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G-Protein  G-protein regulatory protein 
GFR   Growth Factor Receptor 
GRB   Growth Factor Receptor Binding Protein 
H2O2   Hydrogen Peroxide 
HRK   BCL 2 family pro-apoptotic protein 
IAP   Inhibitor of Apoptosis protein 
I-CAM  Cell Adhesion Molecule 
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ABSTRACT 
Activation of A3 adenosine receptors has been shown to protect the myocardium from 

ischaemia reperfusion injury in a number of animal models. The PI3K - AKT and 

MEK1/2 - ERK1/2 cell survival pathways have been shown to play a critical role in 

regulating myocardial ischaemia reperfusion injury. In this study we investigated 

whether the A3 adenosine receptor agonist 2-CL-IB-MECA protects the myocardium 

from ischaemia reperfusion injury, when administered at reperfusion or post 

reperfusion and whether the protection involved the PI3K – AKT or MEK 1/2 – 

ERK1/2 cell survival pathways. In the Langendorff model of ischaemia reperfusion 

injury isolated perfused rat hearts underwent 35 minutes of ischaemia and 120 

minutes of reperfusion.   Administration of 2-CL-IB-MECA (1nM) at reperfusion 

significantly decreased infarct size to risk ratio compared to non-treated  ischeamic 

reperfused control hearts. This protection was abolished in the presence of the PI3K 

inhibitor Wortmannin or MEK1/2 inhibitor UO126. Western blot analysis determined 

that administration of 2-CL-IB-MECA (1 nM) upregulated ERK1/2 phosphorylation. 

In the adult rat cardiac myocyte model of hypoxia/reoxygenation cells underwent 6 

hours of hypoxia and 18 hours of reoxygenation. Administration of 2-CL-IB-MECA 

(1 nM) at the onset of reoxygenation significantly decreased cellular apoptosis and 

necrosis. Administration of 2-CL-IB-MECA (1nM) in the presence of the 

Wortmannin or UO126 significantly reversed this anti-apoptotic effect and anti-

necrotic effect. 

     

Our data further showed that 2-CL-IB-MECA protects myocytes subjected to 

hypoxia/reoxygenation injury via decreasing cleaved-caspase 3 activity that was 

abolished in presence of the PI3K inhibitor but not in the presence of the MEK1/2 

inhibitor UO126.  

 

Administration of 2-CL-IB-MECA (100nM) at the onset of reperfusion also 

significantly decreased infarct size to risk ratio in the ischaemic reperfused rat heart 

compared to controls that was reversed in the presence of Wortmannin or Rapamycin.  

This protection was associated with an increase in PI3K-AKT / p70S6K / BAD 

phosphorylation. 2-CL-IB-MECA (100nM) administered at reoxygenation also 

significantly protected adult rat cardiac myocytes from hypoxia/reoxygenation injury 



28 

in an anti-apoptotic and anti-necrotic manner. This anti-apoptotic/necrotic effect of 2-

CL-IB-MECA was abolished in the presence Wortmannin. Furthermore, that this 

protection afforded by 2-CL-IB-MECA (100nM) when administered at reoxygenation 

was associated with a decrease in cleaved caspase 3 activity that was abolished in the 

presence of the Wortmannin  

 

Interestingly, postponing the administration of 2-CL-IB-MECA to 15 or 30 minutes 

after the onset of reperfusion significantly protected the isolated perfused rat heart 

from ischaemia reperfusion injury in a Wortmannin and UO126 sensitive manner. 

This protection was associated with an increase in AKT and ERK1/2 phosphorylation. 

 

Administration of the A3 agonist 2-CL-IB-MECA 15 or 30 minutes after the onset of 

reoxygenation significantly protected isolated adult rat cardiac myocytes subjected to 

6 hours of hypoxia and 18 hours of reoxygenation from injury in an anti-

apoptotic/necrotic manner. This anti-apoptotic was abolished upon PI3K inhibition 

with Wortmannin or MEK1/2 inhibition with UO126. The anti-necrotic effect of 2-

CL-IB-MECA when administered 15 or 30 minutes post-reperfusion was not 

abolished in the presence of the inhibitors. Delaying the administration of 2-CL-IB-

MECA to 15 or 30 minutes after reoxygenation was associated with a decrease in 

cleaved-caspase 3 activity that was abolished in the presence of Wortmannin but not 

in the presence of the MEK 1/2inhibitor UO126.  

 

Collectively, we have demonstrated for the first time that administration of 2-CL-IB-

MECA at the onset of reperfusion protects the ischaemic reperfused rat myocardium 

from lethal ischaemia reperfusion injury in a PI3K and MEK1/2 sensitive manner. 

Delaying the administration of 2-CL-IB-MECA to 15 or 30 minutes after the onset of 

reperfusion of reoxygenation also significantly protects the  isolated perfused rat heart 

from ischaemia reperfusion injury and the adult rat cardiac myocyte from 

hypoxia/reoxygenation injury in an anti apoptotic / necrotic manner. Furthermore, that 

this protection is associated with recruitment of the PI3K-AKT and MEK1/2 – 

ERK1/2 cell survival pathways. 
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Chapter 1: Literature Review 

 
1.0. Ischaemic Heart disease 
 

Coronary heart disease is set to be the leading cause for increased morbidity and 

mortality within the developing world by 2020 (Lopez and Murray. 1997; Goldberg et 

al., 2004; Kloner and Rezkalla. 2004). Currently, significant primary interventions 

have evolved against atherosclerosis, hypertension, and hyperlipidaemia all working 

to limit the onset of coronary artery occlusion and hence injury to the myocardium. 

Although these interventions are necessary to limit the onset of myocardial infarction 

there is still an imperative need to develop robust secondary interventions that may be 

applied after the onset of ischaemia to decrease myocardial injury (Yellon et al., 

2000). 

 

From a clinical perspective patients often present to primary care services after the 

onset of ischaemia (heart attack) and rarely before an ischaemic insult. Research has 

historically focussed on preconditioning the myocardium with pharmacological agents 

that are cardioprotective when given before the onset of ischaemia but in a clinical 

setting these would be no use because it is seldomly possible to predict when someone 

is going to have a heart attack. Therefore, pharmacological agents administered before 

an ischaemic episode would rarely be used in a clinical setting. Pharmacological 

agents being administered during ischaemia and reperfusion would be of more clinical 

significance whereby agents can be administered to suspected heart attack patients 

presenting with angina symptoms and / or showing ST elevation on a 

electrocardiogram although not all heart attack patients show ST elevation. 

Furthermore, cardioprotective agents could also be used to limit the manifestations of 
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ischaemia reperfusion injury when administered as an adjunctive therapy during 

coronary artery bypass grafting or during thrombolytic therapy (Maddock et al., 

2002). 

 

1.1.1 Atherosclerosis 

Atherosclerosis is a progressive inflammatory disease that affects arterial blood 

vessels that can manifest into coronary artery occlusion resulting in myocardial 

infarction.  Atherosclerosis occurs as a result of the development of atherosclerotic 

plaques that protrude into the lumen of the coronary arteries resulting in the 

obstruction of blood flow (Ross. 1999). Plaque formation is a gradual process that can 

occur primarily due to a range of insults on the vascular endothelium as well the 

accumulation white blood cells and lipoproteins. Vascular insults are implicated due 

to smoking, obesity, hyperlipidaemia, hypertension, diabetes and genetic 

predisposition (Altman. 2003).  

 

These factors can lead to endothelial damage and dysfunction. Over time the plaque 

recruits platelets, macrophages, smooth muscle cells, lipids like cholesterol leading to 

hardening (also known as furring) and narrowing of the arteries leading to the 

insufficient supply of blood to the myocardium a process referred to as ischaemia. 

Therefore, understanding the mechanisms involved during a heart attack is imperative 

and further developing pharmacological therapies to ameliorate myocardial injury 

remains to be achieved.  
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1.1.2. Ischaemia 

The inability of the myocardium to meet oxygen and nutrient supply with respect to 

demand is referred to as myocardial ischaemia (Asano et al., 2003). At rest residual 

flow may be sufficient to the demand but upon exertion the demand for nutrient rich 

blood may not be met. As the myocardium is unable to meet oxygen demand the 

ischaemic tissue reverts from aerobic to anaerobic respiration as a means of 

generating energy. This process involves the conversion of glucose to lactic acid to 

yield energy leading to lactic acid accumulation in the ischaemic zone (Solani and 

Harris. 2005). Sustained ischaemia can have deleterious consequences leading to 

irreversible damage to myocytes.   

