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Abstract 
Kavianipour M. 2002. Myocardial energy metabolism in ischemic preconditioning, role of adenosine 
catabolism. Umeå Univesity Medical Dissertations New series No 813.  69 pp. Umeå ISSN 91-7305-
333-3 ISBN 0346-6612. 
 
Introduction: Brief episodes of ischemia and reperfusion render the myocardium more resistant to 
necrosis from a subsequent, otherwise lethal ischemic insult. This phenomenon is called ischemic 
preconditioning (IP). Today, much is known about the signalling pathways involved in IP; however, 
the details of the final steps leading to cardioprotection, remain elusive. Adenosine (a catabolite of 
ATP) plays a major role in the signalling pathways of IP. Following IP there is an unexplained 
discrepancy between an increased adenosine production (evidenced by increased 5’ -nucleotidase 
activity) and the successively lower adenosine levels observed in the interstitial space. We propose 
that this discrepancy in adenosine production vs. availability may be due to an increased metabolic 
utilisation of adenosine by the IP myocardium. According to our hypothesis, IP induces/activates a 
metabolic pathway involving deamination of adenosine to inosine. Inosine is further catalysed (in 
presence of Pi) to hypoxanthine and ribose-1-phosphate. Ribose-1-phosphate can be converted to 
ribose-5-phosphate in a phosphoribomutase reaction. Ribose-5-phosphate is an intermediate of the 
hexose monophosphate pathway also operative under anaerobic conditions. Hence the ribose moiety 
of adenosine can be utilised to generate pyruvate and ultimately ATP (via lactate formation) n.b. 
without any initial ATP investment. Such cost-effective adenosine utilisation may at least partly 
explain the cardioprotective effect of IP. Objectives &  Methods: In the current studies we 
investigated the role of adenosine metabolism according to the suggested metabolic pathway by 
addition of adenosine and inhibition of its metabolism during IP as well as by comparing tissue and 
interstitial levels of key energy-metabolites following different protocols of IP. Furthermore, we 
studied the importance of the IP protocol with regard to the number of ischemia and reperfusion cycles 
for the cardioprotective effect of IP. In addition, the validity of the microdialysis technique for 
experimental in vivo studies of myocardial energy metabolism was evaluated. For these purposes the 
microdialysis technique, tissue biopsies, and planimetric infarct size estimation in an open chest 
porcine heart-model was used.  Results: Addition of adenosine via microdialysis probes enhanced the 
interstitial release of inosine, hypoxanthine and lactate in the myocardium of IP-subjects during 
prolonged ischemia. This finding did not occur in non-preconditioned subjects. Similar addition of 
deoxyadenosine a non-metabolizable adenosine receptor-agonist, did not evoke the same metabolic 
response.  Purine nucleoside phosphorylase (PNP) is responsible for the conversion of inosine to 
hypoxanthine being a key enzyme in the above mentioned metabolic pathway. Inclusion of 
8’aminoguanosine (a competitive inhibitor of PNP) decreased interstitial hypoxanthine release (as a 
token of PNP inhibition) and increased the release of taurine (marker of cellular injury) in the ischemic 
IP-myocardium. Addition of inosine (a natural substrate of PNP) reverted these changes. Four IP 
cycles protected the heart more than one IP cycle as evidenced by morphometric and energy-metabolic 
data. Proportionally more hypoxanthine was found in the myocardium of IP subjects during prolonged 
ischemia. The ratio of tissue levels of inosine/hypoxanthine (used as an indicator of PNP activity) was 
significantly smaller in the IP groups. In addition, myocardial interstitial levels of energy-related 
metabolites (lactate, adenosine, inosine, and hypoxanthine) obtained by the microdialysis technique 
correlated with tissue biopsy levels of corresponding metabolites. Conclusions: IP activated a 
metabolic pathway favouring metabolism of exogenous adenosine to inosine, hypoxanthine and 
eventually lactate. Inhibition of adenosine metabolism following IP (via inhibition of PNP-activity) 
resulted in enhanced cellular injury. PNP-activity is proportionally higher in IP-myocardium. 
Metabolic utilisation of adenosine in IP-myocardium (as outlined above) may represent a cost-
effective way to produce ATP and at least partly explain the cardioprotective effect of IP. IP protects 
the myocardium in a graded fashion. Furthermore, we confirmed the validity of the microdialysis 
technique (in the current setting) for studying dynamic changes of myocardial energy metabolism. 
 
Keywords: Ischemic preconditioning, adenosine, purine nucleoside phosphorylase, microdialysis, and 
pig. 
© Mohammad Kavianipour 2002. Printed in Sweden by Fyristryck, Uppsala 2002 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

They say ” …Time is a fire,  in which we All burn.”  
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1.Abbreviations 
 
AAR……………………….. Area at risk 
ADP………………………...Adenosine 5’ -diphosphate 
AMP………………………..Adenosine 5’ -monophosphate 
ANBP……………………… Adenine nucleotide breakdown products 
ANOVA…………………… Analysis of variance 
AT…………………………. Angiotensin 
ATP………………………... Adenosine 5’ -triphosphate 
AUC……………………….. Area under curve 
Ca2+………………………… Calcium ion 
CoA………………………... Coenzyme A 
COX-2……………………... Cyclo-oxygenase 2 
EC…………………………. Energy charge 
ECG………………………... Electrocardiography 
eNOS………………………. Endothelial nitric oxide synthase 
GMP……………………….. Guanosine 5’ -monophosphate 
G-protein…………………... GTP-binding protein 
H+…………………………... Proton (hydrogen ion) 
IMP………………………… Inosine 5’ -monophosphate 
iNOS……………………….. Inducible nitric oxide synthase 
IP…………………………... Ischemic preconditioning 
IS…………………………... Infarct size 
K+…………………………... Potassium ion 
KATP-channel…………….. ATP-sensitive potassium channel 
LAD………………………... Left anterior descending artery 
M2-receptor………………… Muscarinic type 2 receptor 
MAPK……………………... Mitogen activated protein kinase 
Mg2+……………………….. Magnesium ion 
Na+…………………………. Sodium ion 
NADH……………………... Nicotineamide adenine dinucleotide, reduced form 
NADPH……………………. Nicotineamide adenine dinucleotide phosphate, reduced form 
nNOS……………………… neuronal nitric oxide synthase 
Never-ischemic……………. Tissue never subjected to ischemia 
Non-ischemic……………… Tissue designated for ischemic studies, but currently not under ischemia 
NO…………………………. Nitric oxide 
PCr…………………………. Phosphocreatinine 
PDH………………………... Pyruvate dehydrogenase complex 
Pi…………………………… Inorganic phosphate, orthophosphate 
PC………………………….. (Ischemic) Preconditioning, should be considered synonymous with IP  
PNP………………………… Purine nucleoside phosphorylase 
PKC………………………... Protein kinase C 
PTCA………………………. Percutanious transluminal coronary angioplasty 
RR-rate…………………….. Relative recovery rate 
SAH………………………... S-adenosylhomocysteine 
SWOP……………………… Second window of protection 
TTC………………………... Triphenyl tetrazolium chloride 
UV…………………………. Ultraviolet 
VPATPase…………………. Vacuolar proton ATPase 
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2.Myocardial metabolism  

2.1.General overview 

Since ancient times the heart has been considered a harbouring site for the human soul and essential 

for spiritual well-being in many cultures. The anatomy of the heart has been known since long, 

however its physiologic role as a muscle and a component of the circulatory system was first described 

by William Harvey in 1628. A combination of delicately balanced anatomic and physiologic 

properties makes the heart a formidable pump with endurance and flexibility that is unparalleled by 

any man-build device.  

In order to function properly the myocardium requires an uninterrupted supply of 

energy (as well as wash-out of deleterious metabolic products). Energy-requiring processes in the 

heart are fuelled by vast amounts of adenosine triphosphate (ATP)1, which is derived from a number 

of sources including free fatty acids, glucose, lactate, ketone bodies, and glycogen. β-Oxidation of free 

fatty acids ending up in acetyl-CoA (further metabolized in Kreb’s cycle) comprises the main energy 

source of the myocardium under normoxic conditions [1, 2]. The transport of free fatty acids into the 

myocyte occurs by saturable carriers as well as by nonsaturable diffusion across the plasma membrane 

(sarcolemma) [3]. Glucose enters the myocyte through active transport while lactate and ketone bodies 

are transported via an H+ symporter [4]. The complete metabolism of glucose, lactate, and glycogen 

involves the oxidative decarboxylation of pyruvate by the pyruvate dehydrogenase complex (PDH). 

Although pyruvate decarboxylation in the heart accounts for only 3-6% of the flux in the Kreb’s cycle 

in vivo, it appears necessary for maintenance of normal activity [5, 6]. Moreover, it was suggested that 

glycolytically derived ATP is more important (than mitochondrial ATP) for membrane function during 

both normoxia and hypoxia [8, 9]. In addition, it is well known that glycolysis is more efficient than β-

oxidation in terms of ATP generated per mole O2 consumed [7].  

Physiologic heart work is consistent with high ATP turnover and rapid shifts in the 

amount of workload. This places an enormous pressure on myocardial energy delivery, necessitating 

intermediary energy buffering systems. The myocyte possesses several such systems out of which the 

phosphocreatine (PCr) shuttle is the most significant. Creatine synthesized in the liver and kidney is 

taken up by the myocyte through active transport, phosphorylated to PCr and stored in the cytosol for 

future use. Upon demand PCr together with adenosine diphosphate (ADP) is catalysed by creatine 

kinase to yield ATP and creatine. 

The overall nutritional state is also a determinant of myocardial energy metabolism. 

Thus in the fasting state the release of free fatty acids from deposits in fat tissue and their further 

metabolism through β-oxidation (in heart) is promoted while glucose metabolism is (globally) 

inhibited. In the well-fed state the release of free fatty acids is suppressed and glucose is an important 

energy source. 

                                                           
1 It was suggested that the daily turnover of ATP in the human heart would amount 35 kilograms [1].   
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2.2.Myocardial metabolism, pathologic states 

During inadequate oxygenation there is a rapid shift in cardiac utilization of energy substrates from 

fatty acids to glucose and subsequent lactate formation [10]. In the myocyte glucose is supplied either 

by the extracellular fluid or by mobilization of glycogen. Upon ischemia2 myocardial contractility and 

energy expenditure is considerably reduced [reviewed in 11]. Nonetheless, acidosis and a progressive 

drop in myocardial ATP levels will follow. In the myocardium, maintained ATP levels are essential 

not only for the contractile effort but also for the proper function of membrane ion pumps the function 

of which are essential for sustaining the structural integrity of the cell. Hence, following ischemia and 

subsequent low levels of ATP, profound ionic changes will occur including depletion of intracellular 

K+ and Mg2+ and an increase in cytosolic Na+ and Ca2+. The physiologic response to ischemia further 

includes an increased gene expression of a variety of enzyme systems such as enzymes of glycolysis 

and glucose transporter proteins [12], which further influence myocardial energy metabolism. During 

sustained ischemia (lasting more than 30 min) myocyte energy production is seriously compromised, 

due to a low pH (lactacidosis and Pi accumulation) and depletion of energy reserves. Membrane 

instability and mitochondrial swelling will commence making the risk of cell death imminent. 

Moreover, catecholamines released during ischemia stimulate glycogenolysis and glycolysis thereby 

influencing substrate availability and thus myocardial metabolism.  

Following transient ischemia the myocardium exhibits a prolonged period of functional 

depression referred to as stunning [13], which can last for days [14]. Although myocardial energy 

metabolism returns to normoxic conditions in the stunned heart, ATP levels remain depressed in 

correlation with myocardial functional impairment [15, 16]. It was suggested that the wash out of 

diffusible ATP breakdown products during reperfusion limits the resynthesis of ATP [17]. However 

there might be another explanation. As discussed below, in certain ischemic conditions, ATP 

breakdown products can be utilized to generate ATP in a cost-effective way, possibly playing a pivotal 

role for myocyte survival. 

In the diabetic heart the uptake of glucose is compromised as a consequence of low 

insulin levels and/or insulin resistance. This in turn results in an enhanced β-oxidation of fatty acids 

leading to an accumulation of acetyl-CoA and ketone body formation. The abundance of acetyl-CoA 

inhibits the flux through the PDH-complex, resulting in redirection (of the already low levels) of 

pyruvate towards lactate formation. Further, PDH-activity is inhibited by a specific inhibitory protein 

(protein kinase A activator), the de novo synthesis of which is up-regulated in diabetes mellitus [18]. 

Altogether this results in enhanced anaerobic glycolysis and thus ineffective energy turnover in the 

diabetic heart. In the ischemic diabetic heart the supply of glucose is limited due to restricted transport 

of glucose and deficient glycogen stores, which further compromises the myocardial energy 

metabolism.  

                                                           
2 Rudolf Virchow (1858) is believed to be the first to use the term ischemia to describe the result of restricting 
blood flow to tissue. 
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3.Myocardial energy-related metabolites 

3.1.Adenine nucleotides 

ATP is the main energy delivering compound in most living organisms. Discovered in 19293, it has 

come to play an important role in biologic research. In most cells ATP is mainly generated by the 

action of the electron transport chain (involving F1-F0 ATPsynthase under aerobic conditions). De 

novo synthesis of ATP is also an important pathway which help to restore depleted ATP levels and 

salvage its breakdown products. Alternate ATP-generating mechanisms operative under anaerobic 

conditions or during high energy demand, include a number of kinase systems, i.e. phosphoglycerate 

kinase, pyruvate kinase, creatine kinase, adenylate kinase, and nucleoside diphosphate kinase. ATP 

decay primarily yields ADP or sometimes AMP formation. The ratio of these three compounds is 

tightly regulated and a major determinant of cell energy metabolism. 

It has been suggested that cell death occurs when ATP has declined to a level that is 

insufficient for maintaining the structural integrity of the cell [19, 20]. However, it is often assumed 

that energy charge (EC) is a better way of expressing the cellular energy level of importance for cell 

survival [21]. The energy charge (EC = [ATP] + ½ [ADP] / [ATP] + [ADP] + [AMP]) of myocardium 

is normally 0.91 for most tissues and cells [22]. If the energy balance is disturbed, the ATP level 

declines (due to the predominance of ATP hydrolyzing reactions), ADP and AMP accumulate and the 

EC is lowered. Although this situation stimulates regeneration and inhibits utilisation of ATP, a 

progressive or prolonged imbalance may injure the cell. It has been claimed that an EC-value of about 

0.5 is critical for cell survival [23, 24]. Other reports have described EC well below 0.5 as being 

compatible with life [25, 26]. 

 

3.2.Adenine nucleotide breakdown products 

Adenosine4 a catabolite of adenine nucleotides is a ubiquitous biological compound found in every 

cell of the human body. Adenosine exerts a number of physiologic actions which are mediated through 

at least three subclasses of receptors (table 1). 

