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Abstract 

 

Cardiovascular disease remains one of the largest health burdens facing the 

westernised world.  The ubiquitous nucleoside, adenosine and its accompanying 

receptors may have beneficial effects in the treatment of ischaemic heart disease.  

Adenosine is derived from the catabolism of ATP and has long been considered a 

potent bradycardic and hypotensive compound.  For over half a century, adenosine 

and its analogues have often been considered potential cardioprotective drug targets.  

These protective effects are mediated via the action of adenosine receptors: ADORA1, 

ADORA2A, ADORA2B and ADORA3.   

 

The main purpose of this thesis was to examine the role and mechanisms of 

selective adenosine full and partial agonists in the ischaemic-reperfused mouse heart, 

exploring the potential cellular mechanisms involved in cardiomyocyte cell death, 

functional parameters and pharmacological manipulation of the recovering heart.  The 

effects of enhancing endogenous adenosine activation through the use of allosteric 

enhancers are also assessed. 

 

Culturing of the rat cardiomyoblast cell line, H9c2 was adopted to examine the 

effect of adenosine receptor activation on the downstream signalling effects and 

changes that occurring in oncotic and apoptoic necrosis.  Percentage of cell death and 

ROS production in the H9c2 cardiomyocyte was calculated among groups treated 

with CPA and VCP102 adenosine agonists following various time periods of 

simulated ischaemia-reperfusion.  Flow cytometry showed that both VCP102 and 
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CPA treated cells showed a decrease in the activity of necrosis and apoptotic necrosis 

in the H9c2 myocytes following prolonged time periods of simulated reperfusion.  

Furthermore, the pro-apoptotic protein caspase-3 was shown to decrease in expression 

in relation to ADORA1 activation.  However, these protective effects were not 

observed in the final 24-hour reperfusion group.  These results suggest that the 

selected experimental preparation may hinder the analysis of oncotic and apoptotic 

necrosis.   

 

The effect of various ischaemia and reperfusion time periods on oncotic and 

apoptotic necrosis in the mouse heart was examined in chapter 4.  This study aimed to 

determine an appropriate therapeutic protocol for the subsequent use of adenosine full 

and partial agonists.  Though being primarily methodological, the findings provided 

insight into the time-dependent functioning of isolated mouse hearts and the influence 

of increased time periods on overall performance.  Findings from this work 

demonstrated that the duration of 20 minutes of ischaemia followed by one-hour of 

reperfusion was considered to be an appropriate time-controlled protocol for 

functional studies and therefore adopted in this thesis. 

 

Investigations into the use of ADORA1 agonists and their role in reducing 

post-ischaemic damage to the heart were undertaken in chapter 5.  Functional analysis 

following ischaemia-reperfusion was determined using VCP102 (partial agonist) and 

CPA (full agonist).  The effects of selective antagonists, DPCPX (ADORA1) and 

MRS1191 (ADORA3) were also analysed.  Hearts treated with VCP102 and CPA 

showed an improvement in overall functional recovery, with a significant change seen 

in EDP.  No significant effect on contractile function and coronary flow was 



 - 23 - 

observed.  This effect was reversed with the antagonists DPCPX and MRS1191.  

While the activation of ADORA1 is essential to the phenomenon of adenosine and 

adenosine-agonist mediated cardioprotection, it is proposed that this process may also 

require the co-operation of other ADORs, including ADORA2A and ADORA2B.     

 

The effect of ADORA1 allosteric enhancer VCP333 post ischaemia on 

functional recovery was investigated in chapter 6.  VCP333 was observed to improve 

functional recovery in I/R hearts.  Left ventricular developed pressure was 

significantly higher at the end of reperfusion when compared to the untreated control 

group.  This indicates that VCP333 may selectively activate specific second 

messenger pathways involved in the cardioprotection and preservation of the 

functioning cardiomyocyte.  Furthermore, no effect on coronary flow rate was 

observed further supporting the effects of VCP333 exclusively on the ADORA1 rather 

than the ADORA3.  In addition, VCP333 was also shown to reduce the level of  

necrotic cell death, suggesting its role in preserving cardiomyocyte integrity following 

ischaemic insult.  How VCP333 specifically aims to reduce cell death is yet to 

elucidated.   

 

In summary, this project investigated the role of full and partial ADORA1 

agonists and allosteric enhancers on functional recovery following I/R injury in the 

mouse heart.  Activation of the ADORA1 via the use of VCP102 and VCP333 were 

shown to improve overall recovery and reduce the levels of cell death.  In addition, 

improvement in functional parameters such as coronary flow rate, which is medicated 

by the ADORA1 further suggests that VCP102 actions may not be specific for the 

ADORA1.  Furthermore, co-operation amongst other ADOR subtypes may be needed 
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to initiate ADORA1-mediated cardioprotection.  Finally, ADORA1-specific allosteric 

enhancers may provide additional means of cardioprotection in I/R injury.   
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1 Introduction 

 

1.1.  Clinical significance  

 

1.1.1. Cardiovascular disease 

 

Cardiovascular disease is the biggest health burden facing Australians.  Many 

of the acute coronary syndromes, strokes and vascular diseases are preventable and 

with the introduction of effective medical interventions and successful risk factor 

prevention programs, numbers in the rates of mortality have been falling in the last 

four decades.  Cardiovascular disease affects more than 3.4 million Australians, and 

claimed the lives of almost 50, 000 people in 2007 (Heart Foundation, 2007).  The 

proportion of Australians with at least one modifiable risk factor (Table 1.1) currently 

stands at 90% (Heart Foundation, 2007).  This part of the chapter will focus on the 

clinical understanding of cardiovascular disease and the significance of continuing 

research in this area.   
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Table 1.1 Incidence of risk factors for heart disease in Australia (AIHW, 2004). 

Risk factor for heart disease Proportion of Australians with 

risk factor 

Overweight/obese 60% 

Inactivity/lack of exercise 54% 

Hypercholesterolaemia 51% 

Hypertension 30% 

Cigarette smoking 20% 

Excessive alcohol consumption 10% 

Diabetes Mellitus (Type 1/2) 8% 

 

 

1.1.2. Ischaemic events – Acute coronary syndrome 

 

Acute coronary syndromes encompass a broad spectrum of clinical events 

spanning angina pectoris to ST-segment-elevation myocardial infarction (Guidenes 

for the Management of Acute Coronary Syndrome, 2006).  Collectively they represent 

the most common cause of hospital admissions in Australia (Heart Foundation, 2007).  

Ischaemia is the principle component of coronary artery syndromes.  Examples of 

these syndromes include, coronary artery occlusion caused by rupture of unstable 

atherosclerotic plaque, thromboembolism, surgery (coronary angiography or open-

heart), heart transplant, and sepsis.  Regardless of the cause, the hearts coronary blood 

supply cannot meet the demands of the myocardium leading to the commencement of 

anaerobic metabolism, which results in the formation of toxic compounds. 
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It has been accepted that timely reperfusion is the key to preserving heart 

function and preventing ischaemic cell death after occlusion of the coronary artery.  

This ‘time is muscle’ approach may not always be beneficial as there is established 

evidence that an injurious component may contradict these early clinical 

interventions.  Reperfusion of a coronary vessel in a patient may have various 

implications on myocardial function, with different pathophysiological consequences.  

These may include, impairment in cardiac output or contractility leading to acute heart 

failure, cardiac arrhythmias due to damage of the conduction pathway, necrosis and 

infarction of the myocardium leading to an often fatal ventricular wall rupture and 

tamponade (Ambrosio and Tritto, 1999).   

 

1.1.3. Myocardial stunning and no-reflow 

 

Both irreversible and reversible forms of injury occur as a consequence of 

ischaemia-reperfusion (I/R).  The case of ‘stunned’ hearts, that is, hearts that have 

been exposed to periods of coronary artery occlusion, leads to reversible post-

ischaemic contractile dysfunction.  This model reproduces what would occur in 

patients with unstable angina (UA) or coronary vasospasm. In fact, there has been 

documented evidence of the occurence of ‘stunning’ in humans, in particular the 

occurrence of UA and acute MI with associated wall motion abnormalities to the left 

ventricle (LV) (Nixon, Brown and Smitherman, 1982; Mathias, Kerin and Blevins, 

1987).  Studies in patients with acute MI treated with thrombolytic drugs have shown 

that improvement in regional wall motion of the ischemic region does not 

immediately accompany reflow, but occurs over time (Stack et al, 1983).  Overall 
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myocardial function can be severely depressed in the early stages after coronary artery 

bypass grafting (CABG) despite myocardial protection with cardioplegic solutions 

and cooling (Ballantyne, Verani and Short, 1987). 

 

The process of stunning is thought to have evolved from the generation of 

reactive oxygen and nitrogen species (RONS) during the brief episodes of ischaemia 

(Ambrosio and Tritto, 1999) and the use of anti-oxidant therapy has been shown to 

improve contractile function and improve overall recovery (Besse et al, 2006).  In the 

research setting this phenomenon can be observed with the process of global 

ischaemia to an isolated rodent heart, mimicking what occurs when an individual 

suffers from a myocardial infarction. 

 

When reperfusion commences after re-flow through a coronary artery vessel, 

there is a risk that perfusion may not always be adequate due to damage that has 

occured further downstream at the microvascular level.  This theory has been termed 

‘no-reflow’ (Ambrosio, Weisman, Mannisi and Becker, 1989).  What determines no-

reflow are neutrophils and the release of proinflammatory cytokines tumour necrosis 

factor-α (TNF-α) and interleukin 1 and 6. These promote the exposure of adhesion 

molecules on the surface of endothelium, neutrophils and cardiac myocytes, leading to 

further proinflammatory cascade events (Hansen, 1995; Entman and Smith 1994).  

There is further recruitment of neutrophils which adhere tightly to the vascular 

endothelium in the capillaries, thus blocking blood flow.  Unfortunately, there is no 

counteraction with vasodilation due to the reduction in generation of nitric oxide (NO) 

and prostacyclin and damage to β-adrenergic receptors (β-AR) resulting in 

vasoconstriction (Entman and Smith, 1994).  This process clinically may inhibit the 
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beneficial effects of reperfusion, including recurrent MIs with subsequent infarction, 

arrhythmias and contractile impairment.  The effectiveness of therapeutic intervention 

on these patients, in reducing infarct healing and returning to stable parameters, may 

be affected by incomplete reperfusion.   

 

Patients suffering an MI, who then undergo percutaneous transluminal 

coronary angioplasty (PTCA) will not always have a coronary function that returns to 

normal due to their impaired tissue perfusion (Ito et al, 1992). This is often assessed 

with LV functional output measurements and echocardiography.  Furthermore, the 

phenomenon of no-reflow has been associated with decreased cardiac output, and 

increased risk of developing congestive heart failure (Ito et al, 1996). 

 

Cardiovascular disease is a term that encompasses clinical conditions such as 

heart, stroke and peripheral vessel disease.  It is the leading cause of mortality, 

accounting for approximately 34% of deaths in Australia (Heart Foundation, 2007).  

Ischaemic heart disease (IHD) involves the narrowing of coronary vessels (caused by 

atherosclerosis and coronary arteries), thus reducing blood supply to the heart tissue, 

and is one of the major contributors to heart failure.  Currently, ischaemic heart 

disease (IHD) affects almost 3.4 million Australians and is therefore is a significant 

economic burden in this country (Heart Foundation, 2007).  This thesis focuses on the 

mechanisms behind ischaemia-reperfusion injury in mammalian hearts and the role of 

partial and full adenosine agonists in reducing damage associated with these events. 
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1.2.  The normal functioning myocardium 

 

In order for a heart to function normally, it requires a continuous supply of 

oxygen and nutrients to support its contractile function.  Much of the hearts energy is 

supplied via aerobic metabolism and the oxidation of exogenous substrates such as 

free fatty acids, glucose and lactate (Depré, Rider and Hue, 1998; Buja. 1998).  The 

myocardium is an highly oxidative tissue and obtains much of its key energy via 

adenosine triphosphate (ATP), which is produced via mitochondrial respiration 

(Ventura-Clapier, Garnier and Veksler, 2004).  Studies have shown that a healthy 

heart utilises fatty acids as its major oxidative fuel, with 60-100% of ATP originating 

from this source (Stanley, Lopaschuk, Hall and McCormack, 1997).  When blood 

supply to an area of the myocardium is lost, as in the instance of a myocardial 

infarction (MI) or ischaemic insult, this energy-making homeostasis mechanism is 

lost, and cell death to the cardiomyocyte results, which is why ischaemic heart disease 

is problematic.   

 

1.3.  Introduction to Ischaemia and Reperfusion Injury  

 

 Ischaemia can be described as an inadequate flow of blood to a particular 

tissue, and is caused by the constriction or blockage of the blood vessels supplying it.  

When the demand for oxygenation and other nutrients supplied by the vasculature 

exceed supply, significant cellular damage may result.  

 

 Oxygen is a central component in the cardiac myocyte’s (CMs) metabolic 

requirements.  If the myocardial tissue is deprived of oxygen for an extended period 
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of time, irreversible damage (necrosis) takes place and infarction of the myocardium 

results.  Reperfusion of a tissue is part of an essential repair process that is used to 

protect ischaemic tissues from permanent damage by returning blood supply to the 

affected area.  In this case, the time between the onset of ischemia and reperfusion is 

the major factor in determining the full extent of the damage incurred.  However, it is 

unknown whether cell death is caused entirely by ischaemia or during the process of 

reperfusion and it has been suggested that ischaemia essentially creates the foundation 

for the damage observed during reperfusion (Piper, Garcia-Dorado and Ovize, 1998).   

 

1.3.1 Mechanisms of Ischaemia Reperfusion Injury 

 

 The physiological and cellular changes in response to ischaemic cell injury 

and death have been well documented (Buja, 2005; Solani and Harris, 2005). 

According to Buja (2005), the effects of ischaemia on the CM during cell death 

progresses through many stages and involves several cellular mechanisms. 

 

 The heart itself is a pump that utilizes chemical energy converting it into 

mechanical energy.  This energy is obtained mostly from the oxidation of carbon 

sources such as free fatty acids (FFAs) and oxygen, which are provided via coronary 

blood flow (Solani, 2005). The mitochondria within the CM function by oxidative 

metabolism which essentially supplies the heart with ATP as the source of cardiac 

energy (Solani, 2005).  During ischaemia, when blood flow is restricted, as in the case 

of a myocardial infarction, cardiac cells cannot maintain ATP levels and revert to 

glycolysis (Carvajal and Moreno-Sánchez, 2003).  Over time glycolytic by-products 

such as H
+
, pyruvate and lactate accumulate within the cell in addition to oxygen 
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deprivation (Swyghedauw, 1999).  An increase in intracellular acidity can greatly 

decrease the functioning of the CM (Carvajal and Moreno-Sánchez, 2003).  The 

ischaemic period also promotes impaired contractility with persistent excitation-

contraction uncoupling, which develops in conjunction to an overload of ions such as 

sodium (Na
+
) and calcium (Ca

2+
) in the cytosol.  The ion overload is caused by 

alterations in ion transport systems in the sarcolemma and other organelle membranes, 

thus, creating a setting for ventricular arrhythmias. 

 

 Ischaemia within the myocardium causes a metabolic imbalance and 

involves both the reduction in energy generation and elevated levels of injurious or 

potentially toxic chemical compounds and metabolites (de Leiris and Boucher, 1990).  

These compounds may include free radicals, such as nitric oxide (•NO), hydrogen 

peroxide (H2O2), superoxide (O2•) and hydroxyl radicals (•OH), generated from 

various intracellular sites, including the mitochondria during ischaemia (de Leiris and 

Boucher, 1990; Vanden Hoek et al, 1997).     

 

 During the initial stages of ischaemia, an efflux of potassium (K
+
) occurs 

due to the accumulation of compounds such as inorganic phosphates creating an 

increased osmotic load (Buja, 2005).  With decreased ATP levels, Na
+
/K

+
-ATPase 

activity is reduced, resulting in further efflux of K
+
 and influx of Na

+
, chloride (Cl

-
) 

and water, leading to cell swelling.  These “ultrastructual” changes of the cardiac 

myocyte are also observed in the mitochondria and sarcoplasmic reticulum, and 

usually indicate that the cell has entered the stages of irreversible injury or oncosis 

(Buja, 2005).  In fact, it is proposed that the progression from reversible to irreversible 

myocardial cell injury is often accompanied by the changes in the myocardial 
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interstitium and microvasculature (Buja, 2005).  When necrosis takes place in the 

myocytes, an inflammatory response is often activated involving the migration and 

activation of neutrophils, subsequently leading to the accumulation of inflammatory 

products including arachidonic acid metabolites, platelet-activating factor, proteolytic 

enzymes, and reactive oxygen species such as the superoxide radical (Hoffmeyer et 

al, 2000). 
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Figure 1.1 Cellular changes that occur to the cardiomyocyte upon 

commencement of reperfusion.  (1) Transporters such as the NHE are activated 

due to low pH allowing Na
+
 into the cell.  This subsequently leads to the 

activation of the (2) Na
+
/Ca

2+
-exchanger which leads to (3) the influx of Ca

2+
 and 

subsequently Ca
2+

 overload. (SR = sarcoplasmic reticulum; SERCA = 

Sarcoplasmic reticulum Ca
2+

-ATPase channels; NHE = Na
+
/H

+
-exchanger).  

 

 When reperfusion commences, the Na
+
/H

+
-exchanger (NHE) and 

Na
+
/HCO3

-
 transporter located on the plasma membrane are activated (Figure 1.1) 

(Avkiran and Snabaitis, 1999). The activation of the NHE is triggered due to the 

difference in pH between the interstitial space and the cytosol (Piper and Garcia-

Dorado, 1998).  A rapid influx of Na
+
 into the cytosol results, and depending on 

levels, can activate the Na
+
/Ca

2+ 
exchanger, exporting Na

+
 out and importing Ca

2+
 in 

(‘reverse mode’) (Piper and Garcia-Dorado, 1998; Gomez et al, 2002).  This coupled 

mechanism adds to the pre-existing Ca
2+

 overload of the cells. The elevated Ca
2+

 level 

within the cytoplasm prior to Na
+
/Ca

2+
-exchanger activation is due to low intracellular 

Na+ 

H+ 

Ca
2+ 

ATP 

SR 

H+ Na+ Na+ Ca2+ 

NHE Na
+
/Ca

2+
 Exchanger (1) (2) 

(3) 

SERCA 
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ATP levels resulting in the ineffective functioning of the Na
+
/K

+
-ATPase and 

sarcoplasmic reticulum (SR) Ca
2+

-ATPase (SERCA) channels (Solani and Harris, 

2005). 

 

 Reperfusion of the myocardium restores substrate delivery and also allows 

the electron transport chain and ATP synthesis to resume, restoring intracellular pH 

levels to normal (Solani and Harris, 2005).  This however, has been shown to cause 

further damage to the cell (Solani and Harris, 2005; Gomez et al, 2002).  From studies 

performed on paced perfused hearts, it appears that levels of ATP recover to some 

extent yet, hypercontracture, or muscle shortening, and membrane damage occur, 

finally leading to death of the CM (Solani and Harris, 2005).  Possible explanations 

for the reduction in CM function are linked to Ca
2+

 overload.  Hypercontracture 

occurs due to abnormal Ca
2+

 handling, leading to the deformity of actin-myosin 

filaments inside the cell (Solani and Harris 2005).  

 

 There is also evidence of accumulation of catecholamines released from 

sympathetic nerve terminals during reperfusion (Weiss and Shine, 1982).  A rise in 

noradrenaline has been shown to significantly change the electrophysiology of the 

heart, leading to severe ventricular arrhythmias (Weiss and Shine, 1982). This is due 

to the stimulation of the Na
+
/K

+
-ATPase pump during the first few minutes of 

reperfusion when ATP levels increase, resulting in an increased accumulation of K
+
 

inside the CM (Tani and Meely, 1989). 

