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Abstract

Very few therapeutic modalities are beneficial in the treatment of acute myocardial infarction.
However, the phenomenon of ischaemic preconditioning (IPC) reduces cell necrosis and
therefore, may offer protection against ischaemia-reperfusion injury. Bradykinin has been
implicated in IPC as a trigger of this protective phenomenon. The protective effects of both
IPC and bradykinin are largely under-investigated in models of chronic myocardial
hypertrophy. Furthermore, the kallikrein-kinin system is thought to be implicated in
hypertension, indeed studies have demonstrated that levels of bradykinin are attenuated in
hypertension. Therefore, the aim of this thesis was to further elucidate the cardioprotective
actions of bradykinin in both the normal and hypertrophied myocardium.

In preliminary experiments, the deoxycorticosterone acetate (DOCA)-salt rat was used to
represent a mild model of left ventricular hypertrophy (LVH) associated with short term
hypertension. Although IPC was found to reduce infarct size in the DOCA-salt rat hearts
subjected to ischaemic-reperfusion injury, bradykinin induced cardioprotection was impaired
in these hearts.

Drugs that inhibit bradykinin degradation, namely, angiotensin converting enzyme (ACE) and
neutral endopeptidase (NEP) inhibitors can be used therapeutically to augment bradykinin
levels. Previous studies have demonstrated that ACE inhibitors can potentiate a subthreshold
preconditioning stimulus, however, it is not known whether dual ACE and NEP inhibition also
potentiates IPC. It was found that the dual ACE and NEP inhibitor, omapatrilat, analogous to
captopril, augmented a subthreshold IPC stimulus via activation of the bradykinin B receptor.
In contrast to captopril, omapatrilat also evoked protection when administered directly (ie, in
the absence of preconditioning ischaemia), an effect also dependent upon B, receptor
activation.

The effects of IPC in chronic myocardial hypertrophy associated with long term hypertension
were investigated. IPC evoked protection in hearts isolated from young and middle aged
SHR and normotensive age matched, WKY rats. However, IPC did not protect the ageing
SHR/WKY rat hearts. Therefore, the combination of ageing and long standing hypertrophy
interfere with the occurrence of IPC. In an attempt to raise bradykinin levels, captopril was
used in conjunction with the IPC protocol. However, no protection was observed in hearts
.isolated from the ageing SHR. In contrast, modest protection was seen in age matched WKY
rat hearts.

In the normal myocardium, it was found that bradykinin administered just prior to reperfusion
also induced cardioprotection possibly via activation of the PI3 kinase pathway. However, the
protective effect of bradykinin at reperfusion could not be duplicated in the ageing SHR
myocardium.

Even though numerous studies have demonstrated that bradykinin elicits classical
preconditioning, its role in delayed preconditioning remains elusive. The final set of
experiments in this thesis investigated whether bradykinin triggers delayed preconditioning. It
was found that a bradykinin bolus given 24 hours prior to infarction triggered protection, an
effect dependent upon the generation of nitric oxide.

The work contained in this thesis confirms the cardioprotective potential of bradykinin and
bradykinin modifying drugs in normal myocardium. However, the impairment of
cardioprotective pathways in hypertensive myocardium was a consistent finding of these
studies and therefore requires further investigation.
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Chapter One
Partl: General introduction to ischaemic preconditioning

1.1. Mortality and coronary heart disease

Coronary heart disease is the leading cause of mortality in the western world. In 1998,
myocardial infarction and angina pectoris accounted for 600,000 deaths in the USA
(American Heart Association; 2001 Heart and Stroke statistical update). In the UK, coronary
heart disease claimed over 135,000 lives in 1998 making it the most common cause of
death (British Heart Foundation; coronary heart disease statistics; 2000 edition). For many
years, cardiologists have been searching for therapeutic modalities that can reduce the
detrimental effects of myocardial ischaemia. To date, only thrombolytics have proven to
reduce damage caused by myocardial ischaemia, however, it has been proposed that the
phenomenon of ischaemic preconditioning may confer further profection against myocardial

ischaemic injury.

1.2. Discovery of ischaemic preconditioning

In 1986, Murry et al reported that four brief periods of ischaemia prior to a sustained
ischaemic event paradoxically limited infarct size in the in vivo dog model of coronary artery
occlusion. In fact, a 75% reduction of infarct size was noted. They named this
phenomenon "preconditioning with ischaemia” (Murry et al, 1986). This protective effect
could not be explained by changes in collateral blood flow, which was similar in both groups,
implying alterations in the cellular response to ischaemia. Hence, ischaemic preconditioning
(IPC) can be described as a phenomenon whereby short periods of sublethal ischaemia

enhance primary myocardial tolerance to a longer, sustained period of ischaemia.



The impact of this study has been tremendous. No therapeutic modality has been shown to
reduce cell death by 75% and it now appears that the heart has the innate ability to protect
itself from the consequences of ischaemia-reperfusion injury. Following this initial report of

IPC, more than 1500 studies have been performed in this field (Yellon & Dana, 2000).

1.3. Characteristics of IPC

Following its initial report in dogs, IPC has been demonstrated in a variety of animal models
including, mice (Sumeray & Yellon, 1998), rats (Bugge & Ytrehus, 1996a), rabbits (Goto et
al, 1995), guinea pigs (Chlopicki et al, 1999), pigs (Schulz et al, 1998), goats (Gattullo et al,

1999), sheep (Uematsu et al, 1998) and most importantly in humans (Yellon et a/, 1993).

Several characteristic traits of IPC have been demonstrated. Firstly it is important to note
that IPC delays cell death, it does not prevent cell death. Additionally, the protection is
short lived. Investigators have generally shown that if the reperfusion period between the
preconditioning ischaemia and the sustained ischaemia is extended beyond one-two hours
then protection is lost. Murry et al showed that in dogs, protection is lost following a two
hour reperfusion period prior to the sustained ischaemic insult (Murry et al, 1991). In most
models, protection is reduced following a one hour reperfusion period (Miura et al, 1992;
van Winkle et al, 1991). The effects of IPC can however be reinstated once they are lost
(Yang et al, 1993; Li & Kloner, 1994). Conversely, if the reperfusion period is too short,
then IPC does not elicit protection either. Alkhulaifi et al showed in isolated rat hearts that a
30 second reperfusion period following the preconditioning ischaemia did not limit infarct
size. However when this reperfusion period was extended to one minute, protection was
observed (Alkhulaifi et al, 1993). A minimum period of reperfusion is required for IPC to

protect as it may allow the washout of catabolites from the ischaemic zone. Alkhulaifi et al



also found that lactate levels were much lower in groups subjected to one and ten minutes

of reperfusion, compared with 30 seconds of reperfusion (Alkhulaifi et al, 1993).

The protection induced by IPC is finite. Murry et al demonstrated that when the sustained
ischaemic episode lasted for three hours, there was no significant difference in infarct size
between the control and preconditioned group (Murry et al, 1991). Finally, there is general
consensus that IPC is an “all or none” phenomenon (Miura et al, 1998). An IPC protocol
consisting of at least one, two minute cycle of ischaemia is required to initiate the adaptive
response. A ﬁye minute period of ischaemia is sufficient to elicit maximal protection,
additional cycles of ischaemia do not result in enhanced protection (Miura et al, 1998; Miura
et al, 1992; Li et al, 1990). Some investigators, however, disagree with this and report that,
multiple cycles of IPC induce greater protection than a single cycle. Tanno et al reported
that whilst IPC with one five minute cycle of ischaemia reduced infarct size, IPC with two five
minute cycles of ischaemia produced a further reduction in infarct size in rat (Tanno et al,
2000). Importantly, myocardial protection re-appears 24 hours following the preconditioning
ischaemia, a phenomenon known as second window of protection or delayed

preconditioning, this is discussed in more detail in section 1.4.

1.3.1. End points of protection

Many end points have been used to assess the protective effects of IPC. IPC can attenuate
infarct size, occurrence of arrhythmias, post-ischaemic contractile dysfunction, ST segment
elevation, creatine kinase / lactate dehydrogenase release and ATP depletion, described

overleaf;



1.3.1.1. Infarct size

Cell necrosis can be quantified by measuring infarct size. IPC has been shown to reduce
infarct size in many species both in the in vivo and in vitro situations (Bugge & Ytrehus,
1996a; Goto et al, 1995; Tanno ef al, 2000). Infarct size is usually illustrated using
quantitative morphological techniques, for example triphenyltetrazolium staining which has
been shown to accurately determine infarct size providing a sufficient period of reperfusion is
used. Propidium iodide is also used to assess cell death in flow cytometry studies.
Propidium iodide is only able to penetrate damaged cell membranes. Once it enters the cell
nucleus, it interqalates with DNA, producing a bright red fiuorescence (O'Brien & Bolton,
1995; Bhakdi et al, 1989). Indeed, the use of propidium iodide to measure infarct size is
attractive because it does not require lengthy reperfusion periods like triphenyitetrazolium
staining (see chapter two for further details). Recently, Wolff et al demonstrated that
propidium iodide produced a similar infarct size to that observed with triphenyitetrazolium

staining (Wolff et al, 2000)

Infarct size however is not always used as an experimental end point in IPC studies. Cell
death can be quantified by assaying levels of creatine kinase and lactate dehydrogenase
release. Many experimental studies that cannot use infarct size as an end point, measure
marker protein leakage instead. In this regard, IPC has been shown to clearly protect by
reducing creatine kinase, lactate dehydrogenase and troponin release (Sharma & Singh,
2000; Jenkins et al, 1997). In certain experimental models it is not feasible or, investigators
may prefer to employ an altemative end point. In isolated myocytes for instance, since
infarct size cannot be measured, myocyte viability using trypan blue exclusion, propidium

iodide, nitroblue or enzyme release can be used as surrogate markers instead.



1.3.1.2. Other end points of protection

Arrhythmia prevalence, usually in the form of ventricular tachycardia or ventricular fibrillation
are used to assess the protective effects of IPC, which may correlate well with the clinical
problems of sudden cardiac death and severe arrhythmias seen during myocardial
ischaemia. Protection against arrhythmias can be demonstrated in the rat (Shiki & Hearse,
1987), dog (Vegh et al, 1992) and human (Airaksinen & Huikuri, 1997). In contrast,
protection is not observed in the pig myocardium. In fact, Ovize et al reported that even
though IPC attenuated infarct size, it accelerated the onset of ventricular fibrillation during
prolonged ischaemia (Ovize et al, 1995). Thus, the anti-arrhythmic effects of IPC may be

species dependent or modified by factors such as anaesthesia.

Protection against post-ischaemic contractile dysfunction ("stunning") is debatable. While
IPC has been shown to enhance left ventricular contractility by some investigators in the rat
heart (Cave & Hearse, 1992; Asimaki et al, 1992), other investigators report no reduction in
myocardial stunning (Jenkins et al, 1995). Studies assessing myocardial stunning are
difficult to interpret as improvement of functional parameters may be as a result of reduced
necrosis rather than an actual reduction in myocardial stunning. Jenkins et al demonstrated
that improvement of post-ischaemic contractile function was secondary to reduced infarction,

thus, IPC does not appear to protect against myocardial stunning (Jenkins et al/, 1995).

1.3.2. IPC in human heart

There is clear evidence demonstrating the protective effects of IPC in many animal models.
However, can this powerful phenomenon be reproduced in humans? The most direct
evidence for preconditioning in man comes from a study performed by Yellon et al. In a
setting of coronary artery bypass grafting, intermittent application of an aortic cross clamp

was used to produce global ischaemia and hence provided a stimulus for IPC. Assessment



of ATP levels in biopsy specimens was _used as an experimental end point. Patients
subjected to the IPC protocol had better preservation of ATP levels during a subsequent ten
minute ischaemic episode (Yellon et al, 1993). Subsequently, in the same experimental
setting, Jenkins et al showed that IPC reduced troponin-T release (Jenkins et al, 1997)

indicating that IPC had a clear ability to directly protect the myocardium against cell necrosis.

Percutaneous transluminal coronary angioplasty (PTCA) involves repeated coronary balloon
inflations, separated by periods of balloon deflations. This creates the opportunity to study
effects of short, controlled periods of ischaemia-reperfusion in human myocardium. Periods
of ischaemia caused by balloon inflations may be sufficient to induce IPC. In fact, studies
have demonstrated that if the first balloon inflation is longer than 60-90 seconds then, a IPC
like effect is observed (Yellon & Dana, 2000). A reduction in chest pain, ST segment
elevation, QT dispersion, and lactate release is observed during subsequent balloon
inflations. This indicates that the first balloon inflation was sufficient to act as a trigger of
IPC. A major drawback in this experimental setting is that recruitment of collateral vessels

may occur during balloon inflations (Billinger et al, 1999).

A number of experiments using human myocardial tissue have also demonstrated that IPC
can induce protection. Isolated atrial trabeculae suspended in an organ bath and subjected
to simulated ischaemia have shown an enhancement of functional recovery following IPC
(Walker et al, 1995; Bell et al, 2000; Speechly-Dick et al, 1995; Morris & Yellon, 1997).
Similarly, isolated human ventricular myocytes also demonstrate the preconditioning

phenomenon (Arstall et al, 1998).

If short periods of ischaemia are beneficial prior to a longer ischaemic insult, then

theoretically, pre-infarct angina should be beneficial. Indeed, several studies have shown



that patients with angina prior to myocardial infarction have a more beneficial outcome than
those without preceding angina. The thrombolysis in myocardial infarction (TIMI) four
investigators showed that patients with previous angina had lower in hospital mortality, a
lower incidence of heart failure and smaller infarcts (determined by creatine kinase release)
compared to patients without previous angina (Kloner et al/, 1995). Similarly, Andreotti et al
demonstrated that thrombolytic therapy given to patients with acute myocardial infarction
preceded by unstable angina resulted in a more rapid reperfusion and smaller infarcts
compared to patients without preinfarction angina (Andreotti et al, 1996). Ishihara et al also
reported that prodromal angina 24 hours before the onset of infarction resulted in a lower in

hospital mortality rate and better five year survival (Ishihara et al, 1997).

1.3.3. Mechanisms of IPC

The exact molecular mechanisms by which IPC leads to protection remain to be fully
established. Nevertheless, our understanding of signalling pathways has dramatically
increased since the initial description of IPC in 1986. The IPC signalling cascade can be
divided into three parts. (1) The molecular substances generated during the brief ischaemic
period which are thought to initiate the protection (“triggers or activators). (2) The molecular
substances that are activated by the trigger; their activity is enhanced during the prolonged
ischaemic period (“mediators” or cell signalling pathway). The mediators or cell signalling
pathway determines the activity of the distal effectors which culminate in myocardial

protection. (3) The final species or target involved in protection (“distal effectors”).

1.3.4. Triggers of IPC
The major breakthrough came about when it was revealed that the protection seen with IPC
was receptor mediated. During the brief period of ischaemia, many triggers are released by

the myocardium (described below) which are thought to initiate the protective signalling
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! cascade. It should stressed that the triggers of IPC have to be present in the myocardium
prior to the index ischaemic episode in order to elicit protection, their presence during

sustained ischaemia alone will not elicit protection.

1.3.4.1.  Adenosine

Adenosine released from myocytes as a consequence of ATP degradation has been shown
to play a role in IPC. Liu et al showed that adenosine receptor blockade with 8-
sulphophenyltheophylline (8-SPT) prior to IPC abrogated the infarct-limiting effect in an in
vivo rabbit model of coronary artery occlusion (Liu et al/, 1991). Additionally, direct
intracoronary infusion of either adenosine or the selective A; adenosine analogue r-N°-(2-
phenylisopropyl)adenosine (r-PIA) mimicked the preconditioning effect (Liu et al, 1991).
These findings implied that adenosine acting through the A receptor was the trigger of IPC.
Subsequently, further evidence supporting a role for adenosine in IPC has been obtained in
the pig (Schulz et al, 1995), dog (Vander et al, 1993) and human studies (lkonomidis et al,
1997). Interestingly, a role for the adenosine A; receptor has also been implicated. Liu et al
showed that a potent A; receptor antagonist N6-[2-(4-aminophenyl)ethyl]adenosine also
abrogated the infarct limiting effect of IPC (Liu et al, 1994). The involvement of adenosine in
rat remains unclear. Liu and Downey demonstrated that IPC was not abolished with an
adenosine receptor antagonist in the rat heart (Ganote et al, 1993, Liu & Downey,1992).
During ischaemia, the rat heart has been shown to release approximately three times the
concentration of adenosine compared to the rabbit (Headrick, 1996). Thus, higher
concentrations of adenosine receptor antagonists may be required to block IPC in rat,
explaining why the role of adenosine remains equivocal in this species. HoWever,
Wainwright et al have demonstrated that the A, adenosine agonist (r-PIA) reduced the
occurrence of arrhythmias in the rat following coronary artery occlusion (Wainwright et al,

1997).
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1.3.4.2. Catecholamines

The release of catecholamines following ischaemia has been demonstrated (Lameris ef al,
2000). Hu et al demonstrated that either depletion of noradrenaline stores with reserpine, or
blockade of a4 receptor with prazosin prevented the effects of IPC in rat heart (Hu & Nattel,
1995). Whereas, the ayg receptor antagonist chloroethyiclonidine abolished IPC, aia
receptor blockade with §-methylurapadil had no effect. Cohen et al showed that in rabbit
isolated myocytes, hypoxia caused the release of noradrenaline and adenosine which were
both required to induce IPC (Cohen et al, 1995). Sharma and Singh reported that prazosin

attenuated the protective effects of IPC in the dog (Sharma & Singh, 1997).

The B adrenoceptor has also been implicated in IPC. Lochner et al demonstrated that
alprenolol attenuated the protective effects of IPC in rat heart. Conversely, exogenous

isoproterenol mimicked the preconditioning effect (Lochner et al, 1999)

1.3.4.3. Bradykinin

The release of bradykinin from the ischaemic myocardium has been shown to occur in a
number of studies (Linz et al, 1996; Schulz et al, 1998; Pan et al, 2000; Campbell, 2000).
Wall et al reported that Hoe 140 (icatibant) (a selective B, receptor antagonist) abolished the
protective effects of IPC against infarction in an in vivo rabbit model of coronary artery
occlusion (Wall et al, 1994). Goto et al also investigated the involvement of bradykinin in
IPC. Open chest rabbits, were subjected to ischaemia-reperfusion and infarct size was
used as an experimental end point (Goto et al, 1995). If three cycles of ischaemia were
used to elicit preconditioning then Hoe 140 did not abolish protection. However, if one five
minute cycle of ischaemia was used to precondition then protection was abrogated with Hoe
140 (Goto et al, 1995). The authors therefore proposed that a “threshold” must be reached

in order for the full protective response of preconditioning to occur. It was suggested that
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when only one cycle of ischaemia was used, then bradykinin plays a primary role in inducing
protection, such that B, receptor blockade abolished the effect. However, if three cycles
were employed, other triggers are generated in sufficient quantity, such that the “threshold”
can be reached even in the presence of the B, receptor antagonist. Figure 1.1 illustrates the

threshold hypothesis of IPC. The role of bradykinin in IPC is fully discussed in part two of

this chapter.
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Figure 1.1. The threshold hypothesis of IPC. A standard IPC protocol leads to the
liberation of adequate amounts of triggers, so that the threshold for preconditioning
is attained (ie, PKC activation is sufficient). During subthreshold IPC sufficient triggers

are not released during the preconditioning ischaemia, so that PKC activation is not
sufficient to elicit a preconditioning effect.

1.3.4.4.  Other triggers of IPC
Studies from Gross’s laboratory have demonstrated the involvement of opioid receptors in
IPC in the in vivo rat model of coronary artery occlusion. They showed that IPC and

morphine induced protection were blocked using naitrindole, a selective & opioid receptor

13



(Schultz et al, 1997). This implied a role for endogenous opioids in IPC and demonstrated
that opioids could mimic preconditioning. Aitchison et al demonstrated a role for the &,
receptor subtype in isolated rat heart (Aitchison et a/, 2000).  Naloxone (opioid receptor
antagonist) was subsequently shown to block IPC in isolated rabbit hearts, suggesting a
cardiac and not central nervous system involvement (Chien & Van Winkle, 1996). Indeed,
Bell et al recently demonstrated that naltrindole abrogated the protective effects of IPC in

isolated human heart muscle (Bell et al, 2000).

A role for AT Il in IPC has also been found. In isolated rabbit hearts, Diaz and Wilson found
that blockade of AT, receptor abolished the protective effect of IPC (Diaz & Wilson, 1997).
Conversely, AT Il treatment mimicked the effects of IPC. Nakano et al found that AT,

receptor blockade partially attenuated the effects of IPC in rabbit heart (Nakano et al, 1997).

Although not examining the involvement of endogenous acetylcholine in IPC, studies have
demonstrated that acetylcholine can mimic preconditioning. Yao and Gross demonstrated
that exogenous acetyicholine led to a reduction in infarct size in the in vivo dog model of

coronary artery occlusion (Yao & Gross, 1993).

Release of endothelin -1 has been shown following ischaemia (Velasco et a/, 1993). Wang
et al demonstrated that although IPC was not blocked using an endothelin -1 receptor
antagonist, application of exogenous endothelin -1 could mimic IPC in rabbit heart (Wang et
al, 1996). Therefore, endogenous endothelin -1 does not contribute to IPC but exogenous
endothelin -1 can mimic IPC. Similarly, Bugge and Ytrehus found that exogenous
application of endothelin -1 in rat hearts reduced infarct size (Bugge & Ytrehus, 1996b).

Interestingly, Wainwright's group demonstrated that although exogenous endothelin -1 was
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antiarrhythmic, endogenous endothelin -1 released during ischaemia was actually pro-

arrhythmic (Sharif et al, 1998).

Vegh et al demonstrated that the anti-arrhythmic effects of IPC were abrogated in the
presence of the cyclooxygenase inhibitor sodium meclofenamate in dog (Vegh et al, 1990).
Likewise, Arad et al found that aspirin abolished the anti-arrhythmic effects of IPC in the
isolated rat heart (Arad et al, 1996). It must be pointed out that both of these studies
however used arrhythmia prevalence as an experimental end point and the role of

endogenous prostaglandins using alternative end points of IPC is unknown.

It has been proposed that nitric oxide may play a role in IPC. Vegh et al demonstrated that a
nitric oxide inhibitor partially attenuated the anti-anhytﬁmic effects of IPC in the dog (Vegh et
al, 1992). Although, exogenous nitric oxide can induce protection, the majority of studies
however, do not support a role for endogenous nitric oxide in IPC (Nakano et al, 2000c;
Weselcouch et al, 1995; Lu et al, 1995) (note, that in delayed preconditioning nitric oxide has
however been shown to have a very important role, discussed in the latter part of this

chapter).

Several experiments have demonstrated that oxygen free radicals also play a role in IPC.
Tanaka et al demonstrated that the infarct limiting effects of IPC were attenuated using
oxyradical scavengers - mercaptopropionylglycine (MPG) and superoxide dismutase (SOD)
in rabbit heart (Tanaka et a/, 1994b). Similarly, Baines et al showed that MPG abrogated the
infarct limiting effect of IPC (induced using one five minute cycle of ischaemia) in rabbit heart

(Baines et al, 1997). Free radicals may also trigger IPC in human heart (Wu et al, 2001).
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A number of the triggers mentioned above are coupled to G-proteins. Indeed Thornton et al
have demonstrated that pre-treatment with pertussis toxin blocked the protective effects of
IPC in rabbit, rat and dog implicating an imperative role for G-proteins in IPC (Thomnton et al,
1993). Central to many diverse triggers of IPC is the fact that their receptors are linked to G-
proteins. Therefore, adenosine A:, a adrenoceptors, bradykinin B,, muscarinic M, AT;,
endothelin -1, 5 opioid are all G-protein linked receptors. Some G-proteins couple to
phospholipase C, whose activation leads to the formation of diacylglycerol and inositol

triphosphate. Diacylglycerolis subsequently believed to activate protein kinase C (PKC).

1.3.5. Intracellular signalling pathways of IPC

Increased activity of several kinases has been shown to occur during IPC, described below;

1.3.5.1.  Protein kinase C

PKC, initially identified by Nishizuka et al in bovine cerebellum, is a ubiquitous,
multifunctional kinase that phosphorylates serine and threonine residues on target proteins
(Webb et al, 2000). Current evidence suggests that PKC is an important mediator of IPC;
Ytrehus et al demonstrated that two specific inhibitors of PKC, namely staurosporine and
polymyxin B aborted IPC in rabbit heart (Ytrehus et al, 1994). Similarly, Mitchell et al
showed that IPC was abolished using PKC inhibitors in rat heart (Mitchell et al, 1995). More
importantly, lkonomidis et al demonstrated preconditioning was abolished using PKC
inhibitors in human myocytes (lkonomidis et al, 1997). Yellon's group also demonstrated that
a PKC inhibitor, chelerythrine abrogated IPC in human atrial muscle (Speechly-Dick et al,
1995). Conversely, investigators have also reported that direct activators of PKC namely,
phorbol esters or diacylglycerols can mimic preconditioning (Ikonomidis et al, 1997; Ytrehus

et al, 1994; Speechly-Dick et al, 1995). This led to the development of the “Downey
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hypothesis” which postulates that PKC activation is vital in IPC. However, in larger animals,
notably in the pig and dog, a role for PKC in IPC is equivocal (Vahlhaus et al, 1996;
Przyklenk et al, 1995). Vahlhaus et al, reported that staurosporine did not block IPC in
swine (Vahlhaus et al, 1996). However, investigators later reported that when a tyrosine
kinase inhibitor and staurosporine were used concomitantly, IPC was abolished (Vahlhaus et
al, 1998). This implies that both PKC and tyrosine kinase signalling cascades are involved
in IPC and indeed PKC plays an important role in IPC in pig myocardium. However,
controversy still surrounds the role of PKC in dog. Przyklenk et al reported that PKC
inhibition did not abolish preconditioning’s infarct limiting effect in the dog (Przyklenk et al,
1995). In contrast, Kitakaze et al found that PKC inhibition resulted in the abrogation of IPC
in the dog model (Kitakaze et al, 1996). Reasons for the incoherent results obtained in dog
and pig are not clear. However, it should be pointed out that PKC is a very complex
enzyme, 11 isoforms have been identified, of which ten have been detected in the
myocardium (Ping et al, 1997). Hence, inhibitors of PKC may not selectively block activity
of all isoforms or may lead to the inhibition of other kinases. Indeed, high concentrations of
staurosporine inhibit cAMP dependent protein kinase and calcium-calmodulin dependent
kinase (Brooks & Hearse, 1996). Thus as with all drugs, inhibitors of PKC may have non-
specific effects. Nevertheless, a distinct role for PKC has been found in rat (Mitchell et al,
1995), rabbit (Ytrehus et al, 1994) and human myocardium (lkonomidis et al, 1997,
Speechly-Dick et al, 1995). PKC activation has also been shown to be important in

pharmacologically induced preconditioning.

For IPC to be protective, PKC activation is essential during the sustained ischaemic insult.
Yang et al demonstrated that infusion of staurosporine during the IPC protocol did not block
the protection in isolated rabbit hearts (Yang et al, 1997b). However, when staurosporine

was administered just prior to and continued into the sustained ischaemic episode, IPC was
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completely abrogated (Yang et al, 1997b). These findings imply that PKC activity is not
required during the period of IPC, but is imperative during sustained ischaemia. This in turn
implies that PKC does not trigger IPC and suggests that mechanism(s) upstream of PKC

trigger IPC.

PKC activation leads to its translocation from the cytoplasm to membranes and cytoskeletal
structures. Each PKC isoform translocates to the membrane, where it binds to a specific
anchoring protein, referred to as receptor for activated C kinase (RACK). Ping et al showed
that IPC caused a significant translocation of PKC £ and PKC n isoforms from the cytosolic
to the particulate fraction in rabbit heart (Ping et a/, 1997). Interestingly, the particulate
fraction of PKC ¢ increased with the number of IPC cycles used, whereas maximal
translocation of PKC n occurred after just one cycle of IPC. Ammstrong and Ganote
demonstrated that activation of PKC /8 pharmacologically using ingenol-3,20-dibenzoate
mimicked IPC in isolated rabbit cardiomyocytes. However, activation of PKC o, B and y
using thymeleatoxin had no protective effect (Armstrong & Ganote, 1994). The translocation
of PKC ¢ and 1 does not however demonstrate that these isoforms are responsible for the
protective effects of IPC. Translocation could simply be an epiphenomenon as a result of

ischaemia, and not be involved in protection. However, Liu et al demonstrated that only
PKC ¢ inhibition abrogated IPC and PKC B, & and 1 inhibitors failed to block IPC (Liu et al,
1999). These results provide further conclusive evidence for a role of PKC ¢ in IPC. Very
recently, PKC & activation has in fact shown to be detrimental (Chen & Mochly-Rosen,
2001). Using sophisticated functional proteomic techniques to analyse PKC ¢, Ping et al
showed that PKC ¢ is physically associated with 36 proteins, some of which have been
implicated in cardioprotection (Ping et al, 2001). The exact mechanisms by which PKC ¢

leads to protection is not known.
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1.3.5.2.  Tyrosine kinases

Experimental evidence suggests that kinases other than PKC are involved in IPC. Tyrosine
kinases as the name implies phosphorylate tyrosine residues on target proteins. Maulik et al
demonstrated that genistein, a selective tyrosine kinase inhibitor, blocked the protective
effects of IPC in isolated rat heart (Maulik et al, 1996). In rabbit hearts, two structurally
dissimilar tyrosine kinase inhibitors, genistein and lavendustin A ablated IPC, when present
at the onset of the sustained ischaemic event (Baines et a/, 1998). Tanno et al reported that
even though IPC induced with one cycle of ischaemia-reperfusion was blocked with
staurosporine, IPC using two cycles of IPC was not. However, when a combination of
staurosporine and genistein was used, IPC induced by two cycles of ischaemia-reperfusion
was abrogated (Tanno et al, 2000). Thus, it appears that both PKC and tyrosine kinase may
be implicated in IPC, the role of each kinase may depend upon the species in question and
the IPC protocol used. PKC and tyrosine kinase may co-ordinate mutually in IPC and both
protective pathways may run in parallel. Experimental work has indicated that tyrosine

kinase is downstream of PKC in the IPC signalling cascade (Baines et al/, 1998).

1.3.5.3.  Mitogen Activated Protein Kinases

Three major families of mitogen activated protein kinases (MAPKSs) are thought to exist,
these include; extracellular signal regulated kinases (p42/p44 ERK), p38 MAP kinase, and
the stress activated C-jun N-terminal kinase (JNK/SAPK). MAPK signalling cascades can be
induced by tyrosine kinases, phospholipase C, G-protein coupled receptors and stressful

stimuli including ischaemia and hypertension.

An inhibitor of p38 MAPK, SB 203580 has been shown to completely abrogate the protective
effects of IPC in isolated rabbit hearts (Nakano et al, 2000a). Additionally, direct stimulation

of p38 MAPK, with anisomycin has demonstrated protective effects (Nakano et a/, 2000a).
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Mocanu et al reported that when SB 203580 was perfused during the IPC protocol, IPC was
still protective, however, when SB 203580 was given just prior to and during the prolonged
ischaemic event, IPC was abolished in isolated rat heart (Mocanu et al, 2000). This implies
that activation of p38 MAPK occurs during the sustained ischaemic episode and hence,
timing of administration of SB 203580 is critical. Indeed Mocanu et al demonstrated that
phosphorylation of p38 MAPK markedly increased following ischaemia in preconditioned
versus control groups. This may help to explain divergent results obtained as some studies
do not find an abrogation of IPC in the presence of SB 203580 and in fact report that
inhibition of p38 MAPK is beneficial (Barancik et al/, 2000). Indeed, further complications
may be raised as at least four isoforms of p38 MAPKs are thought to exist; p38a, p38B,

p38y, and p385 (Ping & Murphy, 2000).

Some investigators have found that JNK/SAPK may be importa'nt in IPC. Barancik et al
reported that in pig myocardium, IPC increased JNK rather than p38 MAPK activity
(Barancik et al, 1997). However, in rabbit Nakano et al did not observe enhanced activity of
JNK following IPC. Hence, there may be species differentiation with respect to the JNK

activity following IPC (Nakano et al, 2000a).

Lastly, the involvement of the ERK pathway in IPC has not been widely investigated.
Evidence suggests that this kinase is not involved in IPC (Maulik ef a/, 1996). Additionally,
studies conducted by Mocanu et al (unpublished findings) showed that a potent ERK
pathway inhibitor (PD 98059) failed to abolish IPC in isolated rat heart. In contrast, Fryer et
al very recently reported that IPC and & opioid receptor stimulation induced protection were

reduced with PD 98059 (Fryer et al, 2001).
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It is relevant to note that studies investigating the signalling pathways implicated in IPC have
largely relied upon pharmacological tools to activate or block pathways. However, many
pharmacological agents are non-specific and exert effects that are not desired, hence, the
use of transgenics or over expression studies in the future may generate more reliable

results.

1.3.6. End effectors of IPC
The final pathway in the protective cascade remains elusive. However, much evidence to

date appears to suggest an imperative role for the Kare channel.

1.3.6.1.  Sarcolemmal Kare channel

Gross and Auchampach first demonstrated a role for the Karp channel in IPC in dog
myocardium. The authors found that administration of Katp channel inhibitors- glibenclamide
or 5-hydroxydecanoate (5-HD) abolished the protective effects of IPC. Additionally, they
showed that treatment with aprikalim a Kate channel opener, mimicked the protective effects
of IPC (Gross & Auchampach, 1992). This finding was subsequently found in a number of
different species and experimental models including, humans (Gross & Fryer, 1999). The
question is, how would the opening of Kare channels lead to a protective effect? It was
initially suggested by Noma that opening of the sarcolemmal Karer channel would lead to the
shortening of the cardiac action potential (Noma, 1983), which would lead to a reduction of
calcium entry into the myocyte via L-type voltage operated calcium channels. This in turn
would lead to cardioprotection by having a cardioplegic effect. However, more recently,
investigators showed that Kare channel openers were protective but did not lead to action
potential shortening. Yao and Gross found that Bimakalim induced cardioprotection was not
due to its action potential shortening effects (Yao & Gross, 1994). Additionally, other Kap

channel openers such as, cromakalim were protective, independent of any action potential
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shortening (Grover et al, 1995). When dofetilide (class Il antiarrhythmic) abolished action
potential shortening in preconditioned hearts but did not abolish the protective effects of IPC,
investigators began to question if sarcolemmal Karp channel opening was really involved in
IPC (Grover et al, 1996). Furthermore, isolated non-beating cardiac myocytes could be
preconditioned and were amenable to protection induced by Karp channel openers in the
absence of a ventricular action potential (Armstrong et al, 1995). These findings strongly
imply that protection is not linked with the action potential duration and thus the sarcolemmal
Kare channel. This confusion was later lessened when it was realised that there are two
types of Karp channels, some of which are present in the sarcolemma (sarcolemmal Karp

channel) and some of which are present in the mitochondria (mitochondrial Kare channel).

1.3.6.2.  Mitochondrial Karpchannel

Garlid et al were the first to show that the mitochondrial KATp.channeI was involved in
cardioprotection. They showed that diazoxide, a highly selective mitochondrial Karp channel
opener led to a protective effect, which was blocked with 5-HD, an inhibitor of the
mitochondrial Kare channel in rat heart (Garlid et al, 1997). Subsequently, numerous
investigators showed that diazoxide was protective in isolated rabbit cardiac myocytes and in
the in vivo rabbit model of ischaemia-reperfusion (Liu et al, 1998; Baines et al, 1999; Gray et
al, 1997; Miyawaki & Ashraf, 1997). Furthermore, Auchampach et al demonstrated that 5-
HD completely abrogated IPC in the dog, which further points to the involvement of the
mitochondrial Karp channel (Auchampach et al, 1992). Final confirmatory evidence
implicating a role for the mitochondrial Karp channel comes from using a selective
sarcolemmal Karp channel antagonist, HMR 1883. Gogelein et al have shown that HMR
1883 does not abolish IPC (Gogelein et al, 1998). Pharmacological agents that induce
preconditioning have also been shown to induce protection by activating the mitochondrial

Kartp channel.



Sato et al demonstrated activity of mitochondrial Karp channels can be regulated by PKC in
intact myocardial cells (Sato et al, 1998). Further, the protection evoked by the PKC
activator dioctanoyl-sn-glycerol is abolished with glibenclamide (mixed mitochondrial and
sarcolemmal Karp channel inhibitor), in isolated human atrial trabeculae muscle suggesting
that the Kare channel is downstream of the signalling pathway and thus likely to be the end
effector of IPC (Speechly-Dick et al, 1995). This has led to the proposal by several
investigators that PKC may phosphorylate the mitochondrial Karp channel, which leads to
channel opening with subsequent protection.  This theory has recently been challenged,
and interesting experiments performed by Downey’s group implicate that opening of the
mitochondrial Kare channel is not the end effector of IPC. In a complex series of
experiments, these authors showed in isolated rabbit hearts, a five minute exposure to
diazoxide was able to induce protection even when washed out for a period of up to 30
minutes. This form of protection is analogous to that observed With a trigger of IPC, eg,
adenosine or bradykinin. In addition, 5-HD only abrogated IPC when it was administered
during the IPC episode and had no effect when given during the index ischaemia.
Obviously, if the mitochondrial Karp channel was the end effector then protection should
have been abolished when 5-HD was given during the index ischaemia as opposed to during
the IPC episode. The authors concluded by postulating that opening of the mitochondrial
Karp channels is not a distal mechanism of IPC but is in fact an upstream event that triggers
the IPC mechanism. The opening prior to ischaemia generates free radicals (they found
that diazoxide induced protection was abolished in the presence of free radical scavengers)
that subsequently activate kinase cascades that ultimately target an unknown end effector
(Pain et al, 2000). Although this is an attractive hypothesis, the vast majority of studies
conducted to date have implied that the mitochondrial Kare channel is the end effector of IPC

(Gross & Fryer, 2000).
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How the opening of the mitochondrial KATg channel leads to protection is not understood.
Channel opening would cause depolarisation of the intramitochondrial membrane as K’
enters the mitochondria. Consequently, mitochondrial swelling may result that may lead to
increased respiration and enhanced ATP production. Membrane depolarisation may also

reduce mitochondrial calcium entry and thus attenuate calcium overload.

1.3.6.3.  Altemative end effectors

It has been proposed that IPC may preserve cellular cytoskeletal structure (Downey &
Cohen, 1997). Indeed, heat shock protein 27 (HSP 27) promotes actin polymerisation and
could maintain cytoskeletal integrity of myocytes. As mentioned above, p38 MAPK may be
activated as a consequence of IPC. Incidentally, p38 MAPK leads to the phosphorylation
and consequent activation of HSP 27.  Shattock's group demonstrated that af crystallin
may be implicated in mediating IPC (Eaton et al, 2000). These ihvestigators demonstrated
that even though transient hypercarbia induced translocation of aff crystallin to the
cytoskeleton, no cardioprotection was observed. IPC however, not only led to the
translocation of op crystallin but also enhanced its phosphorylation (Eaton et al/, 2000).
Thus, these results imply that IPC may be mediated by phosphorylation and translocation of

of3 crystallin.
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Figure 1.2. Schematic representation of IPC. Activation of G-protein linked receptors leads to the
activation of PKC. PKC may phosphorylate the mitochondrial karr channel and thereby induce
cardioprotection. Activation of MAPK cascades leads to phosphorylation of HSP 27 and the subsequent
polymerisation of actin.

Abbreviations used in figure: eNOS - endothelial nitric oxide synthase; NO - nitric oxide; ATP -
adenosine triphosphate; ADP - adenosine diphosphate; AMP - adenosine monophosphate; PLC -
phospholiase C; PIP - phosphatidyl inositol phosphate; FAACK - receptor for activated C kinase; PKC -
protein kinase C; IPs - inositol 3,4,5 phosphate; DAG - diacylglycerol; mt-KATp - mitochondrial kate
channel; ROS - reactive oxygen species; MAPK - mitogen activated protein kinase; MEK - MAPK/ERK
kinase; MAPKAPK2 - mitogen activated protein kinase activating protein kinase 2; HSP 27 - heat shock
protein 27; SR - sarcoplasmic reticulum; PI3 kinase - phosphatidylinositol-3’-OH kinase.
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1.4. Delayed Preconditioning

IPC described above, is also referred to as “classical preconditioning”.  Classical
preconditioning begins within minutes of the ischaemic stimulus and protection usually
wanes within one-two hours. However, in 1993, two independent groups, Yellon's group and
Tada's group demonstrated the existence of another form of preconditioning. They reported
that approximately 24 hours following the preconditioning ischaemia, there is the induction of
a delayed phase of protection. Yellon's group reported that in the rabbit, four five minute
coronary occlusions prior to the prolonged ischaemic event resulted in a reduction in infarct
size 24 hours later (Marber et al, 1993). Similarly, Tada's group reported that an identical
preconditioning protocol produced a similar degree of protection in the dog (Kuzuya et al,
1993). This phenomenon termed the delayed preconditioning although, not as powerful as
classical preconditioning, confers protection for up to three-four days. Thus, this delayed
preconditioning, also known as the second window of protection '(SWOP) or the late phase
of preconditioning, may be of greater clinical benefit due to its longer duration of action. For
the purpose of this thesis, the term delayed preconditioning will be used. The time course of
the protection indicates that a molecular adaptation, resulting in altered gene expression and
consequently protein synthesis occurs following the preconditioning stimulus. These
speculations were confirmed when protein synthesis was blocked using cycloheximide,
which also blocked the occurrence of delayed preconditioning (Rizvi ef al, 1999). Finally,
delayed preconditioning confers robust protection against myocardial stunning, infarction
and arrhythmias, unlike classical preconditioning in which protection against stunning is

equivocal (Bolli, 2000).
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Like classical preconditioning, delayed preconditioning has been found to occur in many
species including rabbit (Marber et al, 1993), dog (Kuzuya et al, 1993), pig (Sun et al, 1995),
rat (Yamashita et al, 2000) and mouse (Guo et al, 1998). Noda et al demonstrated the
existence of delayed preconditioning in humans (Noda ef al, 1999). Additionally, Arstall et al
demonstrated that human foetal cardiac myocytes were amenable to delayed
preconditioning (Arstall et al, 1998). However, it is important to point out that the physiology
of foetal ventricular myocytes is different from that of the adult equivalent (Bustamante et al,

1982).

1.4.1. Mechanisms of delayed preconditioning
The triggers and putative signalling pathways of delayed preconditioning are described

below.

1.4.1.1. Triggers of delayed preconditioning

Agents initially released during the preconditioning ischaemia that initiate the protection can
be regarded as the “triggers” of delayed protection. Many triggers (described below) are
released during ischaemia, some of which have also been shown to participate in classical

preconditioning.

1.4.1.1.1. Adenosine

Baxter et al were the first to report a role for adenosine in delayed preconditioning. These
investigators using an in vivo rabbit model of coronary artery occlusion found that adenosine
receptor blockade using SPT during preconditioning abolished protection against infarction
24 hours later. Conversely, administration of the adenosine A, receptor agonist, 2-chloro-
NE-cyclopentyl-adenosine (CCPA) 24 hours prior to coronary artery occlusion also led to a

reduction in infarct size (Baxter et al, 1994). It has recently also been demonstrated that
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adenosine A; receptor activation can trigger protection against infarction (Takano et al,
1999). Hence both A; and A; receptor activation can induce delayed protection against
infarction. A role for adenosine in protection against myocardial stunning, however, has not
been demonstrated. Bolli's group were unable to abort protection against stunning using
SPT and PD (both are As, Az, A; antagonists) in pig and rabbit. Conversely, CCPA
administration 24 hours prior to the ischaemic insult did not protect against stunning. Thus,

protection against stunning may involve alternative triggers.

1.4.1.1.2 Nitric pxide

An extensive number of studies have examined the involvement of nitric oxide in delayed
preconditioning. Bolli et al were the first to demonstrate a role of nitric oxide in triggering
delayed preconditioning. In conscious rabbits, these authors showed that N  -nitro-L-
arginine (L-NA), a non-specific inhibitor of all nitric oxide synfhase isoforms (including,
neuronal, endothelial and inducible) administered prior to preconditioning ischaemia,
abolished protection against stunning (Bolii et al, 1997a). These findings suggest the nitric
oxide generated during the preconditioning ischaemia can trigger delayed preconditioning.
Furthermore, the same authors reported that nitric oxide donors attenuated stunning in
conscious rabbits (Shinmura et a/, 1999). Finally, Bolli's group also demonstrated that L-NA
aborted the protection against infarction in conscious rabbits (Qui et al, 1997). Thus, these
investigators have provided robust evidence in favour of endogenous nitric oxide as a trigger
of IPC. As protection was blocked using L-NA but not with selective inducible nitric oxide
synthase inhibitors (iINOS), aminoguanidine and S-methylisothiourea, endothelial NOS

(eNOS) is likely to be the source of nitric oxide during preconditioning ischaemia.
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1.4.1.1.3. Reactive oxygen species

Sun et al demonstrated an obligatory role for reactive oxygen species (ROS) in the genesis
of delayed preconditioning. In conscious pigs, application of a combination of antioxidants
consisting of, superoxide dismutase and MPG during the preconditioning ischaemia
abolished the protective effect of late preconditioning against stunning (Sun et al, 1996).
Similar effects were observed in rabbits when MPG was administered (Tang et al, 1997).
MPG also abolished delayed preconditioning against infarction and arrhythmias (Yamashita
et al, 1998b). Conversely, administration of ROS-generating solution prior to sustained
coronary artery qcclusion led to a protective effect against stunning 24 hours later (Takano

et al, 1997).

1.4.2. Putative signalling pathways in delayed preconditioning
Analogous to classical preconditioning, kinase cascades appear .to be involved in delayed
preconditioning as well. A role for PKC, MAPKs, tyrosine kinases and the transcription

factor, nuclear factor xB (NF-xB) have been proposed and described below.

1.4.2.1. PKC

Baxter et al were the first to propose a role for PKC in delayed preconditioning. They
demonstrated that delayed preconditioning induced by ischaemia was abrogated with the
PKC inhibitor chelerythrine in rabbits (Baxter et al, 1995). Conversely, they showed that
treatment with diacylglycerol 24 hours prior to infarct induction, significantly attenuated
infarct size (Baxter et al, 1997a). Subsequently, many studies have reported the involvement
of PKC in delayed preconditioning induced by various methods (Dana et al, 1997; Joyeux et
al, 1997; Qian et al, 1999; Sharma & Singh, 2000). Ping et al tried to determine which
specific PKC isoform is involved in delayed preconditioning. These investigators showed

that analogous to classical preconditioning, the initial ischaemic stimulus induced
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translocation of PKC € and n from cytosolic to particulate fraction. Chelerythrine blocked
translocation of PKC € and also blocked protective effects of delayed preconditioning against
myocardial stunning. Thus, these results implicate a role for PKC ¢ in delayed
preconditioning (QLli et al, 1998). The same authors subsequently demonstrated that
administration of L-NA blocked preconditioning ischaemia induced PKC ¢ translocation,
implying that nitric oxide generation during the preconditioning ischaemia causes the
translocation of PKC ¢ (Ping et al, 1999a). Conversely, these authors showed that direct
administration of nitric oxide donors triggered PKC activation in the myocardium. Thus,
these results imply that PKC is downstream of nitric oxide in the signalling cascade and nitric

oxide released during the preconditioning ischaemia activates PKC «.

1.4.2.2. Mitogen activated protein kinases

The signalling pathway downstream of PKC is largely unknown. Bolli's group demonstrated
that preconditioning ischaemia caused activation of p42/p44 MAPKs, an effect blocked with
chelerythrine (Ping et al, 1999b). This implies that MAPK signalling is downstream of PKC.

The role of MAPKSs in delayed ischaemic preconditioning is as yet unknown.

Dana et al showed a seven fold increase in p38 MAPK catalytic activity 24 hours following
CCPA treatment, an effect abrogated with chelerythrine, indicating that this kinase may also
be downstream and in part may be mediated by PKC activation (Dana et al, 2000b). Very
recently, Kukreja’s laboratory showed that CCPA also induced p38 MAPK phosphorylation in
mouse hearts. Interestingly, they also reported that CCPA’s infarct sparing effect was
abrogated using a p38 MAPK inhibitor, SB203580 (Zhao ef al, 2001). Thus, although a role
for MAPK signalling in delayed ischaemic preconditioning is not yet known, there appears to
be a role for these signalling intermediates in adenosine A; receptor induced delayed
preconditioning.
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1.4.2.3. Tyrosine kinases

Imagawa et al demonstrated that genistein, a tyrosine kinase inhibitor, completely abrogated
the protective effects of delayed preconditioning induced by ischaemia in rabbits (Imagawa
et al, 1997). Dana and et al showed that lavendustin A blocked the cardioprotective effects
of CCPA and the CCPA induced increase in p38 MAPK activity, indicating that p38 MAPK
signalling is downstream of tyrosine kinase signalling (Dana et al, 2000b). Ping et al have
also found a role for the Src family of tyrosine kinase (Src and Lck) in delayed ischaemic and

nitric oxide donor preconditioning (Bolli, 2000).

1.4.2.4. Nuclear factor «B

Xuan et al revealed a role for the transcription factor NFxB in delayed preconditioning. They
found that NFxB was briefly activated following preconditioning ischaemia, an effect blocked
by agents known to inhibit delayed precondiﬁoning, namely, L-NA, MPG, chelerythrine and
lavendustin A (Xuan et al, 1999). This suggests that NFxB activation is a common
downstream pathway through which nitric oxide, ROS, tyrosine kinase and PKC act to

induce gene transcription.

1.4.3. Distal effectors of delayed preconditioning

Generation of triggers during the preconditioning ischaemia (day 1) subsequently leads to
the expression of substances in the myocardium 24-72 hours later (day 2-4). Expression of
the distal effectors is observed during the sustained ischaemic event. Numerous distal

effectors have been implicated in delayed preconditioning, described below.

1.4.3.1.  Nitric oxide synthases
Bolli’'s group have also provided evidence for the involvement of nitric oxide in mediating

delayed preconditioning. They showed that administration of L-NA prior to the sustained
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ischaemic episode (ie, 24 hours following preconditioning ischaemia) abrogated the
protective effects of delayed preconditioning against myocardial infarction (Takano et al,
1998) and stunning in rabbits (Bolli et al, 1997b). Additionally, the selective iNOS inhibitors
namely, aminoguanidine and S-methylisothiourea, given just before index ischaemia,
abolished delayed preconditioning (Bolli et al, 1997b; Takano et al, 1998). These data
strongly imply a role for nitric oxide synthesised by iINOS in mediating delayed
preconditioning. Final conclusive evidence arises from transgenic mice studies. Mice with a
targeted disruption of the iINOS gene are unresponsive to delayed preconditioning (Guo et
al, 1999). Thislled Bolli to formulate the “Nitric oxide hypothesis of late preconditioning”,
which proposes that nitric oxide is not only the trigger but also the mediator of delayed
preconditioning. Several studies have also demonstrated that pharmacologically induced
delayed preconditioning is also dependent upon iNOS activity (Zhao et al, 1997; Ockaili et al,

1999), although some investigators disagree with this (Bell et al, 1999; Dana et al, 2001).

1.4.3.2. Manganese superoxide dismutase

The temporal activity of manganese superoxide dismutase is biphasic after a preconditioning
stimulus, with a time course similar to classical and delayed preconditioning (Hoshida et al,
1993).  Furthermore, in cultured rat myocytes, Yamashita et al demonstrated that
oligonucleotide anti-sense to manganese superoxide dismutase abrogated the protective
effect of delayed preconditioning (Yamashita et al, 1994). Dana et al also reported the
involvement of manganese superoxide dismutase in delayed preconditioning induced
pharmacologically with the adenosine A; agonist CCPA. Investigators found that CCPA
administered 24 hours prior to infarct induction led to a significant limitation of infarct size in
rat heart (Dana et a/, 2000a). Simuitaneously, they also noted that activity and content of
manganese superoxide dismutase was increased following CCPA treatment, and

interestingly, pre-treatment with antisense oliogocucleotides to manganese superoxide
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dismutase completely abrogated the cardioprotective effects of CCPA (Dana et al, 2000a).
Similarly, studies have found that heat stress induced (Yamashita et al, 1998a) and exercise
(Yamashita et al, 1999) induced delayed protection involve manganese superoxide

dismutase.

1.4.3.3.  Cyclooxygenase-2

Shinmura et al have shown an imperative role for cyclooxygenase-2 (COX-2) in delayed
preconditioning. In conscious rabbit, these investigators found that two unrelated COX-2
inhibitors (NS-39'8 and celecoxib) administered 24 hours following preconditioning ischaemia
abolished cardioprotective effects of delayed preconditioning against both myocardial
stunning and infarction (Shinmura et al, 2000). They also demonstrated the increase in
COX-2 protein levels that occurred 24 hours following preconditioning ischaemia was
abolished with the COX-2 inhibitors. These data strongly imply the involvement of COX-2 in

mediating delayed preconditioning.