In the myocardium, adenosine is a product of cell energy metabolism being produced 

from AMP by cytosolic- and/or ecto 5’ -nucleotidase [28] or through hydrolysis of S-

adenosylhomocysteine (SAH) by SAH-hydrolase. Hydrolysis of SAH is the major source of adenosine 

during normoxia. The cellular concentration of adenosine is minute under normoxia but increases 

markedly following stress i. e. ischemia. This is primarily due to increased 5’ -nucleotidase activity 

 

 

                                                           
3 ATP was discovered in 1929 by Fiske and Subbarow in USA and Lohmann in Germany, working 
independently. 
4 Drury & Szent-Gyorgyi (1929) were the first to report that extracts from various tissues containing adenosine 
produced bradycardia, hypotension and coronary vasodilation [27]. 
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which by removing AMP shifts the equilibrium of the adenylate kinase reaction in favour of ATP 

restoration (adenylate kinase catalyses the dismutation reaction between two ADP giving rise to one 

ATP and one AMP). Although adenosine can be rephosphorylated to AMP by adenosine kinase at the 

expense of ATP, it does not for obvious reasons seem to be the preferred pathway in the ischemic 

myocardium [29, 30]. Newly-formed adenosine crosses the myocyte membrane by simple diffusion 

and accumulates in the interstitial fluid. From there it escapes to the intravascular compartment by 

paracellular washout or it is taken up by endothelial cells, red blood cells, and pericytes by nucleoside 

carriers. Inside these cells adenosine is further metabolised to inosine, hypoxanthine, xanthine, uric 

acid, and allantoin5. However, as will be discussed later, adenosine may also be metabolised inside the 

myocyte as part of a cost-effective energy utilisation.  

Adenosine, besides being directly converted to inosine can participate in a number of 

other pathways. Fig. 1 gives a schematic presentation of adenosine metabolism. Routes of adenosine 

metabolism include a) conversion directly to AMP by adenosine kinase requiring ATP. b) Conversion 

to AMP via IMP. This is also an energy requiring reaction c) Conversion to GMP via IMP. GMP can 

further be converted to guanosine and guanine, producing ribose-1-phosphate. GMP exerts negative 

feed back on its own production. d) Conversion to adenine and ribose 1-phosphate in presence of 

orthophosphate. d) Hydrolysis to inosine via IMP. This route seems to be the main pathway of 

adenosine metabolism under normoxic conditions [31]. 

 

Table 1 
Overview of three adenosine receptor subclasses and their main effects on the cardiovascular and extra-
cardiac systems. 
 

  Receptor -type Cardiovascular effects 
 

Extra-cardiac effects 
 

      
A1   Attenuation of the inotropic effects of 

β-adrenergic receptor stimulation 
Increased chemotaxis of leukocytes. 
Inhibition of renin and catecholamine 
release. 
Modulation of Na+-Ca2+ exchange 
 

 Bronchoconstriction 
Reduced HCL secretion in gastric 
mucosa. 
Reduced lipolysis, stimulated glucose 
uptake and increased insulin sensitivity 
in adipose tissue 
Modulation of germ cell production.  
Modulation of pituitary hormone 
release. 

         
A2   Increased nitric oxide production. 

Relaxation of smooth muscles. 
Inhibition of cytokine and O2-derived 
free radical production. 
Inhibition of platelet aggregation. 
 

 Bronchodilation. 
Inhibition of respiration in medulla 
oblongata. 
Immunusuppression. 
Modulation of germ cell production.  
Modulation of pituitary hormone 
release. 

              
A3   Increased histamine release  Bronchoconstriction 

Modulation of germ cell production.  
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3.3.Lactate 

Lactate is the product of anaerobic glucose metabolism. Lactate formation restores NAD+ levels which 

are depleted following hypoxia. Maintained NAD+ levels are necessary for the 3-phosphoglycer-

aldehyde reaction and thus critical for the glycolytic flux. Lactate production is mediated by lactate 

dehydrogenase which displays elevated activity following compromised energy metabolism in most 

tissues, including the myocardium. Following restoration of aerobic energy metabolism lactate can be 

reconverted to pyruvate6 and thus further metabolised in Kreb’s cycle (only in heart). Under certain 

conditions (i.e. low flow ischemia) aerobic lactate is produced. The physiologic significance of aerobic 

lactate production is not fully elucidated.  

 

3.4.Taurine 

Taurine is a sulphur-containing amino acid making up about 50% of the free amino acid pool in 

mammalian hearts [32]. Accumulated in the myocyte through active transport, taurine is involved in 

osmoregulation, lipid metabolism, calcium transport, and membrane function in cardiomyocytes [33]. 

Enhanced release of taurine is associated with acute and evolving myocardial injury [34, 35, 281]. 

Taurine may also represent an osmotic energy reserve in the myocardium [36]. Accordingly, during 

cellular stress (i.e. ischemia), intracellular taurine can be exploited for counteracting unwanted 

accumulation of Na+ (via Na+/taurine symport exodus). This in turn restores cellular Na+ gradient 

which can be used for Na+/Ca2+ antiport, thereby preventing the Ca2+ overload tightly associated with 

ischemia and reperfusion.  

 

                                                                                                                                                                                     
5 Uric acid may be converted to allantoin in birds and most mammals except man. 
6 Conversion of lactate to pyruvate takes place only in liver and heart. 
 

NH3 

Ribose 1-P Pi 

6 
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2 

 Guanosine 
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GMP 
2 

9 

Hypoxanthine   Inosine 

Xanthine 
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Pi 

6 

6 

   Uric acid 

  SAH 
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7 Fig. 1 Schematic illustration of 

pertinent steps in purine metabolism. 
Abbreviations: Pi, inorganic 
phosphate; PRPP, 
phosphoribosylpyrophosphate; SAH, 
S-adenosylhomocysteine; 1: 
ATPase; 2: ecto-/endo 5’ 
nucleotidase; 3: adenosine kinase; 
4: AMP deaminase; 5: adenosine 
deaminase; 6: purine nucleoside 
phosphorylase; 7: S-
adenosylhomocysteine hydrolase; 8: 
adenylate kinase; 9: hypoxanthine 
guanine phosphoribosyltransferase;  
(          ): Energy requiring reaction. 
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4.Ischemic preconditioning (IP) 

4.1.Historic background 

In the mid 80s an American research group was interested to learn more about the pathophysiology of 

ischemic myocardial injury. Reimer et al. [37] had observed that prolonged ischemia (40 min) resulted 

in marked decrease of ATP levels and subsequent myocardial necrosis. However they wanted to find 

out whether brief episodes of ischemia, each reversible by itself, could cause cumulative metabolic 

derangements leading to myocardial necrosis. It was also desirable to know whether it was the 

accumulation of toxic catabolites or the declining ATP levels that caused myocardial injury. In parallel 

with a previous report demonstrating preservation of nucleotide levels following repetitive episodes of 

ischemia [38], using a canine model of myocardial infarction they designed a study consisting of four 

10-min periods of ischemia (compromising altogether 40 min of ischemia) interspaced with short 

periods of reperfusion - allowing wash out of catabolites. They found that the ATP levels decreased 

following the first ischemic bout but were preserved after the following ischemic periods. This was in 

contrast with the progressive loss of ATP observed in the control group which were treated with a 

single 40 min long ischemia [37]. The investigators suspected the existence of an adaptation 

mechanism induced by ischemia. Their suspicions were materialized in the follow-up experiment as 

the developed infarct size following a 40 min ischemia was distinctly smaller when the 40 min insult 

was preceded by four repetitive short cycles of ischemia and reperfusion [39]. The observed 

cardioprotection was independent from confounding factors such as collateral blood flow and 

hemodynamic variables. Murry et al. referred to this protective phenomenon as “ ischemic 

preconditioning”7 (IP) [39]. Since then IP has been demonstrated to induce cardioprotection (against 

subsequent ischemia) in virtually all tested models.  

 

4.2.IP a phenomenon merely in laboratory animals? 

Over the years our knowledge concerning IP has grown considerably8. IP has proven to be one of the 

most potent means of protecting the myocardium against ischemic injury in experimental models. 

Ethical considerations have confined the possibilities of studying IP in humans. Nonetheless, evidence 

for existence of the IP phenomenon in man has been gathered from a variety of clinical and 

experimental observations. 

The warm-up angina9 is ascribed as a phenomenon occurring in patients with ischemic 

heart disease undergoing an exercise-test, who experience signs of ischemic chest pain during initial 

exercise but can perform the same task without noticeable discomfort after a few minutes of rest. 

Traditionally the recruitment of collateral blood flow was considered as the main contributing factor to 

                                                           
7 Also known as classic preconditioning or early IP. 
8 The search term “ ischemic preconditioning”  [ALL FIELDS] yielded over 2100 published articles in MEDLINE 
in August 2002. 
9 Also referred to as first effort, first hole, or walk through angina. 
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the warm-up angina phenomenon [40]. However, recently it was proposed that the warm-up angina 

also occurred in absence of collateral recruitment [41], implicating IP as a possible explanatory 

mechanism [42, 43]. Moreover, balloon inflations during angioplasty have been exploited as a model 

of IP in humans. Patients undergoing angioplasty showed improvement of ischemic parameters (i.e. 

chest pain, ST segment elevation, and lactate release) following an initial balloon inflation that at least 

lasted for 60 to 90 seconds [44, 45]. These effects were shown to be unrelated to collateral recruitment 

[46, 47]. Although such beneficial effects were not observed by all [48], the effects of first balloon 

inflation have been shown to be influenced by pharmacological modifiers of the IP phenomenon, thus 

suggesting involvement of IP [49, 50]. Furthermore, pre-infarct angina was proposed to be a model of 

human IP [51, 52]. It was suggested that ischemic chest pain might be a sign of accumulation of IP 

triggering substances [reviewed in 41]. Retrospective and prospective studies have shown a beneficial 

role of pre-infarct angina for survival outcome [53, 54]. In addition, intermittent cross clamping of the 

aorta during coronary artery bypass surgery has been used as a model of IP by Yellon et al. who were 

able to show a preservation of ATP levels in the myocardium following this procedure [55]. Also, 

small atrial trabeculae harvested during cardiac surgery [56] and cultured human adult cardiomyocytes 

[57] have been shown to be protected from ischemic injury after IP treatment. Altogether these data 

suggest that the IP phenomenon does occur in man. Understanding of the involved mechanisms may 

help to extend the current therapeutic window in ischemic heart disease. 

 

4.3.Mechanisms 

 It was early speculated that the IP phenomenon was receptor-mediated and initiated by the local 

release of triggering substances. Adenosine binding to adenosine A1 receptors was the first triggering 

mechanism to be recognised [58]. Stimulation of myocardial adenosine A1 receptors mimicked while 

the inhibition of these receptors abolished the protective effect of IP in rabbits [58]. Today a number 

of other triggering mechanisms have been identified, including: adenosine via A3 receptors [59], 

opioids via delta-opioid receptors [60], bradykinin via B2 receptors [61], angiotensin II via AT1-

receptors [62], catecholamine via alpha 1-receptors [63], endothelin 1 via type 1 receptors [64], and 

acetylcholine via M2 receptors [65]. Nitric oxide (NO) was also demonstrated to be involved in the IP 

response [reviewed in 66]. It was suggested that triggering IP by ischemia or any of the 

aforementioned triggers resulted in an NO-surge which mediated cardioprotection by activation of the 

protein kinase C (PKC) system, vasodilation, induction of heat stress proteins, and anti arrhythmic 

effects [reviewed in 67]. Moreover, the release of free radicals have been shown to play a role in IP as 

introduction of free radical scavengers blocked, while infusion of hypoxanthine and xanthine oxidase 

(to form a free radical generating system) mimicked the protective effect of IP [68]. It was observed 

that the block of protection observed by inhibiting one or more of the aforementioned triggering 

mechanisms could be restored by increasing the number of ischemia and reperfusion cycles used in the 

IP protocol [61, 68]. This finding together with the observed redundancy in the receptor mechanisms 
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that trigger IP were the background for the introduction of a threshold theory concerning IP [69]. 

Accordingly, the cardioprotective effect of IP was the result of the cumulative actions of all trigger-

mechanisms reaching a threshold for protection. Thus, inhibition of one trigger mechanism would 

require increased stimulus by the remaining triggers in order to reach the stipulated threshold. In 

addition, there seems to exist a species-related difference in the predominant triggering mechanism. In 

the rat, adrenergic and opioid signalling seems dominant, whilst bradykinin and adenosine signalling 

is more important in rabbit myocardium [reviewed in 70].  

All receptor systems involved in IP couple to and activate G-proteins and 

phopholipases [71], which in turn result in diacylglycerol release. Diacylglycerol activates the PKC 

system. Activation of PKC by agonists and its inhibition by antagonists mimicked, and blocked the 

protective effect of IP, respectively [72, 73]. However, the importance of the activation of the PKC 

system for the IP phenomenon in large animal models (dog and pig) has not been conclusive. 

It was observed that inhibition of the PKC system failed to block the cardioprotection 

offered by IP when a PKC-antagonist was given during the IP phase while the same antagonist 

completely blocked the protection when given during the prolonged ischemia [74]. This raised the 

question of how receptor activation during the IP phase was linked to PKC activation during the 

prolonged ischemic insult. An explanation was offered by Liu et al. [75] who suggested that 

translocation of PKC from the cytosol to the sarcolemma would account for the temporal discrepancy 

between receptor activation and kinase activity and thus explain the “memory”  of the IP phenomenon. 

This line of reasoning has been confirmed by others [76, 77].  

Moreover, experimental evidence suggested that tyrosine kinase (also activated by 

diacylglycerol) mediated the protective effect offered by IP [78, 79]. The activity of tyrosine kinase 

can be in parallel to or downstream the activation of the PKC system [79]. An increased activity of the 

mitogen-activated protein kinases (MAPKs)10 was also observed following IP [78, 80]. Stimulation of 

MAPKs activity (via JNK and p38) mimicked [79, 81], while inhibition of their activity blocked the 

protective effect of IP [82]. Similar to PKC activation, the modulation of tyrosine kinase and MAPK 

systems was effective only when performed during the prolonged ischemic insult.  

  The final step leading to cardio-protection induced by IP is not known. So far a number 

of hypotheses have been put forward. However, none has been able to offer a conclusive explanation. 

In recent years the KATP – channel11 has emerged as the most probable end-effector in IP, as KATP – 

channel openers mimicked and KATP – channel inhibitors abolished the protective effect of IP [84, 85]. 

