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[. INTRODUCTION

1.1 Brief history:

Ischaemic heart disease is one of the major causes of morbidity and mortality in the industrialized 

and developing worlds. Prevention is undoubtedly the best policy in combating the rise in 

ischaemic heart disease. This is compounded by the increasing demands of urban lifestyle and 

stresses associated with a competitive working environment, hence we are still witnessing a rising 

trend in the statistics of this debilitating condition. That is the impetus behind research to provide 

better care for patients suffering from ischaemic heart disease. Newer more efficient drugs are 

being investigated to this effect, management of acute myocardial infarction has also been 

revolutionised with the advent of thrombolytic therapy. However this is limited by a narrow 

therapeutic window. Another avenue that has received much attention over the past decade is the 

endogenous adaptation of the myocardium, that is enhancing myocardial resistance to ischaemia- 

reperfusion injury, limiting the extent of irreversible damage to the myocardium as well as 

reducing the risk of post-infarction complications.

Preconditioning is such an endogenous adaptation of the myocardium and was first described by 

Murry et al. (1). Ischaemic preconditioning (IPC) is the phenomenon of increased adaptive 

myocardial tolerance to a severe ischaemic insult that follows short bouts of non-lethal íschaemia- 

reperfusion cycles. Murry and his co-workers had for years been investigating the relationship 

between ATP loss during ischaemia and eventual cell necrosis. At first they showed that canine 

myocardium when subjected to repeated short bursts of ischaemia, would better preserve ATP
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concentration during subsequent occlusions when compared to the rate of depletion during the first 

occlusion (2). In an extension of these findings they subjected animals to four cycles of 5-min 

coronary occlusion interspaced each by 5-min reperfusions, before a subsequent 40-min ligation. 

To their surprise the infarct size was reduced by almost 75% (1). These findings could not be 

explained by differences in collateral flow between preconditioned and control groups (Fig. 1), and 

represented the dawn of a new concept in myocardial cytoprotection.

Figure 1. Infarct size and collateral flow in a 40 min study. Left: Infarct size as a percentage of area at risk, in control 

and preconditioned hearts. In control heart infarct size averaged 29.4%, and in the preconditioned hearts, 7.3% of the 

area at risk. Right: Transmural mean blood flow was not significantly different between the two groups. (Adapted from

35 .35

CONTROL ( n = 5} PRECONDITIONED (n  = 7)

Murry et al.; Circulation 1986; 74: 1124-36)



1.2 Classic preconditioning:

The protection conferred by preconditioning with ischaemia has been described by others in a 

variety of models. Now termed classic preconditioning, it appears to be an acute and immediate 

response lasting not more than a few hours. The protection has been evoked by various 

preconditioning protocols and tested using different end-points such as limitation in infarct size, 

reduced susceptibility to arrhythmia, better recovery from contractile dysfunction and cardiac 

enzyme release. Murry’s original canine model employed four cycles of 5-min ischaemia (4x5) 

with intermittent reperfusions (1). However over the years other laboratories have tried and tested 

various other protocols and species. The general consensus seems to be that preconditioning is an 

all-or-nothing response (3). However it is important to note the striking temporal aspects of the 

protection conferred by preconditioning, namely:

i. The protection afforded is not absolute. With increasing severity of the insult, the 

protection disappears.

ii. The protection is lost if the reperfusion period between IPC and the insult is 

stretched beyond 2 or 3 hours (4).

The intensive investigations that followed the original report by Murry in 1986 have led to the 

emergence of several hypotheses regarding the mechanism behind this complex phenomenon. In 

1998 Murry' et al. demonstrated that superoxide dismutasc (SOD) or catalase, both potent 

scavengers, partially abolish the infarct limiting effect of classic preconditioning if given during 

the procedure (5), deciphering a possible role for oxygen free radicals (OFR) in triggering IPC. On
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the other hand considerable evidence suggests that adenosine, released from myocytes as a 

consequence of ATP breakdown during the short ischaemic episodes and acting on adenosine A1 

and possibly A3 receptors, could also be a key trigger of preconditioning, (6).

Other likely triggers include catecholamines, bradykimn, opioids, and nitric oxide, etc. Most act 

through a G-protein coupled 7 trans-membrane receptor, lead to phospholipase C or D (PLC or 

PLD) activation, which in turn generates diacylglycerol (DAG). DAG may then act on various 

isoenzymes of protein kinase C (PKC). It is believed that PKC activation and translocation is an 

important denominator in the preconditioning cascade in a number of species (7,8). Another kinase 

that may be acting either downstream of, or in concert to PKC, is protein tyrosine kinase (PTK). 

Pharmacological inhibitors of tyrosine kinase have also abolished protection afforded by classic 

preconditioning (9).

It is not the focus of this manuscript to go into details of the cellular pathways leading to classic 

preconditioning. Suffice to say that it is believed that PKC phosphorlates other kinase, including 

p38 mitogen activator protein kinase (p38 MAP kinase), and eventually leads to the opening of the 

mitochondria ATP-sensitive potassium (KAtp) channels. In support of this theory, studies using 

KAtp channel inhibitors such as glibenclamide or 5-hydroxydecanoate have blocked protection

( 10, 11).



1.2.1 End-effectors o f classic preconditioning;

Kmt channels open when intracellular ATP concentration falls. An influx of potassium ions 

follows, shortening action potential duration and reducing the influx of calcium ions into the cell. 

Km t  channel opening is believed to be the key effector in conferring early protection to the 

myocardium. There are emerging views as to the mechanism behind this form of protection. 

McPherson et al. reported a substantial preservation of ATP during ischaemia in guinea pies 

treated with KA it channels activators, suggesting that cellular energy preservation may play a key 

role in conferring protection (12). However very recent evidence points rather at cardioprotection 

being associated with preservation of the energy production apparatus (13). To further complicate 

matters a new study by Pain et al. claims that K ATp channels are not the end effectors of 

protection, but rather their opening before ischaemia generates oxygen free radicals that trigger a 

preconditioned state via activation of tyrosine kinases (14). Clearly further investigation is merited 

to define the complex mechanisms which confer early protection.
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1.3 Delayed ischaemic preconditioning:

1.3.1 General characteristics:

In 1993 two separate studies by Marber et al. and Kuzuya et al. both observed that in addition to 

the initial phase, a second wave of protection appears 24 hours following the preconditioning 

protocol (15,16). This second wave of protection is now referred to as the second window of 

protection (SWOP), second window of preconditioning, late preconditioning or delayed 

preconditioning. SWOP has certain characteristics, distinct from classic preconditioning. It appears 

gradually, yet lasts as long as 72 hours or more. Also the protection offered is not as marked as 

with classic preconditioning. A fundamental difference between classic and delayed 

preconditioning may be in the means by which cardioprotection is conveyed. In the former, KAtp 

channels are suspected to be the end-effectors, in the latter newly synthesised cardio-protective 

proteins are claimed to convey protection.

Most early SWOP studies took infarct size reduction as the end point of cardioprotection, and there 

was little data regarding any delayed antiarrhythmic effect in the second window. In fact a study 

conducted by Shiki et al. found no protection against reperfusion induced arrhythmias if the period 

between stimulus and insult was extended to 24 hours (17). However in 1994, Vegh et al. 

published a study that positively confirmed delayed protection against reperfusion arrhythmias in 

the canine heart, using ventricular rapid pacing to globally precondition the heart. They also 

showed that this delayed protection was abolished by dexamethasone treatment prior to pacing, 

hinting for the first time at the possible role of nitric oxide synthase and/or cyclo-oxygenase (18).
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1.3.2 Signalling, and mediators;

Over the past decade the multitude of studies that have investigated both classic and delayed 

preconditioning have identified a number of autocrine and paracrine triggers of this complex 

cascade. Literature data implies that both classic and delayed IPC seem to share many common 

triggers and mediators. Rabbit is by far the most intensively studied species, and although inter- 

species variations are suspected (such as to the most potent trigger, cellular mediators and the 

threshold of IPC in any given species), still a general road-map leading to delayed ischaemic 

preconditioning can be envisioned.

With ischaemia the cells are subjected to chemical and metabolic stresses that lead to release of 

many mediators, some of which are believed to trigger delayed preconditioning. Adenosine, as 

with classic IPC, is thought to be a major contributor to the induction of SWOP. In the rabbit as 

well as the rat, blocking adenosine receptor (SPT) or conversely stimulating adenosine A1 

receptors pharmacologically, has abolished or initiated protection against infarction respectively 

(19). Apart from its importance in antiarrhythmic models, nitric oxide (NO) has also been shown 

to trigger delayed protection against both myocardial stunning and necrosis (20,21). Over the years 

Bolli’s laboratories have conducted much research in this regard. Nitric oxide is produced through 

L-arginine oxidation by nitric oxide synthase. The newly formed NO as well as superoxide anion 

( O2 ) generated during early reperfusion are thought to react and form peroxynitrite (ONOO ) 

which in turn generates hydroxyl radical ( OH) and other radicals that may trigger SWOP (22)

(Fig-2)-
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Figure 2. Schematic presentation of the proposed nitric oxide hypothesis in delayed preconditioning.

However with respect to the role of oxygen free radicals in SWOP, comparatively little has been 

done. (23-25). To the best of author’s knowledge, this question remains unanswered in an in vivo 

large animal model, such as a canine model. A comprehensive insight of the role of oxygen free 

radicals in inducing SWOP in dogs is hampered by the variable nature of collateralisation in canine 

myocardium, as well as the expenses associated with serial large animal investigations

Many other diverse triggers have been shown to induce both classic and delayed preconditioning 

(26,28-30). It is interesting that in the late 80’s Szekeres et al. published data on an extensive study 

describing the so called “late appearing and long lasting” protective effects of prostacyclin against 

electrophysiological changes (27). Perhaps an early observation of what later became known as 

SWOP. What is also interesting is that it was probably one of the first studies of pharmacological 

preconditioning. Other possible avenues of conveying delayed protection exist or are yet to be



explored, yet what remains a ehallenge is perhaps sustaining a preconditioned state through 

clinically applicable means. To that end a thorough understanding of its intricate inter-cellular 

pathways is needed.