 

Prolonged ischaemia has profound effects on the intracellular milieu including: 

morphological changes - cell swelling (Lichtig and Brooks. 1974), disruption of 

oxidative phosphorylation, adenosine tri-phosphate (ATP) depletion, collapse of the 

ATP dependant Na+/K+ and Ca2+ pumps, decrease in intracellular pH, reversible and 

irreversible myocyte damage (Graham et al., 2004), development of the calcium and 

oxygen paradox (Braunwald and Kloner. 1985) and free radical mediated injury 

(Wall. 2000).  

 

Soon after the onset of myocardial ischaemia, ATP levels normally maintained by 

mitochondria quickly become depleted in the ischaemic region having profound 

effects on intracellular moieties (Kang et al., 2000). For instance, ATP is required by 

ion pumps like the Na+/K+-ATPase pump to maintain intracellular ion concentrations. 

Consequently, ATP depletion leads to a failure of ATP dependant ion pumps leading 

to an influx of Na+ and Ca2+ ions due to the Na+/Ca+ exchanger (NCE) operating in a 
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reverse mode. This increase in Ca2+ ions leads to calcium overload (Inserte et al., 

2004). 

 

ATP is rapidly degraded to adenosine monophosphate (AMP) and adenosine during 

ischaemia (Jeroudi et al., 1994). Adenosine is further degraded leading to the 

formation of free radicals (Figure.1.1). Free radicals released by neutrophils have also 

been shown to further hasten myocardial injury (discussed later).  

                 

Figure 1.1 Shows the mechanisms involved in ATP degradation and superoxide 
radical O2• and OH • radical generation. 

 

Prolonged myocardial ischaemia leads to myocardial injury where the cardiac 

myocytes are non-reversibly (myocardial necrosis) damaged, referred to as 

myocardial infarction (Braunwald and Kloner. 1985). Myocardial ischaemia is 

reversible by thrombolytic therapy, angioplasty or CABG. The restoration of 

myocardial blood flow is referred to as reperfusion. 
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1.1.3. Reperfusion 

A number of techniques have been developed to reperfuse the previously ischaemic 

myocardium including thrombolysis, percutaneous transluminol coronary angioplasty 

and coronary artery bypass graft (CABG). Reperfusion although crucial to salvaging 

reversibly damaged myocytes paradoxically has been shown to have deleterious 

consequences and therefore has been referred to as lethal reperfusion injury (Van der 

Vusse et al., 1985; Yellon et al., 2000). Reperfusion has been referred to as a double-

edged sword in the context where without reperfusion, tissue salvage cannot take 

place but with reperfusion paradoxically hastening the cellular injury process referred 

to as lethal reperfusion injury (Braunwald and Kloner. 1985; Zhao et al., 2002). 

 

Lethal reperfusion injury can lead to the development of reperfusion-induced 

arrhythmias, enzyme release, myocardial stunning, reversible myocardial stunning, 

reversible and irreversible cell damage (Bolli et al., 1999; Yellon et al., 2000). The 

mechanisms underlying lethal reperfusion injury remain to be fully elucidated but a 

number of proposed contributors have been put forward.  

 

Reperfusion injury by removal of coronary artery occlusion results in a number of 

physiological events including development of: oxygen derived free radicals,  no 

reflow phenomenon, cell swelling, neutrophil recruitment, calcium overload, 

apoptosis, necrosis, myocardial haemorrhage that could possibly contribute to 

reperfusion injury, these shall be discussed in turn. 
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1.1.4. Oxygen derived free radicals 

The re-introduction of oxygenated blood to the ischaemic myocardium leads to the 

generation of injurious oxygen derived free radicals (Bolli et al., 1989) (Figure 2). 

Free radicals exist within cells and are generally generated by mitochondria. These 

are quickly catalysed by free radical scavengers like superoxide dismutase and 

glutathionine peroxidase (Van der Vuess et al., 1985, Forde et al., 1997).  In the non-

ischaemic myocardium endogenous free radical scavengers exist and via their 

antioxidant abilities limit free radical dependant injury. During ischaemia/reperfusion 

these antioxidant enzymes become overpowered and unable to limit free radical 

dependant cellular injury.   Initially proposed by Hearse et al., (1973) free radical 

levels were quantified by Zweier et al., (1987) who showed free radical levels to peak 

during myocardial reperfusion.  Reoxygenation of the ischaemic myocardium results 

in the development of oxygen derived free radical like superoxide anion (O2-) and the 

hydroxyl radical. Other potential sources of free radical generation include 

neutrophils and the displacement of electrons from mitochondria. These radicals can 

interact with superoxide dismutase to form hydrogen peroxide H2O2, but H2O2 can 

interact with O2- and generate highly reactive hydroxyl free radicals. 

 

 

 

Figure 1.2. Oxygen derived free radical generation (adapted from Wall. 2000). 
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Although free radical generation is seen in the ischaemic myocardium due to ATP 

degradation, at reperfusion the source of free radical generation is oxygen and nitric 

oxide (NO). In a number of studies free radicals have been shown to contribute to 

reperfusion injury (Van den Hoek et al., 1996; Simpson et al., 1987; Zweier et al., 

1988). Studies have shown that reoxygenation leads to a highly significant increase in 

oxygen derived free radicals and mediate functional injury to the myocardium as well 

as impaired contractile function in the isolated heart (Zweier. 1988; Bolli et al., 1989). 

Zweier (1988) measured superoxide derived free radicals in the reperfused heart 

concluding that free radical concentrations peaked within the first minute of 

reperfusion, and that administration of recombinant superoxide dismutase improved 

post ischaemic contractile function as well as decreasing free radical concentrations in 

the rabbit.   

 

These radicals can attack numerous targets ranging from the endothelium, smooth 

muscle and damage DNA leading to apoptosis and disruption of mitochondrial ATP 

synthesis. Free radicals have also been shown to generate lipid peroxides that can lead 

to disruption of membrane integrity, inhibition of membrane enzymes and structural 

changes (Forde et al., 1999). Jolly et al., (1984) have shown that the administration of 

the antioxidants superoxide dismutase and catalase decrease free radical dependant 

injury in the ischaemic reperfused myocardium in the dog. Studies have shown the 

beneficial effects of using free radical scavengers in reducing reperfusion injury in the 

canine model of hypothermic global ischaemia (Stewart et al., 1983).   

 

Interestingly, Bognar et al., (2006) have shown HO-3538, a modified superoxide 

dismutase and mitochondrial permeability transition inhibitor to significantly decrease 
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the release of reactive oxygen species in the micro-environment. They also show HO-

3538 to limit the opening of the mitochondrial permeability transition pore thereby 

preventing the release of mitochondrial pro-apoptotic proteins like cytochrome c. 

They also showed in the ischaemic reperfused rat heart that the administration of HO-

3538 significantly decreased the degree of myocardial infarction. To date no study has 

shown antioxidants to mediate cardioprotection in the human heart. 

ROS have also been shown to damage the vascular endothelium by modifying 

proteins and membrane lipids as well as affecting the function of endothelial cells and 

their ability to vasodilate in response to endothelial derived relaxation factor and NO 

(Gin et al., 2007).  

 

ROS generation although viewed as injurious has now been shown to play a role in 

protecting the ischaemic myocardium. Ischaemic preconditioning (IP) has been shown 

to be a trigger for ROS generation, whereby brief periods of ischaemia and 

reperfusion (IP) before index ischaemia reduced ROS generation compared to the 

control group (Kevin et al., 2005). ROS generation may have profound deleterious 

consequences within the myocardium; IP may activate cardioprotective mechanisms 

and limit injury (Kevin et al., 2005).  

 

A range of publications support the role of free radicals in ischaemia reperfusion 

injury and further the cardioprotective role of free radical scavengers in limiting 

myocardial injury. Despite the ability of free radical scavengers to limit myocardial 

injury in animal models they still need to be translated into human clinical models.  
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1.1.5. Myocardial Stunning 

The stunned myocardium has been defined as reversible post-ischaemic myocardial 

contractile dysfunction that is reversible over-time providing perfusion is not hindered 

(Bolli, 1990). There are two main theories which have been proposed to explain 

myocardial stunning. The first theory suggests that injury is mediated by free radicals 

and the second, that the stunning is mediated by calcium overload, both acting to 

disrupt cell contractility.   