 

 The exact mechanisms of reperfusion injury are not known.  However, the 

most plausible theories indicate the involvement of the mitochondria and endoplasmic 
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reticulum, oxygen free radicals, Ca
2+

 overload and neutrophils (de Leiris and 

Boucher, 1990; Vanden Hoek, Changquing, Shao, Shumacker and Becker, 1997;  

Fabiani, Ceconi, Alferi and Visioli, 1993). 

  

1.3.2 Effects of reperfusion on mitochondria and endoplasmic reticulum 

 

The endoplasmic reticulum (ER) is a unique cellular organelle, containing the 

highest concentration of calcium within the cell, regulated by the active transport via 

Ca
2+

ATPases (Kim, Xu and Reed, 2008).  It is a highly oxidative environment, tightly 

controlling the intricate process of final secretory and cell surface protein modelling.  

Disturbances in ER Ca
2+ 

regulation, such as those seen in IR injury, can induce a 

series of events that influence cell death processes in the CM.  The relationship 

between cell death and ER calcium regulation is explained by the role of a group of 

proteins known as B-cell lymphoma-2 (Bcl-2), which reside in the membrane of the 

ER (Kim, Xu and Reed, 2008).  Even though more commonly associated with its 

actions on mitochondria, several families of Bcl-2 proteins have been reported as 

important regulators in Ca
2+

 homeostasis and controllers of cell death often triggered 

by agents such as free radicals.   

 

Several disease processes have been linked to ER injury including the areas of 

cardiac disease, stroke and diabetes (Cunard and Sharma, 2011; Kitakaze and 

Tsukamoto, 2010).  In the setting of ischaemia, reduced blood flow to an area of heart 

muscle leads to tissue hypoxia and ER stress.  Upon reperfusion to the affected tissue, 

products such as nitric oxide and ROS as well as the decrease in ATP levels lead to an 
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efflux of Ca
2+

 into the cytoplasm, creating a cascade of events that ultimately leads to 

the CMs destruction.   

 

The process of IR injury also leads to a vast array of functional structural 

modifications to the mitochondria.  These include disruption of the electron transport, 

oxidative phosphorylation and ATP production, release of proteins that trigger the 

activation of pro-apoptotic caspase family proteases and alteration of cellular 

reduction/oxidation potential.    

 

The contributing decrease in ATP synthesis during ischaemia also leads to 

impairment in ionic homeostasis and the mitochondrial membrane surface, similar to 

what occurs to the ER.  This irreversible damage impacts on both oncotic as well as 

apoptotic necrosis (Di Lisa and Bernardi, 2006).  The mitochondrial permeability 

transition pore (PTP) has been of major focus in CM cell death research for almost 

three decades (Cromptom, Costi and Havat, 1987; Cromptom, and Havat, 1990).  This 

channel is affected during IR changes to the cell, consequently leading to the collapse 

of the mitochondrial membrane potential (∆ψm).   

 

At present it is widely accepted that the changes to permeability transition 

pore (PTP) occur mostly during reperfusion, contributed by the factors of ROS 

accumulation, calcium increase and pH changes (Di Lisa and Bernardi, 2006).  An 

important feature of the PTP is its inhibition by Cyclosporin A (CsA), desensitising 

the mitochondria to the effects of Ca
2+

 accumulation as described by Di Lisa and 

others (2006).  This phenomenon has been shown to be a significant protective factor 
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against IR injury (Griffiths and Halestrap, 1993; Imberti, Nieminen, Herman and 

Lemasters, 1993). 

 

1.3.3 Free Radical Injury 

 

 Reactive oxygen and nitrogen species (RONS) are molecules with unpaired 

electrons with potential to cause irreversible damage in lipids and proteins (McCord, 

1988).  Under normoxic conditions less than five per cent of the oxygen consumed by 

cells is converted to RONS which are normally sequestered by free radical scavengers 

such as superoxide dismutase (SOD) and catalase (McCord, 1998; Werns and 

Lucchesi, 1989).  In the event of ischaemia/reperfusion injury this balance is disrupted 

leading to endothelial and other surrounding cells to release a burst of additional 

RONS and other inflammatory markers (Masato et al, 1996).  This phenomenon has 

been of considerable interest to many research groups since it was first described over 

50 years ago (Harman, 1966; Harman, 1955).  The species generated include
-
NO and 

O2
-
.  Most of the injurious effects of these RONS come from the combination of these 

species to form peroxynitrite (ONOO
-
) (Davis et al, 2002). The proposed theories 

suggest that ONOO
-
 plays a crucial role in the oxidative damage of lipids, proteins 

and DNA (Davis et al, 2002; Kozlov et al, 2005). 

 

 The generation of RONS occurs during the first phases of IR.  Reactive 

oxygen and nitrogen species are free radicals, or reactive oxygen atoms that are highly 

unstable compounds due to an unpaired electron that can initiate oxidative attack on 

tissues (Kaul, 1993).  The main sources of RONS include aerobic respiration or the 

reduction of oxygen by the mitochondrial electron transport chain (ETC), breakdown 
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of fatty acids, an accumulation of neutrophils, and stimulation of phagocytosis by 

pathogens or lipopolysaccharides, and involves H2O2 and O
-.
 (Giordano, 2005; Jordan, 

Zhao and Vinten-Johansen, 1999; Richter, 1997). 

 

 The ability of RONS to increase existing membrane damage to the CM 

during IR is of considerable interest (Fabiani, Ceconi, Alferi and Visioli, 1993).  

Normally the CM is able to control free radical levels, for example those produced by 

the mitochondrial ETC through a collection of enzyme and antioxidants including 

catalase, superoxide dismutase (SOD), vitamins E, C and β-carotene (precursor to 

vitamin A) (Giordano, 2005).  However, during an ischaemic event, enzymes such as 

SOD are unable to regulate accumulating ROS levels, thus leading to extensive CM 

damage often seen in post MI.  Research using transgenic murine models has shown 

that over expression of SODs significantly reduce infarct size, further indicating that 

ROS plays a significant role in IR injury (Chen et al, 1989). 

 

 Upon reperfusion and the reintroduction of oxygen back into the 

myocardium, RONS levels increase significantly. It has recently been proposed that 

the generation of H2O2 and O
-. 

can be simultaneously produced by xanthine oxidase 

and nicotinamide dinucleotide (phosphate) (NAD(P)H) oxidases (Khatri et al, 2004; 

Loukogeorgakis et al, 2010; Bedard and Krause, 2007) 

 

 It has also been reported that RONS damage the
 
sarcoplasmic reticulum (SR) 

Ca
2+

-ATPase (SERCA) channel, which is believed to be a potential contributor
 
to 

cellular Ca
2+

 overload and myocardial damage after IR (Xu, Zweier and Becker, 
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1997).  Extensive research has demonstrated that RONS are involved in CM death 

and tissue remodelling associated with infarction.  

 

1.3.4 Autophagy 

 

Autophagy is an intracellular homeostatic process involving the degradation of 

proteins and organelles (Matsui et al, 2008; Levine and Yuan, 2005).  This process is 

further influenced by cellular stresses such as IR injury leading to an array of 

protective and detrimental functions in cells.  According to Matsui (2008), apoptosis, 

RONS and ER stress all contribute to the progression of autophagy.  This process of 

tissue remodelling is believed to occur during and after IR.  While this phenomenon 

has been widely accepted for many decades, the intracellular mechanisms and 

signalling that leads to the induction of autophagy are yet to be elucidated.   

 

The study of autophagy in the heart is of clinical significance because it is 

most commonly affected by IR.  Induction of autophagy during IR is believed to be 

caused by the depletion of ATP levels and accumulation of RONS leading to the 

degradation of protein products which occur during reperfusion (Matsui et al, 2008; 

Scherz-Shouval and Elazar, 2007).  During ischaemia when the level of ATP/ADP 

decline and levels of AMP are elevated, it is believed that AMP-activated protein 

kinase triggers the signalling events needed to initiate autophagy (Scherz-Shouval and 

Elazar, 2007).  Upon reperfusion this mechanism is ceased due to the re-introduction 

of ATP generation the mechanisms of which are poorly understood.  Early reperfusion 

of the ischaemic myocardium is important in preserving the function of the heart and 

reducing injury associated with acute myocardial ischaemia, yet can have 
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contradictory effects on tissue due to the accumulation of compounds leading to a 

complex process known as reperfusion injury.  Therefore, the generation of autophagy 

during ischaemia may be considered a protective influence in the CM and allow the 

tissue to recover from the effects of IR injury (Decker and Wildenthal, 1980).   

 

1.3.5 Alterations in Ca
2+

 homeostasis 

 

 A fifth contributor to IR injury is Ca
2+

-overload.  As mentioned above, 

reperfusion can activate various ion exchangers and channels on the sarcolemmal and 

SR membranes leading to an exponential increase in Ca
2+

 levels within the CM.  It is 

the Ca
2+ 

ions themselves that are responsible for the excitation-contraction (EC) 

coupling process in the myocyte (Duncker et al, 1998).  In addition, ATP hydrolysis, 

involves many cellular enzymes, which are stimulated by Ca
2+ 

(Duncker et al, 1998).   

 

 The mechanism behind Ca
2+

 overload is not entirely understood.  However, 

an increasing body of evidence suggests that the accumulation of Ca
2+

 together with 

ROS may be involved in IR injury (de Leiris and Boucher, 1990; Vanden Hoek, 

Changquing, Shao, Shumacker and Becker, 1997;  Fabiani, Ceconi, Alferi and Visioli, 

1993).  According to Ferrari et al (1993), Ca
2+

 overload may also promote the 

generation of free radicals by inducing damage to the electron transport chain (ETC) 

in the mitochondria, thus facilitating formation of ROS. 

 

 It has been proposed that the generation of ROS and Ca
2+

 overload during IR 

in the heart are considered to be the major causes of cell death.  There are several 

pathways of cell injury and mechanisms that lead to death of the CM.  Furthermore, 
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recent interest has focused on how particular cell death pathways contribute to IR 

injury. 

 

1.3.6 Role of neutrophils 

 

 During the process of IR, neutrophils (PMN) may lead to the exacerbation of 

damage through the release of pro-inflammatory mediators and RONS.  Accumulation 

of PMN at the site of damaged myocardium is thought to be the hallmark of 

reperfusion injury (Hoffmeyer et al, 2000).  Neutrophils are known to produce an 

array of toxic and damaging proinflammatory compounds, including arachidonic acid 

metabolites, platelet-activating factor, proteolytic enzymes and reactive oxygen 

species (Loukogeorgakis et al, 2010; Hoffmeyer et al, 2000). Neutrophil derived 

oxygen species include O2
-
, H2O2, •OH, and hypochlorus anion (OCl

-
) (Lucchesi, 

1990).  Each of these species are cytotoxic products generated by disruption of 

neutrophils (Lucchesi, 1990).  

 

 The process of destruction of the neutrophils leads to the generation of the 

cytotoxic RONS.  The NAD(P)H oxidase pathways are primarily involved in this 

process. The reaction which takes place in the cell membrane of neutrophils mostly 

involves the structural element flavocytochrome (b558 or b-245) that carries the 

noncovalently bound flavin adenine dinucleotide (FAD) co-factor and two haem-

prosthetic groups (Dodd-O and Pearse, 2004; Shatwal and Segal, 1996).  With the 

appropriate prompts, electrons pass from NADPH to FAD and haem followed by 

oxygen to produce these free radicals. 
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1.4.  The mechanisms behind cell death in the ischaemia-reperfused 

cardiac myocyte 

 

1.4.1 An introduction to oncosis, apoptosis and necrosis 

 

 The mechanisms behind myocardial cell injury and death in response to 

ischaemia or impaired coronary perfusion/thrombosis continue to be of considerable 

interest and relevance for the diagnosis and treatment of individuals with myocardial 

infarction.  A significant amount of research has documented the cellular and 

biochemical alterations that accompany the progressive reduction of ATP in response 

to an ischaemic event.  Ischaemic cells rapidly lose their ability to maintain a 

homeostatic environment characteristically displaying an alteration in fluid and 

electrolyte balance (as mentioned previously).  This subsequently leads the cell to 

enter the transition from reversible to irreversible cell death.  The following section 

will discuss the current findings behind the mechanisms of IR induced oncosis, 

apoptosis and necrosis. 

 

 Much controversy surrounds the scientific definitions of apoptosis and 

necrosis, though both have been considered to be the two fundamental forms of cell 

death.  According to Majno and Joris (1995), inconsistencies lie within the logic of 

such analysis.  More recent data now suggests that necrosis is not a form of cell death 

but an end stage of any cell death process (Buja, 2005).  The current thesis 

concentrates on the cell death processes of oncosis and apoptosis because of the clear 

and concise logic behind each phenomenon.    
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Figure 1.2 Schematic diagram representing the proposed morphological 

features of oncosis and apoptosis. (Source Majno and Joris, 2003) 

 

 The term oncosis (onkos is Greek for swelling) though established for more 

than a century, has not appeared to have been widely used in recent literature, in 

particular the areas of cardiovascular research and IR injury.  However, due to recent 

debate in the scientific community, the term appears to have gained more acceptance 

among cell death experts (Buja, 2005; Majno and Joris, 2003; Van Cruchten and Van 

den Broeck, 2002) and more clearly defines the morphological changes taking place 

as opposed to other forms of cell death. 
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 Therefore, following IR damage, CMs may undergo oncosis, cell injury with 

swelling, or apoptosis, which involves cell injury with shrinkage, inevitably resulting 

in necrosis (Figure 1.2). 

 

1.4.2 Apoptosis 

 

 Apoptosis is an ATP-dependent form of cell death characterised by cell 

shrinkage, blebbing and biochemical changes all highly regulated by various genetic 

mediators, often absent in an inflammatory response.  It must be considered that 

apoptosis is a normal phenomenon that serves to eliminate cells that are no longer 

needed, often represented in areas where populations of cells need to be highly 

regulated.  In these situations apoptosis is triggered by the mitochondrial (intrinsic) 

pathway and is attributable to an excess of pro-apoptotic proteins.  Cell death by 

apoptosis is also responsible for loss of cells in a variety of pathological conditions 

including IR injury, and can be initiated either by the activation of a death receptor 

(extrinsic) pathway or a mitochondrial pathway. 

 

 In the heart, apoptosis is initiated when cardiomyocytes are placed under 

stressful conditions, to release mediators and cytokines associated with the activation 

of the cell death process.  Apoptosis in the heart can be triggered by a variety of 

stimuli such as ROS and follow various pathways to “apoptotic necrosis” (or 

secondary apoptosis) like the extrinsic or death receptor pathway (Galang, Sasaki and 

Maulik, 2000; Gastafsson and Gottlieb, 2003).  Death receptors such as Fas (or CD95) 

located on the plasma membrane of the cell are a part of a family of receptors 

belonging to the TNF receptor family.  Upon binding to their respective ligand, they 
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activate a succession of downstream apoptotic machinery.  The Fas-Fas ligand (FasL) 

in particular uses the Fas associated death domain (FADD) to transduce its signal and 

thus activate the extrinsic pathway (Van Cruchten and Van den Broeck, 2002).  This 

leads to the recruitment and subsequent activation of apoptotic compounds known as 

cysteinyl aspartate specific proteases (caspases) in particular caspase-8 (Van Cruchten 

and Van den Broeck, 2002, Gastafsson and Gottleib, 2003; Kim, Chun, Park and Kim, 

1997)
 
(Figure 1.3).  Activation of caspase-8 leads to the downstream activation of 

caspase-3.  Caspase-3 appears to be responsible for the typical morphology used in 

the classification of apoptosis as it is involved in the breakdown of cytosolic and 

nuclear protein and double-stranded DNA (Van Cruchten and Van den Broeck, 2002).  

Caspase-3 is also involved in cleavage of poly ADP-ribose polymerase (PARP), 

which decreases its DNA repair activity, contributing to further DNA fragmentation 

(Lopez-Neblina, Toledo and Toledo-Pereyra, 2005). 
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Figure 1.3. Schematic representation of Caspase-3 activation via the extrinsic or 

Fas-Fas Ligand pathway.  (Source: Van Cruchten and Van Den Broek (2002). 
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 The changes that occur to the CM as a result of ischaemia often result in a 

dissipation of Δψm, a process often referred to as ‘mitochondrial permeability 

transition’ (Kim, Chun, Park and Kim, 2003; Susin et al, 1996) (Figure 1.4).  This 

intrinsic pathway of apoptosis results in the translocation of a pro-apoptotic protein 

called bax to the mitochondrial membrane, resulting in the release of cytochrome C 

(Van Cruchten and Van den Broeck, 2002).  Bax belongs to the Bcl-2 family of 

proteins, responsible for the regulation of apoptosis.  Though the mechanisms are still 

unknown, the anti-apoptotic protein  Bcl-2 acts an inhibitor to bax preventing its 

translocation to the mitochondria (Susin et al, 1996).  The release of cytochrome C 

then leads to its association with a protein called apoptotic peptidase activating factor-

1 (Apaf-1) (Qin et al, 2004; Susin et al, 2000) which then activates caspase-9 (Van 

Cruchten and Van den Broeck, 2002; Kim, Chun, Park and Kim, 2003). This 

subsequently leads to the activation of caspase-3 (Van Cruchten and Van den Broeck, 

2002; Kim, Chun, Park and Kim, 2003), thus resulting in apoptosis (Figure 1.4).  
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Figure 1.4. Schematic representation of intrinsic (mitochondrial) apoptosis in the 

CM. (Mitochondrial permeability transition = MPT) 

 

 Recent findings have also shown that both pathways work together rather 

than independently (Van Cruchten and Van den Broeck, 2002).  For example, 

caspase-8 can activate BID another member of the Bcl-2 family, which is also 

associated with the release of cytochrome C, and subsequent activation of caspase-9, 

however, further research is needed to clarify these mechanisms. 

 

 The importance of apoptosis in the analysis of IR injury has been 

demonstrated in various experimental models (Kajstura et al, 1996; Anversa et al, 

1998).  It is evident that a lack of understanding exists when it comes to identifying 

the exact modes of cell injury in the ischaemic myocardium and whether the effects of 

cell death are dominated by oncosis or apoptosis.  Some studies state that oncosis is 

experienced during ischaemia, where apoptosis only develops upon reperfusion 
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(Kajstura et al, 1996). Findings by Freude et al (1999), suggest that the longer the 

ischaemia period, the more likely the cell is going to die from oncosis, due to the 

progressive decrease of ATP in the cell.  Reperfusion, on the other hand, leads to the 

enhancement of apoptosis, as it restores the energy required for the completion of this 

cell death process (Eefting et al, 2004).  These findings have been supported by 

varying animal models and assays such as terminal deoxynucleotidyl transferase 

(TdT)-mediated biotinylated dUTP nick end-labelling (TUNEL) and DNA gel 

electrophoresis.  These techniques, however, are now considered obsolete, and the 

DNA analysis techniques are not considered specific for apoptosis, as stages of cell 

death leading to necrosis, whether by oncosis or apoptosis, have the potential to test 

positive, as both undergo stages of double-stranded DNA fragmentation (Buja and 

Entman, 1998).  Thus, new parameters need to be developed including morphological 

changes, membrane permeability defects, and detection of caspase and endonuclease 

activation in order to correctly distinguish between apoptotic and oncolytic cell death 

(Buja and Entman, 1998).   

