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Ischemic heart disease, with its clinical consequences of acute myocardial infarction, 
sudden cardiac death, arrhythmias and heart failure is the leading cause of mortality in 
industrialized nations. (38; 55) The main cause of acute myocardial infarction is the 
occlusion of a coronary artery. A rapid reperfusion therapy is required to preserve 
myocardial tissue, because the extent of myocardial necrosis increases with growing 
duration of the ischemic period. (9; 48) Therapeutical options for the restoration of the 
coronary flow are angioplasty, thombolysis therapy, or surgical bypass grafting.  
During the last decades, many efforts were made to develop new therapeutic strategies for 
the preservation of myocardial tissue. Important observations in basic cardiovascular 
research demonstrated the existence of endogenous protection mechanisms capable to 
increase the resistance of the myocardium against myocardial ischemia. 
 
Cardioprotective mechanisms 
 
Ischemic preconditioning 
In 1986, Murry et al. demonstrated that short cycles of myocardial ischemia increase the 
resistance of the myocardium against the deleterious consequences of a subsequent 
prolonged period of myocardial ischemia. (39) This cardioprotective phenomenon is known 
as ischemic preconditioning. The protective effect of ischemic preconditioning lasts up to 3 
hours after the preconditioning ischemia, and is called classic or early preconditioning.  A 
“second window of protection” reappears 12-24 hours after the initial stimulus, lasts for 
about 2-3 days, and is known as late preconditioning. (7)  
The cardioprotective effect of ischemic preconditioning has been demonstrated in all 
animal species studied, and in human myocardium. (28) Ischemic preconditioning may play 
an important role to reduce the extent of myocardial infarction in patients with a history of 
angina. (3)  
Although much effort was taken to investigate the underlying mechanisms of ischemic 
preconditioning during the last two decades, the signaling pathway and the end-effector 
mechanisms of early and late preconditioning are still incompletely understood. Rapid 
posttranslational modifications of pre-existing proteins are involved in the signaling 
pathway of early preconditioning. It was proposed that the release of endogenous triggers 
causes activation of intracellular kinases including phosphatidylinositol 3-kinase (PI3-K), 
protein kinase B (Akt), mitogen-activated protein kinase (MAPK), and/or extracellular 
signal regulated kinase (Erk1/2). It is suggested that many of these signaling steps converge 
to the mitochondrion, with the consequence of alterations in mitochondrial bioenergetics. 
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(37) The synthesis of new cardioprotective proteins including NO synthase, 
cyclooxygenase-2 (COX-2), superoxide dismutase (SOD), and activation of stress-response 
transcription factors like NF-κB is involved in late preconditioning. (7)  
Despite these differences, early and late preconditioning seem to share mechanisms in their 
respective signalling pathways during both the trigger phase and the ischemia-reperfusion 
phase. It has been shown that activation of protein kinase C (PKC) is involved in both early 
and late preconditioning. (1; 6) Furthermore, there is strong evidence that regulation of 
mitochondrial function due to mitochondrial ATP-sensitive and/or calcium-sensitive 
potassium (mKATP / mKCa) channel activation is a central element in preconditioning. (11; 
34; 41; 50)  
 
Pharmacological preconditioning 
A cardioprotective effect similar to ischemic preconditioning can also be induced by 
transient pre-treatment with various pharmacological agents; this phenomenon is called 
pharmacological preconditioning. Most of these drugs act on receptors, enzymes, or ion 
channels that have been shown to be involved in the signal transduction pathway of 
ischemic preconditioning. For example, it is known that pharmacological activation of 
adenosine, β-adrenergic, muscarinergic, opioid or bradykinin receptors mimick the 
protective effect of ischemic preconditioning. (12; 49; 54; 60) Other drugs that are capable 
to initiate preconditioning are volatile anesthetics, noble gases, nitric oxide donors, 
angiotensin II receptor antagonists, angiotensin-converting enzyme inhibitors, and ethanol. 
(29; 36; 42; 43; 45; 57; 61) Furthermore, pharmacological activation of both mKATP 
channels and mKCa channels initiate a strong cardioprotective effect. (16; 41; 58) 
 
Postconditioning 
Recently, it has been demonstrated that the extent of myocardial cell death after an 
ischemic period can be reduced by conducting repetitive cycles of ischemia/reperfusion at 
the end of the prolonged phase of ischemia. This phenomenon is called ischemic 
postconditioning, and was first described by Zhao et al. (62) The authors have shown that 
the magnitude of myocardial infarct size reduction induced by postconditioning is 
comparable to that seen with ischemic preconditioning. (62) Furthermore, postconditioning 
improves left ventricular functional recovery in isolated mouse hearts. (26) The protective 
potency of postconditioning to reduce infarct size has been shown in a variety of 
experimental models and animal species including mouse, (22; 30) rat, (27; 53) rabbit, (2; 
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59) pig, (24), and dog. (62) There is also evidence that postconditioning protects the human 
myocardium. (33; 51) 
 
Common pathways of preconditioning and postconditioning during early reperfusion 
Recently, a common cardioprotective pathway has been proposed, in which the signalling 
mechanisms of both preconditioning and postconditioning converge during the reperfusion 
period. (21) It has been suggested that the PI3-K-Akt and the Erk1/2-MAPK pathways are 
phosphorylated in response to a preconditioning or postconditioning stimulus. The group of 
enzymes that confer cardioprotection when activated during the reperfusion period is called 
the reperfusion injury salvage kinase (RISK) pathway. The mechanism by which RISK 
pathway activation mediates cardioprotection is incompletely understood, but a mechanistic 
link from the RISK pathway via glycogen synthase kinase-3beta (GSK-3β) to inhibition of 
the mitochondrial permeability transition pore (mPTP) opening has been proposed. (25) 
 
Role of mitochondria in cardioprotection 
 
Mitochondria play an essential, multifactorial role within the cell. Alongside the synthesis 
of adenosine-triphosphate, mitochondria are involved in cellular Ca2+ homeostasis, (40) the 
regulation of apoptosis, (31) and the generation of reactive oxygen species. (10)  
Mitochondria generate ATP primarily by oxidative phosphorylation through the 
chemiosmotic mechanism. (35) In this process, the reducing equivalents NADH and 
FADH2, which are mainly products of the Krebs cycle and of oxidation of fatty acids, 
transfer electrons to the mitochondrial electron transport chain. The passage of electrons 
through the complexes I, III, and IV of the electron transport chain are coupled to a proton 
transport across the inner mitochondrial membrane. The resulting electrochemical gradient 
is the major component of the mitochondrial membrane potential (∆ψm), which serves as 
driving force for oxidative phosphorylation at complex V.  
As described above, there is strong evidence that mitochondrial mechanisms are involved 
in the protective effects of preconditioning and postconditioning. Preconditioning can be 
initiated by pharmacological activation of mitochondrial mKATP. (16; 32; 46) Further 
support for a role of mitochondria to “trigger” preconditioning has been given by the 
finding that mKATP channel blockade abolishes ischemic preconditioning. (4; 23) 
Furthermore, another class of mitochondrial K+ channels, the calcium sensitive potassium 
channel (mKCa), has been shown to mediate myocardial protection. (58) Pharmacological 
blockade of these channels abolishes the cardioprotective effect of ischemic 
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preconditioning, which suggests a central role of K+ channel opening in preconditioning. 
(11; 50) It has been proposed that potassium influx into the mitochondrial matrix through 
activated potassium channels regulate mitochondrial bioenergetics. These alterations are 
capable to cause a release of free radicals (ROS), most likely derived from electron leak of 
the mitochondrial electron transport chain. The ROS have been proposed to be critically 
important for the activation of different kinases that act as triggers and/or mediators of 
cardioprotection. (5; 44; 52) The exact mechanism by which K+ influx resulting from 
preconditioning-induced K+ channel opening alters mitochondrial function, subsequently 
initiating myocardial protection, is still incompletely understood. 
Mitochondria are not only important during the “trigger” phase of preconditioning, they are 
also involved in the putative end-effector mechanism of both preconditioning and 
postconditioning. A possible candidate as end-effector of cardioprotection against ischemia 
and reperfusion injury is the mPTP. (18; 20) The mPTP is a multiprotein complex formed 
at the contact sites between the inner and the outer mitochondrial membrane by several 
proteins including the adenine nucleotide translocase, the voltage-dependent anion channel, 
cyclophilin D, and hexokinase. (13) In the normal myocardium the inner mitochondrial 
membrane is relatively impermeable, as it must be to maintain a proton gradient (the 
driving force for oxidative phosphorylation) established by the mitochondrial respiration. 
Opening of the mPTP leads to a sudden increase in permeability of the inner mitochondrial 
membrane, loss of mitochondrial membrane potential (Ψm), swelling of the mitochondrial 
matrix with the consequence of outer mitochondrial membrane rupture and release of 
proteins into the cytosol (including pro-apoptotic cytochrome C). (47) The hypothesis that 
inhibition of mPTP is involved in the cardioprotective effect of preconditioning has been 
supported by Wang et al. (56) who demonstrated that nitric oxide (NO) induced 
preconditioning protects the heart against infarction via modulation of mPTP.  
Opening of mPTP is triggered by cellular stress conditions including high [Ca2+], oxidative 
stress, adenosine-triphosphate depletion, increased [Pi], and depolarization of the inner 
mitochondrial membrane, conditions that occur during ischemia and early reperfusion. (19) 
It has been shown that inhibition of mPTP opening by cyclosporine A prevents 
mitochondrial dysfunction, cytochrome C release and apoptosis in the rat heart. (8) In 
addition, Hausenloy et al. have demonstrated in isolated rat hearts that ischemic 
preconditioning as well as pharmacological preconditioning by mKATP channel activation 
confers cardioprotection by inhibition of mPTP at reperfusion. (20) The authors discussed 
three possible mechanisms by which preconditioning-induced altered mitochondrial 
function could be linked to inhibition of mPTP opening to protect the myocardium: a) 
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reduced mitochondrial Ca2+ overload due to a depolarization of Ψm (reduced driving force 
for Ca2+ inflow), b) improved mitochondrial adenosine-triphosphate levels, and c) reduced 
ROS production. All these alterations would prevent mPTP opening. (17; 19) Furthermore, 
another possible mechanism by which cardioprotective interventions could prevent mPTP 
opening is by activation of RISK pathway enzymes. The mechanism by which RISK 
pathway activation prevents mPTP opening is unclear, but it has been discussed that 
phosphorylation and inhibition of GSK-3β, a downstream target of the RISK pathway 
enzymes Akt and ERK1/2, is involved. (25)   
 
AIMS OF THIS THESIS 
 
The general aim of this thesis is to investigate the role of cardiac mitochondria in the 
signaling pathway of cardioprotection. The literature demonstrates that mitochondria and 
the regulation of mitochondrial processes are key components of cardioprotective 
interventions including preconditioning and postconditioning.   
In chapters 2 and 3 we study the regulation of mitochondrial bioenergetics by mKCa 
channels, whose activation has been shown to be important in preconditioning. For this, a 
sub-cellular approach of isolated cardiac mitochondria is used to investigate how 
pharmacological mKCa channel activation regulates mitochondrial respiration, membrane 
potential, and reactive oxygen production, and how these three parameters of mitochondrial 
function interrelate.  
The cardioprotective potency of preconditioning has previously been demonstrated to be 
reduced in the senescent myocardium, probably due to some defects in mitochondrial K+ 
channel function. In this context, we investigate in chapter 4 whether the effects of 
pharmacological mKCa channel activation on mitochondrial respiration are age-dependent.  
The investigation described in chapters 5, 6, and 7 focusses on the cardioprotective 
properties of the noble gas helium. In these three studies the mechanisms of helium-
induced preconditioning are investigated in in vivo experiments, in isolated cardiac 
mitochondria, and at the protein level. In chapter 5 the involvement of mKCa channels in 
helium-induced preconditioning is investigated. We provide evidence that helium confers 
cardioprotection via regulation of mitochondrial function. Furthermore, we demonstrate 
that helium-induced preconditioning is abolished in the aged rat heart. In chapter 6 we 
investigate the protective effects of helium in the diabetic heart, and in chapter 7 we show 
that helium initiates late preconditioning. 
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In the last section of this thesis, we aim to investigate the mPTP in preconditioning and 
postconditioning. The study described in Chapter 8 demonstrates that the cardioprotective 
effect of sevoflurane-induced postconditioning, which is abolished by hyperglycemia, can 
be restored by pharmacological blockade of the mitochondrial permeability transition pore. 
Chapter 9 demonstrates in an impressive manner possible methodological pitfalls during 
the experimental testing of hypotheses. In this study, we aimed initially to investigate the 
role of mPTP inhibition in pharmacological preconditioning by morphine, but we failed to 
detect a protective effect of morphine at all. Therefore, this study resulted in a 
methodological investigation on the impact of experimental (substrate) conditions in 
isolated perfused heart experiments.  
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ABSTRACT  
 
We recently showed a role for altered mitochondrial bioenergetics and reactive oxygen 
species (ROS) production in mitochondrial Ca2+ sensitive K+ (mKCa) channel opening -
induced preconditioning in isolated hearts. However, the underlying mitochondrial 
mechanism by which mKCa channel opening causes ROS production to trigger 
preconditioning is unknown. We hypothesized that submaximal mK+ influx causes ROS 
production due to enhanced electron flow at a fully charged membrane potential (ψm). To 
test this we measured effects of NS1619, a putative mKCa channel opener, and valinomycin, 
a K+ ionophore, on mitochondrial respiration, ψm, and ROS generation in guinea pig heart 
mitochondria. NS1619 (30 µM) increased state 2 and 4 respiration, respectively, by 5.2±0.9 
and 7.3±0.9 nmol O2/mg protein/min with NADH linked substrate pyruvate and by 7.5±1.4 
and 11.6±2.9 nmol O2/mg protein/min with FADH2 linked substrate succinate (plus 
rotenone); these effects were abolished by the mKCa blocker paxilline. ψm was not 
decreased by 10-30 µM NS1619 with either substrate, but H2O2 release was increased by 
44.8% (65.9±2.7% by 30 µM NS1619 vs. 21.1±3.8% for time-controls) with succinate + 
rotenone. In contrast, NS1619 did not increase H2O2 release with pyruvate. Similar results 
were found for lower concentrations of valinomycin. The increase in ROS production in 
succinate + rotenone supported mitochondria resulted from a fully maintained ψm despite 
increased respiration, a condition that is capable of allowing increased electron leak. We 
propose that mild matrix K+ influx during states 2 and 4 increases mitochondrial 
respiration, while maintaining ψm this allows singlet electron uptake by O2 and ROS 
generation. 
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INTRODUCTION 
 
Mitochondrial bioenergetic effects of K+ influx into the mitochondrial matrix is 
controversial. (13-15; 29) It has been proposed that opening of one class of K+ channel in 
the inner mitochondrial membrane (IMM), the mitochondrial (m) ATP sensitive K+ 
(mKATP) channel, leads to increased mitochondrial matrix volume, increased respiration, 
slightly reduced mitochondrial membrane potential (ψm), and matrix alkalinization. (22) On 
the other hand, Holmuhamedov et al. (17) demonstrated in isolated rat heart mitochondria 
that mKATP channel opening markedly depolarized ψm along with accelerated respiration, 
slowed ATP production, and increased matrix volume. Liu et al. (25) further supported the 
hypothesis that matrix K+ influx stimulates mitochondrial respiration by reporting an 
increase in flavoprotein fluorescence in substrate depleted medium after treatment with the 
mKATP channel opener diazoxide. 
Matrix K+ influx may play an essential role in cardiac pharmacological preconditioning. In 
addition to the mKATP channel there is increasing evidence for a role of mitochondrial Ca2+ 
sensitive potassium (mKCa) channel opening in cardioprotection. Xu et al. (42) found big 
(B) conductance (mBKCa) channels in the IMM of guinea pig ventricular cells and 
demonstrated their protective potency against ischemia reperfusion injury. Recently, Cao et 
al. (5) demonstrated that pharmacological preconditioning was initiated by the mBKCa 
channel activator 1,3-Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoro-
methyl)-2H-benzimidazol-2-one (NS1619) in isolated rat hearts. Blockade of mBKCa 
channels abolished the reduction of infarct size caused by ischemic preconditioning (IPC), 
which suggested a key role of mBKCa channel opening in ischemic preconditioning. (35) 
Opening of mBKCa channels by NS1619 also triggered delayed preconditioning against 
ischemia reperfusion injury in mice. (41) Sato et al. (34) confirmed the protective effect of 
NS1619 in isolated cardiac myocytes, where pretreatment with NS1619 reduced 
mitochondrial Ca2+ overload -induced cell death, and increased flavoprotein fluorescence. 
These authors suggested this increase in flavoprotein fluorescence, indicating a more 
oxidized redox state, is caused by enhanced mitochondrial respiration as a consequence of 
K+ influx into the mitochondrial matrix.  
We reported recently (37) that preconditioning by NS1619 aids in preserving the 
mitochondrial redox state, lowers reactive oxygen species (ROS) production, and reduces 
mitochondrial Ca2+ overload during both ischemia and reperfusion in isolated guinea pig 
hearts. This protection was blocked by bracketing NS1619 treatment with either the BKCa 
channel blocker paxilline or the superoxide dismutase mimetic Mn(III)tetrakis(4-benzoic 
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acid) porphyrin chloride (MnTBAP). This finding supported a hypothesis that ROS play a 
key role in triggering cardiac preconditioning and that this effect is modulated by matrix K+ 
influx and subsequent changes in mitochondrial bioenergetics. Indeed a role for ROS in 
initiating ischemic and pharmacological preconditioning by mKATP channel opening is now 
strongly supported by individual studies (12; 19; 31; 40), and is summarized in recent 
reviews.(16; 38; 43) 
It is unknown how mBKCa channel opening alters mitochondrial function, and what impact 
such alterations have on mitochondrial ROS generation. Because a key initiating trigger in 
cardiac preconditioning may be K+ influx –related ROS generation, we investigated effects 
of drug -induced mBKCa channel opening, and valinomycin –induced K+ influx on 
respiration, ψm, and H2O2 release rate in cardiac isolated mitochondria. Our aim was to 
determine the respiratory conditions by which matrix K+ influx, specifically via the mBKCa 
channel, can induce an increase in mitochondrial ROS generation, an essential condition 
required for initiation of cardiac preconditioning. 
 
MATERIALS AND METHODS 
 
All experiments were performed in accordance with the Guide for the Care and Use of 
Laboratory Animals (National Institutes of Health No. 85-23, revised 1996), and were 
approved by the Institutional Animal Care and Use Committee (Medical College of 
Wisconsin, Milwaukee, Wisconsin). 
 
Mitochondrial isolation 
Heart mitochondria were isolated from ketamine-anesthetized guinea pigs (250-300 g) of 
either sex by differential centrifugation as described previously (33) with moderate 
modifications. Briefly, ventricles were excised, placed in an isolation buffer (200 mM 
mannitol, 50 mM sucrose, 5 mmol/L KH2PO4, 5 mM 3-(n-morpholino) propranesulfonic 
acid (MOPS), 1 mM EGTA, 0.1% bovine serum albumin (BSA), pH 7.15 adjusted with 
KOH), and minced into 1 mm3 pieces. The suspension was homogenized for 15 s in 2.5 mL 
isolation buffer containing 5 U/mL protease (bacillus licheniformis), and for another 15 s 
after addition of 17 mL isolation buffer. The suspension was centrifuged at 8000g for 10 
min; the pellet was resuspended in 25 mL isolation buffer and centrifuged at 750g for 10 
min, the supernatant was centrifuged at 8000g for 10 min, and the final pellet was 
suspended in 0.5 mL isolation buffer and kept on ice. The protein content was determined 
by the Bradford method. (2) All isolation procedures were conducted at 4˚C. All 
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experiments were conducted at a maintained temperature of 27˚C rather than at 37˚C via a 
circulatory water system to allow time to assess drug effects at a lower respiratory rate. 
 
Mitochondrial O2 consumption 
Oxygen consumption was measured polarographically using a respirometric system 
(System S 200A, Strathkelvin Instruments, Glasgow, Scotland). Mitochondria (0.25 mg 
protein/mL) were suspended in respiration buffer containing 130 mM KCl, 5 mM K2HPO4, 
20 mM MOPS, 2.5 mM EGTA, 1 µM Na4P2O7, 0.1% BSA, pH 7.15 adjusted with KOH. 
Buffer [Ca2+] was less than 100 nM as assessed by the fluorescence dye indo 1. Respiration 
was initiated by administration of either pyruvate (P, 10 mM), or succinate (S, 10 mM) + 
rotenone (R, 10 µM). State 3 respiration was determined after addition of 125 nmoles (or 5 
µl of 250 µM) ADP. The respiratory control index (RCI) was calculated as the state 3/state 
4 ratio. Results were expressed as absolute changes from control in nmol O2/mg/min or as 
percent of control. 
 
Mitochondrial ψm 
Mitochondrial membrane potential (ψm) was monitored during states 2-4 respiration with 
substrates pyruvate or succinate + rotenone in a cuvette-based spectrophotometer (QM-8, 
Photon Technology International, PTI) operating at excitation and emission wavelengths of 
503 nm and 527 nm, respectively, in the presence of the fluorescence dye rhodamine 123 
(50 nM). Mitochondria (0.5 mg/mL) were suspended in respiration buffer. ψm was 
expressed as the percentage of rhodamine 123 fluorescence in the presence of fully coupled 
mitochondria relative to the fluorescence after addition of 4 µM carbonyl-cyanide-m-
chlorophenylhydrazenone (CCCP), a mitochondrial uncoupler. 
 
Mitochondrial H2O2 release 
Rates of mitochondrial H2O2 –release were measured spectrophotometrically (QM-8, PTI) 
with pyruvate or succinate + rotenone during states 2-4 respiration using the fluorescence 
dye amplex red (25 µM; Molecular Probes) in the presence of 0.1 U/mL horseradish 
peroxidase. Excitation and emission wavelengths were set to 530 nm and 583 nm, 
respectively. Mitochondria (0.5 mg/mL) were suspended in respiration buffer, and rates of 
H2O2 -release were expressed as percentage of baseline H2O2 –release (after substrate 
addition). Baseline H2O2 levels were calibrated from a mean of 3 standard curves of photon 
counts over a range of 10-200 nM H2O2 (added to assay medium in the presence of 
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reactants amplex red and horseradish peroxidase); each regression was linear (R >0.99). 
Time -controls received 0.3% dimethyl sulfoxide (DMSO), the dye vehicle. 
 
Chemicals and reagents 
Rhodamine 123, amplex red, and indo 1 were purchased from Molecular Probes (Eugene, 
OR) and KCl from EMD Chemicals (Gibbstown, NJ); all other chemicals were purchased 
from Sigma Chemical Co. NS1619, paxilline, and amplex red were dissolved in DMSO 
before they were added to the experimental buffer. 
 
Statistical analyses 
All data were analyzed using customized software developed in Matlab® (Mathworks, 
Nattick, MA). Group data were compared by analysis of variance. If F values (P <0.05) 
were significant, post hoc comparisons of means tests (Student-Newman-Keuls) were 
considered statistically significant when P < 0.05 (two-tailed). Data are presented as means 
±SEM. 
 
RESULTS 
 
Mitochondrial respiration 
Representative traces of respiration (Figure 1) and average values for control groups (Table 
1, panel A) showed a high functional quality of mitochondria after the isolation procedure. 
In particular, the RCI of 11.3±1.0 for complex I substrate pyruvate, and 2.6±0.1 for 
complex II substrate succinate + rotenone, demonstrated a strong coupling between 
mitochondrial respiration and oxidative phosphorylation. 
Table 1, panel B summarizes concentration-dependent effects of NS1619 on mitochondrial 
respiration for both substrates in normal K+ buffer. NS1619 dose -dependently increased O2 
consumption during the resting states (state 2 and 4). With pyruvate as substrate, 10, 20, 
and 30 µM NS1619 had no effect on state 3 respiration; however, 50 µM NS1619 markedly 
decreased state 3 respiration. With succinate + rotenone as substrate, each concentration of 
NS1619 decreased state 3 respiration. Each concentration of NS1619 slightly reduced RCI 
under both substrate conditions, indicating mild uncoupling. 
To test if these effects of NS1619 were due to mBKCa channel opening, we added 5 µM 
paxilline in the absence or presence of 30 µM NS1619 (Figures 2 and 3).  
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Figure 1: Representative traces of mitochondrial respiration experiments. 
 