1.4.3.4.  Heat shock proteins

The role of HSPs in delayed preconditioning is unresolved. Studies in mice overexpressing
HSP 70 have shown that this protein induces protection against ischaemia-reperfusion injury
(Marber et al, 1995; Radford et al, 1996;). Additionally, studies have shown an increase in
HSP 70 content following preconditioning ischaemia and heat shock (elevation of basal body
temperature to 42 °C for a period of 15 minutes) induced delayed preconditioning (Marber et
al, 1993; Joyeux et al, 1998). Subsequently, however, studies have aiso showed that
ischaemia, CCPA or MLA induced delayed protection do not cause HSP 70 induction
(Baxter & Yellon, 1997b; Yoshida et al, 1996). Involvement of HSP 70 in delayed
preconditioning is therefore questionable and it is perhaps feasible to postulate that HSP 70

induction per se does not confer delayed protection and that increased expression of HSP
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70 following preconditioning ischaemia or heat shock may be an epiphenomenon as a
consequence of myocardial stress. Recently, Dana et al implied a role for HSP 27 in CCPA
induced delayed protection (Dana et al, 2000b). These investigators demonstrated an
increase in phosphorylated HSP 27 in hearts pre-treated with CCPA compared with control
hearts, suggesting that the p38MAPK/HSP 27 pathway may be a.distal end effector of

adenosine A, receptor activation (Dana et al, 2000b)

1.435 Kare channel

Studies have also found a role for the Karp channel. Mei et al were the first to show that Karp
channels are involved in delayed preconditioning. The authors reported that MLA induced
delayed preconditioning was blocked by glibenclamide and 5-HD given 24 hours following
MLA treatment in dog (Mei et al, 1996). Identical results were obtained by the same group in
rabbits. Following these reports, several studies have shown that delayed protection
induced by opioids (Fryer et al, 1999), ischaemia (Takano et al, 2000), heat stress (Pell et al,
1997) and adenosine A, agonist (Baxter & Yellon, 1999) are dependent on Kare channel
opening. As these studies have used the so called selective mitochondrial Kare channel
antagonist, 5-HD, a role for the mitochondrial Karp channel in delayed preconditioning may
be possible, although a role for the sarcolemmal Karp channel cannot be completely
excluded. Furthermore, the selective mitochondrial Karp channel opener, diazoxide has
been shown to produce delayed preconditioning in rats, an effect also abrogated with 5-HD
(Takashi et al, 1999). Interestingly, Takano et al reported that although 5-HD blocked the
anti-infarct effect of delayed preconditioning induced by ischaemia, it did not abolish the anti-
stunning effect of delayed preconditioning (Takano et al, 2000). These data suggest that

different mechanisms are involved in these two forms of cardioprbtection.
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Figure 1.4. Schematic representation of delayed preconditioning. Triggers lead to the activation
of kinase cascades which subsequently activate transcription factors eg, NFkB. This promotes
the synthesis of various cardioprotective substances.

Abbreviations used in figure: e/iNOS - endothelial/inducible nitric oxide synthase: NO - nitric
oxide; ATP - adenosine triphosphate; ADR - adenosine diphosphate; AMP - adenosine
monophosphate; PLC - phospholipase C; PIP - phosphatidyi inositol phosphate; RACK -
receptor for activated C kinase; IP3 - inositol 3,4,5 phosphate; PKC - protein kinase 0; DAG -
diacylglycerol; mt-KAip - mitochondrial Katp channel; ROS - reactive oxygen species; MARK -
mitogen activated protein kinase; HSPs - heat shock proteins; TyK - tyrosine kinase; NFkB -
nuclear factor kB; DNA - deoxyribonucleic acid; RNA - ribonucleic acid;, MnSOD - manganese
superoxide dismutase; COX-2 - cyclo-oxygenase-2; SR - sarcoplasmic reticulum.
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Chapter One

Part Ii: The cardioprotective actions of bradykinin

1.5. General properties of bradykinin

Bradykinin is a nonapeptide, belonging to a family of peptides called kinins. The most
important physiologically active kinins include kallidin (Lys-bradykinin), bradykinin and des-
Arg’~bradykinin. Rocha e Silva et al in 1949 found that incubation of venom extracts of
Bothrops jararaca or trypsin with the globulin fraction of dog plasma resulted in the
production of a substance that produced a slow, delayed contraction of the isolated guinea
pig ileum. They named this substance bradykinin (Greek: 'brady' meaning slow and 'kinin'

meaning movement) (Rocha e Silva et al, 1949).

Since its discovery, actions of bradykinin in a number of tissues and physiological and
pathological responses have been extensively researched (Bhoola et al, 1992; Wirth et al,
1997). Bradykinin is a potent mediator of tissue pain and tissue inflammation (Calixto et al,
2000). Bradykinin causes contraction of smooth muscle of bronchioles, intestine and uterus
(Bhoola et al, 1992). Bradykinin also promotes glucose and chloride transport and cell
proliferation (Bhoola et al, 1992). In the cardiovascular system, bradykinin induces
vasodilation by potentiating the release of nitric oxide and prostacyclin (PGl,) (Hatta et al,
1997; Wirth et al, 1997). Exogenous bradykinin dilates coronary arteries in isolated hearts

and in vivo.

1.5.1. Synthesis of bradykinin in the myocardium
Both kallidin and bradykinin are synthesised by catalytic enzymes called kallikreins acting on

kininogen precursor molecules (summarised in figure 2.1). Precursors of kallikreins are
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found in plasma (pre-kallikreins) and in tissues (pro-kallikreins). They are activated by a
variety of stimuli including activated factor Xl (Hageman factor). In the rat, both tissue and
plasma kallikrein generate bradykinin, however, in man, tissue kallikrein generates kallidin
and plasma kallikrein generates bradykinin (Campbell, 2000). The substrates, kininogens
are primarily synthesised in the liver. Three forms of kininogens have been found in
mammals; the largest type, high molecular weight kininogen (HMWK, 88-115 kDa,
depending upon species) and low molecular weight kininogen (LMWK, 50-68 kDa). The
third type, T-kininogen (68 kDa) is only found in rat (Blais et al/, 2000).

Vascular endothelial cells are the primary source of bradykinin (Wirth et al, 1997; Linz et al,
1997), although, it has recently been proposed that the cardiac myocyte can also synthesise
this peptide (Matoba et al, 1999). Injured endothelial cells cause the activation of factor XiIl,
which catalyses the conversion of prekallikrein to kallikrein at thé endothelial cell surface.
Kallikrein subsequently cleaves kininogen to release bradykinin. Pre-kallikrein can also be
activated in the absence endothelial cell damage, whereby factor Xll is activated by a
receptor mediated mechanism. The kininogen has multiprotein receptor complexes which
allow the binding of factor XII and subsequent activation. Prekallikrein can also be activated

by a factor Xl independent mechanism (Blais et a/, 2000).
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Figure 1.5. Schematic overview of the synthesis of bradykinin.

Activation of Hageman factor leads to the conversion of prekallikrein to kallikrein
following which kallikrein converts kininogen to bradykinin.
LMWK - low molecular weight kininogen; HMWK - high molecular weight kininogen

A number of studies have provided evidence that even during brief preconditioning periods
of ischaemia, tissue and plasma bradykinin levels (assessed by radio-immunoassay)
increase markedly (Linz et al, 1996; Schulz et al, 1998; Pan et al, 2000; Campbell, 2000). It
is relevant to point out that bradykinin is generated in isolated tissues and endothelial cells in
the absence of plasma. Bradykinin released during ischaemia has been shown to primarily
originate from endothelial cells (Wirth et al, 1997; Linz et al, 1997). However, the exact
molecular pathological mechanism leading to bradykinin generation during ischaemia is not
understood. The reduction in oxygen supply cannot explain the bradykinin release for

endothelial cells are more resistant to ischaemia / reperfusion injury than cardiac myocytes
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(Silverman et al, 1995). However, the plasma kallikrein system is thought to be activated
following altered proton release during ischaemia. A fall in pH occurs following IPC which

could explain the release of bradykinin (Edery & Lewis, 1962).

1.5.2. Catalytic degradation of bradykinin in the myocardium

Circulating levels of this peptide are usually very low under basal conditions. Enzyme linked
and radio-immunoassay of bradykinin has proved to be technically difficult and mean plasma
concentrations in human studies range from 6-4200 pmol/L (Blais et al/, 2000). Such low
levels can be attributed to the rapid catabolism of this peptide once it is formed. Once
released, bradykinin is rapidly degraded into inactive metabolites within 30 seconds (Bhoola
et al, 1992). Enzymes that degrade bradykinin are collectively referred to as kininases or
kinin peptidases. The most important of these are kininase | (syn. carboxypeptidase N; EC
3.4.17.3 [enzyme commission number, set by the enzyme committee of the international
union of Biochemistry and Molecular Biology]), Kininase Il (syn. angiotensin converting

enzyme [ACE];, EC 3.4.15.1), neutral endopeptidase (NEP; syn enkephalinase; EC

3.4.24 11), carboxypeptidase M (syn.membrane-bound kininase I; EC 3.4.17.1), and
aminopeptidase P (syn. prolyl-aminopeptidase; EC 3.4.11.9). These enzymes are zinc
metalloproteases ie, they contain a zinc atom in their active site, and their catalytic activity is
dependent on the presence of zinc. Other enzymes may degrade bradykinin but their
contribution in vivo is probably negligible; they include endopeptidase (EC 3.4.24.15),
endothelin converting enzyme (ECE; EC 3.4.24.71) and prolyl endopeptidase (PEP; EC
3.4.21.26) (Mc Dermott et al, 1987; Brown & Vaughan, 1998; Piedimonte et al, 1994; Ura et
al, 1987; Ersahin et al, 1999; Kuoppala et al, 2000). Table 1.1 summarises some of the

enzymes involved in the catalytic degradation of bradykinin.
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Table 1.1. Some of the enzymes responsible for the degradation of bradykinin

Enzyme Synonym EC number
Kininase | Carboxypeptidase N EC 3.4.17.3
Kininase Il Angiotensin Converting Enzyme (ACE) EC 3.4.15.1
Neutral endopeptidase (NEP) Enkephalinase EC 3.4.24.1
Carboxypeptidase M Membrane-bound kininase | EC 3.4.17.1
Aminopeptidase P Prolyl-aminopeptidase EC 3.4.11.9
Endopeptidase - EC 3.4.24.1
Endothelin converting enzyme (ECE) - EC 3.4.247
Prolyl endopeptidase (PEP) - EC 34212
Aminopeptidase N - EC34.11.2
Dipeptidyl peptidases IV - EC 3.4.14.5

Among these enzymes, ACE is believed to be one of the most important enzymes involved

in degrading bradykinin (Heusch et al, 1997; Ersahin & Simmons, 1997; Dumoulin et al,

1998; Kuoppala et al, 2000). ACE additionally catalyses the conversion of angiotensin | to

angiotensin I, a potent vasoconstrictor with growth promoter actions. ACE has a higher

affinity for bradykinin than for angiotensin | highlighted by a lower apparent K, for bradykinin

than for angiotensin |, indicating more favourable kinetics for bradykinin degradation than for

angiotensin | (Zisman, 1998). Hence, ACE may be regarded as being primarily a kininase

and then an angiotensinase (Blais et al, 2000).

Despite the apparent primacy of ACE as a kininase, other enzymes play important roles in

the inactivation of bradykinin. Kokkonen et al demonstrated using human cardiac membrane
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samples that NEP and not ACE is the primary enzyme responsible for the degradation of
bradykinin (Kokkonen et al, 1999). It has also been demonstrated that a NEP inhibitor
prevented isoprenaline induced hypoperfusion in the rat, an effect abolished by Hoe 140,
suggesting that the effect was due to reduced degradation of bradykinin as a consequence
of NEP inhibition (Piedimonte et al, 1994). In contrast to these findings, Dumoulin et al
reported, using an isolated rat heart model, that ACE is the main enzyme that catalyses the
breakdown of bradykinin and that NEP only comes into action when the activity of ACE is
impaired (Dumoulin et al, 1998). On the other hand, Ura et al demonstrated that NEP is the
main enzyme contributing to total urinary kininase activity (Ura et al, 1987). The reasons for
these discrepant findings is not clear.  However, it may be feasible that bradykinin
degradation mechanisms may differ according to the tissue in question and presence and
absence of plasma. Indeed, Kokkonen et al have suggested that in the vascular bed of
human heart bradykinin is degraded by ACE, and in the interstitium of the human heart,

bradykinin is catabolised by NEP (Kokkonen et al, 2000).

1.5.3. Bradykinin receptors

Bradykinin is thought to produce its effects by targeting two receptor subtypes, type 1 (B4)
and type 2 (B,) (Hall, 1997) although a B; receptor has been found in the trachea.
Molecular cloning techniques have identified the gene encoding B4 receptors in the rabbit,
human and mouse, and B; receptors in the rat, human and mouse. The B, and B, receptor
show little sequence homology (36%) (Hall, 1997). The bradykinin B, receptor usually
predominates, with the bradykinin B; receptor only being expressed during pathological
conditions (Bhoola et al, 1992). Highly specific antagonists at the B, receptor include the
bradykinin-derivative Hoe140 (icatibant) (Wirth et al, 1991) and the non-peptides FR173657
and FR167344 (Aramori et al, 1997). This is a G-protein coupled receptor, which once

occupied by bradykinin, has been shown to release inositol triphosphate and diacyl glycerol,
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evoking the release of Ca?" which can subsequently activate PKC (Minshall et al, 1995;

Derian & Moskowitz, 1986; Morgan-Boyd et al).

1.5.4. Bradykinin and its role in IPC

Scholkens et al were the first to report the cardioprotective effects of exogenously
administered bradykinin (Scholkens et al, 1988). In the isolated rat heart model of
ischaemia / reperfusion, bradykinin increased coronary flow, reduced the occurrence of
arrhythmias, improved cardiac function and led to an improvement of metabolic efficiency
(Scholkens et al, 1988). Following this report, bradykinin was also found to be
cardioprotective in the in vivo dog and pig models of coronary artery occlusion (Tio et al,

1991; Tobe et al, 1991; Vegh et al, 1991).

Several years following the observation of the cardioprotective broperties of bradykinin, a
role for this kinin in eliciting IPC was noted. Wall et al reported the involvement of bradykinin
in IPC (Wall et al, 1994). These investigators using an in vivo rabbit model of coronary
artery occlusion reported that a specific bradykinin B, receptor antagonist, Hoe 140,
abrogated IPC (Wall et al, 1994). They also found that preconditioning could be mimicked
by direct administration of exogenous bradykinin (Wall et al, 1994). Almost simultaneously,
Vegh et al (Vegh et al, 1994) documented the abrogation of the anti-arrhythmic effects of
IPC with Hoe 140 in a canine model of coronary artery occlusion. The ability of bradykinin
to mimic IPC has subsequently been confirmed by numerous investigators in a variety of
models including, rats (Bugge & Ytrehus, 1996a; Starkopf et al, 1997), pigs (Schuiz et al,

1998) and more importantly also in the human myocardium (Leesar et al, 1999).

Bugge and Ytrehus found that application of exogenous bradykinin was able to mimic IPC in

an isolated rat heart model of global ischaemia (Bugge & Ytrehus, 1996a). However, IPC
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was not abrogated when Hoe140 was used, implying that endogenous bradykinin is not
involved in IPC in rat heart. Using a different end point, this group of investigators also
demonstrated that IPC was not abrogated with Hoe 140 in rat heart (Starkopf et al, 1997).
Brew et al on the other hand demonstrated that IPC was abolished with the bradykinin B;
receptor antagonist NPC-349 or B7982 (D-Arg[Hyp®-Thi °®-D-Phe’]BK) in rat heart (Brew et
al, 1995). Goto et al were unable to demonstrate the involvement of endogenous bradykinin
in IPC of isolated buffer perfused rabbit hearts. This was attributed to the lack of blood-
borme kininogens (Goto et al, 1995). However, they reported that icatibant blocked the
infarct limiting effect of preconditioning in rabbit heart in vivo when one cycle of ischaemia
was used as a preconditioning stimulus (Goto et al, 1995). Hence, endogenous bradykinin

plays an important role in triggering IPC in rabbit.

Vegh et al have demonstrated that IPC is abrogated in the in vivo dog model of coronary
artery occlusion using Hoe 140 (Vegh et al, 1994). In contrast to these findings, Sun and
Wainwright demonstrated that endogenous bradykinin did not play a role in IPC and that
exogenous bradykinin did not limit the occurrence of arrhythmias in the rat (Sun &
Wainwright, 1994). Despite these inconsistencies in the literature examining the
participation of endogenous bradykinin in triggering IPC, the ability of bradykinin to mimic
IPC has been demonstrated in a variety of models both in vivo and in vitro, including; the
isolated rabbit heart (Goto et al, 1995), and the isolated rat heart with infarct size as an end
point (Bugge & Ytrehus , 1996a); with arrhythmias (Hassanabad et a/, 1998) and contractile
recovery as end points (Brew et al, 1995); and in pigs subjected to infarction (Schulz et al,
1998); and in humans undergoing coronary angioplasty with ST segment shift as the end

point (Leesar ef al, 1999).

43



Table 1.2.  The role of bradykinin in IPC

a. Bradykinin does play a role in IPC

Study Species End point / Model /
Finding

Wall et al; 1994 Rabbit Infarct size/ in vivo coronary artery
ligation/ IPC was abrogated with Hoe 140.

Vegh et al; 1994 Dog Arrhythmias/ in vivo coronary artery
ligation/ IPC was abrogated with Hoe 140.

Goto et al; 1995 Rabbit Infarct size/ in vivo coronary artery
ligation/ IPC (induced with one
cycle of ischaemia) was
abrogated with Hoe 140.

Brew et al; 1995 Rat Functional recovery/ in vitro coronary artery
ligation/ IPC was abrogated with B, receptor
antagonist NPC-349

Yang et al; 1997 Mouse Infarct size/ in vivo coronary artery
ligatior/ IPC was absent in
bradykinin B, receptor knock-out mice

Yang et al; 1997 Brown Norwegian Infarct size + reperfusion arrhythmias/

Katholiek rat in vivo coronary artery ligation/ IPC was
strain absent in HMWK deficient rats.

b. Bradykinin does not play a role in IPC

Sun & Wainwright; 1994

Ytrehus & Bugge; 1996

Goto et al; 1995

Starkopf et al; 1997

Rat

Rat

Rabbit

Rat

Arrhythmias/ in vivo coronary artery
ligation/ IPC was not abolished
with Hoe 140.

Infarct size/ in vitro coronary artery
ligation/ IPC was not abolished
with Hoe 140.

Infarct size/ in vitro coronary artery
ligation/ IPC was not abolished
with Hoe 140.

Functional recovery/ in vitro coronary artery
ligatiorv IPC was not abolished
with Hoe 140.



Further conclusive evidence implying a central role for bradykinin in IPC comes from mice
with a targeted disruption of the bradykinin B. receptor (Yang et al, 1997c¢). Yang et al using
a transgenic mouse model discovered that IPC could not protect these mice, using infarct
size as an experimental end point. These authors also demonstrated that rats deficient in
high molecular weight kininogen, a source of bradykinin could not display the preconditioning
response (Yang et al, 1997¢). Final confirmatory evidence supporting a role of bradykinin in
cardioprotection comes from a study by Yoshida et al (Yoshida et al/, 2000). A human tissue
kallikrein gene was delivered into rats using adenoviral vector. One week following gene
delivery, rats were subjected to ischaemia / reperfusion. It was noted that kallikrein gene
delivery caused a significant reduction in infarct to risk ratio from 69.6% to 44.5%, P<0.01.
In addition to infarct size limitation, a significant alleviation in the occurrence of ventricular
fibrillation was observed. Finally, kallikrein gene delivery also attenuated apoptosis in the
ischaemic area compared with the control area as determined using terminal
deoxynucleotidyl transferase-mediated nick end labelling assay. All of the above beneficial
effects were abolished with Hoe 140, implying a role for the bradykinin B; receptor in the
protection observed. These authors additionally found the expression of human tissue
kallikrein mRNA in the rat heart, kidney, lung, liver and adrenal gland. Cardiac kinin levels

were also significantly increased following kallikrein gene delivery (Yoshida et al, 2000).

To summarise, a vast number studies have demonstrated the cardioprotective properties of
bradykinin. However, a small number of investigators disagree with this (Hatta et al, 1997).
Indeed, it has been demonstrated that bradykinin can induce some deleterious effects in
ischaemia / reperfusion (Hatta et al, 1999). Hatta et al demonstrated that bradykinin
administration enhanced exocytotic and carrier mediated noradrenaline overflow from guinea
pig hearts subjected to ischaemia / reperfusion resulting in the exacerbation of arrhythmias

an effect prevented by Hoe 140 (Hatta et al, 1999; Seyedi et al, 1997).
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Bradykinin also enhanced carrier mediated noradrenaline release in a human myocardial
ischaemia model (Hatta et al, 1999). Hence, even though it has been observed that
bradykinin may produce unfavourable events in ischaemia / reperfusion, the majority of
studies conducted to date have s_hown that this kinin elicits cardioprotective effects (Wirth et

al, 1997; Brew et al, 1995; Scholkens, 1996; Parratt ef al, 1997; Bugge & Yirehus, 1996a).

1.5.5. Molecular mechanisms of bradykinin induced cardioprotection

The mechanisms underlying the protective actions of bradykinin are not well understood. A
number of agents have been proposed to participate in the protection including, nitric oxide,
PGl;, PKC and tyrosine kinase (Bugge & Ytrehus, 1996a; Goto et al, 1995, Feng &
Rosenkranz, 1999; Zhu et al, 1995).

Despite the confusion in the literature conceming what pathways'are involved in bradykinin
induced protection, there is general consensus that bradykinin B, receptor activation is
required for protection, since Hoe 140 in most models abolishes the protection afforded by
bradykinin. As mentioned earlier, this is a G-protein coupled receptor whose activation may
lead to the subsequent activation of PKC, a kinase shown to be involved in mediating IPC.
Brew et al (Brew ef al, 1995), Bugge and Ytrehus (Bugge & Ytrehus, 1996a) and Goto et al
(Goto et al, 1995), have presented evidence that exogenously administered bradykinin
protects against ischaemia-reperfusion through a PKC-dependent mechanism in isolated rat

and rabbit myocardium respectively.

The role of nitric oxide in mediating the cardioprotective properties of both endogenous and
exogenously administered bradykinin has been the subject of some interest. Although there
is good evidence that the vasodilator actions of bradykinin in several vascular beds are at

least partly mediated by nitric oxide, the protective action of bradykinin against infarction was
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not abolished in the presence of nitric oxide synthase inhibitors (Bugge & Ytrehus, 1996a;
Goto ef al, 1995). On the other hand, Feng et al and Zhu et al showed that bradykinin
induced protection involved nitric oxide (Zhu et al, 1995; Feng et al, 2000). Altemnatively, it
can be proposed that bradykinin induced nitric oxide release may subsequently evoke the
opening of the mitochondrial Karp channel which has been proposed as an end effector
(O'Rourke, 2000; Sanada et al, 2000). In fact Kita et al have demonstrated that bradykinin
evokes cardioprotection by opening the mitochondrial Karp channel (Kita et al, 2000).
Indeed, various prostaglandins have also shown to activate sarcolemmal Kare channels,
which have also been suggested to participate in IPC (Bouchard J et al/, 1994, Sanada et a/,
2000). Pathways thought to be involved in bradykinin induced cardioprotection are

highlighted in figure 1.6.

BRADYKININ

PKC PGl, Nitric oxide

Tyrosine kinase

Katp Channel

l

Cardioprotection

Figure 1.6. Mechanisms involved in bradykinin induced cardioprotection.

Bradykinin leads to the activation of PKC, the generation of PGI; and nitric oxide.
These agents are thought to act on the Kap channel to evoke cardioprotection.

The bradykinin B; receptor is inducible and only expressed under certain pathological

conditions like inflammation and anoxia (Bhoola et al, 1992). Its activation has also been
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proposed to be involved in vascular protection. Bouchard and colleagues reported that the
beneficial effects of IPC on endothelial function was partly mediated by activation of the
bradykinin B; receptor (Bouchard et al, 1998). In addition to this, Chahine et al found that
bradykinin limited noradrenaline outflow and reduced the occurrence of arrhythmias in the
isolated rat heart model (Chahine et al, 1993). This protective effect was not abrogated
using Hoe140 but with a specific bradykinin B; receptor antagonist, Lys [Leu®] Des-Arg®-
bradykinin, implying a role for the bradykinin B, receptor as opposed to the bradykinin B,

receptor (Chahine et al, 1993).

1.5.6. Enzymes responsible for the catalytic degradation of bradykinin

1.5.6.1. ACE

The importance of ACE as a kininase has been demonstrated by many studies, which have
showed that ACE inhibitors can elevate circulating and tissue bradykinin concentrations
(Hornig & Drexler, 1997; Baumgarten et al, 1993; Pellacani et al, 1994). Linz's group in the
isolated rat heart demonstrated that ramiprilat caused bradykinin outflow (Baumgarten et al,
1993). This study not only hinted that a local kallikrein system exists in the rat heart but
additionally suggested that ACE inhibitors were capable of increasing bradykinin levels by
inhibiting its breakdown. With this in mind, several investigators have revealed that ACE
inhibitors can indeed potentiate a subthreshold preconditioning stimulus by increasing
bradykinin levels (Morris & Yellon, 1997; Miki et al, 1996). A subthreshold preconditioning
stimulus consists of a short ischaemic period which liberates triggers involved in
preconditioning (ie, bradykinin) but is not sufficient to trigger the preconditioning response
(Morris & Yellon, 1997; Miki et al, 1996). Miki et al showed that captopril, combined with a
subthreshold preconditioning protocol was sufficient to elicit the full preconditioning response
in the in vivo rabbit model of coronary artery occlusion, which was abrogated with Hoe 140,

implying a role for the bradykinin B, receptor (Miki et al, 1996). Similarly, in our laboratory
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using human atrial muscle tissue, Morris and Yellon found that both captopril and lisinopril
were able to evoke preconditioning by augmenting bradykinin levels, an effect also

abrogated with Hoe 140 (Morris & Yellon, 1997).

The ability of ACE inhibitors to confer protection in the absence of a preconditioning stimulus
is more controversial. In the studies described above, administration of either captopril (Miki
et al, 1996) or lisinopril (Morris & Yellon, 1997) alone, prior to the index ischaemic event, did
not result in protection. In contrast to these findings, various other investigators have
reported that direct administration of ACE inhibitors induces cardioprotection (Jin & Chen,
2000; Anderson et al, 1996; Massoudy ef al, 1994; Dogan et al, 1998b; Matoba et al, 1999).
Anderson et al showed that captopril but not enalapril was protective in the isolated rat heart
and attenuated lipid peroxidation (Anderson et al, 1996). Indeed, it has been proposed that
ACE inhibitors that possess sulfhydryl (SH) moieties are able to act as free radical
scavengers and consequently lead to cardioprotection when administered alone (Anderson
et al, 1996). Indeed captopril does contain a SH moiety and may act as a free radical
scavenger, however, ACE inhibitors that do not carry a SH group can also induce
cardioprotection (Birincioglu et al, 1997; Matoba et al, 1999). In 1999, Matoba et al
communicated the findings of their study. They discovered that the ACE inhibitor,
cilazaprilat (non-sulfhydryl containing ACE inhibitor) protected directly against hypoxia /
reoxygenation injury in cultured rat myocytes. They were able to demonstrate that
cilazaprilat enhanced bradykinin production in tﬁe culture media of the myocytes (Matoba et
al, 1999). The reasons that can explain the discrepancy as to why some investigators found
ACE inhibitors to evoke cardioprotection whereas others do not, remain unclear, although,

experimental models and end points differ.
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Although the question of whether ACE inhibitors are truly “cardioprotective” in experimental
acute myocardial ischaemia without preconditioning remains uncertain, clinical trials have
confirmed that ACE inhibitors exert beneficial effects on morbidity and mortality (Yusuf &
Lonn, 2000). These agents have been shown not only to reduce blood pressure but in
addition, have displayed additional beneficial effects, namely cardioprotection by raising
levels of bradykinin (Heusch et al, 1997; Liu et al, 1996; Bachetti, 2000). A recent meta-
analysis based on data from multi centre trials, namely: Studies Of Left Ventricular
Dysfunction (SOLVD) (The SOLVD investigators, 1992), Survival And Ventricular
Enlargement (SAVE) (Rutherford et al, 1994), TRAndolapril Cardiac Evaluation (TRACE)
(The TRACE investigators, 1995), and Acute Infarction Ramipril Efficacy (AIRE) (The AIRE
investigators, 1993), on a total of 12,500 patients over a four-five year follow up, led to a
20% reduction in relative risk reduction in total mortality (P<0.0001) (Yusuf & Lonn, 2000).
Furthermore, the recent Heart Outcomes Prevention Evaluation (HOPE) trial demonstrated
that ramipril reduced risk of death in patients with coronary artery disease (The HOPE
investigators, 2000), an effect that appears to be unrelated to blood pressure reduction

alone.

1.5.6.2. Neutral Endopeptidase

Other than ACE, several additional enzymes exist which also play a role in the breakdown of
bradykinin. After ACE, NEP is probably the most important (Piedimonte et al/, 1994; Ura et
al, 1987; Kokkonen et al, 1999). The availability of inhibitors of these various enzymes has
allowed an examination of their importance in the degradation of bradykinin. NEP,
analogous to ACE, is also a cell surface zinc metalloprotease, but unlike ACE its
concentration in endothelium is low. NEP is highly concentrated in the epithelial cells of the
kidney, it is also found in lung, liver and myocardium (Bhoola et al, 1992; Piedimonte et al,

1994). Studies with NEP inhibitors have found that these agents can evoke cardioprotection
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(Yang et al, 1997a; Schriefer et al, 1996). Yang et al in an in vivo rat model of coronary
artery occlusion found that the NEP inhibitor CGS24592 was able to induce cardioprotection
comparable to that induced by an ACE inhibitor using infarct size as an end point (Yang et

al, 1997a).

Novel compounds which are dual inhibitors of ACE and NEP have been introduced for the
treatment of hypertension and heart failure (Robl et al, 1997; Fink et al, 1996; Weber, 1999;
Kentsch & Otter, 1999; van Veldhuisen & van Gilst, 2000; Asher & Naftilan, 2000).
Omapatrilat (BMS 18616) known as a “vasopeptidase inhibitor” is the first in this new class

of agents (Asher & Naftilan, 2000).

Rastegar et al reported that a dual ACE and NEP inhibitor, Z13752A, produced a protective
effect in an in vivo dog model of coronary artery occlusion, using arrhythmia prevalence as
an end point (Rastegar et al, 2000a). They also found Hoe 140 abolished the
cardioprotective effect of Z13752A. Additionally, Schriffer et al in the in vivo rabbit model of
coronary artery occlusion found that dual inhibiton of ACE and NEP produced
cardioprotective effects over and above treatment with just an ACE or NEP inhibitor alone
(Schriefer et al, 1996). As these beneficial effects were blocked with Hoe 140, bradykinin
mediated cardioprotection is most likely. As NEP is also responsible for the catalytic
degradation of various other vasodilator peptides including ANP (atrial or A type natriuretic
peptide), BNP (brain or B type natriuretic peptide)) CNP (C-type natriuretic peptide)
(although it has a higher affinity for ANP) and substance P (Piedimonte et al, 1994; Ozaki et
al, 1999), it is feasible to hypothesise that ANP or any of these other vasodilator peptides
may be involved in the cardioprotective effect observed with NEP inhibitors. Investigators in
the past have indeed shown that ANP exerts cardioprotective effects during ischaemia /

reperfusion (Takagi et al, 2000). However, as Yang et al found all protection was abrogated
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using Hoe 140, a role only for bradykinin and not ANP generated as a consequence of NEP
inhibition is likely (Yang et al, 1997a). In addition, Yang et al used a natriuretic peptide
receptor antagonist (HS-142-1) and were not able to completely abrogate the protection
afforded by dual ACE and NEP inhibition, although it was slightly attenuated. Indeed,
Rastegar et al also discovered that all protection was lost using Hoe 140, strongly implicating

a role for bradykinin rather than the other peptides (Rastegar et al, 2000a).

1.5.6.3. Aminopeptidase P

Experiments involving apstatin, an aminopeptidase P inhibitor unveiled that it can also
induce cardioprotection by increasing levels of bradykinin in rat (Ersahin et al, 1999).
Hence, enzymes other than ACE appear to have_roles to play in the metabolism of
bradykinin. Indeed dual inhibitors like omapatrilat may provide additional benefits in the
clinic, where this agent has already shown to display superidr properties compared to
standard ACE inhibitor therapy (Trippodo et al, 1995, 1999; McClean et al, 2000; Rouleau et
al, 2000). However, as bradykinin levels are expected to increase to greater levels then one
would expect angio-oedema to be a problem (Coats, 2000; Messerli & Nussberger, 2000).
Angio-oedema is a life threatening condition characterised by a non-pitting, non-
erythematous oedema of the face, throat and tongue (Agostoni et al, 1999). The
pathophysiology of angio-oedema is not well understood, however, it is thought that high
levels of bradykinin may mediate the capillary leakage (Anderson et al, 1996). As
omapatrilat inhibits both ACE and NEP, there is a higher risk of angio-oedema compared
with ACE inhibitors alone. Indeed, angio-oedema has proved to be a dilemma associated
with omapatrilat (Coats, 2000; Messerli & Nussberger, 2000), one also associated with ACE

inhibitors (Agostoni et al, 1999)
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1.6. Summary of the cardioprotective properties of bradykinin

The nonapeptide bradykinin exerts a plethora of cardiovascular actions only some of which
have been described in this chapter. Although the role of endogenous bradykinin in
mediating IPC remains controversial, bradykinin administered prior to ischaemia exerts a
cardioprotective effect and in addition, mimics IPC. Agents that inhibit the breakdown of this
substance have displayed cardioprotective effects both experimentally and clinically. We
possess a multitude of enzymes capable of degrading bradykinin, inhibition of a single
enzyme may not produce maximal protection as metabolism of bradykinin may be switched
to an altemative enzyme. Hence, a combination of inhibitors may be required to produce
maximal protection. Inhibition of ECE appears to result in a weak reduction of blood
pressure, which may be further enhanced using dual or even triple inhibitors of ACE, NEP
and ECE to treat severe hypertension / heart failure (Roques BP, 1998) which theoretically
should lead to enhanced cardioprotection. It is important to note that even though the acute
cardioprotective effects of bradykinin have been extensively investigated, whether this

peptide induces delayed preconditioning remains elusive.
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Chapter One

Partlll:  The hypertrophied myocardium

1.7. Hypertension and hypertrophy

Many therapeutic modalities exist for the management of hypertension. However,
prevalence and hypertension associated morbidity still remain high. In England, 41% of men
and 33% of women have hypertension and 14% / 12% of cardiovascular deaths are caused
by hypertension in men and women respectively (British Heart Foundation; coronary heart
disease statistics; 2000 edition). Hypertension claimed the lives of 44,435 individuals in the
USA in 1998. In addition to this, hypertension was listed as a primary cause of death or
contributing cause of death in 210,000 individuals in a total of 2,000,000 deaths that year

(American Heart Association; 2001 heart and Stroke Statistical Update).

Both primary and secondary hypertension initiate a host of cardiovascular abnormalities.
The most important initial manifestation of hypertension includes myocardial hypertrophy
(Messerli & Aepfelbacher, 1995). While right ventricular hypertrophy (RVH) arises from
pulmonary hypertension, left ventricular hypertrophy (LVH) is caused by systemic arterial
hypertension. The Framingham study established a strong link between hypertension and
LVH. Using electrocardiographic techniques to detect the prevalence of LVH, the
Framingham study demonstrated that in normotensive patients, LVH was very rare (1% per
year in adults), whereas in individuals with hypertension (blood pressure > 160/95),
incidence of LVH increased by roughly tenfold (Levy, 1988). The Framingham study also
demonstrated a link between LVH and subsequent mortality (Levy, 1988). Indeed, LVH is
associated with high cardiovascular mortality, predicting myocardial infarction, congestive

heart failure (Himmelmann, 1999; Cleland, 1999) stroke and sudden death (Messerli, 1999).



1.7.1. Left ventricular hypertrophy

When the heart is subjected to an increase in arterial pressure, it can do three things in order
to increase cardiac output. It can 1) use the Frank-Starling mechanism, 2) employ
neurohormonal mechanisms or 3) increase muscle mass to increase contractility. The first
mechanism can be limited and the chronic upregulation of neurohormonal mechanisms can
be detrimental (Lorelf & Carabello, 2000). Hence, an increase in cardiac mass plays an
important part in responding to increased demands in cardiac work. Following birth,
myocytes are terminally differentiated, hence do not undergo mitosis. As a consequence,
the increase in mass following hypertension, occurs from the enlargement (hypertrophy) of
existing myocytes rather than hyperplasia. However, Kajstura et al has demonstrated that
hypertrophied right ventricle contains more myocytes, indicating that some myocyte mitosis
can occur (Kajtsura et al, 1994). Hypertrophy is initiated by complex cellular alterations and
signal transduction cascades which culminate in growth of the m)}ocyte (de Leeuw & Kroon,
1998). The renin angiotensin system (Paradis et al, 2000; Stroth & Unger, 1999; Thurmann
et al, 1998; Akers et al, 2000), the sympathetic nervous system (Akers et al, 2000; de
Champlain et al, 1976), cytokines, growth factors (Wollert et al, 1996; Isgaard et al, 1994, Ito
et al, 1993; Takahashi et al, 1994; Li & Brooks, 1997) and calcinuerin (Molkentin et al, 1998;

Murat et al, 2000) (among other agents) have been implicated in initiating hypertrophy.

In eccentric hypertrophy, there is a relative increase in the length rather than the diameter of
myocytes (occurs in cardiomyopathy). During concentric hypertrophy, there is a relative
increase in the diameter of myocytes as new contractile protein units are constructed in
parallel, leading to an increase in wall thickness (Hunter & Chien, 1999). Physiological
hypertrophy that occurs in athletes involves proportional increases in both the width and
length of myocytes (Hunter & Chien, 1999). Both eccentric and concentric hypertrophy are

initially beneficial, enabling the myocardium to meet a higher cardiac output (compensated
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hypertrophy). However, chronic hypertrophy ultimately leads to heart failure and death
(decompensated hypertrophy) (de Leeuw & Kroon, 1998). It is relevant to note that
hypertrophy or “remodelling” also occurs due to myocardial scar following myocardial
infarction which can initially maintain cardiac output but subsequently may precipitate

premature death (Swynghedauw, 1999).

In summary, LVH occurs when an increased haemodynamic burden is imposed upon the
myocardium, a condition which may ultimately lead to heart failure. LVH is not only
associated with an increase in size of myocytes, but also with hypertrophy and hyperplasia
of non-myocyte cells (eg, fibroblasts), accumulation of collagen and infiltration of
lymphocytes and monocytes.  Excess collagen is produced by fibroblasts leading to
interstitial and perivascular fibrosis. All of these processes initiate changes in the overall
structural arrangement of the myocardium. A significant problém is concerned with the
increase in interstitial cell mass which may be greater than the increase in myocyte mass

due to augmentation of collagen production (de Leeuw & Kroon, 1998)

1.7.2. Transition from hypertrophy to heart failure

Chronic, long-standing hypertension may ultimately progress to pump failure. How does
compensated hypertrophy eventually lead to decompensated hypertrophy and heart failure?
The answer to this question is not known, although several observations have been reported
at the onset of heart failure. A loss of myocardial contractile protein in heart failure may lead
to diminished pump function (Boluyt et al, 1994). Myocyte loss as a consequence of
apoptosis is thought to occur during the transition to heart failure (Olivetti et al, 1997).
Further accumulation 6f collagen has been shown to occur in failing hearts, precipitating
cardiac muscle stiffness and a consequent decline in contractile efficiency (Boluyt et al,

1994).



1.7.3. Animal models of hypertension / hypertrophy

The choice of animal models of hypertension is difficult, primarily because the exact cause of
essential hypertension is not known in humans and, secondly, because it is a heterogeneous
condition. Hence, no single animal model can exactly mimic the pathophysiology of this
condition. Another complicating factor is the fact that cardiovascular diseases like
hypertension develop gradually in humans, usually over years, in contrast to the rapid onset
in drug or surgically induced animal models of the disease. Nevertheless, over the past 50
years, numerous animal models of hypertension have been developed, principally in the rat,
which have substantially increased our understanding of the pathophysiology and treatment

of hypertension (Pinto et al, 1998).

1.7.3.1. Genetic models of hypertension — the spontaneously hypertensive rat

The most popular model of hypertension is the spontaneously hypertensive rat (SHR).
Okamoto and Aoki developed the SHR by inbreeding wistar rats with the greatest blood
pressure (Okamoto & Aoki, 1963). Systolic blood pressure increases at five-six weeks of
age and generally reaches a maximum of 200 mmHg by 12-16 weeks of age. Cardiac
function is preserved at 12 months of age. However, at 18-24 months of age, most animals
develop heart failure, which is accompanied by diminished contractile activity and increased
fibrosis (Pinto et al, 1998). Although, this model is widely used, the exact mechanisms

leading to hypertension remain vague (see chapter five for further details).

1.7.3.2. Dahl salt sensitive rats

Another genetic model of hypertension is the Dahl salt sensitive rat. In the 1950s Meneely
et al found that some rats were more sensitive to others in their blood pressure response
following salt ingestion. They observed that the salt sensitive Dahl rats developed severe

hypertension when given high salt diets, whereas, salt resistant rats did not develop such
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severe hypertension following salt ingestion (Meneely & Ball, 1958). In addition to this,
authors also found that even when the salt sensitive Dahl rats were placed on a normal salt
diet, they still became hypertensive, demonstrating that this is a genetic model of
hypertension that this particularly sensitive to salt (Meneely & Ball, 1958). At baseline, Dahl
sensitive rats exhibit greater blood pressures. However, when fed a high salt diet (8%
NaCl), a huge rise is observed, similar to that seen in SHR. However, in these rats, heart

failure begins at a much earlier age typically at four-five months (Pinto et al/, 1998).

1.7.3.3. Transgenic (MREN2)27 rats

The insertion of the murine Ren-2 gene in the rat leads to the generation of the transgenic
rat (TGR(MREN2)27) in which severe hypertension occurs, with systolic blood pressure
reaching 200 mmHg at eight weeks of age in the heterozygous animal (Langheinrich et al,
1996). The homozygous rats develop even higher blood pressures and consequently have
a higher mortality rate. The signalling pathways that uitimately lead to hypertension are not
known. However, as ACE inhibitors are very effective in lowering blood pressure in these

animals, hypertension is most likely to be mediated by AT-ll (Langheinrich et al, 1996).

1.7.3.4. Renovascular hypertension

Goldblatt developed the first animal model of hypertension by clamping the renal arteries in
a dog (Goldblatt et al, 1934). Subsequently, ih 1939, Wilson and Byrom produced a similar
model of hypertension in the rat. Chronic hypertension also results when one kidney is
clipped and the other is left untouched (two kidney, one clip, 2K1C) in the rat, a species that
does not develop efficient collaterals (Pinto ef al, 1998). Cardiac hypertrophy in the region of
20-50% has been reported, depending on the size of the clip used and the age of the rat.

The development of heart failure in this model has not been described. An elevation of
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circulating renin and aldosterone are thought to be responsible for initiating hypertension

(Pinto et al, 1998).

1.7.3.5. Mineralocorticoid hypertension

The administration of deoxycorticosterone acetate (DOCA) with a high salt diet for a period
of four-six weeks leads to the development of a low renin form of hypertension in rats, with
moderate hypertrophy (Doggrell & Brown, 1998). The development of heart failure has not
been described in this model, although chronic administration of DOCA and salt is

associated with high rates of mortality (see chapter three for further details).

1.8. IPC in the hypertrophied myocardium
As LVH is a common clinical condition it is important to examine whether IPC can protect the
hypertrophied heart. However, eight years have since elapsed following the discovery of

IPC in 1986 and the first study investigating IPC in LVH.

Speechly-Dick et al were the first to investigate IPC in the hypertrophied myocardium
(Speechly-Dick et al, 1994). In 1994, these investigators using a DOCA-salt model of
hypertrophy reported that IPC reduced infarct size in an in vivo model of ischaemia /
reperfusion. Control infarct size was reduced from 67.1+5.6% to 19.1+1.5% following IPC in
the hypertrophied myocardium. In the normotensive myocardium, IPC reduced infarct size
from 77.1+3.8% to 33.445.5% (P<0.05). Interestingly, the reduction in infarct size following
IPC was greater in the hypertensive myocardium compared to the normotensive
myocardium (Speechly-Dick et al, 1994) with the authors speculating that this enhanced

beneficial effect may be due to greater activation of PKC in hypertrophy.
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In 1996, Pantos et al also investigated the effects of hypertension on IPC occurrence
(Pantos et al, 1996). Hypertrophy was induced by suprarenal abdominal aortic constriction
for a period of five weeks, following which hearts were Langendorff perfused. These authors
reported that in both hypertrophied and normal heart, IPC induced protection using left
ventricular developed force as an endpoint. Left ventricular developed pressure (expressed

as a % of baseline) was 39.8+4.6% in the hypertensive control group and 70.1+4.1 following

IPC. Similarly, in the normal myocardium, control recovery was 49.31+6.1% and 76.5+3.4%
after IPC (P<0.01) (Pantos et al, 1996). This was the first study to demonstrate the

protective effects of IPC in hypertension using an in vitro model of ischaemia / reperfusion.

Randall et al examined the effects of IPC in TGR ((MREN-2)27) (four-five month old)
hypertensive rat hearts (Randall ef al, 1997). The authors demonstrated that contractile
function following ischaemia was significantly enhanced following IPC in both normotensive
and TGR hearts. Interestingly, the authors noted that IPC protected to a greater extent in
the hypertensive hearts as opposed to the normotensive hearts (Randall et al, 1997),
whether this is due to enhanced PKC activation in hypertrophy remains elusive. Similarly,
Butler and co-workers reported that IPC improved contractile function following ischaemia in
a rat model of hypertension induced by feeding a high salt diet to Dahl salt sensitive rats

(Butler et al, 1999).

IPC has also been investigated in SHRs. Boutros and Wang demonstrated that IPC,
adenosine and bethanechol all induced protection in hearts isolated from SHRs. Hence,
these results demonstrate that IPC can not only protect the hypertensive myocardium, but
also show that the hypertensive heart can be protected using pharmacological agents

(Boutros & Wang, 1995). Secondly, Lu et al also demonstrated that IPC can reduce QT
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dispersion and arrhythmia occurrence following ischaemia / reperfusion in 12-14 week old

SHRs (Lu et al, 1999).

In contrast to the studies described above, Moolman et al reported that IPC did not protect in
a New Zealand model rat of genetic hypertension (Moolman et al, 1997). Hearts excised
from 12 month old New Zealand genetically hypertensive rats were not protected following
IPC, using post ischaemic function in working heart mode and creatine phosphate content as
experimental end points (Moolman et al, 1997). The primary difference between this study
and the ones described above is the duration of hypertension. In the studies that
demonstrated a protective effect of IPC, rats were only made hypertensive for a short
duration. Protocols used to induce hypertension ranged from two to five weeks in duration.
Hence, the effects of long standing hypertension and thus chronic hypertrophy were not
addressed. Similarly, in the SHR studies, young adult rats were used which implies they
were subjected to hypertension for a short duration as well. Moolman et al on the other
hand, addressed the effects of chronic hypertension as they used older rats (12 month old)
(Moolman et al, 1997). Results therefore imply that the duration of hypertension as well as
the age of the animal are important factors which may determine the cardioprotective effects

of IPC.

1.9. Bradykinin in hypertension and hypertrophy

Maddeddu et al demonstrated that bradykinin B, receptor knock-out mice had higher blood
pressures and heart weights than the wild type and heterozygous mice (Madeddu et al,
1997). Additionally, these authors showed that chronic blockade of B, receptors using Hoe
140, increased blood pressure of wild type mice to levels of B, receptor knock-out mice.
These data imply that B, receptors are essential for the maintenance of normal blood

pressure and that defects / blockade of this receptor may lead to hypertension / hypertrophy
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(Madeddu et al, 1997). These authors also demonstrated that B, receptor knock-out mice
developed hypertension and hypertrophy associated with chamber dilatation and
cardiomyopathy in a subsequent study (Emanueli et al, 1999b). These observations strongly
implicate a role for bradykinin in development of hypertension and hypertrophy and
subsequent cardiomyopathy. The same group of investigators demonstrated that antisense
oligonucleotides targeted to the bradykinin B, receptor mRNA decreased blood pressure in
the SHR, indicating that this receptor may regulate blood pressure and that its activation
could precipitate hypertension in the SHR (Emanueli ef al, 1999a). Therefore, results imply
that while activation of the bradykinin B. receptor exerts blood pressure lowering effects,

activation of the bradykinin B receptor leads to an increase in blood pressure.

Studies have demonstrated that levels of bradykinin are attenuated in hypertension
(Nakagawa & Nasijletti, 1988; Seino et al, 1990). In addition, investigators have also shown
that gene delivery of kallikrein lowers blood pressure (Chao et al, 1996, 1998; Xiong ef al,
1995; Yayama et al, 1998). In contrast however, Campbell et al found increased levels of
bradykinin in kidney, lung and heart of young SHRs (Campbell et al, 1995b). Reasons for
the discordant findings are not known, although, the animal model of hypertension, the age

of the animal and techniques used to measure bradykinin may affect the results obtained.

In summary, LVH is associated with high rates of mortality and morbidity. A limited number
of studies have demonstrated that IPC occurs in animal models of hypertension and
hypertrophy. Bradykinin is thought to be implicated in hypertension and hypertrophy.
Circulating levels of bradykinin may be attenuated in hypertension which may in fact
contribute to the development of hypertension. In addition, studies have demonstrated that

bradykinin B, receptor knock-out mice develop hypertension and hypertrophy, implying a
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role for this receptor in maintenance of normal vessel tone. It is not known whether

bradykinin exerts cardioprotective effects in hypertension and hypertrophy.
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Chapter One

PartIlV: Aims and scope of thesis

This thesis primarily focuses on IPC and bradykinin induced cardioprotection in the normal
and hypertrophied myocardium. Even though IPC has been shown to consistently protect
the normal myocardium, does it protect in a model of chronic hypertension? Similarly,
bradykinin has been shown to induce cardioprotection in the normal, healthy myocardium.
However does it induce cardioprotective effects in the hypertrophied heart? These

questions and the following hypotheses were investigated in this thesis.

1.10. Bradykinin induced cardioprotection is impaired in hypertension

As mentioned previously, bradykinin levels are thought to decling in hypertension, hence it
was speculated that bradykinin induced protection may be impaired in this pathology.
Bradykinin induced cardioprotection was investigated in a rat model of hypertension. A mild
model of hypertension (ie, the DOCA-salt model) was chosen to represent an acute model of
hypertrophy associated with short term hypertension. The occurrence of both early and
delayed preconditioning (induced using heat shock) were also investigated in the DOCA-salt

model of hypertrophy (chapter three).

1.11. Omapatrilat can potentiate a subthreshold preconditioning stimulus via
activation of the bradykinin B, receptor

Studies have consistently demonstrated that ACE inhibitors potentiate subthreshold
preconditioning by augmenting bradykinin levels. In view of this, it was hypothesised that
the dual ACE and NEP inhibitor, omapatrilat would also potentiate subthreshold

preconditioning. Hence, in the present study, experiments were designed to determine



whether omapatrilat potentiates IPC and to elucidate whether any protection is mediated by

bradykinin B, receptor activation (chapter four).

1.12. IPC is diminished in chronic myocardial hypertrophy

Two studies have reported the protective effects of IPC in the young SHR. Long term
myocardial hypertrophy has many detrimental effects on the myocardium. It was therefore
hypothesised that IPC may be diminished or even absent in chronic models of hypertrophy.
Studies have not examined whether IPC still protects the ageing SHR, which has obviously
been exposed to hypertension for a long duration (ie, chronic hypertrophy). Hence, in the
present study, IPC was investigated in SHRs at three different stages of development —
young, middle aged and ageing (chapter five). Additionally, cardioprotective effects of an

ACE inhibitor were investigated in the ageing animals.