                                                           
10 Discovered first in 1988 the MAPKs constitute a superfamily of proteins with a conserved amino acid 
sequence (Thr-X-Tyr) within their activation loop. Phosphorylation of both Thr and Tyr results in activation of 
these kinases. MAPKs are involved in signal transduction in the cell. Two subgroups of MAPKs have been 
shown to be activated by cellular stress namely, cJun N-terminal kinase (JNK), and p38/reactivating kinases 
(p38). 
11 The KATP –channel was first described by Noma [83] in cardiac ventricular myocytes. These channels are 
inhibited by physiologic levels of ATP and as ATP falls channel open probability increases allowing exodus of 
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Initially it was believed that opening of KATP – channels mediated cardio-protection via shortening of 

the (myocardial) action potential duration and subsequent cardioplegia [reviewed in 86]. However 

later studies demonstrated that cardioprotection afforded by IP was dissociated from action potential 

duration [87, 88]. Moreover it was suggested that mitochondrial (rather than sacrolemmal) KATP – 

channels were involved in mediating cardioprotection [89, 90]. Although the role of KATP – channels 

in meditating the effects of IP is indisputable it is still unclear how the opening of these channels result 

in cardioprotection. Experimental data suggest that opening of KATP –channels lead to a net flux of K+ 

into the mitochondrial matrix and subsequent, membrane depolarisation, and matrix swelling. It will 

also result in enhanced respiration, and reduced calcium overload [reviewed in 91]. 

Gottlieb et al. [92] suggested that the vacuolar proton ATPase (VPATPase) may be a 

target of PKC in mediating IP. According to their hypothesis IP activated VPATPase-mediates proton 

efflux (via PKC). Hence, during ischemia, less acidosis induced by VPATPase may reduce Na+ 

overload via Na+/H+ exchange and consequently, Ca2+overload via Na+/Ca2+ exchange. Altogether this 

will result in less acidosis, apoptosis, and subsequent cardioprotection. Further investigations are 

needed to elucidate the biologic significance of VPATPase activity in IP. In addition, mitochondrial 

F1-F0 ATPsynthase has been implicated as a possible end effector of the IP phenomenon [93]. Under 

normoxic conditions F1-F0 ATPsynthase acts as a major source of ATP production by phosphorylating 

ADP in presence of orthophosphate (Pi). The energy required for this phosphorylation is derived from 

the electrochemical proton gradient across the mitochondrial inner membrane which is generated by 

the actions of the electron transport chain. It was observed that during ischemia, F1-F0 ATPsynthase 

catalysed the formation of ADP and Pi from ATP, resulting in ATP wastage [94]. Thus the activity of 

this enzyme may be deleterious to the heart during ischemia. Vourinen et al. [95] reported an 

inhibition of mitochondrial F1-F0 ATPsynthase activity following IP. They suggested that the 

inhibition of the ATPsynthase might account for sparing of high energy-phosphates and thus 

improvement of the energy state of the myocardium following IP. However, later studies showed that 

the protective effect of IP was not dependent on F1-F0 ATPsynthase activity [96, 97]. A 

comprehensive summary of known mechanisms involved in the IP phenomenon is presented in Fig. 2. 

 

4.4.Late IP 

It was early observed that the protective effect of IP lasted for merely 2-3 h [39, 98]. However, 

Kuzuya et al. [99] reported the reoccurrence of tolerance against ischemia approximately 24h after the 

initial IP stimulus in a dog model, suggesting the existence of a second phase of protection. Later 

studies confirmed this and such a second phase of protection which was referred to as second window 

of protection (SWOP) or late IP [100, 101]. The cardioprotective effect of late IP differed substantially 

from that afforded by classic IP. Whereas the protective effect of the latter was immediate, lasted for 

                                                                                                                                                                                     
K+. Other modulators of KATP activity include, pH, fatty acids, NO, SH-redox state, various nucleotides, and G-
proteins [reviewed in 86]. 
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2-3 h, and mainly protected against ischemia-induced necrosis, late IP has been shown to be protective 

against both ischemia-induced necrosis as well as stunning. Moreover, it occurs after approximately 

24 h and lasts up to 72 h [102-104]. In analogy with classic IP, studies of late IP have highlighted the 

role of triggering mechanisms, mediators and end-effectors (Fig. 1). A1 and A3 adenosine receptors, 

NO, reactive oxygen species, and opioid receptors have all been implicated in the mechanism of late 

IP [reviewed in 105]. Moreover, PKC, tyrosine kinase, and MAPK:s were shown to be mediators of 

the protective effects [106-108]. It was demonstrated that protein synthesis (and not merely activation 

of pre-existing proteins) was necessary for manifestation of the protective effect of late IP [109]. 

Hence, heat stress proteins12, were proposed to be involved in the cardioprotective mechanisms of late 

IP as myocardial HSP70 content increased 24 h after IP treatment [112-113]. However, later studies 

have not been able to show a correlation between HSP70 increase and protection against myocardial 

infarction following IP [114, 115].   

Inhibition of all three NO synthase (NOS) isoforms (endothelial [eNOS], inducible 

[iNOS], and neuronal [nNOS]) before the IP stimulus abolished the cardioprotective effect of late IP 

[116] and maintained iNOS activity was shown to be important for cardioprotection 24 h after the PC 

stimulus [117, 118]. These findings together with the data supporting the involvement of NO in 

activation of IP suggested a dual role of NO, first acting as a trigger (via eNOS and/or nNOS) and 

subsequently as a mediator (via iNOS) of protection in the IP phenomenon [105, 119].  

A number of studies have identified the opening of KATP – channels as an end-effector, mediating the 

infarct-sparing effects of late IP [120-124]. The opening of these channels was associated with the 

infarct-sparing effect of late IP but not found necessary for the protection against stunning [125]. 

Moreover, Shinmura et al. using the rabbit heart model demonstrated that the expression of cyclo 

oxygenase-2 (COX-2) [126] and aldose reductase13 [127] was upregulated 24hafter an initial IP 

stimulus. Inhibition of COX-2 or aldose reductase activity abrogated the protective effect of late IP, 

suggesting the involvement of these enzymes in the overall mechanisms of late IP.  

 

4.5.Remote IP 

Przyklenk et al. [128] were the first to demonstrate that IP stimulus in one region of the heart 

protected another remote, virgin region from subsequent sustained coronary artery occlusion. The 

concept of remote IP was born. Cardioprotection mediated via remote IP has been observed after 

inducing ischemia in kidney [129], intestine [129], and skeletal muscle [130]. Little is known about 

the overall mechanisms of remote IP. However, adenosine [131], and bradykinin [132] have been  

                                                           
12 Heat stress proteins (HSP) are overexpressed in response to heat stress or ischemia. It was observed that 
transgenic mice overexpressing HSP 70 were more resistant to ischemia induced myocardial injury [110-111]. 
13 Aldose reductase catalyses the metabolism of glucose to sorbitol and takes part in detoxification of lipid 
aldehydes derived by reactive oxygen species. The activity of aldose reductase is upregulated following exposure 
to oxidative or osmotic stress, cytokines and NO. 
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      Free radicals 

Fig 2. Schematic overview of the mechanisms involved in the 
ischemic preconditoning  (IP) phenomenon. ( 1 ), triggering 
mechanisms. ( 2 ), mediators of the signalling cascade. ( 3 ), end-
effectors providing protection. Abbreviations: Mapk, Mitogen 
activated protein kinase; PKC, protein kinase C; NO, nitric oxide; 
iNOS, inducible NO-synthethase; COX-2, cyclooxygenase-2; 
VPATPase, vacoular proton ATPase. 
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 implicated in the signalling pathways. Furthermore, the concept of IP has been successfully 

demonstrated in other organs than the heart [133-135]. 

 

4.6.IP and the diseased heart 

The bulk of our knowledge concerning IP is based on studies of healthy subjects. The few studies 

focusing on the efficacy of IP in the diseased heart have produced conflicting results. Speechly et al. 

[136] were able to demonstrate preserved efficacy of IP in a rat model of  hypertension and 

hypertrophy, which was confirmed by others [137-140]. Moreover, the presence of a critical coronary 

stenosis did not abolish the protective effect of IP in pigs [141]. However, Szilvassy et al. [142] using 

a model of pacing induced ischemia in the rabbit heart reported the loss of the beneficial effects of IP 

in hypercholesterolemic subjects. This was also demonstrated in the rat [143]. 

Ischemic heart disease is associated with a more severe prognosis in diabetic patients 

[144, 145]. Interestingly, patients with non-insulin-dependent diabetes mellitus experience a higher 

cardiovascular mortality rate than patients with insulin-dependent diabetes mellitus [146]. Recently the 

use of the oral antidiabetic agent glibenclamide was reported to be associated with increased risk of in-

hospital mortality among diabetic patients undergoing coronary angioplasty for acute myocardial 

infarction [147]. Glibenclamide exerts its actions by inhibiting KATP – channels, which raises the 

question whether treatment with oral hypoglycaemic agents or diabetes per se interferes with the 

protective effect of IP.  

We have shown that glibenclamide inclusion did not alter myocardial energy 

metabolism in normal porcine hearts subjected to IP [148]. Tosaki et al. [149] reported that 

streptozotocin-induced diabetic rat hearts could not be protected by IP. In addition, the protective 

effect of a single ischemia/reperfusion cycle was abrogated by streptozotocin treatment [150]. 

Amplifying the IP stimulus to 3 ischemia/reperfusion cycles circumvented the effect of streptozotocin. 

Moreover, IP did not limit infarct size in diabetic canine hearts [151]. However, Cleveland et al. 

reported that human right atrial trabeculae extracts with insulin-treated diabetes were responsive to an 

IP stimulus whereas tissues subjected to long term treatment with oral antidiabetic agents, were not 

[152]. Furthermore, the beneficial effects of prodromal angina (limited infarct size, enhanced recovery 

of LV function and improved survival) were not observed in non-insulin-treated diabetic patients 

[153]. Treatment of type II diabetics with glibenclamide blocked the warm up phenomenon [154] and 

prevented the improvement of hemodynamic variables normally observed following the first balloon 

inflation during PTCA [155]. The evidence reviewed above suggests that IP may protect the 

myocardium in insulin-treated diabetics, but its protective effects are abrogated by concurrent use of 

oral hypoglycaemic agents such as glibenclamide, which block the KATP – channel (see also section 

3.3).  

Studying the effect of subject’s age on the cardioprotection of IP has recently received 

attention. A number of experimental studies (all using the rat model) have reported an age-related 
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decrease/loss of the protective effect of IP [156-159]. In contrast Przyklenk et al. did not observe 

diminished cardioprotection in aged rabbits [160]. Recent studies in humans have added to the 

uncertainty in this matter. Tomai et al. [161] reported that the beneficial effects of IP (related to first 

balloon inflation) were preserved in the elderly undergoing angioplasty. However, Lee et al. [162] 

using a 120-second coronary occlusion prior to coronary artery bypass surgery as a model of IP, did 

not observe an improvement of the ischemic burden following IP as assessed by ST-segment shift, 

chest pain score, and myocardial lactate extraction ratios in an elderly group (age ≥ 65 years; mean 

age, 71 ± 3 years) as compared to the control group (age ≤ 55 years; mean age, 45 ± 5 years). This was 

confirmed by others [163]. Moreover, it was observed that the warm up phenomenon was lost in the 

elderly with coronary artery disease [164] and that exercise training could reinstate beneficial effects 

of IP in these patients [165]. The interpretation of data reviewed above is hampered by the lack of a 

robust model of IP in humans. Additional studies are needed to further elucidate the impact of age on 

the protective effect of IP. 

 

4.7.The IP protocol and  factors influenced by IP 

Originally, IP protocols consisted of repetitive episodes of ischemia and reperfusion. It was observed 

that at least a single ischemic episode of three min was necessary to trigger the IP response [166, 167], 

whereas more than four ischemia/reperfusion cycles were deleterious to the myocardium [168, 282]. 

The time span of protection in classic IP is about 2-4 h [169, 170].  

There is some uncertainty regarding the necessity of a reperfusion period after the IP 

stimulus and before sustained ischemia. Fifteen min of partial (50%) coronary artery occlusion did not 

protect the myocardium from a subsequent 60 min no-flow ischemic insult in the dog [171]. However, 

30 min of partial (70%) coronary artery occlusion reduced infarct size induced by a 60 min of 

coronary occlusion (n.b. without intermittent reperfusion) in pigs [172]. In addition, a 10 min no-flow 

ischemic episode preceding an 80 min long low-flow ischemic period was cardioprotective compared 

to 90 min low-flow ischemia [173].  

It was reported that regional myocardial blood flow is reduced by IP stimulus [174, 

175]. Moreover, IP was found to protect the heart against reperfusion-induced coronary endothelial 

dysfunction [277, 278]. In addition IP reduced the production of malon dialdehyde, an indirect marker 

of free radical formation, in isolated perfused rat hearts [279]. 

 

4.8.Our experimental findings 

Using the microdialysis technique in an in vivo porcine model, we have extensively mapped the 

dynamic changes of interstitial energy related metabolites (lactate, pyruvate, adenosine, inosine, 

hypoxanthine, guanosine, adenine, and xanthine) during IP (4 x 10min ischemia + 20 min reperfusion) 

[176, 177]. A distinct pattern of fluctuation was observed for these metabolites. Interstitial lactate 

levels (expectedly) increased and decreased during each ischemia/reperfusion cycle of the IP protocol. 
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The peak levels of lactate were similar during all four ischemia/reperfusion cycles. Additional increase 

of lactate was observed during the following sustained ischemia, however these lactate levels were 

significantly lower than the peak levels of lactate observed during ischemia in non-preconditioned 

animals, Fig 3A. The interstitial levels of adenosine and other purines were also influenced by 

ischemia (increased levels) and reperfusion (decreased levels). However, in contrast to lactate, 

adenosine (and also inosine and hypoxanthine) levels displayed a successive die-away curve pattern 

following IP (see Fig. 3B). Thus, successively lower peak levels of adenosine were observed 

following each ischemia/reperfusion cycle. These findings were also observed by others [178-181]. It 

was suggested that the die away curve pattern of adenosine was due to diminished nucleotide decay 

induced by IP [178]. However, Kitakaze et al. [182-184] using the dog and rabbit model demonstrated 

an enhanced 5’ -nucleotidase activity following IP. 5’ -Nucleotidase is the key enzyme responsible for 

hydrolysis of AMP into adenosine and Pi (see also section 3.2). These findings were confirmed by 

others [185]. The described discrepancy between the increased adenosine production (evidenced by 

increased 5’ -nucleotidase activity) and the successively lower adenosine levels observed in the 

interstitial space following IP is not fully accounted for. We propose that this discrepancy in adenosine 

production vs. availability may be due to an increased metabolic utilisation of adenosine by the 

preconditioned myocardium. According to our hypothesis IP induces/activates a metabolic pathway 

involving deamination of adenosine to inosine (Fig 1). Inosine is further catalysed (in presence of Pi) 

to hypoxanthine and ribose-1-phosphate. Ribose-1-phosphate can be converted to ribose-5-phosphate 

in a ribophosphomutase reaction. Ribose-5-phosphate is an intermediate of the hexose monophosphate 

pathway also operative under anaerobic conditions. Hence the ribose moiety of adenosine can be 

utilised to generate pyruvate and ultimately ATP, n.b. without any initial ATP investment. The 

deamination reaction product of adenosine will also yield ammonia which by accepting protons may 

counteract myocardial acidosis.  