 
State 2 respiration was initiated by addition of 10 mM pyruvate; state 3 respiration was initiated by 
addition of 250 µM ADP. NS1619 or its vehicle DMSO (0.3 %) were administered at about 120 sec 
(treatment effects on state 2 were measured beginning at 120 sec) in the presence or absence of 5 µM 
paxilline. 
 
 
Figure 2: 
 

 
 
Summarized data for the effects of 30 µM NS1619 on mitochondrial respiration and the antagonist 
effects of mKCa channels by 5 µM paxilline in the presence of complex I substrate pyruvate (P, 10 mM). 
*P < 0.05 vs. control; #P < 0.05 vs. NS1619. 
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Figure 3: 
 

 
 

Summarized data for the effects of 30 µM NS1619 on mitochondrial respiration and the antagonist 
effects of mKCa channels by 5 µM paxilline in the presence of complex II substrate succinate (S, 10 mM) 
plus complex I blocker rotenone (R, 10 µmol/L). *P < 0.05 vs. control; #P < 0.05 vs. NS1619. 
 

Paxilline alone had no effect on state 2 respiration indicating mBKCa channels were closed 
under the experimental conditions. Pre-administration of paxilline (for protocol see Figure 
1) attenuated the 30 µM NS1619-induced increase in state 2 (14.6±4.3% vs. 46.9±7.2%) 
and state 4 (9.8±1.7% vs. 31.3±5.7%) respiration with pyruvate as substrate (figure 2) and 
abolished the NS1619-induced increase of state 2 (5.3±2.0% vs. 21.4±4.2%) and state 4 
(1.5±1.6% vs. 13.5±1.9%) respiration with succinate + rotenone as substrate (figure 3). 
State 3 respiration was not affected by 30 µM NS1619, but prior administration of paxilline 
before NS1619 decreased state 3 respiration by 17.4±3.1% vs. control with pyruvate as 
substrate (figure 2). With succinate + rotenone as substrate, paxilline had no effect on the 
NS1619-induced decrease in state 3 respiration.  
The decrease in RCI with pyruvate was not affected by prior administration of paxilline, but 
was blunted (19.6±3.4% vs. 29.0±3.9%) with succinate + rotenone. These data demonstrate 
that NS1619 increases mitochondrial state 2 and 4 respiration, but not state 3 respiration, by 
activating mBKCa channels. 
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Table 1: 

       
A control respiration state 2 state 3 state 4 RCI  
            

            (nmol O2/mg/min) (state 3/state 4) n 
  

pyruvate 
 

 
(P) 

 
control 

 
17.3±0.9 

 
190.2±14.1 

 
17.2±0.8 

 
11.3±1.0 

 
9 

        

 succinate 
+ 

rotenone 

 
(S/R)

 
control 

 
59.0±3.2 

 
151.3±9.7 

 
58.8±3.0 

 
2.6±0.1 

 
9 

        

        

        

B changes from control state 2 state 3 state 4 RCI  
           

            (nmol O2/mg/min) (state 3/state 4)  n 
        

 NS 10 2.1±1.1 2.5±7.3 1.4±0.7 -0.8±0.3 8 

 NS 20  4.5±0.6* -2.0±6.9 4.0±0.8 -2.3±0.3* 8 

 NS 30 7.3±0.9* -2.9±9.2 5.2±0.9* -2.8±0.4* 8 

 

 
 

pyruvate 
 

 
 

(P) 

NS 50 33.0±2.2* -37.7±6.2* 23.8±2.4* -7.9±0.9* 8 
        

 NS 10 -0.8±1.6 -19.8±3.2* -1.8±1.9 -0.3±0.1* 8 

 NS 20  5.3±1.5 -25.0±3.6* 0.8±1.9 -0.5±0.1* 8 

 NS 30 11.6±2.9* -26.7±6.8* 7.5±1.4* -0.7±0.1* 8 

 

 
succinate 

+ 
rotenone 

 
 
(S/R) 

NS 50 23.0±5.5* -65.7±5.2* ----. ----. 8 

 

Oxygen consumption of mitochondria respiring in pyruvate or succinate + rotenone in the absence or 
presence of NS1619. Note the concentration dependent increases during states 2 and 4 and the 
decrease in state 3 only with 50 µM NS1619. RCI = respiratory control ratio; *P<0.05 vs. control; n = 
number of hearts 
 

Mitochondrial ψm 
We measured fluorescence of the membrane potential sensitive dye rhodamine 123 to 
examine the effects of NS1619 and valinomycin on ψm. Data are shown both as raw photon 
counts/s (Table 2) and as % of maximal depolarization by CCCP (Figure 4). Administration 
of 30 µM NS1619 had no effect on ψm with complex I substrate pyruvate (0.7±0.2% vs. 0% 
baseline) or complex II substrate succinate + rotenone (-0.4±0.3% vs. 0% baseline) (Figure 
4, panels A and B). A significant depolarization of ψm was detected after administration of 
50 µM NS1619, and this effect was substrate-independent (2.7±0.4% vs. baseline for 
pyruvate, 2.7±0.6% vs. baseline for succinate + rotenone). Note that state 2 and 4 
respiratory rates were approximately three-fold higher with succinate + rotenone than with 
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pyruvate (Table 1). The large ADP -induced (state 3) peak depolarization was unaffected 
by 30 or 50 µM NS1619. During state 4 respiration with pyruvate, effects on ψm were 
similar to those of state 2, i.e., depolarization only at 50 µM NS1619. With succinate + 
rotenone, 30 µM NS1619 promoted a hyperpolarization and 50 µM NS1619 caused no 
change in ψm relative to the controls. These data indicate that during state 2 and 4, NS1619 
maintains (or increases) ψm, which favors generation of O2

•-. The extent and duration of 
ADP -induced depolarization was slightly enhanced in the NS1619 (50 µM) group 
compared to the time-control group; however, these effects did not reach statistical 
significance (data not shown). 
 

Table 1: 

 

pyruvate n state Photons 

1000/s 

Succinate/ 

Rotenone 

n state Photons 

1000/s 

        

 6 2 0.8  ±0.0  5 2    0.4  ±0.3 

control 6 3 41.9  ±3.2 control 5 3  71.3  ±19.0 

 6 4 3.1  ±0.5  4 4  10.0  ±1.7 

        

 5 2 1.1  ±0.3  5 2    0.3  ±0.4 

NS1619 30 µM 5 3 44.7  ±4.9 NS 30 µM 5 3  66.9  ±4.0 

 5 4 1.7  ±1.1  4 4    1.6  ±0.8* 

        

 5 2 10.3  ±1.6*  5 2  10.0  ±1.6* 

NS1619 50 µM 5 3 57.1  ±5.7 NS 50 µM 5 3  62.4  ±3.3 

 5 4 12.7  ±3.2*  5 4   9.9  ±1.6 
 

Photons/s indicative of changes in membrane potential (ψm) assessed by the fluorescence probe 
rhodamine 123. Note that with pyruvate as substrate only 50 µM NS1619 increased state 2 and state 4 
ψm; with succinate and rotenone 30 µM NS1619 decreased state 4 ψm and 50 µM NS119 increased 
state ψm. Fig. 4 shows that the data normalized to % maximal depolarization of ψm by CCCP furnished 
qualitatively and statistically the same results. *P<0.05 vs. control; n = number of hearts 
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Figure 4: 
 

 
 

Effects of NS1619 on ψm. Panel A: Representative traces for ψm measurements with pyruvate as 
substrate. NS1619 (30 or 50 µM) or its vehicle DMSO (0.3%) were added. To verify the functional 
integrity of mitochondria and ψm, 250 µM ADP was added as indicated. Maximal depolarization was 
measured after addition of 4 µM CCCP, a mitochondrial uncoupler (arrow a: baseline = 0% 
depolarization; arrow b: treatment effect). Panel B: Summarized data for ψm. All treatment effects (b) are 
compared to baseline (a) of the same experiment. (*P < 0.05 vs. control; n = 8 for S/R control, n = 5 for 
all other groups) 
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Mitochondrial ROS generation 
Mitochondrial H2O2 release rate was increased by 30 µM NS1619 (Figure 5, panel A); 
antimycin A (complex III inhibitor) caused a greater increase in H2O2 and catalase (converts 
H2O2 to H2O) inhibited its release. It is well known that mitochondria generate ROS, 
initiated in the form of superoxide radical (O2

•-), by direct electron transfer to O2 (electron 
leak), which is converted by superoxide dismutase to H2O2. (39) In the presence of complex 
I substrate pyruvate, activation of mBKCa channels by 30 µM NS1619 had no effect on the 
state 2 mitochondrial H2O2 release rate compared to the DMSO treated time-control group 
(-2.2±1.9% vs. 3.5±5.6%) (Figure 5, panel B).  
 

Figure 5: 
 

 
 
Mitochondrial H2O2 release rate measurements. Panel A: Representative trace for NS1619 (30 µM) -
induced increase in cumulative H2O2 release with succinate + rotenone (S/R) as substrate. Maximal 
ROS production was stimulated in some experiments by addition of 5 µM complex III blocker antimycin 
A. Catalase (300 U/mL) was added to confirm H2O2 production. (arrow a: baseline; arrow b: treatment 
effect) Panel B: Summarized data for H2O2 release rate. All treatment effects are compared to baseline 
of the same experiment. A 10% change represents a change in H2O2 release rate of approximately 1.5 
pmol•mg-1• min-1 protein. (*P < 0.05 vs. control; n = 5 for each group) 
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In contrast, with succinate + rotenone, which stimulated at least a three-fold faster rate of 
respiration and potential for electron leak, 30 µM NS1619 increased the rate of H2O2 
release by 44.8% (65.9±2.7% for NS1619 vs. 21.1±3.8% for time-controls). Furthermore, 
the large 30 µM NS1619-induced increase in H2O2 release rate was sensitive to mBKCa 
channel blockade; pretreatment with 5 µM paxilline (n = 5) blunted the effect of NS1619 to 
29.4±4.9% vs. 65.9±2.7% for NS1619 alone (Figure 5B). 
Interestingly, the high concentration of NS1619 (50 µM) did not enhance H2O2 release rate; 
in contrast, the H2O2 release rate was reduced (-13.9±1.1% vs. 3.5±5.6%) for pyruvate, and 
slightly (not significant) diminished with succinate + rotenone (11.7±0.6% vs. 21±3.8%) 
compared to time-controls. This was accompanied by conditions of much faster respiratory 
rates, but a 2.5% average depolarization of ψm under both substrate conditions. During state 
4 respiration there was no change in H2O2 release rates by 30 or 50 µM NS1619 with 
pyruvate (data not displayed); with succinate + rotenone during state 4, 30 µM NS1619 
significantly increased the H2O2 release rate (24.3±2.5%) over the no drug control, whereas 
50 µM NS1619 had no effect (-3.5±3.3%) (n = 4; P < 0.05 (data not plotted). 
 
K+ ionophore valinomycin on respiration, ψm, and ROS release rate 
To support the hypothesis that matrix K+ influx causes ROS generation when respiration is 
increased but ψm is maintained, we conducted a series of experiments using the K+ 
ionophore valinomycin with succinate + rotenone in normal K+ buffer. The experimental 
protocol was the same as for NS1619 experiments. Figure 6 shows that the low 
concentration of valinomycin (0.25 nM) increased the state 2 respiration rate by 10.3±2.8% 
over the control rate (panel A), had no significant effect on ψm (panel B), and increased 
mitochondrial H2O2 release rate by 19.6% over the control rate (panel C). In comparison, 1 
nM valinomycin increased state 2 respiration rate by 16±3.9%, depolarized ψm significantly 
over control (panel B), and did not alter the H2O2 release rate (panel C). 
Similar to the results for lower concentrations of NS1619, this data shows that at a low 
concentration, valinomycin can also enhance ROS release when respiration is increased but 
ψm remains fully polarized. 
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Figure 6: 
 

 
 

Effects of the K+ ionophore valinomycin on respiration (A), ψm (B), and H2O2 release (C) with succinate + 
rotenone as substrate (state 2 respiration). All treatment effects are compared with baseline of the same 
experiment. Values are means ± SE; n = 5 for each group. *P < 0.05 vs. control. #P < 0.05 vs. 0.25 nM 
valinomycin. 
 

DISCUSSION 
 
The major conclusions of this study are that a) limited matrix K+ influx by putative mBKCa 
channel activation by NS1619 and by the K+ ionophore valinomycin increased stepwise the 
rate of mitochondrial respiration during the resting states 2 and 4, b) the resting state effects 
of NS1619 were blocked by paxilline; c) NS1619 depolarized ψm only at high 
concentrations (50 µM); and d) 0.25 nM valinomycin, and 30 µM NS1619, markedly 
increased mitochondrial ROS production in the presence of succinate + rotenone due to 
maintenance of a high resting ψm in the face of markedly enhanced respiration. From our 
data we offer a possibility by which ROS can be generated by submaximal K+ induced H+ 
leak into the mitochondrial matrix. Fig. 7 depicts a schematic representation of the putative 
pathway from mBKCa channel opening to ROS generation. 
 
Mitochondrial BKCa channel opening alters mitochondrial respiration 
Our finding that mBKCa channel activation increased mitochondrial state 2 (and 4) 
respiration, an effect that was blocked by paxilline, is in agreement with the findings of 
Sato et al. (34), who demonstrated that NS1619 increased flavoprotein oxidation in a dose 
dependent manner in substrate depleted ventricular myocytes and that these effects were 
sensitive to the BKCa channel blocker paxilline. We also demonstrated that paxilline alone 
had no effect on mitochondrial respiration indicating that mBKCa channels were closed 
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under our experimental condition of low buffer [Ca2+]. Several recent studies have 
demonstrated a stimulating effect on respiration of matrix K+ influx through KATP channels. 
(8; 17; 27) O’Rourke (29) suggested that mitochondrial K+ channels function as energy 
(stored as the proton gradient, ∆µH) dissipating channels by expending ∆µH, in part to 
eject K+ that enters the matrix via activated K+ channels via an electroneutral K+/H+ 
exchanger. This decrease in ∆µH would stimulate respiration to compensate for a net 
proton leak with the consequence of a maintained ψm. 
 
Figure 7: 
 

 
 
Proposed effect of submaximal matrix K+ influx with mBKCa channel opening (1) on proton leak (2), 
proton ejection and respiration (3), membrane potential, ψm, (4), and generation of superoxide (O2

•-) and 
hydrogen peroxide (H2O2) (5). A. mBKCa channel closed; B. mBKCa channel open. The net effect of 
mBKCa channel opening would be to accelerate electron flow without a change in ψm due to support by 
proton leak; the maintained ψm and higher electron flow would lead to more ROS generation. There are 
other promoters of proton leak that are not shown. ETC = electron chain transport. 
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Our finding that 10-30 µM NS1619 stimulated respiration, but did not depolarize ψm, 
validates this theory. Furthermore, we detected an inhibition of respiration under ADP 
stimulated state 3 conditions. Because this inhibitory effect was insensitive to paxilline, this 
indicates a mBKCa channel independent effect of NS1619. A similar effect of NS1619 was 
described by Debska et al. (7), who showed that NS1619 reduced the O2 consumption rate 
after maximal stimulation of electron flow by the mitochondrial uncoupler dinitrophenol in 
glioma cells. In addition, Kowaltowski et al. (22) demonstrated a decrease in maximal 
respiratory rates in uncoupled mitochondria by the KATP channel openers diazoxide and 
pinacidil; but this effect was apparently unrelated to mitochondrial KATP channel activity 
because the decrease in respiration was also observed in K+ free medium. 
Most recently, Costa et al. (6) examined the effects of matrix K+ influx in isolated rat heart 
mitochondria respiring on succinate + rotenone with oligomycin added to inhibit ATP 
synthesis at complex V and thus matrix proton influx, which prevents a depolarization of 
ψm. Under these conditions they demonstrated that matrix K+ uptake is increased by either 
mKATP channel opening or by valinomycin and that this results in matrix swelling, mild 
uncoupling, and matrix alkalinization; these effects were blocked by ATP, glibenclamide 
and 5 hydroxydecanoate (5-HD). They proposed that the increase in matrix volume 
stimulates K+/H+ antiport activity, which tends to mitigate the matrix expansion indirectly 
by extrusion of K+ for H+. Finally, our group has reported that, similar to NS1619, the KATP 
channel openers, diazoxide and pinacidil, decreased ADP stimulated (state 3) respiration, 
but increased respiration in the presence of oligomycin (state 4) [preliminary observations 
(32)]; the latter, but not the former state condition was blocked by the KATP channel 
inhibitors 5-HD and glibenclamide. 
 
Sub-threshold mBKCa channel opening does not alter ψm 
In these experiments we demonstrated that mKCa channel activation by 10-30 µM NS1619 
had no effect on ψm. We observed a slight depolarization only at 50 µM NS1619, a 
concentration that is higher than used in our prior study to examine effects of mBKCa 
channel opening on ex situ mitochondrial function or to initiate preconditioning (32). 
However, Sato et al. (34) observed that 30 µM NS1619 reduced ψm by 11% in ventricular 
myocytes; the difference in their study compared to ours may be due to their use of 
substrate depleted intact myocytes. 
The effect of matrix K+ influx through mKATP channels on ψm remains controversial. This 
may be due in part to the concentrations of drugs used to open these channels. Although a 
depolarizing effect of ψm by activating mKATP channels has been reported (17; 18; 28), 
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Kowaltowski et al. (22) argued against those findings because they believed the 
concentrations of KATP channel opener were too high and that the observed depolarization 
was not due to a KATP channel specific effect. Our data for the mBKCa channel supports 
their observations on the mKATP channel. They estimated that pharmacological 
concentrations of a mKATP channel opener would reduce ψm by only 1-2 mV. Our data also 
support the general hypotheses by O’Rourke (29) and Kowaltowski et al. (22) that matrix 
K+ influx stimulates respiration by a reduced ∆µH due to exchange of K+ for H+ via the 
K+/H+ exchanger. We propose that mBKCa channel opening and matrix K+ influx leads to 
H+ influx (leak) by K+/H+ exchange, that in turn enhances matrix H+ pumping and increases 
electron flow, and in resting states, prevents depolarization of ψm because protons cannot 
enter the matrix via complex V ATP synthase. The bioenergetic consequence of mKCa 
channel opening would be accelerated cycling of K+ ions between the matrix and the 
intermembrane space (i.e. matrix K+ inflow through mKCa channel, K+ extrusion via K+/H+ 
exchanger) and an increase in mitochondrial respiration. Pronounced depolarization of ψm 
would occur only when the compensatory mechanism is exhausted, for example if matrix 
K+ influx exceeds K+/H+ exchange capability, or under state 3 conditions. The 
interrelationship between mitochondrial ROS generation and basal and inducible H+ leak by 
uncoupling proteins and the AMP/ANT pathway has been expertly reviewed recently in an 
article by Brookes. (3) 
 
Mitochondrial BKCa channel opening enhances mitochondrial ROS generation 
Our data demonstrate that opening of mBKCa channels by NS1619 (10-30 µM) enables 
increased ROS generation in isolated heart mitochondria during resting state conditions 
with complex II substrate succinate + rotenone. This increase in ROS generation was 
sensitive to paxilline, which indicates a mKCa channel opening -induced effect. The 
consequence of matrix K+ influx by mKATP channel opening on mitochondrial ROS 
generation has been frequently discussed and remains quite controversial. Several 
laboratories demonstrated that activation of KATP channels causes increased ROS 
production (12; 13), whereas Ferranti et al. (11) reported that KATP channel opening 
decreases ROS generation. 
The larger increase in H2O2 release rate in our study was induced by 30 µM NS1619, a 
concentration that also accelerated mitochondrial respiration, but had no effect on ψm. It 
appears unlikely that accelerated respiration (i.e. electron flow) alone can cause ROS 
generation to increase, because 50 µM NS1619, which further stimulated respiration, had 
no effect on the rate of mitochondrial H2O2 release. It is well accepted that mitochondrial 
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ROS production is strongly dependent on ψm; ROS generation can decrease rapidly with 
even a slight depolarization of ψm. (20; 21; 36) We suggest that 50 µM NS1619 leads to net 
K+ influx not replaced by H+ due to saturated K+/H+ exchange; this would cause a slight ψm 
depolarizing effect and more effective electron transfer with less chance for electron leak 
and ROS generation. Our finding that a low concentration (0.25 nM) of the K+ ionophore 
valinomycin also increased ROS generation while ψm was not depolarized supports the 
hypothesis that submaximal matrix K+ influx can increase ROS production. The higher 
concentration of valinomycin (1 nM), which depolarized ψm in a manner similar to that of 
50 µM NS1619, also did not enhance the rate of H2O2 release. Brookes et al. (4) observed 
that 0.01 -1 nM valinomycin was sufficient to fully establish ψm, whereas 3 nM caused 
secondary proton flux with depolarization of ψm. 
Despite our plausible mechanism for increased ROS generation by induced matrix K+ 
influx, it is difficult to explain why no increase in ROS generation was detected by 30 µM 
NS1619 with 10 mM of the NADH linked substrate pyruvate. The net effect of 30 µM 
NS1619 on enhancing state 2 respiration was higher (11.6±2.9 nmol O2/mg/min) with 
succinate + rotenone than with pyruvate (7.3±0.9 nmol O2/mg/min). It is possible that the 
smaller increase in respiration and electron flow with pyruvate induces less ROS release, 
which may not be detectable by our fluorescence methods. There are now several lines of 
evidence that diazoxide, a putative KATP sensitive channel opener, can inhibit complex II 
and retard succinate, but not NADH –supported respiration. (10; 16; 24; 30) In our study it 
is unlikely that NS1619 had a similar indirect role to inhibit complex II as a source for ROS 
generation because this effect was sensitive to paxilline (figure 5 B) and respiration was not 
slower with succinate + rotenone. Pyruvate has also been reported to decrease formation of 
H2O2 by changing the redox state (1) and to scavenge OH•. (9) In trial runs we observed 
that 30 µM NS1619 did enhance ROS release with α-ketoglutarate and glutamate as a 
NADH linked substrate. In our isolated heart model the presence of pyruvate in the 
perfusate did not effectively scavenge the upstream reactant, O2

•-, generated during 
ischemia and reperfusion. (19; 37) Another possibility is that the increase in ROS generated 
is elicited only by FADH2 linked substrates. Reports by several laboratories indicate that 
complex II is a site of O2

•- generation in mitochondria in addition to complex I and III. (23; 
26; 44) It will be important to answer these questions in future studies: does mKCa channel 
activation induce ROS generation with NADH linked substrates, where are the sites of ROS 
generation induced by matrix K+ influx and concomitant K+/H+ exchange, and which 
reactant (O2

•-, H2O2, OH•, others) leads to preconditioning? 
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Possible limitations 
Mitochondria isolated from their cells are not in a physiological environment as there is 
cross-talk between these compartments and ATP is consumed by cellular energy 
requirements. Respiration was decreased during state 3 by NS1619 and this was not 
blocked by paxilline, suggesting this is an effect independent on matrix K+ influx or that 
these channels cannot be opened during state 3 respiration. This may indicate that these 
channels are normally open only during initial cell stress when mitochondria are in a 
reduced state. Another concern is that only under succinate + rotenone conditions was ROS 
generated. This may relate to the smaller baseline release of ROS with pyruvate than 
succinate as the substrate. As with the putative mKATP channel openers, there is a concern 
that the prominent protective effect of mBKCa channels openers is not actually mediated by 
increasing matrix K+ influx, but by another mechanism. There is limited evidence for these 
channels in cardiac mitochondrial inner membrane. However, we too have found good 
coverage of protein fragments of BKCa alpha and beta subunits in several trypsinated 
purified preparations of guinea pig heart IMM using mass spectrometry (NP LC/ESI/MS) 
to the second profile (DF Stowe, unreported experiments). Finally, exogenous opening of 
this channel may give erroneous results compared to blocking endogenously opened 
channels because the agonist may have biphasic or unrelated effects at higher 
concentrations. 
 