Figure 3 demonstrates a simplified schematic presentation of our knowledge so far of the 

mechanism of ischaemic preconditioning. Similar to classic preconditioning, PKC activation 

seems pivotal in delayed preconditioning (31). In particular, emerging evidence points to 

translocation of PKC-e in various settings of SWOP (32,33). As with classic IPC tyrosine kinase 

has also been implicated (34), along with downstream activation of mitogen activator protein 

kinases (35).

1.3.3 End-effectors o f delayed preconditioning;

Overwhelming evidence supports the hypothesis that delayed protection is associated with acquisition 

of newly synthesised cytoprotective proteins or alterations in their activity. Several such proteins have 

been identified that seem to be up-regulated 24 hours following IPC, which corresponds with the 

appearance of SWOP. They include the heat shock protein family (such as HSP72), manganese- 

superoxide dismutase (Mn-SOD), and more recently nitric oxide synthase (NOS). HSP72 is a 

chaperone protein involved in folding, transport and denaturation of other proteins during the cellular 

response to injury. Manganese-SOD is a mitochondrial antioxidant capable of detoxifying 

accumulated superoxide anions. It is note worthy that perhaps many other vet unidentified proteins 

are prone to play a role in delayed protection induced by sublethal ischaemia.
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Figure 3. Schematic presentation of the mechanism of ischaemic preconditioning, B = bradykinin receptor, . NFkB = nuclear factor kappa B. G = G protein, IP3 = inositol 3- 

phosphate.
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2. AIMS AND HYPOTHESIS

Extensive research over the years in the field of ischaemic preconditioning has greatly extended 

our understanding of the underlying mechanism of cardiac adaptation. Although many questions 

are yet to be elucidated, especially with regard to the second window of protection, it remains one 

of the most powerful experimental tools in cytoprotection that may one day translate into a clinical 

reality.

In our first series of SWOP investigations, we aimed to define the role of oxygen free radicals as 

triggers of this adaptive process. The Department of Experimental Surgery in Pécs has many years 

of experience investigating free radicals in relation to ischaemic-reperfusion, especially in heart 

tissue. This provided us with the ideal opportunity to set upon the task of examining the role of 

OFR in delayed IPC in dogs. Numerous studies suggest that OFR can trigger classic ischaemic 

preconditioning. Their role in delayed IPC though has been somewhat under-investigated. Since 

convincing evidence suggests that OFR may lead to activation of transcription factors thus leading 

to increased gene expression, and since enhanced cytoprotective protein synthesis is likely to 

convey delayed protection, a role for OFR in SWOP is very plausible.

In the second series of investigations, and in collaboration with the Hatter Institutes in London and 

Cape Town, we set upon examining SWOP in a swine model. Previous attempts at inducing 

delayed IPC in pig myocardium had thus far failed to yield meaningful protection against infaiclioii 

(36,37). Nonetheless since swine heart closely resembles that of adult human heart, a successful 

demonstration of SWOP in pig myocardium would further fuel interest in delayed preconditioning



and its potential clinical application. In addition we aimed to convey delayed protection employing 

a medically applicable technique (Percutaneous Transluminal Coronary Angiography, PTCA). We 

hypothesised that with the right protocol, pig myocardium, as with other species, may be amenable 

to delayed protection. Furthermore we aimed to examine if a subthershold ischaemic stimulus (2x2 

min) can be augmented pharmacologically to induce full protection against a severe ischaemic 

insult, which can perhaps be interpreted as a step closer towards realizing the clinical application 

of this powerful response.

Finally it should be noted that both of the following studies share one common hypothesis, namely 

that delayed cardioprotection is an adaptive response triggered when the summation of various 

stimuli reach a certain threshold. Sufficient “redundancy” exists within the system to allow for 

cardioprotection by other pathways when any individual trigger is inhibited. This “threshold” 

hypothesis proposed by Downey’s group (38) is based upon a study in which pretreatment with the 

bradykinin receptor antagonist, HOE140, abolished protection from a single cycle of IPC but not 

when multiple cycles were applied.
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3. DO OXYGEN FREE RADICALS INDUCE SWOP IN DOGS?

(First series of investigations)

3.1 Insight into the study:

Oxygen free radicals are highly reactive molecules with an unpaired electron, associated widely 

with ischaemic-reperfusion injury (39,40,41). Although better known for their toxicity, when in 

large quantities they overwhelm the endogenous antioxidant systems, recently it has been 

suggested that at low concentrations they can modulate functions within the cell. As previously 

mentioned Murry et al was the first to investigate their potential role as triggers of classic 1PC (5). 

Since then various species and models have been examined with conflicting results (42,43,44,45), 

yet it is now generally acknowledged that oxygen free radicals can indeed induce early protection. 

Their role in delayed preconditioning however remains ambiguous.

Oxygen free radicals are generated every time there is a bout of ischaemia followed by reperfusion. 

At low concentrations, OFR are thought to directly activate PKC (46). They have also been shown 

to stimulate phospholipase D, which would indirectly lead to PKC activation (47). The aim of this 

study was to examine the contribution made by OFR to the induction of delayed protection against 

infarction in a large animal model (mongrel dogs). We tested the potential cardioprotection 

afforded by various numbers of brief cycles of ischaemia-reperfusion. We then investigated if the 

protection was lost with the administration of a potent flee ladical scavengei, N-2- 

mercaptopropionylglicine (MPG), given during the preconditioning protocols to abolish any effect 

that would have been exerted by OFR.
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3.2 Materials and methods:

All procedures were approved by the Local Committee on Animal Research, and were in 

accordance with recommendations by International Guiding Principles for Animal Research (48). 

Adult mongrel dogs of either sex with body weight ranging from 17-25 kg were used. The dogs 

were subjected to overnight fast prior to the experiments. Animals were pre-medieated with 

droperidol (l,5mg/kg) and atropine (lmg). Anesthesia was induced by trapanal (2,5mg/kg). 

Anesthesia was maintained with 0.5% narcotan (halothane) in a nitrous oxide:oxygen (7:3) gaseous 

mixture.

3.2.1 Surgical procedure;

The experimental protocol stretched over two days. On day one, under sterile conditions, the right 

femoral artery was prepared and cannulated for systemic pressure monitoring and blood 

withdrawal respectively. Systemic blood pressures and ECG (limb leads) were continuously 

recorded using Siemens (Sirecust 1260) haemodynamic monitor. The same machine was also used 

to monitor body temperature via an anal temperature probe. The arterial access also allowed for 

blood gas analysis. Arterial blood pH, pC>2, pCC>2 were monitored at selected intervals using an 

automated blood gas/pH analyser (Radelkis OP-216 Budapest, Hungary). These were maintained 

within the normal physiological range (pH 7,35-7.45; pÜ2, 80-120; pCÜ2, 25-40) by readjusting 

the respiratory rate or oxygen flow. The body temperature was kept between 37.5-38.5 °C. The 

animal was given a muscle relaxant, alloferin (0.25mg/kg), before a left thoracotomy at the fourth 

intercostal space to expose the heart. Positive pressure ventilation was then applied (Eupulm-4
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KA-2 Medicor, Budapest) to maintain respiration. Keeping an expiratory pressure of 5-10 cm ILO, 

with a trap, prevented atelectasis.

With the chest open, the lung was retracted and the pericardium was incised. Before proceeding 

further, heparin (1000 IU/hour i.v.) was administered. A 0.5 cm segment of the left anterior 

descending coronary artery (LAD) was then carefully dissected from surrounding tissue just distal 

to the first major diagonal branch. A 3-0 silk suture was passed around the isolated portion of the 

LAD and passing the ends of the thread through a small vinyl tube formed a snare. Following the 

completion of either sham or ischaemic preconditioning protocols (described below), the chest was 

closed, the arterial cannule withdrawn and the skin defects sutured. After resumption of a regular 

spontaneous breathing pattern the animal was extubated. Postoperative care included antibiotics 

(Benzyl penicillin 1.2. 106 u) as well as heparin-calcium (Calciparin 5000IU subcutaneously), and 

recovery in an isolated pen. On the following day, again the animal was anaesthetized as described, 

and the chest sutures removed to re-expose the heart. The left femoral artery was prepared and 

cannulated as the arterial access for haemodynamic monitoring. Once more heparin (1000 IU/hour 

i.v.) was administered before LAD manipulation. A snare was passed around the same section of 

the LAD to apply an index ischaemia followed by reperfusion.

3.2.2 Experimental protocol;

In total 50 animals were included in the study. The study was divided into two phases. In phase I. 

comprising of 4 groups, a model of delayed ischaemic preconditioning was designed with various 

cycles of IPC as shown in Fig. 4. In the control group on day 1, animals were subjected to

15



thoracotomy and LAD isolation, however no ligature was applied. The chests were closed after one 

hour (sham operation). In the second group, on day 1 all animals under went four cycles of 5 min 

of regional ischaemia with intermittent 10-min reperfusions (4x5 IPC). In the third group animals 

were subjected to only two cycles of ischaemia and reperfusion (2x5 IPC). In the last group, the 

preconditioning stimuli comprised of a single cycle of ischaemia and reperfusion (1x5 IPC). All 

groups were administered normal saline (vehicle) infusion, starting 30 min before the procedures 

on day 1. Dogs in all four groups on day 2 underwent a 60-min index ischaemia by applying the 

snare to ligate the LAD, followed by 180 min of reperfusion.