 

                                                                                                                                                                                                                                                                                                                                                                                                                         
Fig. 3 Representative microdialysis data 
from ischemic tissue of preconditioned 
and non-preconditioned subjects. Typical 
curve-patterns of lactate (top) and 
adenosine (bottom) are demonstrated. In 
the preconditioned subjects the interstitial 
concentration of lactate markedly 
increased during ischemia (shaded 
background) and quickly returned to 
normal values during reperfusion (white 
background) whereas the interstitial 
concentration of adenosine, in contrast to 
lactate concentration, presented a die 
away curve-pattern for every successive 
episode of ischemia. 
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5.Aims 
 

• To investigate whether IP altered the metabolic turnover of adenosine as monitored by lactate 

production during ischemia. To address this question an excessive amount of adenosine was 

administered via the microdialysis probe (reversed dialysis) to the myocardium of both IP and 

non-preconditioned porcine hearts. For comparison deoxyadenosine was given similarly in 

equimolar concentrations. 

 

• To investigate whether the enzyme purine nucleoside phosphorylase (PNP) was involved in 

the metabolic outcome of IP in the myocardium of the pig as assessed by hypoxanthine and 

lactate formation, (reaction products) as well as taurine release (as a marker of ischemic 

injury). To address this question we used a PNP inhibitor, 8’ -aminoguanosine, administered 

via microdialysis probes to the myocardium of IP porcine hearts.  

 

• To perform a detailed analysis of the proposed graded pattern of protection offered by IP 

regarding myocardial energy metabolism and its relationship to the degree of ischemic 

damage. 

 

• To examine the validity of the microdialysis technique for studies of the myocardium. To 

address this question interstitial levels of energy metabolites (lactate, adenosine, inosine, and 

hypoxanthine) obtained by the microdialysis technique were compared with tissue content of 

corresponding metabolites extracted from tissue biopsies at given intervals in a porcine heart-

model using different protocols of ischemia and reperfusion.  
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6.Mater ial and Methods 

6.1.Animal preparation (All studies) 

All experiments were performed following the approval of the Ethical Committee for Animal 

Research of Uppsala University in accordance with the Declaration of Helsinki “Guiding principles for 

research involving animals and human beings” . 

Domestic pigs of either sex from a local stock regularly used for experimental surgery 

were used. The animals weighed between 30-35 kg and were fed a standard diet. After an overnight 

fast anesthesia was induced with an intramuscular solution of tiletamin, 6 mg/kg; zolazepam (Zoletil 

forte vet., Virbac labratories, Carros France), 6 mg/kg; xylazin (Rompun vet., Bayer, Leverkusen, 

Germany), 2.2 mg/kg and atropine (Atropin, NM Pharma, Stockholm, Sweden), 0.04 mg/kg. Twenty 

mg of morphine (Morfin Pharmacia & Upjohn, Pharmacia, Stockholm, Sweden) and 8 mg of 

pancuronium bromide (Pavulon, Organon Teknika, Boxtel, Netherlands) were given after intubation, 

which was performed through a tracheotomy. The animals were ventilated (Servo 900C, Siemens-

Elema, Solna, Sweden) with a mixture of oxygen (40%) and air. Blood gases were monitored and the 

ventilator adjusted to maintain expected values. Anaesthesia was maintained by continuous i.v. 

infusion of ketamine (Ketaminol vet., Veterinaria, Zurich, Switzerland), 20mg/kg/h; morphine, 0.48 

mg/kg/h and pancuronium bromide, 0.24 mg/kg/h. 

          Five ECG electrodes were placed with four frontal plane leads and one apical (V5) lead. I.v. 

infusions were given through an auricular vein. The right external jugular vein or the cephalic vein 

was used to introduce a Swan-Ganz catheter into the pulmonary artery for measurement of cardiac 

output and monitoring the pulmonary artery pressure and capillary wedge pressure of the pulmonary 

artery. Cannulation of the left internal carotid artery was performed for measurement of intra-arterial 

pressures. Sternotomy was then carried out, and the pericardium was opened to expose the anterior 

aspect of the heart. Body temperature was kept constant with a heated mattress and measured by the 

use of a thermodilution catheter placed in the proximal part of the pulmonary artery. At the end of the 

experiment the animals were euthanized with 20 ml of a 150 mM potassium-solution (Kaliumklorid 

Braun, Braun Medical, Bromma, Sweden) administered into the left atrium.  

 

6.2.Occlusion and reperfusion technique (All studies) 

After exposing of the heart, one or two diagonal arteries of the LAD running over the left ventricle and 

their adjacent myocardium were selected for ischemic studies. A patched (Tetrafluoroethylene (TFE) 

Polymer pledgets 3x6mm, Johnson-Johnson, Brussels, Belgium) suture (W.L.Gore and Associates, 

Evry, Cedex, France) was then placed around the chosen artery. Pulling the free ends of the suture 

running through the patch while pressing the patch against the artery resulted in occlusion, whereas 

releasing the pressure resulted in reperfusion (Fig. 4). A plastic tube was used as pressure-modifier. 

While placing the patch, care was taken not to ligate a vein together with the artery in order to ensure 
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adequate venous drainage during ischemia and microdialysis. Myocardial ischemia was confirmed by 

ST-segment elevation, visual regional cyanotic demarcation, systolic bulging and cessation of 

contraction. A more specific confirmation was achieved by detecting specific lactate curve-patterns in 

the collected microdialysis samples from the ischemic area. This occlusion technique typically reduced 

the regional blood flow to less than 10% of normal blood flow during occlusion and back to normal or 

supra-normal blood flow upon reperfusion [186]. Reperfusion was accordingly verified by regression 

of the changes induced by the occlusion. 

 
 
6.3.Cardiovascular monitoring and serum sampling (All studies) 

Arterial pressures, ECG, heart rate, temperature, central venous pressure, and pulmonary capillary 

wedge pressure were monitored continuously (Solar 8000, Marquette Electronics, Milwaukee, WI, 

USA). Mean values were documented every 10 min starting with the first occlusion and the 

microdialysis sampling. Cardiac output and blood gases were measured before and at the end of major 

events  (i.e. occlusion/reperfusion). 

 

6.4.Experimental protocols 

(Study I) After randomising the animals (n=42) into two major groups, preconditioning (PC) and non-

preconditioning (non-PC), further randomisation was carried out with respect to the microdialysis 

buffer (Null, Ado and Dado) (Fig. 5A). The Null subgroup (n=7) received plain buffer whereas the 

Ado subgroup (n=7) received buffer containing an excessive amount (375 µM) of adenosine. 

Similarly, the buffer of the Dado subgroup (n=7) contained an equal amount (375 µM) of 

deoxyadenosine. After preparation and insertion of the microdialysis probes an equilibration period of 

90 min was allowed to ensure reliable baseline values. The length of the main ischemic insult (index 

ischemia) was 40 min followed by 120 min of reperfusion at the end of which the animals were 

euthanized. Preconditioning was carried out using four repetitive episodes of 10 min of ischemia 

followed by 20 min of reperfusion. This protocol typically reduced the subsequent infarct size to 10% 

Fig. 4 Schematic illustration of the 
occlusion technique. After 
exposing the heart, one or two 
diagonal arteries of the left anterior 
descending artery (LAD) running 
over the left ventricle and their 
adjacent myocardium were 
selected for ischemic studies. A 
patched suture was then placed 
around the chosen artery. Pulling 
the free ends of the suture running 
through the patch while pressing 
the patch against the artery 
resulted in occlusion, whereas 
releasing the pressure resulted in 
reperfusion. 
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of area at risk vs. 50-80% in unpreconditioned hearts [148]. The PC and non-PC groups differed with 

respect to time to index ischemia (210 min and 90 min, respectively). However, critical comparisons 

were made within rather than between groups. 

(Study II) The animals (n=12) were randomised in two groups: preconditioned PNP-

inhibited (PC PNP-I, n=6) and preconditioned PNP-inhibited with addition of inosine (PC PNP-I INO, 

n=6), respectively (Fig. 5B). Three microdialysis probes (Probe A, B, and C) were inserted in the 

anticipated ischemic myocardium of each animal. Probe A received plain buffer whereas probe B 

received buffer containing 8’ -aminoguanosine, 0.1 mM. The buffer of probe C contained 8’ -

aminoguanosine 1.0 mM. In the PC PNP-I INO group inosine (375 µM) (Sigma-Aldrich, Sweden) 

were added to all solutions. After preparation and insertion of the microdialysis probes an 

equilibration period of 90 min was allowed to ensure reliable baseline values. The length of the main 

ischemic insult (index ischemia) was 40 min followed by 120 min of reperfusion at the end of which 

the animals were euthanized. Preconditioning was carried out using 4 repetitive episodes of 10 min of 

ischemia and 20 min of reperfusion.  

(Studies III + IV) The animals (n=23) were randomised in three groups: non-

preconditioned (non-PC, n=7), preconditioned with one ischemia/reperfusion episode (1xPC, n=9), 

and preconditioned with four ischemia/reperfusion episodes (4xPC, n=7) (Fig. 5C). After preparation 

and insertion of the microdialysis probes an equilibration period of 90 min was allowed to ensure 

reliable baseline values. The length of the main ischemic insult (index ischemia) was 40 min followed 

by 120 min of reperfusion at the end of which the animals were euthanized. Preconditioning was 

carried out using either one (1xPC) or four (4xPC) repetitive episodes of 10 min of ischemia and 20 

min of reperfusion altogether comprising 120 min. Control animals were subjected to 120 min of 

“ rest”  i.e. without any ischemia or reperfusion cycle.  

 

6.5.Microdialysis technique  

Introduced in the 1970’s [187] the microdialysis technique is based on the general dialysis principle, 

though adapted to microscale for in vivo use. Hereby, a separation of non-diffusible macromolecules 

from diffusible ions and low molecular weight compounds is achieved by means of the semi-

permeable membrane of the microdialysis probe. The microdialysis method permits continuous 

monitoring of low molecular constituents of the interstitial fluid, with minimal perturbation of the 

normal cell physiologic  
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PC Null n=7    EP                    RP      
                                        
                                        
PC Ado n=7    EP                    RP      
                                        
                                        
PC Dado n=7    EP                    RP      
                                        
                                        
non-PC Null n=7    EP        RP                  
                                        
                                        
non-PC Ado n=7    EP        RP                  
                                        
                                        
non-PC Dado n=7    EP        RP                  
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Fig. 5 Schematic representation of the experimental protocols. A) Study I. B) Study II C) Study III and 
IV. Hemodynamic comparisons were made at numeric points (1), (2), (3), and (4). Biopsy samples 
were obtained at arrows. Arrow with filled circle indicates first biopsy sample (used for baseline value).  
Abbreviations: EP, Equilibrium period; RP, reperfusion period; (

�
), regional ischemia; (

�
), Adenosine 

present in microdialysis buffer; (
�

), Deoxyadenosine present in microdialysis buffer. 
 

A) 

B) 

C) 
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state (after an equilibration period). Furthermore it is possible to study the local effects of agents 

administered via the microdialysis probe (reversed dialysis).   

 The microdialysis equipment consisted of a microdialysis probe (CMA 20, CMA AB, 

Stockholm, Sweden) with an outer diameter of 0.5 mm and a 20 mm flexible shaft with 10 mm 

membrane at the tip. The molecular cut off was about 20 kDa. Circulation in the system was 

maintained using a microdialysis pump (CMA 100, CMA AB, Stockholm, Sweden). The probes were 

inserted into the selected myocardium using a modified Seldinger technique [188] in order to 

minimize mechanical injury to the microdialysis membrane of the probe.  

(Study I) Two probes were placed in the left ventricular free wall, one in the anticipated 

ischemic tissue (ischemic probe) and another in a non-ischemic area (control probe). The probes were 

perfused with a modified Krebs-Ringer phosphate buffer (sodium phosphate, 20 mM; magnesium 

chloride, 5 mM; sodium chloride, 110 mM, pH 7.4, “plain buffer”), starting with the equilibrium 

period. In the Ado subgroups the buffer contained additionally 375 µM adenosine (Sigma Ltd, USA), 

and in the Dado subgroups 375 µM deoxyadenosine (Sigma Ltd, USA), accordingly.  

(Study II) Three probes were placed in the anticipated ischemic tissue (probes A, B, and 

C) of the left ventricular free wall. In the PC PNP-I group the three probes (A, B, and C) were 

perfused with a modified Krebs-Ringer phosphate buffer (sodium phosphate, 20 mM; magnesium 

chloride, 5 mM; sodium chloride, 110 mM, pH 7.4, “plain buffer”), starting with the equilibration 

period. In probe B the buffer contained additionally 8’ -aminoguanosine 0.1 mM, whereas the buffer of 

probe C contained 8’ -aminoguanosine 1.0 mM, accordingly. In the PC PNP-I INO group the buffers 

were as above but inosine, 375 µM, were added to all solutions. 

(Studies III + IV) Two probes were placed in the left ventricular free wall, one in the 

anticipated ischemic tissue (ischemic probe) and another in a non-ischemic area (control probe). The 

probes were perfused with a modified Krebs-Ringer phosphate buffer (sodium phosphate, 20 mM; 

magnesium chloride, 5 mM; sodium chloride, 110 mM, pH 7.4, “plain buffer”), starting with the 

equilibration period.  

Microdialysate samples were collected every 10 min. The flow rate was 2 µL/min and 

the dead space of the system was set to 10 µL, subsequently allowing 20 µL of microdialysate being 

collected with each 10 min sample. To ensure minimal degradation and evaporation bias the samples 

were immediately cooled upon collection in an ice bath and stored frozen at -18° C until analysis.  
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6.6.Biopsy sampling (Studies III + IV) 

Biopsies were taken from the left ventricle of the beating heart using a modified dental drill [189]. 

Samples from ischemic tissue were taken according to the experimental protocol (Fig. 5C). Non-

ischemic samples were acquired at the beginning and at the end of the experiment. The biopsy samples 

were immediately frozen in liquid nitrogen for later analysis. The time-elapse between excision and 

freezing was < 10 s for all biopsy samples. 

 

6.7.Infarct size estimation (Study III) 

Myocardial tissue necrosis was assessed by the ratio of infarcted area obtained by Triphenyl 

tetrazolium chloride (TTC)-staining [190] and the area of myocardium at risk (area at risk) obtained by 

fluorescein-staining. Prior to animal euthanisation the selected diagonal arteries were re-occluded and 

2 ml of fluorescein (Fluorescite injection 250 mg/ml, Alcon laboratories,Texas, Tx, USA) were 

infused in the left atrium. The fluorescein was distributed throughout the myocardium via the coronary 

circulation, except for the underperfused ischemic area (area at risk). The animals were sacrificed 30 s 

after the fluorescein infusion. The heart was excised, rinsed with saline at 22° C. It was then filled 

with agarose gel, molded in a block-shaped form (7.5 x 8.0 x 11.0 cm) and frozen at  - 4° C for 1 h 

after which slicing was performed (perpendicular to apex, each slice 5 mm thick), using a special knife 

(Feather safety razor, Feather, Tokyo, Japan). Typically 7-10 slices were obtained. The slices were 

then photographed while flooded with Ultraviolet-light (Labino H135 floodlight, Labino AB, 

Stockholm, Sweden) with a digital camera (Agfa 1280, Agfa AB, Stockholm, Sweden) using a yellow 

filter (Yellow K2, Hoya Corp, Okinawa, Japan). After the photo session the slices were incubated in a 

1 % deionised aqueous solution of TTC (Sigma chemical, St Louis, Mo, USA) at 30°C for 20 min. 