Summary and conclusions 
Our results support the hypothesis that matrix K+ influx through activated mBKCa channels 
modulates specific changes in mitochondrial bioenergetics, i.e., an imbalance of ψm to 
electron flow. Opening of mBKCa channels by NS1619 accelerates mitochondrial 
respiration during the resting states, but depolarizes ψm only at higher concentrations. 
Moreover, these conditions of accelerated respiration coupled with maintained ψm are 
suitable for allowing singlet electron leak capable of enhancing O2

•- production. Thus, it is 
possible that the increase in respiration compensates for a reduced ∆µH due to mBKCa 
channel activation and K+/H+ exchange which maintains ψm. This mitochondrial 
mechanism may underlie, at least in part, the preconditioning effect of mKCa channel 
opening as a consequence of enhanced ROS generation.  
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ABSTRACT 

 
Mitochondria generate reactive oxygen species (ROS) dependent on substrate conditions, 
O2 concentration, redox state, and activity of the mitochondrial complexes. It is well known 
that the FADH2-linked substrate succinate induces reverse electron flow to complex I of the 
electron transport chain and that this process generates superoxide (O2

·-); these effects are 

blocked by the complex I blocker rotenone. We demonstrated recently that succinate + 
rotenone-dependent H2O2 production in isolated mitochondria increased mildly on 
activation of the putative big mitochondrial Ca2+-sensitive K+ channel (mtBKCa) by low 

concentrations of 1,3-dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-
2H-benzimidazol-2-one (NS-1619). In the present study we examined effects of NS-1619 

on mitochondrial O2 consumption, membrane potential (∆ψm), H2O2
 release rates, and redox 

state in isolated guinea pig heart mitochondria respiring on succinate but without rotenone. 
NS-1619 (30 µM) increased state 2 and state 4 respiration by 26 ± 4% and 14 ± 4%, 
respectively; this increase was abolished by the BKCa channel blocker paxilline (5 µM). 

Paxilline alone had no effect on respiration. NS-1619 did not alter (∆ψm) or redox state but 
decreased H2O2 production by 73% vs. control; this effect was incompletely inhibited by 
paxilline. We conclude that under substrate conditions that allow reverse electron flow, 
matrix K+ influx through mtBKCa channels reduces mitochondrial H2O2 production by 
accelerating forward electron flow. Our prior study showed that NS-1619 induced an 
increase in H2O2 production with blocked reverse electron flow. The present results suggest 
that NS-1619-induced matrix K+ influx increases forward electron flow despite the high 
reverse electron flow, and emphasize the importance of substrate conditions on 
interpretation of effects on mitochondrial bioenergetics. 
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INTRODUCTION 
 
Mitochondria are known to generate reactive oxygen species (ROS), which include 
superoxide radical (O2

·-), hydrogen peroxide (H2O2), and hydroxyl radical (·OH) as 
byproducts of aerobic metabolism (3; 34). Excess release of ROS has been shown to play a 
role in the etiology of various pathological disorders including cardiovascular disease (1), 
degenerative changes in aging (5), Alzheimer’s disease (28), and diabetes (22), as well as in 
ischemia/reperfusion (IR) injury (41). ROS are key elements in a variety of cellular 
signaling pathways (24), including cardioprotection against IR induced by ischemic and 
pharmacological preconditioning (26; 30). 
O2

·- can be generated at several sites along the mitochondrial electron transport chain (ETC) 
including complex III (12; 35) and complex I (8; 18; 20). Complex III generates O2

·- 
through the oxidation of ubisemiquinone, a radical intermediate formed through the cycle in 
the complex. The Qo site of the cycle is a major source of O2

·- production and it is close to 
the intermembrane space. In contrast, O2

·- generated from complex I is released into the 
matrix. On study (20) suggests that the primary site of O2

·- generation in the mitochondrial 
ETC is flavin mononucleotide (FMN) of complex I via reverse electron flow, not forward 
electron flow via ubiquinone of complex III.  Whatever the source of O2

·- is, the mechanism 
and quantity of O2

·- generated is dependent on the experimental substrate and energetic 
conditions (18; 21; 36). When FADH2 related substrates are used and electrons enter the 
ETC at complex II (succinate dehydrogenase), O2

·- can be generated by reverse electron 
flow to complex I (21). The resulting large increase in O2

·- generation is dependent on a 
high inner mitochondrial membrane (IMM) potential (∆ψm), and is sensitive to complex I 
blockade by rotenone, which prevents reverse electron flow as a source of O2

·- generation 
(18; 21). It is believed that in the presence of a high proton motive force electrons are 
passed to NAD+ until the pool is fully reduced to NADH; once this occurs semiquinone can 
only lose its unpaired electron to O2 because all upstream redox centers are fully reduced 
(18). 
K+ channels located in the IMM appear to play an important role in regulating 
mitochondrial function (15; 24), but the mechanism remains unclear. Xu et al. (40) found 
evidence for big Ca2+-sensitive K+ (mtBKCa) channels in the IMM of guinea pig ventricular 
cells. Sato et al. (31) demonstrated that opening of mtBKCa channels increases flavoprotein 
oxidation in ventricular myocytes placed in glucose-free Tyrode’s solution, indicating an 
increase in electron transport in oxidized mitochondria. Recently, we investigated the 
effects of mtBKCa channel opening and closing on function of mitochondria isolated from 
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guinea pig hearts (16). We reported that putative mtBKCa channel opening with low 
concentrations of NS-1619 accelerated states 2 and 4 respiration (electron flow) and H2O2 
generation at a stable ∆ψm in the presence of succinate and rotenone (16). In the present 
study we investigated effects of NS-1619 on respiration, ∆ψm, redox state (NADH and 
FAD), and H2O2 generation using succinate alone, which can induce ROS generation via 
reverse electron flow. We proposed that under these conditions H2O2 production would 
decrease because of a relative increase in forward electron flow, induced by matrix K+ 
influx, thus countering the larger reverse electron flow caused by succinate with subsequent 
O2

·- formation at complex I. 
 
MATERIALS AND METHODS 
 
All experiments were performed in accordance with the Guide for the Care and Use of 
Laboratory Animals (National Institutes of Health No. 85-23, revised 1996), and were 
approved by the Institutional Animal Care and Use Committee (Medical College of 
Wisconsin, Milwaukee, Wisconsin). 
 
Mitochondrial isolation 
Heart mitochondria were isolated from ketamine-anesthetized guinea pigs (250-300 g) by 
differential centrifugation as described previously (29) with moderate modifications. 
Briefly, ventricles were excised, placed in an isolation buffer: 200 mM mannitol, 50 mM 
sucrose, 5 mM KH2PO4, 5 mM 3-(n-morpholino) propranesulfonic acid (MOPS), 1 mM 
EGTA, 0.1% bovine serum albumin (BSA), pH 7.15 (adjusted with KOH), and minced into 
1 mm3 pieces. The suspension was initially homogenized for 15 s in 2.5 ml isolation buffer 
containing 5 U/ml protease, and for another 15 s after addition of 17 ml isolation buffer. 
The suspension was centrifuged at 8000g for 10 min; the pellet was resuspended in 25 ml 
isolation buffer and centrifuged again at 750g for 10 min. Next, the supernatant was 
centrifuged at 8000g for 10 min, and the final pellet was suspended in 0.5 ml isolation 
buffer and kept on ice. The protein content was determined by the Bradford method (4). All 
isolation procedures were conducted at 4°C. 
 
Mitochondrial O2 consumption 
Oxygen consumption was measured polarographically at 27oC using a respirometry system 
(System S 200A; Strathkelvin Instruments, Glasgow, Scotland). Mitochondria (0.25 mg 
protein/ml) were suspended in respiration buffer containing 130 mM KCl, 5 mM K2HPO4, 
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20 mM MOPS, 2.5 mM EGTA, 1 µM Na4P2O7, 0.1% BSA, pH 7.15 adjusted with KOH. 
Buffer [Ca2+] was less than 100 nM as assessed by the fluorescence dye indo-1. Respiration 
was initiated by administration of complex II substrate succinate (10 mM). State 3 
respiration was determined after addition of 250 µM ADP, and state 4 respiration was 
measured after complete phosphorylation of ADP to ATP. The respiratory control index 
(RCI) was calculated as the ratio of mean slopes during state 3 and state 4 respiration (state 
3 slope/state 4 slope). 
 
Mitochondrial H2O2 release rate 
Rates of mitochondrial H2O2 release were measured spectrophotometrically (QM-8, Photon 
Technology International, PTI) at 27°C following oxidation of amplex red (25 µM; 
Molecular Probes) to the highly fluorescent product resorufin in the presence of 0.1 U/ml 
horseradish peroxidase. Excitation and emission wavelengths (λex and λem) were set to 530 
nm and 583 nm, respectively. Mitochondria (0.5 mg/ml) were suspended in respiration 
buffer. Time-controls received 0.3% dimethyl sulfoxide (DMSO). Maximal H2O2 
production was stimulated in some experiments by addition of complex III blocker 
antimycin A (5 µM). Antimycin A is believed to inhibit cytochrome b oxidation by 
cytochrome c1 to cause accumulation of ubisemiquinone, which is oxidized by molecular 
O2 to generate O2

•- and H2O2 (7).  An additional increase in ubisemiquinone may be 
attributed to ∆ψm depolarization by the protonophore CCCP, and the consequent increase in 
electron transfer reactions between complex II (succinate dehydrogenase) and ubiquinone 
and ubiquinol, and cytochrome c1. Catalase (300 U/ml) was added to confirm H2O2 
production by attenuating the H2O2 signal, since catalase converts H2O2 to H2O. H2O2 
release rates were expressed as arbitrary fluorescence units (afu, Figures 4 and 5A) or as 
percent of time control experiments (Figure 5B). Baseline H2O2 levels were calibrated from 
a mean of 3 standard curves of photon counts over a range of 10-200 nM H2O2 (added to 
assay medium in the presence of reactants amplex red and horseradish peroxidase); each 
regression was linear (R >0.99).  
 
Mitochondrial redox state 
Mitochondrial redox state was measured by the autofluorescence that arises from 
compounds endogenous to the mitochondrion. The NAD+ signal is not fluorescent, but an 
increase in NADH fluorescence signal reflects an increase in the ratio of NADH to NAD+, 
i.e, a net shift in the pyridine nucleotide pool to the reduced state. In contrast to NADH, a 
decrease in the FAD signal (flavoprotein fluorescence) occurs when the carrier binds to 
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electrons.  Thus a decrease in FAD reflects an increase in the ratio of reduced to oxidized 
flavoprotein (14). NADH and FAD were measured from the same aliquot of mitochondrial 
suspension (0.5 mg/ml) in respiratory buffer, with the aid of an electronic chopper that 
switched between the excitations for NADH and FAD so that the time resolution for the 
three NADH and FAD emission signals was 7 s. NADH was determined by exciting at 350 
nm λex and recording at 460 nm λem and 405 nm λem (the latter reference wavelength is less 
sensitive to NADH changes). The fluorescence ratio, F460/F405, is interpreted as a 
measure of NADH. Mitochondrial FAD autofluorescence was recorded at 540 nm λem from 
light filtered at 480 nm λex. 
 
Mitochondrial membrane potential 
Mitochondrial membrane potential (∆ψm) was monitored at 27°C in a cuvette- based 
spectrophotometer (QM-8, PTI) operating 503 nm λex and 527 nm λem, respectively, in the 
presence of the fluorescence dye rhodamine 123 (50 nM). Mitochondria (0.5 mg/ml) were 
suspended in respiration buffer. ∆ψm was expressed as the percentage of rhodamine 123 
fluorescence in the presence of fully coupled mitochondria relative to the fluorescence after 
addition of 4 µM of the uncoupler carbonyl-cyanide-m-chlorophenylhydrazenone (CCCP). 
To verify the functional integrity of mitochondria, 250 µM ADP was added and 
repolarization of ∆ψ m after complete phosphorylation of ADP was measured. 
 
Chemicals and reagents 
Rhodamine 123, amplex red, and indo-1 were purchased from Molecular Probes (Eugene, 
OR) and high purity KCl from EMD Chemicals (Gibbstown, NJ). All other chemicals were 
purchased from Sigma Chemical Co. NS-1619, paxilline, and amplex red were dissolved in 
DMSO before adding to the experimental buffer. 
 
Statistical analyses 
Group data were compared by analysis of variance. If F values (P < 0.05) were significant, 
post hoc comparisons of means tests (Student-Newman-Keuls) were considered statistically 
significant when P < 0.05 (two-tailed); * vs. control; # vs. NS-1619. Data are presented as 
means ±SEM. 
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RESULTS 
 
Mitochondrial integrity after isolation 
The morphological integrity of mitochondria after the isolation procedure was verified by 
electron microscopy. Figure 1 shows guinea pig heart isolated mitochondria with intact 
inner and outer membranes suspended in isolation buffer. A RCI of 2.5±0.1 in the control 
group with succinate as substrate demonstrated strong coupling of respiration and oxidative 
phosphorylation. This indicates functioning mitochondria with integrity of the respiratory 
complexes in the IMM after the isolation procedure. 
 
Mitochondrial respiration 
The experimental procedure and sample traces for respiration experiments are shown in 
figure 2. Opening of putative mtBKCa channels by 30 µM NS-1619 significantly increased 
state 2 respiration by 26±4% over control and state 4 respiration by 14±4% over control 
(Figures 3A and 3C).  
 

Figure 1: 
 

 
 

Electron microscopy to confirm the high morphological integrity of heart mitochondria after the isolation 
procedure 
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Figure 2: Representative traces of mitochondrial respiration experiments 
 

 
 
State 2 respiration was initiated by addition of 10 mM succinate; state 3 respiration was initiated by 
addition of 250 µM ADP. NS-1619 or its vehicle DMSO (0.3%) was administered at 90 s (treatment 
effects on state 2 were measured beginning at 120 s) in the presence or absence of 5 µM paxilline. 
 

To verify that the increase in state 2 and state 4 respiration was due to mtBKCa channel 
opening by NS-1619, 5 µM paxilline was added in the absence or presence of 30 µM NS-
1619 (Figure 3). Pre-administration of paxilline significantly blocked the NS-1619 -induced 
increase in state 2 (to 4±3% from 26±4%) and state 4 respiration (to -1±3% from 14±4%). 
Paxilline alone had no significant effect on respiration (0±2%), which indicates that 
mtBKCa channels were closed under these experimental conditions. State 3 respiration was 
decreased statistically by NS-1619 (-12±3% vs. control), but co-administration of paxilline 
reduced but did not significantly block this effect (-21±2%) (Figure 3B), which may 
indicate a mtBKCa channel independent effect. These data demonstrate that a low 
concentration of NS-1619 increases succinate -supported respiration, but only during the 
resting states when the basal respiratory rate is low. 
 
Reversed electron flow induced H2O2 generation 

To verify that the major mechanism of ROS production with the complex II substrate 

succinate is due to reverse electron flow, we measured mitochondrial H2O2 release rate. 
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Figure 3: 
 

 
 
Summarized data for the effects of 30 µM NS-1619 and the antagonist effects on big mitochondrial 
Ca2+-sensitive K+ channel (mtBKCa) opening by 5 µM paxilline on mitochondrial respiration in the 
presence of the complex II substrate succinate (10 mM). *P < 0.05 vs. control; #P < 0.05 vs. NS-1619 (n 
= 10 for each group). 
 

In representative tracings figure 4 shows that succinate initiated a large increase in the H2O2 
release rate that was abolished by either the mitochondrial uncoupler CCCP (panel A) or 
the complex I blocker rotenone (panel B). This verified in our model that reversed electron 
flow into complex I of the ETC is the main mechanism by which O2

·-
 is generated with 

succinate alone as the substrate. Moreover, the rate of H2O2 release in succinate -supported 
respiration was approximately 35 times higher than the rate attained by the complex I 
substrate pyruvate (panel C). Antimycin A, a complex III blocker, increased the H2O2 
release rate much more after uncoupling with CCCP than after blocking complex I with 
rotenone.  
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Figure 4: Mitochondrial H2O2 release rate 
 

 
 
Representative traces of H2O2 release rates during succinate (10 mM)-supported respiration. H2O2 
generation was abrogated by addition of 4 µM carbonyl cyanide m-chlorophenylhydrazone (CCCP; A), a 
mitochondrial uncoupler, or 4 µM rotenone (B), a complex I blocker. C: H2O2 generation rate during 
pyruvate (complex I substrate, 10 mM)-supported mitochondrial respiration. Catalase (300 U/ml) was 
added to confirm H2O2 production. AA, antimycin A (complex III blocker; 5 µM); afu, arbitrary 
fluorescence units. Numbers represent changes in afu per minute. 

 
Effect of mtBKCa channel opening on H2O2 generation 
To investigate the effect of mtBKCa channel opening on reverse electron flow -induced 
H2O2 production we measured the H2O2 release rate after addition of NS-1619 in succinate 
-supported mitochondria. Results are expressed as percent of time controls. Figure 5 shows 
that addition of NS-1619 significantly decreased the H2O2 release rate from 85±2% to 
12±1%. Pre-administration of paxilline statistically attenuated this reduction in ROS 
generation (28±5% vs. 12±1%). Paxilline alone had no significant effect on mitochondrial 
H2O2 release rate (79±2% vs 85±2%). 
 
Effect of NS-1619 on mitochondrial redox state 
In this in vitro preparation, oxidation of succinate and reduction of molecular O2 involves in 
part, reverse electron flow, specifically of electrons entering at complex II to react with 
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NAD+ to produce NADH at complex I. As shown in Figure 6, addition of succinate 
invariably increased NADH and decreased FAD. NADH also increases while FAD 
decreases with pyruvate, a complex I substrate, but this occurs because pyruvate directly 
reduces NAD+ to NADH with forward electron flow. To confirm that NADH and FAD 
signals reflect changes in redox state, we noted that ADP transiently decreased NADH and 
increased FAD (state 3) whereas CCCP, a protonophore uncoupler, maximally oxidized 
mitochondria as observed by the low NADH and high FAD states. 
 

 Figure 5: Mitochondrial H2O2 release rate 
 

 
 
A: representative traces for H2O2 release rate with succinate as substrate: control (a), 30 µM NS-1619 
(b), 5 µM paxilline + 30 µM NS-1619 (c). B: summarized data for H2O2 release rate as % of time 
controls. A 10% change represents a change in H2O2 release rate of 1.5 pmol H2O2·min–1·mg–1 protein. 
All treatment effects are compared with the baseline of the same experiment. *P < 0.05 vs. control; #P < 
0.05 vs. NS-1619; n = 6 for each group 
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Figure 6: Effects of NS-1619 on mitochondrial redox state (NADH and FAD) 
 

 
Representative traces for FAD (bottom) and NADH (460/405-nm emission wavelength; top). 
Concentrations up to 30 µM NS-1619 had no effect to decrease the redox state as did ADP and CCCP; 
higher concentrations decreased the NADH but not the FAD redox state (see text). 
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Importantly, NS-1619, 30 µM, (and lower concentrations, not shown) did not significantly 
alter either NADH (1.2 ±1.3%) or FAD (0.8 ±1.4%) compared to the vehicle (0%) (P>0.05, 
n=6); however, 50 and 100 µM NS-1619 significantly and dose-dependently decreased 
NADH to 18± 2%, and 98 ±3% (P<0.05, n=3) of the response to ADP (100%); these higher 
concentrations, however, did not alter FAD (-2 ±3% vs control; P<0.05, n=3), reflecting its 
independence of the NADH redox state. 
 

Figure 7: 
 

 
 
Effects of NS-1619 on inner mitochondrial membrane potential (∆ψm): representative traces for ∆ψm with 
succinate as substrate. NS-1619 (30 µM) or its vehicle DMSO (0.3%) was added. To verify a highly 
charged ∆ψm and the functional integrity of mitochondria, 250 µM ADP was added as indicated. Maximal 
depolarization was measured after addition of 4 µM CCCP to uncouple oxidative phosphorylation. 
 

Mitochondrial membrane potential (∆ψm) 
To examine if the effects of mtBKCa channel opening on reducing ROS generation were 
due to depolarization of the IMM, we measured fluorescence of the ∆ψm -sensitive dye 
rhodamine 123 (Figure 7).  
Administration of 30 µM NS-1619 had no significant effect on ∆ψm during succinate 
supported respiration (0.2±0.1% vs. 0.3±0.1%, P>0.05, n=6; summary data not displayed). 
 
DISCUSSION 
 
The major conclusions of this study are that during succinate-supported respiration 1) 
mtBKCa channel activation by 30 µM NS-1619 decreases reverse electron flow-induced 
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H2O2 production, which is attenuated by paxilline, and 2) this reduction in H2O2 production 

by NS-1619 is not due to depolarization of ∆ψm or to a more oxidized redox state. The 
relative decrease in reverse electron flow, and thereby O2

·- generation, is likely due to NS-
1619-enhanced forward electron flow.  

 
Reverse electron flow as a mechanism for O2

·- generation 
The ETC is the main source of O2

·- generation during normal metabolism (19). Any reduced 
metal ion component of the ETC can serve as a potential source of O2

·- by one-electron 

transfer to O2 to generate O2
·- (10). With the use of specific respiratory complex blockers, 

O2
·- has been shown to be released into the matrix or cytosol at complex III and into the 

matrix at complex I (12). In turn, O2
·- is dismutated by superoxide dismutase in the matrix 

(SOD2) or cytosol (SOD1) to form H2O2, most of which is detoxified to H2O by the 
glutathione system. However, H2O2 is also a progenitor of the highly reactive ·OH in the 
presence of a reduced transition metal such as Fe2+. Since H2O2 is highly permeable through 
the IMM, the H2O2 measured in this study likely reflects its generation in the matrix.  
Several studies have reported that O2

·- generation is greater during respiration supported 
with FADH2-linked substrates than with complex I substrates (21; 36). O2

·- generation with 

the complex II substrate succinate is caused by reverse electron flow into complex I of the 
ETC and is largely dependent on a high ∆ψm (20; 21). This is supported by our observation 
that uncoupling of mitochondria with CCCP, which collapses ∆ψm by allowing proton 

reentry through the IMM, halted H2O2 generation. Moreover, the complex I blocker 
rotenone and ADP (state 2-to-state 3 transition) largely attenuated reverse electron flow-
induced H2O2 generation, as also shown by others (20; 21; 36). In hearts utilizing NADH-
linked substrates, blocking electron flow at complex I reduces mitochondrial damage during 
I/R injury at least in part because of reduced ROS production (11).  

 
Possible significance of reverse electron flux 
Significant O2

·- generation occurs via forward electron flow in the presence of complex I Q 
site inhibitors like rotenone, but much more is generated during reverse electron flow 
through complex I. Lambert and Brand (18) argue that the site of generation by complex I is 
likely a ubisemiquinone-binding site rather than upstream flavin or FeS centers. Reverse 
electron flux may be a significant factor in I/R injury. Physiologically, succinate is 
synthesized at low concentrations (0.2–0.4 mM) inside mitochondria in vivo and is not a 
natural substrate. However, it rises substantially during ischemia or hypoxia (up to 4–7 mM) 
(20). It is possible that during early ischemia, when NADH levels are high, and during 
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initial reperfusion, the oxidation of accumulated succinate generates the high ∆ψm and 
reduces power necessary for reversal of electron transfer and O2

·- generation at complex I. 
In phosphorylating mitochondria respiration is controlled by both ATP turnover and 
electron supply. Adenine nucleotide translocase (ANT) is an important site of control in 
oxidative phosphorylation (14) because it catalyzes the one-for-one exchange of adenine 
nucleotides. In energized mitochondria, ANT preferentially ejects more ATP than ADP 
brought into the matrix. This would lead to a greater extramitochondrial ATP-to-ADP ratio, 
which could lead to activation of succinate dehydrogenase (complex II) and stimulation of 
reverse electron flow.  