In phase II we sought to block OFR by administering an antioxidant. On day L N-2- 

mercaptopropionylglicine (1.5 mg/kg/min) was universally administered as a continuous infusion, 

30 min prior to any protocol (Fig.4). Four groups were designed, reciprocal to the four groups in 

phase I. In one group, acting as drug control, MPG was administered 30 min before sham 

thoracotomy. In the others MPG was infused 30 min prior to 4x5, 2x5 or 1x5 IPC. On the second 

day all animals were again subjected to a 60-min index ischaemia, followed by 180 min of 

reperfusion.
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PHASE

Control

4x5 IPC

2x5 IPC

1x5 IPC

Sham operated 24hrs

24hrs

24hrs

24hrs

-it-

PHASE II

MPG
Drug control 24hrs

it
MPG+ 
4x5 IPC -lh
MPG+ 
2x5 IPC it

MPG+ 
1x5 IPC it

MPG infusion Regional ischaemia

Figure 4. Schematic representation of the experimental protocols.
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3.2.3 Measurement of t at risk and infarct size;

Following conclusion of the reperfusion period, the LAD was briefly reoccluded and patent blue 

dye (10m! of 1% concentration, Byk Gulden, Konstanz) was injected into the left auricle at a 

constant pressure. After allowing for 1 more minute of circulation, the heart was excised and 

washed twice in cold saline. The atria and right ventricle were then cut away, leaving only the left 

ventricle. Total left ventricular mass was recorded. Then using fine surgical scissors the bluish non- 

ischaemic myocardium was excised from the area at risk. The isolated area at risk was then 

weighed, sliced (3 mm thick) and incubated in 1% triphenyltetrazolium chloride (TTC) for 20 min 

at 37°C. The slices were then immersed in 10% formalin to enhance the contrast between viable 

(deep red) and pale, infarcted myocardium (Fig.5). The percentage of infarction within the area at 

risk was determined by planimetry of each slice. The volume of each zone was then calculated by 

multiplying each area by the thickness of the slice and summed up as a total size of infarction and 

area at risk in individual hearts.

TTC staining demarcating pale 
subendocardial infarct

Figure 5. Picture presentation of double staining of the heart, using patent blue dye and triphenyltetrazolium

chloride



3.2.4 Measurement o f regional blood flow;

Transmural blood flow was measure by fluorescent microspheres (12 ± 1.9 fum) using the reference 

withdrawal technique. Briefly, approximately 4.5-5 million microspheres were injected into the left 

atrium followed by a 10 ml saline flush. Reference blood was withdrawn at a constant rate from 

the femoral artery at a rate of 10 ml/min starting 10 seconds before microsphere infusion for up to 

a minute. Transmural flow was measured before ligation and mid-way through the sustained 

occlusion on day 2. Following excision of the heart and isolation of the area at risk as described 

above, each slice was divided into subendocardial and subepicardial halves and the myocardial 

blood flow was calculated according to the equation below:

BFm = RW x Rr / Rm

where BFm = myocardial blood flow (ml/min/g), RW = rate of withdrawal of reference blood 

(ml/min), Rr = radioactivity in reference blood (cf/min), and Rm = radioactivity in tissue sample. 

The values were expressed as ml/min/gram wet tissue. Results were excluded from the study if the 

subendocardial blood flow during ligation was more than 0.15 ml/min/g.

3.2.5 Haemodynamics, arrhythmias and fibrillations',

Following a control measurement, ECG, heart rate and systemic blood pressures were registered 

and recorded every 15 minutes during the two-day procedure. Furthermore occurrence of any 

ventricular tachycardia and fibrillation were recorded automatically, in case of fibrillations, 

cardioversion was immediately attempted. Hearts that needed more than 3 consecutive 

cardioversions to convert ventricular fibrillation were excluded from the study.
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3.2.6 Statistical evaluation;

All results are expressed as mean values ± SEM. Infarct size data were analysed with 1-way 

analysis of variance (ANOVA) followed by unpaired t-test with Bonfcrrom's correction for 

multiple comparisons. Haemodynamic data were analysed using repeated measures ANOVA. The 

null hypothesis was rejected when P < 0.05.
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3.3 Results:

3.3.1 Exclusions from the study;

In total 7 animals were excluded from the statistical analysis of infarct size, leaving 43 animals 

who completed the protocol. Two animals were disregarded from the control group. One 

developed intractable ventricular fibrillation (VF) during the index ischaemia, and one during the 

early reperfusion. Two animals were excluded from the 4x5 IPC group, one due to excessive 

collateral blood flow during the prolonged ligature, and one due to VF that was terminal. Similarly 

one animal was excluded from the 1x5 IPC group due to persistent fibrillation. Two experiments 

were also disregarded, one from the 2x5 MPG group and one from 1x5 MPG, due to excessive 

collateral blood flow during the index ischaemia. Heart worms were not found in any of the 

animals.

3.3.2 Haemodynamics;

Changes in heart rate, systolic and diastolic blood pressures, and rate-pressure products are shown 

in Table 1. As the focus of this study was the delayed effect of IPC, only selected mean values 

from day 2 are presented, reflecting haemodynamic changes during the index ischaemia and 

pursuing reperfusion. The pre-ligation (control), mid-ligation (lig.30’), as well as early reperfusion 

(rep. 15') and late reperfusion (rep.60') mean values are shown. Values were cheeked km 

significant variation during the time course of the experiment within any given group, as well as 

with the control group. Changes in heart rate did not show any significant fluctuations, even
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though most frequent rhythm disturbances were noted during early reperfusion (rep. 15’). Similarly 

systolic and diastolic blood pressures only showed slight variations, however none of the changes 

were statistically significant.

Although MPG has been associated with a slight fall in mean arterial pressure in some models 

(49), this fact is not of relevance in this study as the antioxidant was administered on day 1 and 

was completely washed out by the time of index ischaemia on day 2. The rate pressure product, an 

indicator of myocardial oxygen consumption, was also fairly constant through out the experiments. 

Although few values were either significantly different within a group or when compared with the 

control group, no set pattern of change could be established between preconditioned and non- 

preconditioned animals, in either phases of the study. In short, haemodynamic parameters were 

comparable across the groups and it is unlikely that changes in infarct size could be attributed to 

haemodynamic variations.
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Control group

Control reading

Reperfusion 15’ 

Rcperfusion 60’

Heart rate 
(beats/min) 
180.7±22.0 
157 0413.4 

154.6±5.7 

154.0± 13.3

Systolic pressure 
(mmHg)

104.3±7.3 
88.0±7.5 

104.34 15.9 

109.0±14.8

Diastolic pressure Rate pressure product
(mmHg)________ (mmHg/min \  103)
76.3* 1.7 15.0* 1.6

64.4±3.4 1 1,2± 1.6

80.6± 17.2 13.8*2.2

92.74 14.0 15.7*2.9

4x5 IPC i

Control reading I52.3±5.0

Ligature 30’ 

Reperfusion 15’ 

Reperfusion 60’

148.0±6.0 

142.1±8.6 

145.2±5.4

95.048.3 

109.5±9.5 

112.6±6.1 

106.0414.3

68.448.5 

81.0±9.3 

82.5±2.1 

77.7±9.5

11.9±1.4 

13.6±2.4 

13.541.2 

12.8±2.1

2x5IPC

Control reading 

Ligature 30’ 

Reperfusion 15’ 

Reperfusion 60’

139.2±18.0 

144.1±22.3 

175.U25.0 

158.5412.5

108.3±3.0 

117.0±6.0 

112.5±5.5 

136.5Í10.3"

70.044.8 

81.0±3.1 

74.0±2.5 

88.0±6.4

11.941.3 

9.5±2.1 

14.3±0.9

15.0±L8

1x5 IPC

Control reading 

Ligature 30’ 

Reperfusion 15’ 

Reperfusion 60’

159.5±9.4 

155.0±2.1 

151.5±1.4 

136.5±5.7

88.242.7

87.4±4.6

55.3±8.7

91.4±2..5

72.0±6.5

70.245.1

69.448.5

73.044.0

Table 1(a). Haemodynamic variations across the groups included in phase I of the study.
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MPG

Control reading 

Ligature 30' 

Reperfusion 15’ 

Reperfusion 60’

Diastolic pressure

77.0±2.8

61.5+14.5

Rate pressure product

13.2x0.2 

10.1 i 0.5*

MPG+4x5 IPC

Control reading 

Ligature 30’ 

Reperfusion 15’ 

Reperfusion 60’

143.3+14.7

152.0+17.8

154.2+17.0

142.5+14.1

96.5±8.7 

104.8±4.1 

107.5±5.8 

103.0±6.8

71.5+9.3 

73.8±7.7 

76.5±6.2 

70.6±6.4

11.8+2.1 
13.4+2.2 

13.9+2.3 

12.1+2.2

MPG+2x5 IPC

Control reading 

Ligature 30’ 

Reperfusion 15’ 

Reperfusion 60’

169.3+3.8

180.0+8.5

135.7+14.0"

151.0+7.8

91.7+14.3

94.3+11.7

94.0+4.4

101.3+2.1

56.3+7.8

57.0+6.6

62.1+2.9

64.3+3.8

12.6+2.2

13.7+2.4

10.5+1.4

12.1+0.3

MPG+lx5 IPC

Control reading 

Ligature 30’ 

Reperfusion 15’ 

Reperfusion 60’

165.5+9.1

172.0+10.0

181.1+4.5

173.0+3.5

110.5+7.4

113.5+6.5

131.0+8.6*

113.2+2.0

84.0+3.3

77.5+8.4

86.7+2.9

85.5+6.5

15.6+0.3

15.3+0.7

18.9+6.9

16.7+1.2

Table 1(b). Haemodynamic variations across the groups included in phase II of the study.
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3.3.3 Area at risk and infarct size;

As previously described, the size of area at risk (AAR) was expressed as a percentage of total left 

ventricular mass and the mean values for each group are summarized in Table 2. The areas at risk 

were comparable between all groups, and no significant differences were noted. The values ranged 

from 22.9±1.3 to 25.1 ± 1.9%. Thus it can be assumed that the slight variations in areas at risk could 

not have contributed to the observed differences in infarct size.