1.13. Bradykinin at reperfusion can attenuate infarct size

Although Massoudy et al demonstrated that bradykinin limited reperfusion injury, using
contractile recovery as an experimental end point (Massoudy et al, 1994), it is not known
whether bradykinin given at reperfusion limits infarct size. In the current study, bradykinin
was administered at reperfusion in the isolated heart model using infarct size as an
experimental end point. Signalling pathways involved in the protection were also

investigated.
Studies have not examined the limitation of reperfusion injury in the hypertrophied heart. In

the present study, it was also determined whether bradykinin at reperfusion induced

cardioprotection in hearts isolated from ageing SHRs (chapter six).
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1.14. Bradykinin elicits delayed preconditioning via generation of nitric oxide

As described in chapter one (part Il), a vast number of studies have demonstrated that
bradykinin is able to mimic classical preconditioning. Whether bradykinin induces delayed
preconditioning is not known. Bolli's group have provided substantial evidence indicating
that early nitric oxide generation is a trigger of delayed ischaemic preconditioning. Thus it
was hypothesised that bradykinin induces delayed preconditioning possibly via generation of
nitric oxide. This final study examined whether bradykinin can induce a delayed
preconditioning like effect and whether any protection is dependent upon nitric oxide

synthesis (chapter seven).



PART TWO
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2.1. Animals

Unless stated otherwise, male Sprague-Dawley rats were used in these studies. The rats
were obtained from Charles River, Bicester, Oxon and were allowed to acclimatise for a
minimum of four-five days prior to use. All rats were caged in groups of four and had free
access to fresh water and standard pellet chow (RM1 diet). Animals were subjected to a 12
hour light - dark cycle, and maintained at 19-22°C, and 55+10% humidity. All animals were
treated in accordance with the Guidelines on the Operation of the Animals (Scientific

Procedures) Act, 1986, published by the Stationary Office (London, UK).

2.2. Measurement of blood pressure in vivo

Rats were anaesthetised via intraperitoneal administration of pentobarbitone sodium (50
mg/kg). A tracheotomy was performed, following which the trachea was intubated with a
cannula connected to a rodent ventilator (Harvard apparatus, Edenbridge, UK). Rats were
ventilated with room air supplemented with oxygen at 70 to 75 breaths per minute, and a
tidal volume of 3-4 ml. The right carotid artery was isolated and cannulated to monitor blood
pressure via a lectromed pressure transducer (Lectromed, Letchworth, UK) connected to a
pen recorder. Body temperature was maintained between 37.0+1.0 °C with the use of a
heating pad. Arterial pH, pCO. and pO,were monitored using a blood gas system (AVL 995
pH/blood gas analyser, AVL Medical Instruments, Stonebridge, UK). Rats were stabilised
for a period of ten minutes and blood pressure recordings were taken at five minute

intervals, prior to the excision of the heart for Langendorff perfusion (described below).

2.3. The Langendorff perfused heart
Throughout this research programme, the Langendorff perfused heart technique was used to
study responses to ischaemia-reperfusion. Invented by Oscar Langendorff in 1895, the

isolated heart perfusion system is one of the most widely used models in cardiovascular
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research today (Doring & Dehnert, 1988). This technique invoives using the heart of warm-
blooded animals (Doring, 1990) (although hearts of cold-blooded animals can also be
perfused), which is perfused with either blood or crystalloid buffer through a cannula at
constant flow or constant pressure. Perfusion fluid is forced retrogradely into the aorta,
closing the aortic valves, directing the perfusion fluid into the coronary arteries, hence
perfusing the whole myocardium and draining into the right atrium. Thus, although the entire
myocardium is perfused, and the ventricles beat they remain empty throughout the duration of
the experiment and hence, do not eject perfusion fluid. An intraventricular balloon can

however be inserted into the left ventricle to monitor isovolumic contraction.

Although the rat heart is the commonly selected for Langendorff perfusion, studies involving
hearts isolated from rabbit, mouse, guinea pig and hamster have also been reported.
Perfusion of hearts obtained from large animals, for instance, bigs, sheep, dogs, monkeys
and humans has also been documented (Sutherland & Hearse, 2000). However, such large
animals are not regularly used due to obvious reasons of high cost and vast quantities of
perfusion fluid that are required. The modification of the Langendorff technique first described
by Rigler led to the development of the working heart model (Doring & Dehnert, 1988). In this
system, the aorta is cannulated analogous to the Langendorff perfused heart, however, the
pulmonary vein or left atrium is also cannulated (Doring & Dehnert, 1988). This allows
ventricular filling via the left atrium and ejection of fluid via the aorta. The working heart

model is widely used when contractile function is the experimental end point.

The most obvious drawback of the Langendorff technique is the lack of neuronal innervation
of the heart and the absence of blood borne mediators. It is therefore devoid of neuronal
regulation and systemic circulation and thus cardiac function does not resemble that in vivo.

However, this prime drawback can be transformed into a possible advantage of the
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Langendorff technique. In the absence of other organs, neural reflexes and neurohormonal
factors, one can ascertain the direct effects of treatments on the myocardium, without the
complication of systemic factors. In addition, the problem associated with the absence of
blood-borne mediators can be overcome by perfusing with blood rather than crystalloid buffer
solution. Sandhu et al compared IPC in blood perfused and buffer perfused isolated rabbit
hearts. They reported that IPC was equally protective in both buffer and blood perfused
preparations (Sandhu et al, 1993). Another possible disadvantage of the technique is the fact
that function of the preparation progressively declines. However, it can be maintained for at
least three hours (Hearse & Sutherland, 2000; Sutherland & Hearse, 2000). Finally, Paradis
and colleagues reported that crystalloid buffer used to perfuse isolated rabbit myocardium is
inadequately oxygenated (Paradis et al, 1984). However, subsequent experiments by
Murashita demonstrated that the isolated rabbit heart perfused with crystalloid buffer is

adequately oxygenated (Murashita et al, 1991; Opie, 1984)

Advantages of isolated heart preparation include reproducibility of data, and relatively low
cost. The Langendorff preparation permits the measurement of a variety of parameters to
assess tissue injury including contractile function, biochemical markers (for example, lactate,
creatine kinase release) morphological markers (infarct size measurement) and cardiac

electrophysiology (for example, arrhythmia detection) (Sutherland & Hearse, 2000)

2.3.1. The isolated rat heart perfusion protocol

Rats were deeply anaesthetised with pentobarbitone sodium (50 mg/kg i.p). Heparin (300
IU) was concurrently administered intraperitoneally. Hearts were excised and placed in ice
cold buffer solution to armrest contraction and were rapidly mounted on a Langendorff

apparatus. The Langendorff apparatus is represented schematically in figure 2.1.
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Hearts were perfused with Kreb's-Henseleit buffer comprised of (in mM); NaCl 118, NaHCOs

25, d-glucose 11, KCl 4.7, MgS04 1.22, KH2PO4 121 and CaCb 1.84 (pH 7.3-7.5) when

equilibrated with 95% 02/ 5% CO2. Kreb’s-Henseleit buffer was filtered using 1 pm filters to

remove particulate contamination. Perfusion pressure was maintained at 80 mmHg H20

throughout the course of the experiments.

Figure 2.1.

reservoir
with Kreb’s -
Henseleit
buffer (bubbled
with @/CO2)
water jacketed filter
heat exchanger
80 mmHg
roller
pump
perfusion
solution

heart chamber

& coronary
6 effluent

Schematic representation of the Langendorff perfusion apparatus
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Temperature of the heart was continuously monitored using a thermometer attached to a
thermocouple probe that was placed in the puimonary artery. Temperature was maintained
at 37 °C (+1 °C), and was carefully regulated using a thermostatically controlled water
jacketed system. In this system, delivery lines of the perfusate, the bubble trap and heart
perfusion chamber were surrounded by water flowing at 37-38 °C. In this way, major
fluctuations in temperature were avoided, mild increases/decreases were controlled by

withdrawing/reapplying the heart perfusion chamber respectively.

A latex isovolumic balloon was inserted into the left ventricle via a small incision in the left
atrial appendage and was inflated to give a preload of 5-10 mmHg. The balloon catheter was
coupled to a pressure transducer (Lectromed, Letchworth, UK) linked to a pen recorder for
measurement of developed pressure and heart rate. Coronary flow rate (CFR) was

measured by timed collection of coronary effluent.

2.3.2. Regional ischaemia

All hearts were allowed to stabilise for a minimum period of 15 minutes prior to the induction
of infarction. Figure 2.2 demonstrates a Langendorff perfused rat heart during the
stabilisation period. A 3/0 silk suture was placed around the left main coronary artery and
passed through a plastic tube to form a snare. Coronary occlusion was effected by pulling
the ends of the suture taut and clamping the snare onto the epicardial surface, as depicted in
figure 2.3. Ischaemia was verified by a 30-50% approximate reduction in CFR and rate
pressure product (RPP; heart rate x developed pressure). The artery was occluded for a
period of 35 minutes and then reperfused for two hours by loosening the snare. Reperfusion

was verified by an immediate increase in CFR following the loosening of the snare.
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Aortic cannula

Left atrial appendage

Left main coronary artery

Suture

Snare

Figure 2.2. A Langendorff perfused rat heart during stabilisation.

Figure 2.3. A Langendorff perfused rat heart during ischaemia. Ischaemia was induced by pulling
the ends of the snare taut and clamping the snare onto the epicardial surface.
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2.3.3. Infarct size evaluation

Infarct size evaluation was made using the triphenyltetrazolium technique, a method which is
widely used to quantify infarct size in experimental models (Schwarz et al, 2000; Birnbaum et
al, 1997a; Ito et al, 1997). Triphenyltetrazolium chloride is reduced by NADH in viable tissue,
producing a red formazan derivative, which is distinct from the white necrotic tissue

(Birnbaum etal, 1997b; Ito etal, 1997).

On completion of the reperfusion period, the LAD was re-occluded and approximately 1.5 ml
of Evans’ blue dye was infused via the aorta in order to differentiate the ischaemia zone from
the non-ischaemic zone. Figure 2.4 demonstrates the delineation of the risk zone with Evans’

blue dye.

Figure 2.4. Delineation of the ischaemic risk zone using Evans' blue dye. Area stained blue
corresponds to the non-risk area, red area represents the area at risk.
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Following freezing at -20°C for one-four hours, hearts were sliced into 2 mm transverse
sections from apex to base. Slices were then incubated with 1% triphenyltetrazolium
chloride in phosphate buffer (pH 7.4) at 37°C for a period of 10-15 minutes. Once fixed in
10% formalin for 24 hours (see figure 2.5), myocardial slices were traced onto transparent
sheets in a blinded fashion. This involved giving a colleague in the laboratory heart slices to
trace who was not aware of the experimental treatments used. Areas of the infarcted and risk
tissue were determined using computer-assisted planimetry (Kurta, Phoenix, AZ). Tissue
volumes were then calculated (area x 2 mm thickness) and expressed as the ratio of

infarcted-risk tissue (/R %).

Contro

Non-risk are
Risk zon

Preconditione

Figure 2.5. Rat heart slices stained with triphenyltetrazolium chloride. These heart slices underwent a 35
minute period of coronary artery occlusion followed by 120 minutes reperfusion. Viable myocardium stains red
following triphenyltetrazolium staining, whilst infarcted tissue remains pale. Area stained blue refers to the non
risk tissue. The heart on the top panel demonstrates a large infarct. The heart on the bottom panel was
preconditioned with two five minute coronary occlusions prior to the 35 minute ischaemia period. Notice the

amount of pale infarct tissue is markedly reduced.
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2.4. Assessment of left ventricular hypgrtrophy

Following Langendorff perfusion, atrial appendages were removed from the hearts and the
ascending aorta trimmed. The heart was blotted and weighed prior to freezing. After, the
heart was cut from apex to base (ie, just prior to triphenyltetrazolium chloride staining), the
right ventricle (RV) was removed and weighed. In this way, the weight of the LV could be
calculated by subtracting RV weight from whole heart weight. In the thesis, LVH is
expressed as LV/body weight, whilst RVH, is expressed as RV/body weight. Fluctuations in
body weight that occur during ageing may make body weight an unreliable reference for
normalising LV weight. Thus, some investigators use LV/femur length ratios if weight loss is
substantial in hypertensive animals. Heart weight / tibial length ratio has also been used to
quantify hypertrophy (Yin et al, 1982). However in the present studies as weights of
hypertensive and nommotensive animals were similar, LV weight was normalised to body

weight.

2.5. High performance liquid chromatography

Plasma noradrenaline levels were determined using high performance liquid chromatography
(HPLC), a technique which is commonly used to determine catecholamine levels (Altman et
al, 1988; Smith et al, 1993; Smith & Betteridge, 1984). Dr Chris Smith, department of
Medicine, University College London, performed the assay technique. The chromatographic
apparatus was obtained from Waters, Division of Millipore Ltd, Middlesex, UK. It consisted of
a "Resolve" Cg reversed-phase column (3.9 mm X 150 mm, particle size 5 uM) and a Waters
Model 712 Intelligent Sample processor.  Noradrenaline levels were assessed using a

Waters Model 460 electrochemical detector with a glassy carbon electrode.
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2,51. Extraction of noradrenaline from plasma and HPLC procedures
The alumina used for extraction was purchased from Sigma Co (St Louis, MO). The
noradrenaline and 3.4-dihydroxybenzylamine (DHBA) standards were obtained from Sigma

(DHBA was the internal standard).

Rat blood samples were mixed with ethylene diamine tetraacetic acid (ETDA) (1 mg/ml) and
centrifuged at 10,000 rpm for 10 minutes at 4 °C. Supernatant plasma samples were then
stored at -80 °C until further use. When samples were analysed, 5 pmol DHBA was added as
an internal standard. Plasma volumes in the range of 500-1500 pl were used for
noradrenaline extraction. Plasma (500-1500 pl) was added to LP3 tubes containing alumina
(10 mg), followed by 400 ul Tris buffer (consisting of 2 mol of Tris base per litre, pH 8.6).
Samples were then mixed in a haematological roller for a period of 15 minutes. The alumina
was allowed to settle and supernatants were removed. The alumina was washed 3 times
with 2 mL water and centrifuged (2000 x g, 2 minutes). Acetic acid solution (150 pl)
(consisting of glacial acetic acid [100 ul], 10% sodium disulphite [50 ul] and 5% EDTA [50 nl],
made up to 10 mi with water) was used to elute the noradrenaline from the alumina. Extract
(100 pl) obtained from this extraction procedure was then injected onto the chromatograph,

the flow rate was 1.0 mL/min through the system.

2.6. Western blot analysis for HSP 72 and NOS isoforms

Following relevant treatment protocols (described further in chapters three and seven),
hearts were excised and immediately freeze clamped in liquid nitrogen. Approximately 50
mg of frozen myocardial tissue was used for protein extraction. Tissue was homogenised
with a homogeniser (IKA Labortechnik T25) in 250 pul suspension buffer containing (in mM):
NaCl 100, Tris 10 (pH 7.6), EDTA 1 (pH 8), sodium pyrophosphate 2, sodium fluoride 2, B-

glycerophosphate 2; phenyl methyl sulphonyl fluoride (PMSF) 0.1 mg/ml; and 1 ug/ml each
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of aprotinin, leupeptin, trypsin inhibitor and protease inhibitor. Thereafter, samples were
centrifuged at 11000 rpm for 10 minutes. The pellet was discarded and protein
concentrations in the supernatant were determined using bicinchoninic acid (BCA) protein
assay reagent (Pierce). Supernatant samples were further diluted in 2x sample buffer (in
mM): Tris 100 (pH 6.8), dithiothreitol (DTT) 200; and sodium dodecylsulphate (SDS) 2%,
bromophenol blue 0.2% and glycerol 20% and subsequently boiled for a duration of 10
minutes. Sample proteins were loaded and separated on a sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a Hybond nitrocellulose
membrane (Amersham). Equal protein loading was verified using ponceau red staining
(Sigma) of membranes. n The membranes were probed with appropriate primary and
secondary antibodies. Proteins were detected using enhanced chemiluminescence
western blotting detection reagent (Amersham) and bands were visualised using

autoradiography.

2.7. Statistical analysis

All data in the thesis are expressed as mean + sem. Differences in mean values of LV and
RV weight, rat body weight, infarct volume, risk zone volume, I/R (%), risk volume normalised
to LV, expression of various proteins and plasma catecholamine levels, were assessed by

one way ANOVA followed by Fisher's protected least significant difference (PLSD).

Cardiodynamic and haemodynamic parameters were examined with repeated measures
ANOVA. CFR, RPP and mean arterial blood pressures were all examined using repeated
measures ANOVA followed by Bonferroni's test. All the statistical tests were performed

using Statview SE + Graphics 1.2 program. The null hypothesis was rejected when P<0.05.
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2.8. Materials

Triphenyltetrazolium chloride, Evans' blue, bradykinin, L-NAME, captopril and wortmannin
were purchased from Sigma (Poole, Dorset, UK). Chemicals required for Krebs'-Henseleit
buffer (NaCl, NaHCO;, d-glucose, KCI, MgSO,, KH.PO, and CaCl,) were obtained from BDH
Laboratory Supplies (Poole, UK). Formaldehyde were also obtained from BDH laboratory
Supplies (Poole, UK).

Pentobarbitone Sodium (Sagatal) was obtained from Rhone Merieux (Tallaght, Dublin) and

heparin from Leo Laboratories Ltd (Bucks, UK)
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3.1. INTRODUCTION
The first study was undertaken to establish a model of mild hypertension induced with
DOCA-salt treatment. Classical / delayed preconditioning as well as bradykinin induced

cardioprotection were investigated in this model of hypertension.

Kuhlmann et al in 1939 were the first to report that DOCA-salt treatment in dogs induced
hypertension (Kuhlmann et al, 1939). Subsequently, Grollman et al demonstrated DOCA-
salt induced hypertension in rat (Grollman et al, 1940). Further investigators showed that
DOCA-salt induped hypertension in a variety of animal models, including, chick (Seyle,
1942), guinea pig (Tirtilli & Ruff, 1994), mouse (Honeck et al, 2000) and pig (Miller et al,
1979). Masson et al, however, showed that the rabbit did not develop hypertension
following DOCA-salt treatment. Instead, rabbits developed hypercholesterolaemia (Masson
et al, 1953). Despite the occurrence of hypertension induced by DOCA-salt in a variety of

animal models, the rat is the most widely used species.

DOCA-salt treatment involves the simultaneous administration of DOCA subcutaneously
and NaCl (0.9%) / KCI (0.2%) placed in rat drinking water over four weeks. A unilateral
nephrectomy is sometimes also performed in conjunction with DOCA-salt treatment to
accelerate the development of hypertension. However, reduced renal mass is not essential
for hypertension to develop. Rats given DOCA or saline alone do not develop hypertension,

only a combination of DOCA and salt produces hypertension (Doggrell & Brown, 1998).

After the SHR, DOCA-salt hypertension is probably the most widely used model to study
hypertension and hypertrophy (Pinto et al, 1998). Arterial pressure was demonstrated to
increase in rat three weeks following the induction of the DOCA-salt treatment (Hebden et

al, 1990). Systolic blood pressures greater than 165 mmHg have been reported (Baxter &
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Yellon, 1992a, 1993).  Cardiac hypertrophy (approximately 30% increase in LV mass) has
been described in this model (Baxter & Yellon, 1992a, 1993; Besse et al, 1994; Pinto et al,
1998;). Although animals exhibit LVH, cardiac failure has not been described in DOCA-salt
treated animals (Besse et al, 1994). Renal changes have been demonstrated following
DOCA-salt administration, associated with proteinuria and glomerulosclerosis (Lafferty et al,
1991). Analogous to the other models of hypertension, endothelium dependent relaxations
are also impaired in the DOCA-salt model of hypertension (Somers et al, 2000; Kirchner et
al, 1993). Myocardial fibrosis due to increased collagen deposition has also been described

in DOCA-salt treated rats (Baxter & Yellon, 1992a; Ammarguellat et al/, 2001).

This model has been subject to criticism because mineralocorticoid hyperactivity, especially
augmented secretion of deoxycorticosterone, is seldom found in man. However, it must be
remembered that no animal model of hypertension fully mimics the human pathology. Apart
from developing LVH, the DOCA-salt model, is economical, relatively easy to employ and is
associated with low rates of mortality (Doggrell & Brown, 1998). For these reasons, this

model was chosen for the preliminary studies.

3.1.1. Mechanisms in DOCA-salt hypertension

This model of hypertension has been extensively characterised, and several mediators of
hypertension have been implicated, described below. However, mechanisms leading to
hypertension still remain unclear. In the initiation of hypertension, sodium retention may be
implicated, whereby increased levels cause volume expansion. However, sodium retention
alone is not likely to cause hypertension (Schenk & Mc Neill, 1992). It has been proposed
that increased sodium levels alter neurohormonal pressor baroreflexes which then

participate in either initiating or maintaining hypertension (Ferrario et al, 1987). Some of the



classical, humoral mechanisms involved in the regulation of blood pressure include

vasopressin, AT-Il, endothelin -1 and catecholamines (Schenk & Mc Neill, 1992).

3.1.1.1. Vasopressin

Numerous studies have demonstrated a possible role for vasopressin in the development of
DOCA-salt induced hypertension. Crofton et al demonstrated that the urinary excretion of
vasopressin in DOCA-salt treated rats was elevated (Crofton et al, 1979). Furthermore,
they also showed that an i.v. injection of analogues of vasopressin (which abrogate its
pressor, but notl its antidiuretic activity), lowered blood pressure in DOCA-salt rats. These
authors concluded by stating that vasopressin plays both a role in the initiation and
maintenance of DOCA-salt hypertension (Crofton et al, 1979). Zicha et al demonstrated
that the role of vasopressin in DOCA-salt hypertension is also dependent on the age of the
animal (Zicha et al, 1989). They showed that while vasopreésin was not important in
regulating blood pressure in young rats with DOCA-salt hypertension, vasopressin
contributed to the maintenance of hypertension in the adult rats. The authors presumably
did not observe a role for vasopressin in the young rats as they are not capable of
synthesising this peptide (Zicha ef al, 1989). In contrast, Takata et al demonstrated that a
vasopressin antagonist caused a hypotensive effect in DOCA-salt rats, which was enhanced
with the development of hypertension, at all stages of hypertension, including the
prehypertensive stage (Takata ef al/, 1988). Hence, authors implicated a role for
vasopressin in the initiation and maintenance of DOCA-salt hypertension. Ouchi et al
showed that urinary excretion of vasopressin levels was increased in DOCA-salt rats, they
also found that plasma levels of this hormone were elevated in rats subjected to DOCA-salt
treatment (Ouchi et al, 1987). There was however no difference in the metabolic clearance

rate of vasopressin in the DOCA-salt rats compared to the non-treated rats, indicating that



elevated plasma levels of vasopressin in DOCA-salt hypertension are due to the increased

release of the hormone, not impaired catabolism (Ouchi et al, 1987).

3.1.1.2 Sympathetic nervous system

The peripheral sympathetic nervous system has been shown to be implicated in the
development of DOCA-salt hypertension. Lamprecht et al showed that intraventricular
injection of 6-hydroxydopamine, normalised blood pressure in DOCA-salt hypertensive rats
(Lamprecht et al, 1977). The timing of administration of 6-hydroxydopamine was important
as, when it was given two weeks following DOCA-salt treatment, it lowered blood pressure.
However, when it was given six weeks post DOCA-salt treatment, no reduction in blood
pressure was apparent (Lamprecht et al, 1977). The results suggested that the
sympathetic nervous system is involved in the induction but not in the maintenance of
DOCA-salt hypertension. Furthermore, the authors speculated that central sympathetic
tracts control the activity of the peripheral sympathetic system and destruction of these
tracts would ultimately prevent the participation of the peripheral sympathetic system in the
initiation of hypertension. Alterations in plasma catecholamine levels have also been
reported in DOCA-salt rats. Bouvier and de Champlain demonstrated that plasma
noradrenaline levels were augmented in DOCA-salt treated rats, compared with
normotensive control animals (Bouvier & de Champlain, 1986a,1986b). Subsequent studies
demonstrated that increased plasma catecholamine levels in DOCA-salt hypertension were
not due to defective neuronal reuptake, but rather the consequence of an increase in
sympathetic tone in DOCA-salt treated animals (Drolet et al, 1989). Furthermore, Sanchez
et al demonstrated that pharmacological blockade of the o adrenocepetor prevented

hypertension in DOCA-salt rats (Sanchez et al, 1989).
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3.1.1.3 Renin - angiotensin system

The RAS is generally believed not to participate in DOCA-salt hypertension. In fact this
model is associated with a depressed plasma renin activity (Gavras et al, 1975).
Additionally numerous experiments have demonstrated that treatment with ACE inhibitors
do not reduce blood pressure in DOCA-salt animals. Karam et al demonstrated that
enalapril did not lower blood pressure in DOCA-salt hypertensive rats, although it did reduce
subendocardial fibrosis (Karam et al, 1996). Similarly, Brown et al showed that neither
captopril or candesartan (AT, receptor antagonist) lowered blood pressure in DOCA-salt
rats but did attenuate deposition of perivascular and interstitial collagen (Brown et al, 1999).
More recently, Somers et al demonstrated that losartan (AT, receptor antagonist) did not

reduce blood pressure in DOCA-salt hypertensive rats (Somers et al, 2000).

Interestingly, Itaya et al reported that intracerebroventricular administration of an ACE
inhibitor to DOCA-salt rats, reduced blood pressure (ltaya et al, 1986). These results imply
a role for brain RAS in the pathogenesis of hypertension in DOCA-salt rats. Furthermore,
an increase in renin-like enzyme activity in the brain has been reported during the

development of DOCA-salt hypertension (Basso et al, 1981).

In summary, experimental evidence indicates that circulating RAS does not participate in the
pathogenesis of hypertension in the DOCA-salt model. The precise role of the brain RAS

warrants further investigation.

3.1.14. Endothelin -1
A role for endothelin -1 in DOCA-salt hypertension has been reported. Studies have not
only demonstrated overexpression of vascular endothelin -1 (Lariviere et al, 1993, 1995;

Day et al, 1995), but also a reduction in blood pressure following the administration of
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bosentan (nonselective endothelin receptor antagonist) in DOCA-salt rats (Li et al, 1994).
More recently, Ammarguellat et al demonstrated that endothelin A receptor antagonist

prevented cardiac fibrosis in DOCA-salt rats (Ammarguellat et al, 2001).

3.1.1.5.  Altemative mechanisms involved in DOCA-salt hypertension

Several alternative mechanisms have been implicated in the pathogenesis of DOCA-salt
hypertension. Kubo et al demonstrated enhanced activity of cholinergic neurones in rostral
ventrolateral medulla in DOCA-salt rats. Whether this is involved in the maintenance of
hypertension is not fully known (Kubo et al, 1998). Basal nitric oxide release may be
attenuated in DOCA-salt rats, whether this precipitates hypertension or occurs as a
consequence of hypertension is not known (Ayangade-Johnson & Joshua, 2001; Millette et
al, 2000). A decreased expression of eNOS (the main source of nitric oxide in the
myocardium) in the left ventricle of DOCA-salt rats has also been demonstrated (Hara et al,

2001).

3.1.2. Aims of present study

In the present study, cardioprotection was investigated in a model of early LVH, induced by
short term treatment with DOCA-salt. Both classical preconditioning and delayed
preconditioning were investigated and induced using conventional methods. For classical
preconditioning, ischaemia was used as a method of inducing protection, whereas for
delayed protection, we used heat shock. Heat shock treatment, whereby basal body
temperature is raised to 42 °C for 15 minutes evokes a delayed preconditioning like effect
(Marber et al, 1993; Currie et al, 1993). IPC (Randall et al, 1997; Butler et al, 1999; Boutros
& Wang, 1995; Speechly-Dick et al, 1994; Pantos et al, 1996) and heat shock (Cornelussen
et al, 1994,1997; Joyeux M et al, 1998b) have previously shown to protect the hypertrophied

heart. Hence, the present study verified the occurrence of IPC and heat shock in the
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DOCA-salt model of hypertrophy. Bradykinin has been widely demonstrated to induce
cardioprotection in many animal models of ischaemia-reperfusion (Bugge & Ytrehus, 1996;
Goto et al, 1995; Leesar et al, 1999), however, whether bradykinin can induce protection in
the hypertrophied heart is not known. Accordingly, the present study investigated whether
bradykinin induced protection is preserved in hypertension. Indeed, bradykinin has been
implicated in the pathogenesis of hypertension. Studies have proposed that activity of the
kallikrein-kinin system is attenuated in hypertension (Favaro et al, 1975; Ader et al, 1987;
Sharma et al, 1996). Furthermore, studies have also demonstrated that bradykinin levels
are decreased in hypertension which may in fact contribute to the induction of hypertension
(Nakagawa & Nasijletti, 1988; Sharma et al, 1996). Thus, bradykinin induced

cardioprotection may well be impaired in hypertension.

3.2. METHODS AND MATERIALS

3.2.1. DOCA -salt regimen

A rapid DOCA-salt regimen was used to induce hypertrophy in rats. This method has
previously shown to induce hypertrophy four weeks following DOCA-salt administration
(Baxter & Yellon, 1992a, 1993). DOCA was obtained from Sigma (Poole, Dorset). When
preparing the DOCA suspension, the vegetable gum, tragacanth was used, which is known
to provide adequate dispersion of DOCA following its administration. The following formula

was used to prepare the DOCA suspension for s.c. injection:

DOCA 100 mg
Tragacanth 6 mg
Ethanol several drops

Saline (0.9%) to 1mi

Using a pestle and mortar, the DOCA and tragacanth were triturated, with, a few drops of

ethanol added to moisten the mixture. Appropriate volumes of saline (0.9%) were then
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added to the mixture. This suspension was stored at less than 0 °C and made on a weekly

basis.

Adult rats (weight approximately 250-300 g) were injected with the DOCA mixture (10 mg,
s.c.) two or three times a week and 0.9% NaCl / 0.2% KCI solution was substituted for
normal tap water for a period of four weeks. Following four weeks treatment, normal tap
water was administered to the animals. Rats were not used for approximately seven-ten
days following the termination of DOCA-salt treatment.  Normotensive control animals

received no treatment.

3.2.2. Experimental protocols
In the first study, hearts (obtained from both normotensive and DOCA-salt hypertensive
rats) were randomly assigned to one of the following treatment protocols, following an initial

stabilisation period (figure 3.1).

Group 1; Control. Hearts underwent 35 minutes regional ischaemia and 120 minutes

reperfusion.

Group 2; IPC. Hearts were subjected to 2 cycles of 5 minutes global ischaemia

interspersed by 10 minutes reperfusion.

Group 3; Bradykinin (0.1 uM) treatment. Hearts were subjected to bradykinin (0.1 pM) for

10 minutes prior to infarct induction.

Group 4; Bradykinin (0.2 uM) treatment. Hearts were subjected to bradykinin (0.2 uM) for

10 minutes prior to infarct induction.
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All of the above experiments were performed using hearts obtained from both normotensive
and hypertensive animals, therefore, there was total of eight experimental groups. The
concentration of bradykinin was determined from previous reports which demonstrated that

bradykinin at a concentration of 0.1 pM was cardioprotective (Zhu et al, 1995; Jin &

Chen,1998).
35 min 120 min
Control I
Infarct size assessment & LV mass
determination
35 min 120 min

IPC i T I

Infarct size assessment & LV mass

determination
35 min 120 min
BK -
01 uM) A 4 Infarct size assessment & LV mass
10 min determination
35 min 120 min

I
(B(;-(2 uM) + + T

Infarct size assessment & LV mass
10 min determination

' = global ischaemia — = regional ischaemia

Figure 3.1. Experimental treatment protocols. Hearts were subjected to either IPC or
bradykinin prior to infarct induction (study one).
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In the second study, animals were subjected to heat shock treatment 24 hours prior to
infarct induction. Rats (both DOCA-salt hypertensive and normotensive controls) were

assigned to one of the following protocols (ie, there was a total of four experimental groups).

Group 1, Sham treatment. Rats were given intraperitoneal sodium pentobarbitone (50

mg/kg), but were not subjected to heating.

Group 2; Heat shock treatment. Rats were anaesthetised (50 mg/kg) and placed in a
heating blanket to raise core body temperature. Temperature was monitored using a digital
rectal thermometer and was maintained at 41.5 °C to 42 °C for 15 minutes, following which
animals were allowed to recover at room temperature. During this early recovery period,
rats were encouraged to drink water to compensate for the fluid loss during the heat shock
procedure. After animals had fully recovered from heat stress, they were retumed to their

cages for 24 hours prior to the infarct protocol.

15 min 24 h 35 min 120 min
Group 1 | l /
T T ———
Sham T
treatment infarct size assessment
& LV mass determination
15 min
Group 2 | | 74“ 35 min 120 min
! I
Heat T
shock
Infarct size assessment
(41.5 °C-42 °C) & LV mass determination

Figure 3.2. Experimental treatment protocols (study two). Rats were subjected to either sham or
heat shock treatment 24 hours prior to infarct induction.
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3.2.3. Blood pressure measurement
The effects of DOCA-salt treatment on blood pressure were assessed in a separate cohort
of anaesthetised animals. The methods for determination of blood pressure are described

in section 2.2.

3.2.4. Detection of HSP 72 following heat shock

‘Separate groups of animals were prepared for biochemical analysis of HSP 72. Twenty-
four hours following heat shock or sham treatment, hearts were excised and immediately
freeze clampedAin liquid nitrogen and stored at -80 °C. A Westem blot was performed
according to the technique described in section 2.7. A 12.5% gel was prepared and the
membrane was probed with primary mouse HSP 72 monoclonal antibody at 1:1000 dilution

followed by anti mouse horseradish peroxidase-linked antibody (1: 2500 dilution).

3.3. RESULTS

3.31. Exclusions

A total of 129 animals were used in these studies. 106 rats were used for infarct studies. A
total of four hearts were excluded; two due to inadequate delineation of the ischaemic risk
zone; one due to no reduction in CFR following coronary artery ligation; one due to
bradyarrhythmia during stabilisation and rhythm disturbances that persisted throughout the
course of the experiment. Three DOCA-salt animals died following heat shock. Therefore,
data for 99 successfully conducted infarct studies are reported (57 for the IPC / bradykinin

study and 42 for the heat shock study). Eleven rats were used for assessment of blood

pressure; 12 animals were sacrificed for Westem blot analysis of HSP 72.

3.3.2. Characterisation of DOCA-salt rats

3321. Blood pressure data
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Systolic and diastolic blood pressures are reported in table 3.1. The rats subjected to
DOCA-salt treatment (ie, hypertensive hearts) displayed significantly higher systolic and
diastolic blood pressure compared with the normotensive rats (ie, rats not subjected to

DOCA-salt treatment).

Table 3.1. Summary of blood pressure

Group n Systolic blood pressure Diastolic blood pressure
(mmHg) (mmHg)

DOCA-salt hypertensive 6 17213 * 131+11 *

Normotensive 5 11615 9315

* = P <0.05 versus normotensive rats (one way ANOVA)

3322 Body weight, risk zone volume and hypertrophy indek

Rat body weights were generally greater in the normotensive control rats compared with
DOCA-salt rats, and reached statistical difference among some groups as shown in table
3.3. Previous studies have also demonstrated that DOCA-salt rats do not gain as much

weight as the normotensive animals (Karam ef al, 1996; Tomanek & Barlow, 1990).

Myocardial risk volume was significantly greater in all hypertrophied groups (ie, DOCA-salt
treated rats) compared to normotensive groups (table 3.2 / 3.3). When risk zone was
normalised to the volume of the left ventricle, there were no significant differences among

any of the groups.

LV body weight ratios are depicted in table 3.2 and 3.3. DOCA-salt treated rats exhibited
greater LV body weight ratios when compared to the non-treated rats. The hypertrophy
index was 26%, consistent with previous reports (Baxter & Yellon, 1992a, 1993; Besse et al,

1994). RVH did not occur in the DOCA-salt treated rats.
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Table 3.2. Rat body weight, risk zone volume, risk zone volume normalised to LV volume, LV/body weight ratios, and RV/body weight ratios

Group n rat body weight risk zone volume riskzone /LV  LV/ body RV/body
(9 (cm?) volume (%) weight (mg/g) weight (mg/g)

Hypertensive control 7 457+24 0.91+0.08 * 53.613.2 3.610.13 * 0.3410.04
Normotensive control 9 530+26 0.65+0.06 50.0+2.4 2.7£0.12 0.3310.03
Hypertensive IPC 7 486119 0.8510.07 * 50.0+1.2 3.5+0.10 * 0.3610.02
Normotensive IPC 8 507115 0.60+0.05 49.0+£3.7 2.6£0.30 0.37+0.03
Hypertensive bradykinin (0.1 pM) 6 46119 0.83+0.06 * 52.7+3.9 3.610.16 * 0.32140.02
Normotensive bradykinin (0.1 pM) 7 496112 0.6310.08 46.812.7 2.6+0.06 0.3210.02
Hypertensive bradykinin (0.2 uM) 7 430115 0.75+0.10 * 46.314.1 3.9+0.20 * 0.4040.03
Normotensive bradykinin (0.2 uM) 6 450110 0.5410.03 46.643.3 2.9+0.12 0.34+0.02

* = P < 0.05 versus corresponding normotensive group (one way ANOVA)



Table 3.3. Rat body weight, risk zone volume, risk zone volume normalised to LV volume, LV/body weight ratios, and RV/body weight ratios

Group n rat body weight risk zone volume risk zone /LV  LV/ body RV/body

(9) (ecm®) volume (%) weight (mg/g) weight (mg/g)
Hypertensive sham 10 421112 0.7110.04 * 50.1+1.4 4.0+0.14 * 0.3840.03
Normotensive sham 12 457114 0.5310.04 47.9+1.3 2.840.09 0.35+0.02
Hypertensive heat shock 11 421113 0.6710.05 * 47.7+2.1 414013 * 0.3810.02
Normotensive heat shock 9 481116 t 0.5110.02 48.611.4 2.940.08 0.3310.01

* = P < 0.05 versus corresponding normotensive group (one way ANOVA)

T =P < 0.05 versus hypertensive sham and hypertensive heat shock groups (one way ANOVA)



3.32.3. Plasma noradrenaline concentration

Consistent with previous reports (Bouvier & de Champlain, 1986a, 1986b), DOCA-salt
treated rats had a higher plasma concentration of noradrenaline compared to the
normotensive animals, this difference however did not reach statistical significance (P =

0.3).

Plasma noradrenaline
[é,)
1

(pmol/mil)
F-N

Hypertensive (n = 6) Nomotensive (n = 5)

Figure 3.3. Plasma noradrenaline concentration in the hypertensive and normotensive animals
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3.3.3. Infarct limiting effects of IPC

Figure 3.4. summarises the infarct size data, expressed as a percentage of the risk zone
following IPC. Normotensive control infarct size was 51.2+3.0% and 18.9+3.4% (P <0.01)
following IPC. Similarly, hypertensive control infarct size was 47.1+3.2% and 18.5+2.6%

following IPC (P < 0.01). Thus, IPC produced a similar cardioprotective effect in both

normotensive and hypertensive hearts.
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Infarct to risk ratio (%)
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Nomotensive Nomotensive Hypertensive Hypertensive
Control (n=9) IPC (n = 8) Control(n=7) IPC(n=7)

Figure 3.4. Infarct to risk zone ratio (%). IPC limited infarct size in both normotensive
and hypertensive hearts. * = P <0.01 versus controls groups (one way ANOVA)
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3.3.4. Infarct limiting effects of bradykinin

Pre-treatment with bradykinin (0.1 |iM) caused a reduction in infarct size in the
normotensive animals from 51.2+3.0% to 21.0+2.7% (P <0.01). Inthe hypertensive hearts,
bradykinin (0.1 pM) caused a reduction in infarct size from 47.1+3.2% to 33.7+4.2% (P
<0.05). Thus, even though bradykinin induced cardioprotection in both normotensive and
hypertensive hearts, the protection was clearly attenuated in the hypertensive heart
compared with the protection observed in the normotensive heart. When a higher
concentration of bradykinin (0.2 pM) was used, no further cardioprotection was observed in
the hypertensive hearts. Bradykinin (0.2 pM) reduced infarct size from 51.2+3.0% to
18.2+4.9% (P <0.01) in normotensive rat hearts. Bradykinin (0.2 pM) reduced infarct size
from 47.1+3.2% to 29.5+5.3% (P <0.01) in hypertensive hearts. Therefore, even at a higher
concentration, bradykinin induced protection was significantly diminished in DOCA-salt rat

hearts compared with normotensive hearts (figure 3.5).

40

A

0 0

Control Bradykinin Bradykinin Bradykinin Bradykinin
01 MM 02 MM 01 0.2

(=9 n=7 =6 n=7 n=6) (=7

Normotensive Hypertensive
Figure 3.5. Infarct to risk ratio (%). Bradykinin limited infarct size in both normotensive and
hypertensive hearts. However, greater protection was observed in the normotensive hearts. * = P

<0.05 versus control group, f = P < 0.05 versus corresponding hypertensive groups (one way
ANOVA).
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3.3.6. infarct limiting effects of heat shock

Figure 3.6. highlights the infarct size data, expressed as a percentage of the risk zone
following heat shock treatment. Normotensive animals subjected to sham treatment
exhibited an infarct size of 43.1*3.6%. Heat shock treatment, reduced infarct size to
24.3%4.0% (P <0.01) in the normotensive animals. Similarly, in the hypertensive hearts,
infarct size following sham treatment was 39.3+3.9%. Heat shock treatment reduced infarct

size to 23.7+3.5% (P <0.01) in these animals.

40 -
a-
20 -
10 -
0

Normotensive Normotensive Hypertensive Hypertensive
Sham heat shock Sham heat shock
(n= 12) n=9) (n =10) (n = 11)

Figure 3.6. Infarct size expressed as a percentage of the risk zone (%). The cardioprotective
effects of heat shock 24 hours prior to infarct induction was present both in the normotensive
control and hypertensive hearts. *= P <0.01 versus sham groups (one way ANOVA)
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3.3.6.1. Expression of HSP 72 following heat shock

Expression of HSP 72 was assessed 24 hours following heat shock treatment. Figure 3.7.
demonstrates that heat shock caused a significant induction of HSP 72 protein levels in both
normal and hypertrophied myocardium. Interestingly, upregulation of HSP 72 following heat

shock was greater in normotensive animals compared with the hypertensive rat hearts.

Normotensive Normotensive heat Hypertensive Hypertensive heat
sham shock sham shock
a. Immunoblot
72 kDa
b. Optical densitometry
400
-2
<
Nomotenslve Normotensive Hypertensive Hypertensive
sham heat shock sham heat shock
Figure 3.7.

Panel a- Western blot demonstrating expression of HSP 72 following heat shock. Lanes 1-3
represent samples subjected to sham treatment (normotensive). Lanes 4-6 represent samples
subjected to heat shock treatment (normotensive). Lanes 7-9 represent samples subjected to sham
treatment (hypertensive). Lanes 10-12 correspond to samples subjected to heat shock treatment

(hypertensive).

Panel b- Expression of HSP 72 in arbitrary units. Heat shock caused a significant induction of HSP

72 in both normotensive and hypertensive hearts.
*= P <0.05 versus sham group, t = P <0.05 versus hypertensive heat shock

(One way ANOVA)
100



3.3.7. Coronary flow and contractility data

CFR and RPP are presented in tables 3.4 - 3.7. No differences in CFR were observed
among the groups at baseline. Following administration of bradykinin (both 0.1 uM and 0.2
pM), a significant increase in CFR was observed in the normotensive animals. A
vasodilatory effect was however, not observed in the hypertrophied rat hearts. CFR
decreased significantly following coronary occlusion in all groups and increased following
reperfusion. There were no significant differences among groups during ischaemia and
reperfusion. The hypertrophied hearts generally displayed higher RPP at stabilisation and
during the experimental procedure compared with normotensive animals. This is
presumably due to the increase in mass of the LV which leads to an enhancement of
contractility. RPP declined considerably following coronary artery occlusion in all groups,

and gradually declined during reperfusion.
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Table 3.4. Summary of CFR (ml/min/g)

—————— Ischaemig---———-- reperfusion-—-—————-—-—-
Group Basal Pre-
Ischaemia
(+ bradykinin) 5 min 30 min 5 min 60 min 120 min
Hypertensive control 10.2+0.6 10.410.6 5.240.5 5.410.4 7.610.4 5.810.5 5.010.5
Normotensive control 10.410.6 10.010.9 _ 5.610.9 5.611.0 7.1£1.2 6.5+1.3 4.8+1.2
Hypertensive IPC 10.510.6 9.3+0.5 5.410.3 5.6+0.4 7.7+0.9 6.31£0.6 5.2+0.8
Normotensive IPC 9.310.6 9.0£0.3 5.410.4 5.310.6 8.120.7 6.310.8 4.7£0.6
Hypertensive bradykinin (0.1 uM) 10.510.6 10.540.9 5.410.5 5.1£0.5 7.311.4 5.310.7 4.410.7
Normotensive bradykinin (0.1 uM) 9.4+0.8 12.541.3 * — 4,910.8 5.0£1.0 7.311.2 5.1+1.2 4.2+1.0
Hypertensive bradykinin (0.2 yM)  10.0+£0.6 8.1+0.9 4.71£0.5 4.810.4 7.410.6 5.0+0.4 4.0+0.3
Normotensive bradykinin (0.2 uM) 11.410.6 14.010.5 * J 6.1£0.5 5.710.7 8.9+0.7 6.910.9 5.611.0

* = P < 0.05 versus normotensive control group. (Repeated measures ANOVA)
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Table 3.5. Summary of RPP (mmHg/min X 10%

—————— Ischaemia-————— reperfusion-—————-—-——-

Group Basal Pre-

Ischaemia

(+ bradykinin) 5 min 30 min 5 min 60 min 120 min
Hypertensive control 41.112.7 38.1+2.5 10.612.6 23.2+2.8 34.215.4 25.310.73 21.9+1.9
Normotensive control 31.614.4 30.313.3 11.512.6 18.7+2.6 20.5+2.5 18.8+2.3 156.942.1
Hypertensive IPC 43.614.9 33.314.4 16.613.3 245+4.0 35.410.5 26.61£3.8 24.5+4.6
Normotensive IPC 31.614.4 23.243.4 12.5+2.1 13.1£2.9 22.9+2.9 18.813.0 16.6+2.5
Hypertensive bradykinin (0.1 uM) 41.010.9 32.311.6 13.611.7 21.311.8 23.510.9 25.112.4 20.1£1.8
Normotensive bradykinin (0.1 uM) 35.4%3.3 24.0+1.9 14.0£2.0 20.0+1.3 20.0£2.5 15.0+1.9 12.6+1.7
Hypertensive bradykinin (0.2 uM) 47.215.6 33.845.5 14,7421 22,2129 27.0+£3.0 24.313.3 22.743.6
Normotensive bradykinin (0.2 pM) 45.816.0 38.745.3 15.214.3 25.315.4 21.55.0 19.215.3 12.544.8
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Table 3.6. Summary of CFR (mi/min/g)

------- Ischaemia-—~—-—-——- reperfusion---—--—----——--
Group Basal Pre-
Ischaemia .
5 min 30 min 5 min 60 min 120 min
Hypertensive sham 11.410.6 11.310.8 6.0+0.5 6.2+0.6 8.8+1.2 7.3t£1.3 6.0+1.1
Normotensive sham 11.910.8 11.540.8 7.1£0.7 6.910.8 10.0+0.8 8.4+0.8 7.110.7
Hypertensive heat shock 11.410.5 10.940.5 6.2404 6.110.4 9.310.5 7.610.5 6.510.5
Normotensive heat shock 11.610.6 11.310.8 6.710.4 6.9+0.8 9.240.8 8.1+0.5 7.410.7
Table 3.7. Summary of RPP (mmHg/min X 10%
-——---[schaemijg-—-———- reperfusion-----—-——--——-
Group Basal Pre-
Ischaemia
5 min 30 min 5 min 60 min 120 min
Hypertensive sham 46.5+3.0 42.0+2.7 17.742.8 26.7+3.2 29.743.5 25.7+2.1 21.4+2.1
Normotensive sham 41,243.3 39.313.0 16.312.4 24.0+2.7 25.9+3.2 23.0£2.3 22.1+3.1
Hypertensive heat shock 50.312.6 46.913.2 20.0+2.8 31.212.7 32.414.7 33.9+2.9 28.7+2.9
Normotensive heat shock 41.0£3.8 36.9+3.4 13.911.5 22.94+1.7 25.9+3.3 25.6+1.6 23.5+2.8

* = P <0.05 versus normotensive control group. (Repeated measures ANOVA)
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3.4. DISCUSSION

The main findings of the present study are; (1) IPC induced using two x five minute cycles
of preconditioning ischaemia evoked cardioprotection in both normotensive and DOCA-salt
hypertensive rat hearts. (2) A novel finding of the present study was the observation that
although bradykinin induced protection in the hypertrophied hearts, the protection was
significantly less than that observed in normal rat hearts. Previous studies have not
examined the cardioprotective effects of bradykinin in hypertrophy. (3) Heat shock 24 hours
prior to infarct induction significantly attenuated infarct size in both DOCA-salt hypertensive

and normotensive animals.

The DOCA-salt model of hypertrophy used in these studies produced a stable, consistent
model of hypertension associated with mild LVH. No major differences in LVH were
observed among any of the DOCA-salt treated animals, a mean ‘hypertrophy index of 26%
was observed. The DOCA-salt regimen was not only easy to implement, but was also
associated with very low rates of mortality. In fact, all animals survived the DOCA-salt

treatment.

The occurrence of IPC in the hypertrophied myocardium has already been discussed in

section 1.8.

3.4.1. Bradykinin and protection of the hypertrophied myocardium

Despite an extensive literature investigating the protective effects of bradykinin in the
normal, healthy myocardium, to our knowledge, bradykinin induced cardioprotection has not
been investigated in the hypertrophied myocardium. In the present study although
bradykinin evoked a limitation of infarct size in the hypertensive heart, it was significantly

less than that observed in the normotensive heart. Reasons for this are not known,
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however, many investigators have reported alterations in the kallikrein-kinin system in
hypertension (Favaro et al, 1975; Ader et al, 1987; Nakagawa & Nasjletti, 1988; Sharma et
al, 1996). While the majority of studies report that bradykinin levels are attenuated in
hypertension (Nakagawa & Nasijletti, 1988; Seino et al, 1990; Sharma et al, 1996), a limited
number of studies argue that plasma kinins are increased in hypertension (Campbell et al,
1995a; Campbell et al, 1995b). Nakagawa and Nasjletti reported that arterial plasma
bradykinin was lower in DOCA-salt hypertensive rats, compared with untreated normal rats
(Nakagawa & Nasjletti, 1988). Similarly, Seino et al also demonstrated that bradykinin is
depressed in the established phase of hypertension in DOCA-salt hypertensive rats (Seino
et al, 1990). Furthermore, studies have demonstrated that adenoviral gene delivery of the
kallikrein gene in hypertension attenuates hypertension and hypertrophy (Jin et al, 1997;
Wang et al, 1995, Chao et al, 1996; Xiong et al, 1995; Yayama et al, 1998). Whether
decreased basal levels of bradykinin are somehow linked with the attenuated
cardioprotection observed in this study is not known. In contrast, Campbell et al have
demonstrated that increased levels of bradykinin are present in tissues of young SHR
(Campbell et al, 1995a) and in brown adipose tissue of TGR(mRen-2)2 rat (Campbell et al,
1995b). It is not known whether increased basal levels of bradykinin are linked with
reduced bradykinin induced cardioprotection, although bradykinin B, receptor
desensitisation has been shown following repeated stimulation (Luckhoff et al, 1988).
Circulating bradykinin levels were not measured here, but the majority of studies favour the
notion that bradykinin levels are reduced in hypertension. Therefore, increased bradykinin
levels leading to bradykinin B, receptor desensitisation are not likely to account for the

reduced bradykinin induced cardioprotection observed in this study.
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G-protein abnormalities have also been reported to occur in hypertension (Johnson &
Friedman, 1993). It is not known whether, G-protein receptor downregulation or uncoupling

is responsible for the reduced protective actions of bradykinin observed in this study.