 
Effects of NS-1619 and paxilline on BKCa channel 
NS-1619, a benzimidazole derivative, promotes opening of high-conductance (300 pS) 
BKCa channels in membranes of a wide variety of cell types (33). NS-1619-induced effects 
on smooth muscle can be blocked by charybdotoxin or paxilline, but not by glibenclamide, 

which indicates that the action of NS-1619 in plasma membranes is predominantly on the 
BKCa channel. The rapid effect of NS-1619 suggests that its mechanism of action is either 
directly on the channel protein itself or on a closely associated modulatory protein (27). The 
absence of intracellular Ca2+ prevents BKCa

 channel activation by NS-1619, and the drug 
may increase channel activation by making the channel more sensitive to intracellular [Ca2+] 
(27). The BKCa channels are tetramers of a pore-forming -subunit of the slo gene family 
and a regulatory β -subunit, which is structurally unique and transmembrane spanning; the 

-subunit, encoded by a single gene, is comprised of seven transmembrane segments and 
four intracellular hydrophobic domains (17; 23; 38). Several groups are attempting to more 
clearly identify and characterize these channels in cardiac IMM.  

 
Modulation of mitochondrial function by mtBKCa channels 
Xu et al. (40) first reported evidence for mtBKCa channels in the IMM of guinea pig 
ventricular cells. Patch-clamp recordings from mitoplasts of these cells showed Ca2+-
dependent, large-K+ conductance channels in the IMM, and immunoblots of cardiac 

mitochondria with antibodies against the COOH-terminal part of BKCa channel identified a 
55-kDa protein as part of this putative channel. The β1-subunit of the mtBKCa channel, as 
tentatively identified in the IMM, interacts with the cytochrome-c oxidase subunit I (25). 
The binding sites for charybdotoxin and NS-1619 are likely in the cytosolic compartment, 
whereas sites for Ca2+ are likely on the matrix side of the IMM (39).  
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The ultimate bioenergetic modulating effects of K+ influx into the mitochondrial matrix 
through K+ channels, including both mtBKCa and mitochondrial ATP-sensitive K+ channels 
(mtKATP), however, remains unclear. Sato et al. (31) demonstrated that NS-1619 increases 
flavoprotein oxidation in ventricular myocytes placed in glucose-free Tyrode solution; this 
suggested an increase in electron transport in oxidized mitochondria. Recently, we reported 
(16) on the concentration-dependent effects of NS-1619 on respiration, ∆ψm, and H2O2 
generation in isolated guinea pig heart mitochondria respiring on the complex II substrate 
succinate in the presence of the complex I blocker rotenone to prevent reverse electron flow. 
NS-1619 increased state 2 and state 4 respiration, effects that were inhibited by paxilline. 
These findings are in agreement with the hypothesis of O'Rourke (24), who suggested that 
mitochondrial K+ channels function as energy (stored as the proton gradient, ∆µH)-
dissipating channels by expending ∆µH, in part, to eject K+ that enters the matrix through 
activated K+ channels via an electroneutral K+/H+ exchanger. This decrease in ∆µH would 
stimulate respiration to compensate for net proton leak, with the consequence of a 

maintained ∆ψm (16). In the present report we demonstrated during succinate-supported 
respiration that putative mtBKCa channel opening by 30 µM NS-1619, and by inference by 
lower concentrations, again increased state 2 and state 4 respiration and had no effect on 
redox state or ∆ψm.  
Cancherini et al. (9) reported recently that NS-1619 stimulated nonphosphorylating 
respiration (state 4) and inhibited ADP-stimulated respiration (state 3) in isolated rat heart 
mitochondria. These effects of NS-1619 were also described previously by Debska et al. 
(13) and by our group (16) and are confirmed again in this study in guinea pig heart 
mitochondria. However, in the former study (9) evidence was presented that NS-1619 does 
not specifically transport K+ via a channel or cation transporter. In the presence of the 
complex V inhibitor oligomycin they reported that NS-1619 depolarized ∆ψm in K+-
containing as well as K+-free buffer, that the respiratory effects were not blocked by 
paxilline, that NS-1619-induced matrix swelling occurred also in a tetraethylammonium-
based buffer, and that the latter effect was not blocked by paxilline. On the basis of these 
findings Cancherini et al. (9) suggested that NS-1619 promotes nonselective 
permeabilization of the IMM to ions rather than acting on a specific IMM K+ channel. 
However, in this and our prior study (16), the effect of NS-1619 to enhance state 4 
respiration was inhibited by paxilline, a known BKCa

 channel inhibitor, and uncoupling did 
not occur at less than 30 µM NS-1619.  
From these pharmacological results, we conclude that the NS-1619-induced increase in 
state 4 respiration, and the state- and substrate-dependent effects on H2O2 production, are 
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likely mtBKCa channel mediated. We cannot reconcile differences between these studies, 
but we agree that the specificity of NS-1619 for the putative mtBKCa

 channel remains 
speculative. Moreover, the putative mtBKCa channel will need to be better identified and 
characterized in the IMM to substantiate its role in modulating mitochondrial bioenergetics. 

What is evident to us, however, is that NS-1619 clearly initiates pharmacological 
preconditioning against cardiac I/R injury and that this protective effect is effectively 
blocked by a O2

·- dismutase mimetic as well as by paxilline (32). 
  
Effect of putative mtBKCa channel opening on reverse electron flow-induced H2O2 
production 
Under physiological conditions reverse electron flow does not occur, because forward 
electron flow through complex I via NADH prevents it. However, under pathophysiological 
conditions in which NADH is depleted, reverse electron flow may lead to O2

·- generation at 
complex I (6; 34; 36). In succinate-supported isolated mitochondria O2

·- generation due to 
reverse electron flow to complex I is dependent on a fully charged ∆ψm under state 4 
conditions; reverse flow is blocked by the complex I blocker rotenone. Our results suggest 
that reverse electron flow-induced H2O2 production can be modulated by matrix K+ flux. 
The H2O2

 release rate during enhanced state 4 respiration by NS-1619 can either increase 
(no reverse electron flow) (16), or decrease (reverse electron flow), as shown in this report. 
The changes in H2O2 production were not caused by an effect of NS-1619 on ∆ψm or redox 
state, which did not change. Thus we propose that matrix K+ influx through activated 
mtBKCa channels can reduce H2O2 production due to reverse electron flow by accelerating 

forward electron flow. This is in agreement with a previous finding by Votyakova and 
Reynolds (37), who demonstrated that very low concentrations of the mitochondrial 
uncoupler FCCP, which did not depolarize ∆ψm, were sufficient to reduce reverse electron 
flow-induced O2

·- generation.  
That NS-1619, at concentrations at or below 30 µM, did not alter the mitochondrial redox 
state is consistent with our previous finding with pyruvate or succinate + rotenone (16), in 
which ∆ψm remained high, a condition that can lead to enhanced O2

·- generation and 
downstream reactants. Reverse electron flow-induced O2

·- generation depends on the 
delivery of electrons downstream of complex I, i.e., from complex II, a high proton motive 
force, and a low redox potential across complex I (i.e., no pyruvate to increase the NADH-
to-NAD+ ratio). Thus a factor that limits reverse electron flow-induced H2O2 production is 
supply of NADH by pyruvate at complex I, which in its absence is supported by NADH 
generation from NAD+ by succinate at complex I. Indeed, Liu et al. (20) showed that 
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inhibition of complex II with malonate completely abolished the succinate-induced 

reduction of NAD+. This suggested that electrons for reducing NAD+ come directly from 
succinate through reverse electron transport and not from other components of the 
tricarboxylic acid cycle (20). The specific site for O2

·- generation under physiological or 
pathological conditions may be the FMN group of complex I (20) or a ubisemiquinone-
binding site (18).  
Batandier et al. (2) proposed that with succinate as substrate, any decrease in NADH level 
or ∆ψm would abolish O2

·- generation at this site. Such a scenario is partially in agreement 
with our study, in which we show that NADH decreased, while FAD did not change, at 
higher, but not lower, NS-1619 concentrations. It is notable that rotenone blocks succinate-
supported NADH formation via reverse electron flow, but also blocks oxidation of NADH 
by directly inhibiting complex I. The end result is that with rotenone NADH increases 
during oxidation of succinate because succinate is converted to malate, which generates 
NADH that feeds into complex I.  
The question of how modulation of mitochondrial function by mtBKCa channel opening 
might differentially alter O2

·- generation depending on substrate conditions requires further 

study. Under the same O2 tension conditions, mitochondria appear to generate O2
·- by 

different mechanisms: 1) by accelerating resting state respiration, e.g., due to mtBKCa 
channel activation or valinomycin-induced matrix K+ influx, under forward electron flow 
conditions while ∆ψm is maintained, and 2) by reverse electron flow into complex I during 
succinate-supported respiration with no fall in ∆ψm. However, we could not demonstrate 
NS-1619-induced H2O2 production with the substrate pyruvate (16). We propose that H2O2 
production decreased with the increase in NS-1619-induced respiration in the presence of 
succinate because of a compensatory outward flux of K+ and influx of protons via K+/H+ 
exchange, which accelerates forward electron flow, thus reducing the impact of reverse flow 
on O2

·- generation. Clearly, the consequences of altered matrix K+ flux likely alter the flux 
of other cations in addition to H+, for example, Na+ and Ca2+ by Na+/H+ and Na+/Ca2+ 

exchange in the IMM.  
In summary, we report that in fully membrane-polarized and reduced mitochondria matrix 
K+ influx can either increase or decrease O2

·- generation depending on substrate conditions. 
This work emphasizes the impact of experimental substrate conditions when analyzing 
mitochondrial bioenergetics, and may help to explain some of the conflicting results in the 
literature regarding the effect of K+ channel activation and matrix K+ flux on modulating 

mitochondrial function and H2O2 production. Moreover, caution must be taken on the effect 
of NS-1619 to open mtBKCa channels or of paxilline to block them because although 
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paxilline completely reversed the increase in respiration, it only incompletely blocked the 
decrease in H2O2 production. We must have a precise identification and characterization of 
the several putative mitochondrial K+ channels and a better grasp of the pharmacology of 
the drugs used to explore these mechanisms. Much research remains to be done to 
understand the physiological (cell conditioning) and pathological (cell damage) conditions 
by which matrix K+ flux modulates matrix pH, respiration, and O2

·- generation.  
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ABSTRACT  

 
The protective potency of ischemic preconditioning decreases with increasing age. A key 
step in ischemic preconditioning is the opening of mitochondrial Ca2+ sensitive K+ (mKCa) 
channels, which causes mild uncoupling of mitochondrial respiration. We hypothesized that 
aging reduces the effects of mKCa channel opening on mitochondrial respiration. 
We measured the effects of mKCa channel opener NS1619 (30 µM) on mitochondrial 
respiration in isolated heart mitochondria from young (2-3 months) and old (22-26 months) 
Wistar rats. Oxygen consumption was monitored online after addition of 250 µM ADP 
(state 3 respiration), and after complete phosphorylation of ADP to ATP (state 4 
respiration) in the presence or absence of the mKCa channel blocker paxilline (5 µM). The 
respiratory control index (RCI) was calculated as state 3 / state 4. 
In mitochondria from young rats, NS1619 increased state 4 respiration by 11.9±4.1% 
(mean±S.E.M.), decreased state 3 respiration by 7.6±2.5%, and reduced the RCI from 
2.6±0.03 (control) to 2.1±0.06 (all P < 0.05, n = 12 for all groups). Paxilline blocked the 
effect of NS1619 on state 4 respiration (0.7±2.8%), but did not affect the decrease in state 3 
respiration; paxilline blunted the decrease of RCI. In mitochondria from old rats, NS1619 
had neither effect on state 4 (0.4±1.6%), and state 3 respiration (-7.4±1.5%), nor on RCI 
(3.0±0.13 vs. 3.2±0.11, n=12). 
Increasing age reduced the effects of mKCa opening on mitochondrial respiration. This 
might be one underlying reason of the decreased protective potency of ischemic 
preconditioning in the aged myocardium. 
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INTRODUCTION 
 
The worldwide population of persons aged ≥ 65 years will increase from 420 million in 
2000 to about 973 million in 2030. An increasing lifespan, expected to extend 10 years by 
2050, is associated with an increase in the incidence and prevalence of chronic diseases 
such as coronary artery disease, which is a major cause for myocardial infarction. (22) The 
morbidity and mortality of myocardial infarction is enhanced with increasing age; (11) 
possibly due to an aging related loss of the protective potency of cardioprotective strategies, 
e.g. ischemic preconditioning. (20) 
Ischemic preconditioning is a cardioprotective phenomenon by which short periods of 
ischemia reduce the deleterious consequences of a subsequent prolonged period of 
ischemia/reperfusion of the heart. (30) So far, most studies that investigated the protective 
effects and the underlying mechanism of ischemic preconditioning were conducted in 
young animals. There is strong evidence from the literature that the cardioprotective effect 
of ischemic preconditioning decreases with increasing age both in animals (1; 41) and in 
humans. (23) Lee et al. demonstrated a loss of protection by ischemic preconditioning in 
elderly patients undergoing coronary angioplasty. (23) A prolonged period of ischemia and 
the mitochondrial ATP-sensitive potassium (mKATP) channel activator nicorandil were able 
to (re)initiate a preconditioning state in these patients. The authors concluded that the 
impaired preconditioning response must result from some defects in the signal transduction 
of K+ channel activation of the aged myocardium. 
It is proposed that signalling pathways in preconditioning converge on the mitochondria. 
(28) Many reports strongly support the hypothesis that regulation of mitochondrial function 
by activation of K+ channels in the inner mitochondrial membrane resulting in an increased 
K+ influx into the mitochondrial matrix is a key step in the signal transduction cascade of 
ischemic preconditioning. (29; 31) 
In addition to the importance of mKATP channels, there is increasing evidence for a role of 
Ca2+ sensitive potassium (KCa) channel opening in ischemic preconditioning. Recently, Cao 
et al. (6) demonstrated in isolated perfused rat hearts that blockade of KCa channels by 
paxilline abolished the reduction of infarct size caused by ischemic preconditioning. 
Furthermore, pharmacological preconditioning was initiated by the KCa channel activator 
1,3-Dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-
benzimidazol-2-one (NS1619). Xu et al. (43) detected mitochondrial (m) KCa channels in 
the inner mitochondrial membrane of guinea pig ventricular cells and suggested a role for 
mKCa channels in protection against ischemic injury. 
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We aimed to investigate the effect of age-dependent changes in mKCa channel activation on 
mitochondrial respiration, and analyzed the effects of the mKCa channel agonist NS1619 
and the antagonist Paxilline on mitochondrial respiration and oxidative phosphorylation in 
mitochondria isolated from young and old rat hearts. 
 
MATERIALS AND METHODS 
 
All experiments were performed in accordance with the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of Health (NIH Publication 
No. 85-23, revised 1996), and approved by the Institutional Committee for Animal Care 
and Use (Heinrich-Heine-University Düsseldorf, Germany).  
 
Chemicals and reagents 
KCl was purchased from EMD Chemicals (Gibbstown, NJ); all other chemicals were 
purchased from Sigma Chemical Co. (Taufkirchen, Germany). NS1619 and paxilline were 
dissolved in DMSO before they were added to the experimental buffer. 
 
Mitochondrial isolation 
Heart mitochondria were isolated from young (2-3 months) and old (22-26 months) Wistar 
rats. Animals were anesthetized by an intraperitoneal injection of S(+)-ketamine (150 
mg/kg). After decapitation, hearts were excised and heart mitochondria were isolated by 
differential centrifugation as described previously. (17; 18; 34) 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 (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. (4) All isolation procedures 
were conducted at 4°C. 
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Mitochondrial O2 consumption 
Oxygen consumption was measured polarographically at 27oC using a respirometric system 
(System S 200A, Strathkelvin Instruments, Glasgow, Scotland). Mitochondria (0.25 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 (Fig. 1) in the 
presence or absence of 5 µmol/L mKCa channel blocker paxilline (Pax). The mKCa channel 
activator NS1619 (20, 30, or 50 µmol/L) or its vehicle DMSO (0.3%) were injected into the 
respiration chamber after 120 sec. State 3 respiration was initiated after 180 sec by addition 
of 250 µmol/L adenosine-diphosphate (ADP). Respiration rates were recorded under state 3 
conditions and after complete phosphorylation of ADP to adenosine-triphosphate (ATP) 
(State 4).  
 
Figure 1: 
 

 
Representative traces of mitochondrial respiration experiments. Mitochondrial respiration was initiated 
by addition of 10 mmol/L succinate + 10µmol/L rotenone (S/R); State 3 respiration was initiated by 
addition of 250 µmol/L ADP. NS1619 or its vehicle DMSO (0.3 %) was administered at 120 sec. The 
respiration rates were analyzed both under state 3 conditions and after complete phosphorylation of 
ADP to ATP (State 4). When the effect of mKCa channel blockade by paxilline (Pax) was investigated, 5 
µmol/L Pax were present during the whole experimental protocol.  
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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 2 to 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 or as percent of control. 
To investigate concentration-dependent effects of mKCa channel opening on mitochondrial 
bioenergetics, we measured in a first series of experiments mitochondrial respiration in the 
absence (control) or presence of 20, 30, or 50 µmol/L NS1619 (NS20, NS30, or NS50, 
respectively). 
To test if the effects of NS1619 were caused by mKCa channel opening, we added in a 
second series of experiments 5 µmol/L mKCa channel blocker Pax in the absence or 
presence of 30 µmol/L NS1619.  
 
Statistical analysis 
To analyse concentration-dependent effects of NS1619 (experimental series 1), group data 
were compared by analysis of variance, followed by Dunett’s post hoc test (all vs. control). 
To compare if the effects of NS30 were caused by mKCa channel opening (experimental 
series 2), group data were compared by analysis of variance, followed by Tukey’s post hoc 
test. Data were considered statistically significant when P<0.05 and are presented as 
means±S.E.M. 
 
RESULTS 
 
Effect of aging on mitochondrial respiration 
The respiration rates of isolated mitochondria from old rat hearts are reduced compared to 
mitochondria from young rat hearts both under “resting” state 4 conditions (72.5±6.3 nmol 
O2/mg/min vs. 100.5±5.4 nmol O2/mg/min) and “stimulated” state 3 conditions (218.4±13.9 
nmol O2/mg/min vs. 260.8±13.8 nmol O2/mg/min) (Table 1). These age dependent changes 
in respiration rates resulted in an increased RCI in old rats compared to young rats 
(3.1±0.08 vs. 2.6±0.04). Aging did not affect the efficiency of oxidative phosporylation as 
demonstrated by no change in P/O ratio. 
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Table 1: Respiration rates under control conditions 
 

 

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

Concentration effects 
The concentration-dependent effects of mKCa channel opening by NS1619 on 
mitochondrial bioenergetics were measured in our first series of experiments. 
Mitochondrial respiration was measured in the absence (control) or presence of 20, 30, or 
50 µmol/L NS1619 (NS20, NS30, or NS50, respectively) (Fig. 2). We detected an age-
dependent difference in respiration rates under state 4 conditions. In young rats, NS1619 
increased oxygen consumption state 4 in a dose - dependent manner (NS20: 6.9±2.8%, 
P=ns; NS30: 11.5±3.2%, P<0.05; NS50: 20.3±4.8%, P<0.05).  
In old rats, only the highest concentration of 50 µmol/L NS1619 increased state 4 
respiration (NS50: 26.0±4.0%, P<0.05). Furthermore, NS1619 decreased state 3 respiration 
(NS20: -5.9±1.8%, P=ns; NS30: -10.5±4.4%, P<0.05; NS50: -23.3±1.8%, P<0.05) in young 
rats. In old rats, state 3 was decreased by NS30 (-8.7±2.4%, P<0.05) and NS50 (-
24.0±2.3%, P<0.05). The respiratory control index, a parameter of the coupling between 
mitochondrial respiration and oxidative phosphorylation, was decreased by NS30, and 
NS50 both in young rats (-0.5±0.1, and -0.9±0.1, both P<0.05, respectively) and old rats, 
respectively (-0.3±0.1, and -1.0±0.1, both P<0.05). Opening of mKCa channel activation did 
not affect the efficiency of oxidative phosphorylation as shown by no changes in the P/O 
ratio neither in young nor in old rats. 
 
 
 
 

 young old 
   

   

State 4 
(nmol O2/mg/min) 

100.5±5.4 72.5±6.3 a 
   

State 3 
(nmol O2/mg/min) 

260.8±13.8 218.4±13.9 a 
   

RCI 
(State 3/State 4) 

2.6±0.04 3.1±0.08 a 
   

P/O ratio 1.40±0.03 1.45±0.04 
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Figure 2: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Summarized data for the concentration effects of 20, 30, or 50 µmol/L NS1619 (NS) on mitochondrial 
respiration in young (left panel, n=12 for all groups) or old (right panel, n=15 for all groups) rat heart 
mitochondria. Data are mean±S.E.M.; ANOVA followed by Dunnett’s post hoc test; *P<0.05 vs. control. 
RCI = respiratory control index, a parameter for the coupling between 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. 
 

Blockade of mKCa channel activation 
In the second series of experiments we tested by using mKCa channel blocker Pax, if the 
effects of NS1619 were caused by mKCa channel opening (Fig. 3). Pax alone had no effect 
on state 4 respiration, indicating mKCa channels were closed under the experimental 
conditions in both young (-0.7±2.5%, P=ns) and old rats (1.7±1.5%, P=ns). Pre-
administration of Pax blocked the NS30-induced increase in state 4 respiration in young 
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rats (11.9±4.1% vs. 0.7±2.8%, P<0.05), but had no effect on state 4 respiration in the 
presence of NS30 in old rats (0.4±1.6%, P = ns). Pax did not affect state 3 respiration 
neither in young (-1.0±2.0%, P=ns) nor in old rats (-2.4±1.4%, P=ns), and did not reduce 
the NS30 induced decrease in state 3 respiration in both young (-9.9±2.5% vs. -7.6±2.5%, 
P=ns) and old rats (-10.9±1.5% vs. -7.4±1.5%, P=ns).  
 
Figure 3: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Summarized data of the effects of 30 µmol/L NS1619 (NS30) on mitochondrial respiration and the 
blocking effects of mKCa channel antagonist paxilline (5 µmol/L, Pax) on mitochondrial respiration in 
young (left panel, n=12 for all groups) or old (right panel, n=12 for all groups) rat heart mitochondria. 
Data are mean±S.E.M., ANOVA followed by Tukey’s post hoc test; *P<0.05 vs. control, #P<0.05 vs. 
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NS1619. 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.  

The NS30 induced decrease in RCI in young (-0.4±0.1 vs. -0.3±0.1, P=ns) and old rats (-
0.3±0.2 vs. -0.1±0.2, P=ns) was not affected by Pax. Furthermore, blockade of mKCa 
channels did not affect the efficiency of oxidative phosphorylation as demonstrated by no 
changes in the P/O ratio neither in young nor in old rats. 
 