PHASE I A AR/ L V (%) PHASE II AAR/ L V (%)

Control 24.3±1.4 MPG 22.911.3

4x5 IPC 25.1±1.9 MPG+4x5 IPC 24.112.1

2x5 IPC 23.4±1.3 MPG+2x5 IPC 23.611.6

1x5 IPC 24.0±1.8 MPG±lx5 IPC 24.011.1

Table 2. Representation of the ratio of mean area at risk (AAR) expressed as a percentage of total left ventricular mass 
(LV).

The volume of infarcted myocardium was expressed as a percentage of the volume of the 

ventricular myocardium at risk of infarction (AAR). Figure 6 (a) demonstrates the infarct size 

results of phase I of the study. The control group (n=6), showed a mean infarct size of 39.5 ±5.1 % 

of the AAR. Preconditioning with four cycles (4x5 IPC) reduced the infarction to 15.8 ± 1.3 % 

(n=6, /?<0.05). Similarly the 2x5 IPC group (n=5), demonstrated a significant limitation in infarct
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size (11.4 ± 1.3 %, p<0.05). The 1x5 IPC also conferred some protection when compared to the

control group, (25.8 ± 3 7 %), however this reduction was not statistically significant

control

* /><0.05

Figure 6(a). Infarction measurements during phase I of the study.
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The mean infarction values of phase II of the study are depicted in Fig.6 (b). The drug control 

group had a mean value comparable to that of the controls in Phase 1 (37.0 i  4.2 %, n=5). The 

addition of the antioxidant during the IPC protocol had little effect on the group preconditioned 

with 4 cycles of 5 min ischaemia (n=6), as the reduction in infarction was still statistically significant 

(13.7 ± 2.1 % of the AAR, /K0.05). Adding MPG however abolished the previously observed 

protection with either 2x5 or 1x5 IPC (28.8 ±3.2 %, 36 6 ± 3 4 % respectively)

MPG MPG+4x5 MPG+2x5 MPG+lx5
IPC IPC IPC

Figure 6(b). Infarction measurements during phase II of the study
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3.3.4 Arrhythmia and fibrillation;

Figure 7 demonstrates the tolerance to ventricular fibrillation rendered by IPC. Although we also 

monitored the incidence of arrhythmia and premature ventricular beats in every experiment, it can 

be safely claimed that no specific pattern, or significant difference was noted between the groups. 

However a distinct pattern of reduced susceptibility to VF was seen in most preconditioned groups.

Figure 7. Demonstrates fibrillation rates in groups from both phases of the study. Values are expressed as a percentage. 

MPG=mercaptopropionylglycine, IPC=ischaemic preconditioning.
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3.4 Conclusions from this study:

The first phase of our study aimed at examining delayed protection against infarction and rhythm 

disturbances using various cycles of ischaemic preconditioning. The 4x5 and 2x5 IPC stimuli both 

conveyed significant cardioprotection. However this protection did not reach a significant level 

with a single cycle of IPC in the dog myocardium. This is in contrast to previous studies that have 

demonstrated significant cardioprotection with one cycle of IPC in other models (50). This 

discrepancy may be attributed to the temporal characters and variability observed with different 

models of IPC.

MPG is a low molecular weight, diffusible, synthetic analogue of glutathione, that acts as a potent 

antioxidant and hydroxyl radical scavenger (51). In the second phase of the study the addition of 

MPG did not reverse the cardioprotection afforded by 4x5 IPC. However the significant protection 

seen with 2x5 IPC and the partial infarct limitation afforded by 1x5 IPC were both abolished. Yet 

there seems to be dissociation in the MPG+2x5 IPC group, between loss of protection against 

infarction as opposed to maintained protection against ventricular fibrillation. The reason for this 

observation is unclear. Nonetheless it can be assumed that in dogs, generation of oxygen free 

radicals during the brief cycles of ischaemia-reperfusion is an integral part of triggering delayed 

cardioprotection. However this role is only crucial with fewer bouts of IPC. As the number of 

cycles rise (rigorous stimuli), blocking OFR seems to have no adverse effect on the induction of 

SWOP. With multiple cycles other possible triggers (e.g. adenosine, nitric oxide etc.) might be 

released in sufficient amounts to confer cardioprotection, even in the absence of oxygen free 

radicals.
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4. SWOP IN PIG MYOCARDIUM

(Second series of studies)

4.1 Insight into the study:

Although the complex mechanisms behind the induction of ischaemic preconditioning has been 

studied for more than a decade, yet we have not quite reached the ultimate goal of pharmacological 

preconditioning for eventual clinical use. There are still no endorsed drugs that can be directly 

applied for pharmacological preconditioning in patients with ischaemic heart disease. A study by 

Szekeres et al (27) was perhaps the first to hint at the possibility of conferring cytoprotection 

pharmacologically. There have been a few studies since then examining meaningful long lasting 

pharmacological preconditioning in animal models (52).

On the other hand the infarct limiting effect of ischaemic preconditioning is believed to depend on 

the potency of the preconditioning stimulus. To achieve significant cardioprotection, one must 

either employ a longer period of ischaemia-reperfusion or subject the myocardium to multiple 

cycles of IPC. With a less rigorous stimulus (subthershold), only partial or non-significant 

protection can be afforded. In classic IPC, it has been postulated that pharmacological agents can 

potentiate a subthershold ischaemic stimulus, thereby affording robust protection against 

infarction.

Bradykinin B2 receptor stimulation has been proven to contribute to induction of classic IPC (53). 

Furthermore it has been shown that angiotensin converting enzyme (ACE) inhibitors confer
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myocardial cytoprotection, and seem to do so by limiting bradykinin breakdown, thus augmenting 

bradykinin level. This hypothesis has been confirmed by abolishing ACE inhibitor-induced 

protection using EIOE 140, a bradykinin B2 receptor antagonist (54). On the other hand ACE 

inhibitors have also been shown to potentiate ischaemic preconditioning, thus inducing protection 

in models of classic 1PC (55-56). However pharmacologically enhancing a subthreshold ischaemic 

stimulus to induce delayed cardioprotection has not been investigated.

Thus in an in vivo swine model, we first aimed to establish delayed cytoprotection, using PTCA to 

precondition the animals. We then subjected the pigs to a subthreshold ischaemic stimulus, and 

examined if the addition of an ACE inhibitor during the IPC protocol would augment the 

protection afforded. If so, this would be the first study to establish pharmacological enhancement 

of a clinically relevant subthreshold stimulus in a model of delayed cardioprotection.
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4.2 Materials and methods:

Pigs (Large White crossed with Landrace) of either sex, weighing 27-30 kg, were immobilized by 

administration of ketamine (10 mg/kg, i.m.), and diazepam (1 mg/kg). All animals were cared for 

according to the recommendations from the Declaration of Helsinki and the Guiding Principles in the 

care and use of animals. They were housed in large pigpens in a quite environment with free access to 

food and water during the one-week isolation period. However access to food was denied the night 

before the scheduled procedure. Anaesthesia was induced by intravenous administration of 

thiopentone sodium (10 mg/kg body weight). Surgical anaesthesia and ventilation were maintained 

using a gaseous mixture of nitrous oxide:oxygen (ratio 2:3), in addition to 1.0-1.5% isoflurane.

4.2.1 Experimental protocol;

This study was designed to investigate delayed ischaemic preconditioning in pig myocardium, 

therefore each procedure again comprised of two days. On day 1, each animal underwent either 

sham or IPC procedure after which the animal was returned to the pen and allowed to recover for 

22-24 hours. On day 2, all animals were subjected to 40 min of left anterior descending coronary 

artery (LAD) ligation followed by 180 min of reperfusion. Infarct size was taken as the end point 

of the experiment and was determined following completion of reperfusion. Throughout the 

procedure standard limb ECG and systemic blood pressures (BP) were monitored continuously and 

recorded at regular intervals using a Seimens Sirecust haemodynamic monitor. Similarly at various 

time points arterial blood was drawn for blood gas analysis. Arterial pC>2 and pH were maintained 

within the physiologic range (120-160 mmHg, 7.43-7.48 respectively) by adjusting gaseous 

mixture ratio and the frequency of ventilation.
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4.2.2 Closed chest preparation;

On day 1 following intubation and anaesthesia, through a 3 cm neck incision, the right carotid 

artery was isolated and cannulated with a 7F arterial sheathe for percutaneous transluminal 

coronary angioplasty (PTCA) as well as arterial blood sampling and pressure monitoring. Under 

angiographic guidance, a 6F amplatz left 1 guiding catheter was inserted into the artery and gently 

slid down the carotid, the arch of aorta and guided into the left coronary artery (LCAL A left 

coronary angiogram was then performed in oblique view to delineate the LCA and its main 

branches. Next a 0.014 inch floppy guide wire was inserted through the guiding catheter and 

manoeuvred so that it was positioned in distal LAD. An inflatable balloon catheter was then 

inserted over the floppy wire and guided down the distal LAD (half-way to two-thirds down the 

LAD) as defined by the angiogram. Before proceeding further control measurements were recorded 

and heparin was administered (1000 IU i.v.).