The (non-stained) infarcted area contrasted against the (stained) viable myocardium. Again the slices 

were photographed in a darkened room using three directional 60W lamps and a white plastic dimmer 

(Fig. 7). Planimetry was carried out using UTHSCSA ImageTool v2.0 for MS Windows by two 

Fig. 6 Schematic illustration of the 
CMA 20 microdialysis probe. The 
probe has a double lumen 
construction. The microdialysis buffer 
enters the probe through the inner 
lumen and is lead to the tip of the 
probe. The buffer is than redirected 
into the outer lumen alongside which 
dialysis takes place. The dialysate is 
than redirected out of the probe and 
collected for later analysis. Note that 
dialysis takes place only at the distal 
portion of the outer lumen where the 
semi-permeable membrane is located. 
By permission CMA Microdialysis, 
Stockholm Sweden. 
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independent investigators. The ratio of total sum of the area at risk and sum of total slice area of each 

heart was used as an indicator of the proportion of the heart subjected to ischemia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.8.Biochemical analyses  

Biopsy data (Studies III + IV): Biopsy samples were lyophilized and extracted as described by 

Ronquist et al. [191]. Nucleotides (ATP, ADP, and AMP) were analysed in neutralised perchloric acid 

extracts as described previously [192-193]. Adenylate inter-relationships were expressed as an energy 

charge (EC) value employing the equation of Atkinson [194]: EC = [ATP] + ½ [ADP] / [ATP] + 

[ADP] + [AMP]. Nucleosides and bases (adenosine, inosine, hypoxanthine, and xanthine) were 

analysed in accordance with Ronquist et al. [191]. Lactate content in KHCO3-neutralised biopsy 

extracts was assessed by a multistep reaction sequence starting with the oxidative conversion of lactate 

to pyruvate by lactate oxidase (Sigma Chemicals, St Louis, Mo, USA). In the presence of the H2O2 

formed, peroxidase catalyses the oxidative condensation of chromogen precursors (4-aminophenazone 

and 2, 4, 6 – tribromo-3-hydroxybenzoic acid (synthesised according to Trinder and Webster [195])) 

giving rise to a quinone-imine dye, which was read at 540 nm in a spectrophotometer. A linear 

relationship existed between the colour development and lactate concentration.  

Microdialysis data (All studies): Components of the microdialysate were analyzed with 

high performance liquid chromatography [177, 196, 197] with respect to lactate, taurine, adenosine, 

inosine, and hypoxanthine. Lactate was separated on a Polypore H column (Perkin Elmer Corp, 

Norwalk, CT, USA), 250 x 4.6 mm (particle size 10 µm). Sulphuric acid was used as eluant and the 

eluate was read at 214 nm on a BAS UV detector (Bioanalytical systems, West Lafayette, Indiana, 

USA) at a flow rate of 0.4 mL/min. Taurine was separated after precolumn derivatisation with 

orthophtaldialdehyde (Nucleosil 100 C 18 column, 60 x 4.0 mm) and measured by fluorescence 

Fig. 7 Representative photographies of a heart slice. The left picture is taken under Ultraviolet-light. 
The dark parts of the slice represent the hypo/non-perfused area at risk, which did not receive 
fluorescein and therefore did not fluoresce (in bright) as the (normo-perfused) rest of the slice. The right 
picture is taken from the same slice under normal light after a TTC-bath. Viable myocardium was 
stained in bright red (dark coloured parts) whereas non-viable myocardium remained non-stained and 
pale (bright coloured parts). A paper clip (1.0x2.5 cm) is included for spatial calibration. 
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detector. Purines were separated on a Nucleosil 100 C 18 column (Krauser Wissenschaftliche 

Gerätenbau GMBH, Berlin Germany), 100 x 4.0 mm (particle size 3 µm), by elution at a flow rate of 

0.8 mL/min with a 10 mM phosphate buffer, pH 6.1, containing 8% methanol (v/v). The eluate was 

read at 254 nm on the BAS UV detector. All peaks were well separated from each other and the 

position of each metabolite in the chromatogram corresponded exactly with that of the standard.  

 

6.9.Statistical analyses 

Results of hemodynamic data were presented as means ± SEM and compared using a repeated 

measurement setup. Microdialysis data were estimated as area under the curve (AUC) of the 

microdialysis samples collected during the index ischemia and reperfusion. Comparisons between 

groups were made with ANOVA. Significant differences were tested with Fischer’s least significant 

difference procedure (Study I), and Scheffe’s procedure (Studies II-IV). A two-tailed p-value of < 0.05 

was considered statistically significant.  
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7.Results and shor t discussion 

Dropouts 

Out of the 42 pigs that entered study I, 7 were excluded, 5 due to displacement of the microdialysis 

probe and the remaining two due to unexpected cardiac arrest before the end of the experiment. There 

were no dropouts in study II. In studies III and IV two subjects were excluded. One was due to a 

displaced microdialysis probe and the other due to ventricular fibrillation. There were no further 

episodes of ventricular fibrillation during the experimental procedures. 

 

Hemodynamic changes 

Tables 2 and 3 summarises pertinent hemodynamic data from the experimental groups (All studies). 

No difference of statistical significance was found between groups (in each study). The heart rate, 

mean arterial pressures, pulmonary artery pressures and the central venous pressures were not 

significantly influenced by the experimental procedures. The cardiac output however, decreased 

following ischemia and reperfusion in all experimental groups. We observed a slightly high baseline 

level of heart rate in all animals. This could be due to an increased stress response following 

thoracotomy or a side effect of pancuronium bromide which was used for anaesthesia. The observed 

tachycardia may also be contributed to hypoperfusion of the animals. This was further reflected in the 

overall low central venous pressures. The total fluid infusion rate in the current model was 6 ml/kg/h. 

Unfortunately, we did not measure urine output during the experiments which would have aided the 

determination of the liquid balance of the animals. 

 

7.1.Results (Study I) 

Baseline concentrations of lactate, inosine, and hypoxanthine were similar in all groups. Comparisons 

were made using estimations of area under the curve (AUC) of microdialysis data calculated during 

prolonged ischemia. 

Data from ischemic tissue: The interstitial levels of lactate, inosine, and hypoxanthine increased and 

decreased following ischemia and reperfusion, respectively. Overall higher levels of metabolites were 

seen in the non-preconditioned groups. Addition of adenosine resulted in significantly higher levels of 

lactate, inosine, and hypoxanthine in IP subjects only. Inclusion of deoxyadenosine resulted in 

significantly higher levels of hypoxanthine, again only in the IP subjects (Table 4). 

Data from never-ischemic tissue: Never-ischemic tissue produced baseline levels of metabolites 

throughout the experiment in all subgroups regardless of the presence of adenosine or deoxyadenosine 

(Table 4).  
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Table 2  

Summary of hemodynamic variables measured before (1) and after (2) the 40 min index ischemia and after 120 
min of reperfusion (3)  

    Subgroup   

  PC Null PC Ado PC Dado  non-PC Null non-PC Ado non-PC Dado 

Parameter n=6 n=6 n=5  n=6 n=6 n=6 

         

HR1 (Beats/min) 98 ±10 101 ±10 120 ±22  100 ±13 92 ±7 110 ±19 

HR2 (Beats/min) 100 ±11 100 ±5 118 ±9  100 ±9 106 ±9 111 ±6 

HR3 (Beats/min) 102 ±6 98 ±12 122 ±13  101 ±7 98 ±6 113 ±8 

         

CO1 (L/min) 3.6 ±0.3 3.5 ±0.3 3.8 ±0.5  3.5 ±0.4 3.9 ±0.7 3.7 ±0.5 

CO2 (L/min) 3.0 ±0.3 2.9 ±0.4 3.2 ±0.4  2.9 ±0.2 3.3 ±0.3 3.2 ±0.5 

CO3 (L/min) 3.1 ±0.1 3.0 ±0.2 3.1 ±0.2  3.1 ±0.2 3.3 ±0.5 3.1 ±0.1 

         

MAP1 (mmHg) 80 ±10 75 ±16 81 ±12  79 ±18 82 ±15 76 ±11 

MAP2 (mmHg) 77 ±12 66 ±17 74 ±8  72 ±10 73 ±11 69 ±13 

MAP3 (mmHg) 79 ±19 70 ±17 77 ±13  77 ±16 72 ±12 72 ±15 

         

PAP1 (mmHg) 19 ±2 17 ±2 17 ±2  19 ±3 18 ±2 19 ±1 

PAP2 (mmHg) 18 ±2 16 ±2 17 ±3  17 ±2 16 ±2 19 ±2 

PAP3 (mmHg) 18 ±2 17 ±2 17 ±2  18 ±2 16 ±2 18 ±3 

 

Table 3  

Summary of hemodynamic variables measured prior to preconditioning (1), before (2) and after (3) the 40 min 
index ischemia and at the end of the reperfusion period (4)  

 Subgroup 

Parameter 

PC PNP-I 
n=6 

 
PC PNP-I 

INO 
n=6 

 
non-PC 

n=7 
 1xPC 

n=7 
 

4xPC 
n=7 

 

HR1 (beats/min) 104 ± 6  92 ± 7  84 ± 6 89 ± 5 79 ± 6  
HR2 (beats/min) 102 ± 6  92 ± 7 84 ± 6 87 ± 6 84 ± 7  
HR3 (beats/min) 112 ± 5  91 ± 6 93 ± 10 84 ± 5 86 ± 6  
HR4 (beats/min) 108 ± 7  93 ± 7 95 ± 10 91 ± 8 85 ± 5  

        
CO1 (L/min) 4.0 ± 0.3  3.8 ± 0.3 3.2 ± 0.3 3.4 ± 0.3 3.5 ± 0.2  
CO2 (L/min) 3.5 ± 0.4  3.7 ± 0.2 3.2 ± 0.3 3.3 ± 0.2 3.2 ± 0.2  
CO3 (L/min) 3.4 ± 0.3  3.4 ± 0.2 3.1 ± 0.2 3.2 ± 0.3 3.0 ± 0.3  
CO4 (L/min) 2.8 ± 0.4  3.2 ± 0.2 3.0 ± 0.2 3.0 ± 0.3 3.0 ± 0.3  

        
MAP1 (mmHg) 83 ± 5  72 ± 4 75 ± 4 71 ± 3 72 ± 3  
MAP2 (mmHg) 83 ± 6  72 ± 3 75 ± 4 67 ± 2 69 ± 2  
MAP3 (mmHg) 85 ± 5  70 ± 3 68 ± 4 63 ± 3 63 ± 3  
MAP4 (mmHg) 70 ± 7  70 ± 3 70 ± 2 71 ± 3 64 ± 3  

        
CVP1 (mmHg) 3 ± 0.6  4 ± 0.5 4 ± 0.5 5 ± 0.6 4 ± 0.4  
CVP2 (mmHg) 4 ± 0.7  5 ± 1.1 4 ± 0.5 5 ± 0.7 4 ± 0.4  
CVP3 (mmHg) 5 ± 0.8  6 ± 1.8 4 ± 0.5 5 ± 0.7 5 ± 0.5  
CVP4 (mmHg) 6 ± 1.1  5 ± 1.0 5 ± 0.4 6 ± 1.0 5 ± 0.5  

Data are presented as means ± SEM. Abbreviations: HR, heart rate (beats/min); CO, cardiac output (L/min); 
MAP, mean arterial pressure (mmHg); CVP, central venous pressure (mmHg); PAP, pulmonary artery pressure 
(mmHg).  
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Short discussion (Study I) 

The main finding of this study was the enhanced production of lactate and inosine, and hypoxanthine 

in presence of exogenous adenosine in preconditioned ischemic myocardium only. This finding 

indicated that addition of adenosine in preconditioned ischemic myocardium increased the anaerobic 

glycolytic flux. In this context, it was important to differentiate between a pharmacological and a 

metabolic effect of adenosine (in excess). The absence of a metabolic response by deoxyadenosine, 

indicated that metabolization of adenosine was crucial for this effect. (The higher hypoxanthine levels 

observed during ischemia in presence of deoxyadenosine  in IP subjects was most probably due to 

contaminating traces of adenosine in the deoxyadenosine preparation (99 % pure). Thus, the observed 

adenosine effect was exclusive for preconditioned ischemic hearts. Therefore it is reasonable to 

propose that IP initiated an alternative anaerobic metabolic route in the ischemic myocardium 

favouring adenosine as a substrate. Such an enhanced adenosine utilisation could explain the die-away 

curve-pattern of adenosine for every successive episode of ischemia during IP.  

According to the hypothesis above, higher lactate production would be expected in the 

IP subgroups during prolonged ischemia. However, quantitatively higher levels of all metabolites were 

measured in the non-PC subgroups. This was probably due to a greater energy requirement in the non-

preconditioned hearts as IP is known to reduce myocardial O2 consumption [198] and mitochondrial 

F1 F0-ATPase activity [95] as well as diminished segment shortening [199]. Such a reasoning is well in 

line with the finding that glucose consumption is less in the ischemic preconditioned myocardium 

[93]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4 
Summary of calculated area under the curve of lactate, inosine and hypoxanthine production measured by 
microdialysis sampling during prolonged ischemia, representing all groups in both ischemic and non-ischemic 
tissue  

   Area under the curve, arbitrary units 

   Lactate x 103 Inosine Hypoxanthine 

Tissue Subgroup n Mean, SEM Mean, SEM Mean, SEM 
Ischemic non-PC Null 6 255 ± 31 2772 ± 463 3463 ± 298 
Ischemic non-PC Ado 6 213 ± 42 3316 ± 1010 5419 ± 424 
Ischemic non-PC Dado 5 190 ± 33 2239 ± 639 3305 ± 666 

Ischemic PC Null  6 110 ± 24 662 ± 66 1039 ± 115 
Ischemic PC Ado 6 216 ± 46 *  1727 ± 321 *  4327 ± 302 *  
Ischemic PC Dado 6 141 ± 22 982 ± 292 2986 ± 538 † 
      
Control non-PC Null 6 39 ± 5 244 ± 78 477 ± 171 
Control non-PC Ado 6 58 ± 12 345 ± 112 596 ± 196 
Control non-PC Dado 5 48 ± 7 294 ± 97 404 ± 134 

Control PC Null 6 44 ± 8 299 ± 86 479 ± 154 
Control PC Ado 6 61 ± 11 223 ± 65 323 ± 179 
Control PC Dado 6 45 ± 7 301 ± 75 466 ± 139 
      

 
Abbreviations: PC Null, IP hearts receiving plain microdialysis buffer; PC Ado, IP hearts receiving microdialysis 
buffer with addition of adenosine (375 µM); PC Dado, IP hearts receiving microdialysis buffer with addition of 
deoxyadenosine (375 µM); non-PC Null, non-preconditioned hearts receiving plain microdialysis buffer; non-PC 
Ado, non-preconditioned hearts receiving microdialysis buffer with addition of adenosine (375 µM); non-PC 
Dado, non-preconditioned hearts receiving microdialysis buffer with addition of deoxyadenosine (375 µM). (*), 
significantly different from PC Null and PC Dado respectively, p < 0.05. ( † ), significantly different from PC 
Null, p < 0.05. 
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Thus the total lactate accumulation in the non-PC groups was greater in spite of the IP myocardium 

being able to re-route adenosine towards lactate production. 