DISCUSSION 
 
The major findings of this study are that a) mitochondrial respiration is depressed in 
mitochondria from aged rat hearts in comparison with those from young hearts, and b) the 
regulation of mitochondrial respiration by opening of mKCa channels is age-dependent. 
Mitochondria and alterations in mitochondrial function are deeply involved in the aging 
process. (24) Investigations on age-dependent changes in mitochondrial bioenergetics have 
produced conflicting results, showing significant changes (7; 8; 16) or no differences.(40) 
(for review see (25)) Fannin et al. demonstrated that these conflicting results can be 
explained by the finding that aging selectively decreases oxydative capacity in interfibrillar 
mitochondria, while respiration rates of subsarcolemmal mitochondria remaines unchanged. 
(12) Palmer et al. showed that a brief exposure to protease during the isolation procedure is 
requiered to isolate interfibrillar mitochondria. (33) In this study, we investigated 
respiration rates of interfibrillar mitochondria (or a mixed population), and confirmed that 
in this mitochondrial population the respiratory capacity of mitochondria from old rat hearts 
is reduced compared to mitochondria from young rat hearts. 
Mitochondrial respiration and oxidative phosphorylation can be regulated by activation of 
K+ channels in the inner mitochondrial membrane. It was suggested that activation of 
mitochondrial K+ channels causes potassium influx from the intermembrane space into the 
mitochondrial matrix. Several recent studies have demonstrated a stimulating effect of 
matrix K+ influx through mKATP channels on mitochondrial respiration. (10; 19; 27) 
Furthermore, there is strong evidence for the existence of another class of ion channels in 
the IMM that promote K+ influx into the mitochondrial matrix: the Ca2+ dependent K+ 
channel (mKCa). Siemen et al. (37) first reported mKCa channels in the IMM of glial cells. 
Xu et al. (43) very recently discovered these channels in cardiac myocyte mitochondria. 
Patch-clamp recordings from mitoplasts of these cells showed Ca2+ dependent, large K+ 
conductance channels in the IMM and immunoblots of cardiac mitochondria with 
antibodies against the C terminal part of KCa channel identified a 55 kDa protein as part of 
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this putative channel. (32) O’Rourke suggested that mitochondrial K+ channels function as 
energy dissipating channels (energy stored as the proton gradient, ∆µH) by expending ∆µH, 
in part to eject K+ via an electroneutral K+/H+ exchanger. The resulting decrease in ∆µH in 
turn enhances electron flow. The bioenergetic consequence of K+ channel opening would 
be accelerated cycling of K+ ions between the matrix and the intermembrane space (i.e. 
matrix K+ inflow through K+ channel, K+ extrusion via K+/H+ exchanger) and an increase in 
mitochondrial respiration. (31) 
The regulation of mitochondrial function by mitochondrial K+ channel activation is a key 
step to trigger ischemic and pharmacological preconditioning. (31; 42) It was shown that 
pharmacological blockade of K+ channel abrogates the cardioprotective effects of ischemic 
preconditioning. (2; 6; 36) Furthermore, a preconditioning effect can be mimicked by 
administration of a K+ channel opener. (6; 14; 26) The exact mechanism by which K+ 
channel opening triggers and/or mediates preconditioning is incompletely understood. Most 
studies investigating the age-dependent effect of ischemic or anesthetic preconditioning 
found that the protective potency of this phenomenon is diminished or abolished in the aged 
heart. (1; 13; 20; 38; 41) Furthermore, Lee et al. demonstrated that preconditioning 
significantly enhances the tolerance of the heart to subsequent ischemia in adult but not in 
senescent patients. (23) Since a prolonged period of ischemia and the mKATP channel 
activator nicorandil were able to (re)initiate a preconditioning state, the authors concluded 
that the impaired preconditioning response is due to some defects in signal transduction of 
activation of K+ channels in the aged heart. For this loss of efficiency of preconditioning in 
the aged heart, age-dependent alterations in the regulation of mitochondrial function by ion 
cycling might be a possible reason. 
The aim of this study was to investigate, whether the bioenergetic consequences of mKCa 
channel opening by NS1619 on mitochondrial function are age-dependent. Here we show 
that opening of mKCa channels by NS1619 increases state 4 respiration only in young rat 
heart mitochondria and not in mitochondria isolated from old rat hearts. The finding that 
NS1619 accelerates mitochondrial respiration under resting conditions is in agreement with 
a previous study from Sato et al., who demonstrated a dose dependent increase in 
flavoprotein oxidation by mKCa channel activation. (35) Recently, Cancherini et al. 
described that NS1619 inhibited mitochondrial respiration. (5) The inhibitory effects of 
NS1619 on mitochondrial state 3 respiration were described before by Debska et al. (9) and 
our group (17; 18) and are confirmed by the present study. Cancherini et al. suggested that 
NS1619 promotes non-selective permeabilization of the inner mitochondrial membrane to 
ions. (5) In a previous study, (18) we discovered in isolated guinea pig heart mitochondria 



mKCa channels and aging 

74 

that opening of mKCa channels by NS1619 accelerated mitochondrial state 4 respiration 
while maintaining mitochondrial membrane potential (ψm); conditions that were capable to 
increase generation of reactive oxygen species (ROS), a key trigger of preconditioning. (3; 
18; 39) In the present study, mKCa channel activation also increased state 4 respiration in a 
dose dependent manner in young rat heart mitochondria. Furthermore, the effect of 30 
µmol/L NS1619 was completely reversible by paxilline. We conclude that the effect of 
NS1619 on state 4 respiration is mKCa channel mediated. Furthermore, our results 
demonstrate for the first time that this effect is age dependent, since NS1619 had no effect 
on state 4 respiration in old rat heart mitochondria. 
It is interesting to note that activation of mKCa channels by NS1619 had no effect on the 
efficiency of oxydative phosphorylation as seen by no change in P/O ratios while state 4 
respiration was increased. A possible explanation for this observation is that K+ channel 
opening regulates mitochondrial metabolism due to regulation of the matrix volume. It is 
proposed that the mitochondrial matrix contracts under state 3 conditions due to a reduced 
mitochondrial membrane potential, which is the driving force for cation and water uptake. 
(21) Opening of K+ channels may reverse this matrix contracture to preserve oxydative 
phosphorylation. (15; 21) 
From the results of this study it is hard to conclude whether a decreased density of mKCa 
channels in the inner mitochondrial membrane or a reduced sensitivity (or a combination) is 
responsible for the reduced effect of NS1619 on mitochondrial respiration. It is interesting 
to note that the high concentration of NS1619 accelerated state 4 respiration in young and 
old heart mitochondria in a comparable magnitude (approx. 20 nmol O2/mg/min). This 
finding supports the possibility that a decreased sensitivity of mKCa channels causes the 
age-dependent difference in the effect of 30 µmol/L NS1619 (a concentration that has been 
shown to induce cardioprotection in young hearts). 
We demonstrated recently that mKCa channel opening by NS1619 increased state 4 
respiration independent if complex I substrate pyruvate or complex II substrate succinate 
(with or without rotenone) was used. (17; 18) Based on this finding, we conducted all 
experiments in isolated mitochondria respiring on complex II substrate succinate (+ 
rotenone). Nevertheless, this is a limitation of the present study. 
From the observation of this study that the bioenergetic consequences of mKCa channel 
opening on mitochondrial respiration are age-dependent, we speculate that the aging related 
reduction in mKCa channel activation and the resulting effects on mitochondrial function 
might contribute to the decreased protective potency of ischemic preconditioning in the 
aged myocardium. Whether NS1619 does indeed not confer protection to the older hearts 
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against ischemia-reperfusion injury needs further investigation in a functional correlate 
study. 
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ABSTRACT  
 
The noble gas helium induces cardiac preconditioning. It is unknown whether helium-
preconditioning is mediated by activation of mitochondrial K+ channels. We investigated if 
helium preconditioning is 1) mediated by activation of KCa channels, 2) results in 
mitochondrial uncoupling, and 3) whether helium-preconditioning is age-dependent. 
Anesthetized Wistar rats were assigned to one of six groups (each n = 10). Young (2-3 
months) and aged (22-24 months) control animals were not further treated (Con and Age-
Con). Preconditioning groups (He-PC and Age-He-PC) inhaled 70% helium for 3x5 min. 
The KCa blocker Iberiotoxin (Ibtx, 6 µg kg-1 min-1) was administered in young animals, with 
and without helium (Ibtx+He-PC and Ibtx). Animals were exposed to 25 min regional 
myocardial ischemia followed by 120 min reperfusion, and infarct size was determined. In 
additional experiments, cardiac mitochondria were isolated and the respiratory control 
index (RCI) was determined as state 3 respiration / state 4 respiration. 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 Ibtx 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: 58±8 %, n.s.). Helium reduced the RCI in young rats 
(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.). Ibtx abrogated the effect of helium on RCI (2.73±0.15, P<0.05 vs. 
He-PC), but had no effect on mitochondrial respiration alone (2.75±0.05; n.s. vs. Con). 
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 
PC during ischemia-reperfusion interventions, both in animals (15; 16; 23) 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; 7; 19)  
possibly partly due to an aging related loss of the protective potency of cardioprotective 
strategies, e.g. preconditioning (PC). (1; 11; 12; 32) The underlying reason for this loss of 
cardioprotection in the senescent heart is unknown. Lee et al. (12) 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 ATP-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 ATP-sensitive potassium (KATP) channels with aging. There is evidence that 
regulation of mitochondrial function by activation of potassium (K+) channels in the inner 
mitochondrial membrane with the consequence of K+ influx into the mitochondrial matrix 
is a key step in the signal transduction cascade of PC. (22; 25) Recently, we discovered that 
the effect of activation of calcium sensitive potassium (KCa) channels on mitochondrial 
function is age dependent. (10) It was shown that activation of this channel is critically 
involved in the signal transduction pathway of PC. (30)  
A recent study demonstrated that the noble gas helium is able to mimic the cardioprotective 
effect of PC. (28) Helium confers cardioprotection via modulation of the mitochondrial 
permeability transition pore (mPTP). (28) It is suggested that opening of the mPTP can be 
prevented by alterations in mitochondrial function. (8) 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. 
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MATERIALS AND METHODS 
 
The investigation conforms 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 in accordance with the requirements of the Animal Ethics 
Committee of the University of Amsterdam.  
 
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, UK). 
 
Surgical preparation and experimental protocol for infarct size determination 
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). 
Surgical preparation was performed as described previously.(26; 33) In brief, after tracheal 
intubation, the lungs were ventilated, and 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. 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).  
 
Rats were divided into six groups (Fig. 1): 
All animals underwent 25 min of coronary artery occlusion and 2 hours of reperfusion 
(I/R).  
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Figure 1: Experimental protocol 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Control group (Con) (n = 10): After surgical preparation, rats received 30% oxygen plus 
70% nitrogen. 
Helium preconditioned group (He-PC) (n = 10): Rats received Helium 70% for three 5-
min periods, interspersed with two 5-min wash-out periods 10 min before I/R. The other 
30% gas consisted of 30% oxygen.  
Helium preconditioned group with Iberiotoxin (He-PC+Ibtx) (n = 10): Rats received 
Helium 70% for three 5-min periods, interspersed with two 5-min wash-out periods 10 min 
before I/R. The other 30% gas consisted of 30% oxygen. Ibtx was administered 
continuously over a time period of 30 minutes starting 5 min prior to the first 
preconditioning stimulus.  
Iberiotoxin group (Ibtx) (n = 10): Rats received Ibtx continuously over a time period of 
30 minutes starting 5 min prior to the first preconditioning stimulus.   
Aged control group (Age Con) (n = 10): After surgical preparation, rats received 30% 
oxygen plus 70% nitrogen. 
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Aged Helium preconditioned group (Age He-PC) (n = 10): Rats received Helium 70% 
for three 5-min periods, interspersed with two 5-min wash-out periods 10 min before I/R. 
The other 30% gas consisted of 30% oxygen.  
 
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 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 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% 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). 
 
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.(10) 
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 (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. 
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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 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. 
 
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. (18) 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% SDS-PAGE gel, separated 
by electrophoresis and transferred to a PVDF 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 (TBS-T) 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 TBS-T, 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 
(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 KCa beta1 subunit (arbitrary units) 
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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.  
 
Determination of enzyme activities 
Citrate synthase (CS) activity, a mitochondrial marker, was measured according to standard 
spectrophotometric procedures (2) and served as a control for Western blot results of 
mitochondrial KCa channels. It was shown that CS activity does not change with increasing 
age. (21; 29) 
 
Statistical Analysis 
Data are expressed as mean ± SD. Heart rate (HR, in bpm) and mean AOP (AOPmean, in 
mmHg) were measured during baseline, coronary artery occlusion, and reperfusion period. 
Inter-group differences of hemodynamic 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. 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 (n = 10) to 36 ± 14 % (n = 10, P<0.05, Fig. 2). Administration of Iberiotoxin 
during the preconditioning period (n = 10) completely abolished cardioprotection (60 ± 11 
%; ns vs. Con). Iberiotoxin alone (n = 10) had no effect on infarct size (59 ± 8 %; ns vs. 
Con). Infarct size in aged controls (n = 10) was comparable to young controls (59 ± 7%). In 
contrast to young rats, Helium did not reduce infarct size in aged rats  (58 ± 8 %, n = 10, ns 
vs. Age Con, Fig. 2). 
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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 or reperfusion. At the end of the experiments, mean aortic pressure and heart rate 
were significantly decreased compared with baseline in all groups.  
 
Figure 2: Infarct size measurement 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
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.  
 

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 Ibtx (2.73±0.15, 
ns vs. Con), while Ibtx itself had no effect on RCI (2.75±0.05, ns vs. Con).  
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There was no difference between all groups in the efficiency of oxidative phosphorylation 
as demonstrated by no changes in the P/O ratio. 
 

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* 
 

Data are Mean ± SD. Con = control group; Age = aged rats; He-PC = Helium preconditioning; Ibtx = 
Iberiotoxin. *P<0.05 vs. baseline. 
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Figure 3: Mitochondrial respiration 
 

 

Summarized data for the effects of Helium-induced preconditioning on mitochondrial respiration. 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 (panel C) shows that there was no difference of KCa beta1 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.). 
 
 



mKCa channels, aging and helium preconditioning 

90 

Figure 4: Western blot analysis 

 

 
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. 

 
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. (28) The results of the present study 
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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. (28) 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. (3; 27; 30; 31; 34) 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. (34) 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. (9)  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. (13; 17; 20; 34) 
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. (9) Stowe et al. (31) demonstrated that 
the cardioprotective effect of 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. (8; 14) 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. (28)  
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In the present study, helium-induced preconditioning did not reduce infarct size in the aged 
rat heart. The underlying reason for the age-related loss of the cardioprotective potency of 
helium-induced preconditioning is yet unknown. Our results show that not only the infarct 
size reducing effect of helium is lost in the senescent rat heart, but that also the helium-
induced effect on mitochondrial respiration before the onset of the lethal ischemia is 
abolished. Based on these data we suggest that the aging related blockade of helium-
induced preconditioning is related to some 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. (10) Furthermore, there is evidence that aging is associated 
with decrease of KCa channel beta 1 subunit expression in the plasma membrane of 
coronary myocytes, (24) 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, a finding that suggests that the 
aging-related loss of helium-induced cardioprotection is not caused by a decrease in mKCa 
channel density.  
In summary, our results demonstrate that helium initiates preconditioning via activation of 
mKCa channels in the rat heart in vivo, that but that helium’s protective potency is abolished 
in the senescent heart.  
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ABSTRACT  
 
Ischemic preconditioning is abolished in the prediabetic Zucker obese rat. The noble gas 
helium has been shown to induce preconditioning by prevention of mitochondrial 
permeability transition pore (mPTP) opening. We investigated in Zucker rats if helium 
induces preconditioning and whether mitochondrial respiration or the Akt/ GSK-3beta 
signalling pathway as possible regulators of the mPTP are influenced. Chloralose-
anesthetized Zucker rats were assigned to one of four groups. Zucker lean (ZL) and Zucker 
obese (ZO) control animals were not treated (ZL-/ZO-Con). Preconditioning groups (ZL-
/ZO-He-PC) inhaled 70% helium for 3x5 minutes interspersed with 2x5 minutes and one 
final 10 minute washout period. Animals were exposed to 25 minutes regional myocardial 
ischemia followed by 120 minutes reperfusion. At the end of reperfusion, hearts were 
excised for infarct size measurement by TTC staining. In additional experiments, hearts 
were excised 5 min after the 3rd helium exposure for analysis of mitochondrial respiration 
and Western blot analysis of Akt and GSK-3beta phosphorylation. Helium-induced 
preconditioning reduced infarct size from 52±8% to 32±7% in ZL rats, but not in ZO rats 
(ZO-He-PC: 56±8% vs. ZO-Con: 54±9%). Mitochondrial respiration analysis showed that 
Helium causes mild uncoupling in ZL rats (2.27±0.07 vs. 2.51±0.10), but not in ZO rats 
(2.52±0.10 vs. 2.52±0.09). Helium pretreatment had neither in ZL nor in ZO rats an effect 
on Akt and GSK-3beta phosphorylation compared with respective controls. 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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INTRODUCTION 
 
Diabetes mellitus is a known risk factor for the development of ischemic heart disease and 
myocardial infarction. (9) It was shown that acute myocardial infarction is consistently 
associated with an increased mortality in patients with type 2 diabetes. (7) Furthermore, 
diabetes mellitus is associated with a loss of the protective potency of cardioprotective 
strategies, e.g. preconditioning, both in humans and animals. (6; 7; 14) Katakam et al. (14) 
demonstrated that both ischemic preconditioning 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. (23) 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. (8; 16) 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 instable 
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. (8; 20) 
It has also been shown that the cardioprotective effect of helium is mediated by activation 
of prosurvival signaling kinases and prevention of mitochondrial permeability transition 
pore (mPTP) opening. (23) 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, (10; 13) but the underlying mechanism by which helium 
confers cardioprotection by prevention of mPTP opening is unknown. 
Based on these previous findings 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 GSK-3beta dependent pathways. 
 
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 
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No. 85-23, revised 1996), and approved by the Institutional Committee for Animal Care 
and Use (Academic Medical Center Amsterdam, The Netherlands). Animals had free 
access to food and water at all times before the start of the experiments. 
 
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).  
 
Surgical preparation 
Male Zucker lean rats (253±28g) and male Zucker obese rats (322±31g) were anesthetized 
by intraperitoneal injection of S-ketamine (150 mg kg-1) and Diazepam (1.5 mg kg-1). 
Surgical preparation was performed as described previously. (25) Briefly, after tracheal 
intubation, the lungs were ventilated with oxygen-enriched (30% O2) 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 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 were continuously recorded on a personal 
computer using Chart for Windows v5.0 (ADInstruments Pty Ltd, Castle Hill, Australia).  
 
Experimental protocol 
Rats were divided into four groups (figure 1): 
Animals for infarct size measurements underwent 25 min of coronary artery occlusion and 
2 hours of reperfusion (I/R).  
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Figure 1: Experimental protocol 

 
ZL = Zucker lean, ZO = Zucker obese, Con = Control, He-PC = helium preconditioning 

 
 
Zucker lean control group (ZL Con): After surgical preparation rats received 30% 
oxygen plus 70% nitrogen. 
Zucker lean helium preconditioned group (ZL He-PC): Rats received helium 70% / 
30% oxygen for three 5-min periods, interspersed with two 5-min wash-out periods 10 min 
before I/R.  
Zucker obese control group (ZO Con): After surgical preparation rats received 30% 
oxygen plus 70% nitrogen. 
Zucker obese helium preconditioned group (ZO He-PC): Rats received helium 70% / 
30% oxygen for three 5-min periods, interspersed with two 5-min wash-out periods 10 min 
before I/R.  
 
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 
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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. 
 
To investigate the effects of helium preconditioning on mitochondrial respiration and 
enzyme phosphorylation, e.g. GSK-3β (Ser9), and Akt (Thr308 and Ser473), 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 
figure 1).  
 
Mitochondrial isolation 
Heart mitochondria were isolated by differential centrifugation as described previously. 
(12) 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. (1) 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 was initiated after 120 sec by addition of 200 µmol/L adenosine-
diphosphate (ADP). Respiration rates were recorded under state 3 conditions and after 
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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-3β (Ser9) and Akt (Thr308 and Ser473), respectively. 
The excised hearts were frozen in liquid nitrogen. Subsequently, a cellular fractionation 
was performed as described previously. (27) 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) 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 method (18) 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 (1:10000), Akt(Thr308)(1:1000), or 
Akt(Ser473)(1:1000). After washing in fresh, cold TBS-T, the blot was subjected to the 
appropriate horseradish peroxidase conjugated secondary antibody for 2 hours 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 total 
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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 ± SD. Heart rate (HR) and mean aortic pressure (AOPmean) 
were measured during baseline, coronary artery occlusion, and reperfusion period. Inter-
group differences of hemodynamic data were analyzed (SPSS Science Software, version 
12.0.1) by performing an one-way ANOVA followed by Tukey’s post-hoc test. Time 
effects (changes from baseline value) during the experiments were analyzed by using an 
one-way ANOVA followed by Dunnett’s post-hoc test. Infarct sizes were analyzed by an 
one-way ANOVA followed by Tukey’s post-hoc test. 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 ± 8 % in controls (n = 8) to 
32 ± 7 % (n = 8, p<0.05, Fig. 2). In ZO control rats (n = 8), infarct size was similar to ZL 
controls (54 ± 9 %, n = 8, n.s. vs. ZL Con). In contrast to the protection seen in ZL rats, in 
ZO rats did helium not reduce infarct size (56 ± 8 %, n = 8, n.s.; Fig. 2). 
 
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. 
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Figure 2: Infarct size 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Histogram shows the infarct sizes as percent of area at risk (AAR). ZL = Zucker lean, ZO = Zucker 
obese, Con = Control, He-PC = helium preconditioning. Data are presented as mean ± SD, *p < 0.05 vs. 
ZL Con 
 

Weights and blood glucose levels  
The body weights of ZO rats (ZO Con: 315 ± 33, and ZO He-PC: 330 ± 29) were 
significant higher than in ZL rats (ZL Con: 244 ± 27, and ZL He-PC: 262 ± 27) (table 2).  
Blood glucose levels were not different between groups. 
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Table 1: Hemodynamic variables 
 

Baseline  Washout 3  Ischemia Reperfusion  
 

    15 min 
 

30 min 60 min 120 min 

Heart Rate 
(BPM)  

ZL Con 419 ± 26  428 ± 27  435 ± 23  378 ± 48 375 ± 58 399 ± 60 

ZL He-PC 417 ± 34  420 ± 30  423 ± 22  387 ± 32 364 ± 24* 351 ± 39* 

ZO Con 414 ± 28  397 ± 27  406 ± 44  381 ± 45 360 ± 47 349 ± 53 

ZO He-PC 416 ± 38  410 ± 23  415 ± 21  398 ± 32 387 ± 31 372 ± 45 

 
Mean AOP 
(mmHg)  

ZL Con 116 ± 18  105 ± 25  96 ± 21  80 ± 17* 81 ± 27* 69 ± 17* 

ZL He-PC 120 ± 20  103 ± 13  90 ± 22  74 ± 24* 62 ± 22* 67 ± 24* 

ZO Con 111 ± 33  106 ± 37  100 ± 41  81 ± 27 73 ± 26 66 ± 24 

ZO He-PC 120 ± 11  113 ± 13  107 ± 20  91 ± 28 81 ± 31* 60 ± 24* 

 
Data are Mean ± SD. ZL = Zucker lean; ZO = Zucker obese; Con = control group; He-PC = Helium 

preconditioning; AOP = aortic pressure.  *P<0.05 vs. baseline. 

 
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 ± 0.10 vs. 2.52 ± 
0.09, n.s.). Helium preconditioning reduced the RCI in ZL rats (2.27 ± 0.07; n = 8; p<0.05 
vs. ZL Con), but had no effect on the RCI in ZO rats (2.52 ± 0.10; 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 
± 11 nmol O2/mg/min vs. 139 ± 10 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. 
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Table 1: Blood glucose levels and weights 
 

Group Blood sugar  
(mmol l-1) 

Body weight  
(g) Heart dry weight (g) 

ZL Con 6.7 ± 0.3 244 ± 27 0.18 ± 0.02 

ZL He-PC 6.3 ± 1.7 262 ± 27 0.17 ± 0.02 

ZO Con 6.9 ± 1.1 315 ± 33* 0.18 ± 0.02 
ZO He-PC 7.8 ± 2.1 330 ± 29* 0.19 ± 0.02 
 

ZL = Zucker lean; ZO = Zucker obese; Con = control; He-PC = helium preconditioning. Data are Mean ± 
SD.*P<0.05 vs. ZL Con 
 
Figure 3: Mitochondrial respiration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 ± SD, *p < 0.05 vs. ZL Con.  
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Regulation of GSK-3beta and Akt phosphorylation during helium preconditioning  
Figure 4 A shows that there was no difference in the phosphorylation state of GSK-3beta 
(Ser9) between ZL control and ZO control rat hearts (0.63 ± 0.08 vs. 0.72 ± 0.12, n.s.).  
 