Animals were randomly allocated to control or preconditioned groups. In case of sham operated 

animals the balloon was not inflated. Preconditioned animals underwent serial inflations (3 barrs) 

with intermittent 10-min reperfusions. A second angiogram ensured complete occlusion of the 

LAD distal to the balloon. ECG and BP were recorded before and after every balloon inflation. 

Following completion of the procedure, catheters were removed, tissue and skin incision sutured 

and the animal extubated once a regular breathing pattern was established. Each pig received i.v. 

ampicillin (5000 IU) as well as heparin-calcium (5000 IU) subcutaneously, before being sent back 

to the pen.
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4.2.3 Open chest preparation;

On day 2 similar preoperative measures, as described above, were performed. Once a deep enough 

anaesthesia was reached, a mid-line thoracotomy was performed to expose the heart. The LAD was 

then prepared and isolated from the surrounding tissue around the exact same location as on day 1. 

A 3-0 silk suture was passed around the isolated portion of the LAD and passing the ends of the 

thread through a small vinyl tube formed a snare. To monitor BP and sample arterial blood, right 

femoral artery was also prepared and cannulated. Before the snare was pulled, the pig received 

1000 IU heparin (i.v.) and thereafter every hour throughout the experiment. By tightening the snare 

the LAD was occluded for an index ischaemia of 40 min followed by 180 min of reperfusion. ECG 

and BP were monitored every 15 minutes during the ligation and every 30 min during the 

reperfusion. Care was taken to quickly relieve any reocclusion of the LAD during the reperfusion 

period. In case of ventricular fibrillation (VF) direct current cardioversion was applied as soon as 

possible. If defibrillation could not be accomplished within 60 seconds, the experiment was 

terminated. Ventricular tachycardia (VT) was defined as more than 4 consecutive ventricular 

premature beats (VPB). Runs of VF or VT were considered as terminated if they were followed by 

at least three or more normally conducted sinus beats.

4.2.4 Measurement o f infarct size and the area at risk;

At the end of 180 min of reperfusion the LAD was again ligated. To determine the under-perfused 

region (area at risk), 5 ml patent blue (7.5%) solution (May & Baker, UK) diluted in saline, was
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injected into the left auricle at a constant rate. The heart was then excised and arrested by washing 

in cold saline. The atria and right ventricle were then cut with a surgical scissor to isolate the left 

ventricle and septum. Total left ventricular mass was then recorded and the area at risk was 

carefully cut free from the rest of the left ventricle layer by layer. Once complete, the AAR was 

also weighed and expressed as a percentage of total left ventricular mass. As part of the protocol, 

only results that had an AAR within the 17 to 26% range were included in the analysis of the 

infarct study.

To determine the size of the infarction, the isolated risk zone was cut into 3 mm thick slices from 

apex to base. The slices were then incubated in 1% triphenyltetrazolium chloride (TTC) at 37° for 

15 minutes. Viable myocardium is stained deep red with TTC, whilst the infarcted zone remains 

pale. The slices were then immersed in 10% formalin for 24-48 hours to enhance the contrast 

between viable and infarcted myocardium. To determine the size of the infarction within the AAR, 

the visible boundaries on both faces of each slice were traced on acetate paper and then subjected 

to computerized planimetry (Summa Sketch II, Summa Graphics). The volume of each zone was 

then calculated by multiplication of each area with the thickness of the slice.

4.2.5 Mn-SOD immunohistochemistry;

To further elaborate on the induction of delayed adaptation in this model, alongside protection 

against infarction, we also investigated one of the proposed end-effectors of this process, namely 

Mn-SOD content in cardiomyocytes. In every group an additional two pigs were subjected to
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relevant procedures on day 1. On day 2 following anaesthesia the chest was opened and without 

proceeding with ischaemia-reperfusion, the heart was extracted. Samples were taken from the area 

at risk and immediately frozen in liquid nitrogen. Later on frozen samples were sectioned using a 

cryostat and fixed on slides using methanol. Fixed slides were then masked with albumin and men 

exposed to specific monoclonal antibodies against Mn-SOD (Sigma). An experienced physician 

who was blinded to the origin of the sample evaluated the slides.

4.2.6 Delayed IPC in pigs;

To determine if pig myocardium can convey delayed cardioprotection, similar to other species, we 

thought of combining a typical IPC stimulus of 4 cycles of 5 min ischaemia with 10-min 

intermittent reperfusions, followed on day 2 by a milder ischaemic insult of 40 min duration. This 

4x5 IPC group was compared with a sham operated control group as demonstrated in Fig.8(a) 

below.

~E—B—B—H-
Figure 8(a). Schematic representation of the preconditioning protocol of pig myocardium. Solid areas represent LAD 

ligation. Solid lines indicate regional reperfusion.
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4.2.7 Subthreshold I PC study;

Secondly, having established SWOP in pigs, we then turned to examine whether a milder, 

clinically applicable, ischaemic stimulus can be augmented pharmacologically to breach the 

threshold for preconditioning and confer similar protection as with 4x5 IPC. In our third group, 

two cycles of 2-min ischaemia with an intermittent reperfusion were taken as the subthershold 

stimulus (2x2) on day 1. This was based on pilot result demonstrating the nature of such an 

ischaemic stimulus, as well as clinical observations regarding the average duration of balloon 

inflations in routine PTCA procedures. In another group, we performed sham operations on day 1 

with perindoprilat (Servier, France) on board. This was designed to make sure the drug had no 

significant delayed protective effects on its own. In a previous study at our lab, it had been 

documented that a dose of 0.06 mg/kg of perindoprilat, administered i.v, decreased plasma ACE in 

pigs by 95% (57). The same dose was used in this study. In our fifth group on day 1, the 2x2 IPC 

stimulus was combined with the ACE inhibitor. Perindoprilat was given i.v. 15-20 minutes before 

preconditioning. All animals were subjected to the same protocol on day 2 as described above 

(Fig. 8(b)).

4.2.8 Statistical analysis;

All results are expressed as mean values ± SEM. Infarct size data were analysed with 1-way 

analysis of variance (ANOVA) followed by unpaired t-test with Bonferroni’s correction for 

multiple comparisons. Haemodynamic data were analysed using repeated measures ANOVA. The 

null hypothesis was rejected when P < 0.05.
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2x2 IPC H
24hrs

40
180

Drug control 24hrs

Perindoprilat (PR) infusion Regional ischaemia

Figure 8(b). Schematic representation of the subthreshold preconditioning protocol.
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4.3 Results:

4.3.1 Exclusions from the study;

54 pigs were used in this study. A total of 15 pigs were excluded from final infarct analysis for the 

following reasons. Two animals were excluded due to air embolism in the coronary arteries during 

PTCA. Four animals were excluded as a result of VF lasting more than 60 seconds. Five animals 

were excluded following opening of the chest on day 2 when they were found to have evidence of 

old myocardial scars which could have interfered with TTC staining. One pig was excluded due to 

the presence of pericarditis discovered on day 2. Three hearts were excluded because risk zone was 

less than 17% of LV. Thus bringing the total number of animals included in the study to 39.

4.3.2 Haemodynamic data;

Heart rate and systemic blood pressures were monitored continuously and recorded at regular 

intervals throughout each experiment. Heart rate and rate pressure product are represented below as 

a measure of haemodynamic variability. Table 3 (a&b) represents such changes at various selected 

intervals. As it can be observed from the results presented there were no significant differences 

between the values at any given interval between the groups.

There is a pattern of lower control RPP on day 2 across all groups. This however is followed bv a 

trend towards normalization by reperfusion 60’. Thus it is unlikely that the temporary reductions in 

RPP on day 2 were as a consequence of procedures on day 1, especially since by the conclusion of
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the protocol on day 1 (Post-PC), RPP was close to the initial value. The author therefore believes 

the temporary fall observed on day 2 could be attributed to the induction of anaesthesia on day 2.

Post-PC

Control

4x5IPC

111 ±8 

127 ± 2

113 + 6 

129 + 5 

115 ± 6 

117 ± 13 

115 + 4

99 + 8 

107 + 10

98+17 

99 ±5

98 ± 14

99 ±7

109 ±5 

129 + 8

110 ± 8 

141 ±25 

123 ±8

Table 3(a). Represents heart rate at selected intervals. All values are given as means ± SEM in beats per minute.

Groups Control on day 1 Post-PC Control on day 2 Ligature 20’ Reperfusion 60’

Control 13.2 ±1.4

4x51PC 15.9 ±0.7

2x2 IPC 13.4 ±0.8

Perindoprilat 13.9 ±1.0

PR+ 2x2 IPC 12.6 ±0.5

13..5 ± 1.6 

15.3 ± 1.2

13.0 ± 1.2 

13.5 ±0.6 

12.8 ± 0.6

11.0 ± 1.9

11.0 ± 8.0 

10.8 ± 0.7 

9.1 ±0.7

8.7 ± 1.0

11.9 + 2.3 

13.6 ± 1.0 

10.8 ±0.4 

10.0 ± 0.6

9.0 ±0.9

2.7 ± 1.6

1.7 ±0.8

2.2 ± 1.0

2.7 ± 1.4

Table 3(b). Represents rate pressure products at selected intervals. All values are given as means ± SEM in mmHg/min 

x 103. Post-PC = post-preconditioning, IPC = ischaemic preconditioning, PR=perindoprilat.
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4.3.3 Measurement o f are

As with the first series of experiments, the size of AAR was expressed as a percentage of total left 

ventricular mass. These are summarized in Table 4. The areas at risk were comparable between all 

groups, ranging from 21.0 ± 0.8 to 23.6 ± 0.7 percent. With such a close range, it is very unlikely 

that the small variations in AAR had any influence on the outcome of the infarct size study.

