion, were induced in healthy animals, 
whereby the Zucker obese rat develops its pathologies from an early age. Beside 
hyperinsulinemia, Zucker obese rats develop insulin resistance, hyperlipidemia and 
hypercholesterolemia. The metabolic actions of insulin like glucose and lipid 
metabolism are mediated through activation of the phosphatidylinositol 3-kinase 
(PI3K) pathway. Hyperinsulinemia leads to an impaired activation of this pathway.17 
Besides PI3K also mKATP channels were shown to be involved in sevoflurane-
induced postconditioning.4 Direct activation of mKATP channels with diazoxide failed 
to induce preconditioning in ZO rats, the same model with the same age of the 
animals we used in the present study.13 Thus, it might be that insulin resistance 
with consecutive hyperinsulinemia affects this crucial pathway of postconditioning 
negatively. Alterations in mitochondrial function caused by potassium channel 
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activation have been proposed to protect the myocardium by reducing mPTP 
opening.18 Besides activation of prosurvival signaling kinases it has also been 
suggested that preconditioning prevents mPTP opening by regulation of 
mitochondrial bioenergetics, i.e. mild uncoupling of mitochondrial respiration.19 We 
performed another study with Zucker rats investigating the effect of preconditioning 
on mitochondrial function.20 In this study we isolated the mitochondria before the 
index ischaemia and we could demonstrate that preconditioning causes mild 
mitochondrial uncoupling in isolated mitochondria of ZL rat hearts. Interestingly, 
this mild uncoupling effect was completely abrogated in mitochondria of ZO rat 
hearts. Infarct size reduction was also abolished in hearts of ZO rats. The results 
from this preconditioning study together with the disability of the mKATP channel 
opener diazoxide in the study from Katakam and colleagues13 suggest that the 
defect in the signaling pathway is located downstream of mitochondrial channels.  
Worth mentioning that the hyperlipidemia and/or the hypercholesterolemia of the 
Zucker obese rat might also influence the mechanisms of sevoflurane-induced 
postconditioning. Only little is known about the effect of postconditioning in 
hyperlipidemia. A study by Iliodromitis et al. showed that the infarct size limiting 
effect of postconditioning was abolished in rabbits with hyperlipidemia.21 In 
cholesterol-fed rats the cardioprotective effect of postconditioning was also 
abrogated.22 More research was done investigating the effect of classical 
preconditioning in hyperlipidemia and hypercholesterolemia, and the majority of 
these studies showed that the cardioprotective effect of preconditioning was 
abolished.23-25 In the present study ZO rats had significantly higher levels of 
cholesterol and triglycerids. Thus it might be possible that the increased levels of 
cholesterol and triglycerids participate in the blockade of postconditioning in ZO 
rats.  
The most likely other hypotheses to be addressed in future research are: 1) 
blockade of cardioprotection downstream of the mPTP in the signal transduction 
cascade and/or 2) interactions i.e. with the existing co morbidities in Zucker obese 
rats which avoid protection. 
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Abstract 

Background: Preconditioning is abolished in the prediabetic Zucker obese rat. It 
has been shown that prevention of mitochondrial permeability transition pore 
(mPTP) opening is involved in preconditioning by the noble gas helium. Here we 
investigated (1) whether helium induces pre- and postconditioning in Zucker rats, 
and (2) whether possible regulators of the mPTP (i.e. mitochondrial respiration or 
the Erk1/2, Akt/GSK-3beta signaling pathway) are influenced.  
Methods: Anesthetized Zucker lean (ZL) and obese (ZO) rats were randomized to 
seven groups. Control animals were not treated (ZL-/ZO-Con). Preconditioning 
groups (ZL-/ZO-He-PC) inhaled 70% helium for 3x5 or 6x5 minutes, 
postconditioning groups (ZL-/ZO-He-PostC) inhaled 70% helium for 15 min at the 
onset of reperfusion. Animals underwent 25 minutes of ischemia and 120 minutes 
of reperfusion. In additional experiments, hearts were excised after the 3rd helium 
exposure for analysis of mitochondrial respiration and for Western blot analysis of 
Erk1/2, Akt and GSK-3beta phosphorylation.  
Results: Helium reduced infarct size from 52±3% (mean±SE) to 32±2% and 
37±2% in ZL rats (ZL-HE-PC, ZL-He-PostC), respectively, but not in ZO rats (ZO-
He-PC: 56±3%, ZO-He-PC(6x): 57±4% and ZO-He-PostC: 51±3% vs. ZO-Con: 
54±3%). Mitochondrial respiration analysis showed that helium causes mild 
uncoupling in ZL rats (2.27±0.03 vs. 2.51±0.03), but not in ZO rats (2.52±0.04 vs. 
2.52±0.03). Helium had no effect on Erk1/2 and Akt phosphorylation. GSK-3beta 
phosphorylation during ischemia was reduced after helium application in ZL but not 
in ZO rats.  
Conclusion: Helium-induced preconditioning is abolished in obese Zucker rats in 
vivo probably caused by a diminished effect of helium on mitochondrial respiration. 
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vivo probably caused by a diminished effect of helium on mitochondrial respiration. 
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Introduction  

Diabetes mellitus is a known risk factor for the development of ischemic heart 
disease and myocardial infarction.1 It was shown that acute myocardial infarction is 
consistently associated with an increased mortality in patients with type 2 
diabetes.2 Furthermore, diabetes mellitus is associated with a loss of the protective 
potency of cardioprotective strategies, e.g. preconditioning, both in humans and 
animals.2-4 Katakam et al.4 demonstrated that both, ischemic and pharmacological 
preconditioning by the mitochondrial ATP-activated potassium (mKATP) channel 
agonist diazoxide is abolished in Zucker obese rats, a widely used animal model of  
insulin resistance and type 2 diabetes.  
Recently it was shown that exposure to the noble gas helium initiates a 
pronounced protection of the myocardium against ischemia reperfusion injury.5 
Helium is easy and safe to administer, and when compared to volatile anesthetics 
or xenon, the absence of anesthetic effects, as well as the lack of hemodynamic 
side effects would make helium an optimal agent for cardioprotection.6 7 These 
properties might offer the possibility to use helium in various groups of patients, 
e.g. during the perioperative period in patients at risk for cardiac events, as well as 
in non-surgical patients, e.g. in patients with unstable angina or myocardial 
infarction. Helium is already safely used in the therapy of asthma and chronic 
obstructive pulmonary disease, as well as in young children with ventilation 
disorders.7 8 
Cardioprotective effects of helium are mediated by activation of prosurvival 
signaling kinases and prevention of mitochondrial permeability transition pore 
(mPTP) opening.5 Opening of the mPTP can be regulated by different mechanisms 
including alterations in mitochondrial bioenergetics or regulation of glycogen 
synthase kinase-3beta (GSK-3beta) activity.9 10 The underlying mechanism, 
however, by which helium confers cardioprotection via mPTP is unknown. 
We aimed to investigate (1) if the noble gas helium initiates cardiac preconditioning 
in the Zucker obese rat in vivo, and (2) the underlying sub-cellular mechanism by 
which helium prevents mPTP opening, i.e. regulation of mitochondrial 
bioenergetics and/or inhibition of prosurvival kinase dependent pathways. 
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Material 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 were approved by the Institutional 
Committee for Animal Care and Use (Academic Medical Center Amsterdam, The 
Netherlands).  
 
Materials  
Helium was purchased from Linde Gas (Linde Gas Benelux BV, Dieren, The 
Netherlands). KCl was purchased from EMD Chemicals (Gibbstown, NJ, USA); all 
antibodies were purchased from Cell Signaling Technology Inc. (Danvers, USA) 
except the anti-α-tubulin and the anti-actin antibodies (Sigma, Saint Louis, USA). 
All other chemicals were purchased from Sigma-Aldrich Chemie B.V. (Zwijndrecht, 
The Netherlands). Rat insulin samples were measured with a Rat Insulin ELISA 
from Orange Medical (Orange Medical, Tilburg, The Netherlands). 
 
Surgical preparation 
Animals had free access to food and water at all times before the start of the 
experiments. Male Zucker lean rats (2485 g) and male Zucker obese rats (3345 
g) were anesthetized by intraperitoneal injection of S-ketamine (150 mg/kg) and 
Diazepam (1.5 mg/kg).  
Surgical preparation was performed as described previously.11 Briefly, after 
tracheal intubation, the lungs were ventilated with 30% oxygen and 70% nitrogen 
and a positive end-expiratory pressure of 2-3 cm H2O. During the experiments the 
endtidal CO2 (etCO2) concentration was measured in the expiratory gas (Datex 
Capnomac Ultima, Division of Instrumentarium Corp., Helsinki, Finland). 
Respiratory rate was adjusted to maintain etCO2 between 35 - 45 mmHg. 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 measurement of aortic pressure. Anesthesia 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 a 
major branch of the left coronary artery. All animals were left untreated for 20 
minutes before the start of the respective experimental protocol. Aortic pressure 
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was digitized using an analogue to digital converter (PowerLab/8SP, 
ADInstruments Pty Ltd, Castle Hill, Australia) at a sampling rate of 500 Hz and 
were continuously recorded on a personal computer using Chart for Windows v5.0 
(ADInstruments Pty Ltd, Castle Hill, Australia).  
 
Experimental protocol 
Rats were assigned to seven groups (Fig. 1): 
Animals for infarct size measurements underwent 25 min of coronary artery 
occlusion and 2 hours of reperfusion (I/R).  
Zucker lean control group (ZL Con, n=8): After surgical preparation rats received 
30% oxygen/70% nitrogen. 
Zucker lean helium preconditioned group (ZL He-PC, n=8): Rats received 
helium 70%/30% oxygen for three 5-min periods, interspersed with two 5-min 
wash-out periods 10 min before ischemia and reperfusion.  
Zucker obese control group (ZO Con, n=8): After surgical preparation rats 
received 30% oxygen/70% nitrogen. 
Zucker obese helium preconditioned group (ZO He-PC, n=8): Rats received 
helium 70%/30% oxygen for three 5-min periods, interspersed with two 5-min 
wash-out periods 10 min before ischemia and reperfusion.  
Zucker obese helium preconditioned group (ZO He-PC (6x), n=8): Rats 
received helium 70%/30% oxygen for six 5-min periods, interspersed with five 5-
min wash-out periods 10 min before ischemia and reperfusion. 
In two additional groups we investigated whether we could induce cardioprotection 
in ZO rats by helium postconditioning. In these groups ZL and ZO rats (each n=8) 
received helium 70%/30% oxygen for 15 min at the onset of reperfusion.12 
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Figure 1: Experimental protocol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Infarct size measurement 
After 120 minutes of reperfusion, the heart was excised and mounted on a modified 
Langendorff apparatus for perfusion with ice cold normal saline via the aortic root 
at a perfusion pressure of 80 cm H2O in order to wash out intravascular blood. 
After 2 minutes 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 minutes. Intravascular Evans blue was then 
washed out by perfusion for 10 minutes 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% triphenyltetrazoliumchloride 
(TTC) solution for 10 minutes at 37°C, fixed in 4% formalin solution for 24 hours 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 of each slide. 
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To investigate the effects of helium preconditioning on mitochondrial respiration, 
additional experiments (n = 8 for each group) were conducted using the same 
preconditioning protocol except that the hearts were excised 5 min after the third 
helium administration (see Fig. 1). The effect of helium preconditioning on 
phosphorylation of the enzymes GSK-3beta (Ser9), Akt (Thr308 and Ser473) and 
extracellular regulated kinase (Erk1/2) (p42/p44) were determined in additional 
experiments in group 1-4 at four different time points (n = 4 for each time point in 
duplicate): time point 1 after the first helium administration, time point 2 after the 
third helium administration, time point 3 after 15 minutes of ischemia and time point 
4 after 15 minutes of reperfusion (see Fig. 1). 
 
Mitochondrial isolation 
Heart mitochondria were isolated by differential centrifugation as described 
previously.13 Briefly, atria were removed 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) propanesulfonic 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 sec in 2.5 ml isolation buffer containing 5 
U/ml protease, and for another 15 sec after addition of 17 ml isolation buffer. The 
suspension was centrifuged at 3220g for 10 min, the supernatant was removed, 
and the pellet was resuspended in 25 ml isolation buffer and centrifuged at 800g 
for 10 min. The supernatant was centrifuged at 3220g for 10 min, and the final 
pellet was suspended in 0.5 ml isolation buffer and kept on ice. Protein content 
was determined by the Bradford method.14 All isolation procedures were conducted 
at 4°C. 
 