Another interesting observation of this study was the lack of coronary vasodilator effect of
bradykinin in the hypertrophied hearts. While bradykinin caused a significant increase in
CFR when administered to normotensive hearts, it did not induce vasodilatation in
hypertensive hearts. These results are consistent with the finding that endothelium
dependent relaxation is perturbed in hypertension (Drexler & Homig, 1999). Studies have
shown that endothelium dependent relaxations are impaired in DOCA-salt hypertension
(Kirchner et al, 1993; Anderson et al, 1988). Further, Millette et al demonstrated that
bradykinin induced vasodilatation was diminished in isolated DOCA-salt rat hearts (Millette
et al, 2000). Perfusion with superoxide dismutase restored bradykinin induced vasodilation,
suggesting that increased production of free radicals in hypertension may scavenge nitric
oxide, explaining why there are diminished basal levels of nitric oxide in hypertension.
Additionally, Anderson et al demonstrated that DOCA-salt rats had a reduced CFR following
adenosine administration compared with normotensive animals (Anderson ef al, 1988).
Bradykinin has been shown to augment CFR via the release of both nitric oxide and PGI,
(Hatta et al, 1997). Basal nitric oxide levels are thought to be decreased in DOCA-salt rats
and additionally, reduced activity of eNOS has been demonstrated in the myocardium of
DOCA-salt rats (Hara et al, 2001). Bradykinin induced PGl production is not affected in
DOCA-salt hypertensive rats (Millette et al, 2000), implying that the absence of the
vasodilatory effect of bradykinin may be a consequence of diminished nitric oxide

production.
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3.4.2. Heat shock and cardioprotection

Several studies have demonstrated that heat shock 24 hours prior to ischaemia-reperfusion
induces a cardioprotective effect. Currie et al were the first to demonstrate the protective
effects of heat stress (Currie et al, 1998). They showed that 24 hours following heat shock,
contractile function was enhanced and creatine kinase release was decreased following
ischaemia-reperfusion in the isolated rat heart (Currie et al/, 1988). Currie et al subsequently
demonstrated that heat shock attenuated infarct size in rabbit heart (Currie et al, 1993).
Similarly, Walker et al also demonstrated that heat shock was able to protect the rabbit
heart (Walker et al, 1993). Protective effects of heat shock have been shown in rat heart as
well. Comelussen et al demonstrated that post ischaemic functional recovery was improved
following heat shock in rat (Cornelussen et al, 1998). Steare and Yellon showed that heat

stress protected against reperfusion arrthythmias in rat heart (Steare & Yellon, 1993).

A limited number of studies have examined heat shock induced protection in the
hypertrophied myocardium. Cornelussen et al reported that heat shock led to an
improvement of functional recovery following ischaemia in a rat model of hypertrophy
induced by aortic banding (Cornelussen et al, 1994). Subsequently, it was reported that
heat shock protected the aged hypertrophied rat heart (15 month old) (Comelussen et al,
1997). Finally, Joyeux et al demonstrated that heat shock protected in the transgenic
[(mMREN-2)27] hypertensive rats (Joyeux et al, 1998b). These authors found that heat shock
attenuated infarct size in hypertrophied animals from 48.0+3.8% to 20.0+1.0%. A similar
reduction in infarct size was observed in the normotensive rats. Similarly, in the current
study, it was found that heat shock reduced infarct size in DOCA-salt hypertrophied rat

hearts.
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The effects of heat shock in alternative disease states has not been examined extensively.
In streptozotocin-induced diabetic rat hearts; heats shock prior to infarction failed to evoke
cardioprotection (Joyeux et al, 1999). Reasons for the lack of protective effect of heat shock

in the streptozotocin model of diabetes remain elusive.

3.4.2.1. Molecular mechanisms of heat shock induced cardioprotection

The exact mechanism by which heat shock induces protection against ischaemia-
reperfusion 24 hours later are not fully understood. Numerous investigators have
demonstrated an upregulation of HSP 72 following heat shock induced protection and
delayed preconditioning induced with ischaemia (Joyeux et al, 1998b; Currie et al, 1993;
Steare & Yellon, 1993; Morris et al, 1996; Yellon & Marber, 1994; Marber et al, 1993).
Indeed, in the present study, we found that HSP 72 was upregulated significantly following
heat shock in both normal and hypertrophied hearts. Exactly how the upregulation of HSP
72 leads to cardioprotection is not known. However, HSP 72 is a molecular chaperone that
aids the folding, assembly and disassembly of proteins (Benjamin & McMillan, 1998; Morris
et al, 1996). Even though studies have implied a role HSP 72 in the protective effects of
heat shock, some studies do not support this idea. While some studies in transgenic mice
overexpressing HSP 72 have demonstrated that this protein induced protection against
ischaemia-reperfusion (Marber et al, 1995; Radford et al, 1996), studies involving delayed
preconditioning induced pharmacologically with CCPA (Baxter & Yellon, 1997b) or MLA
(Yoshida et al, 1996) did not observe induction of HSP 72 synthesis following drug
treatments. The role of HSP 72 in mediating delayed preconditioning clearly requires
further investigation. In the present study it was observed that HSP 72 was induced
following heat shock. However, this does not necessarily mean that this protein was
involved in mediating the protection induced by heat shock. Indeed studies have reported

that, despite upregulation of HSP 72 following various experimental strategies, no protection
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against ischaemia-reperfusion was observed (Qian et al, 1999; Sagnek et al, 1997, Tanaka
et al, 1994a). HSP 72 may merely be upregulated due to a stress effect of heat shock.

Interestingly, in the present study we observed that induction of HSP 72 was greater in
normotensive rats, compared to hypertensive rat hearts following heat shock, although, a
similar reduction in infarct size was seen in both normal and hypertrophied hearts.
Consistent with these findings, Tajima et al demonstrated that HSP 72 expression induced
by coronary artery occlusion is attenuated in hypertrophied hearts, compared with normal
hearts (Tajima et al, 1997). Reasons for this are unknown, although, HSP 72 has been
implicated in hypertension. Hypertension can be regarded as a stressful stimulus. Hence
variations in basal expression of HSP 72 may occur in this pathology, indeed studies have
demonstrated that basal levels of HSP 72 are upregulated in hypertrophy (Xu et al, 1995;
Gaia et al, 1995; Delcayre et al, 1988; Hamet ét al, 1990). This however, was not the case
in this study where basal expression of HSP 72 was similar ih both hypertrophied and

normotensive hearts.

Alternative mechanisms involved in heat shock induced protection have been demonstrated.
Yamashita et al demonstrated that activation of Mn-SOD is critical in heat shock protection
in rat (Yamashita et al, 1998a). Joyeux and co-workers showed that the infarct limiting
effect of heat shock was abrogated by SB 203580, implying a role for p38 MAPK pathway
(Joyeux et al, 2000). Additionally, although a role for tyrosine kinase was not found in heat
shock induced protection, PKC activation was found to be essential (Joyeux et al, 1997).
More recently, NOS has also been implicated in heat shock induced delayed protection

(Arnaud et al, 2001).
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3.5. CONCLUSION

In preliminary studies, the DOCA-salt model of hypertension was used to induce cardiac
hypertrophy in rat hearts. Consistent with previous reports, DOCA-salt treatment produced
a stable form of mild LVH. Both IPC and heat shock induced protection in the hypertrophied
heart. However, bradykinin induced limitation of infarct size was attenuated in the
hypertensive heart compared to the normotensive heart, reasons for which remain elusive.
It is important to emphasise this finding - even in a mild model of hypertrophy, bradykinin
induced cardioprotection and vasodilatation are absent. Clearly, bradykinin induced
cardioprotection warrants further investigation in a model of chronic hypertrophy.
Therefore, in subsequent studies, IPC and bradykinin induced protection were examined in

the chronically hypertensive myocardium.
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Effects of inhibiting bradykinin breakdown in the ischaemic myocardium
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4.1. INTRODUCTION

In the previous chapter, we demonstrated that bradykinin induced protection was attenuated
in the hypertrophied myocardium. In subsequent studies described in this and the following
chapter, bradykinin induced cardioprotection was further investigated in the normal and
hypertrophied myocardium using a pharmacological approach whereby enzymes that
degrade bradykinin are inhibited to augment bradykinin levels. In the present study,
bradykinin degradation was inhibited using a dual ACE and NEP inhibitor in the normal

myocardium.

Despite the vast number of therapeutic modalities available for the treatment of
hypertension, it still remains a major public health problem (Weber, 1999). If untreated or
treated inadequately, there is the risk of serious cardiovascular events, for example
congestive heart failure (Weber, 1999: Himmelmann, 1999; Cleland, 1999). One class of
drugs that have proved to be beneficial in the treatment of hypertension and heart failure are
the ACE inhibitors. ACE inhibitors have been shown to lower morbidity and mortality post
myocardial infarction and in patients with heart failure of any aetiology in several major trials
(Yusuf & Lonn, 2000). Most recently, the ACE inhibitor ramipril has exhibited beneficial
effects in patients with coronary artery disease as éeen in the HOPE study (The HOPE

investigators, 2000).

As mentioned in chapter one, omapatrilat (BMS 186716) is a member of a novel class of
therapeutic agents termed "vasopeptidase inhibitors" developed for the treatment of
hypertension and heart failure (Weber, 1999; Trippodo et al/, 1999; Burnett, 1999; Intengan
& Schiffrin, 2000; Thomas et al, 1998; Duncan et al, 1999). The inhibition of either ACE or

NEP prevents the enzymatic breakdown of bradykinin. Omapatrilat, through combined
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inhibition of both ACE and NEP, would be expected to augment tissue concentrations and

the physiological actions of both bradykinin and natriuretic peptides.

In addition to its potent coronary vasodilator properties, bradykinin exerts cardioprotective
actions in the ischaemic myocardium (Wall et al, 1994; Starkopf et al, 1997; Goto et al,
1995; Leesar et al, 1999; Zhu et al, 1995), as reviewed in chapter one. Bradykinin is a key
trigger of IPC. Pharmacological antagonism of the B, receptor abrogated the protection
afforded by preconditioning in rabbit (Goto et al, 1995). Conversely, administration of
exogenous bradykinin mimicked the effects of IPC and resulted in profound limitation of
infarct size following coronary artery occlusion (Goto et al, 1995). In addition, IPC was not

demonstrable in B, receptor knock out mice (Yang et al, 1997c).

In the present study, the "threshold hypothesis” of IPC advanced by Downey and co-
workers was adapted (Goto ef al, 1995). A brief period of ischaemia (two minutes) causes
the generation of several mediators of IPC, including bradykinin, but the tissue
concentrations achieved during subthreshold IPC are insufficient to trigger the full protective
response. It was hypothesised that under these subthreshold conditions, omapatrilat would
maintain bradykinin levels (by preventing its degradation) sufficiently to elicit the full IPC
response. Accordingly, the primary aim of this study was to determine if omapatrilat lowers
the threshold for the induction of IPC. Secondly, we evaluated if any beneficial effect
observed was mediated by activation of the bradykinin B, receptor by using Hoe 140, a
selective B, receptor antagonist. Comparative studies were also performed with the

conventional ACE inhibitor, captopril.
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4.2, METHODS

Hearts were excised and Langendorff perfused. Following stabilisation, hearts were
assigned to one of the following 11 treatment groups illustrated in figure 4.1. Experiments
were performed sequentially with randomisation throughout groups one and two.
Concentrations of omapatrilat, captoprii and Hoe 140 were determined from previous

reports (Dogan et al, 1998b; Bugge & Ytrehus, 1996; Starkopf ef al, 1997).

4.21. Treatment protocols
Group 1; Control. Hearts underwent 35 minutes regional ischaemia and 120 minutes

reperfusion.

Group 2; IPC. Hearts were subjected to 5 minutes global ischaemia followed by 10 minutes

reperfusion prior to regional ischaemia induction.

Group 3; Subthreshold IPC (Sub-IPC). Hearts were subjected to 2 minutes global

ischaemia followed by 10 minutes reperfusion prior to regional ischaemia induction.

Group 4; Subthreshold IPC + omapatrilat. Hearts were subjected to 2 minutes global
ischaemia, preceded by and followed by 5 minute perfusions with omapatrilat 10 pM.
Following perfusion with standard Kreb's-Henseleit buffer for 5 minutes regional ischaemia

was induced.

Group 5; Subthreshold IPC + captopril. Hearts were subjected to 2 minutes global
ischaemia, preceded by and followed by 5 minute perfusions with captopril 200 pM.
Foliowing perfusion with standard Kreb's-Henseleit buffer for 5 minutes, regional ischaemia

was induced.
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Group 6; Omapatrilat alone. Omapatrilat 10 uM was perfused for 12 minutes, followed by 5

minutes perfusion period with standard Kreb's-Henseleit buffer prior to regional ischaemia.

Group 7; Captopril alone. Captopril 200 uM was perfused for 12 minutes, followed by 5

minutes perfusion with standard Kreb's-Henseleit solution prior to regional ischaemia.

Group 8; Subthreshold IPC + Omapatrilat + Hoe 140. Hearts were treated with 2 minutes
global ischaemia as described for group 4. Hoe 140 1 uM was co-perfused with omapatrilat
10 uM for 5 minutes prior to global ischaemia and 5 minutes following global ischaemia,

followed by perfusion with Hoe 140 alone, immediately prior to regional ischaemia.

Group 9; Subthreshold IPC + captopril + Hoe 140. Hearts were treated with 2 minutes
global ischaemia as described for group 4. Hoe 140 1 pM was'co-perfused with captopril
200 pM for 5 minutes prior to global ischaemia and 5 minutes following global ischaemia,
followed by 5 minutes perfusion with Hoe 140 alone, immediately prior to regional

ischaemia.

Group 10; Omapatrilat + Hoe 140. Omapatrilat 10 uM and Hoe 140 1 uM were co-perfused

for 12 minutes followed by 5 minutes of Hoe 140 alone prior to infarct induction.

Group 11; Hoe 140 alone. Hoe 140 1 uM was perfused for 17 minutes prior to regional

ischaemia.
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Figure 4.1. Experimental treatment protocols. In the 20 minute period preceding the infarction protocol, hearts
were subjected to the pre-treatment protocols illustrated: control hearts (group 1) received no treatment;
standard preconditioning (group 2); subthreshold preconditioning (group 3); subthreshold preconditioning with
perfusion of omapatrilat (group 4); subthreshold preconditioning with perfusion of captopril (group 5); omapatrilat
perfused alone (group 6); captopril perfused alone (group 7); subthreshold preconditioning with co-perfused
omapatrilat and Hoe 140 (group 8); subthreshold preconditioning with co-perfused captopril and Hoe140 (group
9); co-perused omapatrilat and Hoe 140 (group 10); Hoe 140 alone (group 11). Preconditioning and
subthreshold preconditioning were induced with global (no flow, normothermic) ischaemia for 5 minutes and 2
minutes respectively.
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4.2.2. Determination of bradykinin concentration in coronary effluent
Hearts were excised and Langendorff perfused. Following stabilisation for 10 minutes,

hearts were assigned to one of the following three treatment groups.

Group 1; Control. Hearts underwent 2 minutes of global ischaemia and 5 minutes

reperfusion.

Group 2; Omapatrilat. Hearts underwent 2 minutes of global ischaemia and 5 minutes

reperfusion. Omapatrilat (10 uM) was perfused throughout the experimental procedure.

Group 3; Captopril. Hearts underwent 2 minutes of global ischaemia and & minutes

reperfusion. Captopril (200 uM) was perfused throughout the experimental procedure.

Coronary effluent was collected at various time points and immediately frozen in liquid
nitrogen.  Bradykinin levels in the coronary effluent were determined using radio-
immunoassay. Professor Gerd Heusch's department, in Germany performed the assay
technique. Bradykinin was measured with a commercially available kit (Penisula
Laboratories Inc). This kit is designed to measure bradykinin levels specifically by a
competitive radio-immunoassay. The anti-serum used in this assay was raised against

synthetic bradykinin.

Briefly, all bradykinin assay samples were reconstiuted with radio-immunoassay buffer. A
standard curve was constructed and samples were incubated overnight at 4 °C.
Rehydrated 125I-bradykinin (100 pl) was added to each sample tube and again incubated
overnight at 4 °C. Rehydrated goat anti-rabbit IgG serum (100 pl) and normal rabbit serum

were added to the tubes. Samples were vortexed and centrifuged at 3000 rpm for 20
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minutes. Supematant was removed and discarded and cpm in the pellet were measured

from the standard curve.

4.2.3. Materials
Omapatrilat was a gift from Dr J Powell, Bristol Myers Squibb (Princeton, NJ, USA). Hoe

140 was a gift from Aventis Pharma (Frankfurt, Germany).

4.3. RESULTS

4.31. Exclusions

A total of 111 animals were used in this study. Sixteen animals were used for radio-
immunoassay measurement of bradykinin in the coronary effluent. 95 animals were used
for the infarct studies. Six hearts were excluded; Three due to low heart rates during the
stabilisation period, two due to persistent ventricular fibrillation during ischaemia and
reperfusion and one due to physical trauma to the coronary artery during the induction of
regional ischaemia. Therefore, the data for 89 successfully completed infarct experiments

are reported. Final numbers are shown in table 4.1.

4.3.2. Body weight and risk zone volume

Rat body weights and wet hearts weights were comparable among groups (table 4.1).
Myocardial ischaemic risk zone volume, which is a major determinant of infarct size, was
similar in all the experimental groups at approximately 0.5 cm’ with no statistically

significant differences.
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Table 4.1. Body weight, wet heart weight and risk zone volume.

Group ] Body weight (g) Wet heart weight (g) Risk zone volume (cm”)
Group 1 17 425+9 1.45+0.03 _ 0.501+0.021
Group 2 11 40748 1.41+0.063 0.490+0.035
Group 3 9 429+13 1.51+0.04 0.500+0.028
Group 4 7 42148 1.4310.082 0.508+0.073
Group 5 6 39815 1461—0044 0.480+0.040
Group 6 6 416+16 1.43+0.08 0.500+0.049
Group 7 6 398+7 1.50+0.05 0.472+0.020
Group 8 7 427+16 1.47+0.07 0.590+0.052
Group 9 6 403110 1.44+0.02 0.530+0.046
Group 10 6 400+3 1.43+0.05 0.540+0.027
Group 11 8 421112 1.50+0.042 0.510+0.029

120



4.3.3. Infarct-limiting effects of preconditioning, omapatrilat and captopril

Figures 4.2 - 4. 4 summarise infarct size data, normalised as a percentage of the ischaemic
risk zone. Control (group 1) infarct size was 53.4+2.0%. A standard IPC protocol (56
minutes global ischaemia and 10 minutes réperfusion, group 2) caused a prominent
reduction in infarct size to 21.5+3.5%, (P<0.01 versus control). This protective effect of IPC
is consistent with previously published reports in this model of ischaemia-reperfusion.
Subthreshold IPC (2 minutes global ischaemia and 10 minutes reperfusion, group 3) caused
no protective effect (48.4+3.8%, P not significant versus control). However, when
omapatrilat 10 uM was perfused during the subthreshold IPC stimulus (group 4), a reduction
in infarct size was observed, comparable to that seen with the full IPC stimulus (19+2.5%,
P<0.01 versus control and subthreshold IPC group). In the absence of a subthreshold IPC
stimulus, omapatrilat alone exhibited some infarct limiting poten_tial (group 6). Infarct size

was 34.6+1.5% (P<0.01 versus control).

Captopril exhibited a similar protective effect when administered during subthreshold IPC
(group 5), with infarct size reduced to 20.3+4.9% (P<0.01 versus control and subthreshold
IPC). However, in contrast to the finding with omapatrilat, captopril administered alone
(group 7) did not evoke any infarct-sparing effect (48.5+£3.1%, P not significant versus

control).

4.3.4. Effects of bradykinin B, receptor blockade

To assess the contribution of bradykinin in the cardioprotection observed, the specific and
selective bradykinin B, receptor antagonist, Hoe 140 was co-administered during the
preconditioning and drug pre-treatments. Hoe 140 administered alone (group 11) did not
influence infarct size in non-preconditioned hearts (infarct to risk ratio 51.5+4.2%).

However, the limitation of infarct size observed with omapatrilat plus subthreshold IPC, and
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omapatrilat alone, was abrogated in the presence of Hoe 140 (groups 8,9,10), suggesting
that bradykinin B, receptor activation is an obligatory mechanism for the protective effect of
omapatrilat alone or in combination with subthreshold IPC. The protective effect of captopril
in combination with subthreshold IPC was also abolished in the presence of Hoe 140,

pointing to bradykinin B, receptor activation.
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Figure 4.2. Infarct to risk ratio (%). Mean +s.e.m. * P <0.01 versus control (group 1) (one way ANOVA).
IPC with one cycle of 5 minutes ischaemia/10 minutes reperfusion significantly attenuated infarct size.
Subthreshold IPC with 2 minutes of ischaemia/10 minutes reperfusion had no significant protective effect.
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Figure 4.3. Infarct to risk ratio (%). Mean +s.e.m. * P <0.01 (one way ANOVA). The combination of omapatrilai and
subthreshold IPC produced a significant reduction in infarct size. Omapatrilat given alone, also produced a
cardioprotective effect. Hoe 140 abolished both of these protective effects.
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Figure 4.4. Infarct to risk ratio (%). Mean +s.e.m. * P>0.01 (one way ANOVA). The
combination of captopril and subthreshold IPC produced a significant reduction in infarct size,
an effect abrogated in the presence of Hoe 140.
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4.3.5. Bradykinin concentration in coronary effluent

There were no significant differences in bradykinin concentration in the coronary effluent at
baseline among the groups. At reperfusion, there was a significant release of bradykinin.
When captopril was present in the perfusion medium, a further increase in bradykinin
concentration was observed. However, when omapatrilat was present in the perfusion
medium, an increase in bradykinin concentration was not observed. In fact, omapatrilat did

not influence bradykinin concentration during the entire experimental protocol (figure 4.5).

4.3.6. Coronary flow and contractility data

CFR and RPP are presented in tables 4.2 and 4.3. Immediately after coronary artery
occlusion, flow rate decreased by around 40-50% of the pre-ischaemic value. Upon
reperfusion, flow rate increased immediately and then gradually declined throughout the
remaining reperfusion period, reflecting 'run down' in the preparation. None of the
experimental treatments influenced CFR measurements. RPP declined markedly in all
groups following coronary artery occlusion. There was a tendency towards recovery of RPP
during early reperfusion but gradual decline in contractile function, which was similar in all
groups during the reperfusion period. There were no statistically significant differences
among the groups throughout the experimental procedure. The long reperfusion protocol
required for infarct determination entails considerable functional 'run-down’ which precludes

interpretation of the contractile data beyond early reperfusion.
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Figure 4.5. Bradykinin concentration in coronary effluent. Bradykinin release was augmented following ischaemia. Captopril further enhanced
bradykinin release following ischaemia. However, surprisingly, omapatrilat had no effects upon the concentration of bradykinin in the coronary effluent
throughout the experimental procedure. * = P < 0.05 versus control group (one way ANOVA). n = 5/6 /group (BK - bradykinin).
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Table 4.2.

Coronary Flow Rate (ml/min)

ischaemia—— -repérfusion ——————
Group basal Pre- 5 min 30 min 5 min 60 min 120 min
ischaemia

Group 1 16.5£0.4 16.410.4 9.61£0.4 9.610.4 14.310.4 11.1£0.4 9.2+0.5
Group 2 17.0£0.7 16.0£0.6 8.7+0.5 9.710.9 14.810.7 12.310.7 10.510.8
Group 3 16.410.8 16.910.7 9.7+0.6 10.210.5 15.810.5 12.710.8 10.94+1.1
Group 4 15.040.7 14.5+1.0 8.0+0.6 8.7+0.7 13.6£1.0 11.210.9 9.310.4
Group 5 16.810.7 16.7+0.5 8.3+0.6 9.24+0.6 15.0£0.9 11.8+1.1 9.3+1.1
Group 6 17.210.5 16.510.7 9.110.8 9.3+1.1 14.741.2 12.3+1.2 11.0+1.3
Group 7 17.0+1.3 14.8+1.1 9.0+0.8 9.3+1.1 13.81+1.0 10.510.7 8.8+2.0
Group 8 16.9+1.2 16.8+1.6 8.4+1.0 9.610.9 14.111.0 11.6£1.0 9.3+0.7
Group 9 16.0£0.8 15.0+1.2 7.7+0.3 9.7+1.5 13.211.4 11.0£1.6 8.310.7
Group 10 16.5+1.1 15.0+1.1 10.0t1.4  9.541.6 14.741.6 11.041.1 8.7+0.9
Group 11 16.5+1.0 15.310.9 9.8+1.0 10.7£1.1 15.0+£1.0 11.11£0.6 9.11+0.6
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Table 4.3. Rate Pressure Product (mmHg/min x 10%)
ischaemia reperfusion:
Group basal Pre- 5 min 30 min 5 min 60 min 120 min
ischemia

Group 1 4156822  39.7+21 17.51£1.8 23.2+1.6 26.5+1.3 21.311.2 17.6£1.6
Group 2 41.1+4.3  38.613.0 14.5+1.8 21.1x2.0 25.11£3.0 22.0+2.5 19.6+2.3
Group 3 40.313.8  38.614.1 16.0+1.8 22.141.2 29.0+1.4 21.3+2.0 20.113.1
Group 4 40.014.3  42.618.7 13.0£1.1 18.0£0.9 21.813.0 18.412.4 17.1£2.7
Group 5 46.914.6  36.614.2 18.7+2.5 21.114.0 27.0£3.3 24.5+1.9 20.742.5
Group 6 38.317.1 36.016.0 14.3+1.9 17.0£1.6 25.0+5.0 17.6+2.8 17.0+£3.6
Group 7 44.31+4.0 34.114.5 19.613.4 25.7+2.3 23.2+3.1 | 22.243.1 16.0+2.6
Group 8 38.614.6  43.113.0 14.412.5 21.014.2 27.6+4.3 19.413.7 16.5£3.6
Group 9 452155  40.413.2 19.0+3.9 22.5+7.0 23.814.5 21.312.8 19.613.8
Group 10 42.0£7.2  30.0+3.5 18.2+1.6 23.113.4 20.3+4.6 17.443.2 15.6+1.8
Group 11 41.2+3.8  33.1#34 18.813.8 23.0£7.0 23.814.5 21.312.8 19.613.8
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4.4 DISCUSSION

The present study has demonstrated that omapatrilat reduced the threshold for IPC of the
myocardium. A subthreshold preconditioning stimulus that was not sufficient to elicit a
cardioprotective response was used. However, in conjunction with omapatrilat significant
protection against infarction was observed, similar to that observed with a full
preconditioning stimulus. This cardioprotective effect of the combination of omapatrilat and
subthreshold preconditioning was abrogated with the specific bradykinin B. receptor
antagonist, Hoe 140, showing that the protection was mediated by bradykinin. This effect of
omapatrilat was comparable to that observed with the ACE inhibitor, captopril. However, in
contrast to captépril, omapatrilat administered prior to coronary artery occlusion without an
IPC stimulus was found to be protective per se and resulted in modest infarct size limitation.

The direct action of the agent was also abolished by Hoe 140.

4.4.1. ACE inhibitors and subthreshold preconditioning

The abilty of omapatrilat to reduce myocardial infarct size when combined with
subthreshold preconditioning ischaemia is consistent with previous studies using ACE
inhibitors. Miura's group demonstrated that captopril potentiated IPC through a bradykinin
dependent mechanism in rabbit heart (Miki ef al, 1996). Similarly, in our laboratory, Morris
and Yellon showed that both lisinoprii and captoprii augmented a subthreshold
preconditioning stimulus in isolated human atrial trabeculae muscle (Morris & Yellon, 1997).
The cardioprotective effects of an ACE inhibitor and subthreshold preconditioning were
abolished by Hoe 140. Nozawa et al demonstrated that chronic treatment with the ACE
inhibitor, temocapril potentiated preconditioning (Nozawa et al, 1999). The investigators
administered temocapril or placebo to rabbits orally for two weeks, following which hearts
were subjected to ischaemia-reperfusion. Temocapril in conjunction with a subthreshold

preconditioning stimulus (2 minutes global ischaemia / 5 minutes of reperfusion) attenuated
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infarct size, whereas subthreshold preconditioning alone had no effect (Nozawa et al, 1999).
Even though the authors did not provide direct evidence for the involvement of the
bradykinin B, receptor in the protection, a role for this receptor in mediating protection is

most likely.

In the present study it was found that both captopril and omapatrilat were able to potentiate
IPC, an effect abrogated with Hoe 140, implying that bradykinin B; receptor is implicated in
the protection. Bradykinin levels were determined using radio-immunoassay. Even though
captopril enhanced bradykinin levels at reperfusion, the addition of omapatrilat to the
perfusion fluid had no effects on bradykinin concentration. These results are somewhat
puzzling; similar results to that observed with captopril should theoretically have also been
obtained with omapatrilat. It is not known why omapatrilat did not augment bradykinin levels
at reperfusion, however, the following can be suggested; the orﬁapatrilat itself may have
- somehow interefered with the radio-immunoassay technique used to quantify bradykinin
levels. There is a strong possibility that this may be the case, as the increase in bradykinin
concentration seen even at reperfusion in the control hearts was not observed in the
omapatrilat treated hearts. Altenatively, omapatrilat may inhibit only tissue ACE as
 opposed to plasma ACE, implying that bradykinin concentration should have been
determined in whole heart samples as opposed to the coronary effluent. However, plasma
is absent in the isolated Langendorff perfused heart, again ruling out this possibility.
| Additionally, Dumoulin et al demonstrated that omapatrilat augmented exogenous
' bradykinin levels in rat coronary effluent samples (Dumoulin et al, 2001). Unfortunately,
due to lack of time we could not determine reasons as to why omapatrilat did not augment
bradykinin levels. Clearly, future experiments are required to investigate this issue in

greater depth.
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4.4.2. Direct cardioprotective effects of omapatrilat

In addition to its ability to potentiate a preconditioning stimulus, omapatrilat was found to

directly limit infarct size (ie, in the absence of preconditioning ischaemia). This effect was

- dependent on B, receptor activation since it was abolished by Hoe 140. To reiterate, even

though omapatrilat was washed out prior to the ischaemic insult, it exerted a modest
limitation of infarct size. A washout period was used to ensure that omapatrilat (and
therefore, bradykinin) was not present in myocardium during the ischaemic insult. As
triggers of IPC have to be washed out prior to the ischaemic event, omapatrilat which
theoretically augments bradykinin levels was washed out prior to infarction. Indeed,
bradykinin can, not only trigger IPC but can additionally exert direct cardioprotective effects,
implying that even if omapatrilat was not washed out prior to infarction, it should in theory
have limited infarct size as well. This is the first demonstration of omapatrilat's ability to
limit infarct size although previous investigations have found that combined ACE/NEP
inhibition to be cardioprotective using othe.r end points. For example, Rastegar et al have
recently documented the direct cardioprotective properties of the combined ACE/NEP
inhibitor, Z13752A. In a canine model of coronary artery occlusion, they showed that pre-
ischaemic treatment with Z13752A reduced the occurrence of ventricular arrhythmias in
ischaemia and reperfusion. This beneficial effect was also abrogated with Hoe 140,
implying a role for B, receptor activation (Rastegar et al/, 2000a). Schriefer et al reported
that direct administration of a NEP inhibitor just prior to reperfusion led to a prominent
reduction in infarct size in rabbit heart. They also observed this using an ACE inhibitor
alone and a combination of an ACE inhibitor and NEP inhibitor. Again, the protection was
abolished with Hoe 140, indicating the involvement of B, receptor activation (Schriefer et al,

1996).
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In contrast to protection observed with omapatrilat, when the conventional ACE inhibitor
captopril was administered alone, no limitation of infarct size was seen. In other words,
when captopril was administered alone (ie, in the absence of preconditioning ischaemia),
and washed out prior to infarction, it did not reduce infarct size. It is not known whether
protection would have been observed if captopril was not washed out prior to infarction. If
captopril was not washed out, bradykinin would presumably accumulate in the myocardium
during ischaemia, which may well exert beneficial effects in reperfusion. The lack of
protection observed with captopril is consistent with previous reports. For example, Miki et
al showed that captopril alone did not limit infarct size in rabbit heart (Miki et al, 1996).
Similarly, Nozawa et al demonstrated that temocapril alone did not reduce infarct size in
rabbit heart (Nozawa et al, 1999). In contrast, Ertl et al were the first to report that captopril
could limit infarct size in the canine heart (Ertl et al, 1982). Weidenbach et al have
demonstrated recently that ramiprilat limited infarct size in the pori:ine heart (Weidenbach et
al, 2000). Similarly, Shimada and Avkiran have demonstrated that ramiprilat administered
prior to ischaemia reduced the incidence of sustained ventricular fibrillation in isolated rat
heart (Shimada & Avkiran, 1996). These investigators also showed that Hoe 140 abolished
these effects, implying a role for the B, receptor in the observed cardioprotection. Matoba et
al reported that the ACE inhibitor, cilazaprilat protected directly against hypoxia /
reoxygenation injury in cultured rat myocytes (Matoba et a/, 1999). They also demonstrated
that cilazaprilat enhanced bradykinin levels in the culture media of the myocytes. The
reasons for such discordancies in the experimental literature relating to ACE inhibitors and
infarction are not clearly defined. It has been proposed that ACE inhibitors that possess a
SH moiety, such as captopril, act as scavengers of ROS and this might be the basis of any
cardioprotective action (Birincioglu et al, 1997; Theres et al, 2000). However, this seems to
be an unsatisfactory explanation. Birincioglu et al reported both lisinopril and captopril

limited the occurrence of arrhythmias in an in vivo rat model of coronary artery occlusion but
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~ lisinopril is devoid of a SH group (Birincioglu et al, 1997). The discrepancies in the

experimental literature with conventional ACE inhibitors are unresolved (Przyklenk & Kloner,

1993).

4.4.3. Role of natriuretic peptides

As omapatrilat inhibits both ACE and NEP, it may lead to the accumulation of higher levels
of bradykinin, compared with captopril due to inhibition of both ACE and NEP. Indeed, very
recently, Dumoulin et al demonstrated that short term and long term omapatrilat treatment
inhibited bradykinin degradation to a greater extent than ACE or NEP inhibitors alone in the
rat coronary bed (Dumoulin et al, 2001). They showed that bradykinin degradation rate (at a
coronary perfusion of 1 mi/min) was 4.56 + 0.39 1/min/g without inhibitors during a single
passage through the coronary bed. This was significantly reduced to 2.57+0.19 1/min/g with
enalaprilat, to 2.9740.38 1/min/g with a NEP inhibitor (retrothiorphén), to 1.82+0.17 1/min/g
with both enalaprilat and retrothiorphan, and to 1.14+0.35 1/min/g with omapatrilat.
Additionally, they demonstrated that 14 day treatment of rats with either ACE inhibitors
(enalapril, quinapril and ramipril), a NEP inhibitor (candoxatril) or omapatrilat had a similar
effect on bradykinin degradation. In the untreated rats, bradykinin degradation (at a
coronary perfusion of 1 mi/min) was 4.35+0.41 1/min/g. This value was reduced by 30% for
the NEP inhibitor, by 50% for the ACE inhibitors and by 75% for omapatrilat. These data
clearly demonstrate that omapatrilat is able to inhibit bradykinin degradation to a greater

degree than either ACE or NEP inhibitors alone or in combination (Dumoulin et al, 2001).

The release of ANP and BNP has also been shown to occur during ischaemia (Uusimaa et
al, 1992; Arad et al, 1994; Lochner et al, 1992; Talwar et al, 2000). Arad et al demonstrated
elevated levels of ANP in coronary effluent following global ischaemia in isolated rat heart

(Arad et al, 1994). Indeed, the ability of ANP to elicit myocardial protection has been
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documented. For example, Takata et al demonstrated that the administration of ANP was
cardioprotective in dog myocardium, preventing reperfusion arrhythimas and preserving
high energy phosphates in the ischaemic myocardium (Takata ef a/, 1996). More recently,
Rastegar et al also reported the cardioprotective properties of ANP using arrhythmia
prevalence as an experimental end point in dog (Rastegar et al, 2000b). Furthermore,
Takagi et al, demonstrated that carperitide (a recombinant form of a-hANP) attenuated
infarct size in dog myocardium (Takagi et al, 2000). The ability of BNP and CNP to induce
cardioprotection must not be excluded, these natriuretic peptides also being substrates for
NEP. However,_ whether they induce cardioprotection has not been investigated. Since
natriuretic peptides are primary substrates for NEP, it is possible that these peptides may
co-operate with bradykinin in eliciting the cardioprotective actions of omapatrilat. Yang et al
reported that the NEP inhibitor, CGS24592 directly protected against ischaemia-reperfusion
injury in an in vivo rat model, an effect also reversed with Hoe ‘140 (Yang et al, 1997a).
However, cardioprotection was not abolished using a natriuretic peptide receptor antagonist
(HS-142-1), suggesting that natriuretic peptides are unlikely to account for the
cardioprotection induced by NEP inhibitors. The issue of natriuretic peptide contribution in

attenuating ischaemia-reperfusion injury remains to be more fully investigated.

Combined inhibition of circulating proteases, termed "vasopeptidases” which modify the
activity of vasoactive peptides, is a novel concept aimed at the treatment of cardiovascular
anomalies like hypertension and chronic heart failure. However, the present study suggests
that this pharmacological approach may have cardioprotective benefits that go beyond any
cardiac and systemic haemodynamic actions. Inhibiting ACE and NEP not only leads to a
reduction in the degradation of bradykinin, but also augments circulating and tissue levels of
natriuretic peptides. Thus, there are theoretical reasons for believing that combined

inhibition of ACE and NEP may be particularly beneficial in clinical settings where
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concurrent or intermittent myocardial ischaemia is a feature. Agents such as omapatrilat
might therefore offer particular advantage to patients with coronary artery disease who are

at risk of experiencing myocardial infarction.

4.5. CONCLUSION

In summary, this study has demonstrated that omapatrilat potentiates IPC through a kinin
dependent mechanism. Additionally, omapatrilat, unlike captopril was found to be directly
protective against ischaemia-reperfusion injury and conferred some direct protection against
myocardial infar¢tion which was also bradykinin-mediated. Further work is required to
establish the benefit of omapatrilat in myocardial ischaemia in experimental models in vivo

and in clinical investigations.
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Ischaemic Preconditioning and ACE inhibition in the chronically hypertensive
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5.1. INTRODUCTION

5.11. The Spontaneously hypertensive rat

Okamoto and Aoki in 1963 developed a strain of genetically hypertensive rats by inbreeding
Wistar rats with the greatest blood pressure (Okamoto & Aoki, 1963). These investigators
selected male Wistar rats with a systolic blood pressure in the region of 150 to 175 mmHg
and female Wistar rats that were slightly hypertensive (ie, systolic blood pressure in the
region of 130 to 140 mmHg) which were mated to produce F, rats. From the F, rats, males
- and females with hypertension (blood pressure > 150 mmHg) persisting for more than one
month were mated to obtain F, rats. This procedure was then repeated to obtain F;, F4, Fs,
and Fs rats. The incidence of severe hypertension increased with each generation. In the
Fs; to Fs rats, 100% of the animals developed spontaneous hypertension. The authors

named these rats "spontaneously hypertensive rats” (Okamoto & Aoki, 1963).

In the SHR, systolic blood pressure increases at around five-six weeks of age and reaches
a maximum of around 200-220 mmHg at 12-16 weeks of age. The SHR is the most popular
model used to study hypertension today (Pinto et al, 1998). The high blood pressures in the
SHR are associated with significant cardiac hypertrophy. Hence, the SHR provides a
suitable model for the study of myocardial hypertrophy linked with chronic hypertension.
The SHR provides a stable, consistent model of hypertension, and permits the
measurement of various cardiac, biochemical and haemodynamic parameters (Doggrell &
Brown, 1998). Indeed, the SHR is believed to resemble human essential hypertension more
closely than any other animal model of hypertension. The reported life span of the SHR is
thought to be in the range of 10-21 months, with 60% developing heart failure at around 18
months of age (Pinto et al, 1998). Generally, a 30% increase in cardiac mass is observed.
Pfeffer et al demonstrated that cardiac output and stroke volume was only markedly

reduced in the SHR at 90 weeks of age (not at 13, 15 and 52 weeks) (Pfeffer et al, 1979).
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Augmented apoptosis has also been demonstrated in the myocardium of SHR. Liu et al
found a significant increase in apoptosis in SHR at four weeks of age, which plateaued at 16
weeks, but remained high up to 64 weeks of age (Liu et al, 2000). Ratios of Bcl-2/Bax were
reduced and fibroblasts were also significantly increased in the heart of SHR. Treatment

with ramipril reduced apoptosis and fibroblasts and increased the ratio of Bcl-2/Bax.

Endothelial dependent relaxations are impaired in the SHR (at approximately 13-15 weeks
of age) (Arribas et al, 1997; Pinto et al, 1998). Renal damage (proteinuria and reduced
creatinine clearance) has been observed in older SHRs, although studies have not
described frank renal failure (Feld et al, 1977; Komatsu et al, 1995). Excess deposition of
fibrillar collagen within the cardiac interstitium has bee_n reported in the SHR (Conrad et al,
1995; Brilla et al, 1996). Structural remodelling of the myocardial collagen matrix is thought

to be responsible for abnormalities in myocardial stiffness.

Two further developed sub-strains of SHRs exist; The SHR stroke prone (SHRSP), which
develops even higher blood pressures and usually dies from stroke and the SHR which
develops heart failure (SHHF) before 18 months of age (Hasenfuss, 1998; Pinto et al,
1998).

5.1.2. Mechanisms of hypertension in the SHR

Although the SHR model of hypertension is extensively used, mechanisms leading to
hypertension remain elusive. Evidence implicates a role for the RAS, (Ferrone &
Antonaccio, 1979; Harrap, 1992; Zelezna et al, 1999; Chen et al, 1998; Hefti et al, 1986;
Harrap et al, 1990) nitric oxide / free radicals (Grunfield et al, 1995; Chou et al, 1998,
Shirasaki et al, 1986; Suzuki et al, 1998; Ito et al, 1995; Dominiczak & Bohr, 1995), PGl

(Numaguchi et al, 1999) and the sympathetic nervous system (Pacak et al, 1993). A role for
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the Y chromosome has also been proposed (Ely et al, 1997, 2000; Hilbert et al, 1991; Jacob
et al, 1991). Interestingly, Bradykinin may also be implicated in the development of
hypertension in the SHR. Favaro et al reported that kallikrein content in kidneys of SHRs
was significantly lower than the normotensive WKY rats (Favaro et al, 1975). Additionally,
adenoviral kallikrein gene delivery has demonstrated to exert blood pressure lowering
effects in the SHR (Jin et al, 1997, Wang et al, 1995). These observations suggest that
bradykinin levels may be attenuated in the SHR, which could contribute to the development

of hypertension.

5.1.3. PartA IPC in the chronically hypertensive myocardium

Despite extensive research in the field of IPC, most studies have focused on the "healthy",
non-diseased myocardium. A very limited number of studies have examined IPC in the
diseased myocardium, which would ultimately provide greatest clihical benefit. In particular,
few studies have investigated the effects long standing hypertensive cardiac hypertrophy
has on IPC occurrence. As cardiac hypertrophy is associated with a vast array of
disturbances (eg, impaired endothelium dependent relaxations, interstitial and perivascular
fibrosis of intramyocardial coronary arteries, increased cardiomyocyte apoptosis, increased
susceptibility to various end points of ischaemia), it is important to examine whether IPC still
occurs in this pathology. In addition to this, even though it was observed that IPC was
protective in a mild degree of hypertrophy (chapter three), bradykinin induced
cardioprotection was attenuated. Bradykinin is an important trigger of IPC and if bradykinin
induced protection is affected even in mild hypertrophy, IPC may well be affected in a model
of chronic hypertrophy. Furthermore, studies have implied that bradykinin levels maybe
attenuated in hypertension (Favaro et al, 1975; Ader et al, 1987, Nakagawa & Nasjletti,
1988; Sharma et al, 1996; Seino et al, 1990). Accordingly, the primary aim of this study

was to determine if the IPC response is still preserved in the SHR at various stages of
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development. Young SHR (ySHR; 3-4 months old), middle aged SHR (mSHR; 7-8 months
old) and ageing SHR (aSHR; 11-13 months) were investigated. Comparative studies were

also performed with age matched normotensive wistar kyoto rats (WKY).

5.2. METHODS

5.2.1. Treatment protocols

Prior to the excision of hearts for Langendorff perfusion, some animals were randomised for
blood pressure measurement (see section 2.2). Following stabilisation, hearts were

assigned to one of the following groups, illustrated in ﬁgUre 5.1.

Pretreatment protocol (min) infarction

protocol

Group 1

0 5 10 20 25

Group 2
Youp — _—

B Global ischaemia

Figure 5.1. Experimental treatment protocols. Hearts were randomised to either group 1 (control) or
group 2 (IPC)

Group 1; Control. Hearts underwent 35 minutes regional ischaemia and 120 minutes

reperfusion.

Group 2; IPC. Hearts were subjected to 2 cycles of 5§ minutes global ischaemia

interspersed by 10 minutes reperfusion.
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5.3. RESULTS

5.3.1. Exclusions

A total of 94 rats were used in this study. Three hearts were excluded; two due to
inadequate delineation of the risk zone; one due to severe bradycardia throughout the
course of the experiment. Five SHRs died spontaneously - four at approximately ten
months of age and one at five months of age.  Therefore, data for 86 successfully
completed infarct experiments are reported. Final numbers in each group are shown in

table 5.2.

5.3.2. Characterisation of SHRs

5.321. Blood pressure data

Systolic and diastolic blood pressures are depicted in table 5.1. At every age, SHRs
displayed significantly higher systolic / diastolic blood pressures compared to WKY rats.
There was however, no significant increase of systolic / diastolic blood pressure across the

age range studies in either SHR or WKY rats.
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Table 5.1.  Summary of systolic and diastolic blood pressure

Group n Systolic blood Diastolic blood
pressure (mmHg) pressure (mmHg)

Young 3-4 months

y SHR Cont 6 21120 * 16819 *

y SHRIPC 5 198+14 * 15418 *

y WKY Cont 6 112413 96110

y WKY IPC 6 11919 96+12

Middle aged 7-8 months

m SHR Cont 4 209+10 * 1837 *

m SHR IPC ' 5 19318 * 176x9 *

m WKY Cont 5 12016 10543

m WKY IPC 4 11316 10316

Ageing 11-13 months

a SHR Cont 5 | 224322 * 193+19 *

aSHRIPC 3 190+18 * 1705 *
a WKY Cont 3 120+11 100+16
a WKY IPC 5 13618 11615

Cont; control IPC; ischaemic preconditioning Cap; captopril
* = P<0.05 versus corresponding age matched WKY group (one way ANOVA)

5322 Body weight, risk zone volume and hypertrophy index
Rat body weights showed a progressive increase with age in both SHRs and WKY rats
(table 5.2). There were no significant differences in body weight between SHR and WKY

groups at any given age.

Myocardial risk zone volume was significantly greater in SHR compared to WKY at all three

ages, with a progressive increase with age (ie, as the size of the myocardium increased, so
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did risk zone volume). However, when risk zone was normalised to the volume of the left
ventricle, there were no significant differences between the animals at any given age (table

5.2)

LV body weight ratios are depicted in table 5.2. At all ages, SHR exhibited significantly
greater LV body weight ratios when compared to WKY rats. The hypertrophy index
generally increased with age in the SHR. In the young SHR, the mean hypertrophy index
was 17%. In the middle aged SHR, the mean hypertrophy index was 24% and finally, in the
ageing (11-13 months old) SHRs, it was 29%. This value is consistent with previous
reports, indicating that cardiac hypertrophy in the region of 30% is observed in the SHR

(Conrad et al, 1991).
RVH increased with age in the SHR. In the young SHR, the RV Was not significantly larger

than in the age matched WKY rats. However, in the middle aged and ageing animals, the

RV was significantly larger compared to the corresponding age matched WKY groups.
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Table 5.2. Rat body weight, risk zone volume, risk zone volume nomalised to LV volume, LV/body weight ratios, and RV/body weight ratios

Group n rat body weight risk zone volume riskzone/LV  LV/ body RV/body
@) (cm®) volume(%) * weight (mg/g)  weight (mg/g)

Young y SHR Cont 7 290+5.3 0.5210.03 * 52.8+2.0 4.410.94 * 0.4110.20

y SHRIPC 6 288+9.8 0.531+0.03 * 53.911.8 4.6+0.14 * 0.4310.30

y WKY Cont 6 25648.2 0.3610.02 563.1£2.5 3.940.14 0.40+0.20

y WKY IPC 6 265+5.7 0.3510.03 53.5.43.1 3.6+0.07 0.39+0.31
Middie m SHR Cont 8 379+9.7 0.7810.04 * 54.811.2 5.110.12 * 0.4310.23 *
hoed m SHRIPC 8 37849.3 0.7410.04 * 54.212.8 4.7+0.14 * 0.4110.24 *

m WKY Cont 8 388+1.0 0.5110.04 54.111.6 3.740.09 0.3410.22

m WKY IPC 8 37116.1 0.4510.03 52.9+1.8 3.710.11 0.3310.13
Ageing a SHR Cont 8 434116.7 1.0110.05 * 55.0£1.7 5.010.14 * 0.50+0.60 *

aSHRIPC 5 452+20.1 1.09+0.08 * 54.511.0 5.2+0.40 * 0.51+0.80 *

a WKY Cont 7 434+18.2 0.67+0.06 . 53.5+2.0 3.510.08 0.3240.02

aWKY IPC 9 41116.4 0.7040.04 55.412.2 3.840.07 0.3410.12

Cont; control IPC; Ischaemic preconditioning Cap; captopril . * = P <0.05 versus corresponding aged matched WKY group (One way ANOVA)
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6.3.2.3.  Plasma noradrenaline concentration

At all three ages, plasma noradrenaline concentration was increased in SHRs. In the young
SHR plasma noradrenaline concentration was somewhat higher compared to the young
WKY rat. However, the difference was not statistically significant. Similarly, in the middle
aged animals, although the SHR had a higher plasma noradrenaline concentration, this was
not statistically significant. = However, in the ageing SHR, plasma noradrenaline
concentration was significantly greater compared to the ageing WKY rat. In the WKY rat,
there was no significant difference in plasma noradrenaline concentration with age. In the
SHR, although there was a decline in levels from young to middle aged animals, there was
a steep increase in the ageing SHRs. As previously mentioned, sympathetic nervous
system activity is increased during hypertension, both clinical and experimental studies

report higher levels of catecholamines in hypertension (Akers et al, 2000; de Champlain et

al, 1976).
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Figure 5.2. Plasma noradrenaline levels. * = P < 0.05 versus ageing WKY group. (One way
ANOVA, n = 4-8/group).
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5.3.3. Infarct limiting effects of IPC

Figure 5.3. summarises infarct size data, expressed as a percentage of the risk zone. In the
young SHR, control infarct size was 56.0+5.5%. IPC caused a significant reduction in infarct
size to 23.614.3% (P<0.01). Similarly, in the young WKY rats, control infarct size of
56.3+£5.3% was reduced to 23.0+3.3% following IPC (P<0.01). In the middle aged rats, a
similar trend was observed; control infarct size in SHR was 54.5+3.3%, IPC reduced this to
26.6+3.7% (P<0.01). WKY control infarct size was 55.0+4.9% and 20.9+4.4% following
IPC (P<0.01). In the ageing rats, however, a different pattern of results was obtained; in the
SHR, control infarct size was 58.7+4.6% and IPC did not produce any cardioprotective effect
(54.7+5.1%, P>0.05). Interestingly, the ageing WKY rats displayed similar results; control
infarct size was 52.0+3.1%, following IPC, infarct size was 43.415.7%, P>0.05. Thus,
although IPC afforded protection in young and middle aged SHR / WKY rats, no protection

was observed in either ageing SHR or WKY rats.
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5.3.4. Coronary flow and contractility data

CFR and RPP are presented in table 5.3 and 5.4. Differences in CFR were observed
between the various ages at baseline and throughout the experimental protocols. Both
young SHR / WKY rats exhibited higher basal CFR when compared to middle aged and
ageing animals. In other words there was a progressive age related decline in CFR.
Nevertheless, there was a similar significant reduction in flow rate upon coronary artery
occlusion and recovery immediately following reperfusion. However, younger hearts
exhibited a better recovery of flow upon reperfusion than older animals. Additionally,
variations in RPP were found at baseline and throughout the experiments. Generally, SHR
showed greater RPP compared to WKY rats at baseline. RPP appeared to be greater in the
middle aged SHRs. RPP also declined with age in the WKY rat.  Nevertheless, RPP
declined considerably following coronary artery occlusion in all groups, and exhibited the

gradual "run down" pattern usually observed during reperfusion.

148



Young

Middle
Aged

Ageing

Table 5.3.