 

1.1.6. No-Reflow Phenomenon 

The no-reflow phenomenon is described as the lack of coronary flow to previously 

ischaemic tissue upon reperfusion. No-reflow is thought to occur as a result of 

microvascular damage like endothelial swelling, plugging of capillaries, haemorrhage, 

microvascular compression due to swelling and contracture of myocytes (Braunwald 

and Kloner 1985; Rezkalla and Kloner. 2002).  

 

1.1.7. Calcium Overload 

The re-introduction of blood into the myocardium at reperfusion has been shown to 

lead to calcium overload. Calcium in the perfusate has been shown to lead to the 

development of cellular contracture (Vaselle. 2004). Calcium overload may also 

contribute to the development of free radicals adding to the injury process. Elevated 

levels of calcium have also been shown to activate proteases and phospholipases that 

can mediate damage of the sarcolemma (Barry. 1987).  Reperfusion mediated calcium 

overload had also been shown to lead to the development of hypercontracture where 

myofibrils are considerably shortened leading to cytoskeletal damage.  

Hypercontracture has been shown to be the preliminary cause of cardiomyocyte 
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necrosis and is referred to as contraction band necrosis (Piper et al., 2003).  Shine et 

al., (1983) have shown that reperfusion with reduced calcium in the perfusate to 

ameliorate the effects of calcium overload which supports further a role of calcium in 

ischaemia reperfusion injury. 

 

Ankarcrona et al. (1995) showed neurones subjected to extreme calcium overload, 

results in neuronal necrosis whereas lower levels of calcium overload results in 

neuronal apoptosis. During myocardial ischaemia ATP levels are depleted and the 

levels of inorganic phosphate and cytosolic Ca2+ rise significantly (Duchen. 2000).   

 

1.2.0. Cell Death 

Cell death is part of the body’s innate mechanism of removing cells no longer 

required whether in response to injury or cells that are senescent. Cell death has been 

shown to be divided into two separate distinct pathways referred to as necrosis and 

apoptosis. Necrosis is an ATP-independant process occurring in response to cellular 

injury (Braunwald and Kloner. 1985; Piper and Gracia-Dorado. 1999). Cellular 

necrosis can occur in response to cellular stressors like myocardial ischaemia, 

reperfusion, heat and infection. These stressors can lead to either cellular necrosis or 

apoptosis depending on the level of injury and the environmental conditions.  

 

1.2.1. a. Necrosis 

Cellular necrosis results in swelling of organelles like mitochondria leading to the 

release of cytochrome c and further leading to the rupture of the cell membrane 

releasing the intracellular content into the extra cellular space (Braunwald and Kloner, 

1985).  Historically necrosis has been viewed as a passive accidental process but 
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recent studies have suggested that cellular necrosis is an active form of cell death that 

is regulated (Henriquez et al., 2008). 

 

1.2.1.b. Apoptosis 

Apoptosis also known as programmed cell death has been the focus of much attention 

in past decade. Apoptosis is a highly ordered sequence of events leading to cell death.  

Characteristic of apoptotic cell death is chromatin condensation, nucleosomal ladders 

of DNA fragments (200 base pairs), cellular shrinkage, endonucleolytic digestion of 

cellular DNA but not mitochondrial DNA and is an energy-dependant process 

(Gublins et al., 2000; Gottlieb et al., 1994).  

 

Apoptotic cell death is initiated in response to many different stimuli like ROS, 

hydrogen peroxide, heat shock, specific receptor molecules like tumour necrosis 

factor receptor and necrosis. Apoptosis is inhibited by endogenous proteins like 

apoptosis repressor with caspase recruitment domain (ARC), and inhibitor of 

apoptosis (IAP) and FADD (Fas-Associated Death Domain) - FADD like inhibitory 

proteins (FLIP) (Gustafsson et al., 2004; Stephanou et al., 2001) . These proteins have 

been shown to bind and inactivate caspases limiting apoptotic cell death.  

 

Apoptosis has been shown in numerous studies to play an active role in ischaemia 

reperfusion injury, although there has been significant controversy as to whether 

apoptosis is activated during ischaemia, reperfusion or both (Gottlieb et al., 1994; 

Bailik et al., 1999). Studies have shown apoptosis to be active after the onset of index 

ischaemia and to be accelerated during reperfusion (Chakrabarti et al., 1997; Black et 

al., 1998; Borutaite et al., 2003).  Gottlieb et al., (1994) have shown cardiomyocytes 
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to die by apoptosis only after ischaemia followed by reperfusion and that apoptosis 

did not occur during a period of sustained ischaemia.  Controversy still remains as to 

whether apoptosis occurs at ischaemia or reperfusion, but it is feasible that apoptosis 

occurs at reperfusion because during ischaemia there is a period of depletion of high-

energy phosphates like ATP as well as nutrients like glucose and oxygen therefore the 

reintroduction of coronary blood flow (reperfusion) consisting of glucose, essential 

amino acids and oxygen may initiate apoptosis.   

 

There are several key players in apoptosis including caspases, mitochondria, and the 

sarcoplasmic reticulum (Borutaite et al., 2003). Caspases are cytokine-dependant 

proteases that have been shown to cleave structural proteins in the nucleus and 

cytoplasm (Nicholson et al., 1997) initiating the apoptotic process. Caspases become 

active by the binding of specific ligands to their respective receptors triggering 

apoptosis.  

 

There are two main pathways that regulate apoptosis that are referred to as the 

intrinsic and extrinsic pathways. The death receptor pathway (extrinsic) involves the 

activation of death receptor located on the extracellular surface of the cell by 

apoptotic stimuli. The death receptors are closely related to the tumour necrosis factor 

gene super family and play divergent regulatory roles apart from regulating apoptosis. 

Activation of the death receptor can result in the initiation of the apoptosis processes 

resulting in receptor association with the adaptor protein FADD (Fas associated death 

domain). FADD has a death effector domain (DED) that associates with pro-caspase 

8. The formation of the FADD-pro-caspase 8 complex results in the immediate 

cleavage of pro-caspase 8 to active caspase 8. Activated caspase 8 can bind to pro-
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caspase 3 resulting in activation of caspase-3 and execution of cellular apoptosis.  

Caspase 3 results in cleavage of various death substrates leading to a range of 

biochemical and morphological changes characteristic of apoptosis (Figure.1.3).  
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The intrinsic death pathway is regulated by the mitochondrial activity in response to 

GPCR’s stimulated in response to environmental stress like hypoxia, oxidants, 

nutrient deprivation and DNA damage leading to the release of cytochrome c and 

intra-mitochondrial proteins like apoptosis inducing factor (AIF), second 

mitochondria-derived activator of caspases (SMAC/DIABLO) and endonuclease G 

(Borutaite et al., 2003; Regula et al., 2004). These factors act on effector caspases like 

caspase 3 and execute the apoptotic cell death machinery.  

 

The intrinsic death pathway also involves the Bcl-2 family of proteins that can 

promote or suppress apoptosis. Members of the Bcl-2 family that promote apoptosis 

include Bax, Bak, Bad, Bim, Nix and Hrk and members that inhibit apoptosis are Bcl-

2 and BclxL (Korsmeyer. 1993; Yin et al., 1994; Regula et al., 2004). Proteins like 

Bak and Bax are required to make the mitochondrial membrane permeable to release 

molecules like cytochrome c, SMAC and AIF (Cheng at al., 2003).  

 

Several studies have shown caspase 3 to mediate a pivotal role in the regulation of 

cellular apoptosis. In the cerebral model of ischaemia reperfusion injury Namura et 

al., (1998) have shown increased levels of cleaved (activated) caspase 3 following 

reperfusion with levels peaking between 30 – 60 minutes of reperfusion. Black and 

colleagues (1998) showed by immunohistochemical staining elevated levels of 

caspase 3 in the risk region in the left ventricle of the ischaemic reperfused rat heart.   

 

Cytochrome c has been implicated in many studies as an initiator of apoptosis in the 

ischaemic reperfused heart (Honda et al., 2005). Cytochrome c has been shown to 

disassociate from mitochondria in response to cellular stresses like ROS and calcium 
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overload. Cytochrome c released into the cytoplasm in response to the cell death 

signals has been shown to activate apoptosis by binding to Apaf-1 (apoptotic protease 

activating factor 1) that binds to ATP and caspase 9 and undergoes apoptosome 

formation (Lundberg and Szweda. 2004). The apoptosome becomes the caspase 

activation complex that can activate caspase 3 as an end effector of the intrinsic 

pathway (Gottlieb et al., 1994; Bernardi et al., 1999).  