Mitochondrial respiration 
Oxygen consumption was measured polarographically at 37oC using a 
respirometric system (System S 200A, Strathkelvin Instruments, Glasgow, 
Scotland). Mitochondria (0.3 mg protein/ml) were suspended in respiration buffer 
containing 130 mmol/L KCl, 5 mmol/L K2HPO4, 20 mmol/L MOPS, 2.5 mmol/L 
EGTA, 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 sec. State 3 respiration 
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was initiated after 120 sec by addition of 200 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 
respiratory control index (RCI, state 3/state 4) and the P/O ratio (phosphate 
incorporated into ATP to oxygen consumed) were calculated as parameter of 
mitochondrial coupling between respiration and oxidative phosphorylation, and 
mitochondrial efficiency, respectively. From each heart, respiration measurements 
were repeated in 3 mitochondrial samples and the average was taken (and 
counted as n = 1). Respiration rates are expressed as absolute rates in nmol 
O2/mg/min. 
 
Separation of cytosolic fraction 
For cellular fractionation and subsequent Western blot assay, tissue specimens 
were prepared for protein analysis of GSK-3beta (Ser9), Akt (Thr308 and Ser473) 
and Erk1/2 (p42/p44), respectively. The excised hearts were frozen in liquid 
nitrogen. Subsequently, a cellular fractionation was performed as described 
previously.15 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 DTT. 
The solution was vigorously homogenized on ice (Homogenisator, IKA, Staufen, 
Germany) and then centrifuged at 1000 g, 4°C, for 10 min. The supernatant, 
containing the cytosolic fraction, was centrifuged again at 16000 g, 4°C, for 15 min 
to clean up this fraction for further Western blot assay.  
 
Western blot analysis 
After protein concentration was determined by the Lowry method16 equal amounts 
of protein were prepared and loaded on a 10% SDS-PAGE gel. The proteins were 
separated by electrophoresis (100 V, 85 min) and then transferred to a PVDF 
membrane by tank blotting (100V, 1h). To prevent unspecific antibody binding the 
membrane was subsequently blocked with 5% skimmed milk solution in Tris 
buffered saline containing Tween (TBS-T) for 2 hours. Then, the membrane was 
incubated over night at 4°C with the respective primary antibody GSK-3beta 
(1:10.000), Akt(Thr308)(1:10.000), or Akt(Ser473)(1:10.000), Erk1/2 (p42/p44) 
(1:10.000). After washing in fresh, cold TBS-T, the blot was subjected to the 
appropriate horseradish peroxidase conjugated secondary antibody for 2 hours at 
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room temperature. Immunoreactive bands were visualized by chemiluminescence 
detected on X-ray film (Amersham Hyperfilm ECL, GE Healthcare Limited, United 
Kingdom) using the enhanced chemiluminescence system Santa Cruz (Santa Cruz 
Biotechnology, Inc., Santa Cruz). The blots were quantified using a Kodak Image 
station® (Eastman Kodak Comp., Rochester, NY) and the results are presented as 
ratio of phosphorylated protein to total protein. Equal loading of protein on the gel 
was additionally proved by detection of α-tubulin or actin, respectively, and 
Coomassie blue staining of the gels. 
 
Statistical Analysis 
Data are expressed as mean  standard error of the mean (SE). Heart rate (in 
bpm) and mean aortic pressure (in mmHg) were measured during baseline, 
coronary artery occlusion, and reperfusion period. Comparisons of hemodynamics 
between groups or between time points in a group were performed (SPSS Science 
Software, version 12.0.1) using two-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test. Infarct sizes were analyzed by one-way ANOVA followed by 
Tukey’s post-hoc test. Data from mitochondrial and Western blot experiments were 
analyzed by Student’s t-test with Bonferroni’s correction for multiple comparisons. 
Changes within and between groups were considered statistically significant if 
P<0.05. 
 
 
Results 

Infarct size measurement 
Helium preconditioning reduced infarct size in ZL rats from 52  3 % in controls to 
32  2 % (P<0.05; Fig. 2). In ZO control rats, infarct size was similar to ZL controls 
(54  3 %, n.s. vs. ZL Con). In contrast to the protection seen in ZL rats, in ZO rats 
did helium not reduce infarct size (56  3 %, n.s.; Fig. 2). Furthermore, an 
increased preconditioning stimulus by 6 cycles of helium could not protect the ZO 
rat heart (57 ± 4 %, n.s.; Fig. 2). Helium postconditioning reduced infarct size in ZL 
rats (37 ± 2 %, P<0.05; Fig. 2). This effect was also completely abolished in ZO 
rats (51 ± 3 %, n.s.; Fig. 2). 
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Figure 2: Infarct size measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Histogram shows the infarct sizes as percent of area at risk (AAR). ZL = Zucker lean, ZO = 
Zucker obese, Con = Control, He-PC = helium preconditioning, He-PostC = helium postconditioning. 
Data are presented as mean±SE, *P<0.05 vs. ZL Con. 
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Hemodynamic variables 
Hemodynamic variables are summarized in table 1. No significant differences in 
heart rate and aortic pressure were observed between the experimental groups 
during baseline, ischemia and reperfusion. At the end of the experiments, mean 
aortic pressure was significantly decreased compared with baseline in all groups 
with the exception of the ZO control group. 
 
Table 1: Hemodynamic variables 
 

Baseline  Washout 3 Ischemia Reperfusion  

    15 min 30 min 60 min 120 min 

Heart Rate (BPM) 

ZL Con 419   9  428    9  435    8  378  17  375  21  399  21 

ZL He-PC 417  12  420  11  423    8  387  11 364    8*  351  14* 

ZL He-PostC 407  12  389    5  391    6  360  10  364    9 344  11 

ZO Con 414  12  397  11  406  18  381  18  360  19 349  22 

ZO He-PC 416  14  410    8  415    7  398  11  387  11 372  16 

ZO He-PC (6x) 407    7  389  13  404    5  375    9  363    9  355    6* 

ZO He-PostC 400   7  392    3  398  10  361    9  351    9*  339  10* 

Mean AOP (mmHg) 

ZL Con 116    6  105    9  96   7 80    6*   81  10* 69    6* 

ZL He-PC 120    7  103    5  90   8 74    9*   62    8* 67    9* 

ZL He-PostC 110    5   95    4   87   6* 70    5*   58    3* 60    3* 

ZO Con 111  14  106  15    100  17 81  11   73  11 66  10 

ZO He-PC 120    4  113    4    107    7 91  10   81  11*  60    8* 

ZO He-PC (6x) 117    3  101    6  103    4 86    4*   61    4*  62    2* 

ZO He-PostC 121    2  117    3  106    6 83    5*   73    6*  63    2* 
 
Tab. 1: Data are mean±SE. ZL = Zucker lean; ZO = Zucker obese; Con = control group; He-PC = 
Helium preconditioning; He-PostC = helium postconditioning. *P<0.05 vs. baseline. 
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Weights and blood glucose levels  
The body weights (g) of ZO rats were significantly higher than in ZL rats (Tab. 2).  
Blood glucose levels were not different between groups (Tab. 2). Insulin levels 
were significantly higher in ZO compared to ZL rats (Tab. 2). 
 
Table 2: 

 
Tab. 2: Data are mean±SE. ZL = Zucker lean; ZO = Zucker obese; Con = control group; He-PC = 
helium preconditioning; He-PostC = helium postconditioning.  
*P<0.05 vs. ZL Con; #P<0.05 vs. ZL He-PC; †P<0.05 vs. ZL He-PostC. 

 
Mitochondrial respiration 
Mitochondrial respiration results are summarized in figure 3. There was no 
significant difference in the RCI between ZL (n = 8) and ZO (n = 7) control rats 
(2.51 ± 0.03 vs. 2.52 ± 0.03, n.s.). Helium preconditioning reduced the RCI in ZL 
rats (2.27 ± 0.03; n = 8; P<0.05 vs. ZL Con), but had no effect on the RCI in ZO 
rats (2.52 ± 0.04; n = 8; n.s. vs. ZO Con). The reduction in the RCI in ZL He-PC 
was caused by an increase in state 4 respiration (155 ± 4 nmol O2/mg/min vs. 139 
± 3 nmol O2/mg/min, P<0.05); state 3 respiration was not affected by helium 
preconditioning in both ZL and ZO rats. 
There was no difference between all groups in the efficiency of oxidative 
phosphorylation as demonstrated by no changes in the P/O ratio. 
 

Group 
Blood sugar 

(mmol l-1) 

Insulin levels 

(nmol l-1) 

Body weight 

(g) 

Heart dry weight 

(g) 

Area at risk 

(%) 

ZL Con 6.7 ± 0.1     0.24 ± 0.05     244 ± 10 0.176 ± 0.007 24 ± 5 

ZL He-PC 6.3 ± 0.6     0.26 ± 0.06     262 ± 10 0.172 ± 0.008 26 ± 3 

ZL He-PostC 6.0 ± 0.1     0.20 ± 0.05     238 ±   4 0.174 ± 0.006 21 ± 3 

ZO Con 6.9 ± 0.4    2.20 ± 0.48*,#,†    315 ± 12*,#,† 0.182 ± 0.007 23 ± 3 

ZO He-PC 7.8 ± 0.8    2.18 ± 0.42*,#,†    330 ± 10*,#,† 0.186 ± 0.008 23 ± 5 

ZO He-PC (6x) 6.4 ± 0.2    2.65 ± 0.38*,#,†    343 ±   4*,#,† 0.194 ± 0.002 20 ± 2 

ZO He-PostC  6.2 ± 0.2    2.64 ± 0.68*,#,†    348 ±   4*,#,† 0.186 ± 0.005 18 ± 3 
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Figure 3: Mitochondrial respiration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Summarized data for the effects of helium preconditioning on mitochondrial respiration. ZL = 
Zucker lean, ZO = Zucker obese, Con = Control, He-PC = helium preconditioning. RCI = respiratory 
control index, a parameter for the coupling between mitochondrial respiration and oxidative 
phosphorylation. P/O ratio = ratio between phosphate incorporated into ATP and oxygen consumed; a 
parameter for the efficiency of oxidative phosphorylation. Data are presented as mean±SE, *P<0.05 vs. 
ZL Con. 

 
Regulation of GSK-3beta, Akt and Erk1/2 phosphorylation during helium 
preconditioning  
Figure 4 show that there were no differences at any time point in Akt and Erk1/2 
phosphorylation during the experiments in ZL and ZO rats. Helium reduced GSK-
3beta phosphorylation during ischemia in ZL rats compared with respective 
controls (0.49 ± 0.07 vs. 0.72 ± 0.07, P<0.05; Fig. 4A3). 
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Figure 4: Western blot analysis 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 4: Effects of Helium-induced preconditioning on GSK-3beta (Ser9) (panel A), Akt (Thr308 and 
Ser473) (panel B and C) and Erk1/2 (panel D and E) phosphorylation. Summarized data presenting 
ratio of phosphorylated enzyme to total enzyme are shown. Time point 1 after the first helium 
administration (A1- E1 respectively), time point 2 after the third helium administration (A2 - E2 
respectively), time point 3 after 15 min of ischemia (A3 - E3 respectively), time point 4 after 15 min of 
reperfusion (A4 - E4 respectively), LC = Zucker lean control, OC = Zucker obese control, LH = Zucker 
lean helium preconditioning, OH = Zucker obese helium preconditioning. Data are presented as 
mean±SE, *P<0.05 vs. LC. 
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Fig. 4: Effects of Helium-induced preconditioning on GSK-3beta (Ser9) (panel A), Akt (Thr308 and 
Ser473) (panel B and C) and Erk1/2 (panel D and E) phosphorylation. Summarized data presenting 
ratio of phosphorylated enzyme to total enzyme are shown. Time point 1 after the first helium 
administration (A1- E1 respectively), time point 2 after the third helium administration (A2 - E2 
respectively), time point 3 after 15 min of ischemia (A3 - E3 respectively), time point 4 after 15 min of 
reperfusion (A4 - E4 respectively), LC = Zucker lean control, OC = Zucker obese control, LH = Zucker 
lean helium preconditioning, OH = Zucker obese helium preconditioning. Data are presented as 
mean±SE, *P<0.05 vs. LC. 
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Discussion 