Groups Area at risk (%)

Control 

4x5IPC

21.0 + 0.8 

21.3 + 0.9

2x2 IPC 2 1 .9+ 12

Perindoprilat 23.6 ±0.7

Perindoprilat + 2x2 IPC 21.7+ 1.0

Table 4. Results of the area at risk in each group presented as means ± SEM. IPC = ischaemic preconditioning.

4.3.4 Infarct size measurements;

Figure 9(a) demonstrates the results of the infarct size study from the first two groups representing 

control and robust preconditioning protocols (4x5 IPC). We demonstrate, in contrast to two 

previous studies (36,37), that pig myocardium is also amenable to delayed protection against 

infarction following IPC. There was a significant reduction in infarct size from 42.8 ± 3.2% in the 

control group (n=9), to 19.5 ± 3.9% (p<0.05) in the 4x5 IPC group (n=8). This degree of protection 

is comparable to that seen in our first series of studies in the dog myocardium as well as that in 

other species investigated.

41



Control 4x5 IPC

Figure 9(a). Representation of infarct size study demonstrating delayed protection in pigs. IPC=ischaemic 

preconditioning. Values are expressed as means ± SEM.

In the second part of our study we first investigated the degree of protection afforded by a milder, 

subthershold stimulus and then examined if such a stimulus can be augmented by the addition of 

perindoprilat. The corresponding results of infarct size study are presented in figure 9(b) below. The 

subthreshold stimulus alone could not confer significant delayed protection even though there was a 

slight limitation in infarction compared to controls (33.4 ± 3.9%, n=7). Similarly we observed that 

perindoprilat, on its own could not afford a significant protection on day 2 (312 + 2 3%, n=8) 

However when combined, the subthreshold stimulus in the presence of penndopnlat conferred a 

significant protection against infarction on day 2 (18.4 ± 3.1%, p<0.05, n=7). This protection was 

comparable with that observed in the fully preconditioned group (4x5 IPC).
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Figure 9(b). Infarct size study of subthreshold preconditioning. PR=perindoprilat. Values are expressed as means ± 

SEM. Significance is compared to the control group.
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4.3.5 Rhythm disturbances and fibrillations;

Figures 10(a&b) demonstrate the rates of reperfusion arrhythmias and fibrillations on day 2. We 

did not observe any significant differences between preconditioned and none-preconditioned 

groups, thus concluding that there was no protection against rhythm disturbances in this swine 

model of delayed ischaemic preconditioning.

Contr 4x5 2x2
IPC IPC

Figure 10(a). Demonstrates reperfusion arrhythmia in all groups 

PR^perindoprilat.

PR
control

2. Values

PR+2x2
IPC

expressed as a percentage.
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Figure 10(b). Demonstrates rate of fibrillation in all groups on day 2. Values are expressed as a percentage. 

PR=perindoprilat.
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4.3.6 Immunohistochemistry results;

Figure 11 (a-e) demonstrates the resultant induction of Mn-SOD synthesis following various 

protocols. The preconditioned groups showed far stronger positivity than non-preconditioned 

groups. This can be distinguished as red staining of cardiomyocytes with abundant quantity of the 

protein in question intercellularly.

11 (a). Immunohistochemistry’
of a myocardial sample from
the control group. Very little
positive reactivity, as evident * * * ’
from lack of red staining.

11 (b). Immunohistochemistry 
of a myocardial sample from 
4x5 IPC group. Strongly 
positive, in stark contrast to 
control samples, indicating 
Mn-SOD increased synthesis.
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11 (c). Immunohistochemistry 
of a myocardial sample from 
2x2 IPC group. Most cells are 
negative although a few 
demonstrate increased Mn- 
SOD content, perhaps in 
concert with the nature of a 
subthreshold stimuli.

11 (d). Immunohistochemistry 
of a myocardial sample from 
drug control group (PR). 
Almost none of the cells are 
stained positively, similar to 
control samples.

11 (e). Immunohistochemistry 
of a myocardial sample from 
PR+2x2 IPC group. Again 
many positively stained 
myocytes, indicating robust 
induction of Mn-SOD 
synthesis



4.4 Conclusions from this study:

This is the first study that has conclusively demonstrated a second window of protection against 

infarction in the swine myocardium, thus adding to the number of species that have shown 

potential for delayed cardioprotection. This observation is further substantiated with increased Mn- 

SOD in preconditioned hearts. We chose to subject the animals to a robust IPC stimulus (4x5 min) 

and a milder index ischaemia during the second day of the procedure. Thus it is arguable that the 

temporal characters of this adaptive response could be the reason for previous studies failing to 

demonstrate SWOP in pigs.

Secondly and perhaps medically more significant, this is the first study to show pharmacological 

augmentation of the protection afforded by a clinically relevant ischaemic stimulus in a model of 

delayed preconditioning. The 2x2 min IPC chosen as our subthreshold stimulus is realistic and 

closely resembles clinical interventions performed on patients with ischaemic heart disease (e.g. 

PTCA). There are two reasons as to why we chose an ACE inhibitor (perindoprilat) in our model. 

First, since their introduction they have become a cornerstone in treatment of hypertension. ACE 

inhibitors have also emerged as a crucial part of therapy in patients suffering from heart failure. 

They have been shown to prevent left ventricular remodeling as well as reduce myocardial 

ischaemic events (58). Thus they have become an indispensable tool in treating patients with heart 

disease. To learn more of their potential role in delayed cardioprotection can be beneficial to 

millions of people worldwide. On the other hand ACE inhibitors are known to induce ear'iv 

protection in the setting of classic IPC. They are thought to do so via inhibition of bradykinin 

breakdown hence leading to augmented levels of the latter. Taking this consideration, this is also
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the first study that proposes bradykinin may trigger the second window of protection (via the action 

of ACE inhibitors).

Pharmacological preconditioning in humans may be a future option for adjunct therapy, and as 

demonstrated by this study, it is not an unattainable goal. On the other hand on a daily basis patients 

with ischaemic heart disease may be subjected to brief bouts of ischaemia (electively in the form of 

PTCA or non-electively in the form of angina pectoris). These short ischaemic episodes may 

simulate subthreshold preconditioning stimuli that along with the right measures could be enhanced 

pharmacologically to the benefit of the patient (Fig. 12).

Myocardial protection

mediators

Robust IPC 
stimuli

(4x5 IPC)

Preconditioning
threshold

Bradykinin

Subthreshold
stimuli

(PTCA/Angina)

Pharmacological
augmentation

(PTCA +
ACE inhibitor)

Figure 12. Graphic illustration of the proposed threshold of preconditioning and pharmacological augmentation of a 

subthershold stimulus. Please note that OFR (oxygen free radicals) and adenosine are depicted as examples of the 

various possible triggers of SWOP.
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5. DISCUSSION

Soon after their initial findings (1), Murry and co-workers investigated a role for oxygen free 

radicals in classic IPC (5). They showed that administration of OFR scavengers blocked the 

protection afforded by ischaemic preconditioning against infarction in dogs. Similar findings 

achieved with the use of MPG or SOD further substantiated these results (59). Furthermore. Osada 

ct al. could abolish the anti-arrhythmic effects of IPC by administration of superoxide dismutasc 

during the preconditioning protocol (43). However over the same period there have also been 

numerous negative studies. Iwamoto et al. failed to show diminished protection using either SOD 

or catalase in a rabbit model of 4x5 IPC (49). Similarly, administering MPG in an in vivo rat 

model, could not abolish the protective effects of three cycles of preconditioning (45). However as 

previously mentioned, the induction of ischaemic preconditioning seems to be very much model 

and species dependent.

Amongst the proposed triggers of delayed IPC, perhaps most extensively studied are adenosine and 

nitric oxide. Baxter and colleagues have investigated the role of adenosine in the induction of 

delayed IPC (19). Further studies by the same group have defined a clear role for adenosine A] 

receptors in inducing SWOP against infarction in similar models (52,60,61). This is despite 

negative findings by other investigators (62). These conflicting results can perhaps be explained by 

differences in models and measured end-points. Nonetheless these observations have led other 

investigators to propose nitric oxide (NO) as a trigger of delayed IPC. Pretreatment with jV-nitro- 

L-arginine (L-NA), a non-selective NOS inhibitor, has completely abolished delayed protection 

against both stunning and infarction. Furthermore nitric oxide donors conferred delayed protection
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in the same model (20,63) Results by others have defined a similar role for NO in delayed 

protection against arrhythmia (64). As discussed previously, it is hypothesized that oxygen free 

radicals and NO are intricately linked in the induction of delayed IPC (22,65). Briefly, abundant 

OFR and NO generated during brief ischaemic episodes could either act independently, or react 

with one another to form other radicals capable of activating PKC. Activated PKC can then lead to 

transcriptional activation of iNOS, and generation of NO that is said to confer protection on day 2.

There have been a few laboratories, including ours, that have been interested in deciphering the 

role of OFR in delayed cardiac adaptation. A study published by Zhou et al. tested the hypothesis 

that delayed preconditioning is associated with increased antioxidant enzyme activity that is 

induced by an initial oxidative stress (24). Rat myocytes were preconditioned with either brief 

anoxic cycles or exogenous superoxide anion. Increased Mn-SOD activity and tolerance to 

prolonged anoxia 24 hours later was evident in the preconditioned populations. Pretreatment with 

Mn-SOD abolished this adaptive response, indicating that the initial bursts of oxidative stress may 

have conferred delayed protection against anoxia-reoxygenation injury. Although the concept of 

the above study is quite similar to that of the first series of studies described in this work, the 

model is very different. We used an in situ model where ischaemia was applied to induce and test 

protection against cellular necrosis, considerably more physiological than anoxic stress on isolated 

rat myocytes, taking enzyme activity as an end-point.