The current data suggest that adenosine is used as an energy substrate in preconditioned 

ischemic myocardium. Although the energy metabolic events of adenosine utilisation are depicted, 

there is still uncertainty concerning the initiation of this metabolic pathway. Some type of trigger 

mechanism developed during IP seems necessary since no extra lactate was demonstrated by non-

preconditioned ischemic hearts in presence of exogenous adenosine. Whether the initiation of the 

discussed metabolic pathway is purely a result of adenosine receptor stimulation is questionable since 

deoxyadenosine being a partial agonist of adenosine receptors [200] did not evoke a metabolic 

response. This also means that the deoxyribose moiety of deoxyadenosine was not valid as a precursor 

metabolite for lactate production. However, it is worth mentioning that the postulated metabolic 

pathway does by no means exclude the importance of A1/A3 receptor stimulation by adenosine for the 

protective role of IP convincingly demonstrated by others [58].  

 

7.2.Results (Study II) 

The AUC of microdialysis data during prolonged ischemia and reperfusion was calculated and used 

for comparison. Baseline levels of metabolites (lactate, hypoxanthine, and taurine) were similar both 

within and between groups. Similar levels of lactate were found in the dialysates of all three probes of 

both groups indicating severe ischemic metabolism. In the PC PNP-I group 8’ -aminoguanosine 

inclusion resulted in a significant inhibitory action (evidenced by lower hypoxanthine levels) in a dose 

dependent manner where 1.0 mM of 8’ -aminoguanosine was more inhibitory than 0.1 mM of 8’ -

aminoguanosine. In contrast, interstitial levels of taurine were significantly enhanced in presence of 

8’ -aminoguanosine (also in a dose-deåendent manner, Fig. 8). Introducing inosine in the microdialysis 

probes abolished the inhibitory effect evoked by 8’ -aminoguanosine. Thus, in the PC PNP-I INO 

group similar interstitial levels of all metabolites were measured in the dialysates of the three probes 

(Fig. 8). 

 

Short discussion (Study II) 

The main finding of this study was the enhanced exodus of taurine and diminished levels of 

hypoxanthine during prolonged ischemia in the presence of 8’ -aminoguanosine, an inhibitor of PNP. 

Addition of inosine reversed these changes emphasising the competitive inhibitory action of 8’AG.  

Substrates of PNP include adenosine, inosine and guanosine (Fig. 15). In presence of Pi 

these nucleosides are converted to adenine, hypoxanthine and guanine, respectively and stoichiometric 

amounts of ribose-1-phosphate. The cleavage of adenosine to adenine and guanosine to guanine seems 

to be minor reactions in the IP porcine myocardium [176]. However, cleavage of inosine (the 

deamination product of adenosine) giving rise to hypoxanthine and ribose-1-phosphate seem to be 

major reaction products of PNP in our experimental set up [176, 177]. The lower levels of  
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hypoxanthine in the presence of 8’ -aminoguanosine (PC PNP-I, probe C), indicated significant 

inhibition of PNP activity. This inhibition also resulted in significantly elevated interstitial levels of 

taurine most probably due to a comprised cellular energy economy. It was earlier suggested that an 

enhanced taurine release from the myocardium may represent a disturbed energy economy eventually 

leading to cell injury [34-35]. The inhibitory effect of 8’ -aminoguanosine on PNP activity was 

abolished when inosine was added in excess to the microdialysis buffer (Fig. 8). This was explained 

by 8’ -aminoguanosine being a competitive inhibitor of inosine in the PNP reaction. Hence, the 

inhibitory effect on PNP in our experimental set up, was expressed by decreased levels of 

hypoxanthine and increased levels of taurine. The hypoxanthine levels reflected the enzymatic 
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Fig. 8 Microdialysis data from the preconditioned purine nucleoside phosphorylase -inhibited group (PC 
PNP-I) and the preconditioned purine nucleoside phosphorylase -inhibited group with addition of inosine 
(PC PNP-I INO). Means ± SEM of the three probes (A, B, and C). In the PC PNP-I group (left column) 
interstitial concentration of lactate increased significantly during ischemia (shaded background) and 
quickly returned to normal values during reperfusion. No inter-probe differences were seen (top left). 
However in this group, significantly lower levels of hypoxanthine were measured in probe C (1.0 mM 8’-
aminoguanosine) compared with the control probe A (plain buffer) (left middle). This was accompanied by 
significantly higher interstitial concentrations of taurine (again in probe C) (left bottom). In the PC PNP-I 
INO group (right column), addition of inosine reverted the metabolic changes induced by 8’-
aminoguanosine. Hence similar levels of lactate, hypoxanthine and taurine were observed in all probes 
(right top through bottom). Abbreviations: Plain buffer, microdialysis buffer consisting of a modified Krebs-
Ringer phosphate buffer, pH 7.4: sodium phosphate, 20 mM; magnesium chloride; 5 mM, sodium chloride, 
110 mM; 8’AMG, 8’-aminoguanosine; INO, addition of inosine (375 µM); ( † ), significantly less than probe 
A (P<0.05); ( †† ), significantly more than probe A (P<0.05). 
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outcome (PNP inhibition), while the taurine levels reflected the cell physiological outcome (cellular 

injury). These findings suggest that the IP phenomenon at least partly involves the activated enzyme 

PNP. 

7.3.Results (Studies III and IV) 

Biopsies were obtained in accordance with the experimental protocol (Fig. 5) and energy-related data 

were as follows: 

Total adenylate pool. Baseline concentrations of ATP, ADP, and AMP were similar in the three 

different groups (Fig. 9). However, the IP procedure significantly lowered ATP and ADP levels prior 

to prolonged ischemia as compared to control (non-PC). Four ischemia/reperfusion cycles did not 

reduce the total adenylate pool more than one cycle (end of 4th ischemic cycle in 4xPC compared with 

end of first ischemic cycle in 1xPC). Prolonged ischemia resulted in a successive depletion of the total 

adenylate pool. More specifically, unique patterns for each nucleotide were seen over time. ATP levels 

decreased continuously from the beginning of prolonged ischemia in all groups and the ATP decay 

was most pronounced in the non-PC group. ADP levels were transiently elevated (by 20 min of 

prolonged ischemia) but decreased to about baseline levels after 40 min of prolonged ischemia. AMP 

levels increased continuously during the prolonged ischemia with the most important rise in the non-

PC group. Reperfusion resulted in a partial recovery of the total adenylate pool, still ATP and ADP 

levels were significantly lower than baseline levels in all groups (Table 5). ADP and AMP levels were 

higher in the IP groups than the non-PC group after 120 min of reperfusion (ATP increase was not 

significant). EC was about 0.85 at baseline in all groups and decreased to 0.60 after 40 min of 

prolonged ischemia (data not shown) and returned to normal or subnormal levels at the end of the 

reperfusion period (Table 5). 

 

 

 

 

 

 

 

 

 

 

Adenine nucleotide breakdown products (ANBP). Baseline concentrations of ANBP,   i. e. adenosine, 

inosine, and hypoxanthine were similar in all groups (Fig. 10). Similar levels of ANBP were 

maintained at the beginning of prolonged ischemia, but increased significantly during subsequent 
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Fig. 9 Myocardial ATP, 
ADP, and AMP levels 
following ischemia 
(shaded background) 
and reperfusion (white 
background). Means ± 
SEM. ( * ), less than 
non-PC, p < 0.05; ( $ ), 
less than 1xPC,             
p < 0.05. 
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Table 5 

Myocardial energy metabolites at baseline and at the end of reperfusion period. 

 Baseline values Previously ischemic tissue Never-ischemic tissue 

Parameter 
 

non-PC 1xPC 4xPC non-PC 1xPC 4xPC     non-PC 1xPC 4xPC 

                
ATP 13.63±1.74 14.81±1.29 13.57±1.10 5.30 ± 1.19*  5.01 ± 0.38*  6.80 ± 0.92* 16.88 ± 1.83 15.63 ± 1.36 14.73 ± 1.19 
ADP 3.81±0.68 4.29±0.35 4.28±0.45 1.86 ± 0.14*  2.54 ± 0.18*† 2.36 ± 0.15*† 3.36 ± 0.20 3.81 ± 0.44 3.72 ± 0.24 
AMP 0.50±0.13 0.49±0.10 0.70±0.16 0.32 ± 0.04 0.41 ± 0.05† 0.40 ± 0.08† 0.32 ± 0.13 0.47 ± 0.07 0.67 ± 0.21 
Energy-  0.85±0.02 0.87±0.01 0.85±0.01 0.82 ± 0.03 0.79 ± 0.01 0.83 ± 0.02 0.90 ± 0.01 0.88 ± 0.01 0.87 ± 0.01 
Charge (EC)                
Adenosine 0.13±0.04 0.19±0.05 0.13±0.02 0.10 ± 0.01 0.11 ± 0.02 0.12 ± 0.02 0.12 ± 0.02 0.12 ± 0.02 0.10 ± 0.01 
Inosine 0.18±0.04 0.21±0.04 0.20±0.03 0.10 ± 0.02 0.15 ± 0.03 0.12 ± 0.02 0.12 ± 0.02 0.17 ± 0.03 0.15 ± 0.02 
Hypo- 0.19±0.03 0.24±0.03 0.23±0.02 0.28 ± 0.02 0.29 ± 0.03 0.34 ± 0.02 0.20 ± 0.02 0.27 ± 0.02† 0.28 ± 0.02† 
xanthine                
Lactate 13.85±3.73 16.65±3.68 17.34±2.28 11.2   ± 1.18 37.14 ± 6.49*† 28.78 ± 5.59*† 12.30 ± 3.27 17.56 ± 3.29 17.12 ± 2.69 
                

Data are presented as means ± SEM. Metabolites are expressed as µmol/g dry weight. ( *  ), significantly different from 
baseline and never ischemic tissue, p < 0.05; ( † ), more than non-PC,  p < 0.05. 

ischemia displaying a graded pattern, non-PC>1xPC>4xPC. The partition of adenosine, inosine and 

hypoxanthine differed significantly among groups as a consequence of ischemia, i.e. proportionately 

more hypoxanthine was produced in the IP groups (Table 6). The ratio of adenosine/inosine 

concentrations at the start of prolonged ischemia was about 0.9 (Fig. 11A). Subsequent ischemia 

significantly decreased this ratio to around 0.2 indicating an ongoing adenosine deaminase activity. No 

inter-group differences were seen with respect to this ratio although quantitatively more adenosine and  

 

 

 

 

 

 

 

 

 

 

 

 

 

inosine were present in the non-PC group (see Fig. 10). The ratio of inosine/hypoxanthine 

concentrations was about 0.5 at the beginning of prolonged ischemia (Fig. 11B). Subsequent ischemia 

induced a marked increase in the inosine/hypoxanthine ratio. The increase in inosine/hypoxanthine 

ratio was highest in non-PC>1xPC>4xPC.  

At the end of the reperfusion period adenosine and inosine returned to baseline levels 

and were similar in all groups (Table 5). Hypoxanthine levels following reperfusion also decreased but 

were higher in the IP groups (Table 5). The xanthine levels were at detection level throughout the 

experiments and did not differ between groups (data not shown). 

 

 

 

 

 

 

 

 

 

 

Fig. 10 Myocardial 
adenosine, inosine,  and 
hypoxanthine levels 
following ischemia 
(shaded background) 
and reperfusion (white 
background). Means ± 
SEM. ( * ), less than 
non-PC, p < 0.05; ( $ ), 
less than 1xPC,             
p < 0.05. 
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Table 6 

Sum of adenylate breakdown products (ΣΣΣΣANBP) and their proportional relationship at different time points. 

Time Group ΣANBP Ado Ino Hypo Adenylate  gap 
  ( µmol/g dry weight )  ( % ) ( % ) ( % ) ( µmol/g dry weight ) 

            

Beginning of  non-PC 0.52 ± 0.06 20± 3  26± 5  54± 4    

Prolonged ischemia 1xPC 0.69 ± 0.15 21± 2  22± 2  57± 3    

 4xPC 0.50 ± 0.16 19± 3  26± 5  54± 4    
            
After 20 min of non-PC 9.57 ± 1.89 15± 2  70± 2  15± 2  7.98± 0.62  

Prolonged ischemia 1xPC 6.01 ± 0.78∗ 10± 2  67± 3  23± 2 $ 6.40± 0.55 ∗ 

 4xPC 1.72 ± 0.40∗† 13± 5  48± 2 ∗† 39± 4 $£ 3.14± 1.15 ∗† 
            
After 40 min of non-PC 13.12 ± 1.34 6± 1  78± 1  16± 1  12.56± 0.88  

Prolonged ischemia 1xPC 7.92 ± 0.77∗ 18± 14  60± 10 ∗ 22± 5  10.08±  0.79 ∗ 

 4xPC 4.62 ± 0.54∗† 5± 1  61± 2 ∗ 34± 2 $£ 6.17± 0.99 ∗† 
            
After 120 min of non-PC 0.48 ± 0.04 21± 2  21± 2  58± 2    

reperfusion 1xPC 0.55 ± 0.08 20± 5  28± 4  52± 4     

4xPC 0.48 ± 0.12 20± 1  20± 1  60± 3    (previously 
-ischemic tissue) 

           
            
After 120 min of non-PC 0.43 ± 0.04 26± 2  26± 2  47± 3    

reperfusion 1xPC 0.57 ± 0.05$ 22± 3  29± 2  49± 4    

4xPC 0.53 ± 0.02$ 19± 5  28± 3  53± 2    (never 
-ischemic tissue)     

Data are presented as means ± SEM. Abbreviations: ΣΣΣΣANBP, sum of adenine nucleotide breakdown products; 
Ado, adenosine; Ino, inosine; Hypo, hypoxanthine;     Adenylate gap, the difference of the sum of total adenylates 
from the start to middle (20 min) and from start to end (40 min) of prolonged ischemia; ( ∗ ), less than non-PC,  p < 
0.05; ( † ), less than 1xPC,  p < 0.05; ( $ ) more than non-PC, p < 0.05;( £ ) more than 1xPC, p < 0.05.  