The main findings of our study are that the cardioprotective effect of helium-
induced preconditioning a) is abolished in the prediabetic rat heart, and b) is 
mediated in the non-diabetic heart rather by regulation of mitochondrial respiration, 
i.e. mild mitochondrial uncoupling, than by activation of prosurvival signaling 
kinases. We also demonstrate that helium induces postconditioning, but that this 
protection is abolished in the prediabetic rat.  
It is well known that besides brief periods of ischemia, also pharmacological 
interventions can initiate cardiac preconditioning to enhance the resistance of the 
myocardium against ischemia and reperfusion injury.17 Helium is a non-anesthetic 
gas without significant hemodynamic side effects.18 These properties would make 
helium an ideal agent for cardioprotection in patients with cardiovascular disease 
not only in the perioperative setting like during cardiac surgery, but also for 
interventional procedures like during percutaneous coronary interventions. 
There is evidence that the protective potency of both ischemic and 
pharmacological preconditioning is diminished in the diabetic heart.4 19 20 In the 
present study, we show that besides the rabbit heart5 also the rat heart can be 
protected by helium induced pre- and postconditionig. Furthermore, we 
demonstrate that the cardioprotective effect of helium is abolished in the 
prediabetic rat heart. Kristiansen et al.19 demonstrated in obese Zucker diabetic 
fatty and lean Goto-Kakizaki rats, two widely used rat models of type 2 diabetes, 
that ischemic preconditioning does not reduce infarct size. In contrast, Tsang et 
al.20 showed that preconditioning can be induced in hearts from Goto-Kakizaki rats, 
but the threshold that is required to achieve preconditioning is elevated in diabetic 
compared with non diabetic hearts. In our study, even six cycles of helium 
preconditioning did not result in infarct size reduction in ZO rats (Fig. 2). The 
experimental diabetes models used in the two earlier cited studies were 
characterized by a significant hyperglycemia. Katakam et al.4 demonstrated that 
both, ischemic and pharmacological preconditioning induced by the mKATP channel 
agonist diazoxide, are abolished in Zucker obese rats. The experiments were 
conducted in 10-12 weeks old rats. At this age, ZO rats are hyperinsulinemic and 
normoglycemic21, representing a prediabetic state of type 2 diabetes. In the present 
study, we used 10-12 weeks old ZO rats that were also normoglycemic and 
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hyperinsulinemic (Tab. 2), and our results are in line with the earlier findings4 
showing that cardioprotection is abolished in the prediabetic heart (Fig. 2).  
The mechanism by which helium-induced preconditioning is blocked in the 
prediabetic heart is unknown. Ischemic and pharmacological preconditioning failed 
to protect the diabetic myocardium, possibly caused by dysfunctional potassium 
channels in the inner mitochondrial membrane.22 Alterations in mitochondrial 
function caused by potassium channel activation have been proposed to protect 
the myocardium by reducing mPTP opening.9 Helium-induced preconditioning is 
abrogated by administration of the mPTP opener atractyloside.5 It has also been 
suggested that preconditioning prevents mPTP opening by regulation of 
prosurvival signaling kinases including Erk1/2, Akt and GSK-3beta, and/or by 
regulation of mitochondrial bioenergetics, i.e. mild uncoupling of mitochondrial 
respiration.9 23 Pagel et al. demonstrated that helium preconditioning is abolished 
by 5-hydroxydecanoate (5-HD), a mKATP channel blocker.24 Interestingly, activation 
of the KATP channel with Diazoxide could not induce preconditioning in the Zucker 
obese rat heart4, suggesting that the blockade of Diazoxide-induced 
preconditioning is related to defects at the level of the mKATP channel or its 
downstream signaling cascade. Very recently we could demonstrate that opening 
of another mitochondrial potassium channel, namely the mitochondrial calcium 
sensitive potassium channel (mKCa) is involved in helium-induced preconditioning 
25. This study, together with the study from Pagel24 suggest a crucial role of  
mitochondrial potassium channels in helium preconditioning. mKCa channel 
opening causes a slight increase in mitochondrial reactive oxygen species 
generation.26 Stowe et al.27 demonstrated that the cardioprotective effect of the 
mKCa channel agonist 1,3-Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-
(trifluoromethyl)-2H-benzimidazol-2-one (NS1619) requires superoxide radical 
generation during the preconditioning stimulus. Furthermore, preconditioning by 
NS1619 reduces mitochondrial calcium overload and mitochondrial reactive 
oxygen species production during the subsequent period of ischemia and early 
reperfusion.27 Such a reduction in mitochondrial calcium overload and reactive 
oxygen species generation has been suggested to prevent mPTP opening.9 28 
Both, mKATP and mKCa channel activation trigger preconditioning independent from 
each other and by involvement of the mPTP.29   
Our results suggest that regulation of mitochondrial respiration is involved in 
helium-induced preconditioning: helium induced a reduction of the respiratory 
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control index in ZL rats while it had no effect on mitochondrial function in ZO rats. 
Furthermore, the helium-induced effect on mitochondrial respiration was abolished 
before the onset of lethal ischemia. Based on these data we suggest that the 
prediabetic related blockade of helium-induced preconditioning is related to defects 
at the level of the mitochondria or mitochondrial potassium channels, respectively, 
or its upstream signaling cascade. It has been shown that mitochondrial uncoupling 
is capable of inducing cardioprotection: pharmacological uncoupling by 2,4-
dinitrophenol or FCCP reduced infarct size in rat heart in vitro.30-32  
The role of prosurvival signaling kinases in helium-induced preconditioning remains 
unclear. In the rabbit heart, the protective effect of helium was blocked by 
pharmacological inhibition of phosphatidylinositol-3-kinase, extracellular signal-
regulated kinase, and 70-kDa ribosomal protein s6 kinase. Hausenloy et al. 
demonstrated for ischemic preconditioning that Akt and Erk1/2 were 
phosphorylated before and after the ischemic period compared to control group.33 
In the current study, we tested time dependent phosphorylation of GSK-3beta, Akt 
and Erk1/2. We did not detect an effect of helium on Erk1/2 and Akt 
phosphorylation. GSK-3beta shows a decreased activity in Zucker lean helium 
treated rats after 15 minutes of ischemia compared with respective controls. The 
importance of Akt phosphorylation in the signal transduction of ischemic 
preconditioning was demonstrated by Tsang et al.20 In their study, preconditioning 
caused an increased Akt phosphorylation 5 min after the last preconditioning cycle, 
i.e. the same timing of tissue sampling as we used in the present study. However, 
to our knowledge, there is no evidence that “prosurvival kinases” activate 
mitochondrial KCa channels to regulate mitochondrial function. Recently, it was 
shown that adrenomedullin treatment prior to ischemia reduces infarct size via 
protein kinase A mediated activation of mKCa channels.34 This effect was 
independent of phosphatidylinositol-3-kinase. In the present study, we did not test 
whether protein kinase A is involved in helium preconditioning.  
The results of the present study have to be interpreted within the scope of some 
limitations. First, our experiments were conducted in Zucker obese and Zucker lean 
rats. Zucker obese rats have a Leptin receptor mutation and develop obesity at an 
early age.35 36 The Zucker obese rat is described to be hyperphagic compared to 
lean littermates from an early age on and obese condition is evident at 5 weeks. In 
the present study, feeding of the Zucker obese rat was not different from Zucker 
lean rats. However, we did not measure differences in caloric intake. Second, in 
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the present study we did not investigate the effect of helium on the mPTP directly. 
However, it has already been demonstrated that helium confers cardioprotection by 
prevention of mPTP opening.5 Therefore, the present study was designed to 
investigate the effect of helium on possible regulators of the mPTP (i.e. 
mitochondrial respiration, GSK-3beta phosphorylation). Third, we did not 
investigate other possible avenues of preconditioning like endothelial or inducible 
nitric oxide synthase and or potassium channels in the present study. It was shown 
that helium preconditioning is mediated by endothelial but not by inducible nitric 
oxide synthase.37 All these enzymes reported to be involved in helium 
preconditioning are located upstream of mitochondrial potassium channels and the 
mitochondria. Abolished mitochondrial uncoupling in the Zucker obese rat heart 
before lethal ischemia together with no effects on the expression of enzymes of the 
prosurvival cascade, suggest a blockade of cardioprotection in the prediabetic 
heart caused by yet unknown mechanisms. 
Taken together, the present study demonstrates that the noble gas helium can 
induce pre- and postconditioning in the rat heart in vivo. The protective effect of 
preconditioning could be explained by mild mitochondrial uncoupling, an alteration 
that is capable to prevent mPTP opening. Furthermore, the protective potency of 
helium-induced preconditioning is completely abrogated in the Zucker obese rat, a 
widely used animal model for prediabetic conditions of state 2 diabetes. Whether 
this cardioprotection can be re-established in the prediabetic heart by further 
pharmacological intervention needs further investigation. 
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Abstract 

Background: The noble gas helium induces cardiac preconditioning (He-PC). If 
activation of mitochondrial K+ channels is involved in He-PC is unknown. We 
investigated if He-PC is 1) mediated by activation of KCa channels, 2) results in 
mitochondrial uncoupling, and 3) whether He-PC is age-dependent.  
Methods: Anesthetized Wistar rats were randomized to six groups (each n = 10). 
Young (2-3 months) control (Con) and aged (22-24 months) control animals (Age-
Con) were not further treated. Preconditioning groups (He-PC and Age-He-PC) 
inhaled 70% helium for 3x5 min. The KCa blocker iberiotoxin was administered in 
young animals, with and without helium (Ibtx+He-PC and Ibtx). Animals underwent 
25 min regional myocardial ischemia and 120 min reperfusion. In additional 
experiments, cardiac mitochondria were isolated and the respiratory control index 
was calculated (state 3/state 4).  
Results: Helium reduced infarct size in young rats from 61±7% to 36±14% (P<0.05 
vs. Con). Infarct size reduction was abolished by iberiotoxin (60±11%; P<0.05 vs. 
He-PC), whereas iberiotoxin alone had no effect (59±8%; n.s. vs. Con). In aged 
animals helium had no effect on infarct size (Age-Con: 59±7% vs. Age-He-PC: 
588%, n.s.). Helium reduced respiratory control index in young (2.76±0.05 to 
2.43±0.15, P<0.05) but not in aged animals (Age-Con: 2.87±0.17 vs. Age-He-PC: 
2.87±0.07, n.s.). Iberiotoxin abrogated the helium effect on respiratory control index 
(2.73±0.15, P<0.05 vs. He-PC), but had itself no effect on mitochondrial respiration 
(2.75±0.05; n.s. vs. Con).  
Conclusion: Helium causes mitochondrial uncoupling, and induces 
preconditioning in young rats via KCa channel activation. However, these effects are 
lost in aged rats. 
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Introduction  

Ischemic heart disease, with its clinical consequences of acute myocardial 
infarction, sudden cardiac death, arrhythmias and heart failure is the leading cause 
of morbidity and mortality in industrialized nations. Several studies demonstrated 
tissue protective effects of preconditioning during ischemia-reperfusion 
interventions, both in animals1-3 and humans.4 5 
However, most of these studies were conducted in young and healthy animals. The 
morbidity and mortality of myocardial infarction is increased with increasing age,6-8  
possibly partly due to an aging related loss of the protective potency of 
cardioprotective strategies, e.g. preconditioning.9-12 The underlying reason for this 
loss of cardioprotection in the senescent heart is unknown. Lee et al.11 
demonstrated a loss of protection in elderly patients (older than 65 years) 
undergoing coronary angioplasty compared to patients younger than 55 years. 
Since a prolonged period of ischemia and the mitochondrial adenosine 
triphosphate-sensitive potassium channel activator nicorandil were able to 
(re)initiate a preconditioning state in the older patients, the authors concluded that 
the impaired preconditioning response is caused by some defects in signal 
transduction of activation of adenosine triphosphate-sensitive potassium (KATP) 
channels with aging. In addition to activation of KATP channels13, preconditioning 
seems to be mediated also by another class of K+ channels, the calcium sensitive 
potassium (KCa) channel (BKCa).14 15 These channels have recently been described 
in mitochondria, although their identity with surface membrane channels remains to 
be proven.16 It is proposed that activation of K+ channels in the inner mitochondrial 
membrane with the consequence of K+ influx into the mitochondrial matrix causes 
alterations in mitochondrial function.13 17 Recently, we discovered that the effect of 
activation of mKCa channels on mitochondrial function is age dependent.18  
A recent study demonstrated that the cardioprotective effect of preconditioning can 
be mimicked by the noble gas helium.19 Helium might be a perfect alternative as an 
organprotective gas: in contrast to volatile anesthestics or the noble gas xenon, 
helium is a non-anesthetic gas which might be administered to patients who are 
subjected to organ ischemia (vascular surgery, organ transplantation, cardiac 
surgery) or who recently underwent regional ischemia (stroke, angina pectoris, 
myocardial infarction, organ transplantation) without the `side-effect` being 
anesthetized.20 Like xenon, which clinical use on a routine basis is till now limited 
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due to its high costs and difficulties in application, helium lacks hemodynamic side 
effects. In mechanically ventilated patients with chronic obstructive pulmonary 
disease, hemodynamics are improved after helium inhalation.21 In contrast to 
xenon, helium can be easily supplied via a tube or a facemask. 
Helium confers cardioprotection via modulation of the mitochondrial permeability 
transition pore (mPTP).19 It has been suggested that opening of the mPTP can be 
prevented by alterations in mitochondrial function.22 However, it is unknown 
whether helium-induced preconditioning is mediated by KCa channels with the 
consequence of altered mitochondrial respiration, and whether helium initiates 
preconditioning in the senescent heart. Here, we hypothesize that helium-induced 
preconditioning 1) is mediated by activation of KCa channels, 2) results in 
mitochondrial uncoupling, and 3) is abolished in the aged myocardium.  
 