Figure 4: Western blot analysis 

 

 
Effects of Helium-induced preconditioning on GSK-3beta (Ser9) (panel A) and Akt (Thr308 and Ser473) 
phosphorylation. Representative Western blots (left) and summarized data presenting ratio of 
phosphorylated enzyme to total enzyme (right) are shown. LC = Zucker lean control, OC = Zucker 
obese control, LH = Zucker lean helium preconditioning, OH = Zucker obese helium preconditioning. 
Data are presented as mean ± SD, *p < 0.05 vs. LC. 
 

Pretreatment with helium had neither an effect on the phosphorylation state of GSK-3beta 
(Ser9) in ZL rats (0.63 ± 0.09 vs. 0.63 ± 0.08, n.s.) nor in ZO rats (0.75 ± 0.12 vs. 0.72 ± 
0.12, n.s.). 
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Figure 4 B shows that there was a significant increase in the phosphorylation state of both 
Akt(Thr308) and Akt(Ser473) between ZL control and ZO control rat hearts (Akt(Thr308): 
0.43 ± 0.19 vs. 0.64 ± 0.11, p<0.05; Akt(Ser473): 0.30 ± 0.10 vs. 0.50 ± 0.11, p<0.05). 
Pretreatment with helium had neither an effect on the phosphorylation state of Akt(Thr308) 
nor Akt(Ser473) in both ZL rats (Akt(Thr308): 0.44 ± 0.09 vs. 0.43 ± 0.19, n.s.; 
Akt(Ser473): 0.33 ± 0.10 vs. 0.30 ± 0.10, n.s., respectively) and ZO rats(Akt(Thr308): 0.59 
± 0.07 vs. 0.64 ± 0.11, n.s.; Akt(Ser473): 0.47 ± 0.10 vs. 0.50 ± 0.11, n.s., respectively) .  
 
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 rather by 
regulation of mitochondrial respiration, i.e. mild mitochondrial uncoupling, than by 
activation of prosurvival signaling kinases. 
It is well known that besides brief periods of ischemia, also pharmacological interventions, 
e.g. administration of adenosin, potassium channel agonists, or volatile anesthetics can 
initiate cardiac preconditioning to enhance the resistance of the myocardium against 
ischemia and reperfusion injury. (2-4; 15; 19) Very recently it was demonstrated that 
pharmacological preconditioning can also be initiated by the noble gas helium, which is a 
non-anesthetic gas without significant hemodynamic side effects. (23) Therefore, helium 
would be 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. (14; 17; 26) In the present study, we 
show that besides the rabbit heart (23) also the rat heart can be preconditioned by helium. 
Furthermore, we demonstrate that the cardioprotective effect of helium is abolished in the 
prediabetic rat heart. Kristiansen et al. (17) 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. (26) 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. The experimental diabetes models that were used in both studies were characterized 
by a significant hyperglycemia. Very recently, Katakam et al. (14) demonstrated that both, 
ischemic and pharmacological preconditioning induced by the mKATP channel agonist 
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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 normoglycemic, (22) 
representing a prediabetic state of type 2 diabetes. In the present study, we used 10-12 
weeks old ZO rats that were normoglycemic, and our results are in line with the finding by 
Katakam et al. (14) showing that cardioprotection is abolished in the prediabetic heart.  
The mechanism by which helium-induced preconditioning is blocked in the prediabetic 
heart is unknown. Hassouna et al. (11) investigated the ability to induce ischemic and 
pharmacological preconditioning of the diabetic human myocardium. Their results showed 
that ischemic and pharmacological preconditioning failed to protect the diabetic 
myocardium, possibly caused by dysfunctional potassium channels in the inner 
mitochondrial membrane. Alterations in mitochondrial function caused by potassium 
channel activation have been proposed to protect the myocardium by reducing mPTP 
opening. (10) Pagel et al. (23) demonstrated that helium-induced preconditioning is 
abrogated by administration of the mPTP opener atractyloside showing a central role of 
mPTP in helium-induced preconditioning. The mPTP is a multiprotein complex formed at 
the contact sites between the inner and the outer mitochondrial membrane by several 
proteins including the adenine nucleotide translocase, the voltage-dependent anion channel, 
cyclophilin D, and hexokinase. (5) In the normal myocardium, the inner mitochondrial 
membrane is relatively impermeable, as it must be to maintain the proton gradient (the 
driving force for oxidative phosphorylation) established by the mitochondrial respiratory 
chain. Opening of the mPTP leads to a sudden increase in permeability of the inner 
mitochondrial membrane, loss of mitochondrial membrane potential, excessive swelling of 
the mitochondrial matrix with the consequence of the outer mitochondrial membrane 
rupture and release of proteins into the cytosol [including cytochrome C]. (24) It has been 
suggested that preconditioning prevents mPTP opening by regulation of prosurvival 
signaling kinases including Akt and GSK-3beta, and/or by regulation of mitochondrial 
bioenergetics, i.e. mild uncoupling of mitochondrial respiration. (10; 21) Our results 
demonstrate that in Zucker lean rats helium causes a reduction of the respiratory control 
index while it did not cause phosphorylation of both GSK-3beta and Akt. From these data 
we conclude that the prevention of mPTP opening in helium-induced preconditioning is 
mediated by mild uncoupling of mitochondrial respiration. This conclusion is further 
supported by the finding that helium did not induce preconditioning in Zucker obese rats, 
which is in line with our findings that helium has no effect on mitochondrial respiration in 
these prediabetic rats. 
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The role of prosurvival signaling kinases in helium-induced preconditioning remains 
unclear. Pagel et al. demonstrated in the rabbit heart that 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. In the current study, we 
did not detect an effect of helium on Akt and GSK-3beta phosphorylation. There are several 
possible explanations including species differences and lack of drug specifity that could 
cause this discrepancy. Interestingly, the importance of Akt phosphorylation in the signal 
transduction of ischemic preconditioning was demonstrated by Tsang et al. (26) 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.  
Taken together, the present study demonstrates that the noble gas helium can induce 
preconditioning in the rat heart in vivo. The protective effect 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 reestablished in the prediabetic heart 
by further pharmacological intervention needs further investigation. 
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ABSTRACT  
 
The noble gas helium induced early myocardial preconditioning. We investigated if helium 
induces also late preconditioning, and if so, whether the cardioprotective effect is 
concentration-dependent. In a second part we studied whether repeated administration of 
helium on subsequent days will result in an increased cardioprotection. The study consisted 
of two parts. Chloralose anesthetized Wistar rats were subjected to 25 min of coronary 
artery occlusion followed by 120 min of reperfusion (I/R). In part 1, late preconditioning 
was achieved by administration of 70%, 50% and 30% 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. At the end of the experiments 
hearts were excised for infarct size measurements. Additional experiments were performed 
for mitochondrial respiration and Western blot analysis of cyclooxygenase-2 (COX-2). In 
the control group, infarct size was 55±8 % of the area at risk. All three helium 
concentrations reduced infarct size (He-LPC 70: 37±13%, He-LPC 50: 34±16%, He-LPC 
30: 40±9%; each P<0.05 vs. Con). Repeated administration of helium more than one time 
did not further enhance cardioprotection (He-LPC 3x30: 39±9 %, He-LPC 2x30: 38±10%; 
P>0.05 vs. He-LPC 1x30: 37±11%). There were no differences in COX-2 expression and 
mitochondrial function after helium preconditioning. We show for the first time that helium 
induces late preconditioning and that cardioprotection is already maximal with 
administration of one cycle of 30% helium. 
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INTRODUCTION 
 
Cardioprotection by preconditioning consists of two phases, an early phase (EPC), 
disappearing between 2 and 3 hours after the preconditioning stimulus, and a late phase 
(LPC), reappearing 24 hours after the initial stimulus and lasting for 2-3 days. (2) Both, 
EPC and LPC can be induced by various stimuli, e.g. brief ischemia or pharmacological 
agents. (3; 9; 17) LPC can also be mimicked by administration of volatile anesthetics. (7; 
28) A recent study showed that the noble gas helium (He) induces early preconditioning of 
the heart in vivo. (22) It is unknown whether helium can also induce late preconditioning 
(He-LPC), and whether a possible cardioprotective effect is concentration-dependent. We 
hypothesized that helium induces late preconditioning and determined in the first part of the 
study whether concentrations lower than 70% can induce late preconditioning.  
It is known that the effect of preconditioning depends on the severity of the stimulus. (1) 
Therefore we hypothesized that a preconditioning stimulus that is given on several 
subsequent days can enhance cardioprotection by LPC and investigated whether repeated 
administration of helium on various days within the time window of late preconditioning 
will lead to further myocardial protection. 
It has been demonstrated that cyclooxygenase-2 (COX-2) plays a central role as mediator of 
both, ischemic and pharmacological induced LPC. (4; 14) Furthermore, Pagel et al. showed 
that prevention of mitochondrial permeability transition pore (mPTP) opening is involved 
in He-EPC, but its involvement in LPC has yet not been determined. (22) A possible 
mechanism by which mPTP opening is prevented is regulation of mitochondrial respiration, 
e.g. mild mitochondrial uncoupling. Therefore, we hypothesized that helium-induced late 
preconditioning is mediated by COX-2 and/or mitochondrial uncoupling and investigated 
these effects at different time points after helium administration. 
 

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  
Helium was purchased from Linde Gas (Linde Gas Benelux BV, Dieren, the Netherlands). 
Mouse Anti-Cyclooxygenase-2 monoclonal antibody was purchased from bio connect (bio 
connect, Huissen, The Netherlands). KCl was purchased from EMD Chemicals 
(Gibbstown, NJ); all other chemicals were purchased from Sigma Chemical Co. 
(Taufkirchen, Germany).  
 
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 (328 ± 19 g) were anesthetized by intraperitoneal S-ketamine injection 
(150 mg/kg). S-ketamine does not interfere with cardioprotection in animals in vivo. (19)  
On the day of the final experiment all animals underwent 25 min of coronary artery 
occlusion and 2 hours of reperfusion (I/R). In part one of the study, rats were divided into 
four groups (Fig. 1A): 
 
Control group (Con): 24 hours before I/R rats received 30% oxygen for 15 minutes. On 
the day of the experiment rats received 30% oxygen plus 70% nitrogen after surgical 
preparation.  
70% Helium late preconditioned group (He-LPC 70): 24 hours before I/R, rats received 
70% Helium and 30% oxygen for 15 minutes. On the day of the experiment rats received 
30% oxygen plus 70% nitrogen after surgical preparation.  
50% Helium late preconditioned group (He-LPC 50): 24 hours before I/R, rats received 
50% Helium, 30% oxygen and 20% nitrogen for 15 minutes. On the day of the experiment 
rats received 30% oxygen plus 70% nitrogen after surgical preparation.  
30% Helium late preconditioned group (He-LPC 30): 24 hours before I/R, rats received 
30% Helium, 30% oxygen and 40% nitrogen for 15 minutes. On the day of the experiment 
rats received 30% oxygen plus 70% nitrogen after surgical preparation.  
In part two of the study rats were divided into three groups (Fig. 1B): 
Helium late preconditioned group (He-LPC 3x30, He-LPC 2x30 or He-LPC 1x30): rats 
received 30% Helium, 30% oxygen and 40% nitrogen for 15 minutes on three, two or one 
day(s), respectively. On the day of the experiment rats received 30% oxygen plus 70% 
nitrogen after surgical preparation.   
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Figure 1: Experimental protocol 
 

Con 
= 

Control, He = Helium, LPC = late preconditioning. 
 

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). 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. 
 
Surgical preparation and infarct size measurement: 
Surgical preparation was performed as described previously. (21; 29) In brief, male Wistar 
rats (328 ± 19 g) were anesthetized by intraperitoneal S-ketamine injection (150 mg/kg). 
After tracheal intubation, the lungs were ventilated with oxygen-enriched air and a positive 
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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. 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 blood gases were analyzed at baseline 
and PCO2 and PO2 were kept within physiological ranges by adjusting ventilation. During 
the experiment the oxygen concentration was measured in the expiratory gas (Datex 
Capnomac Ultima, Division of Instrumentarium Corp., Helsinki, Finland). 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).  
After 120 minutes of reperfusion, the heart was excised and infarct size was determined as 
previously described.(21) The area of risk and the infarcted area were determined by 
planimetry using SigmaScan Pro 5® computer software (SPSS Science Software, Chicago, 
IL). 
 
Mitochondrial isolation 
Heart mitochondria were isolated by differential centrifugation as described previously. 
(12) Briefly, atria were removed and ventricles were placed in isolation buffer 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. (5) 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 
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protein/ml) were suspended in respiration buffer containing 130 mmol/L KCl, 5 mmol/L 
K2HPO4, 20 mmol/L 3-(N-Morpholino)propanesulfonic acid (MOPS), 2.5 mmol/L 
Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA), 1 µmol/L 
Na4P2O7, 0.1% bovine serum albumine (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 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 membrane and cytosolic fraction 
For cellular fractionation and subsequent Western blot assay, tissue specimens were 
prepared for protein analysis and distribution (membrane-, cytosolic-fraction) of 
phosphorylated COX-2 within the myocytes. The excised hearts were frozen in liquid 
nitrogen. Subsequently, a cellular fractionation was performed that was adapted from the 
literature. (6; 13; 16) 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. The remaining 
pellet was resuspended in lysis buffer containing 1% Triton X 100, incubated for 60 min on 
ice and vortexed. The solution was centrifuged at 16000 g, 4°C, for 15 min. The 
supernatant containing the membrane fraction was stored at -80°C until use for further 
Western blot assay.  
Another homogenized suspension (including ocadeic acid) was directly incubated in 1% 
Triton x 100 to obtain whole heart samples containing the entire proteins of the myocyte. 
After 60 min of incubation on ice, the solution was vortexed at 12000 g for 2 min to clear 
the fraction up, and then stored at -80°C until further use. 
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Western blot analysis 
After protein determination by the Lowry method(15), 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 SDS-PAGE. Samples 
were loaded on a 10% SDS electrophoresis gel. The proteins were separated by 
electrophoresis and transferred to a PVDF membrane by tank blotting (100V, 1h). 
Unspecific binding of the antibody was blocked by incubation with 5% fat dry milk powder 
in Tris buffered saline containing Tween (TBS-T) for 2 hours. Subsequently, the membrane 
was incubated over night at 4°C with the COX-2 or actin antibody, respectively, at 
indicated concentrations. After washing in fresh, cold TBS-T, the blot was subjected to the 
appropriate horseradish peroxidase conjugated secondary antibody for 2 hours 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 COX-2 to actin. Equal loading of 
the protein to the SDS Page gel was ensured by Coomassie blue staining (Coomassie 
brillant blue®, Serva electrohoresis GmbH, Heidelberg, Germany) of each gel. The results 
are presented as ratio of total protein to actin, which was used as internal standard. 
 
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 hemodynamic 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 and 
infarct sizes were analyzed by using a One-way ANOVA followed by Dunnett’s post-hoc 
test. Changes within and between groups were considered statistically significant if p<0.05. 
 
RESULTS 
 
Infarct size measurement 
Infarct size was reduced by all three helium concentrations from 55 ± 8 % in controls (n = 
8) to 37 ± 13 % in He-LPC 70 (n = 12), to 34 ± 16 % in He-LPC 50 (n = 7) and to 40 ± 9 % 
in He-LPC 30 (n = 7) (each P<0.05 vs. Con, fig. 2A). Based on these findings part 2 of the 
study was performed with 30% Helium. Daily administration of helium more than one day 
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did not further enhance cardioprotection (He-LPC 3x30 (n = 5): 39 ± 9 %, He-LPC 2x30 (n 
= 6): 38 ± 10%; P>0.05 vs. He-LPC 1x30 (n = 6): 37 ± 11%, fig. 2B). 
 
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 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. 
 
Mitochondrial function 
The respiratory control indices are shown in figure 3. RCI in the control group was 2.8 ± 
0.2. 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, fig. 3). 
 
Western blot analysis of COX-2 
Helium pretreatment did not affect COX-2 expression neither in the cytosolic fraction (He-
LPC 6h: 0.25 ± 0.07, He-LPC 10h: 0.27 ± 0.07, He-LPC 24h: 0.26 ± 0.06; P>0.05 vs Con: 
0.22 ± 0.10, each n = 5, fig. 4A), nor in the membrane fraction (He-LPC 6h: 0.44 ± 0.26, 
He-LPC 10h: 0.35 ± 0.15, He-LPC 24h: 0.36 ± 0.06; P>0.05 vs Con: 0.54 ± 0.24, each n = 
5, fig. 4B). Furthermore we analyzed COX-2 expression in the whole heart fraction, but 
could not detect any changes (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, each n = 5, fig. 4C).  
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Figure 2: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Panel A: Histogram showing the infarct size (percent of area at risk, AAR) of controls (Con), late 
preconditioning with 70% helium (He-LPC 70), late preconditioning with 50% helium (He-LPC 50) and 
late preconditioning with 30% helium (He-LPC 30).  Panel B: Histogram showing the infarct size 
(percent of AAR), late preconditioning with three times 30% helium (He-LPC 3x30), two times 30% 
helium (He-LPC 2x30), and one time 30% helium (He-LPC 1x30).  
Data are presented as mean ± SD, *p < 0.05 vs. control group.  
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     Table 1: Hemodynamic variables 
 

            Baseline Ischemia Reperfusion 
 
 

 15 5 30 60 120 

Heart Rate (bpm) 

Con 421 ± 21 427 ± 24 416 ± 17 394 ± 18 387 ± 17 372 ± 28 

He-LPC 70 414 ± 32 432 ± 30 407 ± 49 415 ± 28 406 ± 25 367 ± 36 

He-LPC 50 419 ± 31 415 ± 28 414 ± 21 402 ± 28 383 ± 31 369 ± 37 

He-LPC 30 411 ± 31 409 ± 37 409 ± 35 424 ± 33 404 ± 28 377 ± 35 

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

He-LPC 2x30 407 ± 37 407 ± 31 399 ± 40 388 ± 41 391 ± 45 370 ± 44 

He-LPC 3x30 413 ± 27 413 ± 38 405 ± 42 402 ± 38 388 ± 40 357 ± 29 

Mean aortic pressure (mmHg) 

Con 129 ± 20 115 ± 25 118 ± 29 100 ± 31 90 ± 33 84 ± 28* 

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

He-LPC 50 118 ± 19 117 ± 24 118 ± 20 101 ± 20 91 ± 30 78 ± 26* 

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

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

He-LPC 2x30 135 ± 30 123 ± 20 112 ± 18 111 ± 17 110 ± 27 97 ± 22* 

He-LPC 3x30 131 ± 23 118 ± 33 122 ± 33 103 ± 36 105 ± 27 90 ± 28 

 

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;*P<0.05 vs. 
baseline.  
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Figure 3: Mitochondrial respiration 

 
Summarized data for the effects of helium-induced late preconditioning on mitochondrial respiration 
(each n = 5, mean ± SD). 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. 
 



Chapter 7 

125 

Figure 4:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Time dependent effect of helium-induced late preconditioning on COX-2 expression (each n = 5, mean 
± SD). Upper panel shows time dependent expression of COX-2; middle panel shows actin distribution. 
The histogram presents ratio of COX-2 expression to actin. Panel A: COX-2 expression in the cytosolic 
fraction. Panel B: COX-2 expression in the membrane fraction. Panel C: COX-2 expression in the whole 
heart fraction. 
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DISCUSSION 
 
The main results of the present study are: 1) helium induces late preconditioning in vivo, 2) 
one-time 30% helium induces cardioprotection in the same range as 50% or 70% helium, 3) 
repeated administration of helium can not further enhance cardioprotection and 4) helium 
LPC has no effect on COX-2 expression. 
 
The late phase of preconditioning starts 12-24 hours after the preconditioning stimulus and 
lasts up to 4 days. (2) These properties would make LPC an interesting intervention, e.g. for 
patients with cardiac disease undergoing coronary angioplasty or cardiac bypass surgery. 
LPC would gain more importance, if it could be induced by a substance which is easy to 
administer and without any hemodynamic or anesthetic properties. 
It is known that early preconditioning can be induced by administration of noble gases. A 
cardioprotective effect against reperfusion injury of the anesthetic noble gas xenon has 
previously been demonstrated. (23; 30) Pagel et al. recently showed that the noble gas 
helium offers protection against myocardial infarction by EPC. (22) In the present study we 
demonstrate for the first time that helium induces also LPC 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. 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. In contrast to xenon, helium has no anesthetic effects, 
allowing a broader application. The use of xenon implies considerable costs, making 
special application systems necessary to limit costs. In contrast, 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 ischemic LPC. (1) A study by 
Mullenheim et al. showed that combining ischemic LPC and ischemic EPC led to enhanced 
cardioprotection compared to LPC or EPC alone. (20) The same group showed that 
cardioprotection by ischemic LPC could be increased by sevoflurane-induced EPC. (18) A 
study by Sato et al. suggested an additive cardioprotective effect by combining ischemic 
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LPC with ischemic postconditioning whereas each several intervention could not induce 
myocardial protection. (25) 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 LPC.  
Studies investigating LPC indicate that a crucial step in mediating cardioprotection involves 
COX-2. (4; 10; 27) Beside ischemic LPC, also pharmacological induced LPC led to an 
upregulation of COX-2 protein after 24 hours. (9; 26) Upregulation of COX-2 and its 
products, the prostaglandins PGE2 and 6-keto-PGF1α was observed in both, ischemic- and 
opioid-induced LPC. (26; 27) However, there are obviously differences in animal species: 
in rabbits and mice an upregulation of COX-2 was observed, whereas in rats, there was no 
upregulation of COX-2 after LPC. (10; 14; 26; 27) In the present study we did not detect 
any changes in COX-2 expression in the period up to 24 hours after helium 
preconditioning. We demonstrated previously by inhibiting COX-2 with the selective 
blocker NS-398 that COX-2 is involved in xenon-induced LPC. (8) A study by Tanaka et 
al. showed no alteration in COX-2 expression 24 hours after exposure to the volatile 
anesthetic isoflurane, but blockade of cardioprotection by using the COX-2 inhibitor 
celecoxib. (28) Our results indicate that COX-2 protein expression is not affected by 
exposure to helium up to 24 hours before I/R. However, we cannot exclude that the LPC 
effect of helium is due to an increase of COX-2 activity because it was not measured in the 
current study.  
Pagel et al. showed that helium induced EPC in the rabbit heart in vivo is abolished by 
inhibiting phosphatidylinositol-3-kinase, extracellular signal-regulated kinase and 70-kDa 
ribosomal protein s6 kinase. (22) Furthermore, they demonstrated that cardioprotection was 
abolished by administration of the mPTP opener atractyloside, indicating a central role of 
mPTP in helium-induced early preconditioning. (22) Alongside its role in early 
preconditioning, there is evidence that prevention of mPTP opening is also involved in late 
preconditioning. (24) Rajesh et al. showed that the protective effect of delayed ischemic 
preconditioning was abolished by administration of the mPTP opener atractyloside or 
lonidamine. (24) Opening of the mPTP can be regulated by alterations in mitochondrial 
bioenergetics, e.g. mild uncoupling of mitochondrial respiration. (11) In the present study, 
we did not detect a reduction in the RCI 6h, 10h, and 24h after helium administration 
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indicating that alterations in mitochondrial respiration are not involved in helium-induced 
LPC.  
Some limitations of our study must be taken into account. First, we did not investigate the 
effect of various cycles of helium administration on the same day 24 hours before I/R. It 
might be possible that repeated cycles of helium on the same day could enhance the 
cardioprotective effect. Second, in this study we restricted the measurement of biochemical 
markers to the time course of COX-2. Conclusions about the involvement of other 
candidate mediators like iNOS need further study.  
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 LPC. The cardioprotective effect was not associated 
with an increased COX-2 expression or an uncoupling of mitochondrial respiration.  
 
REFERENCES 

 
 1.  Baxter GF, Goma FM and Yellon DM. Characterisation of the infarct-limiting effect of 

delayed preconditioning: timecourse and dose-dependency studies in rabbit myocardium. 
Basic Res Cardiol 92: 159-167, 1997. 