 

 It is therefore important to understand the involvement of apoptosis and the 

extent to which it occurs in IR injury as opposed to oncotic cell injury.  Previous 

reports show that apoptosis cell injury occurs to an extent in IR injury and is based on 

the rate and availability of ATP (Van Cruchten and Van den Broek, 2002; Buja and 

Entman, 1998).  Therefore, such considerations will play a major role in determining 

whether the myocytes enter oncosis or apoptosis in response to IR.  Currently the 

most accepted interpretation behind the mechanisms of cell death in the CM is that 

apoptotic and oncotic mechanisms proceed together in ischaemic myocytes with 

oncotic mechanisms dominating the end-stage irreversible injury.  Further data 
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published by Scarabelli (2002) showed that cells exposed to ischaemia tested positive 

for cleaved forms of caspase-3.  This suggests that ischaemia without reperfusion can 

initiate the molecular pathway of apoptosis, although reperfusion is required to 

complete the DNA fragmentation and morphological changes characteristic of an end-

stage apoptotic cell. 

 

1.5.  Adenosine 

 

When levels of metabolic oxygen decrease causing a reduction in ATP level, 

as in the case of myocardial ischaemia, adenosine levels increase and is generated at 

regulated amounts depending upon the ratio of oxygen supply and demand.  The 

purine nucleoside adenosine and its contributing receptors are of particular 

importance in the area of cardioprotection (Ross et al, 2005).  Myocardial adenosine 

is believed to be an important contributor to cellular metabolism and coronary blood 

flow.   

 

As all cells in the body can utilise the production of ATP to enable various 

functions they perform, they are thus capable of producing adenosine (Shryock and 

Belardinelli, 1997).  Activation of the corresponding ADORs by adenosine follows a 

decrease in ATP production because the breakdown of ATP is needed to produce 

adenosine, and cannot be regenerated if oxygen is not present.  During the initial 

stages of reperfusion, adenosine is released and binds to its corresponding 

sarcolemmal membrane receptors (Mubagwa and Flameng, 2001).  The heart, like 

most other organs in the body contains an adenosine system that consists of a 
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receptor-effector complex, a mechanism to regulate formation and a system for 

removal and storage. 

 

 

Figure 1.5. Molecular Structure of adenosine 
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1.6.  Release of adenosine in the cardiovascular system 

 

Adenosine and its association in the cardiovascular setting was first discovered 

over eight decades ago (Drury and Szent-Gyögyi, 1929) and since then it has been 

recognised as an important and powerful cardiovascular regulator.   

 

One of the major pathways of adenosine formation involves the enzymatic 

dephosphorylation of AMP and 5’-nucleotidase and hydrolysis of 5-

adenosylhomocysteine (SAH) by SAH hydrolase, also known as the transmethylation 

pathway (Obata, 2002).  This pathway is important during pathophysical situations.  

As mentioned previously, ischaemia and hypoxia are some of the most potent 

initiators of adenosine formation, and will result in the acceleration of hydrolysis of 

AMP by 5’-nucleotidase when there is a discrepancy between energy supply and 

demand, as opposed to the transmethylation pathway, which requires oxygen (Obata, 

2002). 
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It has been proposed that the production of adenosine is directly proportional 

to the rate of myocardial energy metabolism; therefore the amount of adenosine 

produced correlates to the amount of ATP being utilised (Bardenheuer and Schrader, 

1986).  During ischaemia, ATP levels decrease, resulting in the increase of the 

breakdown components adenosine diphosphate (ADP) and 5’AMP, the latter acting as 

the substrate for adenosine formation (Bardenheuer and Schrader, 1986).  Increased 

levels of adenosine that occur during ischaemia must ultimately be salvaged and 

recycled or exported and lost from the cell.  Pathways for adenosine recycling include 

the rephosphorylation of AMP via adenosine kinase or downstream through 

catabolism of adenosine via the enzyme adenosine deaminase. 

 

Following intracellular production of adenosine, extracellular transport into 

the interstitial space takes place where its actions are exerted through a collection of 

receptors. Currently there are 4 known ADORs: ADORA1, ADORA2A, ADORA2B 

and ADORA3 (Fredholm et al, 2011).  Adenosine can be produced by a second 

source, which is the hydrolysis of S-adenosylhomocysteine, leading to the production 

of the by-product L-homocysteine.  This source slowly releases adenosine as free 

cytosolic adenosine  (Tabrizchi and Bedi, 2001; Bellardinelli, Linden and Berne, 

1989).  The processes of adenosine formation described above are part of the de novo 

synthesis pathways. 

 

1.6.1.  Adenosine metabolism and uptake 

 

When in the interstitial space, adenosine behaves as a local hormone for a very brief 

period.  It is produced on demand (Bruns, 1990), and has a half-life in order of one to 
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five seconds (Bruns, 1990; Bellardinelli, Linden and Berne, 1989; Shryock and 

Bellardinelli, 1997), before being recycled or catabolised.  This can occur either inside 

via an uptake system or outside of the cell.  The fate of adenosine is ultimately 

determined by four phenomena: [A] inactivation, [B] phosphorylation to AMP by 

adenosine kinase, [C] deamination by adenosine deaminase to form inosine or [D] 

uptake by the cell.  These describe the salvage pathways of adenosine metabolism 

(Tabrizchi and Bedi, 2001; Shyrock and Bellardinelli, 1997).  

 

Due to adenosine being a hydrophilic molecule, it therefore requires a specific 

transmembrane protein in order for it to be taken up by the cell.  In relation to cardiac 

tissue, two mechanisms for adenosine uptake exist.  These include equilibrative-

sensitive and sodium-dependent transport mechanisms.  Equilibrative-sensitive 

transport involves processes similar to facilitated diffusion and is controlled by an 

adenosine concentration-gradient.  The mechanism occurs in almost all cell types.  

Sodium-dependent transporters are found in specialised cells such as epithelial cells.  

This mechanism involves the inward transport of adenosine against its concentration 

gradient with the simultaneous outward transport of sodium ions down its 

electrochemical gradient (Cass, Young and Baldwin, 1998; Dekanski et al, 2004).  

These systems are saturable, especially in the setting of hypoxia and ischaemia, where 

adenosine concentrations are high. 
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1.7.  Adenosine Receptors 

 

Adenosine receptors (ADORs) were first defined pharmacologically based on 

their effects (inhibition or stimulation) of adenylyl cyclase (AC) and on their potency 

and selectivity of agonists and antagonists (Fredholm et al, 2011). With the 

advancement in molecular biology and cloning techniques, classification has been 

altered somewhat allowing a greater understanding into the mechanisms behind 

ADOR activation. All known ADORs are G-protein coupled receptors (GPCR) and 

display the characteristic seven-transmembrane structure.  This includes seven 

hydrophilic α-helical membrane-spanning domains connected by three extracellular 

and three intracellular loops, with the N- and C- termini of the protein located on the 

extracellular and intracellular sides of the cell, respectively.  Figure 1.6 gives a basic 

schematic diagram of the ADOR.   

  



 - 60 - 

 

Figure 1.6. Adenosine seven transmembrane receptor model.  Extracellular 

domains of the receptor are composed of the N-terminus, and extracellular loops 

(EI-III).  The intracellular domains consist of the C-terminus and intracellular 

or cytoplasmic loops (CI-III). (Source: Hutchinson and Scammels, 2004) 

  

All ADORs are coupled to their effectors or accessory proteins via a trimeric 

G protein complex (Mubagwa and Flameng, 2001; Hutchinson and Scammels, 2004).  

The process of the adenosine receptor signalling pathway usually follows activation or 

inhibition of the receptor, the G protein and the downstream signalling pathway 

response.  However, along the way several accessory proteins or G protein coupled 

receptor kinases (GRK), arrestins or regulators of G protein signalling (RGS) may be 

involved (Klinger, Freissmuth and Nanoff, 2002).  

 

 

Adenosine receptors are comprised of four receptor subtypes: ADORA1, 

ADORA2A, ADORA2B and ADORA3, which have been identified by extensive 
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molecular, biochemical and pharmacological studies (Fredholm, 2011).  The ADOR 

receptor subtypes are found in discrete areas of the cardiovascular system (Table 1.2).  

 

Table 1.2. Distribution of adenosine receptor subtypes (Bruns, 1990; Feoktistov 

and Biaggioni, 1990; Fredholm et al, 2011). 

ADOR Subtype Tissue distribution 

ADORA1 Atrial myocytes, ventricular myocytes, AV nodes, SA nodes 

ADORA2A Coronary endothelium (guinea pig, mouse), coronary vascular 

smooth muscle cells (guinea pig, mouse), ventricular myocyte. 

ADORA2B Coronary endothelium (rat), coronary vascular smooth muscle 

cell (rat) 

ADORA3 Coronary vascular smooth muscle cells (rat), ventricular 

myocytes 

 

Compared with other GPCR, they are small in size (Olah and Stiles, 1995).  

All adenosine receptors are coupled to their effectors via G-proteins, ADORA1 and 

ADORA3 subtypes coupled to Gi/o proteins leading to the inhibition of AC, activation 

of K
+
 channels, inhibition of Ca

2+
 channels and both activation and inhibition of 

phospholipase C, while the ADORA2 subtypes are coupled to Gs proteins leading to 

the activation of AC (Mubagwa and Flameng, 2001) (Figure 1.7).  While all of the 

adenosine receptor subtypes have a role in cardioprotection (Table 1.2), the main 

focus for this thesis will be ADORA1. 
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Figure 1.7. Signalling pathways of the adenosine receptors (Source: Jacobson 

and Gao, 2006). 
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1.7.1 Adenosine receptors and cardioprotection 

 

Table 1.3. Adenosine receptors and cardiovascular effects (Fredholm et al, 2011; 

Salvatore et al, 2000; Ralevic and Burnstock, 1998). 

ADOR 

Subtype 

Cardiovascular effects 

ADORA1 Bradycardia 

AV nodal conduction slowing 

Reduction of atrial contractility 

Inhibition of cardiac pacemaker cells 

Anti-β-adrenergic 

Glycolysis (increase/decrease) 

Ischaemic preconditioning 

Tolerance to hypoxia 

ADORA2A/

2B 

Vasodilation/hypotension 

Coronary vasodilation 

Inhibition of platelet adherence/aggregation to the vascular 

endothelium  

↓ adherence of activated neutrophils to the vascular endothelium 

and superoxide release 

ADORA3 Ischaemic preconditioning 

Increased mast cell activation 

Inflammatory pain 
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1.7.2 Adenosine A1 receptor and its role in cardioprotection 

 

All ADOR subtypes play an important role in protection of the heart from IR-

induced cell damage (Auchampach and Bolli, 1999).  In respect to cardioprotection, 

the ADORA1 has been of particular focus to researchers in recent years.  The specific 

subcellular events and signalling pathways of the ADORA1 are shown to have a 

strong influence over the cardiac myocyte, however, these are yet to be clearly 

identified. 

 

Extensive research involving transgenic mice have shown that over-expression 

of the ADORA1 is associated with a decrease in ischaemic damage to the heart 

(Mubagwa and Flameng, 2001).  It has been demonstrated that receptor quantity 

rather than agonist concentration limits the cardioprotective effects of adenosine in 

ischaemic mouse myocardium.  It was reported that the increased expression of 

cardiac ADORA1 in transgenic mouse models generated an ischaemic tolerant 

phenotype characterised by reduced contractile dysfunction, de-energisation, necrosis 

and infarction (Matherne et al, 1997).  The over expression of the ADORA1 also lead 

to the overall improvement in functional recovery. Findings have shown that 

ADORA1 over-expression may lead to the preservation of ATP stores by controlling 

mechanisms that regulated glucose uptake and electron transport chain function, 

however these exact mechanisms involved still remain to be elucidated (Lankford et 

al, 2002)   
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It has been widely accepted that activation of the ADORA1 results in the 

inhibition of AC activity, thus resulting in the reduction of intracellular cAMP levels.  

Cyclic AMP plays a major role in controlling multiple functions of the CM, including 

heart rate and muscle contraction, by regulating the passage of Ca
2+

 through L-type 

Ca
2+

 channels on the sarcolemma (Ralevic and Burnstock, 1998; Burkart et al, 2003).   

 

Stimulation of protein kinase C (PKC) by the ADORA1, and the downstream 

signalling pathways involved, has also been of particular interest.  However, the 

cascade of events that leads
 
to the activation of PKC in response to agonist binding to

 

ADORA1 is still unclear.  There are currently 12 known forms of the PKC enzyme, 

each exhibiting different effects on the cell.  It has been proposed that activation of 

the ADORA1 results in the translocation from the cytosol to the membrane of one or 

two isoforms of PKC. In particular PKC-ε, which is believed to phosphorylate H
+
 and 

Ca
2+

 channels leading to the alteration of intracellular pH and Ca
2+

 levels and an 

improved ischaemic tolerance in the heart (Burkart et al, 2003; Rohs, Kilgore, 

Georges and Bolling, 1998).  Other PKC isoforms have also been associated with the 

modulation of Ca
2+

 inside the cell (Rohs, Kilgore, Georges and Bolling, 1998; Zucchi 

et al, 2002).   Comprehensive findings have been published, explaining the proposed 

mechanisms behind cardiac Ca
2+

 regulation and reduced contractility via the 

ADORA1.  PKC-α, a predominant isozyme expressed in the mouse and rabbit heart, 

has been defined as the fundamental regulator of cardiac contractility, though very 

little is understood of its direct function in the heart (Braz et al, 2004).  With respect 

to Ca
2+

 handling, it is believed that PKC-α indirectly regulates phospholamban B 

(PLB), a protein located on the sarcoplasmic reticulum Ca
2+

 channel (SERCA), which 

inhibits the channel’s ability to take in cytosolic Ca
2+

 (Braz et al, 2004; Yamamura, 
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Steenbergen and Murphy, 2005).  Endogenous adenosine, which is produced during 

ischaemia, is released, stimulating ADORA1s, which activate PKC-α up-regulation.  

Increased PKC-α levels leads to phosphorylation of PLB, causing it to dissociate from 

SERCA, allowing the uptake of Ca
2+

 and reducing contractility (Braz et al, 2004; 

Nayeem and Mustafa, 2002).   

 

Studies have also reported that ADORA1 inhibit glycolysis, contributing to the 

impaired mechanical functioning and decreased levels of H
+
 within the cell, leading to 

a reduced potential for intracellular Ca
2+

 accumulation (Finegan, Lopaschuck, Gandhi 

and Clanachan, 1996; Salvi, 2001).  Another mechanism by which the ADORA1 

protects the CM, is reduced oxygen radical injury (Narayan, Mentzer and Lasley, 

2001).  It has also been reported that the ADORA1 stimulates various cellular 

antioxidant enzymes, including superoxide dismutase and glutathione peroxidise 

(Gebermedhin et al, 2010; Shahraki and Stone, 2004; Hochhauser et al, 2004).  Both 

adenosine and ADORA1s have been shown to attenuate the deleterious contractile and 

metabolic effects of several ROS, including hydrogen peroxide and superoxides.  This 

suggests that the actions of the ADORA1 may play a role in counteracting the harmful 

effects of ROS and thus attenuate apoptosis and myocardial infarction.  In fact, 

ADORA1 activation is believed to reduce apoptosis by increasing expression of the 

anti-apoptotic protein Bcl-2 and decrease expression of the pro-apoptotic protein bax, 

thus reducing cell injury caused by IR (Lankford et al, 2002).  Findings by Regan et 

al (2003) showed that ADORA1 activation attenuated apoptosis in IR-injured CMs 

and also reported a reduction in caspase-3 activity.  However, because these studies 

were performed using transgenic mice over-expressing the ADORA1, it is unknown 

whether such a phenomenon would occur in wild-type (WT) mice.  Furthermore, 
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ADORA1 transgenic mice have been shown to exhibit improved functional recovery 

over WT mice based on bioenergetic measurements (Headrick, Hack and Ashton, 

2003).   

 

1.8.  Clinical utilisation of adenosine and cardioprotection 

 

The use of adenosine in a clinical setting in order to prevent damage induced 

by ischaemia has been proposed (Kitakaze and Hori, 1998).  In fact, the AMISTAD-I 

and II trials have been performed involving administering adenosine to patients within 

a few hours of suffering a heart attack (Ross et al, 2005).  Although results showed a 

reduction in infarct size after adenosine was administered with higher doses, the 

overall conclusions showed it was not effective in reducing myocardial damage (Ross 

et al, 2005).  Unfortunately, several issues underpinned the effectiveness of such as 

study.  Firstly, the number of participants was significantly lower than what was 

needed to perform adequate power analysis. Secondly, adenosine was also given to 

patients who did not undergo successful reperfusion, when clearly the beneficial 

effects have only been observed experimentally during reperfusion. According to 

Ross et al (2005), the commencement of an adenosine infusion within 15 minutes of 

either the start of thrombolysis or before percutaneous coronary intervention (PCI), 

needed to occur in order for its effects to be observed. Furthermore, the infusion 

needed to continue for at least three hours. 

 

Adenosine has also been trialled in patients awaiting coronary bypass surgery, 

where preconditioning with adenosine resulted in the decreased breakdown of 

essential phosphates during surgery (Cohen et al, 1999; Lee, LaFaro and Reed, 1995; 
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Thornton et al, 1992).  This is due to the activation of both the ADORA1 and 

ADORA3, which mediates the cardioprotective affects of the administered adenosine.  

Activation of the ADORA1 and ADORA3 have been widely accepted as the two 

receptors responsible for implicating the cardioprotective effects during an ischaemic 

event (Liang and Jacobson, 1998; Das, Cordis, Maulik and Das, 2005).  In fact, recent 

findings involving the compound resveratrol, found in red grapes, concluded that its 

cardioprotective effects were due to the stimulation of the ADORA1 and ADORA3 

(Das, Cordis, Maulik and Das, 2005).  Though the exact mechanisms are yet to be 

elucidated it is believed that the ADORA1 mediates the effects of the ADORA3 via a 

cross-talk mechanism in the CM.   

 

The ADORA1 has also been known to attenuate responses mediated by the 

ADORA2A subtype.  It is well established that the ADORA2A (and to some extent 

ADORA2B) mediates adenosine-induced coronary vasodilation.   However, recent 

findings have also suggested a co-regulatory role involving the ADORA1 (Tawfik, 

2006).  It has been shown that the ADORA1 may negatively modulate coronary flow 

by mediating vasoconstriction (Tawfik et al, 2006).  However, the magnitude and rate 

of ADORA1 regulation of the ADORA2A in regards to coronary flow is still unknown.   

 

Although many attempts have been made to determine the mechanisms of the 

ADORA1, it is also important to determine whether the effects of adenosine are more 

effective prior to or following a myocardial infarction. 
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1.9.  Attenuation of apoptosis via the Adenosine A1 Receptor  

 

The attenuation of apoptosis via the ADORA1 has been thoroughly 

investigated in porcine kidneys (Lee et al, 2007) and rat brains (D’Alimonte et al, 

2007).  The specific second messenger pathways involved in attenuating the specific 

pro-apoptotic components such as Caspase-3 and p38 MAPK are yet to be elucidated.  

It is believed that cross-talk amongst different cell mediators are involved, including 

the activation of PI3K/Akt pathway and atypical PKC isoforms (ζ, λ), which lead to 

the potential phosphorylation/inactivation of pro-apoptotic proteins (Figure 1.8) 

(Berra, Diaz-Meco and Moscat, 1998). 
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Figure 1.8. Proposed cross-talk among different stress and survival signalling 

pathways (aPKCs = atypical PKCs; Akt = serine/threonine signalling kinase ; 

PI3K = phosphoinositol 3-kinase; ERK= extracellular signalling kinase ). 

 

The deleterious effects of IR injury, Ca
2+ 

accumulation and ROS production 

can lead to the activation of a selection of cell death and pro-inflammatory mediators 

including c-Jun NH2-terminal
 
kinase (JNK), p38 MAPK and TNF-α (Berra, Diaz-

Meco, Moscat, 1998; Dhingra  et al, 2007).  The activation of these specific signalling 

kinases essentially primes the cell for death, and are involved in apoptotic process 

such as DNA fragmentation and caspase activation (Dhingra et al, 2007; Tuner et al, 

1998).  To oppose these effects are extracellular signal-regulated kinases (ERKs) 

which inhibit the effects of JNKs and p38 MAPKs (Liu and Hoffmann, 2004). 