 
Material and Methods 

The investigation is 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 was performed after approval of the 
Animal Ethics Committee of the University of Amsterdam, Amsterdam, The 
Netherlands.  
 
Materials  
Helium was purchased from Linde Gas (Linde Gas Benelux BV, Dieren, the 
Netherlands). KCl was purchased from EMD Chemicals (Gibbstown, NJ); all other 
chemicals were purchased from Sigma Chemical Co. (Taufkirchen, Germany). The 
polyclonal KCa channel beta 1 subunit antibody and the immunizing peptide were 
purchased from Abcam (Cambridge, United Kingdom). 
 
Surgical preparation 
Animals had free access to food and water at all times before the start of the 
experiments. Young (3-4 months) male Hannover Wistar rats (352 ± 15 g) and old 
(22-24 months) male Hannover Wistar rats (621 ± 34 g) were anesthetized by 
intraperitoneal S-ketamine injection (150 mg/kg) and diazepam (1.5 mg/kg). 
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Surgical preparation was performed as described previously.23 24 In brief, after 
tracheal intubation, the lungs were ventilated, and respiratory rate was adjusted to 
maintain partial pressure of carbon dioxide (PCO2) within physiological 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 measurement of aortic pressure. Anesthesia was maintained by 
continuous α-chloralose infusion. A lateral left sided thoracotomy was performed 
and a ligature (5-0 Prolene) was passed below a major branch of the left coronary 
artery. All animals were left untreated for 20 minutes before the start of the 
respective experimental protocol. Aortic pressure was digitized using an analogue 
to digital converter (PowerLab/8SP, ADInstruments Pty Ltd, Castle Hill, Australia) 
at a sampling rate of 500 Hz and was continuously recorded on a personal 
computer using Chart for Windows v5.0 (ADInstruments).  
 
Experimental protocol 
Rats were divided into six groups (Fig. 1): 
All animals underwent 25 min of coronary artery occlusion and 2 hours of 
reperfusion.  
 
Figure 1: Experimental protocol 
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Control group (n = 10): After surgical preparation, rats received 30% oxygen/70% 
nitrogen. 
Helium preconditioned group (n = 10): Rats received 70% helium/30% oxygen 
for three 5-min periods, interspersed with two 5-min wash-out periods 10 min 
before ischemia and reperfusion.  
Helium preconditioned group with Iberiotoxin (n = 10): Rats received 70% 
helium/30% oxygen for three 5-min periods, interspersed with two 5-min wash-out 
periods 10 min before ischemia and reperfusion. Iberiotoxin (6 μg/kg/min) was 
administered continuously over a time period of 30 minutes starting 5 min prior to 
the first preconditioning stimulus.  
Iberiotoxin group (n = 10): Rats received iberiotoxin continuously over a time 
period of 30 minutes starting 5 min prior to the first preconditioning stimulus.   
Aged control group (n = 10): After surgical preparation, rats received 30% 
oxygen/70% nitrogen. 
Aged Helium preconditioned group (n = 10): Rats received 70% helium/30% 
oxygen for three 5-min periods, interspersed with two 5-min wash-out periods 10 
min before ischemia and reperfusion.  
 
Infarct size measurement 
After 120 minutes of reperfusion, the heart was excised with the occluding suture 
left in place and then mounted on a modified Langendorff apparatus for perfusion 
with ice cold normal saline via the aortic root at a perfusion pressure of 80 cm H2O 
in order to wash out intravascular blood. After 5 minutes 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 minutes. 
Intravascular Evans blue was then washed out by perfusion with normal saline for 
10 minutes. This treatment identified the area at risk as unstained. The heart was 
then cut into 2 mm thick transverse slices. The slices were stained with 0.75% 
triphenyltetrazolium chloride solution for 10 minutes at 37°C, and fixed in 4% 
formalin solution for 24 hours 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). 
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For mitochondrial respiration and Western Blot analysis additional experiments 
(each n = 8) were performed. Hearts were excised 5 min before the onset of 
ischemia (total baseline 50 min). 
 
Mitochondrial isolation 
Heart mitochondria were isolated by differential centrifugation as described 
previously.18 Briefly, atria were removed 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) propanesulfonic acid, 1 mmol/L Ethylene glycol-bis(2-
aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), 0.1% bovine serum albumin, 
pH 7.15 adjusted with potassium hydroxide], and minced into 1 mm3 pieces. The 
suspension was homogenized for 15 sec 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 sec after addition of 17 ml isolation buffer. The 
suspension was centrifuged at 3220g for 10 min, the supernatant was removed, 
and the pellet was resuspended in 25 ml isolation buffer and centrifuged at 800g 
for 10 min. The supernatant was centrifuged at 3220g for 10 min, and the final 
pellet was suspended in 0.5 ml isolation buffer and kept on ice. Protein content 
was determined by the Bradford method. All isolation procedures were conducted 
at 4°C. 
 
Mitochondrial respiration 
Oxygen consumption was measured polarographically at 37oC using a 
respirometric system (System S 200A, Strathkelvin Instruments, Glasgow, 
Scotland). Mitochondria (0.3 mg protein/ml) were suspended in respiration buffer 
containing 130 mmol/L KCl, 5 mmol/L K2HPO4, 20 mmol/L 3-(n-morpholino) 
propanesulfonic acid, 2.5 mmol/L EGTA, 1 µmol/L Na4P2O7, 0.1% bovine serum 
albumin, pH 7.15 adjusted with potassium hydroxide. Mitochondrial respiration was 
initiated by administration of 10 mmol/L complex II substrate succinate (+10 µmol/L 
complex I blocker rotenone) after 60 sec. State 3 respiration was initiated after 120 
sec by addition of 200 µmol/L adenosine diphosphate (ADP). Respiration rates 
were recorded under state 3 conditions and after complete phosphorylation of 
adenosine diphosphate to adenosine triphosphate (ATP) (State 4). The respiratory 
control index (RCI, state 3/state 4) and the ratio of phosphate incorporated into 
adenosine triphosphate to oxygen consumed (P/O ratio), were calculated as 
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parameter of mitochondrial coupling between respiration and oxidative 
phosphorylation, and mitochondrial efficiency, respectively. From each heart, 
respiration measurements were repeated in 3 mitochondrial samples and the 
average was taken (and counted as n=1). Respiration rates are expressed as 
absolute rates in nmol O2/mg/min. 
 
Western blot analysis  
The content of KCa channels in the mitochondria was determined by Western blot 
analysis.  100 μl of mitochondrial suspension was treated with 5 μl Triton X 100 
(10%), 20 μl KCL (4.5 M), and protease inhibitor mix (aprotinin, leupeptin and 
pepstatin), stirred, and incubated at room temperature for 5 min. After 
centrifugation (10000 g, 5 min), the protein concentration was determined by the 
Lowry method.25 Subsequently, equal amounts of mitochondrial protein (30 μg) 
were mixed with loading buffer (1:1) containing Tris-HCl, glycerol and bromphenol 
blue. Samples were loaded on a 12% sodium dodecyl sulfate - poly acrylamide gel 
electroforese gel, separated by electrophoresis and transferred to a Polyvinylidene 
Fluoride membrane by tank blotting (100V, 2h). Unspecific binding of the antibody 
was blocked by incubation with 5% skimmed milk solution in Tris buffered saline 
containing Tween for 2 hours. Subsequently, the membrane was incubated over 
night at 4°C with the KCa channel beta 1 subunit antibody (1:1000). After washing in 
fresh, cold Tris buffered saline containing Tween, the blot was subjected to the 
appropriate horseradish peroxidase conjugated secondary antibody for 2 hours at 
room temperature. Immunoreactive bands were visualized by chemiluminescence 
and detected on X-ray film (Amersham Hyperfilm ECL, GE Healthcare Limited, 
United Kingdom) using the enhanced chemiluminescence system Santa Cruz 
(Santa Cruz Biotechnology, Inc., Santa Cruz). The blots were quantified using a 
Kodak Image Station® (Eastman Kodak Comp., Rochester, NY) and the results are 
presented as ratio of KCa beta1 subunit (arbitrary units) to citrate synthase activity 
(mU/mg). Equal loading of protein on the gel was additionally proved by 
Coomassie blue staining of the gels. For identification of the specific KCa beta 1 
subunit band, additional blocking experiments were conducted using the 
immunizing peptide in a large molar excess (~70 fold) for competitive inhibition of 
antibody-protein binding.  
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Determination of enzyme activities 
Citrate synthase activity, a mitochondrial marker, was measured according to 
standard spectrophotometric procedures26 and served as a control for Western blot 
results of mitochondrial KCa channels. It was shown that citrate synthase activity 
does not change with increasing age. 27 28 
 
Statistical Analysis 
Data are expressed as mean ± SD. Heart rate (in bpm) and mean aortic pressure 
(in mmHg) were measured during baseline, coronary artery occlusion, and 
reperfusion period. Comparisons between groups or between time points in a 
group were performed (SPSS Science Software, version 12.0.1) using two-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc test. Infarct sizes were 
analyzed by a One-way ANOVA followed by Tukey’s post-hoc test. Changes within 
and between groups were considered statistically significant if P<0.05. 
Mitochondrial respiration results and Western blot data were analyzed by a One-
way ANOVA followed by Tukey’s post-hoc test. 
 
 
Results 

Infarct size measurement 
Helium-induced preconditioning reduced infarct size in young animals from 61 ± 7 
% in controls to 36 ± 14 % (P<0.05, Fig. 2). Administration of iberiotoxin during the 
preconditioning period completely abolished cardioprotection (60 ± 11 %; ns vs. 
Con). Iberiotoxin alone had no effect on infarct size (59 ± 8 %; ns vs. Con). Infarct 
size in aged controls was comparable to young controls (59 ± 7%). In contrast to 
young rats, Helium did not reduce infarct size in aged rats (58  8 %, ns vs. Age 
Con, Fig. 2). 
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Figure 2: Infarct size measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Histogram shows the infarct size (percent of area at risk, AAR) of controls (Con), preconditioning 
with 70% Helium (He-PC), preconditioning with 70% Helium combined with Iberiotoxin (He-PC+Ibtx), 
Iberiotoxin alone (Ibtx), controls in aged rats (Age Con) and preconditioning in aged rats with 70% 
Helium (Age He-PC). Data are presented as mean±SD, *P<0.05 vs. control group. 

 
Hemodynamic variables 
Hemodynamic variables are summarized in table 1. No significant differences in 
heart rate and aortic pressure were observed between the experimental groups 
during baseline, ischemia or reperfusion. At the end of the experiments, mean 
aortic pressure and heart rate were significantly decreased compared with baseline 
in all groups.  
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Table 1: Hemodynamic variables 

Baseline  Washout 3  Ischemia Reperfusion 
 

    15 
 

30 120 

Heart rate (bpm) 

Con 445  27  428  35  424  35  397  36 369  33* 

He-PC 448  12  443  21  449  27  397  36* 374  32* 

He-PC+Ibtx 435  29  417  31  426  28  390  23* 361  25* 

Ibtx 461  31  439  27  459  20  429  27 385  40* 

Age Con 421  28  405  24  410  28  374  37* 323  44* 

Age He-PC 409  27  407  28  402  29  367  33* 334  34* 

Mean aortic pressure (mmHg) 

Con 127  18  112  20  101  22  91  23* 68  11* 

He-PC 133  25  125  23  108  31  95  23* 76  19* 

He-PC+Ibtx 117  21  119  17  101  25  88  21* 72    9* 

Ibtx 127  24  129  16  124  16  94  18* 65  17* 

Age Con 114  26  114  18  115  24  98  21 78  21* 

Age He-PC 119  21  120  20  111  25  92  16* 77  19* 
 
Tab. 1: Data are mean±SD. Con = control group; Age = aged rats; He-PC = Helium preconditioning; 
Ibtx = Iberiotoxin. *P<0.05 vs. baseline. 