Coronary Flow Rate (ml/min/g)

-———ischaemig-—-—-— = e ~reperfusion-——-——-—-——
Group Basal Pre- 5 min 30 min 5 min 60 min 120 min
Ischaemia
y SHR Cont 125+0.7 * 1105408 * 7] 57408 * 54108 * 94108 * ~16.840.8 *] 5.210.6
ySHRIPC 11.1£0.5 8.810.8 4.710.7 4.310.6 8.010.8 5.840.6 4.2+4.5
y WKY Cont 11.541.3 10.311.2 5.610.7 5.440.7 9.940.8* 7] 6.810.6 5.3+0.7
y WKY IPC 12.810.8 *_ 10.410.8 5.6+0.6 5.610.6 9.840.7* | 6.910.6 5.310.5
m SHR Cont 9.701+0.6 8.510.6 4.410.3 43104 7.240.5 5.310.5 42405
m SHR IPC 9.410.4 8.410.4 4.010.4 4.110.4 7.110.4 5.310.4 4.240.3
m WKY Cont 9.5040.3 8.910.3 5.240.3 5.540.2 9.010.5 6.610.4 5.340.3
m WKY IPC 94403 — 9.0104 4.840.3 4.910.4 8.0+0.8 6.310.5 52404
a SHR Cont 9.110.2 8.110.3 3.910.2 _1 37104 6.310.3 45103 _| 40403
aSHRIPC 9.610.7 8.0+1.1 44108 42108 6.810.9 5.040.7 42107
aWKY Cont 9.540.9 8.6+1.0 5.310.7 4.810.6 79808 [ 6.710.8 5.310.9
aWKY IPC 9.710.4 __ 8.610.7 4807 44107 7.8+0.8 _| 5.710.7 43107

Cont - control; IPC - Ischaemic preconditioning; Cap - captopril

* =P <0.06
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Young

Middle
Aged

Ageing

Table 5.4. Rate Pressure Product (mmHg/min X 103
-———ischaemig-—-—— e —reperfusion-—-—-—-—--— -
Group Basal Pre- 5 min 30 min 5 min 60 min 120 min
Ischaemia

y SHR Cont 467438 * ] 37.5+4.2 15.612.0 20.312.8 231121 20.1+2.3 17.312.3
ySHR IPC 49.7£3.1 35.913.6 16.811.5 18.311.3 20.0+2.2 18.3+1.4 15.0+1.6
y WKY Cont 447446 * ] | 32.742.8 14.412.3 16.3+2.1 17.02.3 15.0£1.8 12.0+1.3
yWKY IPC 46.8+5.2 34.8£3.7 17.0£2.3 20.0+1.9 22.2+4.2 20.0+2.2 16.0+3.1
m SHR Cont 51.244.3 46.1£35 * ] 21.611.2 25.611.8 27.3+2.0 21.9+2.4 18.1+2.2
m SHR IPC 50.8+2.3 404144 * 71 | 18.5£2.3 20.0£2.5 27.0+3.8 22.4+3.2 17.543.7
m WKY Cont 38.312.7 33.111.7 18.0+1.6 19.711.9 23.0+2.3 20.311.4 17.411.3
m WKY IPC 35.541.1 32.3x2.7 19.0+2.0 20.0+1.9 24,4125 20.7+1.6 14.5+1.5
a SHR Cont 33.2436 _| 33.614.6 17.313.0 22.142.8 20.124.0 15.413.0 11.0¢1.5
aSHRIPC 44.316.0 29.0£34 — 16.9+24 18.0£0.8 20.0+2.3 16.0£1.1 14.242.3
a WKY Cont 30.746.0 — 25.0#5.0 15.412.4 17.243.8 17.243.1 19.243.0 11.3t1.4
aWKY IPC 30.8£3.9 26.7£3.1 11.311.3 15.3£2.3 14.742.1 14.8+1.8 12.0£1.8

Cont - control; IPC - Ischaemic preconditioning; Cap - captopril

*=P<0.05
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5.4. PartB ACE inhibition in the chronically hypertensive myocardium

Reasons for the lack of protective effect of IPC in both the ageing SHR and WKY are not
known. However, bradykinin levels are thought to be diminished in hypertension
(Nakagawa & Nasijletti, 1988; Seino et al, 1990), thus, it was investigated if an ACE inhibitor
in combination with the IPC protocol is able to augment bradykinin levels sufficiently and
restore the preconditioning response. Previous studies have demonstrated that ACE
inhibitors potentiate IPC by increasing bradykinin levels. Similarly, in chapter four, it was
reported that captopril potentiated subthreshold preconditioning via activation of the
bradykinin B receptor in normal hearts. Accordingly, in the second part of this study,
captopril was used in conjunction with the standard IPC protocol to examine if bradykinin
levels can be augmented sufficiently to elicit the preconditioning response in the ageing
animals. Indeed, it was found in an earlier study that bradykinin induced cardioprotection
was diminished in a mild model of hypertrophy (chapter three). Thus it remains to be
investigated if elevating endogenous bradykinin levels with an ACE inhibitor is able to
restore the preconditioning response in the ageing SHR/WKY rat hearts. This approach to

harnessing bradykinin in hypertension might have obvious therapeutic relevance.
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5.5. Treatment protocols

Hearts were subjected to captopril treatment with or without the IPC protocol, shown in

figure 5.4. Control experiments were randomised in this part of the study as well.

Pretreatment protocol (min) infarction
| ] protocol

Group 1 0 5 10 20 25 30 35

I |
RN
Group 2 0 10 30 35
T RASIARSNRSNSNSSNNY
EEE Global ischaemia Captopril

Figure 5.4. Experimental treatment protocols. 35 minutes prior to the infarct protocol, hearts were
subjected to either captopril and IPC (group 1) or captopril alone (group 2). The control protocol was
the same as that used in part A of the study, see figure 5.1.

Group 1; IPC & Captopril (IPC & Cap). Captopril (200 puM) was perfused for 5 minutes
before and for 10 minutes after the first preconditioning cycle and for 5 minutes after the

second preconditioning cycle.

Group 2; Captopril (Cap). Captopril (200 pM) was perfused alone for 20 minutes prior to the

induction of ischaemia.
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5.6. RESULTS
An additional 23 animals (SHR and WKY) were used for this part of the study. Results of

the control experiments are the same as that presented in part A of the study.

5.6.1. Blood pressure data
Systolic and diastolic blood pressures are depicted in table 5.5. The SHRs exhibited greater

systolic / diastolic blood pressures compared to WKY rats.

Table 5.5. Summary of systolic and diastolic blood pressure

Group n Systolic blood pressure Diastolic blood pressure
(mmHg) (mmHg)

a SHR Cont 5 224422 * 193119 *

aSHRIPC + Cap 6 2108 * 17014 *

aSHR Cap 4 209+13 * 173422 *

a WKY Cont 3 12011 100+16

aWKY IPC + Cap 4 120£10 9915

aWKY Cap 5 12711 109+10

Cont; control IPC; ischaemic preconditioning Cap; captopril. * = P<0.05 versus corresponding age
matched WKY group (one way ANOVA)

5.6.2. Body weight, risk zone volume and hypertrophy index

No significant differences in rat body weight were observed. Myocardial risk zone volume
was significantly greater in the SHR compared to WKY hearts. When risk zone was
normalised to the volume of the left ventricle, there were no significant differences between

the animals (table 5.6).

LVH and RVH patterns similar to that reported in part A of the study were seen (table 5.6).
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Table 5.6. Rat body weight, risk zone volume, risk zone volume normalised to LV volume, LV/body weight ratios, and RV/body weight ratios

Group n rat body weight risk zone volume risk zone / LV LV/ body RV/body
©) (em®) volume(%) _weight (mg/g)  weight (mg/g)

a SHR Cont 8 434+16.7 1.01£0.05 * 55.011.7 5.0£0.14 * 0.50+£0.60 *
a SHRIPC + Cap 6 448+20.1 1.20£0.12 * 59.2+3.0 5.1+0.30 * 0.51+0.60 *
a SHR Cap 5 417117.3 1.20+0.06 * 57.511.6 5.4+0.18 * 0.53+0.50 *
a WKY Cont 7 434+18.2 0.67+0.06 53.5+2.0 3.5+£0.08 0.3240.02

a WKY IPC + Cap 6 451+16.0 0.70+0.08 53.0+3.7 3.810.14 0.3640.30

a WKY Cap 6 41916.7 0.7340.03 57.012.2 3.7+0.09 0.3610.01

Cont - control; IPC - Ischaemic preconditioning; Cap - captopril . * = P <0.05 versus corresponding age matched WKY group (One way ANOVA)
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5.6.3. Effects of captopril on infarct size

The combination of captopril and IPC in the ageing SHR did not produce a cardioprotective
effect (59.4+4.2%, P not significant versus control). However in the ageing WKY group,
infarct size was significantly reduced to 36.4+4.8% following captopril and IPC treatment
(P<0.05). The administration of captopril alone did not influence infarct size in either SHR or

WKY respectively (565.6+4.5% / 54.5+1.3%, P not significant versus control) (figure 5.5).

0 -
0
3 401
P
©
5
= 0
o
B
(1]
= 207
107
0 ;
SHRCott  SHRIPC& SHRCap  WKY Cont
Cap
SHR

Figure 5.5. Infarct size data represented as infarct to risk ratio. Captopril in conjunction with
the IPC protocol did not attenuate infarct size in the ageing SHR. A modest reduction was
however observed in the ageing WKY rats. * = P <0.05 versus WKY control (One way
ANOVA). Cont - control; Cap = captopril
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5.6.4. Coronary flow and contractility data

CFR and RPP data are summarised in table 5.7 and 5.8 respectively. Captopril treatment
did not influence CFR or RPP. A reduction in CFR was observed following coronary artery
ligation which recovered during initial reperfusion, but gradually declined in the later stages

of reperfusion.
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Table 5.7.

Coronary Flow Rate (ml/min/g)

-—-—-——ischaemia--—-—--—--— reperfusion---———---—-ew--
Group Basal Pre- 5 min 30 min 5 min 60 min 120 min
Ischaemia
a SHR Cont 9.1+0.2 8.110.3 3.940.2 3.7404 6.310.3 4.5+0.3 4.01£0.3
aSHRIPC + Cap 9.4+0.8 8.0+£0.6 3.310.3 3.510.2 6.010.3 4.710.3 3.6+0.5
a SHR Cap 8.510.6 7.4+0.4 4.01£0.6 .4,0+0.4 6.010.7 4.510.2 3.5+0.3
a WKY Cont 9.51+0.9 8.6+1.0 5.310.7 4.8+0.6 7.910.8 6.710.8 5.310.9
aWKY IPC + Cap 9.310.5 8.0+0.7 3.810.5 4.240.5 6.61£0.8 5.210.9 4.5+0.8
a WKY Cap 9.410.4 8.710.8 5.0£0.4 5.0+0.6 8.010.8 5.8+0.6 4.7+1.0
Table 5.8. Rate Pressure Product (mmHg/min X 103)
ischaemia reperfusion-——--———-=-
Group Basal Pre- 5 min 30 min 5 min 60 min 120 min
Ischaemia
a SHR Cont 33.213.6 33.614.6 17.3£3.0 22.142.8 20.114.0 16.413.0 11.0£1.5
a SHRIPC + Cap 44.616.8 34.046.0 15.3ié.7 17.8+2.0 21,5124 21.115.0 15.6144.2
a SHR Cap 33.915.7 30.2+4.2 14.31£3.6 18.0+4.8 20.5£3.8 14.8+3.7 15.241.4
a WKY Cont 30.746.0 25.045.0 15.412.4 17.2+3.8 17.2+3.1 19.2+3.0 11.3+1.4
aWKY IPC + Cap 36.043.2 33.043.3 13.443.8 12.843.5 15.613.8 14.113.7 11.3£2.4
a WKY Cap 37.843.2 28.0+3.3 13.013.8 13.04£3.5 20.610.2 12.7+1.5 9.9+1.1

Cont - control; IPC - Ischaemic preconditioning; Cap - captopril
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5.7. DISCUSSION

The data presented here demonstrated that IPC caused a significant limitation of infarct size
both in the young and middle aged SHR and normotensive WKY rat hearts. IPC did not
however, induce protection in ageing SHR myocardium. Interestingly, it was also found that
IPC did not reduce infarct size significantly in ageing normotensive WKY rat hearts. This
implies that events occurring between age 7/8 months to 11/13 months in the SHR / WKY
rats interfere with the mechanisms of IPC. Hence, during the 4-6 months of additional
ageing with or without hypertension, animals lose the capacity to respond to IPC. Captopril
in conjunction w‘ith the IPC protocol failed to restore the preconditioning response in the
ageing SHR, however, produced a modest limitation of infarct size in the ageing

normotensive WKY rat.

In this work, for simplicity, 11-13 month old animals are referred to as "ageing", and 7-8
month old animals as "middle aged" but, it is important to point out that the lifespan of the
SHR / WKY rat is approximately 10-21 months (Pinto et al, 1998). Therefore, it may be
more accurate to refer to the middle aged animals as "mature adult" and ageing animals as
"middle aged". The life span of a rat varies from one colony to another, however the
average life span of SHRs is thought to be shorter than that of "normal" rats. From the age
of 8 months, SHRs appeared poorly groomed and less active than younger counterparts. In
fact, five SHRs died spontaneously before 12 months of age. The normotensive WKY rats
appeared less active and poorly groomed at approximately 10 months of age, however, no

animals died spontaneously.

5.7.1. Tolerance to ischaemia-reperfusion in hypertrophy
Studies have demonstrated that hypertrophied hearts are more susceptible to ischaemia-

reperfusion injury compared to normal hearts. Anderson et al demonstrated that

158



hypertrophied rat hearts developed ischaemic contracture sooner than normal hearts
following global ischaemia (Anderson et al, 1987). Ventricular fibrillation upon reperfusion in
DOCA-salt hypertrophied hearts was more severe than in normal hearts following ten
minutes of coronary artery occlusion (Baxter & Yellon, 1992b). Similarly, the SHR was
more susceptible to damage evoked by 45 minutes of global ischaemia compared with age
matched WKY rats (Snoeckx et al, 1993). Additionally, Koyanagi et al reported that dogs
with LVH exhibited a larger infarct size compared with normotensive controls (Koyanagi et
al, 1982). In contrast, in these experiments, no increase in control infarct size was observed
in the SHR at any age compared to the WKY rat. Similarly, Speechly-Dick et al did not
observe an increase in control infarct size in the DOCA-salt hypertrophied hearts compared
with normotensive controls (Speechly-Dick et al, 1994). The reasons for the discordant
findings are not known, although, models of hypertrophy, experimental end points, methods
of ischaemia induction (ie, regional/global) and duration of ischaemia all vary, which may
help to explain divergent results. In these studies, perfusion pressure (80 mmHg) was kept
constant throughout the course of the experiments (discussed below). It is not known
whether blood pressure (as opposed to myocardial hypertrophy) influences infarct size. As
there was no significant difference in infarct size between SHR and WKY rat hearts (at any
given age), it is not likely that blood pressure influenced infarct size. However, it must be
remembered that blood pressure was measured in vivo and infarction was induced in the in

vitro setting in which perfusion pressure was kept constant.

5.7.2. Ageing and ischaemia-reperfusion

Similarly, in these experiments, control infarct sizes were not larger in older animals (ie, in
either SHR or WKY). In contrast, Azhar et al, reported that the aged mouse heart displayed
larger infarct sizes compared to younger counterparts (Azhar et al, 1999). Several

investigators agree with this observation (Tani et al, 1997; Mariani et al, 2000), although,
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once again, the reasons for divergent results are not known. However, compatible with
these data, Schulman et al, did not find an increase control infarct size in aged animals

(Schulman et al, 2001).

CFR was reduced in ageing animals compared to younger counterparts at baseline and
during reperfusion in both SHR and WKY rats. CFR declined with age presumably because
of greater muscle mass in proportion to coronary vessels leading to a reduction in coronary
perfusion in hypertrophy and ageing. Therefore, the middle aged and ageing hearts may
have been underperfused relative to the young hearts. Perfusion pressure (80 mmHg) in
these studies was kept constant throughout the experiments and was the same for all the
animals. If a higher perfusion pressure was used in the middle aged and ageing animals,
differences in CFR may have been corrected. Even though middle aged and ageing
animals exhibited lower flow rates, the hearts did not appear to be ischaemically
underperfused (ie, they were functioning well, albeit less than the younger animals and
temperature was stable). | opted to use the same coronary perfusion pressure in all the
animals due to various reasons. Firstly, it is thought that coronary flow rate may be
unphysiologically high in the isolated perfused heart due to coronary vasodilatation and due
to the decreased viscosity of Kreb's-Henseleit buffer compared with blood. Secondly, due to
practical limitations of the Langendorff apparatus used, it was not possible to increase the
perfusion pressure by large degrees. It was therefore decided that the same coronary
perfusion pressure would be used for all the animals. Blood pressure was not significantly
higher in ageing versus young WKY rats, (although there was a trend towards higher blood
pressures in the ageing animals). It is therefore likely that the middle aged and ageing

normotensive animals were adequately perfused at 80 mmHg perfusion pressure.
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In agreement with these findings, Snoeckx et al reported that the recovery of CFR and
contractility following ischaemia was depressed in aged SHR and WKY rats, compared to
adult SHR/WKY rats (Snoeckx et al, 1993). The authors postulated that this may be due to
depressed perfusion of the subendocardial layers during reperfusion. This underperfusion
is likely to be caused by an increase in coronary resistance in the inner layers of the LV wall.
In both hypertension and ageing, function of the endothelium is impaired, whereby coronary
vasodilator reserve is reduced, which could also explain lower coronary flows in aged SHR

and WKY rats.

Mariani et al demonstrated that recovery of contractile function was attenuated following
hypoxia in aged human myocardium, compared to the recovery in younger myocardium
(Mariani et al, 2000). Similarly, Misare et al reported that postischaemic systolic functional
recovery was worse in the aged sheep compared with younger cbunterparts (Miasre et al,
1992). Hence, numerous studies have reported reduced functional capacity of the ageing
myocardium. Similarly, in this study, we found that the contractility was reduced at baseline
and throughout the experimental protocol in the ageing WKY rat compared to the young
WKY animals. Whether the RPP is reduced in ageing animals due to a reduction in relative
flow per gram is not known. As previously mentioned, blood pressure did not increase with
age in the WKY animals, implying that the middle aged and ageing WKY rat hearts were not
likely to be underperfused relative to the young hearts at a perfusion pressure of 80 mmHg.
However, in SHR, generally, the contractile function was equally preserved in the ageing
myocardium compared with the young, presumably due to LVH which is able to maintain

cardiac output (compensated hypertrophy).

The occurrence of IPC in myocardial hypertrophy has already been discussed in section

1.8.
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5.7.3. IPC and ageing

This study has demonstrated that hearts isolated from ageing SHRs could not be
preconditioned. At approximately 18 months of age, SHRs have been reported to develop
heart failure (Conrad et al, 1991). It is not known whether the ageing SHRs in this study
had heart failure. There was evidence of lung target organ injury, as areas of haemorrhage
and bullae which reflect high blood pressure in the pulmonary circulation were observed in
the ageing SHRs. However, there was no evidence of ascites to suggest that the animals
were suffering from right-sided heart failure. In addition, animals did not appear cyanosed,
and even appeared pink when anaesthetised. Further, hearts isolated from ageing SHRs
functioned well when Langendorff perfused, albeit, not as well as their younger
counterparts. These data imply that the ageing SHRs used in this study may not have been
suffering from heart failure. However, RVH had occurred in these animals and plasma
noradrenaline concentration was elevated, both of which are indicative of heart failure.
Additionally, as mentioned previously, animals were poorly groomed and five animals (SHR)
died spontaneously before 12 months of age and generally appeared less active than
younger counterparts. Similarly, ageing WKY rats also appeared poorly groomed, with a
coarse yellowish coat as opposed to a soft white coat. Another interesting finding of this
study was that hearts isolated from age matched WKY rats were also unresponsive to IPC.
Hence, one cannot predict whether the long-standing hypertensive cardiac hypertrophy or
ageing or even a combination of the two factors interferes with the molecular mechanisms of
IPC. Indeed several studies have demonstrated that IPC does not elicit cardioprotection in
aged animals. Abete et al demonstrated that IPC did not prevent postischaemic dysfunction
in senescent wistar rats (Abete et al, 1996). However, exogenous noradrenaline was able to
mimic IPC in the senescent rats. These investigators found that even though IPC caused
the release of noradrenaline in adult heart and IPC was abolished with o adrenergic

blockade, IPC did not augment noradrenaline levels in the senescent heart.
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Thus, they speculated that IPC may be absent in the elderly animals due to a reduction of
noradrenaline release. Further, in a subsequent study this group demonstrated exercise
training restored the preconditioning response in the elderly animals by increasing

noradrenaline release following the preconditioning ischaemia (Abete et al, 2000).

Fenton et al recently documented that IPC was absent in 22 month old Fischer 344 rats
using both infarct size and contractile function as experimental end points (Fenton et a/,
2000). Although these animals are obviously somewhat older than the ones used in this
study, it has also been reported that IPC failed to evoke cardioprotection in 12 month old
Fischer 344 rats (Tani et al, 2001). More recently, Schulman et al demonstrated that 12
month old Sprague Dawley rat hearts were not responsive to IPC with one x five minute
cycle of ischaemia-reperfusion (Schulman et al, 2001). In contrast to these studies, Burns
et al reported that the preconditioning response was preserved in senescent sheep
myocardium (aged 5.7 to 8.0 years) (Burns et al, 1996). These investigators demonstrated
that IPC reduced infarct size to a similar extent in both the adult and ageing sheep heart (by
54% in adult sheep and by 47% in senescent sheep respectively). The reason for the
discordant finding is not clear. However, it is relevant to point out that the "senescent”
Dorset or Suffolk sheep used were only of 5.7 to 8 years of age and the lifespan of these
sheep is up to 20 years. Thus whether the animals used in these studies were sufficiently
aged is debatable. The second window of preconditioning has not been extensively
examined in ageing animals. However, Gray and co-workers recently reported that heat

stress did not protect aged (16 month old) Sprague Dawley rat hearts (Gray et al, 2000).

5.7.4. IPC in other disease states
The investigation of IPC in alternative cardiac disease states, namely, heart failure, diabetes

mellitus and hypercholesterolaemia also remain largely under-investigated.
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Miki et al investigated the effects of p,bstinfarct remodelling on IPC. Myocardial infarction
was induced in rabbits by ligation of the coronary artery for two weeks. Although IPC
reduced infarct size in the sham operated rabbits, it had no effect in the remodelled hearts.
Diazoxide, however, reduced infarct size in the remodelled myocardium implying that the
lack of IPC in the remodelled myocardium is due to defects in the signalling cascade

upstream of the mitochondrial Karp channel (Miki et al, 2000).

Dekker et al showed that in papillary muscles isolated from failing hearts, IPC increased
[Ca®); rise, contracture and electrical uncoupling during sustained ischaemia. Hence, IPC
has adverse effects in failing papillary muscles (Dekker et al, 1998). Whether this is
relevant to the ageing SHRs used in this study is not known, although the SHRs probably
did not have heart failure but were heading towards the decompensated stage of

hypertrophy.

Kersten et al demonstrated that IPC did not reduce infarct size in diabetic dogs (Kersten et
al, 2000). In contrast, other investigators have demonstrated that IPC still protects the
diabetic myocardium (Ravingerova et al, 2000; Tatsumi et al, 1998; Moon et al, 1999;

Bouchard & Lamontagne, 1998).

Szilvassy et al showed that pacing-induced preconditioning was abolished in atherosclerotic
rabbits (Szilvassy et al, 1995). Interestingly, when serum cholesterol levels dropped (with
no change in atherosclerotic lesions), the IPC response was reinstated. These findings
indicate that atherosclerosis per se without hypercholesterolaemia does not influence IPC.
The observation that IPC is abrogated by hypercholesterolaemia but not atherosclerosis
also appears to be consistent with the finding that patients with coronary artery stenosis

demonstrate the preconditioning response (Kloner & Yellon, 1994).
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More studies are clearly required to fully investigate the preconditioning response in various
cardiac diseases. For a summary of IPC in the diseased myocardium, see review by

Ferdinandy et al, 1998.

5.7.5. Signalling mechanisms in preconditioning

Reasons for the lack of protective effect of IPC can be postulated. Hypertension and ageing
induce a host of disturbances which may interfere with IPC. Endothelial dysfunction has
been shown to occur in both cases. Particular emphasis has been laid on the diminished
availability of vasodilators, for example, nitric oxide, PGl;, endothelium-derived
hyperpolarising factor (EDHF) and bradykinin and an increase in vasoconstrictors for
example, thromboxane A, endothelin -1 and oxygen free radicals (Drexler & Homig, 1999;
Mombouli & Vanhoutte, 1999) (Nakagawa & Nasijletti, 1988; Seino ef af, 1990). Previous
studies have shown endothelium-dependent vasodilation to aéetylcholine is blunted in
ageing and hypertension in both humans and animals (Drexler & Hornig, 1999; Mombouli &
Vanhoutte, 1999). An important trigger of IPC, bradykinin, is primarily synthesised by
endothelial cells. Hence, endothelial dysfunction may hinder the liberation of bradykinin
explaining why IPC is blunted in hypertension / ageing. Indeed, alterations in the kallikrein-
kinin system have been reported in hypertension (Favaro et al, 1975; Ader et al, 1987;
Nakagawa & Nasijletti, 1988; Sharma et al, 1996). Studies have demonstrated that the
production of bradykinin is attenuated during hypertension (Nakagawa & Nasjletti, 1988;
Seino et al, 1990). Additionally, studies have also demonstrated that adenoviral gene
delivery of the kallikrein gene in hypertension attenuates hypertension and hypertrophy
(Wang et al, 1995; Chao et al, 1998; Xiong et al, 1995; Yayama et al, 1998). These results
imply that bradykinin production may be attenuated during hypertension and that restoration
of bradykinin levels ameliorate hypertension. In addition, bradykinin associated

abnormalities have been reported to occur in ageing. Bradykinin induced vasodilation is
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converted to a vasoconstrictor response in vessels of aged animals (Mantelli et al, 1995).
Further, bradykinin induced vasodilatation is impaired in the basilar arteries of old animals

(Arribas et al, 1997).

Abnormalities in G-proteins, have been reported in hypertension and ageing (Johnson &
Friedman, 1993). Adequate functioning of G-proteins is crucial as triggers of IPC initiate the
protective signalling cascade by activating G-protein linked receptors (Nakano et al, 2000b).
Disturbances in PKC signalling have also been implicated in hypertension and ageing.
Investigators haye demonstrated that the translocation of PKC ¢ and PKC a is impaired in
ageing following ischaemia / reperfusion (Korzick et al, 2000); both isoforms have been
implicated in IPC (Nakano et al, 2000b; Ping et al, 2001). Recently, Tani et al showed in the
senescent rat heart, IPC did not translocate PKC o/ whereas both isoforms were
translocated in young heart following IPC (Tani et al, 2001). PKC ¢ has additionally been
implicated in hypertrophy, where enhanced activity was linked with myocyte hypertrophy (Sil
et al, 1998). Finally, alterations in mitochondrial respiration have been demonstrated to
occur, during senescence. Fannin et al demonstrated an age related decline in cytochrome
oxidase activity in interfibrillar mitochondria (Fannin et al, 1999). Alterations in mitochondrial
energy production have also been found to occur in hypertension (Seccia et al, 1999). A
vast number of studies favour a role for the mitochondrial Karp channel in IPC (Nakano et al,
2000b), however, alterations in mitochondria may lead to a dysfunctional / modified Karp
channel. Therefore, all pathways that have been implicated in IPC, including triggers,
mediator (PKC) and the possible end effector site (mitochondria) are affected during the
processes of hypertension and ageing, which may help to explain why IPC is lacking in
these conditions. Indeed, Schulman et al demonstrated that CCPA, dioctanoyl-sn-glycerol
or diazoxide all failed to induce cardioprotection in isolated aged (18 month old) rat hearts,

whilst these agents clearly protected young hearts (Schulman et al, 2001). Results imply
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that adenosine receptors (ie, G-protein linked receptors), PKC and the mitochondrial Karp
channel are affected during the process of ageing, hence, no cardioprotection was

observed. Exactly, how they are affected remains elusive.

Therefore, molecular mechanisms implicated in IPC also appear to be involved in
hypertrophy / ageing, hence mechanisms may be downregulated in long standing cardiac
hypertrophy, so that IPC cannot initiate further activation of the pathways that are already
activated in this pathology. Furthermore, levels triggers of IPC, namely adenosine (Dobson
et al, 1990) and ppioids (Boluyt et al, 1993) have been shown to increase in the senescent
myocardium, again implying that high levels of these substances may lead to receptor

downregulation.

5.7.6. ACE inhibitors and cardioprotection
When captopril was combined with the IPC protocol, in the ageing animals, no limitation of
infarct size was observed in the SHR. In contrast, a modest but significant protective effect

was seen in hearts isolated from age matched normotensive animals.

The reasons for the lack of protective effect of captopril in ageing SHR are unknown,
although one can speculate that as both ageing and hypertension induce endothelial
dysfunction, there is a reduced production of bradykinin. As already mentioned, studies
have demonstrated that bradykinin levels are attenuated in hypertension. In ageing alone
the degree of endothelial dysfunction may not be as severe such that captopril can augment
bradykinin levels to elicit cardioprotection. However, in hypertension, one can speculate
that endothelial dysfunction may be so severe that captopril is unable to enhance bradykinin
levels sufficiently. Nevertheless, bradykinin levels were not measured in this study, hence,

it is not known whether this is actually the case. Interestingly, Mantelli et al demonstrated
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that while bradykinin caused vasoconstriction as opposed to vasodilatation in old SHR/WKY
vessels, this vasoconstriction was more pronounced in the old SHRs (Mantelli ef al, 1995).
This is just a possibility, many other factors may be involved. Interestingly, as described in
chapter three, the kallikrein-kinin system has been implicated in hypertension. Much
controversy exists regarding the precise activity of the kallikrein-kinin system in
hypertension. While most studies report activity of kallikrein-kinin system is diminished in
hypertension (Favaro et al, 1975; Ader et al, 1987; Nakagawa & Nasjletti, 1988; Sharma et
al, 1996), some studies report that bradykinin levels are augmented in this pathology. For
example, Campbell et al found increased levels of bradykinin in SHR myocardium
(Campbell et al, 1995a). This implies that the bradykinin B, receptor may be desensitised in
hypertension due to the presence of increased bradykinin levels. Indeed, Luckhoff et al
demonstrated that B, receptor desensitisation occurs following repeated stimulation
(Luckhoff et al, 1988). Hence, raised levels of bradykinin in the bresence of captopril may
not be able to induce cardioprotection due to bradykinin B, receptor desensitisation.
Defects in other parts of the preconditioning mechanism for example, intracellular signalling
and or the distal end effector site (discussed in section 5.7.5) in chronic hypertrophy may

also interfere with ACE inhibitor induced protection.

5.7.7. Limitations of study

A major limitation of this study is the fact that bradykinin levels were not measured. Hence,
we cannot propose for certain that basal bradykinin levels are attenuated in the SHR and
that captopril does not augment bradykinin levels to the same extent as it does in the
normotensive animals. Additionally, captopril was administered acutely. If on the other
hand, captopril was administered chronically, presumably, hypertension and LVH would be
reduced and endothelial function restored. Future studies must examine whether long-term

treatment with captopril restores the preconditioning response in these SHRs. Captopril at
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a concentration of 200 uM was used. Although this dose successfully augmented the
subthreshold preconditioning response in young animals, this concentration may not have
been sufficient in the elderly animals. However, the activity of ACE is not altered in the
SHR, hence captopril 200 pM should be sufficient to inhibit ACE activity in hypertrophy

(Dendorfer et al, 2001).

5.8. CONCLUSION

In summary, since the initial discovery of IPC some 15 years ago, a very limited number of
studies have examined the effects of this phenomenon in diseased myocardium. It was
demonstrated in this study that IPC does not protect the ageing SHR or normotensive WKY
rat hearts even though protection was clearly apparent in young and middle aged rat hearts.
The reasons for this are not clear and warrant further investigation. Experiments must
specifically be designed to address whether hypertension or agéing attenuate the capacity
of IPC to evoke cardioprotection, although it is likely to be a combination of the two factors.
In addition to this, it was found that a widely used ACE inhibitor captopril did not induce
cardioprotection in ageing SHR, but provided a modest limitation in ageing normotensive
rats. This study has important clinical implications as both hypertension and ageing are
very common occurrences (and usually occur simultaneously) and the absence of IPC in
both cases raises the primary concem as to whether IPC can induce protection in human

paradigms of hypertension / ageing.
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CHAPTER SIX

Assessment of the protective effects of bradykinin at reperfusion
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6.1. INTRODUCTION

Experiments described so far in this thesis have involved investigating the effects of

bradykinin administered prior to ischaemia. In this chapter, the protective effects of

bradykinin administered after the onset of ischaemia, just prior to the onset of reperfusion

were investigated.

Reperfusion of the ischaemic myocardium is imperative to reduce the ongoing process of

cell death. Reperfusion reduces infarct size and mortality in post myocardial infarction

patients. Some investigators however, believe that reperfusion itself may precipitate

additional cell injury and death of the previously viable myocytes, a phenomenon known as

"lethal reperfusion injury” (Yellon & Baxter, 1999) (figure 6.1).

100
Salvage

Reperfusion injury

No reperfusion injury

N

A ischaemic duration

reperfusion

Figure 6.1.

Infarct size increases progressively with the ischaemic duration. Reperfusion of the
ischaemic myocardium limits infarct size. However, reperfusion itself induces cardiomyocyte
death (lethal reperfusion injury).
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Four types of reperfusion injury have been described; lethal reperfusion injury, myocardial
stunning, reperfusion arrhythmias and vascular injury (Yellon & Baxter, 1999; Birnbaum et
al, 1997b; Ambrosio & Tritto, 1999). Reperfusion arrhythimas frequently occur following
short periods of ischaemia. Free radical scavengers limit reperfusion arrhythmias when
administered at the onset of reperfusion (Hearse & Toaski, 1988; Woodward & Zakaria,
1985). Similarly, myocardial stunning also occurs following a short period of ischaemia (ie,
which is insufficient to induce myocardial infarction). Free radicals are also thought to
participate in inducing myocardial stunning (Bolli et al, 1989). Myocardial stunning is
caused by reperfusion per se and not by ischaemia itself. Vascular injury has also been
reported to occuf following brief periods of ischaemia (Yoo et al, 1999). Nitric oxide may be

scavenged by the presence of high concentrations of ROS present during reperfusion.

Lethal reperfusion injury is however the most controversial form of reperfusion injury. While
there is sound evidence demonstrating that the occurrence of arrhythmias and stunning are
caused by reperfusion per se, it is more difficult to demonstrate that lethal reperfusion injury
is actually caused by reperfusion and not ischaemia itself. Some investigators believe that
lethal reperfusion injury does not cause cell death. They postulate that reperfusion merely
accelerates the process of death in cells that were "condemned to die" during the long
episode of ischaemia (Yellon & Baxter, 1999). However, lethal reperfusion injury is very
difficult to study experimentally, as it is impossible to demonstrate reperfusion injury without
a preceding period of ischaemia. Thus, it is difficult to dissociate the effects of ischaemia
and reperfusion. Indeed, it is very difficult to measure tissue necrosis using the traditional
method of tetrazolium staining, which requires periods of reperfusion following ischaemia.
The duration of reperfusion is likely to affect the extent of lethal reperfusion injury. In the
dog, lethal reperfusion injury could not be demonstrated five minutes (Ganz et al, 1990) and

three hours (Zahger et al, 1995) following reperfusion. Nevertheless, cellular injury induced

172



by reperfusion has been demonstrated in several experimental models. Farb et al
demonstrated the existence of reperfusion injury in the in vivo rabbit model of coronary
artery occlusion. These investigators found that following 30 minutes of ischaemia, infarct
size, assessed by horseradish peroxidase and electron microscopy was 45.31+2.8%,
however, after 180 minutes of reperfusion, infarct size, assessed by tetrazolium staining
was significantly increased to 59.8+3.3% (Farb et a/, 1993). Two studies in dogs have also
demonstrated the occurrence of irreversible myocardial injury during reperfusion (Frame et
al, 1983; Matsumara et al, 1998). It is important to emphasise that these studies
demonstrated the extension of the infarct zone during reperfusion, ie, myocytes that were
viable at the onset of reperfusion, subsequently became irreversibly damaged during
reperfusion. Finally, the existence of reperfusion injury has been demonstrated in isolated
myocytes subjected to simulated reperfusion (Vanden Hoek et al, 1996). Therefore,

reperfusion can truly be regarded as a double-edged sword.

For decades calcium antagonists have been shown to limit reperfusion injury in several
animal models (Garcia-Dorado et al, 1987; Hatori et al, 1993; Massoudy et al, 1995; Herzog
et al, 1997). The exact mechanism by which calcium antagonists exert protective effects is
not fully understood. Increased coronary flow, reduction of ATP consumption, reduction of
oxygen demand and direct free radical scavenging effects may be mechanisms involved in
the protective effects of calcium antagonists. More importantly, intracellular calcium
concentration increases (calcium overload) at reperfusion, therefore, calcium antagonists

may well induce protection by inhibiting increases in intracellular calcium.

Studies have also demonstrated that adenosine administered at reperfusion exerts
protective effects (Norton et al, 1991; Olafsson et al, 1987; Zhao et al, 1999; Mahaffey et al,

1999). Further, adenosine administered at reperfusion reduced infarct size in humans
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(Mahaffey et al, 1999). In contrast, some studies disagree with these findings and report
that adenosine is not protective when given at reperfusion (Goto et al, 1991; Vander Heide

& Reimer, 1996) .

6.1.1. Growth factors and reperfusion injury

Various growth factors have been demonstrated to exert anti-reperfusion injury effects
(figure 6.2). Transforming growth factor 31 (TGF- B1) has been shown to limit infarct size in
rat heart when given at reperfusion (Baxter et al, 1999). Insulin administered at reperfusion
in rat heart also limited infarct size (Jonassen et al, in press). The effects of insulin like
growth factor-1 (IGF-1), which is closely related to insulin, has also been investigated during
reperfusion. Studies have demonstrated that IGF-1 exerts cardioprotective actions in rat
heart when given at reperfusion (Otani et al, 2000; Yamamura et al, 2001). Cai et al
reported that cardiotrophin-1 (CT-1) limited infarct size in rat heart when administered at
reperfusion (Cai et al, 1999). A peptide related to CT-1, namely urocortin, also exerts
cardioprotective effects in cardiac myocytes (Brar et al, 2000) and intact rat heart (Schulman
et al, 2000). Finally, Cuevas et al showed that fibroblast growth factor-1 (FGF-1) given at
reperfusion in rat, reduced infarct size and improved contractile recovery (Cuevas et al,

1999).

These growth factors have been shown to activate a reperfusion injury salvage kinase
(RISK) pathway, involving the activation of phosphatidyl inositide 3'-OH kinase (PI3 kinase),
Akt/protein kinase B (PKB) and p42/p44 MAPK. Activation of the survival signal pathways
may ultimately attenuate apoptosis and thereby reduce cellular injury. The cardioprotective
actions of insulin (Jonassen et al, in press) and IGF-1 (Otani et a/, 2000) appear to be
dependent upon activation of the PI3 kinase pathway. Jonassen et al demonstrated that the

anti-infarct effect of insulin given at reperfusion was abrogated with the selective
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PI3 kinase inhibitor, wortmannin (Jonassen et al, in press). Similarly, Otani et al
demonstrated that the protective effects of IGF-1 at reperfusion were abrogated with
wortmannin, again implying an imperative role for the PI3 kinase pathway (Otani et al,
2000). Akt is thought to exert anti-apoptotic effects by phosphorylating Bad (a proapoptotic
protein), and thereby inactivating the protein. Additionally, Akt has been shown to inhibit

activity of caspase-9, which is pro-apoptotic (Cardone et al/, 1998).

Figure 6.2 highlights some of the signalling pathways involved in attenuating reperfusion

injury.
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Figure 6.2. Signal cascades activated by growth factors, which may attenuate apoptosis and thereby
increase myocyte survival.

Abbreviations used in figure: Ras - a monomeric GTPase (p21); Raf-1 - a mitogen activated protein kinase
kinase kinase; PI3 kinase - phosphatidyl inositide 3’-OH kinase; MKK - mitogen activated protein kinase
kinase; p42/p44 - mitogen activated kinase; Akt - also known as protein kinase B (PKB);

Bad - Bcl-2X, /Bcl-2 associated death promoter, Bcl-2 - B cell lymphoma 2 gene
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6.1.2. Aims of present study

The majority of work undertaken in the field- of reperfusion injury has focused upon growth
factors. However, with the possible exception of insulin, such agents cannot be readily
administered to man. Ritchie et al demonstrated that bradykinin can activate PI3 kinase and
p70 S6 kinase and both kinases have shown to be implicated in attenuating reperfusion
injury (Ritchie et al, 1999; Jonassen ef al, in press; Otani ef al, 2000). Thus in view of this
work, it was hypothesised that bradykinin given at reperfusion attenuates infarct size via
activation of PI3 kinase. Accordingly, the primary aim of this study was to investigate if
bradykinin given at reperfusion limits infarct size and secondly, to determine if the PI3

kinase pathway is involved in any protection observed.

6.1.3. Part A Assessment of the protective effects of bradykinin at reperfusion

6.2. METHODS

Following stabilisation (15-20 minutes), hearts were assigned to one of the following five
treatment groups illustrated in figure 6.3. The concentration of wortmannin was determined
from previous studies which reported that wortmannin at a dose of 100 nM inhibited PI3
kinase activity successfully (Pan et al, 1999; Graness et al, 1998).  The concentration of
bradykinin was based upon results obtained in chapter three. Both 0.1 uM and 0.2 uM

bradykinin induced protection in hearts (chapter three).
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6.2.1. Treatment protocols
Group 1; Control. Hearts underwent 35 minutes regional ischaemia and 120 minutes

reperfusion.

Group 2; Bradykinin (0.1 uM). Hearts were perfused with bradykinin (0.1 uM), for 65
minutes, commencing 5 minutes before reperfusion, and continuing for the first 60 minutes

of reperfusion.

Group 3; Bradykinin (0.2 pM).  Hearts were perfused with bradykinin (0.2 pM), for 65
minutes, commencing 5 minutes before reperfusion, and continuing for the first 60 minutes

of reperfusion.

Group 4; Bradykinin (0.2 pM) and wortmannin (100 nM). Hearts were perfused with both
bradykinin (0.2 uM) and wortmannin (100 nM) simultaneously for 65 minutes, commencing 5

minutes before reperfusion, and continuing for the first 60 minutes of reperfusion.
Group 5; Wortmannin (100 nM) alone. Hearts were perfused with wortmannin (100 nM) for

65 minutes, commencing 5 minutes before reperfusion, and continuing for the first 60

minutes of reperfusion.
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Figure 6.3. Experimental treatment protocols.

Hearts were stabilised for 20 minutes, following

which ischaemia was induced. Control hearts (group 1) received no drug intervention; Bradykinin
(0.1uM) perfusion commenced in the last five minutes of ischaemia and continued for the first 60
minutes of reperfusion (group 2). Similarly, in group 3, bradykinin at a concentration of 0.2 M was
used. Bradykinin 0.2 uM was perfused with wortmannin (100 nM) (group 4), in the same way; and
finally wortmannin was given alone (group 5).
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6.3. RESULTS

6.3.1. Exclusions

A total of 44 animals were used in this study. Two hearts were excluded due to inadequate
delineation of risk zone. Therefore, data are reported for 42 successfully conducted

experiments.
6.3.2. Body weight, risk zone volume

As highlighted in table 6.1, there were no significant differences in rat body weight and risk

zone volume among the groups. Wet heart weight was also comparable among groups.

Table 6.1. Summary of rat body weight, wet heart weight and risk zone volume

Group n Body weight (g) Wet heart weight (g) Rifk zorze 5
volume (cm

Control 14 38047 1.5+0.03 0.47+0.02
BK (0.1 uM) 6 392410 1.5+0.06 0.53+0.04
BK (0.2 uM) 11 38046 1.5+0.05 0.51+0.03
BK (0.2 uM) + Wort 5 39315 1.60.04 0.50+0.05
Wort 6 402+2 1.640.07 0.48+0.03

BK = Bradykinin
Wort = Wortmannin
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6.3.3. Infarct limiting effects of bradykinin

Figure 6.4. summarises infarct size data, normalised as a percentage of the risk zone.
Control (group 1) infarct size was 55.543.0%. Bradykinin (0.1 uM) did not cause a
significant reduction in infarct size. (46.1+3.0%, P = non-significant versus control) (group
2). Bradykinin (0.2 uM) at reperfusion, however, caused a significant reduction of infarct
size (30.7+4.2%, P <0.01) (group 3), an effect abrogated by wortmannin (55.6+4.6%, P

>0.05) (group 4). Wortmannin administered alone did not influence infarct size (59.4+4.9%,

P >0.05) (group 5).
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Figure 6.4. Infarct size data represented as infarct to risk ratio. BK (0.2 uM) caused a significant
limitation of infarct size, an effect abrogated by wortmannin. * = P <0.01 versus control (one way
ANOVA) (BK - bradykinin; Wort - wortmannin)
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6.3.4. Coronary flow and contractility data

CFR and RPP are presented in tables 6.2 and 6.3 respectively. There were no significant
differences in CFR during stabilisation. Immediately following coronary occlusion flow
declined considerably in all groups. Administration of bradykinin increased flow
immediately, both bradykinin groups had significantly higher flows compared to the control
group. The augmentation of flow induced by bradykinin was not abrogated by wortmannin.
RPP was comparable among groups during stabilisation. Following, ischaemia, RPP
declined markedly in all groups. There were no statistically significant differences in RPP

among the groups throughout the experimental procedure.
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Table 6.2. Summary of CFR (ml/min/g)
—————————— Ischaemia-—————————- reperfusion----———————-
Group Basal Pre- (+BK)
ischaemia 5 min 30 min 33min 5 min 60 min 120 min
Control 10.410.4 9.710.4 5.8£0.4 5.6+0.3 5.61£0.3- 8.810.5 6.010.4 5.0+0.5
BK (0.1 uM) 11.410.8 11.240.7 6.4+0.5 6.310.8 9.0£1.0* 10.410.8 7.5+0.9 5.240.7
BK (0.2 uM) 10.240.3 9.9+0.4 5.4+0.3 5.3+0.4 8.1£0.6 * 9.8£0.7 7.1£0.7 5.610.8
BK (0.2 uM) + Wort 10.1£0.9 10.2+0.9 6.1£0.8 5.410.9 7.6+£1.1* 8.611.0 6.71+0.8 5.040.9
Wort 10.0+0.6 10.1+0.7 6.110.5 6.410.7 6.3+£0.7 8.8+0.9 7.0+£0.9 3.8+0.3
Table 6.3. Summary of RPP (mmHg/min X 10%
cmeemmmme e -—-| SChAEMIi @- - oo oo reperfusion--—-—--—--———-
Group Basal Pre- (+BK)
ischaemia 5 min 30 min 33min 5 min 60 min 120 min
Control 48.542.8 44.712.4 22.1+2.4 26.1£1.8 26.0+1.8 27.5+2.0 23.3+1.9 18.0x1.6
BK (0.1 uM) 51.8£3.4 48.6+3.0 19.61£2.5 27.6+1.9 27.614.3 26.412.0 18.9+2.4 16.0+1.3
BK (0.2 uM) 48.5+3.0 47.1£2.7 21.0£21 25.112.2 23.241.5 30.0+3.7 22.512.6 18.8+3.1
BK (0.2 uM) + Wort 50.0+2.1 47.611.7 23.4+2.6 27.312.0 25.015.7 26.7+3.4 30.0+3.7 19.612.0
Wort 53.212.9 48.913.0 21.0£2.8 26.411.4 23.9+1.0 20.1+2.5 19.7+2.4 15.0+2.1

BK - Bradykinin; Wort - wortmannin.

* = P <0.05 versus control group. (Repeated measures ANOVA)
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6.4. PartB Assessment of the protective effects of bradykinin at
reperfusion in the chronically hypertensive myocardium

6.4.1. INTRODUCTION

In chapter five, it was reported that neither the ageing (11-13 month old) SHR or WKY rat
hearts were amenable to IPC.  Additionally, bradykinin given just prior to the onset of
reperfusion limits infarct size (part A). Accordingly, this study examined whether reperfusion
injury can be attenuated in these animals using bradykinin, as presumably, mechanisms of

IPC and reperfusion injury are divergent.

6.5. METHODS

Hearts were subjected to bradykinin (0.2 uM), in the same way as described in part A. It is
important to note that as supply of ageing SHR/WKY animals was very limited, control
experiments were randomised as adequately as possible between the study performed in

chapter five and the present study.

6.6. RESULTS
An additional 12 animals were used for this part of the study. Results of the control

experiments are the same as that presented in chapter five.

6.6.1. Blood pressure data

Systolic and diastolic blood pressure are depicted in table 6.4. The SHR had significantly

higher systolic and diastolic blood pressure compared to WKY rats.
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Table 6.4. Summary of systolic and diastolic blood pressure

Group n Systolic blood pressure Diastolic blood pressure
(mmHg) (mmHg)

SHR Cont 5 224122 * 193x19 *

SHR BK 4 1905 * 17816 *

WKY Cont 3 120+11 100+16

WKY BK 3 10742 100416

Cont = control; BK = bradykinin. * = P <0.05 versus corresponding WKY group (one way ANOVA)

6.6.2. Body weight, risk zone volume and hypertrophy index
Rat body weights are shown in table 6.5, there were no significant differences among the

groups.
Myocardial risk zone volume was significantly larger in the SHR compared with WKY groups,
however, when normalised to the volume of the left ventricle, there was no significant

difference among the groups.

Hypertrophy index in the SHRs was 27% (consistent with results presented in chapter five).

Significant RVH had also taken place in the SHR groups.
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Table 6.5. Rat body weight, risk zone volume, risk zone volume normalised to LV volume, LV/body weight ratios and RV/body weight ratios.

Group n rat body weight risk zone volume riskzone/ LV  LV/ body RV/body

(g) (cm?) volume(%) weight (mg/g)  weight (mg/g)
SHR Cont 8 434+16.7 1.01+0.05 * 55.0%1.7 5.010.14 * 0.5010.60 *
SHR BK 6 430+15.1 0.98+0.07 * 59.242.1 4.910.15 * 0.4710.03 *
WKY Cont 7 434%18.2 0.67+0.06 53.5+2.0 3.510.08 0.3210.02
WKY BK 6 423+7.6 0.58%0.50 56.7%3.3 3.710.06 0.3610.02

Cont - Control: BK - Bradykinin

* = P < 0.05 versus corresponding WKY group



Infarct to risk ratio (%)

6.6.3. Effects of bradykinin on infarct size

Figure 6.5 summarises infarct size data, expressed as a percentage of the risk zone. SHR
control infarct size was 58.7+4.6%, bradykinin (0.2 uM) at reperfusion produced a non-
significant reduction in infarct size to 55.0+3.4% (P >0.05). WKY control infarct size was
51.8+3.2%, and was significantly reduced by bradykinin treatment at reperfusion to

28.916.3%, P <0.05.

0] ——

e
RRRSEE [

507 el
401 SEBOSOE .
%07 RS w
20 e
10 1 EESNNANS

SHR Control SHR BK WKY Control WKY BK

Figure 6.5. Infarct size data represented as infarct to risk ratio. BK at reperfusion did not exert a
protective effect in the ageing SHR, however, in the age matched WKY rats, BK given just prior to the
onset of reperfusion produced a significant limitation of infarct size. * = P <0.01 versus WKY control
(one way ANOVA) (BK = bradykinin)
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6.6.4. Coronary flow and contractility data

CFR and RPP are summarised in tables 6.6 and 6.7 respectively. There were no significant
differences between CFR among the groups at stabilisation. CFR was slightly higher in the
WKY groups during ischaemia. Following bradykinin treatment, CFR in the WKY increased
dramatically, however, bradykinin had no vasodilatory effect in the'SHR. CFR increased
upon reperfusion in all groups, with WKY groups displaying slightly higher values compared

with SHR groups, a pattern which continues until the end of the reperfusion period.

Contractility was similar among groups during stabilisation. Ischaemia caused a similar
reduction in RPP in all groups. Following bradykinin treatment, the WKY group exhibited a
higher RPP compared to the WKY control group, which continued until the end of the

experiment.
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Table 6.6.

Group

SHR Cont
SHR BK
WKY Cont

WKY BK

Table 6.7.

Group

SHR Cont
SHR BK
WKY Cont

WKY BK

Summary of CFR (ml/min/g)

Basal

9.1+0.2

9.310.4

9.5%0.9

9.6£0.4

Pre-
ischaemia

8.1+0.3

8.910.4

8.611.0

9.310.4

Summary of RPP (mmHg/min X 10f)

Basal

33.213.6

39.0£3.3

30.716.0

321+3.5

Cont - Control; BK - Bradykinin;

Pre-
Ischaemia

33.614.6

38.043.7

25.015.0

32114.4

5 min

3.910.2
4.2+0,2
5.310.7

5.310.3

5 min

17.31£3.0
19.0£2.2
15.412.4

18.913.0

* = P<0.05 versus WKY control group (Repeated measures ANOVA)

— lIschaemia

30 min

3.710.4

3.9%0.1

4.8%0.6

5.410.3

30 min

22.1+2.8

25129

17.213.8

20.113.1

(+BK)
33min

3.7£0.4
4.0%0.3
4.8%0.6

8.240.9 *

(+BK)

33min

22.1+2.8
23.0%£2.9
17.243.8

20.743.3

5 min

6.3£03

6.6£0.2

7.9%0.8

9.4+1.0

5 min

20.1%4.0

23.0%3.0

17.2£3.1

29.1%3.7 *

-—— reperfusion—

60 min

4.5%0.3
4.7£0.4
6.7£0.8

7.281.0

60 min

15.4£300
17.1£2.0
19.243.0

26.5%3.5

120 min

4.010.3

3.3%0.2

5.3%0.9

6.5£0.8

120 min

11.0%1.5

10.5%1.3

11.3%1.4

14.6%2.0



6.7. DISCUSSION

This study demonstrated that bradykinin given just prior to the onset of reperfusion,
attenuated infarct size. This protective effect was abrogated by wortmannin indicating that
the PI3 kinase pathway is involved in the cardioprotection observed.  Bradykinin at
reperfusion did not however reduce infarct size in the ageing SHR myocardium. In contrast,
a significant reduction of infarct size was observed when bradykinin was given just prior to

reperfusion in the normotensive, age matched WKY rat hearts.