 

It has been proposed that activation of the ADORA1 may lead to the up-

regulation of ERKs possibly via the PI3K/Akt pathway (Lee et al, 2007; D’Alimonte 



 - 71 - 

et al, 2007), therefore, inhibiting the effects of pro-apoptotic proteins such as caspases 

and allowing cell survival.  It has been shown that this particular pathway may also 

decrease the Bax/Bcl-xL ratio as well as up-regulate Bcl-xL, thus inhibiting the 

development of the MPT and the release of cytochrome C and caspase independent 

pro-apoptotic proteins such as apoptosis inducing factor (AIF) (Susin et al, 1996).  

 

Since apoptosis is an important mode of cell dysfunction in an IR heart, the 

involvement of the ADORA1 in CMs may suggest novel approaches for the treatment 

of cardiomyocyte injury associated with apoptosis. 

 

1.10. Role of full and partial adenosine agonists 

 

The role of adenosine and its effects as a powerful physiological mediator has 

been appreciated for many decades.  However, it was not until researchers discovered 

the antagonistic effects of methylxanthines such as caffeine, that ADORs were finally 

postulated (Schulte and Fredholm, 2003).  Before the development of molecular 

biology techniques to identify receptors, each of the ADOR subtypes were classified 

according to their selective or differential response to a variety of agonists and 

antagonists. 

 

Agonists are pharmacological compounds that bind to a receptor to stimulate a 

downstream response in the cell, whereas an antagonist blocks the actions of the 

endogenous mediator and does not induce a response.  Now after more than three 

decades of medicinal chemistry and pharmacology a significant number of adenosine 

agonists and antagonists have been synthesized advancing  the potential for use in 
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therapeutic applications (Jacobson and Gao, 2006). Agonists in particular have been 

studied extensively due to their ability to activate respective 

AR subtypes involved in protecting the heart against IR 

injury (Jacobson and Gao, 2006; Das et al, 2005). 

 

The major approach leading to the discovery of 

adenosine agonists have been the extensive remodelling of 

the adenosine molecular structure itself (Figure 1.5).  As a 

result various full and partial adenosine agonists have been 

created.   

 

Full agonists with high efficacy bind to the ADOR, 

eliciting a full pharmacological response.  These include compounds such as 

cyclopentyladenosine (CPA, Ki 0.8nM, Figure 1.9) and (R)-phenylisopropyladenosine 

(R-PIA; Ki 860nM) (Lohse et al, 1988).  A partial adenosine agonist, however, is a 

low-efficacy ligand that, in contrast to a full agonist, elicits only a sub-maximal 

response when occupying all (>95%) available receptors (Yan et ali, 2003).  Because 

adenosine and ADORs are rather ubiquitous in the body and as a result has many 

potential biological implications, many efforts have been made to understand the 

structure-activity relationships of ADOR full and partial agonists. 

 

Greater understanding of adenosine derivatives has lead research to focus 

more on developing effective adenosine partial agonists. The reason for this is that 

there are several therapeutic advantages compared to full agonists.  Firstly, partial 

agonists are less effective than full agonists in evoking a response in tissue with low 

Figure 1.9. Molecular 

structure of N
6
-

cyclopentyladenosine 

(CPA).  
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amplification of the signal transduction pathways and will elicit fewer responses in an 

animal (Yan et al, 2003).  Secondly, a partial agonist may selectively target a tissue 

with a high density of target receptors, therefore reducing any unwanted side-effects.   

 

One particular study compared a collection of ADORA1 partial agonists with 

the ADORA1 full agonist CPA.  It was discovered that the partial agonists elicited a 

less-pronounced decrease in heart rate and blood pressure and caused less 

cardiovascular side-effects (Yan et al, 2003).  

 

1.11 ADORA1 Partial Agonists 

 

The ADORA1 partial agonists developed by the Victoria College of Pharmacy 

were tested for potency and efficacy.  Three ADORA1 partial agonists VCP101, 

VCP102 and VCP104 were examined for their relative potency.  The partial agonists 

were selected based on their high affinity for the ADORA1 receptor (see Table 1.4).   
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Table 1.4. Relative potency of selected synthesised adenosine receptor agonists 

developed by Victorian College of Pharmacy. 

Agonist 

Human 

A1  

Ki (μM) 

Human 

A2A 

Ki (μM) 

Human 

A2B 

Ki (μM) 

Human 

A3 

Ki (μM) 

VCP101 0.032 ± 0.006  >10 μM 8.58 ± 0.90 0.084 ± 0.001 

VCP102 0.007 ± 0.001 >10 μM 1.45 ± 0.075 0.023 ± 0.001 

VCP103 0.243 ± 0.053 >10 μM 6.96 ± 2.83 0.045 ± 0.012 

VCP104 0.053 ± 0.011 >10 μM 2.53 ± 0.89 0.025 ± 0.002 

 

Of the three partial agonists tested, one in particular, N
6
-[4-[1,1,3,3-

tetramethylisoindolin-2-ylolyl-5amido]ethyl]phenyl]adenosine (VCP102) was shown 

to act as a partial agonist, with similar potency as the ADORA1 full agonist CPA 

(Figure 1.9) but with reduced efficacy.  The compounds developed by the Victorian 

College of Pharmacy also have chemical moieties that confer antioxidant activity on 

the ADORA1 partial agonists.   

 

Antioxidants provide cardioprotection by an array of mechanisms including 

direct scavenging of the superoxide anion, one of the major free radicals produced in 

ischaemia-reperfusion injury. In addition, these antioxidants are believed to be 

involved in the modulation of serum complement activity, as well as the reduction in 

the levels of C-reactive protein (CRP) and the membrane attack complex (MAC) in 

infarcted tissue, suggesting that these groups provide an anti-inflammatory role 

(Gregg et al, 2007). Exercise protects the heart in part by increasing the expression of 

antioxidant enzymes. Furthermore, some drugs currently in clinical use, such as anti-

hypertensive agents including angiotensin-converting enzyme inhibitors and 
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angiotensin receptor blockers and anti-hyperlipidemic reagents like statins, may also 

protect the heart via antioxidant action in addition to their primary pharmacological 

effect (Bandyopadhyay et al, 2004).  
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Figure 1.10. Concentration response curves to CPA and VCP compounds in 

murine isolated hearts.  

 

However, new pharmacologically active compounds like VCP102 need to 

meet very strict guidelines if they are to become potential drug candidates.  In regards 

to effective pharmaceutical design, various problems and obstacles often arise in 

developing cardioprotective drugs.  In order to avoid serious side-effects, strict 

selectivity to specific ADOR subtypes is essential.  Expression of ADOR subtypes 
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and selectivity among various animal species must be investigated, including humans.  

Another aspect to consider in the development of adenosine analogues is the fact that 

being nucleoside compounds, they may have a potential to interfere with nucleoside 

metabolism and might act as anti-metabolites in nucleic acid synthesis (Yan et al, 

2003).   

 

The intensity of the receptors exposure to an agonist can also result in changes 

to regulatory mechanisms of the receptor.  This can occur by a variety of mechanisms. 

 

1.12 Receptor Desensitisation 

 

Over stimulation of the ADOR with agonists can lead to desensitisation or a 

decrease in the functional response mediated by the receptor (Yan et al, 2003).  This 

can occur during treatment with adenosine agonists.  A series of regulatory proteins 

and cellular signalling events have been known to play a role in the desensitisation 

process.  All ADOR subtypes are known to display different responses to 

desensitisation over a short (minutes) or long (hours) period of time (Olah and Stiles, 

1995).  

 

After a short period (approximately 15-min) of exposure to agonists such as R-

PIA, the ADORA1 exhibits uncoupling from the Gi proteins due to phosphorylation, 

caused by receptor specific kinases (Saura et al, 1998).  Prolonged exposure to an 

agonist has been shown to induce clustering of receptors, internalisation and receptor 

desensitisation (Yan et al, 2003; Ciruela et al, 1997; Ferguson, 2001).  Functional 

desensitisation of the ADORA1 has also been associated with a decrease in Gα subunit 
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expression at the protein but not at the mRNA level (Olah and Stiles, 1995).  

Desensitisation has also been observed with most GPCR agonists (Yan et al, 2003; 

Olah and Stiles, 1995).   

 

Figure 1.11. Representation of the desensitisation and resensitisation process of 

adenosine receptors (Source: Sorkin and Zastrow, 2002) 

 

Both ADORA2 and ADORA3 have been shown to desensitise more rapidly 

than the ADORA1 (Yan et al, 2003).  However, according to Olah and Stiles (1995), 

this appears to be species-specific phenomenon.   

 

Several investigations have reported that upon agonist-ligand binding, the AR 

becomes phosphorylated by receptor-specific kinases (RSKs) or kinases regulated by 

second messengers such as PKA or PKC (Jacobson and Gao, 2003; Yan et al, 2003; 

Ciruela et al, 1997).  As a result, the G-protein complex detaches or uncouples from 

the receptor.  Subsequently, downstream responses cease due to this.  
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Uncoupling of the adenosine receptor from the G-protein complex leads to the 

receptors’ translocation into intracellular compartments, such as, lipid rafts or 

caveolae (Sorkin and Zastrow, 2002; Hill, 2006) (Figure 1.11).  The mechanisms 

behind the internalisation process are not well understood, however, in some cases the 

process is irreversible, and certain receptors are targeted for degradation (Bunemann 

et al, 1999).  However, more often internalisation is reversible and sequestered 

receptors are translocated back to the cell surface (Figure 1.11). 

 

Further long-term exposure to agonists follows down regulation of receptors 

and up-regulation of inhibitory G-proteins (Ciruela et al, 1997).  Down-regulation 

usually results in a decrease in the number of receptors, often caused by receptor 

destruction in lysosomes (Bunemann et al, 1999).    

 

Adenosine receptor desensitisation has been studied in both animal and cell 

line models to gain insight into the stability and phosphorylation of the receptor, to 

elucidate how the process of regulation occurs.  Two key factors governing the degree 

of receptor desensitisation include the concentration of the agonist and the time of 

exposure to agonist. 

 

The phenomenon of desensitisation is an important consideration in the area of 

drug design.  Previous studies have indicated that partial agonists cause less 

desensitisation than full agonists, however, the molecular mechanisms behind this has 

not yet been thoroughly investigated (January et al, 1997).   
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Another aspect to consider in the development of adenosine analogues is the 

fact that being nucleoside compounds, they may have a potential to interfere with 

nucleoside metabolism and might act as anti-metabolites in nucleic acid synthesis 

(Yan et al, 2003).   

 

1.13 Rationale for Research 

 

As previously mentioned, the ADOR plays a significant role in the 

cardiovascular system.  Of these roles, regulation of coronary blood flow and 

contractility remain the most recognised functions.  This ultimately influences cardiac 

function and provides protection in the setting of hypoxia and ischaemia.  Clinically, 

myocardial infarctions and ischaemic events continue to play a leading role in 

moribidity and mortality worldwide due to irreversible and reversible damage to the 

heart.  However, adenosine and its receptors can provide a means of protecting the 

heart against these events.  In particular, the use of ADORA1 agonists following 

ischaemic episodes, also known as post-conditioning, can provide an avenue of 

protection and support for the myocardium.  This phenomenon is especially relevant 

to clinical research when often or not ischaemic episodes or MIs cannot be predicted.  

The mechanisms to which these changes occur remain to be elucidated.  

 

This thesis has adopted the model of global ischaemia based on its already 

extensive use in cardiovascular research.  Much of the published literature discusses 

global ischaemia in mouse hearts as the equivalent of a human heart undergoing 

coronary bypass surgery, while LAD techniques is designed to represent coronary 

artery occlusion that occurs during regional ischaemia.  This chosen model will help 
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to demonstrate the effects of ADORA1 full and partial agonists, and elucidate their 

potential role in the setting of surgery and coronary angioplasty. 
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1.14 Research Aims 

 

The aims of the research presented in this thesis are as follows: 

 

Chapter 3: In vitro model of ischaemia-reperfusion injury in the H9c2 adult cardiac 

myocyte. 

To investigate the effects of VCP102 in the recovery of cardiac myoblasts from 

ischaemia-reperfusion injury with respect to oncotic and apoptotic processes and 

reduction of ROS production. 

 

Chapter 4: Functional properties and responses of altering ischaemia-reperfusion 

time protocols in the mouse heart. 

To determine the time frame of ischaemia-reperfusion for inset of apoptosis or 

oncosis in the isolated heart. 

 

Chapter 5: Functional responses to adenosine A1 receptor partial agonsists in 

ischaemia-reperfused mouse hearts. 

Chapter 6: Functional responses to adenosine allosteric enhancers in ischaemia-

reperfused mouse hearts. 

To study the effects of the post-ischaemic addition of a partial agonst of the 

ADORA1; VCP102, or allosteric enhancer of ADORA1; VCP333 on functional 

recovery and cell death in the heart.  
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The isovolumetrically-contracting ‘Langendorff-perfused’ murine heart model 

was the central model employed in this thesis.  A retrograde-perfused isolated mouse 

heart can provide invaluable information about myocardial function and its response 

to various pharmaceutical experimental models.  The concept of ischaemia-

reperfusion in isolated organ models can include the aspect of regional ischaemia to 

an area of tissue, for example the ligation of the left anterior descending coronary 

artery, low-flow ischaemia or total global ischaemia, which was the model adopted in 

this project.  The assessment of IR in an isolated heart is the preferred method as 

opposed to in vivo studies as it can supply standardised physiological measurements 

without the interference from whole animal effects such as peripheral organ systems, 

neurohumoral factors and systemic circulation.   

 

There are two methods employed in the perfusion of an isolated heart, the 

working heart model and the Langendorff preparation.  Due to the difficulty of the 

working heart model using a mouse heart and the physiological variables that were 

studied in this thesis, the Langendorff isolated heart perfusion was adopted. 

 

2.1  The Langendorff heart 

 

The Langendorff isolated heart perfusion model involves the cannulation of 

the ascending aorta, and perfusion in a retrograde manner, as the perfusate travels in 

an opposite direction to normal left ventricular (LV) output.  The perfusate can be 

delivered at a constant pressure or flow, however, both can increase pressure at the 

aortic root until the aortic valve leaflets are forced shut, redirecting flow to the 

coronary vasculature.   
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2.1.1. Method of Physiological Assessment 

 

Assessment of cardiovascular functional parameters in the Langendorff model 

can be made via isovolumetric contraction against an interventricular fluid-filled 

balloon.  Though technically challenging when attempting placement in small murinic 

hearts, it does provide optimal measurements in global ventricular function, especially 

the aspects of circumferential shortening of LV function during ischaemic insult.  

Thus, this method was selected for the assessment of drugs acting on cardiac 

ADORA1. 

 

2.1.2. Limitations  

 

The Langendorff perfusion model is an ex vivo heart model, thus a 

continuously deteriorating preparation, especially after 2 hours.  Even though isolated 

hearts are free from factors including sympathetic control, peripheral vascular factors 

and effects of circulating hormones, the model can be considered advantageous in 

terms of experimental control.  Furthermore, the use of the crystalloid Krebs-

Henseleit buffer, which lacks any blood-borne and cellular components, in particular 

those of immune origin.  The in vivo model can provide a measure of the macrophage 

and neutrophil response in the ischaemic setting, which is absent in the isolated 

perfused heart.   
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2.1.3. Specific method of Langendorff perfusion 

 

The Griffith University Animal Ethics Committee approved this project; under 

the animal ethics number HSC02/07. Isolated heart preparations were investigated 

using 6-7 week old male C57/Black mice, which were anaesthetised with 50mg.kg
-1 

sodium pentobarbitone intraperitoneally.  Following confirmation of anesthetisation, a 

thoracotomy was performed and hearts will be rapidly excised and placed in ice-cold 

perfusion fluid.  The aorta was cannulated (21-gauge modified stainless steel needle) 

and held in place with an aneurysm clip before secured using a 4-0 silk suture.   

Hearts were perfused in a retrograde fashion at a hydrostatic pressure of 80mm Hg 

with a modified Krebs-Henseleit solution (KHB) containing (in mM): NaCl 120; 

NaHCO3 22; KCl 4.7; K2HPO4 1.2; Glucose 11.0; MgCl 1.2; CaCl2 2.5 and EDTA 

0.5, which was prepared in Milli-Q water at room temperature. 

 

Perfusate was equilibrated with carbogen gas (95% O2 and 5% CO2) at 37°C 

to give a pH of 7.4.   The perfusing solution was passed through a 0.45µM Sterivex-

HV filter (Millipore, Bedford, MA, USA) in order to provide continuous removal of 

particulates.    In order to avoid intraventricular pressure from the perfused buffer, a 

small polyethylene tube was vented through the left ventricle and then out through the 

apex of the heart. 

 

A small fluid filled balloon of approximately 5mm in diameter was inserted 

via the mitral valve into the left ventricle to permit a continuous measurement of left 

ventricular function.  Hearts were then placed into a glass organ bath which provided 

continuous flow of the perfusate at 37.4°C.  The perfusing solution was delived to the 
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overflow chamber via a peristaltic pump operating at 35-40 ml/min.  The temperature 

of the physiological salt solution was constantly monitored using the Fluke 51 II 

Thermometer (Fluke Corporation, Everett, WA), which was connected to a needle 

thermistor at the entry into the aortic cannular.   

 

The Langendorff isolated heart perfusion system permitted the measurement 

of various functional parameters including coronary flow rate, left ventricular end 

systolic pressure (LVESP), left ventricular end diastolic pressure (LVEDP), 

contractility (measured through the inotropic changes, max/min dP/dt) and heart rate.  

Coronary flow rate was monitored using an ultrasonic flow probe connected to a 1-

channel flow meter (Model T106, Transonic systems, Ithaca, NY, USA).  An end-

diastolic pressure of approximately 5mmHg was achieved by inflating the fluid-filled 

ventricular balloon using a 500µL Hamilton threaded plunger syringe (Hamilton Co., 

Reno, NV, USA). 

 

To ensure the Lagendorff apparatus was operating effectively at all 

physiological variables (ie. Temperature flow and pH), a small group of paced hearts 

(n = 6) were first analysed.  Following this, a selection of paced hearts (480 beats min
-

1
; n = 8) then underwent ischaemia at selected time periods of 15, 20, 25 or 30-mins.  

To commence ischaemia, coronary flow and pacing to the heart was then switched off 

according to the selected time and kept at 37°C in the isolated bath.  

 

Following ischaemia each group was then be exposed to various time periods 

of reperfusion (0, 30, 60, or 120-mins). Data samples in all experiments were taken at 
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pre-pacing, 10-min pre-ischaemia, 5-min intervals during ischaemia and at 1, 2, 5, 10, 

20 and at 10-min subsequent intervals depending on the time length of reperfusion. 

 

 

2.1.4. Data analysis for isolated heart studies 

 

All data points were represented as mean ± SEM.  Treatment groups were 

analysed using one-way ANOVA and Tukeys post hoc using GraphPad Prism 5.0. 

Differences were considered significant for P <0.05. 
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2.2 Overview of Western Blot Technique 

 

In order to detect the presence of pro-apoptotic protein production in the heart, 

Western blots were performed to provide a semi-quantitative analysis of these tissues.  

Western blotting can be an effective and useful method of detecting and 

characterising small quantities of proteins such as caspases.  It also provides higher 

specificity of protein detection as compared to other techniques such as enzyme-link 

immunosorbent assay (ELISA).  The measurement of proteins using Western blotting 

can also have its limitations, for instance, antibodies used may cross-react with other 

proteins therefore leading to incorrect labelling.  Because the process involves 

numerous steps, it therefore results in a higher chance of technical error.  