 
Mitochondrial function 
The respiratory control indices are shown in figure 3. There was no significant 
difference in the RCI between young (n = 8) and aged (n = 8) control rats 
(2.76±0.05 vs. 2.87±0.10, ns). Helium preconditioning reduced the RCI in young 
rats (n = 8; 2.43±0.12, P<0.05 vs. Con), but had no effect on the RCI in aged rats 
(n = 8; 2.87±0.09, ns vs. Age Con). RCI reduction was completely abolished by 
administration of the mKCa channel blocker iberiotoxin (2.73±0.15, ns vs. Con), 
while iberiotoxin itself had no effect on RCI (2.75±0.05, ns vs. Con). There was no 
difference between all groups in the efficiency of oxidative phosphorylation as 
demonstrated by no changes in the ratio of phosphate incorporated into adenosine 
triphosphate to oxygen consumed. 
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Figure 3: Mitochondrial respiration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Summarized data for the effects of Helium-induced preconditioning on mitochondrial respiration. 
Con = Control, He-PC = Helium preconditioning, Ibtx = Iberiotoxin, RCI = respiratory control index, a 
parameter for the coupling between mitochondrial respiration and oxidative phosphorylation. P/O ratio = 
ratio between phosphate incorporated into adenosine-triphosphate and oxygen consumed; a parameter 
for the efficiency of oxidative phosphorylation. Data are presented as mean±SD, *P<0.05 vs. control 
group. 

 
Western blot analysis 
Figure 4 shows that there was no difference of KCa beta 1 subunit expression in 
mitochondrial lysates from young and aged rat heart mitochondria (normalized to 
citrate synthase activity; young: 143 ± 23 au, old: 153 ± 12 au, n.s.).  
The analysis of citrate synthase activity showed no difference between young and 
old mitochondria (young: 1012 ± 109 mU/mg, aged: 1065 ± 61 mU/mg, n.s.). 
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Figure 4: Western blot analysis 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: A) Representative Western blot (KCa channel beta 1 subunit) showing two major bands at ~32-
kD and ~29-kD, respectively in mitochondrial lysate from both young  and old aged heart mitochondria. 
B) Identification of specific band by immunizing peptide blocking experiment. The arrows denote 
positions of the 32-kD and the 29-kD bands. Blocking the antibody with the antigen demasks the 
specific band (32-kD) by strongly reducing the intensity of the band (right), while the intensity of the 29-
kD band (and other non-specific bands) remains unchanged. C) Summarized data of the Western blot 
analysis of KCa channel beta 1 subunit normalized to citrate synthase activity. 



Bestand: 4897_Huhn_proefschrift.pdf - P 162 Bestand: 4897_Huhn_proefschrift.pdf - P 163

Aging and preconditioning 

162 

Discussion 

The main findings of our study are that helium-induced preconditioning 1) is 
mediated by activation of KCa channels, 2) is accompanied by alterations in 
mitochondrial respiration, and 3) is abolished in the senescent heart. 
In a recent study, the noble gas helium, a gas without anesthetic properties, was 
found to mimic the cardioprotective effect of preconditioning.19 The results of the 
present study are in line with these previous findings that helium confers 
cardioprotection in vivo as seen by a strong infarct size reduction in the helium 
preconditioning group compared with control hearts.19 It was beyond the scope of 
the present study to unravel the complete mechanism of helium-induced 
preconditioning. However, our results demonstrate that activation of KCa channels 
is critically involved in the signal transduction pathway because the infarct size 
reducing effect of helium was completely abrogated by the KCa channel antagonist 
iberiotoxin. A central role of KCa channels in preconditioning has been shown by 
several studies demonstrating that either pharmacological activation of these 
channels initiates cardioprotection, or that pharmacological preconditioning can be 
blocked by KCa channel antagonists.14 15 29-31 In 2002, Xu et al. reported not only 
evidence for the existence of KCa channels in the inner mitochondrial membrane of 
ventricular myocytes, the authors also demonstrated a cardioprotective potency of 
mitochondrial KCa (mKCa) channel activation.15 Recently, we showed that activation 
of mKCa channels increases mitochondrial state 4 respiration and reduces the 
respiratory control index in isolated guinea pig heart mitochondria.32 In the present 
study, helium-induced preconditioning did not only reduce infarct size, it also 
caused a significant reduction in the mitochondrial respiratory control index. 
Furthermore, helium-induced reduction in the respiratory control index was 
completely abolished by co-administration of iberiotoxin. We conclude from these 
data that helium confers cardioprotection by activation of mKCa channels with the 
consequence of mild mitochondrial uncoupling. A mild mitochondrial uncoupling 
during the trigger phase of preconditioning may represent a common characteristic 
of mitochondria in a “preconditioned” state.15 33-35 From our data, we can not state 
whether mKCa channels exclusively mediate helium-induced preconditioning or if 
other mitochondrial potassium channels (e.g. mKATP) are also involved. 
Interestingly, both the infarct size reducing effect and the mitochondrial uncoupling 
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were completely blocked by iberiotoxin. This suggests a crucial role of mKCa 
channels in helium-induced preconditioning. 
The mechanism by which mKCa channel activation mediates cardioprotection is still 
incompletely understood. Opening of mKCa channels is capable to cause a slight 
increase in mitochondrial reactive oxygen species generation.32 Stowe et al.31 
demonstrated that the cardioprotective effect of the KCa channel agonist 1,3-
Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-
benzimidazol-2-one (NS1619) requires superoxide radical generation during the 
preconditioning stimulus. Furthermore, the authors demonstrated that 
preconditioning by NS1619 reduces mitochondrial calcium overload and 
mitochondrial reactive oxygen species production during the subsequent period of 
ischemia and early reperfusion.31 Such a reduction in mitochondrial calcium 
overload and reactive oxygen species generation has been suggested to prevent 
mPTP opening.22 36 Pagel et al. demonstrated that the infarct size reducing effect of 
helium was abolished by co-administration of the mPTP opener atractyloside, 
thereby showing that modulation of the mPTP is involved in helium-induced 
preconditioning.19 Furthermore, helium-induced preconditioning was initiated by 
acting on prosurvival signaling kinases including phosphatidylinositol-3-kinase, 
extracellular signal-regulated kinase, and 70-kDa ribosomal protein s6 kinase. To 
our knowledge, there is no evidence that “prosurvival kinases” activate 
mitochondrial KCa channels to regulate mitochondrial function. Recently, it was 
shown that adrenomedullin treatment prior to ischemia reduces infarct size via 
protein kinase A mediated activation of mKCa channels.37 This effect was 
independent of phosphatidylinositol-3-kinase. In the present study, we did not test 
whether “prosurvival kinases” or protein kinase A are involved in helium effects on 
KCa channel activation. 
In the present study, helium-induced preconditioning did not reduce infarct size in 
the aged rat heart. There is strong evidence that the infarct size reducing effects of 
cardioprotective interventions are diminished in the aged myocardium.12 38 Tani et 
al. demonstrated that ischemic preconditioning is not effective in middle-aged (50 
weeks) hearts from Fischer 344 rats compared to hearts from young adults (12 
weeks).10 Furthermore, in middle-aged rat hearts direct activation of mKATP 
channels by diazoxide reduced infarct size, while protein kinase C activation by 
1,2-dioctanoyl glycerol was ineffective to reduce infarct size. The authors 
concluded that the loss of protection by ischemic preconditioning in middle-aged 
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hearts is partially caused by the failure to activate protein kinase C. Very recently, 
Mio et al. demonstrated that isoflurane-induced preconditioning is attenuated in 
aged human cardiomyocytes.39 Isoflurane caused a better preservation of 
mitochondrial respiratory capacity after hypoxia in mitochondria obtained from 
middle-aged compared to aged myocardium, and the authors concluded that the 
aging-related attenuation of isoflurane-induced preconditioning is caused by 
alterations in mitochondrial function. The underlying reason for the age-related loss 
of the cardioprotective potency of helium-induced preconditioning is yet unknown.  
In the present study, we show that not only the infarct size reducing effect of helium 
is lost in the senescent rat heart, but also that the helium-induced effect on 
mitochondrial respiration before the onset of lethal ischemia is abolished. Based on 
these data we suggest that the aging related blockade of helium-induced 
preconditioning is related to defects at the level of the mKCa channel or its 
upstream signaling cascade. Previously, we demonstrated that the effects of mKCa 
channel activation by NS1619 on mitochondrial respiration were reduced in 
isolated cardiac mitochondria from aged rats.18 It has been demonstrated that 
cardiac mitochondria exist in two functionally distinct populations, subsarcolemmal 
and interfibrillar mitochondria.40 Differences between these populations exist with 
regard to calcium handling and susceptibility to ischemic damage.41 Fannin et al. 
demonstrated that aging selectively decreases oxydative capacity in interfibrillar 
mitochondria, while respiration rates of subsarcolemmal mitochondria remained 
unchanged.42 Therefore, a limitation of the present study is that we investigated 
only a mixed population of both, subsarcolemmal and interfibrillar mitochondria, 
and did not test for differences between these mitochondrial subpopulations. 
Furthermore, there is evidence that aging is associated with a decrease in KCa 
channel beta 1 subunit expression in the plasma membrane of coronary 
myocytes,43 but it is completely unknown whether (also) mKCa channel expression 
is changed with increasing age. In the present study, we found that aging was 
without effect on mKCa channel beta 1 subunit expression, suggesting that the 
aging-related loss of helium-induced cardioprotection is not caused by a decrease 
in mKCa channel density. However, this conclusion has to be proven in further 
studies, because the Western blot analysis of KCa channel beta 1 subunit 
expression was conducted from mitochondria that were isolated by differential 
centrifugation without further purification. Therefore, it might be possible that the 
mitochondrial preparation is contaminated with plasma membrane, and that the 
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Western blot band that we detected resulted at least partially from a possible 
contamination with sarcolemmal KCa beta 1 subunit. 
In summary, our results demonstrate that helium initiates preconditioning via 
activation of mKCa channels in the rat heart in vivo, but that helium’s protective 
potency is abolished in the senescent heart.  
 
 
References 

 1.  Liu GS, Thornton J, Van Winkle DM, Stanley AW, Olsson RA, Downey JM. Protection 
against infarction afforded by preconditioning is mediated by A1 adenosine receptors 
in rabbit heart. Circulation 1991; 84: 350-6 

 2.  Liu Y, Downey JM. Ischemic preconditioning protects against infarction in rat heart. 
Am J Physiol 1992; 263: H1107-H1112 

 3.  Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a delay of lethal 
cell injury in ischemic myocardium. Circulation 1986; 74: 1124-36 

 4.  Cribier A, Korsatz L, Koning R et al. Improved myocardial ischemic response and 
enhanced collateral circulation with long repetitive coronary occlusion during 
angioplasty: a prospective study. J Am Coll Cardiol 1992; 20: 578-86 

 5.  Deutsch E, Berger M, Kussmaul WG, Hirshfeld JW, Jr., Herrmann HC, Laskey WK. 
Adaptation to ischemia during percutaneous transluminal coronary angioplasty. 
Clinical, hemodynamic, and metabolic features. Circulation 1990; 82: 2044-51 

 6.  Devlin W, Cragg D, Jacks M, Friedman H, O'Neill W, Grines C. Comparison of 
outcome in patients with acute myocardial infarction aged > 75 years with that in 
younger patients. Am J Cardiol 1995; 75: 573-6 

 7.  Haase KK, Schiele R, Wagner S et al. In-hospital mortality of elderly patients with 
acute myocardial infarction: data from the MITRA (Maximal Individual Therapy in 
Acute Myocardial Infarction) registry. Clin Cardiol 2000; 23: 831-6 

 8.  Maggioni AP, Maseri A, Fresco C et al. Age-related increase in mortality among 
patients with first myocardial infarctions treated with thrombolysis. The Investigators 
of the Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto Miocardico 
(GISSI-2). N Engl J Med 1993; 329: 1442-8 

 9.  Abete P, Ferrara N, Cioppa A et al. Preconditioning does not prevent postischemic 
dysfunction in aging heart. J Am Coll Cardiol 1996; 27: 1777-86 

 10.  Tani M, Suganuma Y, Hasegawa H et al. Decrease in ischemic tolerance with aging 
in isolated perfused Fischer 344 rat hearts: relation to increases in intracellular Na+ 
after ischemia. J Mol Cell Cardiol 1997; 29: 3081-9 

 11.  Lee TM, Su SF, Chou TF, Lee YT, Tsai CH. Loss of preconditioning by attenuated 
activation of myocardial ATP-sensitive potassium channels in elderly patients 
undergoing coronary angioplasty. Circulation 2002; 105: 334-40 

 12.  Juhaszova M, Rabuel C, Zorov DB, Lakatta EG, Sollott SJ. Protection in the aged 
heart: preventing the heart-break of old age? Cardiovasc Res 2005; 66: 233-44 