6.7.1. Bradykinin and limitation of reperfusion injury

The first study to demonstrate bradykinin limits reperfusion injury was performed by
Massoudy et al. These investigators demonstrated that bradykinin (at a concentration of 0.1
nM / 1 nM) or the ACE inhibitor ramiprilat given at reperfusion led to an improvement of
contractile recovery following ischaemia-reperfusion in the isolated guinea pig heart
(Massoudy et al, 1994). Similarly, Dogan et al demonstrated that enalapril maleate
administered at reperfusion improved myocardial contractile recovery following cardioplegic
arrest (Dogan et al, 1998a). Similar results were obtained with captopril (Dogan et al,
1998b). Although these studies do not provide direct evidence for the involvement of
bradykinin, increased bradykinin levels as a consequence of ACE inhibition are likely to be
implicated in the cardioprotective effects of enalapril maleate/captopril at reperfusion. In the
studies conducted by Yang et al and Schrieffer et al, ACE / NEP inhibitors or dual ACE/NEP
inhibitors administered at reperfusion or just prior to the onset of reperfusion attenuated
infarct size (Yang et al, 1997a; Schriefer et al, 1996). Furthermore, these investigators
reported that cardioprotection was abolished with Hoe 140, implying that the protection was
mediated by bradykinin. Thus, various studies have indicated that agents that augment
bradykinin levels may attenuate reperfusion injury via a bradykinin mechanism. The study

conducted by Massoudy et al is the only study which provides direct evidence that
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bradykinin itself limits reperfusion injury (ie, as opposed to ACE / NEP inhibitors). The study
presented here demonstrates that direct administration of bradykinin prior to reperfusion

limits infarct size.

6.7.2. PI3 kinase and reperfusion injury

Numerous studies have provided evidence that bradykinin activates PI3 kinase. In human
epithelial cell lines, bradykinin was shown to increase PI3 kinase activity, an effect which
was blocked by two different PI3 kinase inhibitors, wortmannin and LY294002 (Pan et al,
1999). Graness et al demonstrated in the human colon carcinoma cell line SW-480 that
bradykinin induced the formation of lipid PI3 kinase lipid products, an effect abrogated by
wortmannin (Graness et al, 1998). Jonassen et al recently demonstrated that the protective
effects of insulin at reperfusion were abrogated by wortmannin, indicating that PI3 kinase is
involved in the protective effects of insulin (Jonassen et al, in pfess). Additionally, these
investigators also found an imperative role for p70 S6 kinase in the protection observed,
another kinase activated by bradykinin. Similarly, we found that bradykinin induced
limitation of infarct size was dependent on the activation of PI3 kinase. Consistent with our
findings, Bell et al also found that bradykinin administered at reperfusion limited infarct size
in the isolated mouse heart, an effect also abrogated by wortmannin (unpublished
observation). Exactly how the activation of PI3 kinase leads to a cardioprotective effect is
not known. Activation of PI3 kinése leads to the activation of another kinase - Akt (PKB)
which is subsequently believed to inhibit apoptosis. Akt inhibits apoptosis by inhibiting pro- .
apoptotic substances for example BAD (Yellon & Baxter, 1999). The results of this study hint
that bradykinin may limit reperfusion injury by attenuating apoptosis. However, apoptosis
was not measured. Wang et al recently demonstrated that ACE inhibition attenuated
apoptosis following ischaemia-reperfusion (Wang et al, 2001). This effect was abrogated in

the presence of Hoe 140, implying that bradykinin is responsible for the anti-apoptotic
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effects of ACE inhibition (Wang et a/, 2001). Future studies should measure apoptosis

following bradykinin administration at reperfusion.

6.7.3. Involvement of eNOS

Two independent studies have provided evidence that eNOS "is required for the
cardioprotective effect of bradykinin at reperfusion. In eNOS knock out mice, the
cardioprotective effect of ramiprilat given at reperfusion was absent (Yang et al, 1999).
Similarly, Bell et al reported that the protective effects of bradykinin at reperfusion were
lacking in eNOS deficient mice (unpublished observation). These data suggest that
bradykinin given at reperfusion activates eNOS which subsequently limits infarct size.
Furthermore, when Bell et al administered nitric oxide (ie, a nitric oxide donor, SNAP) at
reperfusion in place of bradykinin, a similar reduction in infarct size was observed. Thus, a
role for nitric oxide in the limitation of reperfusion injury is' likely. Although higher
concentrations of nitric oxide have been shown to precipitate cell death, lower
concentrations may actually limit cell death (Taimor et a/, 2000). Dimmler and co-workers
have demonstrated that activation of Akt/PKB leads to the production of nitric oxide via
eNOS (Dimmeler et al, 1999). Thus, bradykinin mediated upregulation of Akt may lead to
the activation of eNOS. Exactly how nitric oxide limits reperfusion injury is not known,
although low concentrations of nitric oxide are thought to exert anti-apoptotic effects, by
inhibiting mitochondrial release of cytochrome C (Brookes et al, 2000) and by inhibiting
caspase 3 activity (Rossig L et al, 1999). The obligatory role of nitric oxide in mediating
bradykinin induced protection should be further investigated by co-administration of a NOS
antagonist (eg, L-NAME) and bradykinin at reperfusion. In contrast, the cardioprotection
induced by pre-ischaemic bradykinin treatment is nitric oxide independent (when infarct size
is used as the end point). However, cardioprotective actions of bradykinin at reperfusion

and the delayed protective effects of bradykinin appear to be dependent upon nitric oxide
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(see chapter seven), possibly implying that these two cardioprotective actions of this peptide

share common signalling pathways.

6.7.4. Effect of bradykinin at reperfusion in the SHR

The present study has demonstrated that administration of bradykinin at reperfusion in ageing
SHR did not exert a protective effect. However, when bradykinin was given at reperfusion to
age matched WKY rats, a cardioprotective effect was observed similar to that produced when

bradykinin was given to young animals (part A).

To our knowledge, previous studies have not examined reperfusion injury in the hypertensive
or ageing animal. Previous studies have implied an imperative role for nitric oxide generated
by eNOS in the protection mediated by bradykinin / ramiprilat at reperfusion (Yang et al,
1999). Putative signalling mechanisms involved in the protectiVe effects of bradykinin at
reperfusion are highlighted in figure 6.6. However, activity of eNOS may be impaired in
hypertension. Indeed, activity and expression of eNOS is diminished in the SHR (Chou et al,
1998; Crabos et al, 1997; Bauersachs et al, 1998) . It is not known whether impaired activity
of eNOS accounts for the lack of protective effect of bradykinin at reperfusion, although it is a
possibility. Alternatively, it was demonstrated that activation of PI3 kinase was required for
the protective effects of bradykinin at reperfusion, as treatment with wortmannin abrogated
the protective effects of bradykinin (part A). It is not known if activity PI3 kinase is impaired in
hypertension, however, activity of this kinase was upregulated in protein synthesis induced by
AT-ll and o adrenoceptor stimulation (Rabkin et al, 1997; Schluter et al, 1999). Whether PI3
kinase activity is downregulated during chronic cardiac hypertrophy (ie, due to repeated
stimulation during the initial stages of hypertrophy) and is resistant to further stimulation by

bradykinin remains to be investigated.
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Hypertension / ageing

\ Akt (PKB) Endothelial cell

Nitric oxide

Bradykinin

Cardiac Myocyte

Limitation of Nitric oxide

cytoctirome C

release & caspase

3 activity -» Reduction of
apoptosis

Figure 6.6. Bradykinin leads to the activation of PI3 kinase, which subsequently activates
Akt. Akt leads to the phosphorylation and activation of eNOS, which may attenuate cell
death by limiting apoptosis. Activity of eNOS is however impaired in aged SHR, and
bradykinin at reperfusion did not attenuate infarct size in the ageing SHR. | speculate this
failure of protection is related to impaired activity / expression of eNOS.

Another interesting finding was the observation that bradykinin did not enhance CFR in the
SHR, whilst CFR increased markedly following bradykinin treatment in the age matched WKY
rat. A similar augmentation of flow was observed when bradykinin was administered to young
rats (see table 6.2, part A). Reasons for the lack of vasodilatory effect of bradykinin in the

SHR are not known, although, as previously mentioned, endothelium dependent relaxations
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are impaired in hypertension, due to reduced availability of nitric oxide. Consistent with this
observation, Bauersachs et al reported that bradykinin induced vasodilatation was reduced in
SHR hearts compared to WKY. Indeed, the authors also demonstrated a parallel reduction in

eNOS expression in endothelial cells of SHR (Bauersachs et al, 1998).

6.8. CONCLUSION

In the initial part of this study (part A) bradykinin was found to exert a cardioprotective effect
when given at reperfusion. This protective action of bradykinin appears to be mediated via
activation of PI3 kinase. Results imply that administration of ACE or NEP inhibitors at the
time of thrombolysis in man may exert cardioprotective effects. However, ACE or NEP
inhibitors at reperfusion would be expected to cause severe hypotension, which may not be

desired in a post myocardial infarction patient.

In the second part of this study (part B), it was found that bradykinin administered at
reperfusion did not exert a protective effect in the ageing SHR. Protection was however
apparent in age matched WKY rats. Reasons for the lack of protective effect of bradykinin in

the SHR remain elusive, although eNOS may be implicated.
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7.1. INTRODUCTION
Thus far in this thesis, cardioprotective effects of bradykinin administered acutely have been
investigated. In this final chapter the effects of bradykinin administered 24 hours prior to

infarction are determined - completely novel effects of this peptide are reported here.

Delayed preconditioning, like classical preconditioning is dependent on the generation of
various mediators during the period of antecedent ischaemia (see chapter one). Adenosine
A, receptor activation and nitric oxide have both been shown to contribute independently as
co-triggers for the acquisition of delayed protection (Bolli, 1997a, 2000; Baxter & Yellon,
1997b; Baxter et al, 1994; Qui et al, 1997). Baxter et al showed that adenosine receptor
blockade during the preconditioning period abrogated vthe protection seen 24 hours later in
rabbit heart (Baxter et al, 1994). Similarly, Bolli et al demonstrated that inhibition of NOS
during preconditioning also abrogated delayed protection (Bolli ét al, 1997a). Conversely,
administration of either adenosine A4 receptor agonists or nitric oxide donors could substitute
for preconditioning ischaemia and induce protection 24 hours later (Baxter et al, 1994,
Shinmura et al, 1999). Despite extensive literature providing evidence for the role of
bradykinin in early preconditioning, it is not known whether bradykinin triggers delayed
protection. Accordingly, the principal aim of this study was to investigate if pre-treatment
with bradykinin elicits a delayed phase of myocardial protection. Nitric oxide has been
demonstrated convincingly to act as a co-trigger of delayed preconditi_oning. Furthermore,
nitric oxide has been previously implicated in some studies (though not all) as a mediator of
the early cardioprotective actions of bradykinin. Therefore, it was hypothesised that
bradykinin triggers delayed protection in the heart through a mechanism involving the
generation of nitric oxide. In this study, rats were treated with exogenously administered
bradykinin and responses to ischaemia-reperfusion were assessed 24 hours later. HSP 72

has previously been shown to be upregulated following ischaemia and heat stress induced
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delayed cardioprotection (Marber et al, 1993). Thus, protein levels of HSP 72 were
examined 24 hours following bradykinin treatment. Bolli's group have demonstrated that
nitric oxide (originating from eNOS) is a trigger of delayed ischaemic preconditioning.
However, it is not known what actually triggers the release of nitric oxide. Thus, it was
hypothesised that bradykinin is the proximal trigger released during the preconditioning
ischaemia that leads to nitric oxide generation via eNOS. In this study, it was therefore
investigated whether exogenous bradykinin induces delayed preconditioning by augmenting
the activity of eNOS. Accordingly, expression of various NOS isoforms were assessed 24

hours following bradykinin infusion.

7.2. METHODS

7.2.1. Treatment Protocols

The experimental treatment protocols are illustrated in figure 7.1. Twenty-four hours prior to
infarct induction, hearts were randomly assigned to one to of the following four treatment

groups.

Group 1: saline + saline (control)

Rats received saline 0.5 mi by dorsal tail vein injection (i.v) preceded 15-20 minutes earlier
by saline 0.5 ml i.p. Animals were returned to their cages for 24 hours prior to the infarct

protocol described in section 2.3.2.

Group 2: saline + bradykinin

Rats received bradykinin 40 pg/kg i.v., preceded 15-20 minutes earlier by saline 0.5 ml i.p.

Animals were left for 24 hours as above.
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Group 3: L-NAME + bradykinin

Rats received bradykinin 40 pg/kg i.v., preceded 15-20 minutes earlier by L-NAME 10 mg/kg

i.p. Animals were left for 24 hours as above.

Group 4: L-NAME +saline

Rats received saline 0.5 ml i.v., preceded 15-20 minutes earlier by L-NAME 10 mg/kg i.p.

Animals were left for 24 hours as above.

The dose of bradykinin was selected from previously published work performed by Hoagland
et al who characterised effects of i.v bradykinin in dose ranges 5-80 ng/kg (Hoagland et al,
1999). In preliminary experiments doses of 20 pg/kg and 40 pg/kg were compared (see
infarct size results). The haemodynamic response to 40 ng/kg dose was judged to be at the
limit of what was tolerable. L-NAME 2.5-30 mg/kg i.p. has previously been shown to
produce rapid inhibition of NOS isoforms lasting approximately six hours (Conner et al, 2000;

Ulugol et al, 2000; 1zzo et al, 1996).
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15-20 min 24 h 35 min 120 min

Group 1 | 1
| | I
SAL SAL
ip. iv
Group 2 [15-20min, 74 h 35 min 120 min
! B
SAL BK
i.p. i.v.
15-20 min 24 h
Group 3 | | 35 min 120 min
I T
L-NAME BK
i.p. i.v
G roup 4 Jezomin - 24k 35 min 120 min
! —/ ]
L-NAME  SAL
i.p. iv.
Figure 7.1. Experimental protocol. Animals were pre-treated 24 hours prior

to excision of the heart and myocardial ischaemia-reperfusion sequence (SAL - saline,

BK - bradykinin)
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7.2.2. Haemodynamic effects of bradykinin pre-treatment.

Haemodynamic effects of the agents administered to rats on day one (bradykinin, L-NAME)
were investigated in a separate cohort of anaesthetised animals. As described in section
2.2, rats were anaesthetised and intubated with room air supplemented with oxygen at 70 to
75 breaths per minute (tidal volume 34 ml). Following the cannulation of the right carotid
artery for measurement of blood pressure, the right jugular vein was also cannulated for
bradykinin/saline infusion. Body temperature, arterial pH, and pCO, / pO, were monitored
as described earlier (section 2.2). All rats were stabilised for a period of 10-15 minutes prior
to the administration of substances. L-NAME 10 mg/kg or saline was given i.p. 15-20

minutes prior to bradykinin 40 pg/kg or saline i.v.

7.2.3. Detection of HSP 72 and NOS isoforms

Twenty — four hours following the various drug treatment protdcols described in section
7.2.1, hearts were excised and immediately freeze clamped in liquid nitrogen and stored at -
80°C (note that the hearts were not subjected to ischaemia-reperfusion). Westemn blots
were performed according to the technique described in section 2.7. When detecting levels
of eNOS and iNOS, 60 pg of protein was separated on a 8% SDS-PAGE gel. Primary rabbit
eNOS and iNOS antibodies (Santa Cruz Biotechnology) at 1:500 dilution, followed by anti
rabbit horseradish peroxidase linked antibody (1:2500 dilution) were used. A 12.5% gel was

prepared when analysing HSP 72 - as previously described in chapter three.

7.3. RESULTS

7.3.1. Experimental Exclusions

A total of 66 animals were used in this study. Thirty four animals were used for the infarct
study. All animals survived the pre-treatment phase; during Langendorff perfusion, one

heart was excluded due to prolonged bradycardia during the reperfusion period. Therefore,
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the data for 33 successfully completed infarct size experiments are reported. Twelve
animals were pre-treated but hearts were excised 24 hours later for biochemical

assessment. A further 20 animals were used for acute haemodynamic measurements.

7.3.2. Infarct size data

Body weights and heart weights were comparable among the experimental groups (table

7.1). There were no significant differences in myocardial risk zones among the groups.

Table 7.1. Summary of body weight, wet heart weight and myocardial risk zone volume.

GROUP n Body weight  Heart weigh Risk zone

(@) @ : Volume (cm’)
Saline + saline 9 415418 1.43+0.03 0.5410.04
(control)
Saline + bradykinin 8 396+10 1.5140.06 0.5810.04
L-NAME + bradykinin 6 40516 1.51+0.06 0.60+0.05
L-NAME + saline 7 41118 1.52+0.03 0.54+0.04

Infarct sizes, normalised as a percentage of risk volume are shown in figure 7.2 and 7.3.
Hearts from saline treated control rats exhibited an infarct size (expressed as a percentage
of the risk zone) of 53.5+3.2%. Preliminary experiments were performed using a bradykinin
dose of 20 pg/kg. Even though a modest reduction in infarct size was observed using 20
ng/kg bradykinin, it was not statistically significant from the saline control treated group

(39.5+3.0% [n=3], P>0.05). Thus, the dose of bradykinin was doubled to 40 ng/kg, in order

202



to determine if a larger dose was cardioprotective. When administered to the animals, it was
well tolerated like the 20 png/kg dose. Hence, a dose of 40 ng/kg was used throughout the

experiments, all references made to bradykinin refer to the dose of 40 ug/kg, unless stated

otherwise.

Treatment with bradykinin 40 ug/kg 24 hours prior to infarction caused a prominent reduction
in infarct size to 29.1+4.7%, P<0.01. This protective effect was completely abrogated with
the prior administration of L-NAME (52.3+5.0%, P>0.05). Finally, treatment with L-NAME

and i.v saline did not influence infarct size (53.5+4.8%, P>0.05).

601
T
507
40- ----------
< IR —_
o | SEP I
B 30 EIEIEN 7
I /
[ R I Y A ST
R I T P
he] 207 O /
§ ..........
c 1+ v q.evonot
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Saline + Saline + ;
Saline bradykinin (20 pg/kg) Braiskinin (40uglkg)

Figure 7.2. Preliminary results. * =P < 0.01 versus saline control (One way ANOVA).
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Figure 7.3. Infarct size data represented as infarct-to-risk ratio.
Pre-treatment with bradykinin 24 hours prior to infarction resulted in
significant limitation of relative infarct size. This delayed

protective effect of bradykinin was abrogated by prior administration
of L-NAME. * P< 0.01 versus saline control group (one way ANOVA)
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7.3.3. Haemodynamic data during infarct protocol

CFR and RPP data throughout the experimental procedure are depicted in tables 7.2 and
7.3 respectively. In the group treated with bradykinin alone (no L-NAME), CFR at baseline
was significantly greater in comparison to the other experimental groups. This effect on
CFR, implying a reduction of coronary vascular tone, was not seen in hearts pre-treated with
L-NAME and bradykinin (group 3). During ischaemia and the remainder of the experimental
protocol however, there were no significant differences among the groups although during
reperfusion there was a tendency towards higher flow rates in the bradykinin treated group.
RPP during pre-ischaemic stabilisation and throughout the course of the experiments did not

differ significantly among the groups.
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Table 7.2. Summary of CFR (mi/min)

-——--—-|schaemia---———— reperfusion-—----—-——--—---
Group Basal Pre-
Ischaemia
5 min 30 min 5 min 60 min 120 min
Saline + saline (control) 16.6+0.9 15.8+1.0 9.8+0.9 9.6+1.1 14.1+1.3 11.6+1.3 8.2+1.2
Saline + bradykinin 19.9+1.3 * 18.8£1.3 T 9.310.8 8.910.6 15.91£0.9 12.6+0.8 9.410.8
L-NAME + bradykinin 15.0+1.1 13.941.0 8.2+0.8 7.410.7 13.1£0.9 10.3£0.8 7.0£0.7
L-NAME + saline 15.8+1.4 15.341.4 9.1+1.2 8.8+1.1 13.7+1.4 11.241.3 8.3t1.5
Table 7.3. Summary of rate pressure product (mmHg/min X 103)
--—-—-lschaémia--———-—— reperfusion-—----——--—-—-
Group Basal Pre-
Ischaemia
5 min 30 min 5 min 60 min 120 min
Saline + saline (control) 45.613.6 41.813.6 18.0£2.6 25.0£3.3 21.8+3.0 20.813.3 15.0£3.7
Saline + bradykinin 46.7+4.6 43.613.7 21.413.1 24.3:1.7 27.7£3.4 22.5+3.3 18.5£3.4
L-NAME + bradykinin 46.915.2 41.33.7 23.4+2.3. 23.0+2.9 23.9+2.7 18.7£2.5 14.0£1.7
L-NAME + saline 40.312.8 35.2+3.3 18.5£3.4 22.312.3 19.242.3 17.1£2.0 12.0+2.0

* = P < 0.05 versus all experimental groups. 1= P < 0.05 versus L-NAME + bradykinin group (Repeated measures ANOVA).
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7.3.4. Haemodynamic effects of bradykinin in vivo

Variations in mean arterial pressure (MAP) induced by bradykinin (20 and 40 pg/kg), L-
NAME (10 mg/kg) or saline pre-treatment are illustrated in figure 7.4. Following the
administration of bradykinin (both doses), an immediate fall in MAP was observed.
Bradykinin at a dose of 20 ug/kg produced a smaller reduction in MAP compared with the 40
ng/kg dose. Approximately ten seconds following the administration of bradykinin at a dose
of 40 ug/kg, there was a reduction in MAP, by approximately 40%. This hypotensive action
was rapidly reversed and the MAP retumed to near baseline levels within two minutes.
Application of bradykinin (40 pg/kg) following L-NAME administration produced a similar
effect. The reduction in MAP induced by bradykinin (40 ng/kg) was slightly attenuated by
prior treatment with L-NAME suggesting that the systemic hypotensive effect of bradykinin
was only partially nitric oxide-dependent. L-NAME alone did not significantly alter MAP.
Heart rate (data not shown) was also monitored throughout the course of drug administration

but no significant alterations were observed.
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Figure 7.4. Effects of various doses of bradykinin and L-NAME on mean arterial pressure in
pentobarbital anaesthetised rats. Baseline values were obtained immediately prior to i.v injection of
bradykinin or saline, n= 3-5 animals per group. * = P < 0.05 versus saline + saline group



7.3.5. Expression of NOS following bradykinin treatment
Expression of eNOS and INOS were investigated 24 hours following bradykinin treatment.
Figures 7.5 and 7.6 demonstrate that there was no significant induction of these proteins 24

hours following the administration of a bradykinin bolus.

Saline + Saline + Saline + Bradykinin +
saline L-NAME bradykinin L-NAME
a ImmunoWot
140 kDa
600 b. Optical Densitometry
500 -
400 -
c
3
g 300 -
8
<
200 -
100 -
8 aline + 8 aline + 8 aline + Bradykinin +
Saline L-NAME b ra dy kin in L-N AM E
Figure 7.5.

Panel a - Western blot demonstrating expression of eNOS. Lanes 1-3 represent samples subjected to
saline treatment (group 1). Lanes 4-6 represent samples subjected to saline and L-NAME treatment
(group 4). Lanes 7-9 represent samples subjected to bradykinin treatment (group 2). Lanes 10-12
correspond to samples subjected to bradykinin and L-NAME treatment (group 3).

Equal loading was ensured by Ponceau staining of membrane.

Panel b - Expression of eNOS in arbitrary units. No significant differences in eNOS expression were
observed.
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Figure 7.6.

Panel a - Western blot demonstrating expression of INOS. Lanes 1-3 represent samples subjected to saline
treatment (group 1). Lanes 4-6 represent samples subjected to saline and L-NAME treatment (group 4).

Lanes 7-9 represent samples subjected to bradykinin treatment (group 2). Lanes 10-12 correspond to samples
subjected to bradykinin and L-NAME treatment (group 3).

Equal loading was ensured by Ponceau staining of membrane.

Panel b - Expression of iNOS in arbitrary units. No significant differences in iINOS expression were observed.
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7.3.6. Expression of HSP 72 following bradykinin treatment
Expression of HSP 72 was investigated 24 hours following bradykinin treatment. There was

no significant induction of this protein 24 hours following bradykinin treatment (figure 7.7).
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Figure 7.7.

Panel a - Western blot demonstrating expression of HSP 72. Lanes 1-3 represent samples subjected

saline treatment (group 1). Lanes 4-6 represent samples subjected to saline and L-NAME treatment (group 4).

Lanes 7-9 represent samples subjected to bradykinin treatment (group 2). Lanes 10-12 correspond

to samples subjected to bradykinin and L-NAME treatment (group 3).

Equal loading was ensured by Ponceau staining of membrane.

Panel b - Expression of HSP 72 in arbitrary units. No significant differences in HSP 72 expression were observed.
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7.4. DISCUSSION

The major findings of the present study can be summarised as follows; (1) Systemic
treatment with bradykinin evoked a delayed cardioprotective response 24 hours later. (2)
Non-selective inhibition of NOS at the time of bradykinin administration abolished the
delayed protection afforded by bradykinin. (3) The protective response was independent of
the acute haemodynamic actions of bradykinin since L-NAME blocked the cardioprotective
effect of bradykinin, but did not abrogate the acute hypotensive actions of the peptide. This

is the first study that demonstrates bradykinin induces a delayed preconditioning like effect.

7.41. Bradykiﬁin and delayed preconditioning

A current paradigm for delayed preconditioning invokes a primary role of several diffusible
mediators generated in the myocardium during the preconditioning ischaemia. Various
agents have been reported to induce delayed preconditioning. Adenosine, a key trigger of
classical preconditioning has also been investigated in delayed preconditioning. Baxter et al
showed that pre-treatment with CCPA, a selective adenosine A, receptor agonist caused a
prominent reduction in infarct size, in the in vivo rabbit coronary artery ligation model (Baxter
et al, 1994).  Fryer et al established the ability of TAN-67, a §,-opioid receptor agonist to
elicit delayed myocardial protection in the in vivo rat model of coronary artery occlusion
(Fryer et al, 1999). Indeed, opioids also have a well established role in classical
preconditioning (Schultz et al, 1997). Pre-treatment with MLA (Tosaki et al, 1998),
lipopolysaccharide (Zacharowski et al, 1999), lipoteichoic acid (Zacharowski et al, 2000)
diacylglycerol (Baxter et al, 1997a), diazoxide (Takashi et al, 1999), nitric oxide donors
(Shinmura et al, 1999), reactive oxygen species-generating solution (Takano et al, 1997),
catecholamines (Meng ef al, 1996a) and prostanoids (Szekeres, 1996) have been

demonstrated to induce a delayed form of cardioprotection. In addition, heat stress 24 hours
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prior to infarct induction is a well documented stimulator of delayed preconditioning (Marber

et al, 1993; Cornelussen et al, 1998).

Despite comprehensive investigation of the various triggers of delayed preconditioning, the
role of bradykinin, has not been directly examined in this phenomenon. Studies have clearly
demonstrated a role for bradykinin in triggering classical preconditioning. However, it is not
known if bradykinin elicits delayed preconditioning. Jaberansari et al recently documented
that pre-treatment with an ACE inhibitor perindoprilat potentiated a subthreshold
preconditioning stimulus sufficiently to induce delayed preconditioning in pig myocardium
(Jaberansari et al, 1999). Although that study does not provide direct evidence for the
involvement of bradykinin in delayed ischaemic preconditioning, the result is compatible with
the hypothesis that bradykinin (or other peptides catalytically inactivated by ACE) might be
implicated in triggering the delayed phase of preconditioning. Very recently however,
Kukreja's group showed that delayed ischaemic preconditioning was abrogated with Hoe
140 in rabbit heart using infarct size as the experimental end point. This study which is
exactly contemporaneous confirms the involvement of the bradykinin B, receptor in delayed
ischaemic preconditioning (Kositprapa et al, 2001). Similar to the findings of this study,
these authors also demonstrated that bradykinin pre-treatment 24 hours prior to infarction
limited infarct size, suggesting that bradykinin can trigger delayed preconditioning. With
relation to classical preconditioning, Yang et al has demonstrated that IPC did not protect
bradykinin B, receptor knock out mice (Yang et al, 1997c). The present study provides

confirmation that bradykinin is capable of eliciting a delayed cardioprotective response.

7.4.2. Nitric oxide and delayed preconditioning
Bolli et al have put forward the “Nitric oxide hypothesis" of delayed preconditioning which

postulates that nitric oxide acts as both a trigger and a distal mediator of delayed myocardial
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protection (Bolli, 2000). They have dempnstrated that delayed preconditioning against
myocardial infarction and stunning was abrogated by treatment with a NOS inhibitor during
the preconditioning phase in rabbit myocardium (Qui et al, 1997; Bolli et al, 1997a). In an
attempt to provide further evidence for the involvement of nitric oxide in delayed
preconditioning, Bolli's group investigated if direct application of nitric oxide donors mimic
delayed preconditioning. Consistent with their hypothesis, they found that pre-treatment with
two structurally dissimilar nitric oxide donors, diethylenetriamine-nitric oxide and S-nitro N-
pencillamine induced a delayed protective effect against both myocardial infarction and
stunning 24 hours later (Qui et al, 1997; Shinmura et al, 1999). In addition, they have also
reported that delayed ischaemic preconditioning was not demonstrable in INOS knock out
mice, providing strong evidence for the further involvement of nitric oxide as a distal
mediator in delayed preconditioning (Guo et al, 1999)7. Further, Das's group demonstrated
that pharmacological preconditioning with MLA was abolished with simultaneous treatment
with L-NAME in rat heart (Tosaki et a/, 1998). In contrast to these findings, Bell et al
reported that CCPA induced delayed preconditioning was not abrogated in iNOS deficient
mice although it was slightly attenuated (Bell et al, 1999). Additionally, Dana et al reported
that CCPA induced delayed protection was not abolished with prior treatment with L-NAME
(Dana et al, 2001). These data suggest that nitric oxide is not involved either in triggering or
mediating CCPA induced delayed protection the in mouse and rabbit heart. Hence, there is

controversy surrounding the role of nitric oxide in CCPA induced delayed preconditioning.

The findings of this study that bradykinin induces delayed protection through a NOS -
dependent mechanism are compliant with the prevailing mechanistic view of delayed
preconditioning. Figure 7.8 presents a schematic proposal for the delayed protection
stimulated by bradykinin. It can be proposed that bradykinin B, receptor activation

stimulates eNOS to produce nitric oxide. L-NAME inhibits the enzyme and thereby blocks
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production of nitric oxide. A non selective NOS inhibitor, L-NAME was used at a dose (10
mg/kg) that has previously been reported to reliably inhibit all three NOS isoforms (eNOS,
nNOS [constitutive isoforms], INOS [inducible isoform]). Although, at present it is not certain
which isoform is the source of nitric oxide in the delayed cardioprotection, it is likely to be
eNOS rather than nNOS. It can be hypothesised that the nitric oxide generated as a result
of bradykinin B, receptor activation could stimulate cardiac myocyte adaptation through a
cascade of intracellular events similar to those invoked for delayed ischaemic
. preconditioning (summarised in figure 1.4, chapter one). It remains to be fully determined if
nitric oxide generation via INOS, a key mechanism in ischaemia-induced delayed

preconditioning, is an additional distal mechanism in bradykinin-induced delayed protection.

Molecular mechanisms involved in nitric oxide induced delayed protection remain to be fully
established. Bolli's group have postulated that ischaemic stress (ie, the preconditioning
stimulus) leads to the generation of nitric oxide (via eNOS) and ‘O, which react to form
ONOO', which in tum activates PKC. A complex signalling cascade then leads to the
activation of other kinases and the transcription factor NFkB. This leads to an increase in
the transcription of the iNOS gene and thereby increased activity of NOS. The increase in
nitric oxide levels at this stage are responsible for mediating delayed protection, whereas,
raised levels immediately following the preconditioning ischaemia are likely to be involved in
triggering the delayed protection (Bolli et al, 1998). How an increase in iINOS expression

leads to delayed cardioprotection remains elusive.
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More recently, the role of COX-2 in delayed preconditioning has been the focus of attention
(Shinmura et al, 2000; Baxter & Ferdinandy, 2001; Guo ef al, 2000). Bolli's group
demonstrated that COX-2 is involved in mediating delayed preconditioning in rabbit
(Shinmura et al, 2000) and mouse heart (Guo et al, 2000). These authors subsequently
demonstrated that inhibition of INOS abrogated the increased COX-2 activity seen in
delayed ischaemic preconditioning (unpublished finding), suggesting that nitric oxide

(originating from iNOS) regulates the activity of COX-2.

7.4.3. Role of nitric oxide in the acute versus delayed cardioprotective effects of
bradykinin

Although these data suggest a key role for nitric oxide generation in triggering bradykinin-
induced delayed cardioprotection, there is no consensus that nitric oxide is involved in
bradykinin-induced acute cardioprotection. For example, Vegh et al showed that the anti-
arrhythmic actions of bradykinin treatment in canine heart was abolished by L-NAME (Vegh
et al, 1993). Schoelkens and Linz showed that the functional and metabolic effects of
bradykinin in the isolated rat heart were abolished by L-NAME (Schoelkens & Linz, 1992).
Similarly, Feng et al reported that bradykinin pre-treatment improved recovery of ventricular
and coronary vascular function by a mechanism that was blocked by L-NAME in rabbit heart
(Feng et al, 2000). However, in contrast, Goto et al found that bradykinin-induced acute
infarct limiting effect in rabbit heart was not abrogated by L-NAME (Goto et al, 1995).
Similarly, Bugge and Ytrehus found that bradykinin-induced acute cardioprotection in rat
heart was not modified by NORAG (N-nitro-L-arginine), a NOS inhibitor with similar
pharmacological profile to L-NAME (Bugge & Ytrehus, 1996). Thus, there may well be
important species and end point variations in the involvement of nitric oxide in the acute
cardioprotective actions of bradykinin, with some models showing nitric oxide dependency.
These observations may point to critical divergences in the mechanisms involved in
mediating acute and delayed actions of bradykinin.
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7.4.4. Vascular effects of bradykinin treatment

The immediate systemic depressor action of bradykinin (40 pg/kg) lasted around one-two
minutes and was not significantly attenuated by L-NAME. Although bradykinin-induced
vasodilation may be endothelium-dependent, the contribution of nitric oxide-mediated
responses may vary among vascular beds. Our observation that the systemic hypotensive
effect of bradykinin was not abrogated by L-NAME is consistent with previous observations -

in conscious rats (Gardiner et al, 1990; Hoagland ef al, 1999).

Investigators haye demonstrated that the vasodilatory effect of bradykinin is only abolished
with co-administration of N® methyl-L-arginine, a NOS inhibitor and the cyclooxygenase
inhibitor, indomethacin in guinea pig hearts. The administration of either NMA or
indomethacin alone did not prevent the effects of bradykinin. Hence, both nitric oxide and

PGl are likely to mediate the vasodilatory effect of bradykinin (Hatta et al, 1997).

It was observed that basal CFR was increased in hearts from bradykinin pre-treated animals.
Hearts from animals that received co-treatment with L-NAME did not exhibit this basal
reduction in coronary vascular tone. Previous studies of delayed cardioprotection elicited by
various trigger stimuli do not reveal robust patterns of altered coronary flow. For example,
Cornelussen et al reported that heat stress pre-treatment enhanced baseline CFR 24 hours
later in the isolated working heart model (Comelussen et al, 1998). Baxter et al reported that
the Gram-negative bacterial endotoxin derivative MLA augmented coronary flow in rabbit
heart 24 hours later (Baxter et al, 1996). Vatner's group reported that transient ischaemia
augmented coronary endothelium-dependent responses 24 hours later in canine heart (Kim
et al, 1997). On the other hand, Dana et al and Baxter et al did not find that A; agonist
treatment caused an increase in CFR in either rat or rabbit heart respectively (Dana et al,

2000a; Baxter et al, 1997c). Tosaki et al did not observe an enhancement of coronary flow
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as a consequence of pre-treatment with MLA (Tosaki ef al, 1998). The relationship between
this bradykinin-induced decrease in coronary tone and tissue injury during ischaemia-
reperfusion is not known. During coronary occlusion, CFR decreased similarly in all groups
and, while during reperfusion there was a tendency towards higher flow rates in the
bradykinin pre-treated group, this was not statistically significant. Thus, the biological
significance of alterations in coronary vessel tone and reactivity brought about by various
triggers of delayed cardioprotection, and the molecular mechanisms underlying these
changes is unclear at present and warrants further investigation in more appropriate and

sensitive models.

7.4.5. Bradykinin and NOS expression

The eNOS is activated in endothelial cells by a variety of agents including bradykinin,
acetylcholine, endothelin-1 and AT-lI (ie, G-protein linked receptor agonists). Furthermore,
Ju and co-workers have demonstrated that the bradykinin B, receptor is physically
associated with eNOS (Ju et al, 1998). Marrero et al showed that bradykinin leads to the
phosphorylation of the B, receptor and the dissociation of eNOS from the receptor, with the
concomitant production of nitric oxide (Marrero et al, 1999). Hence, the activity of eNOS is
regulated by the phosphorylation of various G-protein linked receptors, like the B, receptor.
Therefore, in order to determine if eNOS was involved in the delayed cardioprotective effects
of bradykinin, its expression 24 hours after the bradykinin bolus was investigated. However,
no induction of eNOS was apparent 24 hours following bradykinin treatment. Thus, although
eNOS was not activated 24 hours following bradykinin treatment, this does not rule out the
possible involvement of eNOS in the triggering phase of bradykinin-induced delayed
preconditioning. Bolli et al have proposed that eNOS is most likely source of nitric oxide in
the trigger phase of delayed preconditioning and did not observe an increase in eNOS levels

24 hours following the preconditioning stimulus (Bolli ef al, 1998). Hence, bradykinin
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treatment may immediately lead to the upregulation eNOS as opposed to 24 hours later. In
order to determine this, hearts would have to be excised immediately following bradykinin

treatment and investigated for eNOS levels.

Bolli's group have also demonstrated an upregulation of INOS 24 hours following ischaemia
induced delayed preconditioning in mice (Guo et al, 1999). In addition, they have
demonstrated that pharmacological blockade of iNOS prior to infarct induction abolishes the
cardioprotective effect of delayed preconditioning (Bolli et al, 1997b; Takano et al, 1998; Guo
et al, 1998). These findings were confirmed by an independent group; Imagawa et al who
also reported tﬁe abolition of ischaemia induced delayed preconditioning using both
dexamethasone and aminoguanidine (Imagawa et al, 1999). In addition to this, Das's group
demonstrated that four-eight hours following MLA treatment, an induction of INOS mRNA
was detected (Tosaki et al, 1998). Hence, it was investigated whether iNOS mediates
bradykinin-induced delayed cardioprotection. Unfortunately, many problems were
encountered when detecting iINOS levels; the Westem blot was repeated several times,
however, only very faint protein bands could be visualised. The primary antibody was even
sourced from two different laboratory suppliers, however, the quality of the bands obtained
were poor (figure 7.6). This could imply two things. Firstly, the induction of INOS may be
too weak to detect under basal conditions and during the various treatments and secondly,

iNOS may not be involved in mediating bradykinin-induced delayed preconditioning.

7.4.6. Bradykinin and HSP 72 expression

Studies have demonstrated an upregulation of HSP 72 content following delayed
preconditioning induced by ischaemia (Marber et al, 1993) and heat stress induced delayed
protection (Marber et al, 1993; Joyeux et al, 1998a). Additionally, Meng et al demonstrated

an increase in HSP 72 expression following noradrenaline induced delayed preconditioning
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(Meng et al, 1996a). No significant changes in the expression of HSP 72 were apparent 24
hours following bradykinin treatment, suggesting that this HSP is not implicated in bradykinin
induced delayed preconditioning. This result is consistent with other studies investigating
HSP 70 involvement in pharmacologically induced delayed preconditioning. In our
laboratory, Baxter and Yellon did not observe an increase in HSP 72 levels following CCPA
treatment in rabbit heart (Baxter & Yellon, 1997b). Similarly, Yoshida et al demonstrated
that HSP 72 was not involved in MLA induced delayed protection in rabbit heart (Yoshida et
al, 1996).

7.5. CONCLUSIbN

In conclusion, this study demonstrates that bradykinin can elicit a delayed preconditioning-
like effect in the myocardium, an action that appears to be dependent on the early
generation of nitric oxide. The delayed cardioprotective effect instigated by a single bolus of
bradykinin points to a novel physiological action of this peptide. Future studies could
investigate whether bradykinin can induce a delayed preconditioning like effect in chronic

cardiac hypertrophy.
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8.1. Summary of the work and its implications

A substantial number of studies have demonstrated the cardioprotective properties of pre-
ischaemic bradykinin treatment in a variety of animal models including human heart. The
work described in this thesis demonstrated that bradykinin administered pre-ischaemically,
just prior to reperfusion and 24 hours prior to infarction, reduced infarct size. Thus, bradykinin
not only mimics IPC, acts as a reperfusion salvage agent but additionally mimics delayed

preconditioning. Not many cardioprotective agents, if any, exert such beneficial effects.

Unfortunately, due to its potent hypotensive and pro-inflammatory effects, bradykinin cannot
be administered directly to patients. However, agents that inhibit the breakdown of
bradykinin, for example ACE inhibitors can be used therapeutically. Indeed, ACE inhibitors
are widely used in the treatment of hypertension and heart failure. Several multi-centre
clinical trials have demonstrated the efficacy of ACE inhibitors '(T he SOLVD investigators,
1992; The AIRE investigators, 1993; The TRACE investigators, 1995). The HOPE trial
confirmed that ACE inhibitors exert effects beyond blood pressure reduction. In the HOPE
trial, ramipril was found to reduce the risk of cardiovascular death, non-fatal myocardial
infarction and strokes in patients with coronary heart disease, but without previous heart
failure or LV dysfunction. In this trial, the mean blood pressure at entry was 139/79 mmHg.
Ramipril decreased blood pressure only modestly (mean of 3/2 mmHg, systolic / diastolic,
non-significant). Therefore, the blood pressure lowering effects of ramipril are not likely to be
the sole mechanism for reducing ischaemic events in these patients. Additionally, benefit
was seen in both patients with high blood pressure as well as those with a blood pressure of
120/70 mmHg (The HOPE investigators, 2000). = These data strongly imply that ACE

inhibition exerts beneficial effects, over and above blood pressure lowering.
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The work described in this thesis confirms the cardioprotective properties of ACE inhibitors. It
was found that captopril potentiated subthreshold preconditioning, an effect abrogated with
Hoe 140, implying a role for the bradykinin B, receptor. However, when captopril was given
alone (ie, in the absence of preconditioning ischaemia), no reduction in infarct size was
observed. Much controversy surrounds this area of ACE inhibitor research. Some
investigators report ACE inhibitors given alone are cardioprotective, while others report that
direct administration of ACE inhibitors is not protective. It has been proposed that the
presence of sulfhydryl groups determines whether ACE inhibitors in this setting are protective,
however, ACE inhibitors devoid of a sulthydryl moiety have been shown to induce protection,
excluding this possibility. Inadvertent preconditioning could explain these discordant findings.
Investigators that report ACE inhibitors alone to be protective may have accidentally
subjected the myocardium to a subthreshold preconditioning episode. This is speculative and

the controversy surrounding the protective effects of direct ACE inhibition is unresolved.

The work described in this thesis, reported that a dual ACE and NEP inhibitor, omapatrilat,
also potentiated a subthreshold preconditioning response. However, when omapatrilat was
administered alone (ie, in the absence of the preconditioning ischaemia), a reduction in infarct
size was also observed. It is not known why captopril was not protective in this experimental
setting, but why inhibition of both ACE and NEP, using omapatrilat produced such protective
effects. However, inhibition of both ACE and NEP is expected to augment bradykinin levels
to a greater extent than ACE inhibition alone. Additionally, NEP inhibition would be expected
to increase levels of natriuretic peptides, which may be involved in the cardioprotective effects

of omapatrilat.

Agents that mimic IPC have to be administered prior to the ischaemic event in order to limit

injury. However, this poses a major problem as it is impossible to forecast when a patient will

225



experience a myocardial infarction. Greatest benefit in the clinic would be observed if agents
could be administered after coronary occlusion or at reperfusion and therefore, limit
reperfusion injury. In chapter six, it was demonstrated that bradykinin given at reperfusion,
produced a substantial reduction in infarct size. This observation may have potential benefits
in the clinic. However, once again, as bradykinin cannot be administered directly to patients,
ACE inhibitors could be administered at the time of reperfusion instead. The protective effect
of ACE inhibitors at reperfusion is largely under-investigated, thus, future studies could

determine whether ACE inhibitors administered at reperfusion reduce infarct size.

Unfortunately, the protective actions of bradykinin, and captopril that were observed in the
normal, healthy myocardium, could not be reproduced in the hypertrophied myocardium.
Additionally, IPC was absent in 11-13 month old SHR and age matched normotensive
animals. It is not known why IPC, bradykinin and captopril did not limit infarct size in chronic
hypertrophy. However, defects in the kallikrein-kinin system, and impaired signalling
pathways in hypertension / hypertrophy and ageing may interfere with the protective signal
transduction pathways of these cardioprotectants. Future studies are warranted to
investigate why these cardioprotective strategies are not effective in chronic hypertrophy (see

section 8.2 below).

8.2. Limitations of study and possible future studies

The present work was performed in the in vitro experimental setting. This can be regarded as
a disadvantage as obviously, in vivo experiments mimic the clinical setting more closely.
Thus, future work could concentrate on examining ischaemia-reperfusion and
cardioprotection in models of hypertrophy in the in vivo setting. Experiments involving
ischaemia-reperfusion in models of chronic hypertrophy are scarcely performed in vivo.

Additionally, in this work infarction was induced by ligating the coronary artery for 35 minutes.
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This does not parallel the situation in man, in which the process of coronary artery disease

OCCurs over years.

Experiments performed here very much relied upon a pharmacological approach (ie, the use
of drugs), hence, future studies described below could be performed maximising the potential
of sophisticated molecular biological techniques that are available today. In chapter four, |
demonstrated that cardioprotective effects of omapatrilat were dependent upon bradykinin B;
receptor activation. Although it is thought that Hoe 140 is a highly selective and specific
antagonist of the B, receptor, it is not known if it exerts any effects on natriuretic peptide
receptors. Therefore, to confirm our findings, experiments involving omapatrilat could be
repeated using bradykinin B, receptor knockout mice. Additionally, even though bradykinin
levels were measured using radio-immunoassay in this study, rather puzzling results were
obatined with omapatrilat. Future studies could identify reasons as to why omapatrilat did not

augment bradykinin levels.

| have reported that IPC did not protect the ageing SHR or WKY rat hearts. Reasons for this
were not investigated therefore, further studies are required to investigate the signalling
pathways that are perturbed during the process of chronic hypertrophy. As mentioned
previously, PKC is thought to be implicated in mediating both IPC and hypertrophy. Hence,
PKC may be downregulated in hypertrophy and resistant to further activation by IPC. Basal
PKC expression (and following IPC) at the protein and mRNA level could be examined using
Western blot analysis and reverse transcriptase polymerase chain reaction (RT-PCR)

respectively.

Furthermore, effects of chronic hypertrophy and ageing must be dissociated, so that one can

establish whether ageing or long standing hypertension or a combination of the two factors
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interfere with IPC. Captopril (or any other ACE inhibitor) should be given to SHRs on a daily
basis in drinking water. In this way hypertension will be controlled and the effects of IPC can

be investigated solely on the ageing rat.

I hypothesised that bradykinin levels may be diminished in hypertension which could account
for the lack of protection observed with IPC and captopril. However, bradykinin levels were
not measured in the SHRs, therefore, future studies could determine levels of bradykinin in
hypertrophy. In addition to this, defects in the bradykinin B, receptor may exist in

hypertrophy, this could be investigated using RT-PCR.

Finally, the work performed in this thesis examined classical preconditioning in hypertrophy.
Even though classical IPC was not protective in chronic hypertrophy, this does not exclude
the possibility that delayed preconditioning would not evoke proteétion in this pathology. Due
to its longer duration of protection and thus clinical applicability, future work could investigate

delayed preconditioning in models of chronic hypertrophy.

8.3. Clinical implications

As mentioned previously, despite its potent cardioprotective properties, bradykinin cannot be
administered to patients. However, instead, agents that inhibit the catalytic breakdown of
bradykinin can be used therapeutically. Indeed, ACE inhibitors are very beneficial in the
treatment of hypertension, heart failure, and in coronary heart disease patients. Additionally,
as described here, omapatrilat provided significant protection against ischaemia-reperfusion
injury. Indeed if these findings could be validated in man, omapatrilat could prove to be very
beneficial therapeutically. However, large, multi-centre clinical trials must be performed in

order to assess the real therapeutic effectiveness of dual ACE and NEP inhibitors.
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Myocardial hypertrophy induced by hypertension is associated with high rates of mortality.
The results obtained in this thesis imply that, the phenomenon of IPC, which has received
much attention from the cardiovascular community for the last 15 years, may not protect the
chronically hypertensive / elderly patient. Additionally, captopril, a widely used ACE inhibitor,
was not protective in the ageing SHR, implying that ACE inhibitors may not be as
cardioprotective in the ageing hypertensive patient. Clearly, further studies are required to

address the role of ACE inhibitor therapy in the chronic hypertension.
Mortality as a consequence of heart disease still remains exceptionally high, however, it is

hoped that basic scientific research together with clinical research will not only increase our

knowledge of heart disease but also ultimately provide benefit for the patient.

229



REFERENCES

Abete P, Calabrese C, Ferrara N et al (2000). Exercise training restores ischemic
preconditioning in the aging heart. J Am Coll Cardiol 36, 643-650.

Abete P, Ferrara N, Cioppa A et al (1996). Preconditioning does not prevent postischaemic
dysfunction in aging heart. J Am Coll Cardiol 27 (7), 1777-1786.

Ader JL, Tran-Van T & Praddaude F (1987). Reduced urinary kallikrein activity in rats
developing spontaneous hypertension. Am J Physiol 252, F964-F969.

Agostoni A, Cicardi M, Cugno M et al (1999). Angioedema due to angiotensin-converting
enzyme inhibitors. /mmmunopharm 44, 21-25.

Airaksinen KE & Huikuri HV (1997). Antiarrhythmic effect of repeated coronary artery
occlusion during balloon angioplasty. J Am Coll Cardiol 29, 1035-1038.

Aitchison KA, Baxter GF, Awan MM et al (2000). Opposing effects on infarction of delta and
kappa opioid receptor activation in the isolated rat heart: implications for ischemic
preconditioning. Basic Res Cardiol 95, 1-10.

Akers WS, Cross A, Speth R et al (2000). Renin-angiotensin system and sympathetic
nervous system in cardiac pressure overload hypertrophy. Am J Physiol Heart Circ Physiol
279, H2797-H2806.

Alkhulaifi AM, Pugsley WB & Yellon DM (1993). The influence of the time period between
preconditioning ischaemia and prolonged ischaemia on myocardial protection.
Cardioscience 4, 163-169.

Altman RJ, Smith CCT & Betteridge J (1988). Catecholamine content of human erythrocytes.
Clin Chem 34, 2120-2122.

Ambrosio G & Tritto | (1999). Reperfusion injury: experimental evidence and clinical
implications. Am Heart J 138, S69-S75.

Ammarguellat F, Larouche | & Schiffin EL (2001). Myocardial fibrosis in DOCA-salt
hypertensive rats. Effect of endothelin ETa receptor antagonism. Circulation 103, 319-324.

Anderson B, Khaper N, Dhalla AK & Singal PK (1996). Anti-free radical mechanisms -in
captopril protection against reperfusion injury in isolated rat hearts. Can J Cardiol 12, 1099-
1104.

Anderson PG, Bishop SP & Digerness SB (1987). Transmural progression of morphologic
changes during ischaemic contracture and reperfusion in normal and hypertrophied heart.
Am J Pathol 129, 152-167.

Anderson PG, Bishop SP & Digemess SB (1988). Coronary vascular function and
morphology in hydralazine treated DOCA salt rats. J Mol Cell Cardiol 20, 955-967.

Andreotti F, Pasceri V, Hackett DR et al (1996). Preinfarction angina as a predictor of more

rapid coronary thrombolysis in patients with acute myocardial infarction. N Engl J Med 334,
7-12.