 

2.2.1 Tissue sample preparation 

 

Tissue samples were obtained from the functional heart experiments and kept 

in storage in a -80ºC freezer, then thawed when needed.  The thawed heart tissue was 

homogenised using a standard RIPA buffer (Tris-HCl 50mM, pH 7.4, NP-40 1%, Na-

deoxycholate 0.25%, NaCl 150mM, EDTA 1mM, PMSF 1mM, Protease Inhibitor 

10µl/ml) and quantified using the Bicinchoninic acid (BCA) protein assay kit (Pierce 

Biotechnology Inc.). 
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2.2.2  Protein separation and blotting 

 

Protein extracts (supernatant; 100μg/lane) were separated by SDS-PAGE 

using a 12% acrylamide gel at approximately 150V for 90-min.  Fragment sizes were 

then measured using the Kaleidescope Protein Ladder (Bio-Rad®, USA).  Following 

separation, the proteins were transferred to nitrocellulose membrane (Bio-Rad®, 

USA) at 100V, 350mA for 60-mins.  After the transfer, the membrane was removed 

and then incubated with blocking solution (Tris Buffered Saline-Tween (TBS-T)/5% 

(w/v) skim milk powder) for 60-min.  Following required wash steps with TBS-T, the 

membrane will then be incubated with a selection of primary antibodies, including 

anti-Caspase-3, 8, 9, anti-AIF, anti-bax, and anti-Bcl-xL  (0.5µg/ml; Santa Cruiz, CA, 

USA) for 60-min in blocking solution.  The membrane was then washed again with 

TBS-T before being incubated with the corresponding secondary antibody for 60-min 

in blocking solution.  Following final incubation and washing of the membrane, 8ml 

of Western blot chemiluminescence substrate (Pierce, USA) was pipetted over the 

membrane and left to incubate for 5-min and the bands were semi-quantified using the 

software Quantitiy One v4.5 (Bio-Rad®, USA). 

 

 

2.2.3  Data analysis for Western blot studies 

 

All data points were represented as mean ± SEM, unless stated otherwise.  

Treatment groups were analysed using one-way ANOVA and Tukeys post hoc using 

GraphPad Prism 5.0. Differences were considered statistically significant for P <0.05. 
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2.3 Overview of Cell culture Techniques 

 

The cardiomyocyte-culture based system is a widely used model for investigating 

drug and hormone effects on different cellular mechanisms (Ghigliotti et al, 2005).  

The H9c2 cardiomyocyte, first described by Kimes and Brandt (1976), derived from 

embryonic rat ventricle and shows both cardiac and skeletal muscle cell properties.  It 

has been used in several studies to investigated different intracellular pathways and 

mechanisms (Sipido and Marban, 1991; Wu et al, 1996; Chen et al, 2000).  Though it 

is phenotypically distinct from cardiac myocyte, this cell line was adopted for use in 

the following experiments. 

 

2.3.1 Materials and culture of H9c2 cells 

 

H9c2 cells were obtained from the American Tissue Culture Collection 

(ATCC, Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium 

(DMEM, Invitrogen, USA) supplemented with 10% (v/v) fetal bovine serum (FBS), 

100 U/ml penicillin streptomycin at 37ºC in 95% air-5% carbon dioxide (CO2).   

 

2.3.2 Induction of apoptosis 

 

Subcultured cells were grown in 75cc flasks (BD Biosciences, USA) for 24 

hours before apoptotic treatments.  At this time, cells reached 80% confluence.  The 

process of simulated ischaemia was achieved by replacing the culture medium with a 

glucose-free DMEM (Invitrogen, USA) and placing the flasks in an anerobic 

workstation, saturated with 5% CO2-95% nitrogen (N2) at 37ºC for 24 hours.  
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Following this time period cells were then removed from the workstation and replaced 

with the original DMEM culture medium containing either VCP102 (10µM), CPA 

(10µM), VCP102 and MRS1191 (200nM), VCP102 and DPCPX (10nM), CPA and 

MRS1191 or CPA and DPCPX for two hours.  After this time the media was replaced 

again containing only DMEM, FBC and pencillin/streptomycin for a total of 24 hours.  

 

 

2.3.3 Cell death and Superoxide production 

 

Apoptotic H9c2 cells were detected by both propidium iodide (PI) and 

Annexin V labelling.  Following the simulated ischaemia-reperfusion protocol H9c2 

cells were trypsinized and washed twice with PBS.  Cells were resuspended in 

binding buffer (BD Biosciences, USA) in a 500µL siliconised propylene tube with a 

filtered lid (BD Biosciences, USA).  Human placenta derived Annexin V FITC 

conjugate (Sigma, USA) was added (2µL) to each cell sample and incubated for 30 

min in the dark at 2-8ºC.  Following this 200µL PI was added to each sample and 

stained for a further 15 minutes at room temperature.  An additional two samples were 

also prepared including an oncotic necrosis sample, which included normoxic H9c2 

cells treated with 0.1% SDS to simulate cell lysis to which PI was added and a 

positive apoptotic necrosis sample to which staurosporine (1µM) and Annexin V was 

added to normoxic H9c2 cells.  These additional cell samples were used to calibrate 

the fluorescence spectrum of the two probes to gain to ensure an accurate 

representation of cell death was being measured.  Cell samples were measured by 

flow cytometry (FACScalibur, BD, USA) and analysed using the CellQuestPro image 
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software (BD, USA). Cell death was analysed based on the intensity of FL1 (Annexin 

V) and FL2 (PI). 

 

Reactive oxygen species production was measured with flow cytometry using 

the dihydroethidium probe (DHE; Sigma, USA).   DHE is a cell-permeable 

fluorescent dye that is oxidised by reactive oxygen species, with the relative 

selectivity for superoxide, to ethidium bromide, which subsequently interacts with the 

DNA and is trapped in the nuclei of the H9c2 cells.  Ethidium bromide is excited at 

488nm and emits light at 610nm.   

 

2.3.4 Statistical Analysis 

 

All data points represent mean ± SEM.  Experiments were repeated three times and 

analysed with one-way ANOVA and Tukeys post hoc with GraphPad Prism 5.0.  

Differences were considered significant for P <0.05. 

 

2.3.5 Immunocytochemistry 

 

H9c2 cells were grown on 6mm coverslips in 35-mm culture dishes (Falcon) 

and underwent simulated apoptosis as described in section 2.3.2.  After treatment, 

cells were rinsed twice in pre-warmed (37ºC) PBS and the coverslips removed 

carefully using suture forceps and then fixed in cold (-20ºC) methanol-acetone for 15 

min.  Cells were incubated with a 200µL primary antibody dilution of anti-mouse 

caspase-3 (Santa Cruz, CA, USA) for 60-min in PBS at 2-8ºC.  After several washes 

in PBS, cells were incubated for 60-min with the anti-goat fluorescent secondary 
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antibody (R&D Systems, USA) in the dark.  After washing thoroughly in PBS cells 

were mounted onto glass slides with DAPI (4’,6-diamidino-2-phenylindol; 0.5 µg/ml; 

Sigma) and edges sealed with nail polish.  The slides were stored in the dark at 2-8ºC 

before observation.  Slides were examined using the Olympus FluoView
TM

 FV-1000 

confocal microscope (North Ryde, Australia).   

 

2.4 Cell death Enzyme-Linked Immunoassays 

 

The Cell Death Detection ELISA kit (Roche Molecular Biochemicals) was 

employed to quantify DNA fragmentation on the basis of antibody detection of free 

histone and fragmented DNA. Cells were cultured in 24-well plates (0.7 × 105 

cells/well) were incubated in 1 ml of lysis buffer per well for 1 h at room temperature 

(RT). The cell lysate from each drug treated group was centrifuged at 2000 rpm for 10 

min. A supernatant aliquot (20 μl) was added along with 80 μl of the antibody mixture 

(containing anti-histone and anti-DNA antibodies) to each well of the streptavidin-

coated 96-well plate, followed by incubation for 2 h at RT. The reaction mix was 

removed, and the substrate solution was added into each well and incubated on a plate 

shaker at 250 rpm for 5–10 min. The intensity of absorbance at 405 nm was measured 

relative to that of substrate solution (blank) with a microplate reader (Rainbow, 

Tecan).  
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2.4.1 Statistical Analysis 

 

All data points were represented as mean ± SEM.  Treatment groups were analysed 

using one-way ANOVA and Tukeys post hoc using GraphPad Prism 5.0. Differences 

were considered significant for P <0.05. 
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2.5 Evaluation of Troponin I Levels 

 

Effluent samples (0.5-1mL) were collected at selected time periods during functional 

experiments of ADORA1 partial agonists and allosteric enhancers.  Samples were 

immediately frozen at -80°C for up to three months before analysis to preserve sample 

quality and prevent breakdown of proteins.  Tissue cardiac troponin I (cTnI) has been 

shown not to deteriorate at this temperature and for this time period (O’Brien, 1997).  

An effluent control experiment was also undertaken to collect samples for comparison 

against pre-ischaemic samples from the ischaemia reperfusion protocol.  To 

investigate the levels of oncotic necrosis, cTnI concentrations were determined from 

effluent samples using the murine troponin I ELISA kit (Life Diagnostics Inc, USA) 

according to the directions of the manufacturer.  

 

2.5.1 Statistical Analysis 

 

Results were presents at mean ± SEM.  Treatments were analysed using one-way 

ANOVA and Tukeys post hoc were more than two drug treatments were compared 

and unpaired t-test when comparing only two groups using GraphPad Prism 5.0.  

Differences were considered significant for P <0.05. 
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CHAPTER 3 

 

 

In Vitro Model of Ischaemia-Reperfusion 

Injury in H9c2 Adult Cardiac Myocytes 
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1 Introduction 

 

Adenosine and its cardioprotective effects have been well accepted in 

pharmaceutical and clinical research.  Exogenous adenosine is well known for its 

important regulatory effects on the function of the heart, including heart rate, coronary 

vasodilation and contractility.  These effects occur following activation of four G-

protein coupled adenosine receptor (AR) subtypes, ADORA1, ADORA2A, ADORA2B 

and ADORA3, all of which have been identified in the cardiomyocyte and cloned in 

various mammalian species (Olah and Stiles, 1995).   

 

The activation of the A1AR has been shown to exhibit important roles in 

functional recovery and reduction in the percentage of oncotic and apoptotic necrosis 

in the setting of ischaemia-reperfusion (IR) (Regal et al, 2003; Auchampach and Boli, 

1999). Cardiac generation of ROS during myocardial infarction, which is a well 

known factor for promoting apoptosis, can also be attenuated by the actions of 

exogenous adenosine on the A1AR.  These effects have been studied in a vast 

selection of full and partial adenosine agonists, specifically those targeted towards the 

A1AR (Yan, Mass and Müller, 2003). 

 

Establishing greater understanding of the intracellular pathways activated by 

adenosine receptors and their role in cardioprotection would have significant 

implications in the treatment of ischaemic heart disease.  The cells are derived from 

H9c2 a cardiomyoblast cell line derived from an embryonic rat heart and have been 
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used as a model in the setting of simulated ischaemia-reperfusion and various 

biochemical models of the heart (Heschler et al, 1991; Sipido and Marban, 1991). 

 

The aim of the current study was to test specifically the hypothesis that 

reduction of oncotic and apoptotic necrosis in the cardiomyocyte is achieved through 

the activation of the ADORA1.  To test this hypothesis we examined the percentage of 

cell death and ROS production in the H9c2 cardiomyocytes following simulated 

ischaemia-reperfusion.  We additionally assessed the outcomes of these variables 

using selective ADORA1 full and partial agonists CPA and VCP102, respectfully.   

 

The use of the H9c2 cardiomyocyte cell line in this thesis was based on 

several factors.  Firstly, it allows the examination of the behaviour of myocytes in a 

controlled environment without the interference from non-myocytes, such as, 

fibroblasts and endothelial cells.  Secondly, they can be used for longer term studies, 

which are not possible in acutely isolated myocytes.  Finally, they can remain viable 

for days to weeks dependent on the techniques used (Mitcheson, 1998).  Furthermore, 

these cells express functional ADORA1, which is the focus of this thesis (Dickenson 

and Fretwell, 2007). 
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2.  Materials and Methods 

 

2.1. Cell Culture 

 

 The cells used for this research were the embryonic rat heart-derived 

myogenic cell line H9c2, obtained from the American Type Culture Collection 

(Manassas, VA, USA). The cells were routinely cultured in high glucose (4.5g/L) 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% foetal 

bovine serum (FBS), 2% penicillin/steptomyocin and 4 mmol/l L-glutamine.  The 

cells were incubated in an atmosphere containing 5% CO2/95% air at 37°C.   

 

2.2 Experimental Protocol 

 

 H9c2 cells were cultured up to about 70-80% confluence at passage 

17-20 in a DMEM medium (as described above).  The cells were then trypsinized, and 

plated in 75cc flasks (10 000-15 000 cells/cm
3
). For cells undergoing ischaemia, the 

media was then changed to glucose and serum-free DMEM, to mimic an environment 

starved of nutrient delivery, and then placed into a plexiglass airtight anaerobic 

chamber and gassed with N2 for 30-min at 37ºC in order to replace atmospheric gases 

and simulate ischaemia. Ischaemic cells were then transferred (still in the chamber) to 

the incubator and left for 24 hours.  After this time the container was opened, and the 

culture medium changed to DMEM supplemented with 10% heat-inactivated FBS, 

2% penicillin/streptomycin with selected adenosine ADORA1 agonists (VCP102 

200nM, CPA 20nM) with or without ADORA1 (DPCPX 10nM), or ADORA3 



 - 104 - 

antagonists (MRS1191 10nM) for 2 hours.  Following these time periods the culture 

medium was changed to DMEM with 10% FBS and 2% penicillin/streptomycin.  The 

time at which the DMEM was added represented the commencement of simulated 

reperfusion (SR) and involved incubating the cells at total time periods of 6, 12 and 

24 hours in an atmosphere containing 5% CO2/95% air at 37°C.  

 

Figure 3.1 Experimental protocol for simulated IR in H9c2 cell cultures. SR 

represents simulated reperfusion. 

 

In order to correctly determine the population of apoptotic and necrotic cells, a 

collection of H9c2 myocytes were selected and removed from culture and exposed to 

either 0.1% sodium dodecyl sulphate (SDS, Biorad, USA) to induce cell oncotic 

necrosis or three hours of staurosporine (100nM), an agent known for inducing 

apoptosis (D’Alimonte et al, 2007; Belmokhtar, Hillion and Segal-Bendirdjian, 2001).  

These groups were used for calibrating the excitation wavelengths, where oncotic 

cells were detected with rhodamine red (FL2; excitation/emission = 540/570nm) and 

apoptosis with flourescein (FL1; excitation/emission = 485/535nm). 
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2.3 Flow cytometric measurements of necrosis, apoptosis and 

ROS generation 

 

The 0, 6, 12 and 24 hour SR groups were analysed for necrosis and apoptosis 

using both propidium iodide (PI) and Annexin V- fluorescein isothiocyanate (FITC) 

labelling, respectively. Double-labelling was performed at 4°C as follows: PI (50 μg 

ml-1) and Annexin V (2 μl/ sample) was added to the culture medium for 30-min, 

then the stained cells were immediately analysed using a FACS machine 

(FACScalibur, Becton Dickinson Heidelberg, Germany).  

 

To detect ROS generation another selection of cells from the same SR groups 

were labelled with 2μM dihydroethidium (DHE, Sigma USA) for 15-min at 37°C.  

Following this time period the samples were analysed using the FACS  (FACScalibur) 

instrument.  For experimental use DHE was prepared as a 5mM stock in DMSO, 

separated into aliquots and stored at -20°C for no longer than one week.   

 

The intensity of Annexin V-FITC, PI and DHE fluorescence were all analysed 

using CellQuest Pro software (Beckton Dickinson, Heidelberg, Germany). Early in 

the apoptotic process before morphological changes such as cell shrinkage can be 

observed, phospholipid asymmetry is disrupted, leading to the exposure of 

phosphatidylserine on the outer part of the cytoplasmic membrane. Annexin V is an 

anticoagulant protein that preferentially binds to negatively charged phospholipids 

and can be used to identify cells in the early stages of apoptosis [145]. Propidium 
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iodide enters the cells when membranes are disrupted or the permeability is increased 

during necrosis or at the early stages of necrosis. 

 

2.4 Cell Death ELISA 

 

The Cell Death Detection ELISA kit (Roche Molecular Biochemicals) was 

employed to quantify DNA fragmentation on the basis of antibody detection of free 

histone and fragmented DNA. Cells were cultured in 24-well plates (0.7 × 105 

cells/well) were incubated in 1 ml of lysis buffer per well for 1 h at room temperature 

(RT). The cell lysate from each drug treated group was centrifuged at 2000 rpm for 10 

min. A supernatant aliquot (20 μl) was added along with 80 μl of the antibody mixture 

(containing anti-histone and anti-DNA antibodies) to each well of the streptavidin-

coated 96-well plate, followed by incubation for 2 h at RT. The reaction mix was 

removed, and the substrate solution was added into each well and incubated on a plate 

shaker at 250 rpm for 5–10 min. The intensity of absorbance at 405 nm was measured 

relative to that of substrate solution (blank) with a microplate reader (Rainbow, 

Tecan, USA).  

 

2.5  Immunofluorescence labelling and fluorescence 

microscopy 

 

Cells were cultured on glass slides on 24-well plates and grown to 70% 

confluence.  The cells were then exposed to the same SI conditions and SR for 24 

hours each.  Following IR, cells were then washed in PBS and fixed using a 3:1 
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methanol-acetone solution for 15-min at 4°C.  Following another 15min cells were 

washed again in PBS and incubated with appropriate concentrations (200 L/1ml; 

dilution range of 1:50-1:500) of caspase-3 antibody (Santa Cruz, CA, USA) for 60min 

at 4°C.  The slides were then washed again in PBS before being incubated with the 

appropriate secondary antibody (BD Biosciences, USA) for 60-min in the dark at 4°C.  

Cells were then mounted onto slides using mounting medium, and edges were sealed.  

Slides were then examined using confocal microscopy (Olympus FluoView™ FV-

1000, North Ryde, Australia). 

 

2.6 Statistical Analysis 

 

 All data are expressed as means ± SEM of the indicated numbers of 

determinations.  All the presented experiments were performed two to three times and 

analysed with one-way ANOVA.  Differences were considered significant for P < 

0.05 (SPSS, USA). 
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3 Results 

 

3.1 Flow cytometric measurements of necrosis and apoptosis in H9c2  

 

Cell death induced by exposure to reduced oxygen conditions in the N2-gassed 

airtight chamber was measured at 6, 12 and 24 hours after reperfusion.  Preliminary 

optimisation of the protocol showed that 24 hours of simulated ischaemic insult on the 

H9c2 cells was the minimum acceptable time before a comparable level of cell death; 

being 20% of the cell population could be measured.  No obvious morphological 

changes in the H9c2 cells were seen before 24 hours simulated ischaemia.  Analysis 

using trypan blue staining showed cell shrinkage (the morphological hallmark of 

apoptosis) at 24 hours in simulated ischaemic cells where as cell shrinkage was not 

observed in the normoxic control group, with only 1-2% of cell death being observed 

in this group.   

 

In order to obtain an idea of the mode (apoptotic or oncotic necrosis) of cell 

death among the H9c2 treatment groups, various experiments were carried out using 

propidium iodide (FL2; red fluorescence) and annexin V (FL1; green fluorescence) 

staining to detect the percentages of necrosis and apoptosis, respectively.    
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3.1.1 Effects of partial and full ADORA1 on IR induced necrosis on H9c2 cells 

 

Initial results following 24 hours of ischaemia and six hours of simulated 

reperfusion (SR) showed limited amounts of necrosis (Figures 3.2).  When compared 

to non-ischaemic negative-control cells, it was evident however, that there was some 

significant difference in the H9c2 cells exposed to ischaemic conditions (Figure 3.2; 

0.58 ± 0.03% for the negative control and 4.84 ± 0.12% for the ischaemic group, 

P<0.05).   