Lactate. Baseline concentrations of lactate including those at start of prolonged ischemia were similar 

and low in all groups (Fig. 12). Ischemia resulted in a markedly increased lactate production. Lactate 

levels continuously increased in all groups during prolonged ischemia and increased significantly 

more in non-PC>1xPC>4xPC. After 120 min of reperfusion lactate levels decreased substantially in all 

groups but were significantly higher in the previously ischemic tissue of IP groups (1xPC and 4xPC, 

data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) B) 

Fig. 11 Myocardial adenosine/inosine (A) and inosine/hypoxanthine ratios (B) during prolonged 
ischemia. Means ± SEM. ( * ), less than non-PC, p < 0.05; ( $ ), less than 1xPC, p < 0.05. 
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Microdialysis data. Baseline levels of lactate, hypoxanthine, and taurine concentrations were similar 

in the different groups (Fig. 13). In the ischemic probes ischemia resulted in an increase, and 

reperfusion in a decrease of interstitial levels of these molecules. During the IP procedure similar peak 

levels of lactate were observed during the 4 ischemia/reperfusion cycles of the 4xPC group. However 

the interstitial levels of hypoxanthine and taurine presented a die-away curve pattern subsequent to 

each ischemia/reperfusion cycle. Interstitial levels of metabolites observed during the 

ischemia/reperfusion cycle of the 1xPC group were similar to the levels observed during the first 

ischemia/reperfusion cycle of the 4xPC group. During prolonged ischemia the highest levels of all 

metabolites were seen in the non-PC group followed stepwise by 1xPC and 4xPC, respectively. The 

area under the curve of lactate correlated positively with the area under the curve of taurine (r = 0.64, 

p<0.005), whereas the correlations between area under the curve of lactate vs. hypoxanthine and 

taurine vs. hypoxanthine were weak and non-significant (data not shown). In the control probes (never 

ischemic tissue) interstitial metabolite levels remained at baseline in all groups throughout the 

experiment (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Myocardial 
lactate levels following 
ischemia (shaded 
ackground) and 
reperfusion (white 
background). white 
background).Means ± 
SEM. ( * ), less than 
non-PC, p < 0.05; ( $ ), 
less than 1xPC, p < 
0.05. 
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Fig. 13 Microdialysis data from the three 
experimental groups (non-PC, 1xPC, and 4xPC)  
obtained from the expected ischemic myocardium 
presented as means ±�  SEM. Regional ischemia is 
represented by shaded background. Interstitial 
concentrations of lactate (top left), hypoxanthine 
(bottom left) and taurine (bottom right) are given.    
( † ), significantly less than non-PC (p<0.05); ( †† ), 
significantly less than non-PC and 1xPC (p<0.05). 
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Infarct size. The size of area at risk as a percentage of total slice area was similar between groups (Fig. 

11). The infarct size/area at risk ratios were significantly lower in the IP groups in a stepwise fashion 

where 4xPC<1xPC<non-PC. Furthermore, the infarct size was related to the size of area at risk in non-

PC (r = 0.79, p<0.05), but not in 1xPC (r =0.10, p=0.83) and 4xPC (r =0.59, p=0.16). 

 

Infarct size vs. microdialysis data. Significant correlations were found between the infarct size/area at 

risk ratio on the one hand and area under the curve of each of lactate (r =0.49, p<0.05), taurine (r 

=0.49, p<0.05), and hypoxanthine (r =0.59, p<0.005), on the other (not shown in figures or tables). 

 

Short discussion (Study III) 

Myocardial baseline levels of adenylates and EC were similar to levels reported earlier [189, 201]. The 

IP procedure, in accordance with a previous report [93], resulted in lower levels of ATP and ADP at 

start of prolonged ischemia, still a protective effect was measured comparing infarct size development. 

Four IP cycles did not reduce the adenylate pool more than one cycle, confirming previous 

investigations (37, 38, 202]. In the present study, IP resulted in significantly less nucleotide decay in a 

stepwise fashion (non-PC>1xPC>4xPC), after both 20 and 40 min of ischemia. This finding was 

accompanied by a reciprocal increase of ANBP. Thus during prolonged ischemia the sum of ANBP as 

well as the interstitial peak levels of lactate, hypoxanthine and taurine demonstrated a graded pattern, 

where non-PC>1xPC>4xPC. The PC phenomenon is associated with a reduced energy demand [98, 

198, 199] and a graded level of protection offered by IP has been suggested [198, 203, 204]. Our 

microdiadialysis and biopsy data demonstrate in concert an alteration of energy metabolism in a 

graded fashion which is a novel finding. We did not observe any preservation of ATP levels (during 

prolonged ischemia following PC), which was previously reported [199, 205, 206]. It should however 

be pointed out that the ATP preservation seen in those studies comprised only the first 10 -15 min of 

prolonged ischemia. As a matter of fact, Murry et al. [93] (analysing biopsy samples in the dog model) 

and Kida et al. [205] (using the NMR-technique in the pig model) did not observe any preservation of 

the ATP levels beyond the first 15 min of prolonged ischemia in IP subjects, which is corroborative 

with our findings. In parallel with the above, after 120 min of reperfusion significantly higher levels of 

ADP and AMP (ATP increase was not statistically significant) were observed in IP tissue, indicating 

preservation of the nucleotide pool or possibly an enhanced adenylate salvage in the post ischemic IP 

myocardium.  

Moreover, the tissue levels of ANBP of IP subjects consisted of proportionally more 

hypoxanthine during prolonged ischemia, suggesting a modified handling of ANBP in the IP 

myocardium. Moreover, the ratio of tissue levels of inosine/hypoxanthine (used as an indicator of PNP 

activity) was significantly smaller in the IP groups (non-PC>1xPC>4xPC), suggesting an early 

activation of PNP by IP (since inosine is one of the substrates and hypoxanthine is one of the two 

reaction products). 
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Microdialysis data vs. biopsy data. 

Interstitial levels of energy-related 

metabolites (lactate, adenosine, inosine, and 

hypoxanthine) monitored by the 

microdialysis technique correlated with 

tissue biobsy levels of lactate(r=0.90, 

p<0.001), adenosine(r=0.89, p<0.001), 

inosine(r=0.88, p<0.001), and 

hypoxanthine(r=0.91, p<0.001), respectively. 

Significant correlations were observed 

regardless of the functional state of the 

myocardium (Table 7). 

We present for the first time concordant energy metabolic and morphometric data in support of IP 

being a graded phenomenon for protection of the ischemic myocardium. Furthermore PC activated the 

purine nucleoside phosphorylase (PNP) enzyme system expressed as, the inosine/hypoxanthine ratio, 

in a graded fashion. Such PNP activation initiates a cost-effective metabolic pathway and provides a 

unique explanation for the mechanism of protection associated with the PC phenomenon.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

     

Tissue vs interstitial 
level of analyte 

 Ischemic     
tissue 

 Non-ischemic 
tissue 

 

Sum of 
ischemic and 

non-
ischemic tissue 

n  63  56  119 

Lactate          

r, p-value  0.89 <0.001  0.78 <0.001  0.90 <0.001 

Slope  31.9  29.2  40.9 

Intercept (µmol/L)  2371  861  843 
          
Adenosine          

r, p-value  0.86 <0.001  0.69 <0.001  0.89 <0.001 

Slope  8.88  7.55  9.4 

Intercept (µmol/L)  1.73  0.71  0.95 
          
Inosine          

r, p-value  0.85 <0.001  0.77 <0.001  0.88 <0.001 

Slope  20.0  29.3  18.5 

Intercept (µmol/g 
dry weight) 

 -13.9  -1.0  -3.4 

          
Hypoxanthine          

r, p-value  0.87 <0.001  0.84 <0.001  0.91 <0.001 

Slope  92.3  61.4  81.4 

Intercept (µmol/g 
dry weight) 

 -35.5  -7.9  -18.4 
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Fig. 14 Outcome of regional ischemia at the end of reperfusion as estimated by infarct size/area at 
risk ratio of individual subjects (open circles) and means ±�  SEM (filled circles) in the three 
experimental groups (non-PC, 1xPC, and 4xPC). The proportion of the heart subjected to ischemia 
is illustrated by the ratio of total area at risk/total slice area (open squares) means ±�  SEM. ( * ) 
Significantly lower than non-PC, p<0.05. ( $ ), less than 1xPC, p < 0.05. 

Table 7 Correlation coefficients, p values, slopes and 
intercepts on reciprocal comparisons of energy related 
metabolites obtained by microdialysis and by tissue 
biopsies  at given time intervals from ischemic and non-
ischemic tissue of porcine myocardium 
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8.General discussion 

8.1.Ischemic heart disease and IP 

Ischemic heart disease constitutes a collection of clinical conditions which affect the functional state 

of the heart by means of blood supply and can in its severest form culminate in acute myocardial 

ischemia/infarction. Acute myocardial infarction is a major cause of death in most Western countries. 

Early reperfusion is the primary goal in any strategy aiming at maintaining viability and protecting the 

heart against acute myocardial ischemia. Despite considerable progress in reperfusion therapy (i.e. 

angioplasty/thrombolysis), early reperfusion is not always possible or practicable, i.e. in evolving 

myocardial infarction with attempted thrombolysis or in cardiac transplantation with extended storage 

times. This problem has given rise to the concept of cardioprotection in which a variety of 

interventions are used to slow the rate of progression of ischemic injury so that less irreversible injury 

occurs and more tissue is available when reperfusion is finally accomplished. In this respect, a 

pharmacological approach has been shown successful in the laboratory but with a few exceptions (β-

blockade- and Glucose insulin treatment) such interventions have failed in the clinical setting. Hence, 

there is considerable interest in exploiting the ability of the heart to use endogenous adaptive 

mechanisms such as IP. Today, much is known about the signalling pathways involved in IP however, 

the details of the final steps leading to cardioprotection, remain elusive. Elucidating these unknown 

mechanisms may aid in developing new treatment strategies for controlling ischemic injury. 

Adenosine (discussed earlier) is involved in many important processes in the 

cardiovascular system. Adenosine also plays a major role in the signalling pathways of IP. We believe 

that adenosine catabolism is involved in generating energy in a cost-effective fashion following IP. 

Such cost-effective metabolism may at least partly explain the cardioprotective effect of IP.  

 

8.2.Attenuating purine levels during IP and the role of adenosine 

Attenuating purine levels is a characteristic finding during IP [178-181, 207, see also Fig. 3]. Goto et 

al. [208] using isolated rabbit hearts found that adenosine levels in coronary effluent collected during 

IP were unaffected by adenosine receptor inhibition during IP (which abolished the protective effect of 

IP) or by adenosine/ischemic preconditioning. They concluded that the attenuating purine production 

during subsequent ischemia following IP was unrelated to the mechanism of protection [208]. 

However, these investigators did not measure purine levels during prolonged ischemia. It is possible 

that adenosine receptor inhibition may alter the profile of adenosine metabolism during prolonged 

ischemia. Moreover, estimation of purine levels from coronary effluents may be biased, as endothelial 

cells and erythrocytes are known for their ability to influence blood purine levels [209]. Mortimer et 

al.[207] using an in vivo heart-model in rabbit observed that the progressive attenuation of interstitial 

purine levels occurring during two consecutive ischemia/reperfusion cycles persisted even if the time 

space between the two ischemic episodes was extended to 180 min. This time frame is considered to 
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be longer than the duration of the infarct-limiting effect of IP in the rabbit [210]. Hence, attenuating 

purine levels following IP may be dissociated from the mechanisms of protection of IP (at least in the 

rabbit). Nonetheless, a number of studies have demonstrated an increased 5’ -nuclcleotidase activity 

following IP [182-185, 211-213], which would imply an increased production of adenosine and its 

catabolites. As mentioned earlier (section 4.8), the described difference between the increased 

adenosine production (evidenced by increased 5’ -nucleotidase activity) and the successively lower 

adenosine levels observed in the interstitial space following IP may have a common explanation. 

Accordingly, IP activates a metabolic pathway favouring metabolic utilisation of adenosine towards 

pyruvate and ATP production (Fig 15). Thus newly-formed adenosine by 5’ -nucleotidase is 

deaminated to form inosine and ammonia in stoichiometric amounts. Inosine is further degraded to 

hypoxanthine by purine nucleoside phosphorylase, in the presence of Pi, thereby forming ribose-1-

phosphate, n.b. without investment of ATP [28]. Ribose-1-phosphate can then be transformed to 

ribose-5-phosphate in a phosphoribomutase reaction. Ribose-5-phosphate is an intermediate of the 

hexose monophosphate pathway, operative also under anaerobic conditions. This pathway 

communicates with the glycolytic pathway ending up in pyruvate and lactate [214]. The above 

mentioned formation of ammonia is favourable in this context, as it can act as a proton acceptor 

thereby counteracting lactacidosis. Utilisation of adenosine in this way may explain the successive die-

away pattern of adenosine seen in consecutive IP cycles and at least in part be responsible for the 

protective effect of IP. In the current studies the following observations supported this line of 

reasoning: 

 

• Addition of adenosine via microdialysis probes enhanced the interstitial release of inosine, 

hypoxanthine and lactate in the myocardium of IP subjects during prolonged ischemia. This 

finding did not occur in non-preconditioned subjects. Similar addition of deoxyadenosine a 

non-metabolizable14 adenosine receptor-agonist, did not evoke the same metabolic response. 

 

• 8’ -aminoguanosine (a competitive inhibitor of PNP) inclusion decreased interstitial 

hypoxanthine release and increased the release of taurine as a token of increased cellular 

injury in the ischemic IP myocardium. Addition of inosine (a natural substrate of PNP) 

reverted these changes. The changes evoked by 8’ -aminoguanosine were due to a competitive 

inhibition of PNP and not due to unspecific toxicity. 

 

• The tissue levels of adenine nucleotide breakdown products (ANBP) of IP subjects consisted 

of proportionally more hypoxanthine during prolonged ischemia, suggesting a modified 

handling of ANBP in the preconditioned myocardium. Moreover, the ratio of tissue levels of 
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inosine/hypoxanthine (used as an indicator of PNP activity) was significantly smaller in the IP 

groups (non-PC>1xPC>4xPC), suggesting an early activation of PNP by IP (since inosine is 

one of the substrates and hypoxanthine is one of the two reaction products). 

 

                                                                                                                                                                                     
14 Although deoxyadenosine can be metabolized in the cell, it can not be catabolised into inosine, hypoxanthine 
and lactate. 
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Study II. According to the proposed hypothesis (indicated by thicker lines) adenosine is primarily 
converted to inosine. Inosine in turn is catalysed by purine nucleoside phosphorylase yielding 
hypoxanthine and ribose-1-phosphate. The latter can be converted to ribose-5-phosphate which is an 
intermediate metabolite of the hexose monophosphate pathway. Hence the ribose moiety of adenosine 
can be utilised to produce pyruvate and eventually lactate and ATP n.b. without any initial ATP 
investment. 
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8.3.Purine nucleoside phosphorylase (PNP) and its role in IP  

PNP is a trimer of 90,000 daltons, and is found in the cytoplasm of a variety of organisms, both 

prokaryotic and eukaryotic. Mammalian PNP (EC 2.4.2.1) catalyses the reversible conversion of 

ribonucleoside and 2’ -deoxyribonucleoside in presence of Pi to the corresponding bases and ribose-1-

phosphate or 2’ -deoxyribose-1-phosphate, respectively. Inherited deficiency of PNP is associated with 

severe T-cell immune deficiency (but normal B cell function). Significant activities of PNP have been 

demonstrated in rat cardiomyocytes [226]. However the importance of this enzyme in the 

preconditioned ischemic myocardium is unknown. 