230



Arad M, Oxman T, Leor R & Rabinowitz B (1996). Protaglandins and the antiarrhythmic
effect of preconditioning in the isolated rat heart. Mol Cell Biochem 160-161, 249-255.

Arad M, Zamir N, Horowitz L et al (1994). Release of atrial natriuretic peptide in brief
ischaemia-reperfusion in isolated rat hearts. Am J Physiol 266, H1971-H1978.

Aramori |, Zenkoh J, Morikawa N et al (1997). Novel subtype-selective nonpeptide
bradykinin receptor antagonists FR167344 and FR173657. Mol Pharmacol 51, 171-176.

Armstrong S & Ganote CE (1994). Preconditioning of isolated rabbit 6ardiomyocytes: effects
of glycolytic blockade, phorbol esters, and ischaemia. Cardiovasc Res 28, 1700-1706.

Armstrong S, Liu G, Downey J & Ganote C (1995). Potassium channels and preconditioning
of isolated rabbit cardiomyocytes: effects of glyburide and pinacidil. J Mol Cell Cardiol 27,
1765-1774.

Arnaud C, Laubriet A, Joyeux M et al (2001). Role of nitric oxide synthases in the infarct
size-reducing effect conferred by heat stress in isolated rat hearts. Br J Pharmacol 132,
1845-1851.

Arribas SM, Vila E & Mc Grath JC (1997). Impairment of vasodilator function in basilar
arteries from aged rats. Stroke 28, 1812-1820.

Arstall MA, Zhao YZ, Homberger L et al (1998). Human ventricular myocytes in vitro exhibit
both early and delayed preconditioning responses to simulated ischaemia. J Mol Cell
Cardiol 30, 1019-1025.

Asher JR & Naftilan AJ (2000). Vasopeptidase inhibition: a new direction in cardiovascular
treatment. Curr Hypertens Rep 2, 384-391.

Asimaki GK, Inners KM, Medelin G & Conti VR (1992). Ischaemic preconditioning
attenuates acidosis and postischaemic dysfunction in isolated rat heart. Am J Physiol 263,
H887-H894.

Auchampach JA, Grover GJ & Gross GJ (1992). Blockade of ischaemic preconditioning in
dogs by the novel ATP dependent potassium channel antagonist sodium 5-
hydroxydecanoate. Cardiovasc Res 26, 1054-1062.

Ayangade-Johnson O & Joshua IG (2001). Decreased influence of nitric oxide on
deoxycorticosterone acetate (DOCA)-salt hypertension. Am J Hypertens 14, 387-389.

Azhar G, Gao W, Liu L & Wei JY (1999). Ischaemia-reperfusion in the adult mouse heart
influence of age. Exp Gerontol 34, 699-714.

Bachetti T (2000). Is bradykinin important for the clinical outcome? Dialog Cardiovasc Med
5, 87-92.

Baines CP, Goto M & Downey JM (1997). Oxygen radicals released during ischaemic
preconditioning contribute to cardioprotection in the rabbit myocardium. J Mol Cell Cardiol
29, 207-216.

Baines CP, Liu GS, Birincioglu M et al (1999). Ischaemic preconditioning depends on
interaction between mitochondrial KATP channels and actin cytoskeleton. Am J Physiol

231



276, H1361-H1368.

Baines CP, Wang L, Cohen MV & Downey JM (1998). Protein tyrosine kinase is
downstream of protein kinase C for ischaemic preconditioning's anti-infarct effect in the
rabbit heart. J Mol Cell Cardiol 30, 383-392.

Barancik M, Htun P, Maeno Y et al (1997). Differential regulation of distinct protein kinase
cascades by ischemia and ischemia/reperfusion in porcine myocardium. Circulation 96
(suppl 1), 1-252. :

Barancik M, Htun P, Strohm C et al (2000). Inhibition of the cardiac p38 MAPK pathway by
SB203580 delays ischaemic cell death. J Cardiovasc Res 35, 474-483.

Basso N, Ruiz P, Mangiarua E & Taquini AC (1981). Renin-like activity in the rat brain during
the development of DOC-salt hypertension. Hypertension 3, 14-17.

Bauersachs J, Boulomie A, Muisch A et al (1998). Vasodilator dysfunction in aged
spontaneously hypertensive rats: changes in NO synthase lil and soluble guanylyl cyclase
expression, and in superoxide anion production. Cardiovasc Res 37, 772-779.

Baumgarten CR, Linz W, Kunkel G et al (1993). Ramiprilat increases bradykinin outflow from
isolated hearts of rat. BrJ Pharmacol 108, 293-295.

Baxter GF & Ferdinandy P (2001). Delayed precondmomng of myocardium: current
perspectives. Basic Res Cardiol 96, 329-344.

Baxter GF, Goma FM & Yellon DM (1995). Involvement of protein kinase C in the delayed
cytoprotection following sublethal ischaemia in rabbit myocardium. Br J Pharmacol 1185,
222-224.

Baxter GF, Goodwin RW, Wright MJ et al (1996). Myocardial protection after
monophosphoryl lipid A: studies of delayed anti-ischaemic properties in rabbit heart. Br J
Pharmacol 117, 1685-1692.

Baxter GF, Marber MS, Patel VC & Yellon DM (1994). Adenosine receptor involvement in a
delayed phase of myocardial protection 24 hours after ischaemic preconditioning.
Circulation 90, 2993-3000.

Baxter GF, Mocanu MM, Brar BK et al (1999). Transforming growth factor g1 attenuates
myocardial injury when given at reperfusion. Circulation 100 (suppl) 46, I-9.

Baxter GF, Mocanu MM & Yellon DM (1997a). Attenuation of myocardial ischaemic injury 24
h after diacylglycerol treatment in vivo. J Mol Cell Cardiol 29, 1967-1975.

Baxter GF & Yellon DM (1992a). Changes in myocardial collagen content after chronic
DOCA-salt hypertension in the rat. Med Sci Res 20, 527-529.

Baxter GF & Yellon DM (1992b). Regression of left ventricular hypertrophy .and
susceptibility to reperfusion induced arrhythmias after DOCA-salt hypertension in the rat.
Cardioscience 3 (No. 4), 245-250.

Baxter GF & Yellon DM (1993). Attenuation of reperfusion-induced ventricular fibrillation in
the rat isolated hypertrophied heart by preischaemic diltiazem treatment. Cardiovasc Drugs

232



Ther 7,225-231.

Baxter GF & Yellon DM (1997b). Time course of delayed myocardial protection after
transient adenosine A1-receptor activation in the rabbit. J Cardiovasc Pharmacol 29, 631-
638.

Baxter GF & Yellon DM (1999). ATP-sensitive K' channels mediate the delayed
cardioprotective effect of adenosine A, receptor activation. J Mol Cell Cardiol 31, 981-989.

Baxter GF, Zaman MJ, Kerac M & Yellon DM (1997c). Protection agaihst global ischaemia in
the rabbit isolated heart 24 hours after transient adenosine A1 receptor activation.
Cardiovasc Drugs Ther 11, 83-85.

Bell RM, Rees DD & Yellon DM (1999). The protection observed during delayed
preconditioning of the heart appears independently of iNOS: a study in iINOS knockout mice.
Circulation 100, 1-242.

Bell SP, Sack MN, Patel A et al (2000). Delta opioid receptor stimulation mimics ischaemic
preconditioning in human heart muscle. J Am Coll Cardiol 36, 2296-2302.

Benjamin IJ & McMillan R (1998). Stress (Heat Shock) proteins. Molecular chaperones in
cardiovascular biology and disease. Circ Res 83, 117-132.

Besse S, Robert V, Assayag P et al (1994). Nonsynchronous changes in myocardial
collagen mRNA and protein during aging: effect of DOCA-salt hypertension. Am J Physiol
267, H2237-H2244.

Bhakdi S, Greulich S, Muhly M et al (1989). Potent leukocidal action of Escherichia Coli
hemolysin mediated by permeabilization of target cell membranes. J Exp Med 169, 737-
754.

Bhoola KD, Figueroa CD & Worthy K (1992). Bioregulation of kinins: kallikreins, kininogens
and kininases. Pharmacol Rev 44, 1-80.

Billinger M, Fleisch M, Eberli FR et al (1999). Is the development of myocardial tolerance to
repeated ischaemia in humans due to preconditioning or to collateral recruitment. J Am Coll
Cardiol 33, 1027-1035.

Birincioglu M, Aksoy T, Olmez E & Acet A (1997). Protective effect of ACE inhibitors on
ischaemia-reperfusion-induced arrhythmias in rats: is this effect related to the free radical
scavenging action of these drugs. Free Radic Res 27, 389-396.

Birmbaum Y, Hale SL & Kloner RA (1997a). Differences in reperfusion length following 30
minutes of ischaemia in the rabbit influence infarct size, as measured by triphenyltetrazolium
chloride staining. J Mol Cell Cardiol 29, 657-666.

Birnbaum Y, Leor J & Kloner RA (1997b). Pathobiology and clinical impact of reperfusion
injury. J Thromb Thrombolysis 4, 185-195.

Blais Jr C, Marceau F, Rouleau JL & Adam A (2000). The kallikrein-kininogen system:
lessons from the quantification of endogenous kinins. Peptides 1903-1940.

Bolli R (2000). The late phase of preconditioning. Circ Res 87, 972-983.
233



Bolli R, Bhatti ZA, Tang XL et al (1997a). Evidence that late preconditioning against
myocardial stunning in conscious rabbits is triggered by the generation of nitric oxide. Circ
Res 81, 42-52.

Bolli R, Jeroudi MO, Patel BS et al (1989). Direct evidence that oxygen-derived free radicals
contribute to postischaemic myocardial dysfunction in the intact dog. Proc Natl Acad Sci
USA 86, 4695-4699.

Bolli R, Manchikalapudi S, Tang XL et al (1997b). The protective effect of late
preconditioning against myocardial stunning in conscious rabbits is mediated by nitric oxide
synthase: evidence that nitric oxide acts both as a trigger and as a mediator of the late
phase of ischaemic preconditioning. Circ Res 81, 1094-1107.

Bolli R, Tang X-L, Qiu Y et al (1998). The nitric oxide hypothesis of late preconditioning.
Basic Res Cardiol 93, 325-333.

Boluyt MO, O'Neill L, Meredith AL et al (1994). Alterations in cardiac gene expression during
the transition from stable hypertrophy to heart failure. Marked upregulation of genes
encoding extracellular matrix components. Circ Res 75, 23-32.

Boluyt MO, Younes A, Caffrey JL et al (1993). Age-associated increase in rat cardiac opioid
production. Am J Physiol 265, H212-218.

Bouchard J-F, Chouinard J & Lamontage D (1998). Role of kinins in the endothelial
protective effects of ischaemic preconditioning. BrJ Pharmacol 123, 413-420.

Bouchard JF, Dumont E & Lamontagne D (1994). Evidence that prostaglandins 12, E2 and
D2 may activate ATP sensitive potassium channels in the isolated rat heart. Cardiovasc Res
28, 901-905.

Bouchard JF & Lamontagne D (1998). Protection afforded by preconditioning to the diabetic
heart against ischaemic injury. Cardiovasc Res 37, 82-90.

Boutros A & Wang J (1995). Ischaemic preconditioning, adenosine and bethanechol protect
spontaneously hypertensive isolated rat hearts. J Pharmacol Exp Ther 275, 1148-1156.

Bouvier M & de Champlain J (1986a). Increased basal and reactive plasma norepinephrine
and epinephrine levels in awake DOCA-salt hypertensive rats. J Autono Nerv Syst 15, 191-
195.

Bouvier M & de Champlain J (1986b). Increased sympatho-adrenal tone and adrenal
medulla reactivity in DOCA-salt hypertensive rats. J Hypertens 4, 157-163.

Brar BK, Jonassen AK, Stephanou A et al (2000). Urocortin protects against ischaemic and
reperfusion injury via a MAPK-dependent pathway. J Biol Chem 275, 8508-8514.

Brew E, Mitchell MB, Rehring TF et al (1995). Role of bradykinin in cardiac functional
protection after global ischaemia-reperfusion in rat heart. Am J Physiol 269, H1370-H1378

Brilla CG, Matsubara L & Weber KT (1996). Advanced hypertensive heart disease in
spontaneously hypertensive rats. Hypertension 28, 269-275.

Brookes PS, Salinas EP, Darley-Usmar K et al (2000). Concentration effects of nitric oxide

234



on mitochondrial permeability transition and cytochrome C release. J Biol Chem 275,
20474-20479.

Brooks G & Hearse DJ (1996). Role of protein kinase C in ischaemic preconditioning: player
or spectator? Circ Res 79, 627-630.

Brown L, Duce B, Miric G & Sernia C (1999). Reversal of cardiac fibrosis in
deoxycorticosterone acetate-salt hypertensive rats by inhibition of the renin-angiotensin
system. J Am Soc Nephrol/ 10, S143-S148.

Brown NJ & Vaughan DE (1998). Angiotensin-converting enzyme inhibitors. Circulation 97,
1411-1420.

Bugge E & Ytrehus K (1996a). Bradykinin protects against infarction but does not mediate
ischaemic preconditioning in the isolated rat heart. J Mol Cell Cardiol 28, 2333-2341.

Bugge E & Ytrehus K (1996b). Endothelin-1 can reduce infarct size through protein kinase
C and KATP channels in the isolated rat heart. Cardiovasc Res 32, 920-929.

Bumnett JC Jr (1999). Vasopeptidase inhibition: a new concept in blood pressure
management. J Hypertens Suppl 17 (1), S37-S43.

Burns PG, Krunkenkamp IB, Calderone CA et al (1996). Is the preconditioning response
conserved in senescent myocardium? Ann Thorac Surg 61 (3), 925-929.

Bustamante JO, Watanabe T, Murphy DA et al (1982). Isolation of single atrial and
ventricular cells from the human heart. Can Med Assoc 126, 791-793.

Butler KL, Huang AH & Gwathmey JK (1999). AT1 receptor blockade enhances ischemic
preconditioning in hypertrophied rat myocardium. Am J Physiol 277, H2462-H2487.

Cai Q, Brar B, Stephanou A et al (1999). Cardiotrophin-1 reduces infarct size in isolated
heart model via a MAP kinase dependent pathway. J Physiol 518.

Calixto JB, Cabrini DA, Ferreira J & Campos MM (2000). Kinins in pain and inflammation.
Pain 87, 1-5.

Campbell DJ (2000). Towards understanding the kallikrein-kinin system: insights from
measurement of kinin peptides. Braz J Med Biol Res 33, 665-677.

Campbell DJ, Duncan AM, Kladis A & Harrap SB (1995a). Increased levels of bradykinin and
its metabolites in tissues of young spontaneously hypertensive rats. J Hypertens 13, 739-
746.

Campbell DJ, Rong P, Kladis A et al (1995b). Angiotensin and bradykinin peptides in the
TGR(MREN-2)2 rat. Hypertension 25, 1014-1020.

Cardone MH, Roy N, Stennicke HR et al (1998). Regulation of cell death protease caspase-
9 by phosphorylation. Science 282, 1318-1321.

Cave AC & Hearse DJ (1992). Ischaemic preconditioning and contractile function: studies
with normothermic and hypothermic global ischaemia. J Mol Cell Cardiol 24, 1113-1123.

235



Chahine R, Adam A, Yamaguchi N et al (1993). Protective effects of bradykinin on the
ischaemic heart: implication of the B, receptor. BrJ Pharmacol 108, 318-322.

Chao J, Jin L, Chen LM et al (1996). Systemic and portal vein delivery of human kallikrein
gene reduces blood pressure in hypertensive rats. Hum Gene Ther 7, 901-911.

Chao J, Zhang JJ, Lin KF & Chao L (1998). Adenovirus-mediated kallikrein gene delivery
reverses salt-induced renal injury in Dahl salt-sensitive rats. Kidney Int 54, 1250-1260.

Chen CH & Mochly-Rosen D (2001). Opposing effects of § and ¢ P-KC in ethanol induced
cardioprotection. J Mol Cell Cardiol 33, 581-585.

Chen S, Su J, Wu K, et al (1998). Early captopril treatment prevents hypertrophy dependent
gene expression in hearts of SHR. Am J Physiol 274, R1511-R1517.

Chien GL & Van Winkle DM (1996). Naloxone blockade of myocardial ischaemic
preconditioning is stereoselective. J Mol Cell Cardiol 28, 1895-18900.

Chlopicki S, Lomnicka M & Gryglewski RJ (1999). Reversal of the postischaemic
suppression of coronary function in perfused in guinea pig heart. J Pysiol Pharmacol 50,
605-615.

Chou Tz-C, Hsiung M, Yuan et al (1998). Alterations of nitric oxide synthase expression with
aging and hypertension in rats. Hypertension 31, 643-648.

Cleland JG (1999). Progression from hypertension to heart failure. Cardiology 92, 10-9.

Coats AJS (2000). Omapatrilat - the ups and downs of an exciting but complicated new
drug. Int J Cardiol 74, 1-3.

Cohen MV, Wlash RS, Goto M & Downey JM (1995). Hypoxia preconditions rabbit
myocardium via adenosine and catecholamine release. J Mol Cell Cardiol 27, 1527-1534.

Conner EM, Aiko S, Femandez M et al (2000). Duration of the hemodynamic effects of
N(G)-nitro-L-arginine methy! ester in vivo. Nitric Oxide 4, 85-93. .

Conrad CH, Brooks WW, Hayes JA et al (1995). Myocardial fibrosis and stiffness with
hypertrophy and heart failure in the spontaneously hypertensive rat. Circulation 91, 161-
170.

Conrad CH, Brooks WW, Robinson KG et al (1991). Impaired myocardial function in
spontaneously hypertensive rats with heart failure. Am J Physiol 260, H136-H145.

Comelussen R, Spiering W, Webers JH et al (1994). Heat shock improves ischemic
tolerance of hypertrophied rat hearts. Am J Physiol 267, H1941-H1947.

Cornelussen RN, Gamier AV, van der Vusse GJ et al (1998). Biphasic effect of heat stress
pre-treatment on ischaemia tolerance of isolated rat hearts. J Mol Cell Cardiol 30, 365-372.

Comelussen RN, Garnier AV, Vork MM et al (1997). Heat stress protects aged

hypertrophied and nonhypertrophied rat hearts against ischaemic damage. Am J Physiol
273, H1333-H1341.

236



Crabos M, Coste P, Paccalin M et al (1997). Reduced basal NO-mediated dilation and
decreased endothelial NO-synthase expression in coronary vessels of spontaneously
hypertensive rats. J Mol Cell Cardiol 29, 55-65.

Crofton JT, Share L, Shade Re et al (1979). The importance of vasopressin in the
development of vasopressin and maintenance of DOC-salt hypertension in the rat.
Hypertension 1, 31-38.

Cuevas P, Carceller F, Martinez-Coso et al (1999). Cardioprotection from ischaemia by
fibroblast growth factor: role of inducible nitric oxide synthase. EurJ Med Res 4, 517-524.

Currie RW, Karmazyn M, Kloc M & Mailer K (1988). Heat-shock response is associated with
enhanced postischemic ventricular recovery. Circ Res 63, 543-549.

Currie RW, Tanguay RM & Kingma JG Jr (1993). Heat-shock response and limitation of
tissue necrosis during occlusion/reperfusion in rabbit hearts. Circulation 87, 963-971.

Dana A, Baxter GF & Yellon DM (1997). Both protein kinase C and protein tyrosine kinase
mediate adenosine induced delayed cardioprotection in rabbits. Circulation 96, 1-312

Dana A, Baxter GF & Yellon DM (2001). Delayed or second window preconditioning
induced by adenosine A1 receptor activation is independent of early generation of nitric
oxide or late induction of inducible nitric oxide synthase. J Cardiovasc Pharmacol 38, 278-
287.

Dana A, Jonassen AK, Yamashita NY & Yellon DM (2000a). Adenosine A1 receptor
activation induces delayed preconditioning in rats mediated by manganese superoxide
dismutase. Circulation 101, 2841-2848.

Dana A, Skarli M, Papakrivopoulou J & Yellon DM (2000b). Adenosine A1 receptor induced
delayed preconditioning in rabbits. Induction of p38 mitogen activated protein kinase
activation and HSP 27 phosphorylation via a tyrosine kinase- and protein kinase c-
dependent mechanism. Circ Res 86, 989-997.

Day R, Lariviere R & Schiffrin EL (1995). In situ hybridization shows increased endothelin -1
mRNA levels in endothelial cells of blood vessels of deoxycorticosterone acetate-salt
hypertensive rats. Am J Hypertens 8, 294-300.

de Champlain J, Farley L, Cousineau D & van Ameringen MR (1976). Circulating
catecholamine levels in human and experimental hypertension. Circ Res 38, 109-114.

de Leeuw PW & Kroon AA (1998). Hypertension and the development of heart failure. J
Cardiovasc Pharm 32, S9-S15.

Dekker LRC, Rademaker H, Vermeulen JT et al (1998). Cellular uncoupling during
ischaemia in hypertrophied and failing rabbit ventricular myocardium. Circulation 97, 1724-
1730.

Delcayre C, Samuel JL, Marotte et al (1988). Synthesis of stress proteins in rat cardiac
myocytes 2-4 days after imposition of hemodynamic overload. J Clin Invest 82, 460-468.

Dendorfer A, Wolfrum S, Wagemann M et al (2001). Pathways of bradykinin degradation in
blood and plasma of normotensive and hypertensive rats. = Am J Physiol 280, H2182-

237



H2188.

Derian CK & Moskowitz MA (1986). Polyphosphoinositide hydrolysis in endothelial cells and
carotid artery segments: bradykinin B, receptor stimulation is calcium-independent. J Biol
Chem 261, 3831-3837.

Diaz RJ & Wilson GJ (1997). Selective blockade of AT1 angiotensin Il receptors abolishes
ischaemic preconditioning in isolated rabbit hearts. J Mol Cell Cardiol 29, 129-139.

Dimmeler S, Fleming |, Fissithaler B et al (1999). Activation of nitric oxide in endothelial cells
by Akt-dependent phosphorylation. Nature 399, 601-605.

Dobson JG, Fenton RA & Romano FD (1990). Increased myocardial adenosine production
and reduction of beta-adrenergic contractile response in aged hearts. Circ Res 66 (5), 1381-
1390.

Dogan R, Farsak B, Tuncer M & Demirpence E (1998a). Attenuation of ischaemia-
reperfusion injury by enalapril maleat. Gen Pharmacol 31, 203-208.

Dogan R, Sarigul A, Isbir S et al (1998b). Beneficial effect of captopril against ischaemia-
reperfusion injury in isolated guinea pig hearts. Scand J Clin Lab Invest 58, 119-126.

Doggrell SA & Brown L (1998). Rat models of hyperténsion, cardiac hypertrophy and failure.
Cardiovasc Res 39, 89-105.

Dominiczak AF & Bohr DF (1995). Nitric oxide and its putative role in hypertension.
Hypertension 25, 1202-1211.

Doring HJ (1990). The isolated perfused heart according to Langendorff technique-function-
application. Physiol Bohemoslov 39, 481-504.

Doring HJ & Dehnert H (1988). The isolated perfused warm-blooded heart according to
LANGENDORFF. 1st English edition, translated by Doring C, March (West Germany):
Biomesstechnik-Verlag March GmbH.

Downey JM & Cohen MV (1997). Preconditioning: what it is and how it works. Dialog
Cardiovasc Med 2, 179-196.

Drexler H & Hornig B (1999). Endothelial dysfunction in human disease. J Mol Cell Cardiol
31, 51-60.

Drolet G, Bouvier M & de Champlain J (1989). Enhanced sympathoadrenal reactivity to
haemorrhagic stress in DOCA-salt hypertensive rats. J Hypertens 7, 237-242.

Dumoulin MJ, Adam A, Blais C Jr & Lamontagne D (1998). Metabolism of bradykinin by the
rat coronary vascular bed. Cardiovasc Res 38, 229-236.

Dumoulin MJ, Adam A, Rouleau JL & Lamontagne D (2001). Comparison of a
vasopeptidase inhibitor with neutral endopeptidase and angiotensin-converting enzyme
inhibitors on bradykinin metabolism in the rat coronary bed. J Cardiovasc Pharmacol 37,
359-366.

Duncan AM, James GM, Anatasopoulos F et al (1999). Interaction between neutral

238



endopeptidase and angiotensin converting enzyme inhibition in rats with myocardial
infarction: effects on cardiac hypertrophy and angiotensin and bradykinin peptide levels. J
Pharmacol & Therap 289, 295-303.

Eaton P, Awad WI, Miller JI et al (2000). Ischaemic preconditioning: a potential role for
constitutive low molecular weight stress protein translocation and phosphorylation. J Mol
Cell Cardiol 32, 961-971.

Edery H & Lewis GP (1962). Inhibition of plasma kinase activity at slightly acid pH. Br J
Pharmacol 19, 299-305.

Ely D, Caplea A, Dunphy G et al (1997). Spontaneously hypertensive rat Y chromosome
increases indexes of sympathetic nervous system activity. Hypertension 29, 613-618.

Ely D, Tumer M & Milsted A (2000). Review of the Y chromosome and hypertension. Braz J
Med Biol Res 33, 679-691.

Emanueli C, Chao J, Regoli D et al (1999a). The bradykinin B1 receptor and the central
regulation of blood pressure in spontaneously hypertensive rats. Br J Pharmacol 126,
1769-1776.

Emanueli C, Maestri R, Corradi D et al (1999b). Dilated and failing cardiomyopathy in
bradykinin B, receptor knock out mice. Circulation 100, 2359-2365.

Ersahin C, Euler DE & Simmons WH (1999). Cardioprotective effects of the aminopeptidase
P inhibitor apstatin: studies on ischaemia / reperfusion injury in the isolated rat heart. J
Cardiovasc Pharmacol 34, 604-611.

Ersahin C & Simmons WH (1997). Inhibition of both aminopeptidase P and angiotensin-
converting enzyme prevents bradykinin degradation in the rat coronary circulation. J
Cardiovasc Pharmacol 30, 96-101.

Ertl G, Kloner RA, Alexander RW & Braunwald E (1982). Limitation of experimental infarct
size by an angiotensin-converting enzyme inhibitor. Circulation 65, 40-8.

Fannin SW, Lesnefsky EJ, Slabe TJ et al (1999). Aging selectively decreases oxidative
capacity in rat heart interfibrillar mitochondria. Archives Biochem & Biophy 372 (2), 399-407.

Farb A, Kolodgie FD, Jenkins M & Virmani R (1993). Myocardial infarct extension during
reperfusion after coronary artery occlusion. J Am Coll Cardiol 21, 1245-1253.

Favaro S, Baggio B, Antonello A et al (1975). Renal kallikrein content of spontaneously
hypertensive rats. Clin Sci Mol Med 49, 69-71.

Feld LB, van Liew JB, Galaske RG et al (1977). Selectivity of renal injury and proteinuria in
the spontaneously hypertensive rat. Kidney Int 12, 332-343.

Feng J, Li H & Rosenkranz ER (2000). Bradykinin protects the rabbit heart after cardioplegic
ischaemia via NO-dependent pathways. Ann Thorac Surg 70, 2119-2124.

Feng J & Rosenkranz ER (1999). Bradykinin pretreatment improves ischaemia tolerance of
the rabbit heart by tyrosine mediated pathways. Ann Thorac Surg 68, 1567-1572.

239



Feng J, Yamaguchi N, Foucart S et al (1997). Transient ischaemia inhibits nonexocytotic
release of norepinephrine following sustained ischaemia in rat heart: is bradykinin involved?
Can J Physiol Pharmacol 75, 665-670.

Fenton R, Dickson EW, Meyer TE & Dobson Jr JG (2000). Aging reduces the
cardioprotective effect of ischaemic preconditioning in the rat heart. J Mol Cell Cardiol 32,
1371-1375.

Ferdinandy P, Szilvassy Z, Baxter GF (1998). Adaptation to myocardial stress in disease
states: is preconditioning a healthy heart phenomenon? Trends Pharmacol Sci 19, 223-
229.

Ferdinandy P, Szilvassy Z, Koltai M & Dux L (1995). Ventricular overdrive pacing-induced
preconditioning and no-flow ischaemia-induced preconditioning in isolated working rat
hearts. J Cardiovasc Pharmacol 25, 97-104.

Ferrario CM, Tramposch A, Kawano Y & Brosnihan KB (1987). Sodium balance and the
reflex regulation of baroreceptor function. Circulation 75, 1141-1148

Ferrone RA & Antonaccio MJ (1979). Prevention of the development of spontaneous
hypertension in rats by captopril (SQ 14,225). Eur J Pharmacol 60, 131-137.

Fink CA, Carlson JE, McTaggart PA et al (1996). Mercaptoacyl dipeptides as orally active
dual inhibitors of angiotensin-converting enzyme and neutral endopeptidase. J Med Chem
39, 3158-3168. '

Frame LH, Lopez JA, Khaw BA et al (1983). Early membrane damage during coronary
reperfusion in dogs. Detection by radiolabeled anticardiac myosin (fab")2. J Clin Invest 72,
535-544.

Fryer RM, Hsu AK, Eells JT et al (1999). Opioid- induced second window of cardioprotection.
Potential role of mitochondrial KATP channels. Circ Res 84 , 846-851.

Fryer RM, Pratt PF, Hsu AK & Gross GJ (2001). Differential activation of extracellular signal
regulated kinase isoforms in preconditioning and opioid-induced cardioprotection. J
Pharmacol Exp Ther 296, 642-649.

Gaia G, Comini L, Pasini E et al (1995). Heat shock protein 72 in cardiac and skeletal
muscles during hypertension. Mol Cell Biochem 146, 1-6.

Ganote CE, Armstrong S & Downey JM (1993). Adenosine and A, selective agonists offer
minimal protection against ischaemic injury to isolated rat cardiomyocytes. Cardiovasc Res,
27 1670-1676.

Ganz W, Watanabe |, Kanamasa K et al (1990). Does reperfusion injury extend necrosis? A
study in a single territory of myocardial ischaemia-half reperfused and half not reperfused.
Circulation 82, 1020-1033.

Garcia-Dorado D, Theroux P, Fernandez-Aviles F et al (1987). Dilitiazem and progression of
myocardial ischaemic damage during coronary artery occlusion and reperfusion in porcine
hearts. J Am Coll Cardiol 10, 906-911.

Gardiner SM, Compton AM, Kemp PA & Bennett T (1990). Regional and cardiac
240



haemodynamic responses to glyceryl trinitrate, acetylcholine, bradykinin and endothelin-1 in
conscious rats: effects of NG-nitro-L-arginine methyl ester. BrJ Pharmacol 101, 632-629.

Garlid KD, Paucek P, Yarov-Yarovoy et al (1997). Cardioprotective effect of diazoxide and
its interaction with mitochondrial ATP-sensitive K* channels. Possible mechanism of
cardioprotection. Circ Res 81, 1072-1082.

Gattullo D, Linden RJ, Losano G et al (1999). Ischaemic preconditioning changes the
pattern of coronary reactive hyperaemia in the goat: role of adenosine and nitric oxide.
Cardiovasc Res 42, 57-64.

Gavras H, Brunner HR, Laragh JH et al (1975). Malignant hypertension resulting from
deoxycorticosterone acetate and salt excess: role of renin and sodium in vascular changes.
Circ Res 36, 300-309.

Gogelein H, Hartung J, Englert H & Scholkens (1998). HMR 1883, a novel cardioselective
inhibitor of the ATP-sensitive potassium channel. Part I. effects on cardiomyocytes,
coronary flow and pancreatic B-cells. J Pharmacol Exp Ther 286, 1453-1464.

Goldblatt H, Lynch J, Hanzal RF & Summerville WW (1934). Studies on experimental
hypertension. 1. The production of persistent elevation of systolic blood pressure by means
of renal ischaemia. J Exp Med 59, 347-379.

Goto M, Liu Y, Yang XM et al (1995). Role of bradykinin in protection of ischaemic
preconditioning in rabbit hearts. Circ Res 77, 611-621. '

Goto M, Miura T, lliodoromitis EK et al (1991). Adenosine infusion during early reperfusion
failed to limit myocardial infarct size in a collateral deficient species. Cardiovasc Res 25,
943-949.

Graness A, Adomeit A, Heinze R et al (1998). A novel mitogenic signalling pathway of
bradykinin in the human colon carcinoma cell line SW-480 involves sequential activation of a
Gqg/11 protein, phosphatidyl 3-kinase beta, and protein kinase C epsilon. J Biol Chem 273,
32016-32022.

Gray CC, Amrani M, Smolenski RT et al (2000). Age dependence of heat stress mediated
cardioprotection. Ann Thorac Surg 70, 621-626.

Gray MO, Karliner JS & Mochly-Rosen (1997). A selective epsilon-protein kinase C
antagonist inhibits protection of cardiac myocytes from hypoxia-induced cell death. J Biol
Chem 272, 30945-30951.

Grollman A, Harrison TR & Williams JR (1940). The effect of various sterol derivatives on the
blood pressure of the rat. J Pharmacol Exp Ther 69, 149-155.

Gross G & Fryer RM (2000). Mitochondrial Karp channels. Triggers or distal effectors of
ischaemic or pharmacological preconditioning? Circ Res 87, 431-433.

Gross GJ & Auchampach JA (1992). Blockade of ATP-sensitive potassium channels
prevents myocardial preconditioning in dogs. Circ Res 70, 223-233.

Gross GJ & Fryer RM (1999). Sarcolemmal versus mitochondrial ATP sensitive K* channels
and myocardial preconditioning. Circ Res 84, 973-979.

241



Grover G, D'Alonso A, Dzwonczyk S et al (1996). Preconditioning is not abolished by the
delayed rectifier K* blocker dofetilide. Am J Physiol 271, H1207-H1214.

Grover G, D'Alonso A, Parham C & Darbenzio R (1995). Cardioprotection with the KATP
opener cromakalim is not correlated with ischaemic myocardial action potential. J
Cardiovasc Pharmacol 26, 145-152.

Grunfield S, Hamilton CA, Mesaros S et al (1995). Role of superoxide in the depressed nitric
oxide production by the endothelium of genetically hypertensive rats. Hypertension 26, 854-
857.

Guo Y, Bao W, Wu WJ et al (2000). Evidence for an essential role of cyclooxygenase-2 as a
mediator of the late phase of ischaemic preconditioning. Basic Res Cardiol 95, 479-484.

Guo Y, Jones WK, Xuan YT et al (1999). The late phase of ischaemic preconditioning is
abrogated by target gene disruption of the inducible nitric oxide synthase gene. Proc Natl
Acad Sci 96, 11507-11512.

Guo Y, WuWJ, Qiu Y et al (1998). Demonstration of an early and a late phase of ischaemic
preconditioning in mice. Am J Physiol 275, H1375-H1387.

Hall JM (1997). Bradykinin receptors. Gen Pharmacol 28, 1-6.

Hamet P, Malo D & Tremblay J (1990). Increased transcription of a major stress gene in
spontaneously hypertensive mice. Hypertension 15, 904-908.

Hara K, Kobayashi N, Wantanabe S et al (2001). Effects of quinapril on expression of
eNOS, ACE, and AT1 receptor in deoxycorticosterone acetate-salt hypertensive rats. Am J
Hypertens 14, 321-330.

Harrap SB (1992). A developmental genetic mechanism involving angiotensin in
spontaneously hypertensive rats. Clin Exp Pharmacol Physiol Suppl 19, 19-22.

Harrap SB, Van der merwe WM, Griffen SA et al (1990). Brief angiotensin converting
enzyme inhibitor treatment in young spontaneously hypertensive rats reduces blood
pressure long term. Hypertension 16, 603-614.

Hasenfuss G (1998). Animal models of human cardiovascular disease, heart failure and
hypertrophy. Cardiovasc Res 39, 60-76.

Hassanabad ZF, Furman BL, Parratt JR & Aughey E (1998). Coronary endothelial
dysfunction increases the severity of ischaemia-induced ventricular arrhythmias in rat
isolated perfused hearts. Basic Res Cardiol 93, 241-249.

Hatori N, Haga Y, Sjoquist PO et al (1993). Coronary venous retroinfusion of felodipine
reduces myocardial necrosis after coronary occlusion and reperfusion. J Cardiovasc
Pharmacol 22, 160-166.

Hatta E, Maruyama R, Marshall SJ et al (1999). Bradykinin promotes ischaemic
norepinephrine release in guinea pig and human hearts. J Pharmacol Exp Ther 288, 919-
927.

Hatta E, Rubin LE, Seyedi N & Levi R (1997). Bradykinin and cardioprotection: don't set
242



your heart on it. Pharmacol Res 35, 531-536.

Headrick JP (1996). Ischaemic preconditioning: bioenergetic and metabolic changes and
the role of endogenous adenosine. J Mol Cell Cardiol 28, 1227-1240.

Hearse DJ & Sutherland FJ (2000). Experimental models for the study of cardiovascular
function and disease. Pharmacol Res 41, 597-603.

Hearse DJ & Toaski A (1988.) Free radicals and calcium: simultaneous interacting triggers
as determinants of vulnerability to reperfusion-induced arrhythmias in the rat heart. J Mol
Cell Cardiol 20, 213-223.

Hebden RA, Todd ME, Tang C et al (1990). Association of DOCA hypertension with
induction of atherosclerosis in rats with short term diabetes mellitus. Am J Physiol 258,
1042-1050.

Hefti F, Fischli W & Gerold M (1986). Cilazapril prevents hypertension in spontaneously
hypertensive rats. J Cardiovasc Pharmacol 8, 641-648.

Herzog WR, Vogel RA & Schlossberg ML (1997). Short-term low dose intracoronary
diltiazem administered at the onset of reperfusion reduces myocardial infarct size. Int J
Cardiol 59, 21-27.

Heusch G, Rose J & Ehring T (1997). Cardioprotection by ACE inhibitors in myocardial
ischaemia/reperfusion. The importance of bradykinin. Drugs 54, 31-34.

Hilbert P, Lindpainter K, Beckmann JS et al (1991). Chromosomal mapping of two genetic
loci associated with blood pressure regulation in hereditary hypertensive rats. Nature 353,
521-529.

Himmelmann A (1999). Hypertension: an important precursor of heart failure. Blood Press
8, 253-260.

Hoagland KM, Madoox DA & Martin DS (1999). Bradykinin B2 receptors mediate the pressor
and renal hemodynamic effects of intravenous bradykinin in conscious rats. J Auton Nerv
Syst 75, 7-15.

Honeck H, Gross V, Erdmann B et al (2000). Cytochrome p450 dependent renal arachidonic
acid metabolism in deoxycorticosterone acetate-salt hypertensive mice. Hypertension 36,
610-616.

Hornig B & Drexler H (1997). Endothelial function and bradykinin in humans. Drugs 54, 42-
7.

Hoshida S, Kuzuya T, Fuji H et al (1993). Sublethal ischaemia alters myocardial antioxidant
activity in canine heart. Am J Physiol 264, H33-H39.

Hu K & Nattel S (1995). Mechanisms of ischaemic preconditioning in rat hearts.
Involvement of alpha 1B-adrenoceptors, pertussis toxin-sensitive G proteins, and protein
kinase C. Circulation 92, 2259-2265.

Hunter JJ & Chien KR (1999). Signaling pathways for cardiac hypertrophy. New Engl Med
341, 1276-1283.

243



lkonomidis JS, Shirai T, Weisel RD et al (1997). Preconditioning cultured human pediatric
myocytes requires adenosine and protein kinase C. Am J Physiol 272, H1220-H1230.

Imagawa J, Yellon DM & Baxter GF (1999). Pharmacological evidence that inducible nitric
oxide synthase is a mediator of delayed preconditioning. BrJ Pharmacol 126, 701-708.

Imagawa JI, Baxter GF & Yellon DM (1997). Genistein, a tyrosine kinase inhibitor, blocks
the "second window of protection” 48 h after ischaemic preconditioning in the rabbit. J Mol
Cell Cardiol 29, 1885-1893. _

Intengan HD & Schiffrin EL (2000). Vasopeptidase inhibition has potent effects on blood
pressure and resistance arteries in stroke-prone spontaneously hypertensive rats.
Hypertension 35, 1221-1225.

Isgaard J, Wahlander H, Adams MA & Friberg P (1994). Increased expression of growth
hormone receptor mRNA and insulin-like growth factor-l mRNA in volume overloaded hearts.
Hypertension 23, 884-888.

Ishihara M, Sato H, Tateishi H et al (1997). Implications of prodromal angina pectoris in
anterior wall acute myocardial infarction: acute angiographic findings and long-term
prognosis. J Am Coll Cardiol 30, 970-975.

ltaya Y, Suzuki H, Matsukawa S et al (1986). Central renin-angiotensin system and the
pathogenesis of DOCA-salt hypertension in rats. Am J Physiol 251, H261-H268.

Ito H, Hiroe M, Hirata Y et al (1993). Insulin like growth factor | induces hypertrophy with
enhanced expression of muscle specific genes in cultured rat cardiomyocytes. Circulation
87, 1715-1721.

Ito H, Torii M & Suzuki T (1995). Decreased superoxide dismutase activity and increased
superoxide anion production in cardiac hypertrophy of spontaneously hypertensive rats. Clin
Exp Hypertens 17 (5), 803-816.

lto WD, Schaarsschmidt S, Klask R et al (1997). Infarct size measurement by
triphenyltetrazolium chloride staining versus in vivo injection of propidium iodide. J Mol Cell
Cardiol 29, 2169-2175.

Izzo AA, Gaginella TS, Mascolo TS et al (1996). NG-nitro-L-arginine methyl ester reduces
senna- and cascara-induced diarrhoea and fluid secretion in the rat. Eur J Pharmacol 301,
137-142.

Jaberansari MT, Baxter GF, Muller C et al (1999). ACE inhibition enhances a subthreshold
stimulus for delayed preconditioning. Circulation, 100, [-491.

Jacob HJ, Lindpainter K, Lincoin SE et al (1991). Genetic mapping of a gene causing
hypertension in the stroke prone SHR. Cell 67, 213-224.

Jenkins DP, Pugsley WB, Alkhulaifi AM et al (1997). Ischaemic preconditioning reduces
troponin T release in patients undergoing coronary artery bypass surgery. Heart 77, 314-
318.

Jenkins DP, Pugsiey WB & Yellon DM (1995). Ischaemic preconditioning in a model of
global ischaemia: infarct size limitation, but no reduction of stunning. J Mol Cell Cardiol 27,

244



1623-1632.

Jin L, Chao L & Chao J (1999). Potassium supplement upregulates the expression of renal
kallikrein and bradykinin B, receptor in SHR. Am J Physiol 276, FA76-F484.

Jin L, Zhang JJ, Chao L & Chao J (1997). Gene therapy in hypertension: adenovirus-
mediated kallikrein gene delivery in hypertensive rats. Hum Gene Ther 8, 1753-1761.

Jin Z-Q & Chen X (1998). Bradykinin mediates myocardial ischaemic preconditioning
against free radical injury in guinea-pig isolated heart. Clin Exp Pharmacol Physiol 25, 932-
935.

Jin Z-Q & Chen X (2000). Pretreatment with ramiprilat induces cardioprotection against free
radical injury in guinea-pig isolated heart: Involvement of bradykinin, protein kinase C and
prostaglandins. Clin & Expt Pharm & Physiol 27, 257-262.

Johnson MD & Friedman E (1993). G proteins in cardiovascular function and dysfunction.
Biochemical Pharmacol 45, 2365-2372.

Jonassen AK, Sack NS, Mj@ds OD & Yellon DM. Myocardial protection by insulin at
reperfusion requires early administration and is dependent on the PI3-kinase, Akt/PKB and
p70S6 kinase signaling pathway. Circulation, in press.

Joyeux M, Baxter GF, Thomas DL et al (1997). Protein kinase C is involved in resistance to
myocardial infarction induced by heat stress. J Mol Cell Cardiol 29, 3311-3319.

Joyeux M, Boumendjel, Carroll R et al (2000). SB 203580, a mitogen-activated protein
kinase inhibitor, abolishes resistance to myocardial infarction induced by heat stress.
Cardiovasc Drugs Ther 14, 337-343.

Joyeux M, Faure P, Godin-Ribout D et al (1999). Heat stress fails to protect myocardium of
streptozotocin-induced diabetic rats against infarction. Cardiovasc Res 43, 939-946.

Joyeux M, Godin-Ribout D, Patel A et al (1998a) Infarct size reducing effect of heat stress
and a1 adrenoceptors in rats. BrJ Pharmacol 125, 645-650.

Joyeux M, Lagneux C, Bricca G et al (1998b). Heat stress-induced resistance to myocardial
infarction in the isolated heart from transgenic [(MREN-2)27] hypertensive rats. Cardiovasc
Res 40, 124-130.

Ju H, Venema VJ, Marrero MB & Venema RC (1998). Inhibitory interactions of the
bradykinin B2 receptor with endothelial nitric-oxide synthase. J Biol Chem 273, 24025-
24029.

Kajtsura J, Zhang X, Reiss K et al (1994). Myocyte cellular hyperplasia and myocyte cellular
hypertrophy contribute to chronic ventricular remodelling in coronary artery narrowing-
induced cardiomyopathy in rats. Circ Res 74, 383-400.

Karam H, Heudes D, Hess P et al (1996). Respective role of humoral factors and blood
pressure in cardiac remodeling of DOCA hypertensive rats. Cardiovasc Res 31, 287-295.

Kentsch M & Otter W (1999). Novel neurohormonal modulators in cardiovascular disorders.
The therapeutic potential of endopeptidase inhibitors. Drugs R D 1, 331-338.

245



Kersten JR, Toller WG, Gross ER et al (2000). Diabetes abolishes ischaemic
preconditioning: role of glucose, insulin and osmolality. Am J Physiol 278 , H1218-H1224.

Kim SJ, Ghaleh B, Kudej RK et al (1997). Delayed enhanced nitric oxide-mediated coronary
vasodilation following brief ischaemia and prolonged reperfusion in conscious dogs. Circ
Res 81, 53-59.

Kirchner KA, Scanlon PH Jr, Dzielak DJ & Hester RL (1993). Endothelium-derived relaxing
factor responses in DOCA-salt hypertensive rats. Am J Physiol 265, R568-R572.

Kita H, Miura T, Miki T et al (2000). Infarct size limitation by bradykinin receptor activation is
mediated by mitochondrial but not the sarcolemmal K (ATP) channel. Cardiovasc Drugs
Ther 14, 497-502.

Kitakaze M, Minamino T, Node K et al (1996). Activation of ecto-5-nucleotidase by protein
kinase C attenuates irreversible cellular injury due to hypoxia and reoxygenation in rat
cardiomyocytes. J Mol Cell Cardiol 28, 1945-1955.

Kloner RA, Shook T, Przyklenk K et al (TIMI 4 investigators) (1995). Previous angina alters
in-hospital outcome in TIMI 4. A clinical correlate to preconditioning? Circulation 91, 37-47.

Kloner RA & Yellon DM (1994). Does ischaemic preconditioning occur in patients? J Am
Coll Cardiol 24, 1133-1142.

Kokkonen JO, Kuoppala A, Saarinen J et al (1999). Kallidin- and bradykinin-degrading
pathways in human heart. Circulation 99, 1984-1990.

Kokkonen JO, Lindstedt KA, Kuoppala A & Kovanen PT (2000). Kinin-degrading pathways
in the human heart. Trends Cardiovasc Med 10, 42-45.

Komatsu K, Frohlich ED, Ono H et al (1995). Glomerular dynamics and morphology of aged
SHR. Hypertension 25, 207-213.

Korzick DH, Brenner DA & Saupe KW (2000). Aging alters PKC epsilon and PKC alpha
translocation during ischaemia-reperfusion in rat heart. Circulation 102, I-751.

Kositprapa C, Ockaili RA & Kukreja RC (2001). Bradykinin B2 receptor is involved in the late
phase of preconditioning in rabbit heart. J Mol Cell Cardiol 33, 1355-1362.

Koyanagi S, Eastham CL, Harrison DG & Marcus ML (1982). Increased size of myocardial
infarction in dogs with chronic hypertension and left ventricular hypertrophy. Circ Res 50,
55-62.

Kubo T, Fukumori R, Kobayashi M & Yamaguchi H (1998). Altered cholinergic mechanisms
and blood pressure regulation in the rostral ventrolateral medulla of DOCA-salt hypertensive
rats. Brain Res Bull 45, 327-332.

Kuhlmann D, Ragan C, Ferrebee JW et al (1939). Toxic effects of deoxycorticorsterone
esters in dogs. Science 90, 496-497.

Kuoppala A, Lindstedt KA, Saarinen J et al (2000). Inactivation of bradykinin by angiotensin-
converting enzyme and by carboxyepeptidase N in human plasma. Am J Physiol Heart Circ
Physiol 278, H1069-H1074.

246



Kuzuya T, Hoshida S, Yamashita N, et al (1993). Delayed effects of sublethal ischaemia on
the acquisition of tolerance to ischaemia. Circ Res 72, 1293-1299.

Lafferty HM, Garcia DL, Rennke HG et al (1991). Anemia ameliorates progressive renal
injury in experimental DOCA-salt hypertension. J Am Soc Nephrol 1, 1180-1185.

Lameris TW, de Zeeuw S & Alberts G (2000). Time course and mechanism of myocardial
catecholamine release during transient ischaemia in vivo. Circulation 101, 2645-2650.

Lamprecht F, Richardson JS, Wiliams RB & Kopin IJ (1977). 6-hydroxydopamine
destruction of central adrenergic neurones prevents or reverses developing DOCA-salt
hypertension in rats. J Neural Transm 40, 149-158.

Langheinrich M, Lee MA, Bohm M et al (1996). The hypertensive Ren-2 transgenic rat TGR
(mREN2)27 in hypertension research. Characteristics and functional aspects. Am J
Hypertens 9, 506-512.

Lariviere R, Deng LY, Day R et al (1995). Increased endothelin -1 gene expression in the
endothelium of coronary arteries in the DOCA-salt hypertensive rat. J Mol Cell Cardiol 27,
2123-2131.

Lariviere R, Thibault G & Schiffrin EL (1993). Increased endothelin - content in blood
vessels of deoxycorticosterone acetate-salt hypertensive but not spontaneously
hypertensive rats. Hypertension 21, 294-300.

Leesar MA, Stoddard MF, Manchikalapudi S & Bolli R (1999). Bradykinin-induced
preconditioning in patients undergoing coronary angioplasty. J Am Coll Cardiol 34, 639-
650.

Levy D (1988). Left ventricular hypertrophy. Epidemiologic insights from the Framingham
Heart Study. Drugs 35, suppl 5, 1-5.

Li GC, Vasquez JA, Gallagher KP & Lucchesi BR (1990). Myocardial protection with
preconditioning. Circulation 82, 609-619.

Li JM & Brooks G (1997). Differential protein expression and subcellular distribution of TGF
B1, B2 and B3 in cardiomyocytes during pressure overload-induced hypertrophy. J Mol Cell
Cardiol 29, 2213-2224.

Li JS, Lariviere R & Schiffrin EL (1994). Effect of a nonselective endothelin antagonist on
vascular remodelling in deoxycorticosterone acetate-salt hypertensive rats. Hypertension
24, 183-188.

Li Y & Kloner RA (1994). Cardioprotective effects of ischaemic preconditioning can be
recaptured after they are lost. J Am Coll Cardiol 23, 470-474.

Linz W, Weimer G & Scholkens BA (1996). Role of kinins in the pathophysiology of
myocardial ischaemia. In vitro and in vivo studies. Diabefes 45, 51-58.

Linz W, Weimer G & Scholkens BA (1997). Beneficial effects of bradykinin on myocardial
energy metabolism and infarct size. Am J Cardiol 80, 118-123.

Liu GS, Cohen MV, Mochly-Rosen D & Downey JM (1999). Protein kinase C -epsilon is
247



responsible for the protection of preconditioning in rabbit cardiomyocytes. J Mol Cell Cardiol
31, 1937-1948. '

Liu GS, Richards SC, Olsson RA et al (1994). Evidence that adenosine A; receptor may
mediate the protection afforded by preconditioning in the isolated rabbit heart. Cardiovasc
Res 28, 1057-1061.

Liu GS, Thomton J, Van winkle DM et al (1991). Protection against infarction afforded by
preconditioning is mediated by A adenosine receptors in rabbit heart. Circulation 84, 350-
356.

Liu JJ, Peng L, Bradley CJ et al (2000). Increased apoptosis in the heart of genetic
hypertension, associated with increased fibroblasts. Cardiovasc Res 45, 729-735.

Liu Y & Downey JM (1992). Ischaemic preconditioning protects against infarction in rat
heart. Am J Physiol 263, H1107-H1112.

Liu Y, Sato T, O'Rourke B & Marban E (1998). Mitochondrial ATP dependent potassium
channels: novel effectors of cardioprotection? Circulation 97, 2463-2469.