 

Cytochrome c is released by mitochondria by two mechanisms 1) pore formation 

(Gross et al., 1998; Haunstetter and Izumo. 1998; Antonsson et al., 2000) and 2) 

through the mitochondrial permeability transition pore (MPTP) (Halestrap et al., 

2004; Hausenloy et al., 2002; 2004).  During cellular stress cellular Bcl-2 homologues 

Bid, Bak and Bax have been shown to oligomerise and form a pore in the outer 

mitochondrial membrane. Bid has been shown to translocate to mitochondria and 

release cytochrome c.   

 

The MPTP is formed between the inner and the outer mitochondrial membrane and 

has been shown to be composed of three main subunits, cyclophilin D, voltage 

dependant anion channel (VDAC) and adenine nucleotide (Halestrap et al., 2004). 

The MPTP has also been implicated in cytochrome c release. Under normal 

conditions the MPTP remains closed and mitochondrial permeability transition is 

thought to occur in response to cellular stresses like calcium overload and oxidative 

stress.  

 

Investigations by Weiss et al., (2003) and Halestrap et al., (2004) have shown 

mitochondrial permeability transition to occur at reperfusion, where the MPTP is 
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primed during ischaemia. Opening of the MPTP results in MPT (mitochondrial 

permeability transition) leading to subsequent matrix swelling, depression of the 

membrane potential and initiation of cell death via cytochrome c release. 

  

Research over the past decade has shown that apoptosis is a key player in the 

development of myocardial infarction in the ischaemic reperfused myocardium. 

Therefore, it is crucial that we understand the potential mechanisms that activate or 

inactive cellular apoptosis. Agents like caspase inhibitors have been shown to protect 

the ischaemic reperfused myocardium from reperfusion injury when administered at 

the onset of reperfusion (Mocanu et al., 2000).  

 

Despite recent advances in our understanding of the mechanisms involved in the cell 

death our understanding is still unclear.  Therefore, it seems feasible to further 

research the cell death machinery to understand the potential mechanisms involved 

and to identify potential targets to promote cell survival. 

 

1.3.0 Adenosine Receptors 

To date four adenosine receptors have been identified and cloned and characterised as 

A1, A2a, A2b and A3 (Tucker and Linden. 1993; Fredholm et al., 2001). Adenosine 

receptors have been shown to be expressed within the cardiovascular system 

including the coronary artery, pulmonary artery, aorta and smooth muscle cells, mast 

cells and more importantly cardiac myocytes (Auchampach and Bolli. 1999). 

Adenosine receptors belong to the superfamily of G protein coupled receptors 

(GPCR) exerting a dynamic range of responses and have been classified upon their 

stimulatory or inhibitory actions on adenylate cyclase and on selectivity of agonists 
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and antagonists (Fredholm et al., 2001; Mubagwa and Fleming. 2001; Klinger et al., 

2002).   

 

Adenosine A1 receptors have been shown to be coupled to pertussis toxin sensitive Gi 

and Go proteins, inhibiting adenylate cyclase activity, activating phospholipase C and 

opening KATP channels (Ababe and Mustafa. 1993; Auchampach and Gross. 1993; 

Fredholm et al., 2000; Germack and Dickenson. 2004). Adenosine A2 receptors have 

been shown to couple to Gs proteins, stimulating adenylate cyclase (Germack and 

Dickenson. 2004). Adenosine A3 receptor (A3AR) inhibits adenylate cyclase similarly 

to the A1 receptors. A3AR also couple to Gi and Go proteins and possibly Gq as 

characterised by Palmer et al., (1995). A3AR activation has been implicated to 

activate phospholipase C and D (Abbracchio et al., 1995; Germack and Dickenson. 

2004; Headrick and Peart.2005) See Figure 1.4.a. 
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Figure 1.4.a Cell signalling pathways involved in A3AR mediated 
cardioprotection. (Headrick and Peart. 2005)  

 

1.3.1. Adenosine 

Adenosine released from cells interacts with sarcolemmal membrane adenosine 

receptors.  Having a short half-life, adenosine exerts its physiological effects in an 

autocoid manner. The purine nucleoside adenosine has long been implicated to play a 

regulatory role within the heart. Adenosine has been shown to exist within all tissues 

of the mammalian body were it has been shown to regulate key physiological 

processes like regulating heart rate and vasculature tone (Tabrizchi and Bedi. 2001). 

Although the key role of adenosine is to undergo phosphorylation by adenosine kinase 
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to form adenosine mono phosphate (AMP) and further phosphorylation to generate 

adenosine tri-phosphate (ATP) the universal energy molecule  (Figure 1.4.a) (Mullane 

and Bullough. 1995). Adenosine has also been shown to exert other effects 

independent of energy regulatory processes including upregulation cell growth and 

differentiation by activating cellular signalling pathways (Mubagwa and Flameng. 

2001; Schulte and Fredholm. 2003; Fitz. 2007).  Other effects of adenosine include 

the regulation of heart rate, hypotension, coronary blood flow, bronchoconstriction 

and mast cell degranulation (Fredholm et al.,2000; 2005)  

 

Adenosine receptors are widely expressed but expression can be species dependant 

(Liden at el., 1993; Salvatore et al., 1993; Dixon et al., 1996).  In the rat adenosine A1 

receptor has been shown to widely expressed in the brain, heart, aorta, liver, kidney, 

eye and bladder (Dixon et al., 1996).  The same group have shown A3AR to be widely 

expressed in the heart, central nervous system, lung uterus and testis. A2A were also 

shown to be expressed in the lung, brain and uterus although the A2B mRNA was also 

expressed in the jejunum and colon.  

 

During conditions of cellular stress adenosine levels rise significantly above basal 

levels and have been shown to play a pivotal role in terms of improving tolerance to 

ischaemia during periods of ischaemic injury by limiting necrosis and apoptosis (Van 

Wylen. 1994; Vinten-Johanson et al., 1995). The key processes involved in the 

formation and metabolism of adenosine are summarised in figure 1.4.b.    Deussen et 

al., (1999) have shown elevated levels of adenosine in hearts perfused with lower 

levels of oxygen, supporting adenosine elevation during periods of hypoxia.   
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Figure 1.4.b. Shows the pathways involved in the formation and metabolism of 

adenosine (Adapted from Mullane and Bullough. 1995). 

 

Adenosine plays a direct role in the cardiovascular system regulating blood flow 

through the vascular system via activating adenosine receptors. The assessment of 

individual receptor effect on the cardiovascular system was determined by using 

receptor specific agonists. Activation of A1 adenosine receptors with the A1AR 

agonist cyclopentyladenosine (CPA) has been shown to decrease blood pressure and 

cardiac output after systemic administration in hypertensive rats (Webb et al., 1990; 

Monopoli et al., 1998). Activation of A1 adenosine receptors is generally associated 

with the regulation of heart rate where the administration of A1AR agonists decreases 

heart rate. Hoffman et al., (1997) showed the administration of the A1AR agonist N6-

cyclopentyladenosine to significantly decrease heart rate in mammalian embryos. This 

group also showed A2a and A2b adenosine receptor agonists to have no effect on heart 

rates. Furthermore, they showed that the activation of A3ARs mildly decreased heart 

rate in mammalian embryos. A2a and A2b adenosine receptor activation has been 

shown to mediate coronary artery blood flow regulating vasodilation (Trochu et al., 

2003; Hinschen et al., 2003).  
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Activation of A3 receptors with different A3 adenosine receptor agonists has been 

shown to cause different haemodynamic effects in different species. Lasley et al., 

(1999) reported IB-MECA and CL-IB-MECA to have no effect on cardiac function in 

the rat and rabbit and both where seen to have no effect on coronary flow in the 

rabbit. IB-MECA was seen to increase coronary flow in the rat heart. This increase in 

coronary flow was completely blocked by the A2a antagonist Sch-58261 suggesting 

IB-MECA-mediated increases in coronary flow were mediated by activation of A2a 

adenosine receptors. 2-CL-IB-MECA at concentrations below 50nM was seen to have 

no effect on coronary flow in the rat heart, but when the concentration was increased 

to 100 nM coronary flow increased by 18%. Maddock et al., (2002) have also 

reported 2-CL-IB-MECA to cause vasodilation and increase coronary flow at the 100 

nM concentration although at lower concentrations were seen to have little effect on 

coronary flow.   