The effect of the two-hour treatment with 100nM of VCP102 during early 

reperfusion showed a significant reduction in cell death when compared to the 

ischaemic group (2.16 ± 0.31% for cells treated with VCP102, P<0.05).  There was no 

significant difference seen with the cells treated with 100nM of CPA (6.19 ± 1.6%, 

P>0.05).   

Treatment involving the ADORA1 antagonist DPCPX (10nM) reversed the 

effect of VCP102 in reducing necrotic cell death in ischaemic cells, however this was 

not significant (P>0.05). The ADORA3 antagonist MRS1191 (10nM) had no effect on 

VCP102 mediated protection of the ischaemic H9c2 cells (P>0.05). DPCPX and 

MRS1191 had no effect on CPA in H9c2 cells undergoing 24 hours of ischaemia and 

6 hours of reperfusion.  These results suggest that VCP102 may provide some 

protective effects against ischaemia; however, while these protective effects seemed 

to be blocked by the antagonist DPCPX these results were not statistically significant.  

All groups were significantly different when compared to the negative control, which 

was expected.  

  

† 
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† 

 

 

 

Figure 3.2 The effect of adenosine A1 receptor partial agonist VCP102 on 

necrosis of H9c2 cells following 24 hours of ischaemia and during 6, 12 or 24 

hours of SR. Values are expressed as mean±SEM *P <0.05 vs. negative control; † 

P<0.05 vs. ischaemia. [VCP102] = 100nM, [DPCPX] = 10nM, [MRS1191] = 

10nM. 

† 

† 
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Figure 3.3 The effect of adenosine A1 receptor full agonist CPA on necrosis of 

H9c2 cells following 24 hours of ischaemia and during (A) 6, (B) 12 or (C) 24 

hours of SR. Values are expressed as mean±SEM P <0.05 vs. CPA [CPA] = 

100nM, [DPCPX] = 10nM, [MRS1191] = 10nM. 

A 
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Following 24 hours of ischaemia and 12 hours of SR an increase in the amount 

of necrotic cell death was observed in the ischaemic group compared to the negative-

control (21.59  3.39% for the negative control and 54.88  2.05% for the ischaemic 

group; Figure 3.2, P<0.05).  

 The H9c2 cells treated with 100nM of VCP102 showed a significant 

reduction in the percentage of cell death when compared with the ischaemic group 

(29.02  4.49% for the VCP102 group, P<0.05).  Furthermore, a significant reduction 

in the cells exhibiting necrosis was observed with 2 hrs post-ischaemic treatment with 

CPA (100nM, 31.90  2.05%, P<0.05, Figure 3.3).    

Following 24 hrs ischaemia and 12 hours reperfusion, the combined ADOR 

agonist with either DPCPX or MRS1191 did not reverse the reduction in necrosis 

observed with ADOR agonists.  There was no statistical significance seen in VCP102 

cells treated with antagonists DPCPX or MRS1191 (20.42  2.48% and 23.03  5.17 

respectively, P>0.05).  The results for CPA treated cells showed a significant further 

reduction in necrosis when MRS1191 was added (14.69  0.85%, P<0.05), however 

there was no difference observed with the DPCPX treated group (23.52  3.12%, 

P>0.05).  Results from the 12-hour reperfusion group indicate that the longer 

simulated reperfusion produces a higher level of cell death. 
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Cells that underwent 24 hours of ischaemia then 24 hours of SR showed a 

reduction in the overall percentage of necrosis when compared to the 12-hour group 

(Figure 3.2).  Ischaemic cells had a significantly higher percentage of necrotic cells 

when compared with the negative control (5.17  0.68% for the negative control and 

25.09  2.60% for the ischaemic group, Figure 3.2, P>0.05).   

Cells treated with 100nM of VCP102 for the first two hours of SR showed a 

significant reduction in necrosis when compared with the ischaemic group (4.75  

0.30% for VCP102, P<0.05).  A reduction in necrotic cell death was observed in the 

CPA treated group (2.09  0.26%).    

As seen in the 12-hour simulated reperfusion group, VCP102 cells treated with 

antagonists DPCPX or MRS1191, showed no significant changes when compared to 

the partial agonist alone (4.94  0.19% for DPCPX and 5.84 0.01% for MRS1191, 

P<0.05).  Interestingly, the reduced effects of CPA alone were significantly reversed 

by DPCPX (22.27  4.75%) or MRS1191 (25.13  0.28), P<0.05 (Figure 3.3). 

 

 

 

  



 - 115 - 

3.1.2 Effect of full and partial ADORA1 on IR induced apoptosis on H9c2 

cells 

 

Rates of apoptosis were also measured in H9c2 cells that underwent 24 hours 

of ischaemia then 6, 12 or 24 hours of SR.  The percentage of cells exhibiting 

apoptosis following six hours of SR was very low, when compared to the longer 

reperfusion times (see Figure 3.4).  After 6 hours of SR the ischaemic H9c2 cells had 

a significantly higher percentage of apoptosis when compared to the negative time 

control (0.19  0.07% and 2.21  0.50% respectively, P<0.05, see Figure 3.4).   

The addition of VCP102 (100 nM) for 2 hours in early SR, reduced the levels 

of apoptosis following 6 hrs SR, when compared to the untreated ischaemic group 

(0.53  0.17%).  The effects of the addition of DPCPX or MRS1191 to VCP102 

during early SR showed a slight increase in apoptotic activity in the H9c2 cells, 

although this was not statistically significant (0.97  0.42% or 0.73  0.47% 

respectively, see Figure 3.5, P<0.05).  

 

The addition of CPA (100nM) for 2 hours during early reperfusion resulted in 

an even lower percent of apoptotic cell death when compared to the ischaemic group 

at 0.49  0.22%, P<0.05.  Again, DPCPX or MRS1191 combined with CPA during 

early SR, did not significantly change the levels of apoptosis in CPA treated H9c2 

cells (0.39  0.28% for DPCPX and 0.84  0.12% for MRS1191, P>0.05). 
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Figure 3.4 The effect of adenosine A1 receptor partial agonist VCP102 on 

ischaemia stimulated apoptosis in H9c2 cells following 24 hours of ischaemia and 

during 6, 12 and 24 hours of simulated reperfusion. Values are expressed as 

mean±SEM *P <0.05, vs. negative control, †P<0.05, vs. Ischaemia. [VCP102] = 

100nM, [DPCPX] = 10nM, [MRS1191] = 10nM. 

 

† 

† 

† 
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The effect of ADOR drug treatment for 2 hours during early reperfusion 

during 12 hours of SR on H9c2 cells following 24 hours of ischaemia can be seen in 

Figure 3.6.  The level of apoptosis observed in H9C2 cells following 24 hours of 

ischaemia and 12 hours of SR, was much greater than that seen following 6 hours of 

SR (P<0.05).   In cells that underwent the protocol with ischaemia and SR alone the 

rates of apoptosis were significantly higher at 38.84  9.67% compared to the 

negative control, 2.52  0.50%, P<0.05.  

The levels of apoptosis in H9c2 cells appeared to be reversed in cells treated 

with VCP102 compared to the ischaemic group (24.54  5.57%, P<0.05).  A 

significant reduction in apoptosis was also observed in the CPA treatment group 

(20.99  4.66%, P<0.05).   

Interestingly, the addition of either antagonist, DPCPX or MRS1191 to the 

VCP102 treatment during early reperfusion appeared to significantly inhibit the 

protective effects against increased levels of apoptosis at 55.30  3.73% and 50.97  

8.93%, respectively, P<0.05.  A significant reversal in the protective effects against 

apoptosis was seen with CPA treatment was also seen with the addition of MRS1191 

(46.9  8.51%, P<0.05), however, although with DPCPX an increased level of 

apoptosis was measured in H9c2 cells, this was not significant (35.35  7.83%, 

P<0.05).   
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Figure 3.5. The effect of adenosine A1 receptor full agonist CPA on ischaemia 

stimulated apoptosis in H9c2 cells following following 24 hours of ischaemia and 

during (A) 6, (B) 12 and (C) 24 hours of simulated reperfusion.  Values are 

expressed as mean±SEM P<0.05 vs. CPA. [CPA] = 100nM, [DPCPX] = 10nM, 

[MRS1191] = 10nM. 
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The measurement of apoptosis in H9c2 cells undergoing 24 hours ischaemia 

and 24 hours SR showed slightly lower amounts of apoptotic cell death when 

compared with the 12 hour SR group.  The effect of ADOR drug treatment for the 

first 2 hours during 24 hours of SR is represented in Figure 3.7.   Apoptotic cell death 

was significantly higher compared to the negative control (4.97  0.55% for negative 

control and 33.35  0.82% for the ischaemic group, P<0.05).   

The addition of VCP102 (100 nM) during early reperfusion also reduced the 

levels of apoptosis as seen in the previous 6 and 12-hour reperfusion groups (12.93  

0.29%, P<0.05).  The combination of VCP102 with an antagonist DPCPX or 

MRS1191 during early reperfusion reversed the protective effects of VCP102 against 

ischaemia-induced apoptosis (29.25  0.85% for DPCPX and 22.0  1.16% for 

MRS1191, P<0.05).   

The addition of CPA (100 nM) during early SR also reduced ischaemia-

induced apoptosis (20.0  2.52%, P<0.05).  The reduction in ischaemia-induced 

apoptosis observed with VCP102 and CPA treatments was not significantly different 

(P>0.05). The effects of DPCPX or MRS1191 when added to the CPA treatment, in 

fact, did not reverse levels of ischaemia-induced apoptosis (P>0.05).  
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To clarify that cell death following the 24-hour ischaemia and SR protocol 

was due to apoptosis, an ELISA method to detect chromosomal and DNA 

fragmentation was used.  When assayed after 24 hours ischaemia, and 24 hours SR, 

the optical density for quantification of DNA fragments was substantially increased in 

ischaemic cells compared to the negative control group (0.24  0.00 for the negative 

control and 0.45  0.02 for the ischaemic group, see Figure 3.6, P<0.05).  The 

addition of VCP102 (100 nM) during early SR, significantly reduced the level of 

apoptotic cell death, when compared to the ischaemic group (0.34  0.01, P<0.05).  

This further supports the findings from the flow cytometry data at the 24-hour 

reperfusion time period (Figure 3.5).  Furthermore, ischaemia induced apoptosis was 

not significantly reduced when the H9c2 cells were treated with CPA (100 nM, 0.42  

0.01, P<0.05).  The addition of either DPCPX or MRS1191 did not appear to reverse 

the effects of either VCP102 or CPA.  Additional groups of DPCPX or MRS1191 

alone were also examined, but did not show any significant difference when compared 

to their respective treatment with either VCP102 or CPA (data not shown).  

Data from the cell death kits when compared to the FACS analysis of Annexin 

V – fluorescein isothiocyanate (FITC) does not appear to be as sensitive to the 

measurement of apoptosis in H9c2 cells. 
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Figure 3.6 Reading from a cell death detection ELISA on effluent from ADOR 

agonist and antagonist treated cells following 24 hours ischaemia and during 24 

hours of SR.  Values are expressed as mean  SEM.  *P <0.05, vs. control, † 

P<0.05 vs. ischaemia. [VCP102] = 100nM, [CPA] = 100nM, [DPCPX] = 10nM, 

[MRS1191] = 10nM. 
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3.2  Immunostaining of cleaved caspase-3 

 

To visualise whether apoptotic necrosis activity was reduced after treatment with 

VCP102 (100nM), cells were exposed to 24 hours of ischaemia and 24 hours of SR.  

As shown by caspase-3 staining (Figure 3.6), apoptotic cell death was evident in all 

treatment groups that underwent 24 hours of ischaemia.  It was also evident that 

VCP102 treated cells show a reduction in caspase-3 activity while CPA treated cells 

do not.  This indicates that the activation of the caspase-3 pathway is likely to be 

suppressed by the addition of VCP102. 

 

Figure 3.7 Cleaved caspase 3 (represented by green flouresence) staining of H9c2 

cells treated with VCP102 (100 nM) following 24 hours ischaemia and 24 hours 

of SR.  Represented confocal images were taken under different experimental 

treatment conditions as indicated in the figures (Magnification 40x). 
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3.3 The measurement of oxidative stress on H9c2cells 

 

To assay ROS production in the isolated H9c2 cells following 24 hours of 

ischaemia and different periods of SR, DHE was utilised as it becomes fluorescent 

upon oxidation by superoxide.  The H9c2 cells from various treatment groups were 

incubated with DHE for 15 minutes and observed using flow cytometry.  ROS 

generation decreased over the time course of the experiments as evidenced in Figures 

3.10-3.12. 

 

3.2.1 Effects of six, 12 and 24 hours of simulated reperfusion on ROS 

production 

 

In Figure 3.7 a significant increase in ROS generation was observed in H9c2 

cells which had undergone 24 hours of ischaemia and 6 hours of SR when compared 

with the negative time control (12.86 ± 0.14%).  Cells treated with 100nM of VCP102 

showed a significant reduction in ROS generation when compared with the untreated 

ischaemic cells (13.18 ± 0.91%, P<0.05).  CPA (100 nM) treatment during early SR 

on the other hand, had the highest level of recorded ROS production at 37.23 ± 1.5%, 

P<0.05.   

The generation of ROS was significantly increased when VCP102 cells were 

treated with DPCPX or MRS1191, with values at 26.29 ± 1.5% and 26.5 ± 2.5%, 

respectively, P<0.05.  This was not observed in the CPA treated cells with DPCPX or 

MRS1191, P>0.05.  In fact, a significant reduction was observed in CPA treated cells 

combined with MRS1191 when compared to CPA alone (32.02 ± 3.02%, P<0.05). 
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Figure 3.8 The effect of adenosine receptor partial agonist VCP102 on reactive 

oxygen species production following 24 hours of ischaemia and during 6, 12 and 

24 hours of SR.  Values are expressed as mean±SEM. *P <0.05, vs. control; 

†P<0.05, vs. Ischaemia; P<0.05 vs. VCP102. [VCP102] = 100nM, [DPCPX] = 

10nM, [MRS1191] = 10nM. 
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The effect of 24 hours of ischaemia and 12 hours of SR showed remarkedly 

lower levels of ROS across all groups, compared to the 6 hour SR time period, 

indicating that the majority of superoxide is generated during ischaemia and early in 

reperfusion (Figure 3.7).  A significantly higher amount of ROS production was seen 

in the untreated ischaemic group compared to the negative control (P<0.05). There 

was no significant difference between the VCP102 treated and the ischaemic group 

(P>0.05).  The addition of MRS1191 to VCP102 duing early reperfusion in H9c2 

cells showed a significantly higher level of ROS production when compared to 

VCP102 alone (0.66  0.02%, P<0.05).   

CPA treatment during early SR, did not reverse ROS levels and the addition of 

DPCPX or MRS1191 only increased superoxide levels slightly (0.69  0.02% for 

DPCPX and 0.75  0.09% for MRS1191, P>0.05; Figure 3.8). 

 

The effects of 24 hours of ischaemia and 24 hours SR on ROS production 

were also significantly lower when compared to the 6 hour time period (Figure 3.7).  

Tissue oxidative stress at the 24 hour SR time point was significantly higher in the 

ischaemic group when compared to the negative control (0.24  0.01% for the 

negative control and 0.45  0.02% for the ischaemic group, P<0.05).  The addition of 

VCP102 during early reperfusion did not result in a significant reduction in 

superoxide free radical generation when compared with the untreated ischaemic group 

(P>0.05).  ROS generation did increase when the antagonists DPCPX or MRS1191 

was added with VCP102 during early reperfusion, with levels being 0.66  0.02% and 

0.63  0.04%, respectively, P<0.05.  The addition of CPA early during 24 hours SR 

did not reduce the levels of ROS generation when compared with the untreated 
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ischaemia and SR group.   Though the addition of DPCPX or MRS1191 did result in 

higher levels of ROS, these were not statistically significant (P>0.05). 
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Figure 3.9 The effect of adenosine receptor full agonist CPA on ischaemia 

stimulated apoptosis in H9c2 cells following following 24 hours of ischaemia and 

during (A) 6, (B) 12 and (C) 24 hours of simulated reperfusion.  Values are 

expressed as mean±SEM P<0.05 vs. CPA. [CPA] = 100nM, [DPCPX] = 10nM, 

[MRS1191] = 10nM. 

 

A 
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4 Discussion 

 

H9c2 embryonic myoblasts are a cell line derived from rat heart ventricle and 

are extensively used as a cellular cardiac model because they share most of the 

molecular and functional features of adult cardiomyocytes (Heschler et al, 1991). The 

purpose of this study was to measure different types of cell death using an ischaemia 

and simulated reperfusion protocol in isolated H9c2 cells. When oncotic necrotic cell 

death occurs the heart an inflammatory outome ensues. Apoptotic cell death is an 

important biological mechanism by which tissues influence the normal patterns of 

development and adapt to changes in homeostasis.  It has a significant impact on the 

pathophysiology of disease and contributes to the remodelling of cardiac muscle 

(Singleton, Dixit and Feldman, 1996).  Moreover, a significant reduction in the 

counted percentages of necrotic and apoptotic cells were observed in the same time 

period (Figure 3.4 and 3.7).  The above observations suggest that the experimental 

process of obtaining H9c2 cells that have undergone oncotic or apoptotic necrosis 

may be hampered by the fact that such cells are lost during the stages of sample 

preparation for flow cytometry.   

 

4.1  Effect of VCP102 and CPA on Oncotic Necrosis 

 

Oncotic necrosis was measured using propidium iodide and FACS analysis of the 

H9c2 cells following the ischaemia and SR protocols. As the SR time increased it was 

evident that cell death rates increased and that by 24 hours SR reduced oncotic 

necrosis was observed as a proportion of the remaining intact cells. In all the protocols 
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the H9c2 cells underwent 24 hours of ischaemia followed by different durations of 

SR.  Following 6 hours SR, VCP102 reduced oncotic cell death, an effect that was 

reversed by the antagonists DPCPX (ADORA1) and MRS1191 (ADORA3), while 

CPA had no effect. At 12 hours SR, the early addition of VCP102 and CPA reduced 

the levels of H9c2 cell death, an effect not reversed by the selective ADOR 

antagonists. At 24 hours SR, VCP102 or CPA treatment reduced oncotic cell death 

and the antagonists had no effect on VCP102 activity, both antagonists reversed the 

actions of CPA.      

With respect to VCP102 it appears to reduce oncotic necrotic cell death during shorter 

durations of SR (6 or 12 hours) while CPA reduces this form of cell death in the 

longer duration SR. The results with the antagonists are variable suggesting a role for 

both ADOR subtypes in reducing ischaemia induced cell death.    

 

4.2  Effect of VCP102 and CPA on Apoptotic Necrosis 

 

Several intracellular messenger molecules in response to intracellular and 

extracellular signals tightly regulate the occurrence of apoptotic necrosis in cells.  The 

key-initiating event of apoptosis is the change in the mitochondrial membrane 

permeability, which leads to the release of cytochrome C, which in turn activates 

caspase-3 (Nicholson et al, 1995).  Proteins such as Bcl and Bax are also involved in 

mitochondrial membrane interaction and are also responsible for the inhibition of 

caspase-3 activity (Hermann, Bruckheimer and McDonnell, 1996).  This cellular 

mechanism has been shown to be inhibited through the activation of adenosine 

receptors, in particular the ADORA1.  The rates of apoptosis as measured using 

Annexin V and FACs analysis were very low after 6 hours SR and increased to 
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approximately 30% after 12 or 24 hours SR. The results of this study show that the 

induction of apoptotic cell death in H9c2 cells can be arrested by the treatment during 

early reperfusion using the partial agonists at the ADORA1 such as VCP102.  The 

selective antagonists reversed this effect for the ADORA1 and ADORA3. CPA treated 

H9c2 cells showed a decrease in apoptotic cell death H9c2 cells following prolonged 

time periods of SR (12 hours). CPA treatment of H9c2 cells during 24 hours of SR 

did not show reduced apoptotic cell death. Hence we have observed a subtle 

difference between partial and full agonists at the ADORA1 with respect reducing 

apoptotic cell death during prolonged SR.   