Liu Y-H, Yang X-P, Sharov VG et al (1996). Paracrine systems in the cardioprotective effect
of angiotensin-converting enzyme inhibitors on myocardial ischaemia / reperfusion injury in
rats. Hypertension 27,7-13.

Lochner A, Genade S & Mouton R (1992). Massive release of atrial natriuretic peptide
(ANP) release in ischaemia reperfusion. Cardiovasc Drugs Ther 6, 447-449.

Lochner A, Genade S, Tromp E et al (1999). Ischaemic preconditioning and the beta-
adrenergic signal transduction pathway. Circulation 100, 958-966.

Lorell BH & Carabello BA (2000). Left ventricular hypertrophy. Circulation 102, 470-479.

Lu HR, Remeyson P & De Clerck F (1995). Does the antiarrhythmic effect of ischaemic
preconditioning in rats involve the L-arginine nitric oxide pathway. J Cardiovasc Pharmacol
25, 524-530.

Lu HR, Yu F, Dai DZ et al (1999). Reduction in QT dispersion and ventricular arrhythmias
by ischaemic preconditioning in anaesthetized, normotensive and spontaneously
hypertensive hearts. Fundam Clin Pharmacol 13, 445-454.

Luckhoff A, Zeh R & Busse R (1988). Desensitization of the bradykinin-induces rise in
intracellular free calcium in culture endothelial cells. Pflugers Arch 412, 654-658.

Madeddu P, Varoni MV, Palomba D et al (1997). Cardiovascular phenotype of a mouse
strain with disruption of bradykinin B2 receptor gene. Circulation 96, 3570-3578.

Mahaffey KW, Puma JA, Barbagelata NA et al (1999). Adenosine as an adjunct to
thrombolytic therapy for acute myocardial infarction: results of a multicenter, randomized,
placebo-controlled trial: the Acute Myocardial Infarction STudy of ADenosine (AMISTAD). J
Am Coll Cardiol 34, 1711-1720.

Mantelli L, Amerini S & Ledda F (1995). Bradykinin-induced vasodilation is changed to a
vasoconstrictor response in vessels of aged normotensive and hypertensive rats. Inflamm

248



Res 44(2), 70-73.

Marber MS, Latchman DS, Walker JM & Yellon DM (1993). Cardiac stress protein elevation
24 hours after brief ischaemia or heat stress is associated with resistance to myocardial
infarction. Circulation 88, 1264-1272.

Marber MS, Mestril R, Chi SH et al (1995). Overexpression of the rat inducible 70-kD heat
stress protein in a transgenic mouse increases the resistance of the heart to ischaemic
injury. J Clin Invest 95, 1446-1456. .

Mariani J, Ou R, Bailey M et al (2000). Tolerance to ischaemia and hypoxia is reduced in
aged human myocardium. J Thorac Cardiovasc Surg 120, 660-667.

Marrero MB, Venema VJ, Ju H et al (1999). Endothelial nitric oxide synthase interactions
with G-protein coupled receptors. Biochem J 343, 335-340.

Masson GMC, Lewis LA, Corcoran AC & Page IH (1953). Desoxycorticosterone in rabbits:
simulation of rabbit "toxemia of pregnancy". J Clin Endocrinol Metab 13, 300-315.

Massoudy P, Becker BF & Gerlach E (1994). Bradykinin accounts for improved
postischaemic function and decreased glutathione release of guinea pig heart treated with
the angiotensin-converting enzyme inhibitor ramiprilat. J Cardiovasc Pharmacol 23, 632-
639.

Massoudy P, Becker BF, Seligmann C & Gerlach E (1995). Preischaemic as well as
postischaemic application of a calcium antagonist affords cardioprotection in the isolated
guinea pig heart. Cardiovasc Res 29, 577-582.

Matoba S, Tasumi T, Keira N & Kawahara A (1999). Cardioprotective effect of angiotensin
converting enzyme inhibition against hypoxia / reoxygenation injury in cultured rat myocytes.
Circulation 99, 817-822.

Matsumara K, Jeremy R, Schaper J & Becker LC (1998). Progression of myocardial
necrosis during reperfusion of ischaemic myocardium. Circulation 97, 795-804.

Maulik N, Watanabe M, Zu YL et al (1996). Ischaemic preconditioning triggers the activation
of MAP kinases and MAPKAP kinase 2 in rat hearts. FEBS Lett 396, 233-237.

Mc Dermott Jr, Gibson AM & Turner JD (1987). Involvement of endopeptidase 24.15 in the
inactivation of bradykinin by rat brain slices. Biochem Biophys Res Commun 146, 154-158.

McClean DR, lkram H, Garlick AH et al (2000). The clinical, cardiac, renal, arterial and
neurohormonal effects of omapatrilat, a vasopeptidase inhibitor, in patients with chronic
heart failure. J Am Coll Cardiol 36, 479-486.

Mei DA, Elliott GT & Gross GJ (1996). KATP channels mediate late preconditioning against
infarction produced by monophosphoryl lipid A. Am J Physiol 271, H2723-H2729.

Meneely GR & Ball COT (1958). Experimental epidemiology of chronic sodium chloride
toxicity and the protective effect of potassium chloride. AmJ Med 25, 713.

Meng X, Brown JM, Ao L et al (1996a). Norepinephrine induces cardiac heat shock protein
70 and delayed cardioprotection in the rat through alpha 1 adrenoceptors. Cardiovasc Res

249



32, 374-383.

Meng X, Cleveland JC, Rowland RT et al (1996b). Norepinephrine induced sustained
myocardial adaptation to ischaemia is dependent on alpha 1- adrenoceptors and protein
synthesis. J Mol Cell Cardiol 28, 2017-2025.

Messerli F & Nussberger J (2000). Vasopeptidase inhibition and angio-oedema. Lancet
356, 608-609.

Messerli FH (1999). Hypertension and sudden cardiac death. Am J Hypertens 12, 181S-
188S.

Messerli FH & Aepfelbacher FC (1995). Hypertension and left ventricular hypertrophy.
Cardiol Clin 13, 549-557. ,

Miasre BD, Krukenkamp IB & Levitsky S (1992). Age dependent sensitivity to unprotected
cardiac ischaemia: the senescent myocardium. J Thorac Cardiovasc Surg 103 (1), 60-64.

Miki T, Miura T, Tsuchida A et al (2000). Cardioprotective mechanism of ischaemic
preconditioning is impaired by postinfarct ventricular remodelling through angiotensin i type
1 receptor activation. Circulation 102, 458-463.

Miki T, Miura T, Ura N et al (1996). Captopril potentiates the myocardial infarct size-limiting
effect of ischaemic preconditioning through bradykinin B, receptor activation. J Am Coll
Cardiol 28, 1616-1622. ‘

Miller AW 2nd, B.D., Schork AM & Terris JM (1979). Hemodynamic responses to DOCA in
young pigs. Hypertension 1, 591-597.

Millette E, de Champlain J & Lamontagne D (2000). Altered coronary dilation in
deoxycorticosterone acetate-salt hypertension. J Hypertens 18, 1783-1793.

Minshall RD, Nakamura F, Becker RP & Rabito SF (1995). Characterisation of bradykinin B>
receptors in adult myocardium and neonatal rat cardiomyocytes. Circ Res 76, 773-780.

Mitchell MB, Meng X, Ao L et al (1995). Preconditioning of isolated rat heart is mediated by
protein kinase C. Circ Res 76, 73-81.

Miura T, Adachi T, Ogawa T et al (1992). Myocardial infarct size limiting effect of ischaemic
preconditioning: its natural decay and the effect of repetitive preconditioning. Cardiovasc
Pathol 1, 147-154.

Miura T, Kawamura S, Goto M et al (1998). Effect of protein kinase C inhibitors on
cardioprotection by ischaemic preconditioning depends on the number of preconditioning
cycles. Cardiovasc Res 37, 700-709.

Miyawaki H & Ashraf M (1997). Ca*" as a mediator of ischaemic preconditioning. Circ Res
80, 790-799.

Mocanu MM, Baxter GF, Yue Y et al (2000). The p38 MAPK inhibitor, SB203580, abrogates

ischaemic preconditioning in rat heart but timing of administration is critical. Basic Res
Cardiol 95, 472-478.

250



Molkentin JD, lu JR, Antos CL et al (1998). A calcineurin dependent transcriptional pathway
for cardiac hypertrophy. Cell 93, 215-228.

Mombouli JV & Vanhoutte PM (1999). Endothelial dysfunction: from physiology to therapy.
J Mol Cell Cardiol 31, 61-74.

Moolman JA, Genade S, Tromp E et al (1997) Ischaemic preconditioning does not protect
hypertrophied myocardium against ischaemia. S Afr Med J 87, C151-156.

Moon CH, Jung YS, Lee SH & Baik EJ (1999). Protein kinase C inhibitors abolish the
increased resistance of diabetic rat heart to ischaemia-reperfusion injury. Jpn J Physiol 49,
409-415.

Morgan-Boyd R, Stewart JM, Vavarek RJ & Hassid A (1987). Effects of bradykinin and
angiotensin Il on intracellular Ca®* dynamics in endothelial cells. Am J Physiol 253, C588-
C598.

Morris SD & Yellon DM (1997). Angiotensin-converting enzyme inhibitors potentiate
preconditioning through bradykinin B, receptor activation in human heart. J Am Coll Cardiol,
29 1599-1606.

Morris SD, Yellon DM & Marber MS (1996). Stress proteins: a future role in
cardioprotection? Heart 76, 97-98.

Murashita T, Kempford RD & Hearse DJ (1991). Oxygen supply and oxygen demand in the
isolated working rabbit heart perused with asanguineous crystalloid solution. Cardiovasc
Res 25, 198-206.

Murat A, Pellieux C, Brunner HR & Pedrazzini T (2000). Calcineurin blockade prevents
cardiac mitogen activated protein kinase activation and hypertrophy in renovascular
hypertension. J Biol Chem 275, 40867-40873.

Murry CE, Jennings RB & Reimer KA (1986). Preconditioning with ischaemia: a delay of
lethal cell injury in ischaemic myocardium. Circulation 74, 1124-1136.

Murry CE, Richard VJ, Jennings RB & Reimer KA (1991). Myocardial protection is lost
before contractile function recovers from ischaemic preconditioning. Am J Physiol 260,
H796-H804.

Nakagawa M & Nasjletti A (1988). Plasma kinin concentration in deoxycorticosterone-salt
hypertension. Hypertension 11, 411-415.

Nakano A, Baines CP, Kim SO et al (2000a) Ischaemic preconditioning activates
MAPKAPK2 in the isolated rabbit heart. Evidence for involvement of p38 MAPK. Circ Res
86, 144-151.

Nakano A, Cohen MV & Downey JM (2000b). Ischaemic preconditioning: from basic
mechanisms to clinical applications. Pharmacol & Ther 86, 263-275.

Nakano A, Liu GS, Heusch G et al (2000c). Exogenous nitric oxide can trigger a

preconditioned state through a free radical mechanism, but endogenous nitric oxide is not a
trigger of classical ischaemic preconditioning. J Mol Cell Cardiol 32, 1159-1167.

251



Nakano A, Miura T, Ura N et al (1997). Role of the angiotensin Il type 1 receptor in
preconditioning against infarction. Coron Artery Dis 8, 343-350.

Noda T, Minatoguchi S, Fujii K et al (1999). Evidence for the delayed effect in human
ischaemic preconditioning. J Am Coll Cardiol 34, 1966-1974.

Noma A (1983). ATP-regulated K* channels in cardiac muscle. Nature 305, 147-148.

Norton ED, Jackson EK, Viramani R & Forman MB (1991). Effect of intravenous adenosine
on myocardial reperfusion injury in a model with low myocardial collateral blood flow. Am
Heart J 122, 1283-1291.

Nozawa Y, Miura T, Tsuschida A et al (1999). Chronic treatment with an ACE inhibitor,
temocapril, lowers the threshold for the infarct size limiting effect of ischaemic
preconditioning. Cardiovasc Drugs Ther 13, 151-157.

Numaguchi Y, Harada M, Osanai H et al (1999). Altered gene expression of prostacyclin
synthase and prostacyclin receptor in the thoracic aorta of spontaneously hypertensive rats.
Cardiovasc Res 41(3), 682-688.

O'Brien MC & Bolton WE (1995). Comparison of cell viability probes compatible with fixation
and permeabilization for combined surface and intracellular staining in flow cytometry.
Cytometry 19, 243-255.

O'Rourke B (2000). Myocardial Kare channels in preconditioning. Circ Res 87, 845-855.

Ockaili R, Emani VR, Okubo S et al (1999). Opening of the mitochondrial KATP channel
induces early and late cardioprotective effect: role of nitric oxide. Am J Physiol 277, H2425-
H2434

Okamoto K & Aoki K (1963). Development of a strain of spontaneously hypertensive rats.
Jap Circ Jr 27, 282-293.

Olafsson B, Forman MB, Puett DW et al (1987). Reduction of reperfusion injury in the
canine preparation by intracoronary adenosine: importance of the endothelium and the no-
reflow phenomenon. Circulation 76, 1135-1145.

Olivetti G, Abbi R, Quaini F et al (1997). Apoptosis in the failing human heart. N Engl J Med
336, 1131-1141.

Opie LH (1984). Adequacy of oxygenation of isolated perfused rat heart. Basic Res Cardiol
79, 300-306.

Otani H, Yamamura T, Nakao Yet al (2000). Insulin-like growth factor -1 improves recovery
of cardiac performance during reperfusion in isolated rat heart by a wortmannin-sensitive
mechanism. J Cardiovasc Pharmacol 35, 275-281.

Ouchi Y, Share L, Crofton JT et al (1987). Sex difference in the development of
deoxycorticosterone-salt hypertension in the rat. Hypertension 9, 172-177.

Ovize M, Aupetit JF, Riofol G et al (1995). Preconditioning reduces infarct size but
accelerates time to ventricular fibrillation in ischaemic pig heart. Am J Physiol 269, H72-
H79.

252



Ozaki J, Shimizu H, Hashimoto Y et al (1999). Enzymatic inactivation of major circulating
forms of arterial and brain natriuretic peptide. Eur J Pharmacol 370, 307-312.

Pacak k, Yadid G, Jakab G et al (1993). In vivo hypothalamic release and synthesis of
catecholamines in spontaneously hypertensive rats. Hypertension 22, 467-478.

Pain T, Yang XM, Critz S et al (2000). Opening of mitochondrial Kare channels triggers the
preconditioned state by generating free radicals. Circ Res 87, 460-466.

Pan H-L, Chen SR, Scicli GM & Carretero OA (2000). Cardiac interstitial bradykinin release
during ischaemia is enhanced by ischaemic preconditioning. Am J Physiol 279, H116-
H121.

Pan ZK, Christiansen SC, Ptasznik A & Zuraw BL (1999). Requirement of phosphatidyl 3-
kinase activity for bradykinin stimulation of NF-kappa B activation in cultured human
epithelial cells. J Biol Chem 274,9918-9922.

Pantos CI, Davos CH, Carageorgiou HC et al (1996). Ischaemic preconditioning protects
against myocardial dysfunction caused by ischaemia in isolated hypertrophied rat hearts.
Basic Res Cardiol 91, 444-449.

Paradis NF, Surmitis JM & Mackall CL (1984). O, reserve of left ventricle of isolated, saline-
perfused rabbit heart. Am J Physiol 247, H861-H868.

Paradis P, Dali-Youcef N, Paradis FW et al (2000). Overexpression of angiotensin Il type 1
receptor in cardiomyocytes induces cardiac hypertrophy and remodelling. Proc Natl Acad
Sci 97, 931-936.

Parratt JR, Vegh A, Zeitlin IJ et al (1997). Bradykinin and endothelial-cardiac myocyte
interactions in ischaemic preconditioning. Am J Cardiol 80, 124-131.

Pell TJ, Yellon DM, Goodwin RW & Baxter GF (1997). Myocardial ischaemic tolerance
following heat stress is abolished by ATP-sensitive potassium channel blockade.
Cardiovasc Drugs Ther 11, 679-686.

Pellacani A, Brunner HR & Nussberger J (1994). Plasma kinins increase after angiotensin-
converting enzyme inhibition in human subjects. Clin Sci (Colch) 87, 567-574.

Pfeffer JM, Pfeffer MA, Fishbein MC & Frolich ED (1979). Cardiac function and morphology
with aging in the spontaneously hypertensive rat. Am J Physiol 237 (4), H461-H468.

Piedimonte G, Nadel JA, Long CS & Hoffman JIE (1994). Neutral endopeptidase in the
heart.  Neutral endopeptidase inhibition prevents isoproterenol-induced myocardial
hypoperfusion in rats by reducing bradykinin degradation. Circ Res 75, 770-779.

Ping P & Murphy E (2000). Role of p38 mitogen-activated protein kinases in
preconditioning. Circ Res 86, 921-922.

Ping P, Takano H, Zhang J et al (1999a). Isoform selective activation of protein kinase C by
nitric oxide in the heart of conscious rabbits. A signalling mechanism for both nitric oxide-
induced and ischaemia-induced preconditioning. Circ Res 84, 587-604.

Ping P, Zhang J, Cao X et al (1999b). PKC-dependent activation of p44/p42 MAPKSs during
253



myocardial ischaemia-reperfusion in conscious rabbits. Am J Physiol 276, H1468-H1481.

Ping P, Zhang J, Pierce WM & Bolli R (2001). Functional proteonomic analysis of protein
kinase C epsilon signalling complexes in the normal heart and during cardioprotection. Circ
Res 88, 59-62.

Ping P, Zhang J, Qiu Y et al (1997). Ischaemic preconditioning induces selective
translocation of protein kinase C isoforms epsilons and eta in the heart of conscious rabbits
without subcellular redistribution of total protein kinase C activity. Circ Res 81, 404-414.

Pinto YM, Paul M & Ganten D (1998). Lessons from rat models of hypertension: from
Goldblatt to genetic engineering. Cardiovasc Res 9, 77-88.

Przykienk K & Kloner RA (1993). Cardioprotection" by ACE-inhibitors in acute myocardial
ischaemia and infarction? Basic Res Cardiol 8 (Supp! 1), 139-154.

Przyklenk K, Sussman MA, Simkhovich BZ & Kloner RA (1995). Does ischaemic
preconditioning trigger translocation of protein kinase C in the canine model? Circulation
92, 1546-1557.

Qian YZ, Bemardo NL, Nayeem MA et al (1999). Induction of 72-kDa heat shock protein
does not produce second window of ischaemic preconditioning in rat heart. Am J Physiol
276, H224-H234.

Qui Y, Ping P, Tang XL et al (1998). Direct evidence that protein kinase C plays an
essential role in the development of late preconditioning against myocardial stunning in
conscious rabbits and that epsilon is the isoform involved. J Clin Invest 101, 2182-2198.

Qui Y, Rizvi A, Tang XL et al (1997). Nitric oxide triggers late preconditioning against
myocardial infarction in conscious rabbits. Am J Physiol, 2713 H2931-H2936.

Rabkin SW, Goutsouliak V & Kong JY (1997). Angiotensin Il induces activation of
phosphatidylinositol 3-kinase in cardiomyocytes. J Hypertens 15, 891-899.

Radford NB, Fina M, Benjamin IJ et al (1996). Cardioprotective effects of 70kDa heat shock
protein in transgenic mice. Proc Natl Acad Sci 93, 2339-2342.

Randall MD, Gardiner SM & Bennett T (1997). Enhanced cardiac preconditioning in the
isolated heart of the transgenic ((WMREN-2) hypertensive rat. Cardiovasc Res 33 (2), 400-
409.

Rastegar MA, Marchini F, Morazzonia G et al (2000a). The effects of Z13752A, a combined
ACE/NEP inhibitor, on responses to coronary artery occlusion; a primary protective role for
bradykinin. Br J Pharmacol 129, 671-680.

Rastegar MA, Vegh A, Papp JG & Parratt JR (2000b). Atrial natriuretic peptide reduces the
severe consequences of coronary artery occlusion in anaesthetized dogs. Cardiovasc
Drugs Ther 14, 471-479.

Ravingerova T, Stetka R, Pancza D et al (2000). Susceptibility to ischaemia-induced

arrhythmias and the effect of preconditioning in the diabetic rat heart. Physiol Res 49, 607-
616.

254



Ritchie RH, Marsh JD & Schiebinger RJ (1999). Bradykinin-stimulated protein synthesis by
myocytes is dependent on the MAP kinase pathway and p70%. Am J Physiol 276, H1393-
H1398.

Rizvi A, Tang XL, Qiu Y et al (1999). Increased protein synthesis is necessary for the
development of late preconditioning against myocardial stunning. Am J Physiol 277, H874-
H884.

Robl JA, Sun C-C, Stevenson J et al (1997). Dual metalloprotease inhibitors:
mercaptoacetyl-based fused heterocyclic dipeptide mimetics as inhibitors of angiotensin
converting enzyme and neutral endopeptidase. J Med Chem 40, 1570-1577.

Rocha e Silva M, Beraldo WT & Rosenfeld G (1949). Bradykinin, a hypotensive and smooth
muscle stimulating factor released from plasma globulin by snake venoms and trypsin. Am J
Physiol 156, 261-273.

Roques BP (1998). Cell surface metallopeptidases involved in blood pressure regulation:
structure and clinical perspectives. Pathol Biol 46, 191-200.

Rossig L, Fichtischerer B, Breitschopf K et al (1999). Nitric oxide inhibits caspase-3 by S-
nitrosation in vivo. J Biol Chem, 274, 6823-6826.

Rouleau JL, Pfeffer MA, Stewart DJ et al (2000). Comparison of vasopeptidase inhibitor,
omapatrilat, and lisinopril on exercise tolerance and morbidity in patients with heart failure:
IMPRESS randomised trial. Lancet 356, 615-620.

Rutherford JD, Pfeffer MA, Moye LA et al on behalf of the SAVE investigators (1994).
Effects of captopril on ischaemic events after myocardial infarction. Results of the Survival
And Ventricular Enlargement trial. Circulation 90, 1731-1738.

Sagnek LJ, Ignasiak DP, Batley BL et al (1997). Heat stress increases cardiac HSP72i but
fails to reduce myocardial infarct size in rabbits 24 hours later. Basic Res Cardiol 92, 331-
338.

Sanada S, Kitakaze M, Asanuma H et al (2000). Role of mitochondrial and sarcolemmal
K(ATP) channels in ischaemic preconditioning of the canine heart. Am J Physiol 280,
H256-H2263.

Sanchez A, Torres A & Saiz J (1989). Alpha blockade on blood pressure and on cardiac
noradrenaline content in SHR and DOCA-salt rats. J Pharm Pharmacol 41, 545-548.

Sandhu R, Diaz RJ & Wilson GJ (1993). Comparison of ischaemic preconditioning in blood
perfused and buffer perfused heart models. Cardiovasc Res 27, 602-607.

Sato T, O'Rourke B & Marban E (1998). Modulation of mitochondrial ATP-dependent K*
channels by protein kinase C. Circ Res 83, 110-114.

Schenk J & Mc Neill JH (1992). The pathogenesis of DOCA-salt hypertension. J Pharmacol
Toxicol Methods 27, 161-170.

Schiuter KD, Simm A, Schafer M et al (1999). Early response kinase and PI3-kinase
activation in adult cardiomyocytes and their role in hypertrophy. Am J Physiol 276, H1655-
H1663.

255



Schoelkens BA & Linz W (1992). Bradykinin-mediated metabolic effects in isolated perfused
rat hearts. Agents Actions Suppl 38, 36-42.

Scholkens BA (1996). Kinins in the cardiovascular system. /mmunopharm 33, 209-216.

Scholkens BA, Linz W & Konig W (1988). Effects of the angiotensin converting enzyme
inhibitor, ramipril, in isolated ischaemic rat heart are abolished by a bradykinin antagonist. J
Hypertens Suppl 6, 25-28.

Schriefer JA, Broudy EP & Hassen AH (1996). Endopeptidase inhibitors decrease
myocardial ischaemia/reperfusion injury in an in vivo rabbit model. J Pharm Exp Ther 278,
1034-1039.

Schulman D, Latchman D & Yellon DM (2001). Effect of aging on the ability of
preconditioning to protect rat hearts from ischaemia-reperfusion. Am J Physiol Heart Circ
Physiol 281, H1630.

Schulman D, Yellon DM & Latchman DS (2000). Urocortin, via involvement of the p42/44
MAP kinase dependent pathway, protects the heart from reperfusion injury. Circulation 102
(suppl), -1329.

Schultz JJ, Hsu AK & Gross GJ (1997). Ischaemic preconditioning and morphine induced
cardioprotection involve the delta-opioid receptor in the intact rat heart. J Mol Cell Cardiol
29, 2187-2195.

Schulz R, Post H, Vahlhaus C & Heusch G (1998). Ischaemic preconditioning in pigs: a
graded phenomenon. lIts relation to adenosine and bradykinin. Circulation 98, 1022-1029.

Schuiz R, Rose J, Post H & Heusch G (1995). Involvement of endogenous adenosine in
ischaemic preconditioning in swine. Pflugers Arch 430, 273-282.

Schwarz ER, Somoano Y, Hale SL & Kloner RA (2000). What is the required reperfusion
period for assessment of myocardial infarct size using triphenyltetrazolium chloride staining
in the rat. J Throm Thrombolysis 10, 181-187.

Seccia TM, Atlante A, Vulpis V et al (1999). Abnormal transport of inorganic phosphate in
left ventricular mitochondria from spontaneously hypertensive rats. Cardiologica 44(8), 719-
725.

Seino M, Abe K, Nushiro N et al (1990). Role of bradykinin in the regulation of blood
pressure and renal flow in DOCA-salt hypertensive rats. J Hypertens 8, 411-416.

Seyedi N, Win T, Lander HM & Levi R (1997). Bradykinin B, receptor activation augments
norepinephrine exocytosis from cardiac sympathetic nerve endings. Mediation by autocrine /
paracrine mechanisms. Circ Res 81, 774-784.

Seyle H (1942). Production of nephrosclerosis by overdosage with desoxycorticosterone
acetate. Can Med Assoc 47, 515-519.

Sharif I, Kane KA & Wainwright CL (1998). Endothelin and ischaemic arrhythmias-
antiarrhythmic or arrhythmogenic? Cardiovasc Res 39, 625-632.

Sharma A & Singh M (1997). The possible role of adrenergic component in ischaemic

256



preconditioning. Methods Find Exp Clin Pharmacol 19, 493-499.

Sharma A & Singh M (2000). Possible mechanism of cardioprotective effect of ischaemic
preconditioning in isolated rat heart. Pharmacol Res 41, 635-640.

Sharma JN, Uma K, Noor AR & Rahman AR (1996). Blood pressure regulation by the
kallikrein-kinin system. Gen Pharmacol 27, 55-63.

Shiki K & Hearse DJ (1987). Preconditioning of the ischaemic myocardium: reperfusion
induced arrhythmias. Am J Physiol 253, H1470-H1476.

Shimada Y & Avkiran M (1996). Attenuation of reperfusion arrhythmias by selective
inhibition of angiotensin-converting enzyme/kininase Il in the ischaemic zone: mediated by
endogenous bradykinin? J Cardiovasc Pharmacol 27,428-438.

Shinmura K, Tang XL, Takano H et al (1999). Nitric oxide donors attenuate myocardial
stunning in conscious rabbits. Am J Physiol 277, H2495-H2503.

Shinmura K, Tang XL, Wang Y et al (2000). Cyclooxygenase-2 mediates the
cardioprotective effects of the late phase of ischaemic preconditioning in conscious rabbits.
Proc Natl Acad Sci 97, 10197-10201.

Shirasaki Y, Su C, Lee TJ et al (1986). Endothelial modulation of vascular relaxation to
nitrovasodilators in aging and hypertension. J Pharmacol Exp Ther 239 (3), 861-868.

Sil P, Kandaswamy V & Sen S (1998). Increased protein kinase c activity in myotrophin
induced myocyte growth. Circ Res 82, 1173-1188.

Silverman NA, Deng Q, Lawton C & Scicli AG (1995). Endothelial function following
ischaemia. J Card Surg 10, 436-440.

Smith CCT, Wilson AP & Betteridge J (1993). The influence of aspirin on plasma and
platelet catecholamine levels, and platelet function in normal man. Clinical Autonomic Res
3, 49-53.

Smith CT & Betteridge J (1984). Improved liquid-chromatographic determination of
catecholamines in platelets. Clin Chem 30, 1432-1433.

Snoeckx LH, van der Vusse GJ, Coumans WA et al (1993). Differences in ischaemia
tolerance between hypertrophied hearts of adult and aged spontaneously hypertensive rats.
Cardiovasc Res 27 , 874-881.

Somers MJ, Mavromatis K, Galis ZS & Harrison DG (2000). Vascular superoxide production
and vasomotor function in hypertension induced by deoxycorticosterone acetate-salt.
Circulation 101, 1722-1728.

Speechly-Dick ME, Baxter GF & Yellon DM (1994). Ischaemic preconditioning protects
hypertrophied myocardium. Cardiovasc Res 28, 1025-1029.

Speechly-Dick ME, Grover GJ & Yellon DM (1995). Does ischaemic preconditioning in the

human involve protein kinase C and the ATP-dependent K* channel? Studies of contractile
function after simulated ischaemia in atrial in vitro model. Circ Res 77, 1030-1035.

257



Starkopf J, Bugge E & Ytrehus K (1997). Preischaemic bradykinin and ischaemic
preconditioning in functional recovery of globally ischaemic rat heart. Cardiovasc Res 33,
63-70.

Steare SE & Yellon DM (1993). The protective effects of heats stress against reperfusion
arrhythmias. J Mol Cell Cardiol 25, 1471-1481.

Stroth U & Unger T (1999). The renin-angiotensin system and its receptors J Cardiovasc
Pharmacol 33, S21-S28.

Sumeray MS & Yellon DM (1998). Ischaemic preconditioning reduces infarct size following
global ischaemia in the murine myocardium. Basic Res Cardiol 93, 384-390.

Sun JZ, Tang XL, Knowlton AA et al (1995). Late preconditioning against myocardial
stunning. An endogenous protective mechanism that confers resistance to postischaemic
dysfunction 24 h after brief ischaemia in conscious pigs. J Clin Invest 95, 388-403.

Sun JZ, Tang XL, Park SW et al (1996). Evidence for an essential role of reactive oxygen
species in the genesis of late preconditioning against myocardial stunning in conscious pigs.
J Clin Invest 97, 562-576.

Sun W & Wainwright CL. (1994). The potential antiarrhythmic effects of exogenous and
endogenous bradykinin in the ischaemic rat heart in vivo. Coron Artery Dis 5, 541-550.

Sutherland FJ & Hearse DJ (2000). The isolated blood and perfusion fluid perfused heart.
Pharmacol Res 41, 613-627.

Suzuki H, DeLano FA, Parks DA, et al (1998). Xanthine oxidase activity associated with
arterial blood pressure in spontaneously hypertensive rats. Proc Natl Acad Sci 95, 4754-
4759.

Swynghedauw B (1999). Molecular mechanisms of myocardial remodelling. Physiological
Rev 79, 215-262.

Szekeres L (1996). On the mechanism and possible therapeutic application of delayed
cardiac adaptation to stress. Can J Cardiol 12, 177-185.

Szilvassy Z, Ferdinandy P, Szilvassy J et al (1995). The loss of pacing-induced
preconditioning in atherosclerotic rabbits: role of hypercholesterolaemia. J Mol Cell Cardiol
27, 2559-2569.

Taimor G, Hofstaetter B & Piper HM (2000). Apoptosis induction by nitric oxide in adult
cardiomyocytes via cGMP signalling and its impairment after simulated ischaemia.
Cardiovasc Res 45, 588-594.

Tajima M, Isoyama S, Nitta Y & Abe K (1997). Attenuation of heat shock protein expression
by coronary occlusion in hypertrophied hearts. Am J Physiol 273, H526-H533.

Takagi G, Liuchi K, Endo T et al (2000). o Human atrial natriuretic peptide, carperitde,
reduces infarct size but not arrhythmias after coronary occlusion/reperfusion in dogs. J
Cardiovasc Pharmacol 36, 22-30.

Takahashi N, Calderone A, l1zzo NJ Jr et al (1994). Hypertrophic stimuli induce transforming
258



growth factor -beta 1 expression in rat ventricular myocytes. J Clin Invest 94, 1470-1476.

Takano H, Bolli R, Tang XL et al (1999). Activation of A1 or A3 receptors produces delayed
protection against infarction in conscious rabbits by a mechanism involving KATP channels.
Circulation 100 (suppl), I-56.

Takano H, Manchikalapudi S, Tang XL et al (1998). Nitric oxide synthase is the mediator of
late preconditioning against myocardial infarction in conscious rabbits. Circulation 98, 441-
449, :

Takano H, Tang XL & Bolli R (2000). Differential role of Karp channels in late preconditioning
against myocardial stunning and infarction in rabbits. Am J Physiol Heart Circ Physiol 279,
H2350-H2359.

Takano H, Tang XL, Qiu Y et al (1997). Intracoronary administration of oxygen radicals
induces late preconditioning against stunning in conscious rabbits. Circulation 96 (suppl), |-
256-1-257

Takashi E, Wang Y & Ashraf M (1999). Activation of mitochondrial K(ATP) channel elicits
late preconditioning against myocardial infarction via protein kinase C signalling pathway.
Circ Res 85, 1146-1153.

Takata Y, Hirayama Y, Kiyomi S et al (1996). The beneficial effects of atrial natriuretic
peptide on arrhythmias and myocardial high-energy phosphates after reperfusion.
Cardiovasc Res 32, 286-293.

Takata Y, Yamashita Y, Takishita S & Fujishima M (1988). Vasopressin and sympathetic
nervous functions both contribute to development and maintenance of hypertension in
DOCA-salt rats. Clin Exp Hypertens 10, 203-227.

Talwar S, Squire 1B, Downie PF et al (2000). Plasma N terminal pro-brain natriuretic peptide
and cardiotrophin 1 are raised in unstable angina. Heart 84, 421-424.

Tanaka M, Fujiwara H, Yamasaki K et al (1994a). Ischaemic preconditioning elevates
cardiac stress protein but does not limit infarct size 24 or 48 h later in rabbits. Am J Physiol
267, H1476-H1482.

Tanaka M, Fujiwara H, Yamasaki K & Sasayama S (1994b). Superoxide dismutase and N-
2-mercaptopropionyl glycine attenuate infarct size limitation effect of ischaemic
preconditioning. Cardiovasc Res 28, 980-986.

Tang XL, Rizvi AN, Qiu Y et al (1997). Evidence that the hydroxyl radical triggers late
preconditioning against myocardial stunning in conscious rabbits. Circulation 96, 1-255.

Tani M, Honma Y, Hasegawa H & Tamaki K (2001). Direct activation of mitochondrial KATP
channels mimics preconditioning but protein kinase C activation is less effective in middle-
aged rat hearts. Cardiovasc Res 49, 56-68.

Tani M, Suganuma Y, Hasegawa H et al (1997). Decrease in ischemic tolerance with aging
in isolated perfused Fischer 344 rat hearts: relation to increases in intracellular Na+ after
ischaemia. J Mol Cell Cardiol 29, 3081-3089.

Tanno M, Tsuchida A, Nozawa Yet al (2000). Roles of tyrosine kinase and protein kinase ¢

259



in infarct size limitation by repetitive ischaemic preconditioning in the rat. J Cardiovasc
Pharmacol 35, 345-352. '

Tatsumi T, Matoba S, Kobara M et al (1998). Energy metabolism after ischaemic
preconditioning in streptozotocin induced diabetic rat hearts. J Am Coll Cardiol 31, 707-
715.

The AIRE investigators (1993). Effect of ramipril on mortality and morbidity of survivors of
acute myocardial infarction with clinical evidence of heart failure. Lancet 342, 821-828.

The HOPE investigators (2000). Effects of an angiotensin-converting enzyme inhibitor,
ramipril, on cardiovascular events in high-risk patients. N Eng/J Med 342, 145-153.

The SOLVD investigators (1992). Effect of enalapril on survival in patients with reduced left
ventricular ejection fractions and congestive heart failure. N Engl/ J Med 327, 685-691.

The TRACE investigators (1995). A clinical trial of the angiotensin-converting- enzyme
inhibitor trandolapril in patients with left ventricular dysfunction after myocardial infarction. N
Engl J Med 333, 1670-1676.

Theres H, Wagner K-D, Schuilz S et al (2000). Oxygen radical system in chronic infarcted
rat heart: the effect of combined beta blockade and ACE inhibition. J Cardiovasc Pharmacol
35, 708-715.

Thomas CV, McDaniel G, Holzgrefr HH et al (1998). Chronic dual inhibition of angiotensin-
converting enzyme and neutral endopeptidase during the development of left ventricular
dysfunction in dogs. J Cardiovasc Pharmacol 32, 902-912.

Thornton JD, Liu GS & Downey JM (1993). Pretreatment with pertussis toxin blocks the
protective effects of preconditioning: evidence for a G-protein mechanism. J Mol Cell
Cardiol 25, 311-320.

Thurmann PA, Kenedi P, Schmidt A et al (1998). Influence of the angiotensin Il antagonist
valsartan on left ventricular hypertrophy in patients with essential hypertension. Circulation
98, 2037-2042.

Tio RA, Tobe TJ, Bel KJ et al (1991). Beneficial effects of bradykinin on porcine ischaemic
myocardium. Basic Res Cardiol 86, 107-116.

Tirtilli A & Ruff F (1994). Induction of hypertension and cardiac hypertrophy in guinea pig by
DOCA salt. Methods Find Exp Clin Pharmacol 16, 391-396.

Tobe TJ, de Langen CD, Tio RA et al (1991). In vivo effect of bradykinin during ischaemia
and reperfusion: improved electrical stability two weeks after myocardial infarction in the pig.
J Cardiovasc Pharmacol 17, 600-607.

Tomanek RJ & Barlow PA (1990). Left ventricular structure and performance in middle-aged
rats with deoxycorticosterone acetate-salt hypertension . Hypertension 15, 225-233.

Tosaki A, Maulik N, Elliott GT et al (1998). Preconditioning of rat heart with monophosphoryl
A: A role for nitric oxide. J Pharmacol Exp Ther 285, 1274-1279.

Trippodo NC, Fox M, Monticello TM et al (1999). Vasopeptidase inhibition with omapatrilat
260



improves cardiac geometry and survival in cardiomyopathic hamsters more than does ACE
inhibition with captopril. J Am Coll Cardiol 34, 782-790.

Trippodo NC, Panchal B & Fox M (1995). Repression of angiotensin Il and potentiation of
bradykinin contribute to the synergistic effects of dual metalloprotease inhibition in heart
failure. J Pharm Exp Ther 272, 619-627.

Uematsu M, Gaudette GR, Laurikka JO et al (1998). Adenosine enhanced ischaemic
preconditioning decreases infarct in the regional ischaemic sheep heart. Ann Thorac Surg
66, 382-387.

Ulugol A, Dost T, Dokmeci D et al (2000). Involvement of NMDA receptors and nitric oxide
in the thermoregulatory effect of morphine in mice. J Neural Transm 107, 515-521.

Ura N, Carretero OA & Erdos EG (1987). Role of renal endopeptidase 24.11 in Kinin
metabolism in vitro and in vivo. Kidney Int 32, 507-513.

Uusimaa PA, Peuhkurinen KJ, Hassinen IE et al (1992). Ischaemia stimulates the release of
atrial natriuretic peptide from the rat cardiac ventricular myocardium in vitro. Life Sci 50,
365-373.

Vahlhaus C, Schulz R, Post H et al (1996). No prevention of ischaemic preconditioning by
the protein kinase C inhibitor staurosporine. Circ Res 79, 407-414.

Vahlhaus C, Schulz R, Post H et al (1998). Prevention of ischaemic preconditioning only by
combined inhibition of protein kinase C and protein tyrosine kinase in pigs. J Mol Cell
Cardiol 30, 197-209.

van Veldhuisen DJ & van Gilst WH (2000). Vasopeptidase inhibition in heart failure. Lancet
28, 1526.

van Winkle DM, Thomton JD, Downey DM et al (1991). The natural history of
preconditioning: cardioprotection depends on duration of transient ischaemia and time to
subsequent ischaemia. Coron Artery Dis 2, 613-619.

Vanden Hoek TL, Shao Z, Li C et al (1996). Reperfusion injury on cardiac myocytes after
simulated ischaemia. Am J Physiol 270, H1334-H1341.

Vander H RS, Reimer KA & Jennings RB (1993). Adenosine slows ischaemic metabolism in
canine myocardium in vitro: relationship to ischaemic preconditioning. Cardiovasc Res 27,
669-673.

Vander Heide RS & Reimer KA (1996). Effect of adenosine therapy at reperfusion on
myocardial infarct size in dogs. Cardiovasc Res 31, 711-718.

Vegh A, Papp JG, Szekeres L & Parratt JR (1993). Prevention by an inhibitor of the L-
arginine-nitric oxide pathway of the antiarrhythmic effects of bradykinin in anaesthetized
dogs. BrJ Pharmacol 110, 18-19.

Vegh A, Papp JGy & Parratt J (1994). Attenuation of the antiarrhythmic effects of ischaemic
preconditioning by blockade of bradykinin B, receptors. BrJ Pharmacol 113, 1167-1172.

Vegh A, Szekeres L & Pamratt J (1992). Preconditioning of the ischaemic myocardium;
261



involvement of the L-arginine nitric oxide pathway. BrJ Pharmacol 107, 648-652.

Vegh A, Szekeres L & Parratt JR (1990). Protective effect of preconditioning of the
ischaemic myocardium involve cyclo-oxygenase products. Cardiovasc Res 24, 1020-1023.

Vegh A, Szekeres L & Parratt JR (1991). Local intracoronary infusions of bradykinin
profoundly reduce the severity of ischaemia-induced arrhythmias in anaesthetized dogs. Br
J Pharmacol 104, 294-295.

Velasco CE, Jackson EK, Morrow JA et al (1993). Intravenous adenosine suppresses
cardiac release of endothelin after myocardial ischaemia and reperfusion. Cardiovasc Res,
27, 121-128.

Wainwright CL, Kang L & Ross S (1997). Studies on the mechanism underlying the
antifibrillatory effect of the A1-adenosine agonist, R-PIA, in rat isolated hearts. Cardiovasc
Drugs Ther 11, 669-678.

Walker DM, Pasini E, Kucukoglu S, Marber MS, lliodromitis E, Ferrari R & Yellon DM (1993)
Heat stress limits infarct size in the isolated perfused rabbit heart. Cardiovasc Res, 27,

Walker DM, Walker JM, Pugsley WG et al (1995). Preconditioning in isolated superfused
human muscle. J Mol Cell Cardiol 27, 1349-1357.

Wall TM, Sheehy R & Hartman JC (1994). Role of bradykinin in myocardial preconditioning.
J Pharmacol Exp Ther 270, 681-689. '

Wang C, Chao L & Chao J (1995). Direct gene delivery of human tissue kallikrein reduces
blood pressure in spontaneously hypertensive rats. J Clin Invest 95, 1710-1716.

Wang LX, Ideishi M, Yahiro E et al (2001). Mechanism of the cardioprotective effect of
inhibition of the renin-angiotensin system on ischaemia/reperfusion-induced myocardial
injury. Hypertens Res 24, 179-187.

Wang P, Gallagher KP, Downey JM & Cohen MV (1996). Pretreatment with endothelin-1
mimics ischaemic preconditioning against infarction in isolated rabbit heart. J Mol Cell
Cardiol 579-588.

Webb BLJ, Hirst SJ & Giembycz MA (2000). Protein kinase C isoenzymes: a review of their
structure, regulation and role in regulating airways smooth muscle tone and mitogenesis. Br
J Pharmacol 130, 1433-1452.

Weber M (1999). Emerging treatments for hypertension: potential role for vasopeptidase
inhibition. Am J Hypertens 12, 139-147.

Weidenbach R, Schulz R, Gres P et al (2000). Enhanced reduction of myocardial infarct
size by combined ACE inhibition and AT(1) receptor antagonism. BrJ Pharmacol 131, 138-
144,

Weselcouch EO, Baird AJ, Sleph P & Grover GJ (1995). Inhibition of nitric oxide synthesis
does not affect ischaemic preconditioning in isolated perfused rat hearts. Am J Physiol 268,
H242-H249.

Wirth K, Hock FJ, Albus U et al (1991) Hoe 140 a new potent and long acting bradykinin-
262



antagonist: in vivo studies. BrJ Pharmacol 102, 774-777.

Wirth KJ, Linz W, Weimer G & Scholkens BA (1997). Kinins and cardioprotection.
Pharmacol Res 35, 527-530.

Wolff RA, Chien GL & Van Winkle DM (2000). Propidium iodide compares favourably with
histology and triphenyl tetrazolium chioride in the assessment of experimentally-induced
infarct size. J Mol Cell Cardiol 32, 225-232.

Wollert KC, Taga T, Saito M et al (1996). Cardiotrophin-1 activates a distinct form of cardiac
muscle cell hypertrophy. J Biol Chem 271, 9535-9545.

Woodward B & Zakaria MN (1985). Effect of some free radical scavengers on reperfusion
induced arrhythmias in the isolated rat heart. J Mol Cell Cardiol 17, 485-493.

Wu ZK, Tarkka MR, Eloranta J et al (2001). Effect of ischaemic preconditioning on
myocardial protection in coronary artery bypass graft patients: can the free radicals act as a
trigger for ischaemic preconditioning? Chest 119, 1061-1068.

Xiong W, Chao J & Chao L (1995). Muscle delivery of human kallikrein gene reduces blood
pressure in hypertensive rats. Hypertension 25, 715-719.

Xu Q, Li D-g, Holbrook NJ & Udelsman R (1995). Acute hypertension induces heat-shock
protein 70 gene expression in rat aorta. Circulation 92, 1223-1229.

Xuan YT, Tang XL, Banerjee S et al (1999). Nuclear factor kB plays an essential role in the
late phase of ischaemic preconditioning in conscious rabbits. Circ Res 84, 1095-1109.

Yamamura T, Otani H, Nakao Y et al (2001). IGF-I differentially regulates Bcl-xL and Bax
and confers myocardial protection in the rat heart. Am J Physiol Heart Circ Physiol, 280,
H1191-H1200

Yamashita N, Hoshida S, Otsu K et al (1999). Exercise provides direct biphasic
cardioprotection via manganese superoxide dismutase activation. J Exp Med 189, 1699-
1706.

Yamashita N, Hoshida S, Otsu K et al (2000). The involvement of cytokines in the second
window of ischaemic preconditioning. BrJ Pharmcol 131, 415-422.

Yamashita N, Hoshida S, Taniguchi N et al (1998a). Whole body hyperthermia provides
biphasic cardioprotection against ischaemia/reperfusion injury in the rat. Circulation 98,
1414-1421.

Yamashita N, Hoshida S, Taniguchi N et al (1998b). A "second window of protection” occurs
24 h after ischaemic preconditioning in the rat heart. J Mol Cell Cardiol 30, 1181-1189.

Yamashita N, Nishida M, Hoshida S et al (1994). Induction of manganese superoxide
dismutase in rat cardiac myocytes increases tolerance to hypoxia 24 hours after
preconditioning. J Clin Invest 94, 2193-2199.

Yang X-P, Liu Y-H, Peterson E & Carretero OA (1997a). Effect of neutral endopeptidase
24.11 inhibition on myocardial ischaemia/reperfusion injury: the role of kinins. J Cardiovasc
Pharm 29, 250-256.

263



Yang X-P, Liu Y-H, Shesely EG et al (1999). Endothelial nitric oxide gene knockout mice.
Cardiac phenotypes and effect of angiotensin-converting enzyme inhibitor on myocardial
ischaemia/reperfusion injury. Hypertension 34, 24-30.

Yang XM, Arnoult S, Tsuchida A et al (1993). The protection of ischaemic preconditioning
can be reinstated in the rabbit hearts after the initial protection has waned. Cardiovasc Res
27, 556-558.

Yang XM, Sato H, Downey JM & Cohen MV (1997b). Protection of ischaemic
preconditioning is dependent upon a critical timing sequence of protein kinase C activation.
J Mol Cell Cardiol 29, 991-999.

Yang XP, Liu YH, Scicli GM et al (1997c). Role of kinins in the cardioprotective effect of
preconditioning: study of myocardial ischemia/reperfusion injury in B, receptor knockout
mice and kininogen-deficient rats. Hypertension 30, 735-740.

Yao A & Gross GJ (1993). Acetylcholine mimics ischaemic preconditioning via a
glibenclamide sensitive mechanism in dogs. Am J Physiol 264, H2221-H2225

Yao Z & Gross GJ (1994). Effects of the KATP channel opener bimakalim on coronary blood
flow, monophasic action potential duration, and infarct size in dogs. Circulation 89, 1769-
1775.

Yayama K, Wang C, Chao L & Chao J (1998). Kallikrein gene delivery attenuates
hypertension and cardiac hypertrophy and enhances renal function in Goldblatt hypertensive
rats. Hypertension 31, 1104-1110.

Yellon DM, Alkhulaifi AM & Pugsley WB (1993). Preconditioning the human myocardium.
Lancet 342, 276-277.

Yelion DM & Baxter GF (1999). Reperfusion injury revisited. Is there a role for growth factor
signaling in limiting lethal reperfusion injury? Trends Cardiovasc Med, 9, 245-249.

Yellon DM & Dana A (2000) The preconditioning phenomenon. - A tool for the scientist or
clinical reality? Circ Res 87, 543-550.

Yellon DM & Marber MS (1994). Hsp 70 in myocardial ischaemia. Experientia 50, 1075-
1084.

Yin FC, Spurgeon HA, Rakusan K et al (1982). Use of tibial length to quantify cardiac
hypertrophy: application in the aging heart. Am J Physiol 243, H941-H947.

Yoo KY, Yang SY, Lee J et al (1999). Intracoronary propofol attenuates myocardial but not
coronary endothelial dysfunction after brief ischaemia and reperfusion in dogs. Br J Anaesth
82, 90-96.

Yoshida H, Zhang JJ, Chao L & Chao J (2000). Kallikrein gene delivery attenuates
myocardial infarction and apoptosis after myocardial ischaemia and reperfusion.
Hypertension 35, 25-31.

Yoshida K, Maaieh MM, Shipley JB et al (1996). Monophosphoryl lipid A induces
pharmacologic preconditioning in rabbit hearts without concomitant expression of 70kDa
heat. Mol Cell Biochem 159 , 73-80.

264



Ytrehus K, Liu Y & Downey JM (1994). Preconditioning protects ischaemic rabbit hearts by
protein kinase C activation. Am J Physiol 266, H1145-H1152

Yusuf S & Lonn E (2000). Ischaemic heart disease: the next target for the angiotensin-
converting enzyme inhibitors. Dialog in Cardiovasc Med 5, 71-83.

Zacharowski K, Frank S, Otto M et al (2000). Lipoteichoic acid induces delayed protection in
the rat heart, a comparison study with endotoxin. Arterioscler Thromb Vasc Biol 20, 1521-
1528.

Zacharowski K, Otto M, Hafner G et al (1999). Endotoxin induces a second window of
protection in the rat heart as determined by using p-nitro-blue tetrazolium staining, cardiac
troponin T release, and histology. Arterioscler Thromb Vasc Biol 19, 2276-2280.

Zahger D, Yano J, Chaux A et al (1995). Absence of lethal reperfusion injury after 3 hours of
reperfusion. A study in a single-canine heart model of ischaemia-reperfusion. Circulation,
91 2989-2994.

Zelezna B, Veselsky L, Velek J et al (1999). Influence of active immunization against
angiotensin AT1 or AT2 receptor on hypertension development in young and adult SHR.
Physiol Res 48, 259-265.

Zhao L, Weber PA, Smith JR et al (1997). Role of inducible nitric oxide synthase in
pharmacological "preconditioning” with monophosphoryl lipid A. J Mol Cell Cardiol 29,
1567-1576.

Zhao TC, Hines DS & Kukreja RC (2001). Adenosine - induced late preconditioning in
mouse hearts: role of p38 MAPK and mltochondnal K(ATP) channels. Am J Physiol Heart
Circ Physiol 280, H1278-H1285.

Zhao ZQ, Nakamura M, Wang NP et al (1999). Administration of adenosine during
reperfusion reduces injury of vascular endothelium and death of myocytes. Coron Artery Dis
10, 617-628.

Zhu P, Zaugg CE, Simper D et al (1995). Bradykinin improves postischaemic recovery in
the rat heart: role of high energy phosphates, nitric oxide, and prostacyclin. Cardiovasc Res
29, 658-663.

Zicha J, Kunes J, Lebl M et al (1989). Antidiuretic and pressor actions of vasopressin in
age-dependent DOCA-salt hypertension. Am J Physiol 256, R138-R145.

Zisman L (1998). Inhibiting tissue angiotensin-converting enzyme, a pound of flesh without
the blood. Circulation 98, 2788-2790.

265