 2.  Bolli R. The late phase of preconditioning. Circ Res 87: 972-983, 2000. 
 3.  Bolli R, Dawn B, Tang XL, Qiu Y, Ping P, Xuan YT, Jones WK, Takano H, Guo Y and 

Zhang J. The nitric oxide hypothesis of late preconditioning. Basic Res Cardiol 93: 325-338, 
1998. 

 4.  Bolli R, Shinmura K, Tang XL, Kodani E, Xuan YT, Guo Y and Dawn B. Discovery of a 
new function of cyclooxygenase (COX)-2: COX-2 is a cardioprotective protein that alleviates 
ischemia/reperfusion injury and mediates the late phase of preconditioning. Cardiovasc Res 
55: 506-519, 2002. 

 5.  Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal Biochem 72: 248-254, 1976. 

 6.  Chen Y, Rajashree R, Liu Q and Hofmann P. Acute p38 MAPK activation decreases force 
development in ventricular myocytes. Am J Physiol Heart Circ Physiol 285: H2578-H2586, 
2003. 

 7.  Chiari PC, Pagel PS, Tanaka K, Krolikowski JG, Ludwig LM, Trillo RA, Jr., Puri N, 
Kersten JR and Warltier DC. Intravenous emulsified halogenated anesthetics produce acute 
and delayed preconditioning against myocardial infarction in rabbits. Anesthesiology 101: 
1160-1166, 2004. 

 8.  Frassdorf J, Weber NC, Ratajczak C, Schlack W and Preckel B. Xenon induces late 
preconditioning in rat heart in vivo - involvement of COX-II [abstract]. Eur J Anaesthesiol 23 
Supplement 37: A-2, 2006. 

 9.  Fryer RM, Hsu AK, Eells JT, Nagase H and Gross GJ. Opioid-induced second window of 
cardioprotection: potential role of mitochondrial KATP channels. Circ Res 84: 846-851, 1999. 



Chapter 7 

129 

 10.  Guo Y, Bao W, Wu WJ, Shinmura K, Tang XL and Bolli R. Evidence for an essential role 
of cyclooxygenase-2 as a mediator of the late phase of ischemic preconditioning in mice. 
Basic Res Cardiol 95: 479-484, 2000. 

 11.  Halestrap AP, Clarke SJ and Khaliulin I. The role of mitochondria in protection of the 
heart by preconditioning. Biochim Biophys Acta 1767: 1007-1031, 2007. 

 12.  Heinen A, Winning A, Schlack W, Hollmann MW, Preckel B, Fräßdorf J and Weber 
NC. The regulation of mitochondrial respiration by opening of mKCa channels is age-
dependent. Eur J Pharmacol 578: 108-113, 2008. 

 13.  Kang N, Alexander G, Park JK, Maasch C, Buchwalow I, Luft FC and Haller H. 
Differential expression of protein kinase C isoforms in streptozotocin-induced diabetic rats. 
Kidney Int 56: 1737-1750, 1999. 

 14.  Kodani E, Xuan YT, Shinmura K, Takano H, Tang XL and Bolli R. Delta-opioid 
receptor-induced late preconditioning is mediated by cyclooxygenase-2 in conscious rabbits. 
Am J Physiol Heart Circ Physiol 283: H1943-H1957, 2002. 

 15.  Lowry OH, Rosebrough NJ, Farr AL and Randall RJ. Protein measurement with the Folin 
phenol reagent. J Biol Chem 193: 265-275, 1951. 

 16.  MacKay K and Mochly-Rosen D. Arachidonic acid protects neonatal rat cardiac myocytes 
from ischaemic injury through epsilon protein kinase C. Cardiovasc Res 50: 65-74, 2001. 

 17.  McPherson BC and Yao Z. Morphine mimics preconditioning via free radical signals and 
mitochondrial KATP channels in myocytes. Circulation 103: 290-295, 2001. 

 18.  Mullenheim J, Ebel D, Bauer M, Otto F, Heinen A, Frassdorf J, Preckel B and Schlack 
W. Sevoflurane confers additional cardioprotection after ischemic late preconditioning in 
rabbits. Anesthesiology 99: 624-631, 2003. 

 19.  Mullenheim J, Frassdorf J, Preckel B, Thamer V and Schlack W. Ketamine, but not S(+)-
ketamine, blocks ischemic preconditioning in rabbit hearts in vivo. Anesthesiology 94: 630-
636, 2001. 

 20.  Mullenheim J, Schlack W, Frassdorf J, Heinen A, Preckel B and Thamer V. Additive 
protective effects of late and early ischaemic preconditioning are mediated by the opening of 
KATP channels in vivo. Pflugers Arch 442: 178-187, 2001. 

 21.  Obal D, Preckel B, Scharbatke H, Mullenheim J, Hoterkes F, Thamer V and Schlack W. 
One MAC of sevoflurane provides protection against reperfusion injury in the rat heart in 
vivo. Br J Anaesth 87: 905-911, 2001. 

 22.  Pagel PS, Krolikowski JG, Shim YH, Venkatapuram S, Kersten JR, Weihrauch D, 
Warltier DC and Pratt PF, Jr. Noble gases without anesthetic properties protect 
myocardium against infarction by activating prosurvival signaling kinases and inhibiting 
mitochondrial permeability transition in vivo. Anesth Analg 105: 562-569, 2007. 

 23.  Preckel B, Mullenheim J, Moloschavij A, Thamer V and Schlack W. Xenon 
administration during early reperfusion reduces infarct size after regional ischemia in the 
rabbit heart in vivo. Anesth Analg 91: 1327-1332, 2000. 

 24.  Rajesh KG, Sasaguri S, Zhitian Z, Suzuki R, Asakai R and Maeda H. Second window of 
ischemic preconditioning regulates mitochondrial permeability transition pore by enhancing 
Bcl-2 expression. Cardiovasc Res 59: 297-307, 2003. 

 25.  Sato H, Bolli R, Rokosh GD, Bi Q, Dai S, Shirk G and Tang XL. The cardioprotection of 
the late phase of ischemic preconditioning is enhanced by postconditioning via a COX-2-
mediated mechanism in conscious rats. Am J Physiol Heart Circ Physiol 293: H2557-H2564, 
2007. 

 26.  Shinmura K, Nagai M, Tamaki K, Tani M and Bolli R. COX-2-derived prostacyclin 
mediates opioid-induced late phase of preconditioning in isolated rat hearts. Am J Physiol 
Heart Circ Physiol 283: H2534-H2543, 2002. 



Helium-induced late preconditioning 

130 

 27.  Shinmura K, Tang XL, Wang Y, Xuan YT, Liu SQ, Takano H, Bhatnagar A and Bolli R. 
Cyclooxygenase-2 mediates the cardioprotective effects of the late phase of ischemic 
preconditioning in conscious rabbits. Proc Natl Acad Sci U S A 97: 10197-10202, 2000. 

 28.  Tanaka K, Ludwig LM, Krolikowski JG, Alcindor D, Pratt PF, Kersten JR, Pagel PS 
and Warltier DC. Isoflurane produces delayed preconditioning against myocardial ischemia 
and reperfusion injury: role of cyclooxygenase-2. Anesthesiology 100: 525-531, 2004. 

 29.  Toma O, Weber NC, Wolter JI, Obal D, Preckel B and 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 101: 
1372-1380, 2004. 

 30.  Weber NC, Toma O, Wolter JI, Obal D, Mullenheim J, Preckel B and Schlack W. The 
noble gas xenon induces pharmacological preconditioning in the rat heart in vivo via induction 
of PKC-epsilon and p38 MAPK. Br J Pharmacol 144: 123-132, 2005. 

 



 

 

Chapter 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hyperglycaemia blocks Sevoflurane-induced 
postconditioning in the rat heart in vivo: 

Cardioprotection can be restored by blocking 
the mitochondrial permeability transition pore 

 
 
 

 
Ragnar Huhn, André Heinen, Nina C. Weber, Markus W. Hollmann, 

Wolfgang Schlack, Benedikt Preckel 

 
 

British Journal of Anaesthesia 

2008 Apr;100(4):465-71 



Sevoflurane-induced postconditioning and hyperglycemia 

132 

ABSTRACT  
 
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). 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. 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]. 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. (2; 13) Hyperglycaemia 
was shown to abolish cardioprotection induced by ischaemic and anaesthetic 
preconditioning. (14; 15)  
Besides preconditioning, also postconditioning (i.e. cardioprotection by administration of 
the substance after ischaemia during early reperfusion) can be induced by volatile 
anaesthetics. (3; 23) Recent studies demonstrated, that the volatile anaesthetic sevoflurane 
offers cardioprotection by postconditioning. (5; 21) 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. 
(22) 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. (8) Krolikowski et al. demonstrated that 
keeping the mPTP closed with CsA enhanced cardioprotection of isoflurane-induced 
postconditioning. (17) 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. (19)  
 
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)(17) was 
administered intravenously 5 minutes before reperfusion; saline 0.9% was infused 
intravenously over 35 minutes starting 5 min prior ischaemia up to 5 minutes of 
reperfusion. 
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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. (22; 24) 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 protocol. Arterial blood gases were analyzed at baseline 
and PCO2 and PO2 were kept within physiological ranges by adjusting ventilation. 
Sevoflurane concentration was measured in the expiratory gas (Datex Capnomac Ultima, 
Division of Instrumentarium Corp., Helsinki, Finland). 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).  
After 120 minutes of reperfusion, the heart was excised and infarct size was determined as 
previously described. (22) 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. 
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Figure 1:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (A) Experimental protocol. Sevo, sevoflurane; post, postconditioning; HG, hyperglycaemia; CsA, 
cyclosporine A. (B) Infarct size measurement. Histogram shows the infarct size (per cent of area at risk, 
AAR) of controls (Con), sevoflurane postconditioning (Sevo), hyperglycaemia (HG) alone, 
hyperglycaemia and sevoflurane postconditioning (HG+Sevo), cyclosporine A (CsA) alone, cyclosporine 
A and sevoflurane postconditioning (CsA+Sevo), hyperglycaemia and cyclosporine A (HG+CsA), 
hyperglycaemia and cyclosporine A and sevoflurane postconditioning (HG+CsA+Sevo), hyperglycaemia 
and sevoflurane postconditioning with 2 MAC (HG+Sevo2), hyperglycaemia 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. 
 
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 



Sevoflurane-induced postconditioning and hyperglycemia 

138 

significant differences were found in hyperglycaemic groups when comparing baseline 
values to values at the end of reperfusion. 
  
Table 1: 

 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) 
 
Blood glucose values (mmol litre–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 
 
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. 
 
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 
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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. 
 
Table 2: 

Baseline Ischaemia 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)* 
  

Haemodynamic variables. 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 
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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. (2; 18) 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. (26) The protective effects of early 
as well as late preconditioning can be blocked by hyperglycaemia or diabetes mellitus. (7; 
15) For ischaemic preconditioning it was shown that diabetes and hyperglycaemia of 17 
and 34 mmol l-1 blocked cardioprotection in vivo. (15) The blockade was independent of 
plasma insulin concentrations and plasma osmolality. (16) Another study showed that, 
isoflurane-induced preconditioning was blocked by hyperglycaemia. (14) 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. (6) Blood glucose levels used in the literature investigating the 
effect of hyperglycaemia on ischaemic- and isoflurane-induced preconditioning are quite in 
the same range. (14; 15) 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.   
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.(4) Inhibition of mPTP with CsA at the 
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onset of reperfusion was shown to protect the myocardium. (1; 11) 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. (17) 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. (3) 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. (5; 20) 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 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, 
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MEK1/2, ERK1/2 and eNOS. (10; 12; 26) 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. (9) 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. 
 
REFERENCES 

 
 1.  Argaud L, Gateau-Roesch O, Muntean D, Chalabreysse L, Loufouat J, Robert D and 

Ovize M. Specific inhibition of the mitochondrial permeability transition prevents lethal 
reperfusion injury. J Mol Cell Cardiol 38: 367-374, 2005. 

 2.  Bellodi G, Manicardi V, Malavasi V, Veneri L, Bernini G, Bossini P, Distefano S, 
Magnanini G, Muratori L, Rossi G and . Hyperglycemia and prognosis of acute myocardial 
infarction in patients without diabetes mellitus. Am J Cardiol 64: 885-888, 1989. 

 3.  Chiari PC, Bienengraeber MW, Pagel PS, Krolikowski JG, Kersten JR and Warltier 
DC. Isoflurane protects against myocardial infarction during early reperfusion by activation of 
phosphatidylinositol-3-kinase signal transduction: evidence for anesthetic-induced 
postconditioning in rabbits. Anesthesiology 102: 102-109, 2005. 

 4.  Crompton M. The mitochondrial permeability transition pore and its role in cell death. 
Biochem J 341 ( Pt 2): 233-249, 1999. 

 5.  Deyhimy DI, Fleming NW, Brodkin IG and Liu H. Anesthetic preconditioning combined 
with postconditioning offers no additional benefit over preconditioning or postconditioning 
alone. Anesth Analg 105: 316-324, 2007. 

 6.  Ebel D., Toma O., Weber N.C., Huhn R., Preckel B. and Schlack W. Hyperglycaemia 
blocks anaesthetic-induced preconditioning by desflurane during the mediator phase. Eur J 
Anaesthesiol 22 Supp.: A 165, 2005. 

 7.  Ebel D, Mullenheim J, Frassdorf J, Heinen A, Huhn R, Bohlen T, Ferrari J, Sudkamp H, 
Preckel B, Schlack W and Thamer V. Effect of acute hyperglycaemia and diabetes mellitus 
with and without short-term insulin treatment on myocardial ischaemic late preconditioning in 
the rabbit heart in vivo. Pflugers Arch 446: 175-182, 2003. 

 8.  Feng J, Lucchinetti E, Ahuja P, Pasch T, Perriard JC and Zaugg M. Isoflurane 
postconditioning prevents opening of the mitochondrial permeability transition pore through 
inhibition of glycogen synthase kinase 3beta. Anesthesiology 103: 987-995, 2005. 



Chapter 8 

143 

 9.  Gateau-Roesch O, Argaud L and Ovize M. Mitochondrial permeability transition pore and 
postconditioning. Cardiovasc Res 70: 264-273, 2006. 

 10.  Gross ER and Gross GJ. Ligand triggers of classical preconditioning and postconditioning. 
Cardiovasc Res 70: 212-221, 2006. 

 11.  Hausenloy DJ, Maddock HL, Baxter GF and Yellon DM. Inhibiting mitochondrial 
permeability transition pore opening: a new paradigm for myocardial preconditioning? 
Cardiovasc Res 55: 534-543, 2002. 

 12.  Hausenloy DJ and Yellon DM. Survival kinases in ischemic preconditioning and 
postconditioning. Cardiovasc Res 70: 240-253, 2006. 

 13.  Jelesoff NE, Feinglos M, Granger CB and Califf RM. Outcomes of diabetic patients 
following acute myocardial infarction: a review of the major thrombolytic trials. Coron Artery 
Dis 7: 732-743, 1996. 

 14.  Kehl F, Krolikowski JG, Mraovic B, Pagel PS, Warltier DC and Kersten JR. 
Hyperglycemia prevents isoflurane-induced preconditioning against myocardial infarction. 
Anesthesiology 96: 183-188, 2002. 

 15.  Kersten JR, Schmeling TJ, Orth KG, Pagel PS and Warltier DC. Acute hyperglycemia 
abolishes ischemic preconditioning in vivo. Am J Physiol 275: H721-H725, 1998. 

 16.  Kersten JR, Toller WG, Gross ER, Pagel PS and Warltier DC. Diabetes abolishes 
ischemic preconditioning: role of glucose, insulin, and osmolality. Am J Physiol Heart Circ 
Physiol 278: H1218-H1224, 2000. 

 17.  Krolikowski JG, Bienengraeber M, Weihrauch D, Warltier DC, Kersten JR and Pagel 
PS. Inhibition of mitochondrial permeability transition enhances isoflurane-induced 
cardioprotection during early reperfusion: the role of mitochondrial KATP channels. Anesth 
Analg 101: 1590-1596, 2005. 

 18.  Kuusisto J, Mykkanen L, Pyorala K and Laakso M. NIDDM and its metabolic control 
predict coronary heart disease in elderly subjects. Diabetes 43: 960-967, 1994. 

 19.  Mullenheim J, Frassdorf J, Preckel B, Thamer V and Schlack W. Ketamine, but not S(+)-
ketamine, blocks ischemic preconditioning in rabbit hearts in vivo. Anesthesiology 94: 630-
636, 2001. 

 20.  Mullenheim J, Schlack W, Frassdorf J, Heinen A, Preckel B and Thamer V. Additive 
protective effects of late and early ischaemic preconditioning are mediated by the opening of 
KATP channels in vivo. Pflugers Arch 442: 178-187, 2001. 

 21.  Obal D, Dettwiler S, Favoccia C, Scharbatke H, Preckel B and Schlack W. The influence 
of mitochondrial KATP-channels in the cardioprotection of preconditioning and 
postconditioning by sevoflurane in the rat in vivo. Anesth Analg 101: 1252-1260, 2005. 

 22.  Obal D, Preckel B, Scharbatke H, Mullenheim J, Hoterkes F, Thamer V and Schlack W. 
One MAC of sevoflurane provides protection against reperfusion injury in the rat heart in 
vivo. Br J Anaesth 87: 905-911, 2001. 

 23.  Preckel B, Schlack W, Comfere T, Obal D, Barthel H and Thamer V. Effects of enflurane, 
isoflurane, sevoflurane and desflurane on reperfusion injury after regional myocardial 
ischaemia in the rabbit heart in vivo. Br J Anaesth 81: 905-912, 1998. 

 24.  Toma O, Weber NC, Wolter JI, Obal D, Preckel B and 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 101: 
1372-1380, 2004. 

 25.  Tsang A, Hausenloy DJ, Mocanu MM and Yellon DM. Postconditioning: a form of 
"modified reperfusion" protects the myocardium by activating the phosphatidylinositol 3-
kinase-Akt pathway. Circ Res 95: 230-232, 2004. 

 26.  Zhao ZQ and Vinten-Johansen J. Postconditioning: reduction of reperfusion-induced injury. 
Cardiovasc Res 70: 200-211, 2006.



 

 

 
 
 
 



 

 

Chapter 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Physiological levels of glutamine prevent 
morphine induced preconditioning in the 

isolated rat heart 
 
 
 

 
André Heinen, Ragnar Huhn, Markus W. Hollmann, Benedikt Preckel, 

Coert J. Zuurbier, Wolfgang Schlack, Jan Fräβdorf, Nina C. Weber 

 
 

Submitted for Publication 



Morphine-induced preconditioning and glutamine 

146 

ABSTRACT  
 
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. 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)-10µM]. 
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)]. 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). 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. (4; 18; 20; 24)  
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. (4; 15) 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. (11) 
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. 
 
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. 
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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 
Sixty-one 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 
hours) 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 mmHg) 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 mmHg. 
All hearts underwent a stabilization period of 20 minutes. 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 assigned to 
one of seven experimental groups. Hearts of all groups underwent 35 minutes of ischaemia 
followed by 60 minutes of reperfusion. In control group, hearts were kept under baseline 
conditions for 40 minutes prior to ischaemia. To investigate whether morphine induces 
preconditioning, 1 µM morphine-HCl was given in three different preconditioning 
protocols: 3 cycles of 5 minutes, interspersed by 5 minutes washout 15 min prior to 
ischaemia (3PC5 (15), group 2), 3 cycles of 5 minutes, interspersed by 5 minutes washout 5 
min prior to ischaemia (3PC5 (5), group 3), and for 15 minutes 15 minutes 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 minutes 15 minutes prior to 
ischaemia (PC15 (15) Morphine 10 µM). As positive controls, ischaemic preconditioning 
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group (group 6) underwent three cycles of 3 minutes ischaemia 15 minutes prior to 
ischaemia, and group 7 received 1 µM morphine for 10 minutes 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. 
 
Figure 1: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experimental protocol. Panel A: Experimental series 1. The perfusate contains 11 mM glucose and 
physiological concentrations of lactate (1 mM), pyruvate (0.1 mM) 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. 
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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. 
 
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. 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). 
 

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). (Figure 
2, panel A) 
Ischaemic preconditioning by three cycles of 3 minutes 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). (Figure 2, panel A)  
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Tabel 1: 
 
A) with glutamine 

 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 
 

 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 

  
Data are mean±S.D.; a P<0.05 vs. control. PC = preconditioning; IPC = ischaemic preconditioning 
 

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 three cycles of ischaemic 
preconditioning, we observed a statistically lower rate pressure product and dP/dtmax. The 
latter remained reduced at 5 minutes 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 
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difference in heart rate compared with controls at baseline and during reperfusion (Table 
2). 
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) 
 
Figure 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. Data are presented as 
mean±S.D.; *P < 0.05 vs. control.  
 