A series of studies in a conscious pig model of delayed protection against myocardial stunning 

have also shown that protection was completely abolished with MPG administration, indicating 

OFR are essential for the induction of this form of adaptation (25). Although the benefits of a

51



conscious animal model as opposed to an anaesthetised one are appreciable, however conclusions 

drawn from a study examining protection against myocardial stunning cannot be readily applied to 

one looking at limitation of myocardial cell necrosis. Thus even though similarities do exist 

between our study and that by Sun et.al., such as loss of delayed protection by pre-treatment with 

MPG, one fundamental difference is the end point examined.

As far as the author is aware this is the first study that investigates, in a large animal model, OFF. 

as triggers of delayed ischaemic preconditioning; examining infarct size as the end point. The 

robust 4x5 IPC protection, even in the presence of MPG, as opposed to loss of protection with 

fewer cycles under the same conditions, indicates that generation of OFR is essential in triggering 

delayed cardioprotection in dogs only when a less rigorous preconditioning stimulus is used. In 

other words, multiple cycles (4x5 IPC) may lead to the release of numerous mediators so that 

eliminating a single trigger (in this case OFR) would not diminish the overall stimulation to a 

subthreshold level.

Over the years OFR have been shown, to either directly or indirectly stimulate the intracellular 

signaling cascades that culminate to IPC. One such cascade is via the activation and translocation 

of protein kinase C, which then leads to gene transcription, yielding proteins instrumental in 

delayed cardioprotection (66). More recently evidence is emerging on free radicals inducing a 

PTK-dependent pathway leading to cardioprotection. Das and colleagues argue that ROS act via a 

signal transduction pathway involving phospholipase D-coupled tyrosine kinase, which functions 

either independent to, or downstream of PKC (67). A similar role has been defined in a study of 

delayed protection against myocardial stunning (68).
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Downstream the signal transduction leads to enhanced phosphorylation and activation of mitogen 

activated protein kinases (such as p38 MAP kinase), which ultimately target other kinases that may 

lead to phosphorylation of smaller HSP (67,69,70). The nuclear transcription factor NFkB has also 

been recognized to play a crucial role in delayed IPC. Das and colleagues have demonstrated that 

MAP kinase cascade activation leads to activation of NFkB, which in turn would induce gene 

expression associated with cardioprotection (71). There is strong evidence that oxidative stress can 

also lead to NFkB translocation and activation (71-73), further proof of the possible role of OFR in 

triggering the cellular cascades that lead to delayed ischaemic adaptation.

The coronary anatomy and extent of collateral vessels of the pig myocardium resembles that in 

humans and the time course of infarct development is similar to that seen in humans (74,75). Two 

previous studies on swine did not observe statistically significant limitation of infarction 24 hours 

following preconditioning. In the first of these studies, Strasser et al. reported that four 5 min 

cycles of ischaemia failed to elicit protection against a sustained 60 min coronary occlusion 24 

hours later (36). The author feels it is very likely that the duration of this sustained ischaemic insult 

in a poorly-collateralised species may have been too severe to permit demonstration of a protective 

effect.

A second study in the pig was more carefully designed to examine the possibility of a second 

window of protection following ischaemic preconditioning (37). Qiu et al. examined the effects of 

repeated brief coronary occlusions (10 x 2 minute) in conscious pigs 24 hours before a 40 min 

occlusion. In the preconditioned group a 26% relative reduction in I/R was observed (I/R 45% v 

33%) but this was not statistically significant. A further group of animals preconditioned with 25 x
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2 minute occlusions did not display further enhancement of ischaemic tolerance at 24 hours and 

hence the investigators concluded that a second window of protection against infarction does not 

occur in the pig. However the author believes that the modest limitation of infarct size in that study 

suggests that the pig is capable of exhibiting delayed preconditioning under optimal circumstances, 

i.e. with an ideal preconditioning stimulus, the correct time point of intervention, and with a milder 

index ischaemic insult. The extent of infarct size limitation observed in the second series of studies 

is similar to that seen in all other species in which delayed preconditioning has been shown.

There are at least two classes of bradykinin receptors, i.e. B] and B2 receptors. Previous studies 

have demonstrated the existence of functional G-protein coupled bradykinin B2 receptors on 

cardiomyocytes, and have shown that bradykinin exerts its action on most of the cardiovascular 

system through B2 receptors (76). These receptors are coupled to the activation of phospholipase 

C, the subsequent generation of inositol 1,4,5-triphosphate or diacylglycerol, an increase in 

2+cytosolic Ca levels, and the activation of PKC (77,78). It was therefore postulated that similar to 

a number of other G-protein coupled membrane receptor ligands, bradykinin may have an 

important role in triggering the cellular events that culminate in early or classic preconditioning.

The first study to suggest the role of bradykinin in preconditioning was reported by Wall et al (53). 

They found that infarct-limitation by preconditioning was abrogated with prior treatment with the 

selective and potent B2 receptor antagonist HOE 140 (icatibant) in an anaesthetised, open-chest 

rabbit model of acute coronary occlusion. These authors also reported that administration of a 5- 

min intra-atrial bradykinin infusion (250 pg/kg/min) followed by a 10-min recovery period in lieu 

of preconditioning ischaemia, mimicked the infarct-limitation conferred by ischaemic
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preconditioning. This early report was followed by a number of other studies suggesting the 

importance of bradykinin in mediating the cardioprotective effects of ischaemic preconditioning on 

myocardium in several other animal models including rabbits, rats and dogs (79-82). Taken 

together, these studies strongly suggest that bradykinin, generated during the brief periods of 

sublethal ischaemia, plays a major role in triggering the cellular events that ultimately result in 

protection of the ischaemic myocardium.

The role of bradykinin was further evaluated in human myocardium in a study, which also 

investigated Downey’s threshold hypothesis. The authors were able to demonstrate that a 

subthreshold preconditioning stimulus was able to precondition human myocardium in the 

presence of ACE inhibition and that the protective effects observed were directly due to bradykinin 

(56). The important role of NO in delayed protection has been discussed. Furthermore the ability of 

bradykinin to modulate NO production is well established and it is possible that in relation to the 

NO hypothesis of delayed preconditioning, bradykinin release may be an important early event 

preceding the generation of NO, which in turn is believed to act as a downstream mediator.

ACE inhibitors were first introduced as antihypertensive agents. However they have now been 

shown convincingly to decrease mortality in patients suffering from congestive heart failure by 

reducing preload, afterload and systolic wall stress thus resulting in increased cardiac output 

without an increase in heart rate (83-85). Large clinical trials have also concluded that they reduce 

mortality and reduce ventricular dysfunction after acute myocardial infarction (86,87), limiting ieft 

ventricular remodelling as well as myocardial ischaemic events.
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More recently, the HOPE study clearly demonstrated that the ACE inhibitor ramipril significantly 

lowered the risk of major cardiovascular outcomes by 25-30% in a broad range of high risk middle 

aged and elderly people with diabetes mellhús (88). Interestingly the risk reduction for 

cardiovascular events was greater than would be expected from the observed mean difference in 

blood pressure between groups which suggests that the effects of ACE inhibition in this study was 

greater than can be attributed to its effect on lowering blood pressure. ACE inhibitors have thus 

become indispensable in management of patients with ischaemic heart disease. This fact combined 

with rapidly accumulating body of evidence regarding the contributory role of ACE inhibitors in 

the induction of the preconditioning phenomenon and cardioprotection in general has fuelled 

further interest in them. The author would suggest that the cardioprotective effects of ACE 

inhibitors observed in large clinical studies such as GISSI-3 (86) ISIS-4 (87) and, most recently, 

HOPE (88), may, at least in part, be as a consequence of the ability of endogenous bradykinin to 

initiate both classic and delayed preconditioning effects.
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6. LITERATURE DATA ON PRECONDITIONING IN HUMANS AND THE CLINICAL

PRACTCE

As the impetus behind most medical research is to either further facilitate our understanding of 

disease or provide clinicians with better means of combating disease, at this point it is perhaps 

appropriate to elaborate a little on whether such experimental preconditioning models share such 

future prospects. That is why the author has dedicated this chapter to literature data that shed light 

on this very question.

6.1 Preconditioning in humans:

Experimental findings on ischaemic preconditioning cannot be directly extrapolated to humans 

because of possible variations in the mechanisms. Furthermore, ethical considerations restrict the 

nature of experimental work on humans and thereby render the evidence indirect. Thus, surrogate 

end-points have been used, including contractile function, electrocardiographic ischaemic changes, 

or biochemical markers of cell damage. Another important limitation is represented by the extent of 

coronary collateral flow, a major determinant of the severity of myocardial ischaemia, which 

cannot always be accurately quantified.

In vitro human studies, in which confounding effects due to coronary collateral flow can be 

overcome, have shown that human cardiomyocytes can be preconditioned (89-91). it has also been 

demonstrated that protection against contractile dysfunction caused by a combined hypoxic and 

substrate depletion challenge can be induced by activation of PKC and by the opening of KAtp
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channels. It is noteworthy that more recently, Cleveland et al. (91) have shown that the protection 

is not evident when the myocardium is obtained from diabetic patients exposed to long-term oral 

hypoglycemic agents. Serious drawbacks of in vitro models include the use of hypoxia rather than 

ischaemia, the use of recovery from contractile dysfunction as surrogate end-point, as well as 

harnessing atrial rather than ventricular tissue.