H9c2 cells treated with VCP102 during early reperfusion after 24 hours of 

ischaemia and 24 hours SR were shown to decrease the expression of the pro-

apoptotic protein caspase-3.  This decreased expression appears to be in relation to the 

activation of the ADORA1, which may be required to up-regulate selected anti-

apoptotic proteins such as Bcl-2 and Bcl-xl, and down-regulate pro-apoptotic proteins 

such as caspase-3, control cell metabolism and prevent any further cell death process.  

In these studies however, no further protective effects by VCP102 was observed in the 

24h SR group.   

In this thesis, the levels of apoptotic necrosis was clearly increased when 

VCP102 treated cells were also exposed to the ADORA1 antagonist DPCPX after 24 

hours of reperfusion.  The opposite occurred with regards to necrosis where a 

significant increase was seen in early stages of reperfusion compared to the later time 

periods.  We hypothesised that the signalling mechanisms via ADORA1 activation 

were involved in anti-apoptotic protein upregulation and could potentially be inhibited 

by DPCPX.  However, DPCPX may also work by its own means, potentially acting at 

the plasma membrane and modifying the concentration of second messengers 
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involved in intiating apoptosis.  Mirabet et al (1997), described such findings in Jurkat 

cells treated with DPCPX.   

The addition of MRS1191 to the VCP102 and CPA treated cells showed some 

effect in inhibiting cardioprotective actions at the ADORA1 after only 24 hours of SR.    

The reason for this could be due to the sustained effects of MRS1191 on the 

ADORA3, which could have been evident well beyond the 24 hours of reperfusion.  

Furthermore, previous studies have shown that MRS1191 can cause biphasic 

inhibition on the protective effects of ADORA3 (Liang and Jacobson, 1998).  

Furthermore, Liang and Jacoboson (1998) also showed that the concominant presence 

of DPCPX and MRS1191 together, completely abolished the protective effects 

induced by ADORA1 and ADORA3 activation suggesting that both receptors are 

cardioprotective.  Though this phenomenon was not considered for this study, it could 

be considered in future experimental analysis. 

 

4.3  ROS formation induced by simulated ischaemia in H9c2 myocytes 

 

The influence of ROS production in ischaemia-reperfusion injury has been 

widely researched in various experimental models (Solani and Harris, 2005).  It has 

been suggested that ROS production increases during periods of ischaemia when 

levels of oxygen inside the cell are decreased, however, research into this area in the 

last decade has disputed this theory (Abramov, Scorziello and Duchen, 2007).  It is 

believed that other factors such as xanthine oxidase production and superoxide 

production via the NADPH oxidase compound influence the production of free 

radicals during ischaemia (Abramov, Scorziello and Duchen, 2007). 
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In this study the exposure of H9c2 myocytes to 24 hours of simulated 

ischaemia followed by various time periods showed that there was a significant 

reduction of ROS in the VCP102 treatment group when compared with the other 

drug-treated and ischaemic control, after six hours of SR.  There were no significant 

changes found in the subsequent time periods of 12 and 24 hours of SR.  

In this study, the probe DHE was utilised which binds to superoxide (O2 ). A 

known major source of O2  is neutrophilic NADPH oxidase (Walder et al, 1997), a 

source which would be absent in cultured CMs.  It is established that other ROS such 

as H2O2 and OH are also generated (Garlick, Davies, Hearse and Slater, 1987; 

Zweier et al, 1989; Kramer et al, 1987; Henry et al, 1990), and need to be taken into 

consideration when investigating ROS in I/R injury.  Utilising probes specific for 

detecting ROS generated at the mitochondrial membrane, such as JC-1, may give a 

better indication of the drug treatments used.  Furthermore, the greatest levels of ROS 

and its respective effects were reversed by VCP102 in the early stages of reperfusion 

(Figure 3.9).  This further supports the findings that the majority of ROS are produced 

in early reperfusion (Masato et al, 1996). 

Results from this study provide insight into the effects of full and partial 

agonists at the ADORA1 and their effects on IR injury.  Data indicates that the 

ADORA1 partial agonist, VCP102, may contribute to the inhibition of pro-apoptotic 

proteins and the prevention of necrotic oncosis. It also demonstrates that the ADORA1 

selective drugs used in the study may also prevent cell death through downstream 

signalling and “cross-talk” with the ADORA3 subtype. 
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1 Introduction 

 

The utilisation of rodent isolated hearts has proven to be a useful tool in the 

area of cardiovascular research.  For over a decade the mouse heart has become a 

popular model in research involving cardiovascular pharmacology and functional 

physiology due to the development of transgenic technology in mice.  While 

technically challenging due to its small size, it has been deemed an invaluable tool in 

the area of adenosine receptors, focusing in particular on the post-conditioning effects 

of adenosine and its respective analogues following a simulated ischaemia-reperfusion 

protocol.   

 

The heart model used predominantly to determine cardiac function and its 

recovery from IR is the Langendorff-perfused isolated mouse heart.  This technique 

provides a high throughput and reliable approach to the acquisition of data on mouse 

heart function under both normoxic and ischaemic conditions.  Furthermore, this 

technique has been adopted across various international research facilities focusing on 

cardiovascular physiology (Headrick et al, 2001).  When it comes to investigating the 

influence of mechanical and pharmaceutical interventions on the mouse heart, several 

protocols have been adapted and analysed (Headrick et al, 2001).  These include those 

pertaining to pre- and post-conditioning responses.  Ischaemic pre-conditioning is an 

adaptive response triggered by brief periods of ischaemia before a prolonged coronary 

occlusion.  Post-conditioning takes a different approach; whereby brief periods of 

ischaemia are applied during early reperfusion.  To study the effects of specific 

adenosine receptors, substituting the ischaemic periods with pharmaceutical agents 

can further modify these protocols.  In the last three decades, considerable effort has 
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been placed on reducing infarct size and other manifestations using the pre-

conditioning technique.  In the overall scheme of things preclinical results have been 

relatively unsatisfactory (Hearse and Bolli, 1992; Verma et al, 2002).  This 

inconsistency has been observed in different species and the difficulty in translating 

these results to the clinical setting, where most coronary events are unpredictable, 

therefore making the pre-conditioning theory redundant. The use of post-conditioning 

protocols has been considered more successful at improving overall functional 

recovery and therefore has been more widely adopted (Zhao et al, 2003).  

 

Research and medicine have shown us that the heart has the ability to protect 

itself from environmental stressors through mechanisms that provide protection 

against IR.  An understanding of how these mechanisms work, enables us to harness 

these targets for pharmaceutical manipulation to improve functional recovery 

following ischaemic insult.  We have looked into the impact of time of ischaemic 

insult and reperfusion on the mouse heart and how this affects the intracellular 

signalling mechanisms of the cardiomyocyte.  It has long been understood that the 

majority of cardiomyocytes undergo oncotic necrosis during ischaemic insult.  

Current findings are now showing that apoptosis also plays an important role in 

contributing to cardiomyocyte death.  How the timing of these processes influences 

these mechanisms depend on the time from ischaemia and reperfusion.  Whether these 

cell death pathways occur at different periods of time or together are still yet to be 

elucidated (Narula and Strauss, 2003; Kenis et al, 2009).   

 

While many researchers have previously looked into the optimal physiological 

settings for using the isolated Langendorff mouse heart in IR research (Headrick et al, 
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2001; Sumeray and Yellon, 1998; Sumeray, Rees and Yellon, 2000), this 

experimental approach can also provide a platform for the possibility of identifying 

molecules or cellular pathways not always detected.   

 

Though previous work conducted by our lab has utilised a 30-minute protocol, 

it has been shown that there is no difference in functional outcome when compared to 

the 20 minutes of ischaema.  The time interval commonly adopted in the setting of 

isolated organ ischaemia-reperfusion experiments is between 20-30 minutes. The 

reason for selecting within this time frame and not exposing hearts to longer periods 

of ischaemia is due to out aim of developing a model of reversible cardiac damage.  

While recovery has been shown in studies exposing hearts to periods of ischaemia 

greater than 30 minutes, as far as our functional data is concerned our aim with this 

chapter was our need to induce apoptosis not oncosis, in order to demonstrate the 

selected agonists reversal of apoptotic necrosis.    

 

To determine a therapeutic window for adenosine partial agonist post-

conditioning following IR to the heart, detailed information of the mechanisms and 

time-frame of cell death signalling is required.  Previous work has utilised the 

mechanisms of DNA fragmentation via terminal deoxynucleotidyl transferase (TdT)-

mediated dUTP nick end-labeling (TUNEL) staining as a measure of cardiomyocyte 

death.  Unfortunately, TUNEL staining is no longer considered an accurate measure 

of apoptosis (Buja and Entman, 1998) and does not detect the early stages of cell 

death, not considered ideal when wanting to assess the time frame of cell changes 

during IR.  This study investigates the time frame of ischaemia for analysing both 

oncotic and apoptotic cell death in the ischaemia-reperfused mouse heart.    
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2 Materials and Methods 

 

2.1 Experimental protocol 

 

Perfusion experiments were performed as described in detail in chapter two. 

Hearts for this study were isolated from 6-8 week old wild type C57/BL/6J males.  

Groups were categorised into time periods according to length of ischaemia and 

reperfusion.  The following groups were therefore generated: 15 min ischaemia/ 0 min 

reperfusion (15/0; n = 6), 20/0 (n = 4), 30/0 (n = 5), 15/30 (n = 6), 20/30 (n = 4), 

30/30 (n = 4), 15/60 (n = 4), 20/60 (n = 4), 30/60 (n = 4), 15/90 (n = 4), 20/90 (n = 4) 

and 30/90 (n = 5). 

 

2.2 Functional measurements 

 

After 15 minutes of equilibration, isolated hearts (6-8 weeks), were paced at 

7Hz (~400bpm).  Functional data was obtained on coronary flow rate, contractility 

(dP/dtmax), LVDP and EDP for each group.  Data measurements were taken at pre-

pacing, pre-ischaemia, 5-minute intervals during ischaemia and at 1, 2, 5 and then 10 

minute intervals during reperfusion. 

 

 

 

 

2.3 Overview of Western blot Analysis 
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Tissues for each group (n = 4) were prepared, proteins separated and probed 

with protein specific antibodies (anti-actin and anti-caspase-3) according to the 

methods described in chapter two.  The antibody-bound protein bands were quantified 

as describe in chapter two, and subsequently plotted using Graphpad Prism 5.0 and a 

time comparison made using one-way ANOVA and Tukey’s post hoc testing.  

 

2.4 Statistical analysis  

 

All data are expressed as means ± SEM of the indicated numbers of 

determinations.  All the presented experiments were analysed with two-way ANOVA.  

Differences were considered significant for P < 0.05.  
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3 Results 

 

3.1 Effects of different periods of ischaemic insult and 

reperfusion interval on functional recovery of the mouse heart 

 

Pre-ischaemic contractile function was similar in all groups studied (Table 4.1) 

and not significantly altered (P>0.05).  Figure 4.1 shows that effect of a 15, 20 or 30 

mins ischaemic episode followed by 30 min of reperfusion on LVDP. A significant 

decrease in LVDP was observed following the ischaemic episode in all groups studied 

when compared to pre-ischaemic values (P<0.05). However there were no significant 

differences between the groups during the reperfusion period.  

 

The effect of different ischaemic times on coronary flow rate can be seen in 

Figure 4.2.   Following the ischaemic episodes no change in coronary flow rate was 

observed when compared to pre-ischaemic values and no difference ocured between 

the groups studied (P>0.05).  Figure 4.3 shows that effect of a 15, 20 or 30 min 

ischaemic episode followed by 30 mins of reperfusion on contractility. A significant 

decrease in dP/dtmax was observed following the ischaemic episode in all groups 

studied when compared to pre-ischaemic values (P<0.05). However, while the 

recovery of the 30 min ischaemic group was reduced compared to the 15 min group 

there were no significant differences between the groups during the reperfusion period 

(P>0.05). 
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Table 4.1. Baseline contractile function and coronary flow rates in all 

experimental groups prior to ischaemia. 

Experimental group          LVDP 

         (mmHg) 

 Coronary flow rate 

      (ml min
-1

 mg
-1

) 

Ischaemia only (no reperfusion)   

15 min ischaemia (n = 6) 143±9 24±1 

20 min ischaemia (n = 4) 127±2 17±1 

30 min ischaemia (n = 5) 144±3 20±1 

30 min Reperfusion   

15 min ischaemia (n = 6) 117±9 19±5 

20 min ischaemia (n = 4) 134±4 16±3 

30 min ischaemia (n = 4) 128±6 21±1 

60 min Reperfusion   

15 min ischaemia (n = 4) 150±9 26±1 

20 min ischaemia (n = 4) 141±3 23±1 

30 min ischaemia (n = 4) 139±3 23±1 

90 min Reperfusion   

15 min ischaemia (n = 4) 152±6 19±1 

20 min ischaemia (n = 4) 130±3 20±1 

30 min ischaemia (n = 5) 138±10 22±1 
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Figure 4.1. The effect of varied ischaemia time periods on recovery of LVDP 

following 30 minutes of reperfusion. Values are expressed as mean±SEM. 
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Figure 4.2. The effects of varied periods of ischaemia on recovery of coronary 

flow rates following 30 minutes of reperfusion. Values are expressed as 

mean±SEM. 

  



 - 146 - 

 

 

Figure 4.3. The effects of varied periods of ischaemia on recovery of contractile 

function following 30 minutes of reperfusion. Values are expressed as 

mean±SEM. 

 

Figures 4.4 – 4.6 show the effect of different ischaemic periods (15, 20 or 30 

mins) on functional recovery of the heart following 60 mins reperfusion.  Interestingly, 

when compared to the pre-ischaemic data, following the ischaemic episode, the LVDP or 

the dP/dtmax did not decline significantly during early reperfusion as observed in the 30 

min reperfusion group. Results for the three parameters studied (LVDP, CFR and 

DP/dtmax) showed no significant differences amongst the different ischaemic groups 

during reperfusion.   
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Figure 4.4. The effects of varied periods of ischaemia on recovery of LVDP 

following 60 minutes of reperfusion. Values are expressed as mean±SEM. 
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Figure 4.5. The effects of varied time periods of ischaemia on recovery of 

coronary flow rates following 60 minutes of reperfusion. Values are expressed as 

mean±SEM. 
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Figure 4.6. The effects of varied time periods of ischaemia on recovery of 

contractile on function following 60 minutes of reperfusion. Values are expressed 

as mean±SEM. 
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The functional recovery of the heart during 90-minutes reperfusion following 

different ischaemic times can be seen in figures 4.7 to 4.9. Similar to the previous 

reperfusion times significant decreases in the contractile function (LVDP and 

dP/dtmax) were observed immediately following the ischaemic episode when 

compared to pre-ischaemic values for each group. The LVDP hearts showed a 

significant improvement in the 15 minute time group when compared with the 20 and 

30 minute ischaemic groups (Figure 4.7). The hearts that underwent 20 min or 30 min 

ischaemic episodes showed a recovery of approximately 30% of pre-ischaemic values 

following 90 mins reperfusion (P<0.05).   CFRs were not affected by the different 

ischaemic episodes and during reperfusion (P>0.05). Recovery of contractile function 

(dP/dtmax) following 15 mins ischaemia returned to pre-ischaemic values by 90 mins 

reperfusion (see figure 4.9). The recovery of contractile function following 20 or 30 

mins ischaemia remained at 40% pre-ischaemic values until after 70-mins reperfusion 

where contractile function increased to pre-ischaemic levels. 
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Figure 4.7. The effects of varied time periods of ischaemia on recovery of LVDP 

following 90 minutes of reperfusion. Values are expressed as mean±SEM. 
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Figure 4.8. The effects of varied time periods of ischaemia on recovery of 

coronary flow rates following 90 minutes of reperfusion. Values are expressed as 

mean±SEM. 
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Figure 4.9. The effects of varied time periods of ischaemia on recovery of  

contractile function following 90 minutes of reperfusion. Values are expressed as 

mean±SEM. 
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3.2 Effects of different periods of ischaemic insult on 

ischaemic contracture 

 

Upon the initiation of ischaemia, ventricular pressure development rapidly 

declined, with no detectable systolic pressure after approximately 2 minutes.  

Subsequently, end-diastolic pressure increased (contracture), reaching a peak value of 

approximately 80mmHg for the 15 and 30 minute groups and 60mmHg after 20 

minutes ischaemia (Figure 4-10). 

 

The time to onset of contracture (defined as the time for pressure to reach 

20mmHg) was approximately 8.6 ± 5.12 mins, 13.43 ± 2.6mins and 10 ± 4.45 mins 

for the 15, 20 and 30 minute ischaemic time groups, respectfully (Figure 4-10).  

Although the time to onset of contracture in the 20 min ischaemic time group was 

shorter, this was not found to be significantly different to the other groups (P>0.05).  

No significant differences in peak contracture were found during the different 

ischaemic periods (Figure 4-11).   
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Figure 4.10 End diastolic pressure during different time periods of global 

ischaemia. Values represent mean ± SEM. 
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Figure 4.11 Time-dependent actions of ischaemia on contracture-development in 

mouse hearts. Values represent means ± SEM.  
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3.3 Effects of IR time protocol on caspase-3 expression 

 

To analyse the effects of various time periods of ischaemia in inducing 

apoptosis in the mouse heart, Western blot analysis experiments to semiquantify 

cardiac caspase 3 levels were conducted. Two products of caspase 3 can be identified, 

the fullsize protein at 35kDa and the cleaved protein at 17kDa which represents 

activation of caspase 3.  Results (Figures 4-12 to 4-14) confirmed the effects of longer 

simulated ischaemia-reperfusion time periods on the increased generation of the pro-

apoptotic marker, caspase-3 (P<0.05). 

 

After 15 minutes of global normothermic ischaemia, no caspase 3 protein was 

observed at 0 or 30 mins reperfusion in murine hearts (P>0.05).  However, at 60 to 90 

minutes a rise in caspase 3 pro-apoptotic protein was observed (P<0.05) with the 

cleaved 17 kDa product also appearing.    Following 20 mins ischaemia, the 35 kDa 

caspase 3 protien could be shown to rise significantly in cardiac tissue after 30 mins 

reperfusion (P<0.05) with an appearance of the cleaved product at the same time. 

Finally after 30 mins ischaemia a significant increase in the caspase 3 protein was 

observed from time 0 during reperfusion onwards (P<0.05). The cleaved product was 

also observed from 0 time reperfusion.  
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Figure 4.12. Protein expression of the caspase-3 pro-apoptotic protein in whole 

hearts from the 15 min ischaemia group.  Data is presented as relative expression 

compared to the control group; *P <0.05 compared to the control, n = 4 for each 

group. 
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Figure 4.13.  Protein expression of the caspase-3 pro-apoptotic protein in whole 

hearts from the 20min ischaemia group.  Data is presented as relative expression 

compared to the control group; *P<0.05 compared to the control, n = 4 for each 

group. 
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Figure 4.14. Protein expression of the 35 kDa caspase-3 pro-apoptotic protein in 

whole hearts from the 30min ischaemia group.  Data is presented as relative 

expression compared to the control group; *P<0.05 compared to the control, n = 

4 for each group. 
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4 Discussion 

 

The isolated perfused mouse heart continues to be a popular model for 

studying the mechanisms and therapeutic processes of cardioprotection during IR.  