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. (Figure 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). 
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Figure 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 (0.1 mM) and glutamine (0.5 mM) as 
substrate. Data are presented as mean±S.D.; * P < 0.05 vs. control. 
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Table 2: 
 Baseline Reperfusion (min)
   

  5   15         30       60 

Heart rate (bpm) 

Con 303 ± 52  160 ± 132 253 ± 84 268 ± 45 252 ± 78 

3PC5(15) 300 ± 19  132 ± 141 155 ± 124 156 ± 146 246 ± 102 

3PC5(5) 291 ± 19  132 ± 118 156 ± 113 248 ± 116 218 ± 102 

PC15(15) 285 ± 39  106 ± 91 105 ± 115 188 ± 109 233 ± 94 

PC15(15)-10µM 297 ± 38  176 ± 124 210 ± 112 265 ± 44 257 ± 45 

IPC 318 ± 36  191 ± 89 247 ± 71 243 ± 51 279 ± 44 

continued Morphine 292 ± 20  117 ± 140 235 ± 111 270 ± 48 266 ± 45 

Phasic LVP (mmHg) 

Con 130.1 ± 10.1 28.2 ± 13.9 32.4 ± 18.3 44.3 ± 22.3 50.5 ± 17.5   

3PC5(15) 131.0 ± 8.5 12.8 ± 11.7 13.3 ± 15.7 22.0 ± 22.3 31.3 ± 17.8   

3PC5(5) 132.3 ± 20.9 22.8 ± 16.5 22.9 ± 19.1 40.0 ± 24.0 44.5 ± 19.3   

PC15(15) 126.6 ± 8.9 26.5 ± 15.0 26.9 ± 17.3 37.5 ± 15.5 42.4 ± 11.0   

PC15(15)-10µM 133.7 ± 11.1 15.6 ± 14.2 19.5 ± 16.0 32.9 ± 21.5 a 47.9 ± 15.3 a   

IPC 125.5 ± 9.3 35.5 ± 15.2 48.4 ± 20.3 77.0 ± 17.8 73.9 ± 11.9   

continued Morphine 127.6 ± 9.1 15.1 ± 10.7 22.0 ± 12.4 44.0 ± 21.5 53.2 ± 13.7   

CF (ml min-1) 

Con 12.5 ± 2.5   7.6 ± 1.7 7.8 ± 1.8 7.9 ± 1.8 7.7 ± 1.9 

3PC5(15) 14.3 ± 0.8 8.4 ± 1.1 8.9 ± 1.5 9.1 ± 1.9 8.9 ± 2.0 

3PC5(5) 13.8 ± 2.6 8.9 ± 1.5 8.5 ± 1.4 8.5 ± 1.4 8.5 ± 1.5 

PC15(15) 12.3 ± 2.3 8.7 ± 2.4 8.7 ± 2.4 8.1 ± 1.1 7.9 ± 0.9 

PC15(15)-10µM 13.5 ± 2.0 8.1 ± 0.8 8.1 ± 0.8 8.2 ± 1.0 8.1 ± 1.6 

IPC 12.7 ± 1.3 10.6 ± 1.3 a 10.2 ± 1.1 10.0 ± 1.4 9.4 ± 1.8 

continued Morphine 13.4 ± 1.3 9.8 ± 1.5 9.8 ± 1.9 9.7 ± 2.1 9.4 ± 2.4 

  
Data are mean±S.D.; a P<0.05 vs Con. Phasic LVP = systolic left ventricular pressure - enddiastolic left 
ventricular pressure; CF = coronary flow; Con = control; PC = preconditioning; IPC = ischaemic 
preconditioning. 
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Figure 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 substrate. Data are 
presented as mean±S.D.; * P < 0.05 vs. control. 
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Haemodynamics 
No significant differences in RPP, LVEDP and dP/dtmax were observed between the 
experimental groups during baseline conditions, and at the beginning of ischaemia. (Figure 
4) During reperfusion after the prolonged period of ischaemia, the LVEDP was lower in the 
3PC5 (15) group compared with controls. There was no difference in HR, phasic LVP and 
CF compared with controls at baseline and during reperfusion (Table 3). 
There was no significant difference between both groups regarding the time when left 
ventricular contracture reached the maximum. (Table 1, panel B) The level of maximal left 
ventricular ischaemic contracture was significantly reduced in 3PC5(15) (68 ± 8 mm Hg vs. 
82 ± 11 mmHg, P < 0.05) 
 

Table 3: 
 Baseline              Reperfusion (min) 
     

  5  15         30       60 
      

Heart rate (bpm)                 

Con 315 ± 27  144 ± 150 202 ± 151 198 ± 123 291 ± 33 

3PC5(15) 316 ± 25  84 ± 119 249 ± 51 306 ± 28 259 ± 59 

                 

Phasic LVP (mmHg)               

Con 119.8 ± 13.7  14.5 ± 8.6 15.1 ± 9.4 24.9 ± 16.0 40.5 ± 13.8 

3PC5(15) 119.2 ± 10.6  17.2 ± 16.4 28.4 ± 18.5 42.3 ± 25.2 50.3 ± 13.0 

                 

CF (ml min-1)               

Con 14.2 ± 1.4  7.5 ± 1.1 7.9 ± 1.1 7.9 ± 1.0 7.7 ± 0.9 

3PC5(15) 14.6 ± 1.5  8.5 ± 1.8 8.9 ± 1.6 9.0 ± 1.5 8.9 ± 1.7 

 

Data are mean±S.D.; Phasic LVP = systolic left ventricular pressure - enddiastolic left ventricular 

pressure; CF = coronary flow; Con = control; PC = preconditioning 

 
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 
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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. 
(16; 17; 24; 25) Schultz et al. showed that the nonselective opioid receptor antagonist 
naloxone abrogated the cardioprotective effect of ischaemic preconditioning, (20) and, 
furthermore, that exogenous opioid receptor stimulation by morphine initiates 
cardioprotection. (18) 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. (19) There is evidence that also morphine-induced 
preconditioning is mediated via activation of δ-opiod receptors. (21)  
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,. (4; 14) Ludwig el al. demonstrated that morphine enhanced 
isoflurane induced preconditioning via activation of mKATP channels. (12) 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. (26) The 
interaction of hexokinase with the mitochondria may inhibit apoptosis through inhibition of 
mPTP opening. (13) Prevention of mPTP opening due to alterations in mitochondrial 
function is involved in ischemic 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 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 
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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. demonstrated in the isolated rabbit heart that 5 
minutes of perfusion with 0.3 µM morphine initiates preconditioning. (4) In their study, 
morphine administration was followed by 15 minutes of perfusion with morphine-free 
perfusate to allow a washout of the drug before the global ischemia. (4) 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 ischemia. 
Therfore, 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. (10) 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 (5; 23) 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 often 
deviates from that found in vivo. (2) Furthermore, discrepancies in the results of animal 
studies can partially be caused by the failure to use standardized models and research 
protocols. (1)  
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 
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concentrations to simulate physiological substrate conditions. (2; 3; 22) 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 – 2.5mM) 
protect the heart against I/R injury. (8; 9; 11) 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.  
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. 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. (11) Recently, Jones et al. 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.” (7) It is possible that at least parts of 
this pathway are also involved in the signal transduction of morphine-induced 
preconditioning. Future studies are needed to clarify this possible interaction. 
Taken together, this study demonstrates that morphine can induce 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 
ischemia 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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MAIN CONCLUSIONS 
 
In this thesis, we investigated mechanisms of cardioprotection by preconditioning and 
postconditioning. In this context, we focused on the involvement of mitochondria and the 
mechanisms, by which mitochondrial function is regulated in cardioprotective 
interventions.  
 
Mitochondrial bioenergetics can be regulated by activation of mKCa channels  
In the trigger mechanism of preconditioning are both the activation of mitochondrial 
potassium channels and the generation of reactive oxygen species involved. We 
investigated the effects of mKCa channel activation on mitochondrial bioenergetics. 
(chapter 2, 3) The mKCa channel activator NS1619 increased mitochondrial respiration in a 
dose-dependent manner. We could show that mitochondrial reactive oxygen species are 
increased by low concentrations of NS1619 lacking effect on mitochondrial membrane 
potential. We therefore conclude that mitochondria are capable to generate reactive oxygen 
species in response to mKCa channel activation. 
 
The effect of mKCa channel activation on mitochondrial respiration is age-dependent 
Aging is associated with multiple alterations and dysfunctions in cellular processes. In 
chapter 2 and 3 we demonstrated that mKCa channel activation stimulated mitochondrial 
respiration, an effect that might be age-dependent. We showed in isolated cardiac 
mitochondria that the effect of the mKCa channel activator NS1619 on mitochondrial 
respiration is lost with increasing age (chapter 4). The diminished effects of mKCa opening 
on mitochondrial respiration might be one underlying mechanism of the decreased 
protective potency of preconditioning in the aged myocardium. 
 
The noble gas helium induces preconditioning via activation of mKCa channels 
Cardiac preconditioning can be initiated by the noble gas helium. We demonstrated that the 
infarct size-reducing effect of helium-induced preconditioning is abrogated by 
administration of the mKCa channel antagonist iberotoxin (chapter 5). Furthermore, we 
demonstrated that helium causes a mild uncoupling of mitochondrial respiration, an effect 
that was also blocked by pre-treatment with iberotoxin. Therefore, we conclude that helium 
causes mitochondrial uncoupling, and might induce preconditioning in young rats via mKCa 
channel activation. 
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Helium-induced preconditioning is abolished in both aged and pre-diabetic rats 
Activation of mKCa channels is critically involved in helium-induced preconditioning 
(chapter 5). In chapter 4 we could show that the effect of mKCa channel activation on 
mitochondrial respiration is age-dependent. Based on these findings, we investigated the 
protective potency of helium in the aged myocardium. In this study, helium had no effect 
on infarct size and did not affect mitochondrial respiration in aged rat hearts (chapter 5). 
Furthermore, we demonstrated in a similar study that helium had no effect on infarct size 
and mitochondrial respiration in hearts from pre-diabetic rats (chapter 6). We suggest that 
the blockade of the protective effect of helium in aged and pre-diabetic rats could be 
associated with some defects at the level of the mKCa channel or its upstream signaling 
cascade. 
 
Helium-induced late preconditioning is not associated with alterations in 
mitochondrial function during the mediator phase 
In chapter 7 we demonstrate that helium is able to induce late preconditioning in the rat 
heart. As shown in chapter 5 and 6 of this thesis, helium causes a mild uncoupling of 
mitochondrial respiration shortly after helium administration. This mitochondrial effect of 
helium is not detectable during the mediator phase of late preconditiong, i.e. 6, 10, or 24 
hours after the helium treatment. Therefore, we conclude that regulation of mitochondrial 
bioenergetics is not involved in the mediator signaling steps of helium-induced late 
preconditioning.  
 
Hyperglycemia abolishes sevoflurane-induced postconditioning 
It is hypothesized that hyperglycaemia might cause a loss of cardioprotective mechanisms. 
In chapter 8, we demonstrated that hyperglycaemia blocks cardioprotection by 
sevoflurane-induced postconditioning, and that this loss of cardioprotection can be restored 
by administration of the mPTP inhibitor Cyclosporin A.  
 
Glutamine prevents morphine-induced preconditioning 
In chapter 9, we initially aimed to investigate the impact of mPTP prevention in morphine-
induced preconditioning, but we failed to detect a cardioprotective effect of morphine. Our 
results demonstrate that glutamine, which was present in the perfusion buffer to simulate 
physiological substrate conditions, prevents morphine-induced preconditioning.  
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GENERAL DISCUSSION 
 
The general aim of this thesis was to investigate the role of cardiac mitochondria in the 
signaling pathways of cardioprotection. We focused on a) mechanisms by which mKCa 
channel activation regulates mitochondrial function, b) alterations in mitochondrial 
function caused by helium-induced preconditioning, and c) the impact of mPTP inhibition 
in cardioprotective interventions.  
Since Murry et al. (16) first described the phenomenon of ischemic preconditioning many 
efforts were made to investigate the exact underlying mechanisms. Now, it is well accepted 
that activation of K+ channels in the inner mitochondrial matrix is a key step during the 
trigger phase of preconditioning. (17) The exact mechanism by which K+ influx into the 
mitochondrial matrix regulates mitochondrial function to initiate preconditioning is 
incompletely understood. Preconditioning can be blocked by the administration of free 
radical scavengers showing that small amounts of reactive oxygen species are required as 
signaling molecules in the signaling pathways of preconditioning. (14; 15; 19; 23) It is 
proposed that the reactive oxygen species are generated from the mitochondrial electron 
transport chain as consequence of regulations in mitochondrial bioenergetics due to K+ 
channel activation. (6) However, the mechanism by which K+ channel activation regulates 
mitochondrial function to cause reactive oxygen species is incompletely understood. In this 
thesis, we investigated whether activation of mKCa channels is capable to affect 
mitochondrial function to stimulate mitochondrial reactive oxygen species production. We 
could demonstrate that mKCa channel activation stimulate mitochondrial respiration. This 
finding is in line with a study from Sato et al., (21) who demonstrated that activation of 
mKCa channels increases flavoprotein oxidation in a dose-dependent manner in ventricular 
myocytes. Furthermore, we offer a possibility by which mKCa channel activation causes 
generation of reactive oxygen species by sub-maximal K+ induced H+ leak into the 
mitochondrial matrix. This slight increase in reactive oxygen species generation during the 
trigger phase of preconditioning might be one mechanism by which mKCa channel 
activation initiates preconditioning. However, it is still unclear whether K+ channel-induced 
alterations in mitochondrial function are characteristic of all preconditioning stimuli to 
trigger cardioprotection, or whether differences in the signaling mechanisms exist. 
Very recently, it has been shown that cardiac preconditioning can be initiated by 
administration of the noble gases helium, argon, and neon. (18) Pagel et al. demonstrated 
that these noble gases were capable to induce cardioprotection by activating prosurvival 
signaling kinases and inhibiting mPTP opening in rabbits in vivo. We confirm the 
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cardioprotective properties of helium demonstrating that helium induces preconditioning in 
the rat heart in vivo. In our study, the mKCa channel antagonist iberotoxin abrogated not 
only the infarct size-reducing effect of helium, but also alterations in mitochondrial 
respiration induced by helium. Therefore, we suggest that helium acts at least partially by 
mitochondrial KCa channel activation-induced alterations in mitochondrial respiration. 
Furthermore, we demonstrate that helium-induced preconditioning is blocked in both aged 
and pre-diabetic rats. It has been demonstrated that the cardioprotective potency of 
preconditioning is abolished or reduced in the diseased or senescent myocardium. (1-3; 5; 
10; 11; 24; 25) There is evidence that the loss of cardioprotection in both the diabetic and 
the senescent heart is caused by defects in the signaling cascade at the level of the 
mitochondrion. (7; 13) Interestingly, the helium-induced alterations in mitochondrial 
respiration were also blocked in mitochondria isolated from aged and pre-diabetic rats. This 
finding further supports the impact of mKCa channel activation in helium-induced 
preconditioning, and, furthermore, it supports the possible role of mitochondria in the 
disease and age related loss of cardioprotection. 
Mitochondria are not only involved in the trigger mechanisms of preconditioning, but also 
in possible end-effector mechanisms of cardioprotective interventions during ischemia and 
reperfusion. (8) A possible candidate as end-effector of cardioprotection is the mPTP. (9; 
22) Inhibition of the mPTP by cyclosporine A confers cardioprotection. In the study 
described in chapter 8 of this thesis, we demonstrate that sevoflurane-induced 
postconditioning is blocked in hyperglycemic rats. Hyperglycemia has been shown to 
prevent cardioprotection by preconditioning. (12; 22) Furthermore, we demonstrate that 
inhibition of the mPTP is capable to restore the cardioprotective effect of sevoflurane-
induced postconditioning in hyperglycemic rats. This finding emphasizes that mitochondria 
are potential targets for pharmacological therapy in the setting of myocardial ischemia and 
reperfusion. 
Taken together, the results of this thesis strengthen and expand the knowledge that 
mitochondria are critically involved in multiple mechanistic steps of preconditioning and 
postconditioning. However, there are still multiple unanswered questions with regard to the 
role of mitochondria in cardioprotection, e.g. the upstream and downstream signaling steps 
of preconditioning are incompletely understood. The literature on preconditioning suggests 
many exclusive or crucially important signaling steps. This might be caused by the fact that 
in most studies mechanistic aspects rather than complete signaling networks are analyzed. 
This consideration should be taken into account when experimental results are interpreted 
and exclusive conclusions are drawn. 
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Limitations of the Experimental Models 
The results obtained in this thesis have to be evaluated within the limitations of the 
experimental models used. 
First, the phenomenon of ischemic preconditioning shows, that short periods of ischemia 
are capable of altering physiological processes. It is possible that isolated mitochondria or 
organs became ischemic during the isolation process, which in turn might influence 
experimental results. 
Second, it has been demonstrated that cardiac mitochondria exist in two functionally 
distinct populations, as subsarcolemmal and interfibrillar mitochondria. (20) Differences 
between these groups exist among others with regard to calcium handling and susceptibility 
to ischemic damage. (4) We investigated a mixed population of both subsarcolemmal and 
interfibrillar mitochondria, and did not test for differences between mitochondrial 
subpopulations. 
Third, the environment of isolated organs or organelles is highly artificial. The study 
described in chapter 9 demonstrates that e.g. substrate compositions can strongly influence 
isolated heart studies. 
Therefore, a broad experimental approach that includes in vivo experiments as well as 
investigations at the organ, cell, and sub-cellular level can minimize the risk of drawing 
incorrect conclusions from experimental studies.  
 
Clinical Implications 
There is strong evidence that the resistance of the myocardium against ischemia and 
reperfusion can be increased by preconditioning and postconditioning in humans. Patients 
suffering from ischemic heart disease could possibly benefit from therapeutical 
interventions that induce a “cardioprotective state”. On the other hand, the clinical 
implication could be limited because many conditions, diseases and pharmaceuticals 
interfere with cardioprotection. In this thesis, we described that the protective potency of 
cardiprotective interventions is reduced by aging, diabetes, and hyperglycemia. It is known 
that many other conditions or pharmaceuticals can prevent preconditioning and 
postconditioning. A detailed understanding of these interactions is required to develop 
strategies to protect the myocardium of more patients.  
 
Future Research 
Not only the understanding of the exact mechanisms of preconditioning and 
postconditioning,, but also that of how pathological conditions, diseases and 
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pharmaceuticals abolish cardioprotection is incomplete. To us, the results described in this 
thesis demonstrate that mitochondria are critically involved in the signal transduction 
pathways of preconditioning and postconditioning. Furthermore, this thesis supports the 
hypothesis that mitochondrial mechanisms might be involved in the underlying 
mechanisms of the age and disease related reduction of the cardioprotective potency of 
preconditioning and postconditioning. Future studies should investigate whether 
mitochondria are possible targets for pharmacological therapy to restore cardioprotection. 
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SUMMARY 
 
Chapter 1 is the introduction of this thesis and presents a short overview over 
cardioprotective interventions. The phenomena of preconditioning and postconditioning, 
and main components of their respective underlying mechanisms with a focus on the role of 
mitochondria in cardioprotection are described.  
In Chapter 2, we investigate the bioenergetic consequences of mKCa channel activation in 
isolated heart mitochondria. Our results demonstrate that matrix K+ influx by mKCa channel 
activation increased the rate of mitochondrial respiration in a dose-dependent manner. 
Mitochondrial reactive oxygen species production was markedly increased due to 
maintenance of a high resting membrane potential in the face of markedly enhanced 
respiration. From our data we suggest a mechanism by which reactive oxygen species can 
be generated by K+ influx into the mitochondrial matrix due to mKCa channel activation. 
The impact of mKCa channel activation on reversed electron flow-induced reactive oxygen 
species is investigated in chapter 3. We demonstrate that mKCa channel activator NS1619 
reduces mitochondrial reactive oxygen species production that are generated by reversed 
electron flow into complex I of the electron transport chain. The relative decrease in reverse 
electron flow, and thereby free radical generation, is likely due to increased forward 
electron flow due to stimulated mitochondrial respiration.  

The protective potency of ischemic preconditioning has been shown to be reduced in the 
aged myocardium. In chapter 4, we demonstrate that the effect of mKCa channel activation, 
which is critically involved in ischemic preconditioning, is abolished in mitochondria that 
were isolated from aged rat hearts. We concluded that this might be one underlying reason 
of the decreased protective potency of ischemic preconditioning in the aged myocardium. 
Pharmacological preconditioning can be initiated by the noble gas helium. In chapter 5, we 
investigated whether mKCa channel activation and regulation in mitochondrial respiration is 
involved in helium-induced preconditioning. We demonstrate that helium confers 
preconditioning via mKCa channels and regulates mitochondrial respiration. Furthermore, 
both the cardioprotective properties and the effect on mitochondrial respiration are age-
dependent. 
In chapter 6, we investigate whether helium induces preconditioning in the pre-diabetic 
myocardium. We demonstrate that helium-induced preconditioning is abolished in obese 
Zucker rats in vivo probably. This reduction in protective potency is associated with by a 
diminished effect of Helium on mitochondrial respiration. 
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As described in chapter 5 and 6 of this thesis, the noble gas helium induced early 
myocardial preconditioning in the rat in vivo. We investigated in chapter 7 whether helium 
induces also late preconditioning, and if so, whether the cardioprotective effect is 
concentration-dependent. Furthermore, we studied whether repeated administration of 
helium on subsequent days will result in an increased cardioprotection. We could show that 
helium induces late preconditioning and that cardioprotection is already maximal with 
administration of one cycle of 30% helium. 
Chapter 8 focuses on the interaction of hyperglycemia and sevoflurane-induced 
postconditioning. We demonstrate that hyperglycemia abolishes the protective effect of 
sevoflurane-induced postconditioning, but pharmacological inhibition of the mPTP by 
cyclosporine A could restore the cardioprotective effect.  
The initial aim of the study described in chapter 9 was to investigate whether inhibition of 
the mPTP is involved in morphine-induced preconditioning in isolated rat hearts, but the 
expected cardioprotection was not detectable. Thus, we investigated the influence of 
different preconditioning protocols and substrate conditions on cardioprotection in this 
experimental model. We demonstrated that physiological levels of glutamine prevented 
morphine-induced preconditioning.   
In chapter 10, the main conclusions of this thesis are summarized. Furthermore, we 
included a general discussion about clinical implications and limitations of experimental 
models in this chapter. 
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NEDERLANDSE SAMENVATTING 
 

Hoofdstuk 1 vormt de inleiding van dit proefschrift en geeft een kort overzicht van 
cardioprotectieve interventies. De fenomenen preconditioning en postconditioning worden 
beschreven, alsmede de belangrijkste elementen van hun onderliggende mechanismen met 
een nadruk op de rol van het mitochondrion. 
In hoofdstuk 2 onderzoeken we het gevolg van mKCa kanaalactivatie op het mitochondriële 
energiemetabolisme in het geïsoleerde hart. Onze resultaten tonen aan dat matrix K+ influx 
door mKCa kanaalactivatie de snelheid van mitochondriële zuurstofconsumptie doet 
toenemen op een dosis afhankelijke wijze. De mitochondriële productie van reactieve 
zuurstofsoorten werd duidelijk verhoogd indien een hoog transmembraanpotentiaal werd 
gehandhaafd in combinatie met een verhoogde zuurstofconsumptie. Onze data doet 
vermoeden dat de productie van reactieve zuurstofsoorten wordt veroorzaakt door K+ influx 
de mitochondriële matrix in door mKCa kanaalactivatie. 
De impact van mKCa kanaalactivatie op de productie van reactieve zuurstofsoorten die door 
omgekeerde flux van elektronen ontstaan, wordt onderzocht in hoofdstuk 3. We laten zien 
dat de mKCa kanaal activator NS1619 de mitochondriële productie van reactieve 
zuurstofsoorten vermindert, die ontstaan door omgekeerde flux van elektronen naar comlex 
I van de elektronentransportketen. De relatieve afname van de omgekeerde elektronenflux 
en daarbij de productie van vrije radicalen, is waarschijnlijk het gevolg van een toename in 
de voorwaartse elektronenflux door verhoogde mitochondriële zuurstofconsumptie. 
Het is aangetoond dat het beschermend vermogen van ischemische preconditioning 
verminderd is in het oude myocardium. Activatie van mKCa kanaal is een kritieke stap in 
ischemische preconditioning. In hoofdstuk 4 laten we zien dat het effect van mKCa 
kanaalactivatie te niet gedaan is in mitochondria die geïsoleerd waren uit de harten van 
oude ratten. Wij concluderen dat dit mogelijk een van de onderliggende mechanismen is 
van het verminderd beschermend vermogen van ischemische preconditioning in het oude 
myocardium. 
Het edelgas helium kan farmacologische preconditionering in werking stellen. In 
hoofdstuk 5 onderzoeken wij of mKCa kanaalactivatie en regulatie in mitochondriële 
zuurstofconsumptie betrokken is bij helium-geïnduceerde preconditioning. Wij laten zien 
dat helium preconditionering via mKCa kanaalactivatie geeft, en mitochondriële 
zuurstofconsumptie reguleert. Zowel de cardioprotectieve eigenschappen als het effect op 
de mitochondriële zuurstofconsumptie zijn leeftijdsafhankelijk. 
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In hoofdstuk 6 onderzoeken wij of helium preconditioning induceert in het pre-diabetisch 
myocardium. Wij tonen aan dat helium-geïnduceerde preconditioning te niet gedaan wordt 
in obese Zucker ratten in vivo. 
Deze reductie in beschermend vermogen is geassocieerd met een verminderd effect van 
helium op mitochondriële zuurstofconsumptie. 
Zoals beschreven in hoofdstuk 5 en 6 van dit proefschrift, induceert helium vroege 
myocardiale preconditioning in de rat in vivo. In hoofdstuk 7 onderzoeken wij of helium 
ook late preconditioning induceert, en indien dit het geval is, of het cardioprotectieve effect 
concentratie afhankelijk is. Bovendien hebben we gekeken of herhaaldelijke toediening van 
helium op opeenvolgende dagen, een verhoogde cardioprotectie geeft. We hebben 
aangetoond dat helium late preconditioning induceert en dat maximale cardioprotectie 
reeds bereikt wordt bij toediening van een cyclus van 30% helium. 
Hoofdstuk 8 richt zich op de interactie van hyperglycemie en sevofluraan-geïnduceerde 
postconditioning. Wij laten zien dat hyperglycemie de beschermende werking van 
sevofluraan-geїnduceerde postconditioning te niet doet. Farmacologische inhibitie van 
mPTP door cyclosporine A kan de cardioprotectieve werking van sevolfluraan echter 
herstellen. 
Het oorspronkelijk doel van de studie die beschreven staat in hoofdstuk 9, was te 
onderzoeken of de inhibitie van de mPTP betrokken is bij morfine-geïnduceerde 
preconditioning in geïsoleerde rattenharten. De verwachte cardioprotectie was echter niet 
aantoonbaar. Daarom hebben wij onderzocht wat de invloed van verschillende 
preconditioning protocollen en substraat condities is op cardioprotectie in dit experimentele 
model. Wij tonen aan dat fysiologische waarden van glutamine morfine-geïnduceerde 
preconditioning voorkomt. 
In hoofdstuk 10 worden de voornaamste conclusies van dit proefschrift samengevat. Een 
algemene discussie over de klinische implicaties en de beperkingen van de experimentele 
modellen zijn ook opgenomen  in dit hoofdstuk. 
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