6.1.1 Preinfarction angina or natural preconditioning!?;

Recent studies have shown that patients with myocardial infarction preceded by angina have 

smaller infarcts and a better in-hospital outcome after thrombolytic therapy than patients without 

preinfarction angina (92-94). At least 3 mechanisms may explain the difference between infarctions 

that are preceded by angina and those that are not: (1) coronary collaterals, (2) rate of reperfusion, 

and (3) ischaemic preconditioning. In a study by Kloner et al (92) differences in collateral flaw 

(assessed by angiography 90 minutes after myocardial infarction) was excluded as an explanation 

for such observations. Another interesting finding is that in patients with preinfarction angina, 

thrombolytic therapy resulted in more rapid reperfusion and smaller infarcts, thus suggesting that 

the benefit of preinfarction angina might depend on a speedier coronary thrombolysis in addition 

to, or perhaps instead of, preconditioning (93). Similar findings were reported in a separate study, 

where they also demonstrated that prodromal angina 24 hours before infarction and not earlier, was 

independently associated to a better 5-year outcome, thus suggesting a role for ischaemic 

preconditioning (94). Nonetheless more investigations are required in this field to clearly define the 

extent to which preconditioning may contribute to the observed differences in patients with and 

without angina.
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6.1.2 The warm-up phenomenon;

The warm-up phenomenon refers to improved performance exhibited by the majority of patients 

with coronary artery disease following a first exercise test (95,96). In one study of the warm-up 

phenomenon it was demonstrated that myocardial oxygen consumption was reduced during the 

second test, suggesting increased metabolic efficiency, a feature of preconditioning. This result was 

not attributed to changes in total myocardial blood flow. Further support for the role of 

preconditioning was that the time course of the warm-up phenomenon is consistent with that of 

classic ischaemic preconditioning (lasting no longer than between 60 and 90 minutes). The role of 

adenosine in this setting is uncertain as bamiphylline, a known selective adenosine Ai receptors 

antagonist, at a previously shown adequate dose (97), failed to prevent the warm-up phenomenon 

(98). The involvement of K atp channels in the warm-up phenomenon is also uncertain (99). 

Clearly more investigations are required to further define the mechanism behind this form of 

protection.
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The very first study to assess adaptation to ischaemia during coronary angioplasty was reported by 

Deutsch et al and involved 12 patients with an isolated stenosis (100), undergoing two sequential 

90-second balloon inflations. In comparison with the initial balloon occlusion, the second 

occlusion was characterized by less subjective anginal pain, smaller ST-segment shift and lower 

mean pulmonary artery pressure. Collateral recruitment was excluded as a cause. Other 

investigators have observed similar findings in PTCA models (97,101,102), thus confirming an 

adaptive response to repeated ischaemic episodes, akin to ischaemic preconditioning.

A more recent study has also addressed the role of collateral recruitment, using a Doppler guide 

wire (103). It was found that coronary blood flow significantly increased from baseline to the end 

of the first inflation, whereas it exhibited a modest increase during the second inflation in 

approximately 20% of the patients, which failed to predict the changes in ST-segment shift or 

cardiac pain severity. These findings were in agreement with a similar study by Kyriakidis et al 

(104). Another major concern regarding the angioplasty model of preconditioning is that the 

electrocardiographic changes may not actually reflect ischaemic severity. A study designed to 

addresse this problem was performed, measuring ST-segment changes in open-chest pigs. They 

found that in the absence of a significant increase in collateral flow, ST-segment changes during the 

first 3 minutes of ischaemia were smaller during the second and third ischaemic cycle than during

6.2 Preconditioning and the clinical practice:
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the first cycle (105). In conclusion they stated that ST-segment changes provide a reliable index of 

ischaemia during the first few minutes of coronary occlusion.

Adenosine receptors appear to play an important role in preconditioning during coronary 

angioplasty (97,101-103). Furthermore early results suggest that opioid receptors also seem to be 

involved. In fact, morphine sulfate and naloxone have respectively been shown to mimic and 

prevent the adaptation to ischaemia during repeated balloon inflations (106,107). A recent report 

from Bolli’s laboratories indicates that intracoronary infusion of bradykinin, 10 min prior to 

elective PTC A conferred protection during subsequent balloon inflations (108). ST-segment 

alteration, chest pain score as well as regional wall motion during inflations were taken as 

surrogate end-point of protection. Infusion of bradykinin had no adverse haemodynamic effects. 

The authors concluded that human myocardium can be preconditioned against ischaemia using 

bradykinin, and that the model can be used to attenuate ischaemia in selected patients undergoing 

PTCA.

6.2.2 Coronary Artery Bypass Surgery;

Intermittent ischaemia achieved by aortic cross-clamping in a fibrillating heart during coronary 

artery bypass grafting has been used as a clinical model of ischaemic preconditioning. In such a 

model, the confounding effects due to collateral flow are overcome by using global instead of 

regional ischaemia. Yellon et al. examined the effect of two 3-minute ischaemic episodes on high 

energy phosphate metabolism during 10-minute cross-clamping (109). Myocardial biopsies taken 

exhibited a significantly higher ATP content than in controls not previously exposed to brief
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ischaemic episodes, demonstrating typical biochemical features of ischaemic preconditioning. A 

more recent study however contradicts this finding using warm-blood cardioplegic arrest during the 

bypass surgery (110). Nevertheless, more positive evidence has been uncovered in similar 

investigations (111-113). Taken together, these findings suggest that ischaemic preconditioning 

appears to occur in this human model with potentially relevant beneficial clinical effects. This is 

particularly attractive in management of high risk patients with poor left ventricular function.

6.2.3 Cardiac transplantation;

Organ transplantation is limited by the narrow cold ischaemic time frame within which 

transplantation has to materialize. The possibility that organ preservation before transplantation 

might be amenable to similar form of protection as described above is a very attractive notion. 

Such an opportunity may be not too far from reality as demonstrated by two recent studies. 

Preconditioning with cromokalim or ischaemia have both shown to improve donor heart 

preservations (114,115).
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6.3 Future directions:

Ischaemic preconditioning has proven to be a powerful and versatile, all be it temperamental tool 

under experimental conditions, conferring cardioprotection against a subsequent severe insult. 

Many years of exhaustive research in this field has greatly enhanced our knowledge of the 

pathophysiology and cellular mechanisms of this phenomenon. No doubt we now posses the know

how to limit injury against deleterious myocardial insult in our laboratories. Promising reports are 

also emerging from clinical studies that although fraught with limitations, hint that the human 

myocardium may also be amenable to protection in a similar manner as that seen under 

experimental conditions. Admittedly we have yet to succeeded in translating this mass of 

experimental and clinical research into a clinical reality, to the benefit of patients with ischaemic 

heart conditions. This may be contributed to the lack of undisputed evidence on hard clinical end 

points. Despite this we are now provided with means of protecting the heart, and harnessing the 

effect of various pharmacological agents which mimic the protection afforded by ischaemic 

preconditioning. However large-scale clinical trials, which include high-risk subset of patients with 

coronary artery disease, should be undertaken demonstrating improved outcome, before 

preconditioning can be integrated in the routine clinical practice.

As far as pharmacological preconditioning is concerned, we may target a number of key steps in 

order to achieve cardioprotection. These include focusing on triggers of IPC, by employing agents 

such as adenosine or its analogues, bradykinin or ACE inhibitors, just to name a few. On the otliei 

hand we may target downstream mediators or putative end-effectors of protection, such as the ATP 

sensitive mitochondrial potassium channels. It is foreseeable that they be used as cardioprotective
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measures prior to elective bypass or transplantation surgery. Another tantalizing clinical 

application of pharmacological preconditioning may be prior to acute myocardial infarction, in the 

hope of increasing the therapeutic window available for thrombolysis and, limiting the progression 

of myocardial injury. The major challenge with regards to such a measure is knowing the correct 

time frame to administer such drugs before ischaemic insult. This is why this approach may prove 

troublesome in patients at low risk of myocardial infarction, such as patients with stable angina. 

Conversely, high-risk patients, such as those with unstable angina or a recent myocardial 

infarction, recognised for having a higher risk of imminent infarction may stand to benefit from 

such interventions. It should be noted however that the heart of patients with unstable angina, 

might already be preconditioned by prior angina episodes, thus limiting the potential advantages of 

preconditioning drugs. Another problem may be the development of tachyphylaxis to the 

preconditioning agents (116), however recent encouraging reports seem to indicate otherwise (52).
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7. NOVEL FINDINGS

In our first series of experiments we were able to demonstrate that oxygen free radicals play a 

crucial role in the induction of delayed cardioprotection against infarction in an in vivo dog 

model. This protection was seen as tolerance against both infarction as well as ventricular 

fibrillation 24 hours following ischaemic preconditioning. However as shown the role played 

by free radicals is overwhelmed by other triggers during multiple cycles of IPC.

In the second series of experiments, delayed cardioprotection was demonstrated for the first 

time in pig myocardium. Although there was a clear limitation of the infarct size in 

preconditioned pigs, we did not observe an increased tolerance against reperfusion arrhythmias 

or fibrillations.

Also novel to this work was the demonstration of pharmacological enhancement of 

subthreshold ischaemic stimuli in a model of delayed cardiac adaptation. The use of an ACE 

inhibitor to achieve this augmentation adds to the clinical importance of this observation.

Based on previous results regarding blunted breakdown of bradykinin following pretreatment 

with ACE inhibitors, this study for the first time hints at the possible involvement of 

bradykinin in the induction of the second window of protection.
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