The current experimental set up did not distinguish the cellular origin of the myocardial 

PNP activity which is a matter of concern in this context as there seems to exist uncertainty regarding 

the cellular origin of PNP in myocardium [227, 228]. We observed very low PNP activity (measured 

as hypoxanthine formation) in the normoxic pig heart [176, 177]. Moreover, we have reasons to 

believe that PNP may occur in different activation states (Study I), which means that non-

preconditioned heart tissue may contain PNP with a low activity. According to our hypothesis, PNP 

may be activated by IP which may involve the assembly of subunits and another constitution of the 

enzyme.  

The interstitial levels of taurine were increased following inhibition of PNP activity 

with 8’ -aminoguanosine in the ischemic preconditioned myocardium. We considered the possibility of 

taurine exodus into the intercellular space being the result of unspecific cellular leakage due to 8’ -

aminoguanosine toxicity to the ischemic myocardium. It should however be pointed out that 8’ -

aminoguanosine is rapidly converted to 8’ -aminoguanine in aqueous solutions [229]. 8’ -aminoguanine 

being a derivative of a natural substrate of PNP, has been found to bind strongly to PNP acting as a 

potent and specific reversible inhibitor of the enzyme [230]. It was also established that 8’ -

aminoguanine is metabolically stable [230], and therefore no breakdown-products could perturb other 

cellular reactions. Hence, 8’ -aminoguanosine is a specific reversible inhibitor of PNP activity, with a 

K i of 1.7x10-5 M [231]. A number of studies have demonstrated that incubation of various lines of 

human lymphoid cells with 8’ -aminoguanosine in a wide range of concentrations for 24 h was not 

cytotoxic [232-234]. Moreover, short term, intravenous [235], or dietary [236], administration of 8’ -

aminoguanosine did not induce toxicity in dogs. Since our experimental design comprised in vivo 

administration of 8’ -aminoguanosine for only a few hours, we have reasons to believe that the 8’ -

aminoguanosine effect studied by us was indeed inhibitory to PNP activity and not due to unspecific 

toxicity to the ischemic heart cells. What is more, the PNP inhibition was reversed by addition of 

inosine. If 8’ -aminoguanosine was indeed toxic to the myocardium, a continued taurine efflux would 

have been registered in presence of inosine. Such was not the case. 
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8.4.IP a graded phenomenon  

Until a couple of years ago it was generally accepted that the protection offered by ischemic 

preconditioning was an “all or nothing”  phenomenon [172, 237, 238]. However, recently it was shown 

that ischemic preconditioning limited the infarct size in a graded pattern [198, 203, 204]. A graded 

pattern of protection was demonstrated not only with respect to the number of preconditioning cycles 

but also with respect to the duration of each ischemia/reperfusion cycle [166]. This line of reasoning 

was confirmed in the present study, since the response of tissue levels, interstitial levels of 

metabolites, and the developed infarct size to the PC stimulus was “dose-dependent” . The current data 

in combination present a unique insight in the dynamics of a graded fashion of protection offered by 

PC and elucidate the role of an altered myocardial metabolism in the mechanisms of protection.  

 

8.5.Methodological considerations 

The porcine heart-model: Studies of ischemic processes in the myocardium with the microdialysis 

technique require certain amount of myocardial tissue in order to properly insert the microdialysis 

probe. Although small animal heart-models (rat and rabbit) can be used, no more than one 

microdialysis probe can be inserted in the myocardial tissue of interest due to the physical size of the 

available probes. Using the pig model, we were able insert three microdialysis probes in the 

myocardium of interest. The distribution of coronary arteries in the pig heart bears close resemblance 

to that in man. Thus, in the pig, the left coronary artery is dominant and through its branches it 

supplies a major portion of the left ventricle [239-241]. Hence, diagonals of LAD are easily made 

accessible through sternotomy (which in turn is necessary for insertion of the microdialysis probes). 

Moreover, in contrast to the dog, but similar to the human heart without longstanding coronary artery 

disease, the pig has almost negligible myocardial collateral blood flow and a low ability to recruit new 

collaterals during ischemia [239, 242, 243]. In addition, the porcine heart (similar to the human heart) 

contains little or no xanthine oxidase, the action of which results in free radical formation upon 

reperfusion. The above described characteristics suggest that the pig may be a suitable model for 

studies of ischemic processes encountered in man, at least in non-collateralised patients with acute 

ischemia. 

The pig reacts adversely to disturbances in its physical and social environment as well 

as to surgical stress [244]. Hence, the handling of the pig before the experimental procedures deserves 

special attention [245] as at worst it may die acutely in a shock-like picture called the Porcine Stress 

Syndrome [246].  

 

The occlusion technique and the ischemic protocol: Manual ligation of coronary arteries to induce 

ischemia is widely used in experimental open-chest heart-models. Immediate confirmation of 

induction of ischemia can be made by observing cyanotic demarcation in the epicardium of the supply 

area of the occluded artery and noting ST-segment changes in the ECG readings as well as observing 
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associated hemodynamic changes (i.e. tachycardia, drop in blood pressure). In a previous study from 

our laboratory (using radiolabled microspheres) we found that the current occlusion technique 

typically reduced the regional blood flow to less than 10% of normal blood flow during occlusion and 

back to normal or supra-normal blood flow upon reperfusion [186]. The evolution of myocardial 

infarction in pigs follows a sigmoidal course with the fastest rate of necrosis occurring between 30 and 

45 min of ischemia [247]. Accordingly, the 40 min long ischemia used by us was sufficient for 

detecting differences in the two IP protocols tested (Study III). 

 

The anaesthetic method: One could argue that morphine (used for anaesthesia) might induce IP [60]. 

However, morphine was uniformly given to all animals (experimental groups and controls), still a 

protective effect was seen by IP as assessed by infarct size planimetric measurements (Study III). 

Schultz et al. [60] were the first to report involvement of opioid receptors in the protective effect of IP. 

This has been confirmed by many others [248-252] using the rat or rabbit heart-model and by 

employing a 30 min of prolonged ischemia. In contrast, Tsuchida et al. [253] reported that opioid-

receptor stimulation was not cardioprotective when the prolonged ischemia was shorter or longer than 

30 min in the rat. Furthermore, whereas 100 micrograms/kg of morphine was enough to induce 

cardioprotection in the rat models, 3mg/kg of morphine was required in the rabbit model [251]. In the 

current studies the dosage of morphine used is well below 3mg/kg. 

 

The microdialysis technique: Numerous studies have pointed out the microdialysis technique as a 

powerful tool in both experimental and clinical research. However, knowledge about the limitations of 

this technique is warranted to ensure correct data interpretation. The achieved concentration of an 

analyte in the microdialysis sample is dependent on the degree of equilibration between the perfusate 

and interstitial fluid. In this context the term relative recovery (RR) is often used which is defined as 

the microdialysate/interstitial concentration ratio (of an observed analyte) expressed as percentage 

[254]. The RR-rate (in contrast to the absolute recovery rate, which refers to the absolute mass transfer 

of the observed analyte across the microdialysis membrane) remains unchanged despite alteration in 

the interstitial concentration of the observed analyte. This property enables investigators to study 

dynamic changes in concentration of analytes in the interstitial fluid. However, a number of factors 

influence the RR-rate. A non-linear inverse relationship was found between the RR-rate and the 

perfusate flow rate [254-257]. Hence, at very low perfusion flow rates (0.3 µL/min) the RR-rate may 

approach 100% [256-258]. It was also established that an inverse relationship between RR-rate and 

molecular weight exists [259-261]. Moreover, the RR-rate was found to increase with increased area 

of the microdialysis membrane [256, 262]. It has also been suggested that molecules with surface 

charges may interact with the microdialysis membrane, thus impeding the RR-rate [263]. In addition, 

the surrounding tissue temperature was found to influence the RR-rate [257, 262]. Finally, damage to 

the surrounding tissue during probe insertion, causing local release of substances, is known to perturb 
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microdialysis data during initial sample collection. To address the issues reviewed above we used a 

standard probe with a 10 mm dialysis membrane perfused with a constant rate of 2.0 µL/min. An 

equilibrium period of 90 min was found to be enough and used to secure baseline values. This was 

additionally confirmed by biochemical analysis (data not shown). The relative recovery rate for the 

various metabolites was obtained according to a standardised procedure [264] and was as follows: 

lactate, 74%; adenosine, 45%; inosine, 53 %; hypoxanthine, 54%; taurine 66%. Approximately 47 % 

of the deoxyadenosine and 35% of the 8’ -aminoguanosine feeded the probes was distributed to the 

tissues. In studies of hypo-perfused /ischemic tissues, the inhomogeneity of the ischemic area may also 

impose difficulty in data interpretation. To resolve this problem, at least a doubling of lactate 

concentration upon ischemia was set as inclusion criterium for probe microdialysates.  

 

Taurine as a marker of ischemic injury: Taurine is a sulphuric containing amino acid making up about 

50% of the free amino acid pool in mammalian hearts [32]. Taurine is also involved in 

osmoregulation, lipid metabolism, calcium transport and membrane function in cardiomyocytes [33]. 

Enhanced release of taurine is associated with acute and evolving myocardial injury [34, 35, 281]. 

Taurine may also represent an osmotic energy reserve in the myocardium [36]. Hence, taurine was 

considered a sensitive marker of myocardial cell injury [36]. In the present studies the highest 

interstitial levels of taurine were observed in the non-PC group (during index ischemia) followed 

stepwise by 1xPC and 4xPC again in testimony of an improved energy economy induced by IP.  

The current study designs (Studies II and III) would have benefited from additional 

markers of ischemia such as troponin T. One advantage with the microdialysis technique is the high 

sensitivity measurement of the low-molecular weight compound taurine and that the anatomical origin 

of the biochemical marker of cellular damage is known. Moreover, the temporal resolution is 

advantageous so that the time sequence of the damage can be studied and related to other metabolites 

in the pertinent anatomical region. One disadvantage of the method is the pore-size of the dialysis 

membrane not allowing for polypeptides/proteins (i.e. aspartate alanine transferase, creatine kinase, 

lactate dehydrogenase, troponins) to pass. 

 

Infarct size estimation (Study III):Tetrazolium stains are widely used for macroscopic determination of 

myocardial infarct size. Triphenyl tetrazolium chloride (TTC) is one such stain which is reduced to a 

red formazin pigment by the activity of membrane bound diaphorases (in presence of 

NADPH/NADH) resulting in a bright red stain in the viable myocardium [265]. In acutely infarcted 

myocardium (< 6 h post-infarction) a precipitous decrease of the aforementioned cofactors causes the 

necrotic myocardium to remain unaffected and thus pale following TTC-staining. In older infarcts a 

decrease in the intracellular activity of dehydrogenase and diaphorases may also contribute to the 

characteristic TTC-staining findings in the necrotic myocardium. The use of TTC in the macroscopic 

diagnosis of acute myocardial infarcts in the human population was found to have a diagnostic 



48 

sensitivity of 77.4 % and a specificity of 92.6%. The predictive value of a positive test was 80.5% and 

that of a negative test was 90.2% [266]. Certain environmental factors influence the quality and 

accuracy of TTC-staining. The TTC-solution was reported to be light- and air-sensitive [266]. 

Furthermore, the accuracy of the TTC-staining was found to be influenced by the pH but not by the 

temperature of the solution. Moreover, a linear relationship was observed between the degree of the 

staining by TTC and the reperfusion time [267]. We used a reperfusion period of 2 h. Our TTC bath 

consisted of a 1 % deionised aqueous solution of TTC at 30°C. The heart slices were incubated under 

at least 2 cm of the TTC solution to avoid interaction with room air. Furthermore, the TTC-bath was 

covered with aluminium foil to minimise exposure to light. Upon ocular inspection shrinkage of heart-

slices was observed as a result of TTC-staining. It was suggested that such shrinkage was more 

prominent in the viable myocardium thus resulting in overestimation of the infarct size [268]. We 

compared the total slice area of 100 slices before and after TTC-staining and did not find any 

significant difference due to shrinkage of the slices. Delineating the infarcted region from the viable 

myocardium implies a certain degree of subjectivity, especially if the necrotic area is small/patchy (as 

in IP subjects). To address this issue we estimated the infarct size using digital planimetric software 

carried out by two investigators. 

Determinants of infarct size include occlusion time [269], collateral blood flow [270, 

271], size of area at risk [271, 272], body temperature [273] systemic hemodynamic variables [274] 

and location of the infarct [275]. In the present studies the occlusion time and the location of the 

infarct agreed in both controls and experimental groups. Furthermore, the porcine heart-model is 

unique in that the collateral blood flow in the myocardium is negligible [239]. There was no 

significant difference between the groups with respect to the size of area at risk, body temperature or 

hemodynamic variables. Thus the difference in developed infarct size between 1xPC and 4xPC was 

related to the impact of IP rather than other infarct size-influencing factors.  
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9. Main conclusions 
 

• Adenosine catabolism during IP was part of a cost-effective energy production. Such cost-

effective metabolism involved the purine nucleoside phosphorylase enzyme system. 

Accordingly, the ribose moiety of adenosine was utilised to generate energy (via lactate 

formation). Adenosine catabolism in this manner may at least partly explain the cardio-

protective effect offered by IP. The above is supported by the following: 

 

o Addition of adenosine via microdialysis probes enhanced the interstitial release of 

inosine, hypoxanthine and lactate in the myocardium of IP subjects during prolonged 

ischemia. This phenomenon did not occur in non-preconditioned subjects. Similar 

addition of deoxyadenosine, a non-metabolizable adenosine receptor-agonist, did not 

evoke the same metabolic response. 

 

o IP activated the purine nucleoside phosphorylase enzyme system, expressed as the 

inosine/hypoxanthine ratio, in a graded fashion.  

 

o A dose-dependent inhibition of the enzyme purine nucleoside phosphorylase (PNP) by 

8’aminoguanosine was observed in the IP myocardium. This inhibition resulted in an 

enhanced exodus of taurine reflecting a disturbed energy economy of the myocardium 

and cellular injury. Addition of inosine being a substrate of PNP reversed these 

changes, which indicated that 8’ -aminoguanosine was a competitive inhibitor of PNP. 

The effects evoked by 8’ -aminoguanosine were due to specific inhibition of PNP and 

not due to unspecific toxicity. 

 

• IP is a graded phenomenon for protection of the ischemic myocardium as evidenced by 

concordant energy metabolic and morphometric data.  

 

• We observed significant correlations between interstitial and tissue levels of energy-related 

metabolites (lactate, adenosine, inosine and hypoxanthine) in both ischemic and non-ischemic 

tissue. These data confirm the validity of the microdialysis technique (in the current setting) 

for studying dynamic changes of myocardial energy metabolism. 
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