 

1.4.1. Ischaemic Preconditioning  

Ischaemic preconditioning (I/P) is a non-pharmacological mechanistic approach 

defined as brief cycles of ischaemia reperfusion before the index of index ischaemia 

that has been shown to reduce myocardial ischaemia/reperfusion injury (Murray et al., 

1986).  This group showed that four cycles of 5 minutes ischaemia before 40 minutes 

index ischaemia significantly reduced infarct size in the canine model of ischaemia 

reperfusion injury.  Subsequently, ischaemic preconditioning has been shown in a 

number of models to confer cardioprotection via reduction of infarct size in the swine 

(Schott et al., 1990), and rabbit (Liu et al., 1991).  
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Studies by Thourani et al., 1999 showed that ischaemic preconditioning resulted in 

preservation of post ischaemic endothelial function as well as a decrease in neutrophil 

medicated injury. IP has also been associated with reducing the energy demands 

during an ischaemic insult as well as reduced calcium overload (Jennings et al., 2001). 

Attenuation of neutrophil dependant injury and apoptosis by ischaemic 

preconditioning was also seen by Nakamura and colleagues (2000) in the ischaemic 

reperfused rat heart.  

 

Ischaemic preconditioning is thought to protect against the ischaemic reperfused 

myocardium via endogenous preformed agents released locally like adenosine, 

bradykinin, opioids and catecholamines that act on cell surface G protein coupled 

receptors (Cohen at al., 2000). Activation of these receptors has been shown to 

activate intracellular signalling pathways promoting cell survival and inhibiting 

apoptosis. The exact signalling pathways via which ischaemic preconditioning confers 

protection remain elusive although research has implicated protein kinase C  and 

tyrosine kinase to be key mediatory kinases (Ytrehus et al., 1994; Vahlhaus et al., 

1998). Yellon and colleagues (2002; 2003; 2004) have recently shown IP to confer 

myocardial protection from ischaemia reperfusion injury via recruitment of the PI3K-

AKT and the MEK1/2 – ERK1/2 cell survival pathways where inhibition of these 

pathways abolished IP dependant cardioprotection.  Interestingly Solenkova et al 

(2006) have shown ischaemic preconditioning to protect the heart via the release of 

endogenous adenosine in rabbit ischaemic reperfused heart.  

 

Further research after the discovery of IP and its ability to protect the ischaemic heart 

led to the discovery of a second window of protection that exists between 24-96 hours 
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after the initial preconditioning stimulus (Marber et al., 1993). Although the signalling 

pathways involved in delayed preconditioning are different to IP and  involve protein 

kinase C, nitric oxide and cyclooxygenase 2 (Bolli. 2000; Guo et al., 2000). 

 

1.4.2. Pharmacological Preconditioning 

Administration of pharmacological agents before index ischaemia has also been 

shown to induce cardioprotection a phenomenon referred to as pharmacological 

preconditioning.  (Yellon and Downey. 2003). Acetylcholine and opioid receptor 

agonists have been shown to trigger a preconditioned like cardioprotective effect 

when administered prior to myocardial ischaemia and reperfusion.  Downey and 

colleagues (2006) have shown administration of acetylcholine 30 minutes before 

ischaemia significantly reduced myocardial infarction in isolated rabbit hearts. In the 

same study they showed the protection involved recruitment of MEK1/2 – ERK 1/2 

and PI3K – AKT cell survival pathway.  

 

Lasley et al., (1995) have shown pharmacological preconditioning with adenosine and 

adenosine analogues improved post ischaemic ventricular dysfunction where this 

protection was lost by co-administration of A1AR antagonist in the rat and rabbit. 

Pharmacological preconditioning with A3AR agonists has been shown mediate 

cardioprotection in the rat (DeJonge et al., 2002; Hochhauser et al., 2007), mice (Zhao 

and Kukreja. 2002) and rabbit (Kodani et al., 2001; Tracey et al., 1997). Germack and 

Dickenson. (2005) showed preconditioning with adenosine (AR agonist), CPA (A1AR 

agonist) or the A3 adenosine receptor agonist 2-CL-IB-MECA significantly protected 

neonatal rat cardiac myocytes from hypoxia reoxygenation injury. Pharmacological 

preconditioning with A1AR agonists has also been shown to mediate cardioprotection 



53 

in the rat (Hochhauser et al., 2007; DeJonge et al., 2002) and rabbit (Hill et al., 1998). 

Preconditioning hearts with adenosine analogues has been shown to be 

cardioprotective. Safran et al., (2001) have shown administration of A1AR agonist 2-

chloro-N6-cyclopentyl-adenosine (CCPA) or A3AR agonist CL-IB-MECA prior to 

hypoxia significantly attenuated rat myocyte injury where the protection was 

abrogated by pre-treatment with A1 and A3 antagonist DPCPX and MRS 1523, 

respectively.  Studies by Tracey et al., (1997) have shown that preconditioning with 

the A3AR agonist IB-MECA attenuated ischaemia reperfusion injury in the rabbit 

heart. This group later showed that the protection mediated by the A3AR agonist CB-

MECA involved activation of KATP channels where protection was blocked by KATP 

channel antagonist glibenclamide (Tracey et al., 1998).   

 

In the human atrial model of ischaemia reperfusion injury pharmacological 

preconditioning with A1AR and A3AR agonists has been shown to limit reperfusion 

injury (Carr et al., 1997). Pharmacological preconditioning with A2aAR agonists has 

also been shown to protect chick ventricular myocytes from hypoxia/reoxygenation 

injury (Stickler et al., 1996).  

 

1.4.3. Ischaemic Postconditioning 

Recent studies by Zhao et al., (2003) saw the introduction of another cardioprotective 

mechanism referred to as ischaemic postconditioning. Postconditioning is a 

mechanism defined as brief periods of coronary artery occlusion followed reperfusion 

at the onset of reperfusion. Zhao et al., (2000) showed that 3 cycles of 30s reperfusion 

and 30s occlusion at the onset of reperfusion significantly attenuated the development 

of infarction compared controls receiving no intervention. Furthermore, they 
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Darling and colleagues (2005) have shown postconditioning exerted its 

cardioprotective effects via upregulation of the MEK1/2 – ERK1/2 cell survival 

pathway, where the protection was blocked by the MEK1/2 inhibitor PD98059, these 

results were also seen by Yang et al., (2004). They further determined that 

postconditioning protects via enhancing nitric oxide bioavailability and opening of 

mitochondrial KATP channels and that protection was independent of the PI3K-AKT 

cell survival pathway. As shown in Figure 1.4.c Yellon and colleagues (2004) have 

shown in the isolated perfused rat heart that ischaemic postconditioning protects the 

ischaemic myocardium via recruitment of the PI3K – AKT-eNOS, p70S6K cell 

survival pathway. These contradictory results may be explained by the use of different 

inhibitors and animal models used although the exact role remains elusive.   
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Figure 1.4.c. Schematic representation of the key mediators involved in 
ischaemic postconditioning mediated cardioprotection. (Adapted from Tsang et 
al., 2004). 
 

Argaud et al. (2005) recently showed that postconditioning mediates protection via 

inhibiting opening of the mPTP in the open chest rabbit.  Collectively, these data 

suggest that both ischaemic preconditioning and postconditioning protect the 

ischaemic myocardium from ischaemia reperfusion injury via recruitment of similar 

cell survival signalling pathways (Yellon and Hausenloy. 2006). Further intense 

research is required to establish the poorly characterised mechanisms involved in 

ischaemic postconditioning.  

 

Research has shown that that ischaemic preconditioning or postconditioning can 

significantly protect the ischaemic reperfused myocardium from ischaemia 

reperfusion injury in a number of animal models.  Many of the problems faced by 

researchers include the lack of translation of findings from laboratory experiments to 
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clinical settings. Ischaemic postconditioning has opened an exciting and promising 

paradigm for researchers where its application seems feasible in reducing ischaemia 

reperfusion injury in the human heart. A pilot study carried out by Laskey and 

colleagues (2005) has shown that that postconditioning can protect the failing human 

heart from ischaemia reperfusion injury. They showed that postconditioning reduced 

ischaemic injury and improved blood perfusion in the myocardium.  