 13.  O'Rourke B. Evidence for mitochondrial K+ channels and their role in cardioprotection. 
Circ Res 2004; 94: 420-32 

 14.  Shintani Y, Node K, Asanuma H et al. Opening of Ca2+-activated K+ channels is 
involved in ischemic preconditioning in canine hearts. J Mol Cell Cardiol 2004; 37: 
1213-8 



Bestand: 4897_Huhn_proefschrift.pdf - P 166 Bestand: 4897_Huhn_proefschrift.pdf - P 167

Aging and preconditioning 

166 

 15.  Xu W, Liu Y, Wang S et al. Cytoprotective role of Ca2+- activated K+ channels in the 
cardiac inner mitochondrial membrane. Science 2002; 298: 1029-33 

 16.  Siemen D, Loupatatzis C, Borecky J, Gulbins E, Lang F. Ca2+-activated K channel of 
the BK-type in the inner mitochondrial membrane of a human glioma cell line. 
Biochem Biophys Res Commun 1999; 257: 549-54 

 17.  Murphy E, Steenbergen C. Preconditioning: The mitochondrial connection. Annu Rev 
Physiol 2007; 69: 51-67 

 18.  Heinen A, Winning A, Schlack W et al. The regulation of mitochondrial respiration by 
opening of mKCa channels is age-dependent. Eur J Pharmacol 2008; 578: 108-13 

 19.  Pagel PS, Krolikowski JG, Shim YH et al. Noble gases without anesthetic properties 
protect myocardium against infarction by activating prosurvival signaling kinases and 
inhibiting mitochondrial permeability transition in vivo. Anesth Analg 2007; 105: 562-9 

 20.  Koblin DD, Fang Z, Eger EI et al. Minimum alveolar concentrations of noble gases, 
nitrogen, and sulfur hexafluoride in rats: helium and neon as nonimmobilizers 
(nonanesthetics). Anesth Analg 1998; 87: 419-24 

 21.  Lee DL, Lee H, Chang HW, Chang AY, Lin SL, Huang YC. Heliox improves 
hemodynamics in mechanically ventilated patients with chronic obstructive pulmonary 
disease with systolic pressure variations. Crit Care Med 2005; 33: 968-73 

 22.  Halestrap AP, Clarke SJ, Khaliulin I. The role of mitochondria in protection of the 
heart by preconditioning. Biochim Biophys Acta 2007; 1767: 1007-31 

 23.  Obal D, Weber NC, Zacharowski K et al. Role of protein kinase C-epsilon 
(PKCepsilon) in isoflurane-induced cardioprotection. Br J Anaesth 2005; 94: 166-73 

 24.  Toma O, Weber NC, Wolter JI, Obal D, Preckel B, Schlack W. Desflurane 
preconditioning induces time-dependent activation of protein kinase C epsilon and 
extracellular signal-regulated kinase 1 and 2 in the rat heart in vivo. Anesthesiology 
2004; 101: 1372-80 

 25.  Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin 
phenol reagent. J Biol Chem 1951; 193: 265-75 

 26.  Bergmeyer HU. Methods of enzymatic analysis. Verlag Chemie 1974; 443-4 
 27.  Moreau R, Heath SH, Doneanu CE, Harris RA, Hagen TM. Age-related 

compensatory activation of pyruvate dehydrogenase complex in rat heart. Biochem 
Biophys Res Commun 2004; 325: 48-58 

 28.  Sample J, Cleland JG, Seymour AM. Metabolic remodeling in the aging heart. J Mol 
Cell Cardiol 2006; 40: 56-63 

 29.  Cao CM, Xia Q, Gao Q, Chen M, Wong TM. Calcium-activated potassium channel 
triggers cardioprotection of ischemic preconditioning. J Pharmacol Exp Ther 2005; 
312: 644-50 

 30.  Ohya S, Kuwata Y, Sakamoto K, Muraki K, Imaizumi Y. Cardioprotective effects of 
estradiol include the activation of large-conductance Ca2+-activated K+ channels in 
cardiac mitochondria. Am J Physiol Heart Circ Physiol 2005; 289: H1635-H1642 

 31.  Stowe DF, Aldakkak M, Camara AK et al. Cardiac mitochondrial preconditioning by 
Big Ca2+-sensitive K+ channel opening requires superoxide radical generation. Am J 
Physiol Heart Circ Physiol 2006; 290: H434-H440 

 32.  Heinen A, Camara AK, Aldakkak M, Rhodes SS, Riess ML, Stowe DF. Mitochondrial 
Ca2+-induced K+ influx increases respiration and enhances ROS production while 
maintaining membrane potential. Am J Physiol Cell Physiol 2007; 292: C148-C156 

 33.  Liem DA, Manintveld OC, Schoonderwoerd K et al. Ischemic preconditioning 
modulates mitochondrial respiration, irrespective of the employed signal transduction 
pathway. Transl Res 2008; 151: 17-26 



Bestand: 4897_Huhn_proefschrift.pdf - P 166 Bestand: 4897_Huhn_proefschrift.pdf - P 167

Aging and preconditioning 

166 

 15.  Xu W, Liu Y, Wang S et al. Cytoprotective role of Ca2+- activated K+ channels in the 
cardiac inner mitochondrial membrane. Science 2002; 298: 1029-33 

 16.  Siemen D, Loupatatzis C, Borecky J, Gulbins E, Lang F. Ca2+-activated K channel of 
the BK-type in the inner mitochondrial membrane of a human glioma cell line. 
Biochem Biophys Res Commun 1999; 257: 549-54 

 17.  Murphy E, Steenbergen C. Preconditioning: The mitochondrial connection. Annu Rev 
Physiol 2007; 69: 51-67 

 18.  Heinen A, Winning A, Schlack W et al. The regulation of mitochondrial respiration by 
opening of mKCa channels is age-dependent. Eur J Pharmacol 2008; 578: 108-13 

 19.  Pagel PS, Krolikowski JG, Shim YH et al. Noble gases without anesthetic properties 
protect myocardium against infarction by activating prosurvival signaling kinases and 
inhibiting mitochondrial permeability transition in vivo. Anesth Analg 2007; 105: 562-9 

 20.  Koblin DD, Fang Z, Eger EI et al. Minimum alveolar concentrations of noble gases, 
nitrogen, and sulfur hexafluoride in rats: helium and neon as nonimmobilizers 
(nonanesthetics). Anesth Analg 1998; 87: 419-24 

 21.  Lee DL, Lee H, Chang HW, Chang AY, Lin SL, Huang YC. Heliox improves 
hemodynamics in mechanically ventilated patients with chronic obstructive pulmonary 
disease with systolic pressure variations. Crit Care Med 2005; 33: 968-73 

 22.  Halestrap AP, Clarke SJ, Khaliulin I. The role of mitochondria in protection of the 
heart by preconditioning. Biochim Biophys Acta 2007; 1767: 1007-31 

 23.  Obal D, Weber NC, Zacharowski K et al. Role of protein kinase C-epsilon 
(PKCepsilon) in isoflurane-induced cardioprotection. Br J Anaesth 2005; 94: 166-73 

 24.  Toma O, Weber NC, Wolter JI, Obal D, Preckel B, Schlack W. Desflurane 
preconditioning induces time-dependent activation of protein kinase C epsilon and 
extracellular signal-regulated kinase 1 and 2 in the rat heart in vivo. Anesthesiology 
2004; 101: 1372-80 

 25.  Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin 
phenol reagent. J Biol Chem 1951; 193: 265-75 

 26.  Bergmeyer HU. Methods of enzymatic analysis. Verlag Chemie 1974; 443-4 
 27.  Moreau R, Heath SH, Doneanu CE, Harris RA, Hagen TM. Age-related 

compensatory activation of pyruvate dehydrogenase complex in rat heart. Biochem 
Biophys Res Commun 2004; 325: 48-58 

 28.  Sample J, Cleland JG, Seymour AM. Metabolic remodeling in the aging heart. J Mol 
Cell Cardiol 2006; 40: 56-63 

 29.  Cao CM, Xia Q, Gao Q, Chen M, Wong TM. Calcium-activated potassium channel 
triggers cardioprotection of ischemic preconditioning. J Pharmacol Exp Ther 2005; 
312: 644-50 

 30.  Ohya S, Kuwata Y, Sakamoto K, Muraki K, Imaizumi Y. Cardioprotective effects of 
estradiol include the activation of large-conductance Ca2+-activated K+ channels in 
cardiac mitochondria. Am J Physiol Heart Circ Physiol 2005; 289: H1635-H1642 

 31.  Stowe DF, Aldakkak M, Camara AK et al. Cardiac mitochondrial preconditioning by 
Big Ca2+-sensitive K+ channel opening requires superoxide radical generation. Am J 
Physiol Heart Circ Physiol 2006; 290: H434-H440 

 32.  Heinen A, Camara AK, Aldakkak M, Rhodes SS, Riess ML, Stowe DF. Mitochondrial 
Ca2+-induced K+ influx increases respiration and enhances ROS production while 
maintaining membrane potential. Am J Physiol Cell Physiol 2007; 292: C148-C156 

 33.  Liem DA, Manintveld OC, Schoonderwoerd K et al. Ischemic preconditioning 
modulates mitochondrial respiration, irrespective of the employed signal transduction 
pathway. Transl Res 2008; 151: 17-26 

Chapter 9 

167 

 34.  Ljubkovic M, Mio Y, Marinovic J et al. Isoflurane preconditioning uncouples 
mitochondria and protects against hypoxia-reoxygenation. Am J Physiol Cell Physiol 
2007; 292: C1583-C1590 

 35.  Minners J, Lacerda L, McCarthy J, Meiring JJ, Yellon DM, Sack MN. Ischemic and 
pharmacological preconditioning in Girardi cells and C2C12 myotubes induce 
mitochondrial uncoupling. Circ Res 2001; 89: 787-92 

 36.  Lim SY, Davidson SM, Hausenloy DJ, Yellon DM. Preconditioning and 
postconditioning: the essential role of the mitochondrial permeability transition pore. 
Cardiovasc Res 2007; 75: 530-5 

 37.  Nishida H, Sato T, Miyazaki M, Nakaya H. Infarct size limitation by adrenomedullin: 
protein kinase A but not PI3-kinase is linked to mitochondrial KCa channels. 
Cardiovasc Res 2008; 77: 398-405 

 38.  Sniecinski R, Liu H. Reduced efficacy of volatile anesthetic preconditioning with 
advanced age in isolated rat myocardium. Anesthesiology 2004; 100: 589-97 

 39.  Mio Y, Bienengraeber MW, Marinovic J et al. Age-related attenuation of isoflurane 
preconditioning in human atrial cardiomyocytes: roles for mitochondrial respiration 
and sarcolemmal adenosine triphosphate-sensitive potassium channel activity. 
Anesthesiology 2008; 108: 612-20 

 40.  Lesnefsky EJ, Hoppel CL. Oxidative phosphorylation and aging. Ageing Res Rev 
2006; 5: 402-33 

 41.  Duan J, Karmazyn M. Relationship between oxidative phosphorylation and adenine 
nucleotide translocase activity of two populations of cardiac mitochondria and 
mechanical recovery of ischemic hearts following reperfusion. Can J Physiol 
Pharmacol 1989; 67: 704-9 

 42.  Fannin SW, Lesnefsky EJ, Slabe TJ, Hassan MO, Hoppel CL. Aging selectively 
decreases oxidative capacity in rat heart interfibrillar mitochondria. Arch Biochem 
Biophys 1999; 372: 399-407 

 43.  Nishimaru K, Eghbali M, Lu R, Marijic J, Stefani E, Toro L. Functional and molecular 
evidence of MaxiK channel beta1 subunit decrease with coronary artery ageing in the 
rat. J Physiol 2004; 559: 849-62 

 
 



Bestand: 4897_Huhn_proefschrift.pdf - P 168 Bestand: 4897_Huhn_proefschrift.pdf - P 169

 

 

 

 

Chapter 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Main Conclusions and General Discussion 
 
 
 



Bestand: 4897_Huhn_proefschrift.pdf - P 168 Bestand: 4897_Huhn_proefschrift.pdf - P 169

 

 

 

 

Chapter 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Main Conclusions and General Discussion 
 
 
 



Bestand: 4897_Huhn_proefschrift.pdf - P 170 Bestand: 4897_Huhn_proefschrift.pdf - P 171

Main conclusions and general discussion 

170 

Main Conclusions 

In the present thesis we investigated the underlying mechanisms of the 
interventions preconditioning and postconditioning by the noble gas helium and 
different anesthetics. We determined pre- and postconditioning in the healthy 
myocardium, and we were especially interested whether the noble gas helium and 
anesthetics could confer cardioprotection also in the presence of cardiovascular 
risk factors which are associated with the development of ischemic heart disease. 
In detail, we focused on the organ protective properties of pre- and 
postconditioning in state of hyperglycemia, diabetes and aging and furthermore 
detected the underlying mechanisms. The main results from our studies in this 
thesis show that metabolic changes like hyperglycemia or diabetes and aging are 
associated with molecular alterations which interfere with the protective effects of 
pre- and postconditioning. 
 