 

Another study by Staat et al., (2005) showed ischaemic postconditioning to reduce 

infarct size by 36% in patients admitted for coronary angioplasty. These preliminary 

studies show promise for application of ischaemic postconditioning in the clinical 

setting. Clinicians may consider using ischaemic postconditioning because its 

practicality  as an adjunct therapy during revascularisation procedures like  coronary 

artery bypass grafting or coronary angioplasty (Kloner and Rezkalla. 2006). 

 

1.5.0. Cardioprotection via activation of Adenosine receptors at 
reperfusion.  
 

Adenosine has been implicated to protect the myocardium from ischaemia reperfusion 

injury in numerous studies. The classic investigation by Zhao et al., (1993) 

demonstrated that blockade of adenosine A1,  A2 and  A3 adenosine receptor 

antagonist 8-(p-sulfophenyl)-theophylline (8-SPT) at reperfusion limited endogenous 

adenosine mediated cardioprotection signifying the role of endogenous adenosine 

mediated cardioprotection. Similar findings have also been proposed by Toombs et 

al., (1992) who have shown blockade of adenosine receptors with the non-specific 

adenosine receptor antagonist 8-p-sulfophenyl theophylline (8-SPT) to significantly 
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increase infarct size by 24% compared to non-treated ischaemic perfused hearts 

indicating that endogenous adenosine plays a role in limiting infarct development.      

 

Ely  et al., (1985) showed treatment with  exogenous adenosine before and during 

ischaemia and reperfusion significantly improved post-ischaemic dysfunction by 

sustaining ATP levels. Olfasson et el., (1987) showed that intracoronary 

administration of exogenous adenosine at reperfusion attenuated infarct size in the 

dog and this effect was mediated by decreased neutrophil infiltration and stagnation of 

capillaries. Norton et al., (1991) have shown intravenous administration of adenosine 

5 minutes before reperfusion significantly attenuated myocardial infarction. 

 

Zhao et al., (2001) showed administration of adenosine at reperfusion significantly 

limited infarct development in the dog. Furthermore, they concluded attenuation of 

ischaemia reperfusion injury by adenosine was mediated by upregulation of the anti 

apoptotic protein Bcl-2 and down regulation of the pro apoptotic protein Bax, 

accompanied by a significant decrease in necrotic and apoptotic components of cell 

death in the myocardium. In isolated myocytes upregulation of Bcl-2 had been 

attributed to inhibit cellular apoptosis (Hockenbrey et al., 1993; Knudson and 

Korsmeyer. 1997; Kirshenbaum and De Moissac. 1997).  Other investigators have 

shown the protective effects of adenosine in the dog and rabbit model of ischaemia 

reperfusion injury (Pitarys II et al., 1991; Thornton et al., 1992; Sekili et al., 1995). 

  

Notably, many investigators have shown protection with adenosine either by 

preconditioning or administration at reperfusion although Heide et al., (1996) failed to 

observe any protection when adenosine was administered at reperfusion in the canine 
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myocardium.  Goto et al., (1991) also did not observe any protection when adenosine 

was administered either before coronary artery occlusion of at reperfusion in the 

rabbit model of ischaemia reperfusion injury.  Earlier studies focussed on the role of 

A1AR in terms of cardioprotection primarily due to the lack of characterisation of 

A3ARs. Studies by numerous investigators have shown A1AR mediated protection 

(Yao and Gross. 1993; Liang and Jacobson. 1998).  

 

Studies conducted by Maddock et al., (2002) using the highly specific A3AR agonist 

IB-MECA have shown that it protects the myocardium from ischaemia reperfusion 

injury when administered at reperfusion and furthermore limiting myocardial stunning 

in the guinea pig. They also showed protection was abolished in the presence of the 

A3AR antagonist MRS1191. Maddock et al., (2003) have also shown that the 

concomitant administration of 2-Cl-IBMECA (A3AR agonist) at reperfusion in the 

isolated perfused rat heart and in cardiomyocyte model of ischaemia reperfusion 

injury to be cardioprotective. In the same study they also showed that the protection 

was mediated in an anti-apoptotic and anti-necrotic manner where the protection was 

lost by the  blockade of A3ARs with  MRS-1191 (A3AR antagonist).  

 

Jordan et al. (1999) have shown that administration of the A3AR agonist CL-IB-

MECA at reperfusion significantly attenuated neutrophil mediated reperfusion injury 

in the rabbit heart and pre-treatment significantly decreased neutrophil adherence to 

the endothelium, this anti neutrophil adherence was blocked by the A3AR antagonist 

MRS-1220.  
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that does not affect myocardial energy metabolism or pH. The exact mechanisms 

generating this phenotype currently are unclear, but are thought to be as a role of 

cellular compensatory changes.  

 

Stimulation of A2AR with their respective analogues has been shown to mediate 

protection from ischaemia and reperfusion injury.  Maddock et al., (2003) have shown 

A2a receptor activation at reperfusion with A2a agonist CGS-216680 confers 

cardioprotection these findings were similar to Lasley et al., (2001); Xu et al., (2001); 

and Jordan et al., (1997). More recently, Philipp et al., (2006) showed that 

administration of the non-selective but A2b potent adenosine agonist 5'-(N-

ethylcarboxamido)adenosine (NECA) 5 minutes before to 1 hour after reperfusion 

attenuated infarct development that was abolished in the presence of the A2b 

adenosine receptor antagonist or the PI3K inhibitor Wortmannin in the rabbit. 

 

Activation of A3AR has shown to confer cardioprotection in many different models of 

myocardial ischaemia reperfusion injury. Stimulation of A3AR has been shown to 

have: anti cancer properties (Fishman et al., 2001); a role in cerebro-protection (Von 

Lubitz et al., 2001); anti apoptotic/necrotic properties (Maddock et al., 2003); inhibit 

apoptotic cell death in ischaemic reperfused brain (Abbracchio et al., 1999), ability to 

inhibit A3 antagonist dependant apoptosis in HL-60 Leukemic and U-937 cell lines 

(Yoa et al., 1997). Recent studies in the feline lung have also shown A3 agonists to 

protect the lung against ischaemia reperfusion injury (Matot et al., 2005). 

 

1.6.0 Administration of cardioprotective agents post-reperfusion  
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Previous studies have shown pharmacological and non-pharmacological approaches 

can protect the myocardium from ischaemia reperfusion injury, but it remains to be 

established whether postponing the administration of pharmacological agents after the 

onset of reperfusion can protect the ischaemic reperfused myocardium. Interestingly, 

Von Lubitz et al., (2001) have shown postponing the administration of the A3 agonist 

IB-MECA 20 minutes after reperfusion significantly protected the mice brain 

subjected to ischaemia/reperfusion. Although this group did not determine the 

pathways that may be involved in IB-MECAs mediated protection.   Zhang et al., 

(2002) showed nitrobenzylthioinosine an equilibrative nucleoside transporter subtype 

1 inhibitor to protect rat neurones from forebrain ischaemia when administered before 

ischaemia by increasing post ischaemic levels of adenosine, suggesting post 

ischaemic increase in adenosine levels mediate protection. Jonassen et al., (2000) 

showed that administration of hormone insulin 15 minutes after the onset of 

reperfusion resulted in loss of protection seen when administered at reperfusion in the 

rat. Recently, Bolli and colleagues (2006) have showed administration of cytokine 

therapies 4 hours after reperfusion to limit left ventricular modelling and improve left 

ventricular performance by promoting cardiac regeneration in the mouse.  

 

More interestingly Armstrong et al., (2001) showed caspase inhibitors when 

administered 1 hour after reperfusion could still reduce infarct development in the rat 

heart. Dambrova et al., (2002) showed that administration of the novel guanidine 

ME10092 5 minutes after the initiation of reperfusion significantly attenuated 

reperfusion induced ST elevation and cardiac arrhythmias in the rat. This group did 

not further determine the pathways that may be involved in ME10092 mediated 

cardioprotection. 
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The A2a agonist administered at reperfusion is shown to reduce infarct size but 

delaying administration 5 minutes after reperfusion abolishes its protective effect in 

the rat (Boucher et al., 2004).  

 

Collectively, research to date has shown adenosine to confer cardioprotection when 

administered at reperfusion or when administered prior to an ischaemic insult. The A3 

adenosine receptor agonist 2-CL-IB-MECA has previously been shown to limit 

infarct development in the ischaemic reperfused heart in a number of different 

species. To date no study has shown the intracellular signalling pathways that mediate 

2-CL-IB-MECA mediated cardioprotection when administered at reperfusion or post-

reperfusion at nanomolar concentrations. The aim of the current study was to 

determine whether the A3 agonist 2-CL-IB-MECA mediated cardioprotection in the 

Langendorff perfused rat heart or adult rat cardiac myocyte from 

reperfusion/reoxygenation injury by recruiting the PI3K -AKT or MEK1/2 - ERK1/2 

pro-survival pathways.  

 

1.7.1. Mitogen Activated Protein Kinases  

Mitogen activated protein kinases (MAPK) are a family of kinases that can respond to 

extracellular stimuli. MAPKs are serine and threonine kinases that have been shown 

to regulate cell growth cell differentiation and cell death. They can be activated 

following receptor tyrosine kinase activation or following Gi, Go, Gq and Gs coupled 

receptor stimulation (Pearson et al., 2001).  Activation of MAPK has been shown to 

activate a range of cell signalling pathways leading a dynamic range of responses 

(Lowes et al., 2002). GFRs and G proteins stimulated by growth factors and survival 

factors have been shown to be coupled to mitogen activated protein kinases (MAPK) 
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(Koch et al., 1997; Abe et al., 2000). Activation of the MAPK kinase cascade has 

been demonstrated to occur in response to growth factors, cytokines, and 

neurotransmitters and transmit survival signals.  

 

Cellular responses occur after receptor ligand interaction followed by a sequence of 

events involving adaptor proteins growth factor receptor binding protein (GRB) and 

Ras guanine exchange factor (SOS)  that via Ras can activate Raf (MAP kinase kinase 

kinase) the first of three MAPK module. Phosphorylated Raf can further activate 

downstream MAPK (extracellular signal regulated kinase) ERK1/2. Phosphorylation 

of ERK1/2 at Thr 202 and Tyr 204 residues transforms ERK1/2 to its active form. 

ERK1/2 can activate transcription of proteins by phosphorylating c-Myc and other 

transcription factors like p70S6K upregulating protein expression (Wechsler et al., 

1994).  

 

Punn et al. (2000) have show have shown an increase in ERK1/2 during simulated 

ischaemia that is further upregulated at the onset of reperfusion in cardiac myocytes. 

Activation of ERK1/2 following has also been shown to protect cardiomyocytes from 

oxidative stress following cyclooxygenase-2 induction (Adderley et al., 1999). 

Schulte et al. (2002) have also characterised the effect of adenosine receptor agonists 

and show upregulation of extra-cellular regulated kinase (ERK1/2) in Chinese 

hamster ovary cells (CHO) expressing the human A3AR. 

 

 A number of growth factors have been implicated to be cardioprotective via 

recruitment of the MEK 1/2 – ERK1/2 signalling cascades including cardiotrophin-1 







67 

expression. They have also shown that during ischaemia p-AKT (ser 473) is not 

expressed and expression is enhanced by reperfusion. The PI3K inhibitor Wortmannin 

abrogated AKT phosphorylation at reperfusion.  

 

Gao et el., (2001) have shown that activation of A3AR protects mast cells from UV 

light induced apoptosis by a mechanism involving protein kinase B (AKT).  

Furthermore, they showed the A3AR antagonist MRS1523 abrogated A3AR mediated 

phosphorylation of AKT. Hence, implicating that A3AR mediated protection is via the 

Gi – PI3K – AKT cell survival-signalling pathway. Studies by Kennedy et al., (1999) 

further support the role of AKT in cell survival. They showed AKT activation to 

inhibit cell death by preventing cytochrome c release from mitochondria. They further 

determined that AKT activation could maintain mitochondrial integrity by inhibiting 

cytochrome c release.  

 

Activation of adenosine receptors by NECA (non selective adenosine agonist) was 

shown to upregulate phosphorylation of AKT. The PI3K inhibitor Wortmannin or 

LY294002 and abrogated phosphorylation of AKT by by NECA (Yang et al., 2004). 

They also showed phosphorylation of PI3K was sensitive to the Gi/o inhibitor 

pertussis toxin. Implicating a role for Gi/o- PI3K dependant phosphorylation of AKT. 

This group have also shown that activation of A3AR by NECA was shown to increase 

phosphorylation of the stress activated MAPK p38 and ERK 1/2 in a time and dose-

dependant manner. Kis et al., (2003) have shown up regulation of PDK-1 – PI3K - 

AKT cell survival pathway in a rabbit model of ischaemic preconditioning, where the 

PI3K inhibitor Wortmannin abolisged the protection.  
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ischaemia reperfusion injury. Collectively from existing studies it seems feasible that 

activation of A3AR at reperfusion by the A3AR agonist 2-Cl-IBMECA can protect the 

myocardium from ischaemia reperfusion injury and subsequently that this protection 

be via recruitment of cell survival kinases PI3K-AKT and or MEK 1/2– ERK 1/2.   

 

Extensive research over the years has seen publication of numerous publications 

entailing pharmacological and non-pharmacological experimental interventions that 

can protect the ischaemic reperfused myocardium. The development of 

pharmacological agents to be administered in a clinical setting to limit ischaemia 

reperfusion injury in humans is a near reality. Continued research in the field of 

cardiovascular research and development of agents that could potentially lead to an 

agent that would one day be used in a clinical setting (Bolli et al., 2004).  
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1.8. Aims and Objectives 

1. To determine whether the A3AR agonist 2-CL-IB-MECA when administered 

at reperfusion or post-reperfusion protects the myocardium from ischaemia 

reperfusion injury via the PI3K-AKT or MEK1/2-ERK1/2 survival pathway in 

the isolated perfused rat heart. 

2. To elucidate the status of the cell survival pathway proteins AKT, ERK1/2, 

P70S6K, BAD in non-treated control ischaemic reperfused and 2-CL-IB-

MECA treated hearts when 2-CL-IB-MECA was administered at reperfusion 

or post-reperfusion in the presence and absence of their respective inhibitors 

by western blot analysis.  

3. To determine whether the administration of 2-CL-IB-MECA at reoxygenation 

or post-reoxygenation can attenuate caspase 3, apoptosis and necrosis in an 

adult rat cardiomyocyte model of hypoxia/reoxygenation injury. To determine 

the role of the PI3K/AKT and MEK1/2 – ERK1/2 pathway in 2-CL-IB-MECA 

mediated cytoprotection.  
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Figure 2.1.f. Protocol for FACS analysis of isolated adult rat cardiac myocytes 
subjected to 6 hours of hypoxia and 18 hours reoxygenation. The A3AR agonist 
2-CL-IB-MECA was administered at reoxygenation or post-reoxygenation in the 
presence or absence of the PI3K inhibitor Wortmannin or the MEK1/2 inhibitor 
UO126.  
 

Where agonists and inhibitors were added together the inhibitor was added 1 minute 

prior to adding the agonist.  Once the cell suspension was added to each well the 

suspension was pipetted twice to ensure the drugs are fully distributed.  Cells were 

reoxygenated in the incubator for 18 hours before undergoing Fluorescence Activated 

Cell Sorting Analysis (FACS) for assessment of cellular apoptosis, Cleaved-caspase-3 

activity and necrosis.  
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Figure 3.1.g. Protocol  used to isolate heart tissue for western blot analysis (con’d) 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.g. Protocol  used to isolate heart tissue for western blot analysis 

(con’d) 
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Figure 2.1.g. Protocol used to isolate heart tissue for western blot analysis  
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Chapter 3:  2-CL-IB-MECA protects the myocardium from 
ischaemia reperfusion injury via MEK 1/2 – ERK 1/2 cell survival 
pathway. 
 
 
3.1.0. Haemodynamics Data Analysis 

Haemodynamic data including heart rate, left ventricular developed pressure and 

coronary flow were collected for all experimental groups. Administration of the A3 

agonist 2-Cl-IB-MECA (1nM) in the presence and absence of cell signalling pathway 

inhibitors (U0126, Wortmannin and Rapamycin) was seen to have no significant 

effect on the haemodynamics measured when analysed statistically (Fig 3.1.1, 3.1.2, 

3.1.3).   