 
Cardioprotective interventions in healthy myocardium 
In the studies of chapter 2, 3 and 4 we investigated in healthy myocardium three 
different types of infarct size reducing strategies: early preconditioning, late 
preconditioning and postconditioning. The study from chapter 2 was initially set up 
to investigate the influence of morphine preconditioning on the mPTP, but the 
study could not reproduce the known infarct size reduction with morphine in the 
isolated rat heart. Therefore, we determined the effect of experimental conditions 
on the preconditioning effect by morphine and found that preconditioning is 
impaired in the isolated rat heart by physiological levels of glutamine. This result 
illustrates the critical importance of experimental conditions for design and 
interpretation of studies that investigate cardioprotection in an isolated organ set-
up. In chapter 3 we demonstrated that the noble gas helium is able to induce late 
preconditioning. This effect was present in the heart with helium concentrations 
down to 30%, but not with 10%. Furthermore, we showed that helium late 
preconditioning is mediated by COX-2. Repeated administrations of helium on 
subsequent days within the time window of late preconditioning did not enhance 
infarct size reduction, showing that one cycle of 30% helium 24 hours before 
ischemia/reperfusion induces a maximal effect. The investigations in chapter 4 
showed that low concentrations of xenon and mild hypothermia together induce a 
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postconditioning effect in the rat heart while the individual treatments with low 
xenon concentrations or mild hypothermia were not protective. The results indicate 
that the combination of two subliminal stimuli lead to the reduction of cardiac tissue 
damage. 
 
Cardioprotection in the diseased myocardium of hyperglycemia and pre-diabetes 
Hyperglycemia influences the mechanisms of pre- and postconditioning. In chapter 
5 we demonstrated that desflurane-induced preconditioning is abolished by 
hyperglycemia. This blockade of preconditioning was present while the rat was 
hyperglycemic before ischemia or during ischemia. In chapter 6 we could show 
that hyperglycemia abolished postconditioning by sevoflurane but this blockade 
could be reversed by inhibiting mPTP opening with cyclosporine A. These 
promising results have great impact because they show that cardioprotection is not 
limited to healthy subjects. It is possible to restore infarct size reduction in 
pathological conditions. Because pre- and postconditioning was abolished in the 
hyperglycemic myocardium we wondered whether the heart could still be protected 
in a normoglycemic but pre-diabetic state. Zucker rats are normoglycemic and 
further characterized by obesity, insulin resistance, hyperinsulinemia and 
hyperlipidemia. In chapter 7 we demonstrated that although normoglycemic, the 
postconditioning effect of sevoflurane was abolished in these animals. In contrast 
to what we found during hyperglycemia, we were not able to restore 
cardioprotection by inhibition of the mPTP with cyclosporine A. 
The noble gas helium was previously shown to induce cardiac preconditioning. In 
the study of chapter 8 we found that helium preconditioning is abrogated in pre-
diabetic rats. Also, we detected in non-diabetic rats a mitochondrial uncoupling 
effect after helium treatment, an effect that was abolished in mitochondria from pre-
diabetic rat hearts. Therefore, we suggest that the loss of infarct size reduction in 
pre-diabetic rats might be caused by its concomitant metabolic changes which in 
turn can affect the signaling pathway of pre- and postconditioning. 
 
Cardioprotection in the aged myocardium 
In chapter 9 we demonstrated that mitochondrial calcium-sensitive potassium 
(mKCa) channels are involved in helium-induced preconditioning. By using the mKCa 
channel inhibitor iberiotoxin we not only showed that the infarct size reducing effect 
of helium was abrogated, but also mitochondrial uncoupling was abolished. 
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Furthermore, helium did not reduce infarct size and had no effect on mitochondrial 
function in the aged myocardium. Therefore, we concluded that the effect of helium 
on mKCa channel activation is age-dependent. This might be one underlying reason 
for the aging-related loss of preconditioning. 
 
 
General Discussion 

Several risk factors might be involved in the development of ischemic heart 
disease, e.g. hyperglycemia, diabetes and insulin resistance, aging, arterial 
hypertension, arteriosclerosis and heart failure. Infarct reducing strategies as 
preconditioning and postconditioning are powerful tools to limit the detrimental 
consequences of ischemia-reperfusion injury. Patients who will mostly benefit from 
these interventions are older patients or those with concomitant diseases like 
hyperglycemia or diabetes. These pathological processes partially block molecular 
mechanisms and thus affect the response of the myocardium to an infarct size 
reducing intervention. Therefore, the studies in this thesis focused on investigating 
cardioprotective strategies in state of hyperglycemia, diabetes and aging. We 
determined possible differences in the signal transduction pathways between 
healthy and diseased myocardium and in which way these pathologies affect 
infarct size reducing mechanisms. 
Some anesthetics like the volatile anesthetics and the noble gas xenon are known 
to induce preconditioning and postconditioning against reperfusion injury.1-4 We 
demonstrated that the combination of xenon and hypothermia, when applied at the 
onset of reperfusion, induce postconditioning in the rat heart, while administration 
of xenon or hypothermia alone was not protective. Administration of xenon prior to 
hypothermia might be helpful in a clinical scenario of treating an acute ischemia-
reperfusion event, i.e. reperfusion therapy following myocardial infarction or 
successful resuscitation from cardiac arrest. In such situations, achieving 
therapeutic levels of hypothermia is likely to be delayed relative to the onset of 
reperfusion, but xenon can be administered rapidly. Beneficial effects of 
hypothermia are lost if cooling is delayed by as little as fifteen minutes beyond the 
onset of reperfusion and the institution of even mild hypothermia takes 
considerable time.5 Thus, we also tried to bridge this time by giving xenon first 
followed by hypothermia. This asynchronous treatment did not reduce infarct size. 
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The two sub-protective stimuli together induced a postconditioning effect, but 
therapeutic levels of hypothermia are not always easily achievable. Therfore, it 
might be possible that another sub-protective stimulus, together with xenon at the 
onset of reperfusion, could bridge the time until hypothermia could be induced. 
In a recent study, Pagel et al. showed that the non-anesthetic noble gas helium 
also offers cardioprotection by early preconditioning.6 We confirmed these findings 
and further demonstrated that helium induces also the late phase of 
preconditioning at concentrations lower than 70%. Lower helium concentrations 
would allow for higher oxygen concentrations which could be of interest for use of 
helium in cardiac risk patients. In further studies, Pagel et al. demonstrated that 
nitric oxide7, mKATP channels8, activation of phosphatidyl-3-kinase (PI3K)-Akt and 
extracellular signal-regulated kinase (Erk1 or 2)6 and glycogen synthethase-3beta 
(GSK3β)9 are involved in helium preconditioning. It has been suggested that 
regulation of the PI3K/Akt-pathway and/or GSK3β is crucially involved in interacting 
with mitochondrial function.10 The effect of helium preconditioning was also shown 
to be mediated via modulation of the mitochondrial permeability transition pore 
(mPTP).6 Regulation of mitochondrial function is a key step in the protective 
mechanism of anesthetic preconditioning.11 Recent studies suggest that the mPTP 
is a possible end-effector of cardioprotection against ischemia-reperfusion injury.12 

13 Opening of mPTP has been shown to induce necrosis and apoptosis during 
ischemia/reperfusion, but this opening could be prevented by preconditioning.12 
Hyperglycemia and diabetes, type 1 as well as type 2, abolish the cardioprotective 
effects of ischemic and anesthetic pre- and postconditioning.14-18 Inhibition of 
GSK3β at the onset of reperfusion was shown to induce a postconditioning effect in 
type 1 diabetic rats.15 Oral treatment with simvastatin for three days could restore 
ischemic preconditioning in hyperglycemic dogs.19 We now demonstrated that 
postconditioning by sevoflurane can be restored by inhibition of mPTP opening 
with cyclosporine A.20 These promising findings show that diseased myocardium 
could be sensitized again for myocardial protection. Future research should focus 
on unraveling the underlying mechanisms involved in this restoration of organ 
protection. 
In type 2 diabetes, ischemic preconditioning and activation of mKATP channels 
failed to reduce infarct size.16 Helium preconditioning was also abrogated in the 
diabetic rat heart. Also an increased number of preconditioning cycles was not able 
to induce cardioprotection in the state of diabetes. Sevoflurane postconditioning 
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was abolished in normoglycemic type 2 diabetic rats with insulin resistance, but in 
contrast to what we found during hyperglycemia we could not restore the 
cardioprotective effect by inhibiting the mPTP. These pre-diabetic rats were 
normoglycemic, but they also suffered from concomitant diseases like obesity, 
hyperinsulinemia and hyperlipidemia. Thus, it might be possible that increased 
levels of insulin, cholesterol and triglycerids participate in the blockade of 
postconditioning in these pre-diabetic rats. Hyperinsulinemia leads to an impaired 
activation of the PI3K pathway21, which mediates the actions of insulin including 
glucose and lipid metabolism. PI3K is a crucial element in the signal transduction of 
cardioprotection and the interaction of this pathway by hyperinsulinemia could 
contribute to the blockade of infarct size reduction in pre-diabetes. Beside 
hyperinsulinemia, a study by Iliodromitis et al. showed that the infarct size limiting 
effect of postconditioning was abolished in rabbits with hyperlipidemia.22 Diabetes 
is associated with impairment of myocardial mitochondrial function, and dysfunction 
of mitochondrial KATP channels was suggested to be involved in the loss of 
preconditioning of patients with diabetes.23 Hassouna et al.24 showed that human 
heart tissue from diabetic patients could not be preconditioned, and that the mKATP 
channel opener diazoxide did not decrease mitochondrial membrane potential. 
These data suggest that mitochondrial dysfunction with impairment of mKATP 
channels is involved in the disability to protect the diabetic heart. Furthermore, 
myocardial oxygen consumption is increased in diabetic animals with concomitant 
increased free fatty acid oxidation and reduced cardiac efficiency25-28, but the 
underlying mechanisms are still unclear. Increased mitochondrial uncoupling is 
suggested to be one possible mechanism29 and it might be possible that these 
changes of mitochondrial dysfunction, hyperinsulinemia and hyperlipidemia affect 
cardioprotection in the pre-diabetic rat heart; a question which has to be addressed 
in detail in future research. 
Another risk factor which can influence the potency of preconditioning and 
postconditioning is increased age. We showed that helium preconditioning is 
abolished in the aged myocardium.30 Furthermore, also the effect of helium on 
mitochondrial function was abrogated in these hearts. Because we could block the 
effects of helium preconditioning in young rats with the mitochondrial KCa channel 
inhibitor iberiotoxin, we suggest that the impaired cardioprotective effect in the 
aged myocardium is caused by some defects of the mitochondrial channel or the 
upstream signaling pathway. Because patients are getting older, the incidence and 
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prevalence of chronic diseases such as coronary artery disease will increase.31-33 
As a result of this, the morbidity and mortality of myocardial infarction is 
enhanced.34-36 This might be related to a loss of the infarct size reducing potency of 
organ protective strategies, i.e. preconditioning, in aged subjects.37 Ischemic 
preconditioning was shown to be impaired in hearts of two year old rats38 and in 
13-16 months old mice.39 40 Lee et al. demonstrated that in aged patients, one time 
two minutes of coronary occlusion before coronary angioplasty was ineffective to 
induce preconditioning, whereas a prolongation to three minutes restored the 
preconditioning effect.41 Sevoflurane preconditioning was shown to reduce infarct 
size in young (2-4 month) and middle-aged (10-12 month) rats but not in aged 
animals (20-24 month).42 Similar results were shown in hearts from guinea pigs.43 
However, the majority of the studies investigating aging in context with infarct size 
reduction show that aging is associated with the loss of organ protection. Beside 
the co-morbidities examined in this thesis it has to be investigated whether also 
other risk factors like arterial hypertension, arteriosclerosis and heart failure 
influence anesthetic cardioprotection and the mechanisms involved. 
In clinical studies, anesthetic preconditioning with isoflurane and sevoflurane was 
also relevant in humans.44 45 Belhomme et al. showed that isoflurane 
preconditioning (5 min at 2.5 MAC) in CABG patients led to a reduced release of 
troponin I and CK-MB until the third postoperative day.44 A study by Julier et al. 
investigated the effect of sevoflurane preconditioning (10 min at 4 Vol%) on 
biochemical markers of myocardial injury in CABG patients.45 They showed a 
decrease in postoperative release of brain natriuretic peptide and translocation of 
protein kinase C delta and epsilon in the sevoflurane preconditioning group.45 
Garcia et al. reported an improved one-year cardiovascular outcome after 
sevoflurane induced preconditioning (10 min at 4 Vol%) in patients undergoing 
elective CABG surgery.46 De Hert et al. showed a better ventricular function after 
coming off bypass and less myocardial damage measured by a markedly reduced 
troponin release in the following 24 h, comparing sevoflurane with total intravenous 
anesthesia by propofol.47 Furthermore, the length of hospital and ICU stay were 
shown to be significantly lower after inhalational anesthesia with sevolflurane and 
desflurane compared to propofol.48 These results were confirmed in a recent meta-
analysis showing a reduced postoperative mortality and incidence of myocardial 
infarction following cardiac surgery.49 Furthermore, this meta-analysis showed 
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significant advantages regarding postoperative cardiac troponin release, need for 
inotropic support, ICU and hospital stay.49 
Based on the results from our experimental data it would be interesting to 
determine the properties of helium in humans by transferring laboratory results to 
clinical investigations in terms of translational research. We are currently 
performing two clinical studies investigating organ protection with helium. In CABG 
patients the organ protective properties of helium will be determined by measuring 
signaling pathway enzymes (PKC, p38MAPK and Erk1/2) as well as enzyme 
release of troponin I and CK-MB.50 In a second study we investigate the effect of 
helium early and late preconditioning in human endothelium by inducing forearm 
ischemia.51 
In conclusion, the studies in the present thesis demonstrate that cardioprotective 
mechanisms are affected by pathological conditions like hyperglycemia, pre-
diabetes and aging. In case of hyperglycemia we could demonstrate that it is 
possible to restore protection. This is a promising result and it might give hope that 
infarct size reduction could also be achieved in subjects with other pathological 
conditions. We also found that the blockade of pre- or postconditioning by 
hyperglycemia and pre-diabetes could not be overcome by amplifying the same 
stimulus, which offered potent protection in healthy myocardium. This suggests a 
partial blockade in the signal transduction pathway of cardioprotective 
interventions. The detailed identification of this step in the cellular cascade could 
lead to development of infarct reducing strategies for subjects with a risk factor 
profile. Our studies in this thesis investigating cardioprotective interventions 
associated with co-morbidities demonstrate that mitochondrial function was 
impaired in state of disease and this was associated with blockade of infarct size 
reduction. Consequently, pharmacological targeting of a mitochondrial component, 
namely the mPTP, restored the protection against myocardial damage. These 
results reveal that mitochondria represent a key role in the whole process of 
cardioprotection. 
Until now little research has been done to elucidate the underlying mechanisms by 
which risk factors of ischemic heart disease like arterial hypertension, 
arteriosclerosis, hyperlipidemia, diabetes and insulin resistance, heart failure and 
aging interfere with cardioprotection. It is of critically importance to find strategies to 
protect not only the healthy but also the diseased heart against reperfusion injury. 
Further investigations should focus on unraveling the underlying differences 
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between physiological and pathophysiological conditions of the myocardium to find 
out why cardioprotection is impaired in state of disease. 
 