 

 

Figure 3.1.1. The chart shows the changes in left ventricular developed pressure 
in isolated rat hearts subjected to 35 minutes of ischaemia and 120 minutes 
reperfusion. The A3AR agonist 2-CL-IB-MECA was administered at reperfusion 
the presence and absence of the PI3K inhibitor Wortmannin or the MEK1/2 
inhibitor UO126. Results are expressed as mean of the stabilisation period ± 
SEM.  
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Figure 3.1.2. The chart shows the changes in Coronary flow in isolated rat hearts 
subjected to 35 minutes of ischaemia and 120 minutes reperfusion. The A3AR 
agonist 2-CL-IB-MECA was administered at reperfusion the presence and 
absence of the PI3K inhibitor Wortmannin or the MEK1/2 inhibitor UO126. 
Results are expressed as mean of the stabilisation period ± SEM.  
 

 

Figure 3.1.3. The chart shows the changes in heart rate in isolated rat hearts 
subjected to 35 minutes of ischaemia and 120 minutes reperfusion. The A3AR 
agonist 2-CL-IB-MECA was administered at reperfusion the presence and 
absence of the PI3K inhibitor Wortmannin or the MEK1/2 inhibitor UO126. 
Results are expressed as mean of the stabilisation period ± SEM.  
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** P<0.01 2-CL-IB-MECA vs. Control.  

Results are shown as mean ± SEM from 6-9 individual experiments. 
 
Figure 3.2.a. Infarct size to Risk ratio (%) in non-treated control and 2-Cl-
IBMECA treated ischaemic reperfused hearts. Isolated perfused rat hearts 
where subjected to 35 minutes of ischaemia and 120 minutes of reperfusion 
where the A3 adenosine receptor 2-Cl-IB-MECA (1 nM) was administered 
throughout reperfusion.  
 
 
3.3.2. Role of the MEK1/2 – ERK1/2 cell survival pathway in 2-CL-
IB-MECA mediated protection when administered at reperfusion in 
the isolated perfused rat heart.   
 

As mentioned earlier numerous studies have shown that the administration of 

pharmacological agents at reperfusion to upregulate the MEK 1/2 – ERK 1/2 cell 

survival signalling pathway conferring cardioprotection Hausenloy and Yellon. 2004).   

 

To determine whether the protection afforded by the A3AR agonist 2-Cl-IBMECA (1 

nM) when administered throughout reperfusion was associated with enhanced 

MEK1/2 – ERK1/2 activity isolated perfused rat hearts undergoing 35 minutes of 

ischaemia and 120 minutes of reperfusion were perfused with 2-CL-IBMECA (1 nM) 
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**P<0.01 2-CL-IB-MECA, Rapamycin+ 2-CL-IB-MECA vs. Control.  

Results are shown as Mean ± SEM. 
 
Figure 3.3. Infarct size to Risk ratio (%) in non-treated control and 2-Cl-
IBMECA (1 nM) treated hearts. Isolated perfused rat hearts were subjected to 
35 minutes of ischaemia and 120 minutes of reperfusion where the A3 adenosine 
receptor 2-Cl-IB-MECA (1 nM) was administered throughout reperfusion in the 
presence and absence of the mTOR inhibitor Rapamycin (2 nM).  
 
 
3.4.0. Isolated adult rat cardiomyocyte model of hypoxia 
reoxygenation injury.   
 

3.4.1. Effect of 2-CL-IB-MECA when administered at reoxygenation 
in adult rat cardiomyocytes subjected to hypoxia reoxygenation.  
 

Isolated adult rat cardiac myocytes were subjected to different protocols as described 

in figure 2.1.e. Isolated cells were either allowed to reoxygenate for 24 hours 

(normoxic group) or exposed to 6 hours of hypoxia followed by 18 hours of 

reoxygenation (Hyp/Reox group) in the presence and absence of the A3AR agonist 2-

CL-IB-MECA or cell signalling pathway inhibitors that were administered either at 

reoxygenation or post-reoxygenation. At the end of reoxygenation the myocytes were 
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assessed on the flow cytometer to determine the percentage of live, apoptotic and 

necrotic cells.   

 

Isolated adult rat cardiac myocytes subjected to 6 hours of hypoxia followed by 18 

hours of reoxygenation resulted in a 320% increase in the number of apoptotic cells 

compared to the non-hypoxic normoxic group (42 ± 5 % Hyp/Reox vs. 13 ± 1% 

Normoxia, P<0.001) (Figure 3.4.a). Isolated adult rat cardiac myocytes subjected to 6 

hours of hypoxia followed by 18 hours of reoxygenation also resulted in a 310% 

increase in the number of necrotic cells compared to the non-hypoxic normoxic group 

(32 ± 2% Hyp/Reox vs. 11 ± 2 % Normoxia, P<0.001) (Figure 3.4.a).   

 

***P<0.001 Hyp/Reox vs. Normoxia. 
 
Figure 3.4.a. Assessment of apoptosis and necrosis in isolated adult rat 
cardiomyocytes subjected to 24 hours of oxygenation (Normoxia) or 6 hours 
hypoxia and 18 hours of reoxygenation (hyp/reox). Results are shown as Mean ± 
SEM and are expressed as a percentage of 10,000 cells counted from 9 individual 
experiments.  
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To ascertain the role of A3ARs in limiting the deleterious consequences of 

reoxygenation injury adult rat cardiac myocytes were subjected to 6 hours of hypoxia 

and 18 hours of reoxygenation where the A3AR agonist 2-Cl-IB-MECA (1 nM, 10 

nM, 100 nM) was administered throughout the reoxygenation period.  Different doses 

of 2-CL-IB-MECA were administered at reperfusion to determine whether increasing 

the dose increased 2-CL-IB-MECA’s cytoprotective effect. 

 

Administration of the A3 agonist 2-Cl-IB-MECA (1 nM) throughout reoxygenation 

significantly decreased the percentage of apoptotic myocytes compared to the 

Hyp/Reox group (26 ± 6% 2-CL-IB-MECA vs. 42 ± 5 % Hyp/Reox, P<0.001) (Figure 

3.4.a). Administration of the A3 agonist 2-Cl-IB-MECA (1nM) throughout 

reperfusion also significantly decreased the percentage of necrotic myocytes 

compared to the Hyp/Reox group (16 ± 4 % 2-CL-IBMECA vs. 32 ± 2 % Hyp/Reox, 

P<0.001) (Figure 3.4.b).  At higher concentrations of the A3AR agonist 2-Cl-IB-

MECA (10 nM and 100 nM) myocytes were significantly protected from 

reoxygenation injury in an anti-apoptotic and anti-necrotic manner. Administration of 

2-CL-IB-MECA (10 nM) throughout reoxygenation significantly decreased the 

number apoptotic myocytes compared to the Hyp/Reox group (26 ± 8% 2-CL-

IBMECA vs. 42 ± 5 % Hyp/Reox, P<0.001) Figure 3.4.b. Administration of 2-CL-IB-

MECA (10nM) throughout reoxygenation significantly decreased the number of 

necrotic myocytes compared to the Hyp/Reox group (17 ± 6% 2-CL-IB-MECA vs. 32 

± 2 Hyp/Reox, P<0.001) (Figure 3.4.b). Administration of 2-CL-IB-MECA (100 nM) 

throughout reoxygenation significantly decreased the number of apoptotic cells 

compared to the Hyp/Reox group (19 ± 3 % 2-CL-IB-MECA vs. 42 ± 5% Hyp/Reox 

P<0.001) (Figure 3.4.b). Furthermore, administration of 2-CL-IB-MECA (100 nM) 
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throughout reoxygenation significantly decreased the number of necrotic cells 

compared to the Hyp/Reox group (23 ± 2 % 2-CL-IB-MECA vs. 32 ± 2 % Hyp/Reox, 

P<0.001) (Figure 3.4.b).  Characterisation of the effect of the A3 agonist at different 

concentrations 2-CL-IB-MECA (1 nM, 10 nM, 100 nM) in attenuating hypoxia 

reoxygenation injury showed all the concentrations to be cardioprotective. 

Furthermore, that there was no dose response relationship observed between the 

different concentrations of 2-CL-IBMECA in protecting myocytes from hypoxia 

reoxygenation injury when administered at reoxygenation (P>0.05) (Figure 3.4.b).  

 

Previous studies have shown concentrations of 2-CL-IB-MECA greater then 10 nM 

cause vasodilation in the Langendorff isolated perfused rat heart model  that were not 

seen at the 1 or 10 nM concentration (Maddock et al., 2003). Therefore 2-CL-IB-

MECA was used at the 1 nM concentration in all experiments unless stated.  
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