 
Clinical perspective 

Preconditioning provides strongest protection but just in the situations where it is 
most needed, e.g. in subjects with dysfunctional hearts which are at higher risk, 
cardioprotective interventions are less effective. The aging of the population and 
modern methods in surgical, interventional and medical therapies have led to an 
increased number of patients with significant cardiac risks that undergo cardiac and 
non-cardiac surgical procedures. Cardioprotection by anesthetic pre- and 
postconditioning could also be demonstrated in humans and clinical studies with 
cardiac surgical patients show reduced organ damage in these patients, leading to 
improved outcome, shorter hospital and ICU stay and show a decrease in mortality. 
Preconditioning human organs with noble gases would be a very interesting and 
innovative project. Similarities in signal transduction pathways of xenon and volatile 
anesthetic induced preconditioning makes it very likely that the non-anesthetic gas 
helium might protect human organs against ischemic damage. Cardioprotection 
with a noble gas that has no anesthetic properties, is non-toxic, easy to apply and 
not expensive might allow widespread use in patients subjected to clinical 
ischemia-reperfusion situations, e.g. during CABG surgery, before and during 
percutaneous coronary interventions (PCI), in patients with stroke, during vascular 
surgery or organ transplantation. 
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Summary 

Chapter 1 describes cardioprotective strategies by preconditioning and 
postconditioning and the underlying molecular mechanisms. Furthermore, 
background informations are given about the influence of cardiovascular risk 
factors which are studied in this thesis. 
In the study of chapter 2 we investigate the impact of morphine preconditioning on 
the mPTP. We could not detect a preconditioning effect of morphine. In further 
experiments we determined different ways of morphine preconditioning and also 
changed the contents of the buffer solution. We demonstrate that cardioprotection 
by morphine preconditioning is impaired by physiological levels of glutamine. 
Early preconditioning can be induced by the noble gas helium. In chapter 3 we 
demonstrate that the noble gas helium induces the late phase of preconditioning. 
This effect is detectable with helium concentrations down to 30%, but not with 
10%. We show that this effect of helium is mediated by COX-2. Furthermore, 
repeated administrations of helium on subsequent days do not increase the 
cardioprotective effect, demonstrating that one cycle of 30% helium induces a 
maximal effect. 
The postconditioning effect of low xenon concentrations of 20% combined with mild 
hypothermia of 34°C is studied in chapter 4. We demonstrate that the combination 
of xenon and hypothermia when applied at the onset of reperfusion induces 
postconditioning in the rat heart. The individual treatments with xenon or 
hypothermia are not protective. Because beneficial effects of hypothermia are lost 
if cooling is delayed and the institution of even mild hypothermia takes 
considerable time, we also tried to bridge this time with xenon followed by 
hypothermia. The results show that this asynchronous treatment does not reduce 
infarct size. 
In the chapters 5 and 6 we focus on the influence of hyperglycemia on desflurane 
preconditioning and sevoflurane postconditioning. In both studies, hyperglycemia 
abolishes the cardioprotective effect. The study of chapter 5 further investigates if 
hyperglycemia influences mitogen activated protein kinases. From the results of 
this study we conclude that the level of blockade during hyperglycemia is situated 
downstream or in parallel of mitogen activated protein kinases. In chapter 6 we 
show that the blockade of sevoflurane postconditioning during hyperglycemia can 
be restored by inhibition of the mPTP with cyclosporine A. 
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In the chapters 7 and 8 we investigate postconditioning and preconditioning in a 
normoglycemic but pre-diabetic state of type 2 diabetes. For these two studies we 
chose Zucker rats that are normoglycemic, hyperinsulinemic, hyperlipidemic and 
insulin resistant. We show in chapter 7 that as during hyperglycemia, 
cardioprotection by sevoflurane postconditioning is abolished in these pre-diabetic 
rats. Surprisingly, compared to what we found in state of hyperglycemia, we could 
not restore infarct size reduction by inhibiting the mPTP with cyclosporine A. We 
demonstrate in chapter 8 that also helium preconditioning is abolished in the pre-
diabetic rat heart. This blockade of cardioprotection can not be overcome by 
intensifying the preconditioning stimulus or by helium postconditioning. 
Furthermore, we describe in non-diabetic rats an effect on mitochondrial respiration 
after helium treatment, an effect that is abrogated in cardiac mitochondria from pre-
diabetic rats.  
In chapter 9 we illustrate that helium preconditioning involves activation of 
mitochondrial calcium-sensitive potassium (mKCa) channels. Infarct size reduction 
and the effect on mitochondrial respiration are abolished by inhibition of the mKCa 
channel. We can not detect these properties of helium in the aged myocardium, 
suggesting that these effects of helium are age-dependent. 
Chapter 10 summarizes the main conclusions and gives a discussion about the 
main findings of this thesis. 
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Nederlandse Samenvatting 

Hoofdstuk 1 beschrijft de cardioprotectieve interventies preconditioning en 
postconditioning en onderliggende moleculaire mechanismen. Verder wordt er 
achtergrondinformatie gegeven over de cardiovasculaire risico’s die onderzocht 
worden in dit proefschrift. 
In hoofdstuk 2 onderzoeken wij de invloed van morfine preconditioning op de 
mPTP in het geïsoleerde rattenhart. Wij konden geen preconditioning effect van 
morfine aantonen. In verdere experimenten hebben wij verschillende protocollen 
van morfine preconditioning en ook veranderde substraat condities van de buffer 
onderzocht. Wij laten zien, dat cardioprotectie met morfine preconditioning 
beïnvloedt wordt door fysiologische waarden van glutamine. 
Early preconditioning kan geïnduceerd worden door het edel gas helium. In 
hoofdstuk 3 laten wij zien, dat het edel gas helium late preconditioning induceert. 
Het effect is te traceren met helium concentraties neergaand tot 30%, maar niet 
met 10%. Wij demonstreren dat het effect van helium is overgebracht door COX-2. 
Bovendien, herhaalde toedieningen van helium op erop volgende dagen kunnen 
het cardioprotectief effect niet verhogen, het geen aantoont dat met een cyclus van 
30% helium een maximale cardioprotectie bereikt wordt. 
Het effect van postconditioning met lage xenon concentraties van 20% 
gecombineerd met mild hypothermie van 34°C is onderzocht in hoofdstuk 4. Wij 
laten zien, dat de combinatie van xenon en hypothermie gegeven aan het begin 
van reperfusie, een postconditioning in het rattenhart induceert. De enige 
behandelingen met xenon of hypothermie zijn niet beschermend. Omdat 
voordelige effecten van hypothermie verloren gaan als de afkoelingsperiode 
vertraagd is en het instellen van mild hypothermie behoorlijk veel tijd kost, hebben 
wij geprobeerd de tijd met xenon te overbruggen gevolgd door hypothermie. De 
resultaten demonstreren, dat deze asynchrone behandeling de infarct grootte niet 
reduceert. 
In hoofdstukken 5 en 6 focussen wij op de invloed van hyperglycemie in 
combinatie met desfluraan preconditioning en sevofluraan postconditioning. In 
beide studies blokkeert hyperglycemie het cardioprotectief effect. De studie van 
hoofdstuk 5 onderzoekt verder of hyperglycemie mitogen activated protein 
kinases beïnvloed. Op basis van de resultaten concluderen wij, dat het niveau van 
blokkade tijdens hyperglycemie aflopend of parallel met mitogen activated protein 
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kinases zit. In hoofdstuk 6 tonen wij aan dat de blokkade van sevofluraan 
postconditioning tijdens hypergycemie kon worden hersteld door inhibitie van de 
mPTP met cyclosporine A. 
In hoofdstukken 7 en 8 onderzoeken wij postconditioning en preconditioning in 
een normoglycemisch maar pre-diabetisch staat van type 2 diabetes. In deze twee 
studies hebben wij voor Zucker ratten gekozen. Deze dieren zijn gekarakteriseerd 
door normoglycemie, hyperinsulinemie, hyperlipidemie en insuline weerstand. Wij 
laten zien in hoofdstuk 7, dat tijdens hyperglycemie, cardioprotectie van 
sevofluraan, postconditioning in deze dieren geblokkeerd was. Verrassend was dat 
vergeleken met wat wij eerder constateerde in de staat van hyperglycemie, de 
cardioprotectie bij inhibitie van de mPTP met de cyclosporine A niet te herstellen 
was. Wij demonstreren in hoofdstuk 8, dat ook helium preconditioning 
geblokkeerd is in het pre-diabetisch rattenhart. Deze blokkade van cardioprotectie 
kan niet worden doorbroken door het intensiveren van het preconditioning stimulus 
of door helium postconditioning. Bovendien beschrijven wij in niet-diabetisch ratten 
een effect op de mitochondriële zuurstofconsumptie naar helium behandeling, een 
effect dat is geblokkeerd in cardiaal mitochondrien van pre-diabteische ratten. 
In hoofdstuk 9 verduidelijken wij, dat helium preconditioning de activering van 
mitochondriële calcium-sensitiefe kalium (mKCa) kanalen involveert. De infarct 
grootte reductie en het effect op mitochondriële zuurstofconsumptie zijn 
geblokkeerd bij inhibitie van deze mKCa kanalen. Wij kunnen deze eigenschappen 
van helium in het oude hart niet vinden, wat suggereert dat de effecten van helium 
leeftijdsafhankelijk zijn. 
In hoofdstuk 10 geeft een samenvatting van de voornaamste conclusies en 
discuteert de voornaamste resultaten. 
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