While studies have focused on optimisation of the functional models and addressing 

the various limitations associated with it (Headrick et al, 2001; Reichelt et al, 2009), 

very little is understood about its potential uses as well as assessing the ideal situation 

for studying cell death mechanisms.   

 

The purpose of this study was to determine an appropriate protocol for 

studying adenosine partial agonists and post-conditioning with respect to cardiac 

function and cell death.  The study, being primarily methodological provides insight 

into time-dependent functioning of isolated mouse hearts.  Specifically this data 

showed that increased time periods influence the overall performance of the heart.  

 

4.1.  Functional data from Ischaemia Reperfusion 

Protocols 

 

From the viewpoint of experimental design, the data showed no significant 

difference in the pre-ischaemic functional values of all groups (Table 4.1).  Values for 

the recovery of hearts following various IR time-frames, demonstrated a relationship 

between functional recovery and ischaemic duration. The results exploring the time to 

contracture showed no significant difference between the varying ischaemia-

reperfusion time groups.  These results were as expected, and showed that pre-

ischaemic equilibrium and experimental variables were appropriate. 
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Recovery data was shown to be inconsistent amongst the various groups.  This 

demonstrates the potential variability in functional responses amongst research groups 

who adopt various protocols for their studies.  Reasons for the variations in the 

functional recovery could include the phenomenon of RONS production or calcium or 

H
+
 imbalance, which occurs during the early stages of reperfusion, all of which can 

impede contractile function (Gross, 2002). 

 

In agreement with other research studies, the duration of 20 minutes of 

ischaemia followed by one hour of reperfusion is deemed to be an appropriate time-

controlled protocol for functional studies (Headrick et al, 2001; Venditti, Agnisola 

and Meo, 2002; Brunner, 2003).  It has been proven in this study and in other 

published data that periods of ischaemia 20 minutes or longer begins to result in 

irreversible cardiac damage with subsequent cell loss by oncosis and apoptotic 

necrosis (Scarabelli and Gottleib, 2004).   

 

Age-related changes are another important prognostic indicator to consider for 

outcome from ischaemic heart disease.  Studies in experimental animal models and 

human tissue (Mariani et al, 2000; Rosenfeldt et al, 2002) have shown that aging is 

linked to a decline in intrinsic myocardial resistance to injury (Aguirre et al, 1994; 

Lee et al, 1995).  We know that the development of ischaemic tolerance is 

incompletely understood, but may involve morphological changes at the cellular level, 

a process that is modified by aging (Folkow and Svanborg, 1993).  In this study, the 

focus has been on the use of young male hearts however, our purpose here is to 

determine the functional and apoptotic changes seen in IR injury.  
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4.2.  Measurement of caspase 3 as a marker of apoptosis 

 

This study demonstrates that caspase-3 antibody detection can provide an 

alternative method for the detection for apoptosis in an in situ IR model of the heart in 

mice.  We found that after only 15 minutes of ischaemia followed by 60 minutes of 

reperfusion, an increased generation of the precursor 35kDa caspase-3 protein was 

observed as well as the mature cleaved 17 kDa active caspase-3 protein.  This 

suggests that the significant expression of such executioner caspases may also 

contribute to the downstream activation of phosphatidyl serine (PS) and subsequent 

binding of annexin-V (Dumont et al, 2000; Martin et al, 1996). These results show 

that activated caspase 3 could be measured in murine hearts at the end of a 30 min 

ischaemic episode indicating that enough ATP must be present in the myocytes to 

activate the protein. 

 

Based on the findings from this chapter, the following thesis and functional 

studies adopted the time protocol adopted the protocol of 20-min ischaemia and 60-

min reperfusion. 

  



 - 164 - 

  



 - 165 - 

 

 

 

CHAPTER 5 

 

 

The effect of adenosine A1 receptor partial 

agonists on functional recovery in 

ischaemia-reperfused mouse isolated hearts 
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1 Introduction 

 

 

Exogenous adenosine is an autacoid that exerts various physiological actions 

and enhances myocardial tolerance to ischaemia reperfusion.  The constituent cells of 

the myocardium and coronary vasculature can also generate increasing levels of 

adenosine when subjected to ischaemic or hypoxic insult.  Adenosine acts through 

different receptors found throughout the body.  Activation of the ADORA1 has been 

shown to reduce a variety of myocardial pathologies associated with ischaemia and 

reperfusion, apoptosis and chronic heart failure, implying that there is a potential 

avenue for new cardiovascular therapies for diseases, such as ischaemic injury during 

acute coronary syndrome (Albrecht-Kupper, Leineweber and Nell, 2011). 

 

An array of full and partial agonists has emerged from the decades of research 

and remodelling of the adenosine molecular structure itself.  Because of the potential 

to activate cardioprotective mechanisms in the myocyte, ADORA1 partial agonists 

may offer a unique opportunity to selectively improve functional recovery in the 

setting of IR injury.   

 

Investigations into the use of ADORA1 agonists in reducing post- ischaemic 

damage to the heart have been of significant interest to cardiovascular research. The 

present study examines the cardioprotective effects of the ADORA1 partial agonist, 

N
6
-[4-[1,1,3,3-tetramethylisoindolin- 2-yloxyl-5amido] ethyl]phenyl] adenosine 

(VCP102, Ki = 7nM), the full ADORA1 agonist, N
6
-cyclopentyl adenosine (CPA, Ki 

= 8nM).  The reversal of these effects will also be determined by using a selection of 
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antagonists, including the selective ADORA1 antagonist 8-cyclopentyl-1,3-

dipropylxanthine  (DPCPX, Ki = 3nM) or  the ADORA3 antagonist 3-ethyl-5-benzyl-

2-methyl-4-phenylethynyl-6-phenyl-1,4-(±)-dihydropyridine-3,5-dicarboxylate  

(MRS1191, Ki = 31nM).   
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2 Materials and Methods 

 

2.1 Experimental protocol 

 

Perfusion experiments were performed as described in detail previously in 

chapter two. Conforming to the Griffith University Animal Ethics Committee 

requirements under the animal ethics number MSC/02/07/AEC, hearts for this study 

were isolated from 6-8 week old wild type C57/BL/6J male mice.   

 

2.2 Functional measurements 

 

A series of experiments were performed in hearts involving the ADORA1 full 

agonist CPA and partial agonist VCP102 (Figure 5.1).  Following a 20-min 

equilibration period, baseline functional measurements were recorded before 

subjecting hearts to 20-min global normothermic ischaemia.  At the commencement 

of reperfusion a delay of 5-min was allowed for the washout of endogenous adenosine 

and to reduce the incidence of drug interaction.  After this time hearts were infused 

with either 10µM VCP102 (n = 10) or 10µM CPA (n = 8) for 15-min.  To examine 

the effects of drug treatment against untreated conditions, a group of control hearts 

were infused with the drug vehicle DMSO (n = 6). This group was also compared (to 

determine if DMSO had any effect on the heart) against a baseline group without any 

infusion (n = 6), and showed no difference in functional responses (data not shown). 
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Figure 5.1. I/R protocol for functional experiments. 

 

2.3 The effects of selective adenosine receptor antagonists during 

reperfusion 

 

Following analysis of time-controlled functional IR experiments, further work 

was conducted involving the adenosine analogues.  These experiments were 

performed to determine if the selective ADORA1 agonists had any affect on other 

ADOR subtypes.  Antagonists involved in these experiments included the ADORA1 

antagonist DPCPX (Sigma Aldrich) and the ADORA3 antagonist MRS1191 (Sigma 

Aldrich). 

 

Both DPCPX and MRS1191 were dissolved in DMSO and made into 1mM 

and 2mM stock solutions, respectively.  For use during IR experiments, DPCPX was 

diluted down to a 10 M concentration in distilled water, and MRS1191 was diluted to 

make a 200µM solution.   

 

The adenosine antagonist drug infusion experiments followed the same 

generic IR protocol as mentioned above (Figure 5.1).  However, upon reperfusion (40-
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min) the chosen antagonist was infused into the heart for 5-mins (Figure 5.2).  After 

the 5-min time period, the adenosine antagonist combined with the selected ADORA1 

agonist was then infused together for 15 minutes. 

 

 

Figure 5.2. IR protocol for functional experiments involving ADORA1 and 

ADORA3 antagonists DPCPX and MRS1191, respectively. 

 

2.4 Effluent collection for cardiac troponin I analysis 

 

Effluent samples (0.5-1mL) were collected at selected time periods during the 

experiment (Figure 5.2).  Samples were immediately frozen at -80ºC for up to three 

months before analysis to preserve sample quality and prevent breakdown of proteins.  

Tissue cardiac troponin I (cTnI) has been shown not to deteriorate at this temperature 

and for this time period [170]. An effluent control experiment was also undertaken to 

collect samples for comparison against pre-ischaemic samples from the ischaemia-

reperfusion protocol.  To investigate the levels of oncotic necrosis, (cTnI) 

concentrations were determined from effluent samples using the murine troponin I 

ELISA kit (Life Diagnostics Inc.) according to the directions of the manufacturer.   
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2.5 Statistical Analysis 

 

All data are expressed as means  SEM of the indicated numbers of 

determinations.  Where baseline reperfusion values for LVDP, EDP, coronary flow 

and contractile function are presented, a two-way ANOVA was used.  A tukeys post-

hoc test was used to determine the significance between the values.  Cardiac troponin 

I samples were analysed using a 2-tailed unpaired t-test.  Differences were considered 

significant for P<0.05.  
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3 Results 

 

3.1 Effect of ADORA1 agonists added following ischaemia in 

mouse isolated hearts 

 

The left ventricular developed pressure (LVDP) for the control group was 

significantly reduced following 20 mins ischaemia and upon commencement of 

reperfusion (14.2 ± 2.4 mmHg, see Figure 5.3, P<0.05).  Following the drug infusion 

period, the LVDP had increased by 26% of the post-ischaemic value when compared 

to pre-ischaemic baseline values to 47.9 ± 10.6mmHg.   At the end of the reperfusion 

period LVDP values for the control group had only recovered to approximately 34% 

of pre-ischaemic baseline values. 

 

The effect of 15-min of CPA infusion on recovery of the post ischaemic 

LVDP was significantly higher than compared to the control group (74.8 ± 

15.1mmHg, P<0.05).  Following 60-min of reperfusion LVDP had recovered to 

approximately 80% of original baseline values, significantly higher than the control.  

Following the 15-min infusion of VCP102, LVDP had recovered to approximately 

74% of the baseline pre-ischaemic value, significantly greater than the control 

(P<0.05).  At the end of reperfusion this had increased to similar values of 80% as 

seen in the CPA treatment group. 
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Figure 5.3. The effect of 15-min ADORA1 agonist infusion on left ventricular 

developed pressure following 20-mins ischaemia. Values are represented as mean 

± S.E.M. * P < 0.05, VCP102 (10µM) vs. Control (n = 5-10 per group), † P < 0.05, 

CPA (10µM) vs. Control; hatched area represents drug infusion period.  

† 

* 

† 

* 
† 

* † 

* 

† 

* 
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End diastolic pressure (EDP) increased to approximately 70 mmHg during the 

ischaemic period in the control group and decreased to around 40 mmHg during the 

reperfusion period (see Figure 5.4). At the end of the reperfusion time period, the EDP 

had decreased to 39 ± 5 mmHg, 30% more than pre-ischaemic values.  At the end of 

reperfusion values had remained relatively unchanged.   

 

The CPA treatment group showed the lowest EDP during reperfusion, 

recovering to 20 ± 7 mmHg at the end of the drug infusion period and 18 ± 4 mmHg 

at the end of reperfusion, which were both shown to be significantly lower than 

control values (P<0.05).   

The EDP for the VCP102 drug treatment group was shown to be significantly 

lower than the control group at the end of reperfusion (P<0.05) but not at the end of 

the drug infusion time period (P>0.05) (30 ± 6 mmHg for the drug infusion time 

period and 26 ± 3 mmHg for the end of reperfusion).   

There were no significant differences in recovery of coronary flow rate (CFR) 

between control and drug treatment groups (see Figure 5.5).  However, CFRs were 

highest for the control during the reperfusion period.  Interestingly, VCP102 showed 

the lowest values for CFR, at approximately 75% of the original pre-ischaemic 

baseline values.  All pre-ischaemic values between treatments were not statistically 

significant (P>0.05). 

  Contractile function in the control group during the IR protocol can be seen 

in Figure 5.6.  At the end of ischaemia, infusion time and reperfusion, contractile 

function values for the control group was shown to be 439 ± 144, 1799 ± 212 and 

1743 ± 244 mmHg.sec
-1

, respectively.  Post-reperfusion contractile function values for 

CPA and VCP102 were found to be approximately 75% and 70% of the original pre-
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ischaemic values, respectively. There were no differences in contractile function 

during the IR protocol between the 3 groups studied (P>0.05). 
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Figure 5.4. The effect of 15-min ADORA1 agonist infusion on end diastolic 

pressure following 20-mins of ischaemia. Data is shown as mean ± S.E.M. *P < 

0.05, VCP102 (10µM) vs. Control (n = 5-10 per group), †P < 0.05, CPA (10µM)  

vs. Control; hatched area represents drug infusion.  
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Figure 5.5. The effects of 15-min ADORA1 agonist infusion on coronary flow rate 

following 20-mins of ischaemia. Values are represented as mean ± S.E.M. † P < 

0.05, CPA vs. Control (n = 5-10 per group); hatched area represents drug 

infusion period.  
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Figure 5.6. The effects of 15-min ADORA1 agonist infusion on contractile 

function (dP/dtmax) following 20-min ischaemia. Values represent mean ± S.E.M. 

Hatched area represents drug infusion period.  
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3.2 Effects of adenosine receptor antagonists on VCP102 mediated 

changes in post-ischaemic mouse heart function 

 

3.2 1 Effect of adenosine A3 receptor antagonist MRS1191  

 

Addition of MRS1191 (200 M) upon reperfusion did not significantly block 

the cardioprotective effects of VCP102 on LVDP (see Figure 5.7).  Reperfusion 

profiles for VCP102 and MRS1191 with VCP102, showed a slight reduction in 

overall LVDP, however this was not statistically significant (P>0.05).  Hearts 

treated with VCP102 and MRS1191 recovered to only 60% of pre-ischaemic 

values.  Addition of MRS1191 alone showed the lowest overall recovery, with 

LVDP recovering to only approximately 20% of pre-ischaemic values.  

Compared to the control group, MRS1191 alone was not statistically significant. 

 

The results of MRS1191 infusion on EDP during the IR protocol is 

represented in figure 5.8.  Following the complete 20-min drug infusion, EDP 

values for MRS1191 with VCP102 was not significantly different from VCP102 

alone, indicating that the blocking of ADORA3 did not influence recovery.  

During the early stages of reperfusion and throughout, MRS1191 showed a 

significantly higher EDP compared to the control (P<0.05).  At the end of 

reperfusion, the EDP values were approximately 20mmHg more in the 

MRS1191 treatment group compared to the control. 
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Figure 5.7. The effect of MRS1191 (200µM) infusion following 20-min ischaemia 

for 5-min then plus or minus VCP102 on LVDP. Values represent mean ± S.E.M. 

blue hatched area represents +/- VCP102 with MRS1191 infusion period.  
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Figure 5.8. The effect of MRS1191 (200µM) infusion following 20-min ischaemia 

for 5-mins prior to and during ADORA1 partial agonist VCP102 on end diastolic 

pressure. Values represent mean ± SEM; †P<0.05, MRS1191 vs. control; blue 

hatched area represents +/- VCP102 with MRS1191 infusion period.  

† † † 
† † 
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The effect of the ADORA3 antagonist MRS1191 (200 nM) treatment following 

a 20 min ischaemic episode on CFRs can be seen in Figure 5.9. Following a total of 

20 mins drug infusion with the combined MRS1191 and VCP102 treatment, CFRs 

had recovered to almost 86% of the pre-ischaemic values and remained consistent 

throughout the 60-min reperfusion time period.  The MRS1191 treatment alone 

resulted in a significantly higher coronary flow when compared to the control with the 

final post-reperfusion recovery was approximately 70% of pre-ischaemic values.  

Also, although the control pre-ischaemic CFR was higher than other treatments, it was 

not statistically significant (P<0.05). 

 

The result of the MRS1191 antagonist drug treatment on contractile function is 

shown in Figure 5.10.  During reperfusion there was no significant reduction observed 

in contractile function in the MRS1191 and VCP102 treatment compared to VCP102 

alone.  The MRS1191 treatment showed rather inconsistent values throughout the 

reperfusion period, and although shown to be reduced compared to the control, was 

not statistically significant (P>0.05).  
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Figure 5.9. The effect of MRS1191 (200µM) infusion following 20-min ischaemia 

for 5-mins prior to and during ADORA1 partial agonist VCP102 on coronary 

flow rate. Values represent mean ± SEM; †P<0.05, MRS1191 vs. control; blue 

hatched area represents +/- VCP102 with MRS1191 infusion period.  

  

† 
† † 
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Figure 5.10. The effect of MRS1191 (200µM) infusion following 20-min 

ischaemia for 5 min prior to and during ADORA1 partial agonist VCP102 on 

contractile function. Values represent mean ± S.E.M; blue-hatched area 

represents +/- VCP102 with MRS1191 infusion period.  
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3.2.2 Effect of adenosine A1 receptor antagonist DPCPX  

 

Treatment with DPCPX (10 nM) and VCP102 showed a significant reduction 

in the recovery of LVDP when compared to VCP102 alone (see Figure 5.11, P<0.05).  

At the end of the drug infusion and reperfusion protocol, LVDP values in hearts 

treated with combined VCP102 and DPCPX had only recovered to 20% of its pre-

ischaemic values.  Hearts infused with DPCPX alone also showed a reduced recovery 

in LVDP when compared with the control, although this was found to be not 

significant (P>0.05).  

The effect of the ADORA1 antagonist DPCPX with and without VCP102 on 

EDP in isolated hearts can be seen in Figure 5.12. Treatment of hearts with VCP102 

and DPCPX resulted in a significant increase in EDP values when compared with 

VCP102 alone (P<0.05).  EDP values in hearts treated with DPCPX alone also 

showed increased EDP values when compared to the control data, although this was 

not considered statistically significant (P>0.05). 

The effects of VCP102 and/ or DPCPX treatment during early reperfusion on 

CFRs can be seen in Figure 5.13. Pre-ischaemic CFRs were variable in test group 

however the differences were not significant (P>0.05). Post-ischaemic CFRs were 

highest in hearts treated with VCP102 and DPCPX, however, compared to the 

infusion with VCP102 alone, the values were not significantly different (P>0.05).  

There was no significant differences in CFR values observed between DPCPX 

treatment alone and the control hearts (P>0.05). 

The effects of VCP102 and/ or DPCPX treatment during early reperfusion on 

contractile function (dP/dtmax) can be seen in Figure 5.14. Following the infusion with 

DPCPX and VCP102, contractile function was significantly decreased during 
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recovery when compared with VCP102 alone (P<0.05).  At the end of reperfusion, 

results showed that hearts treated with VCP102 and DPCPX together had only a 10% 

recovery of contractile function when compared with pre-ischaemic baseline values. 

 

 

Figure 5.11. The effect of DPCPX (10nM) infusion following 20-min of ischaemia 

for 5-min prior to and during ADORA1 partial agonist VCP102 on left 

ventricular developed pressure. Values represent mean ± S.E.M. * P < 0.05, 

VCP102 vs.VCP102 and DPCPX (n = 5-10 per group); blue-hatched area 

represents +/- VCP102 with DPCPX infusion period.  

 

Treatment of hearts with VCP102 and DPCPX resulted in a significant 

increase in the recovery of EDP, when compared with VCP102 alone (Figure 5.12).  

The effect of DPCPX alone on EDP appeared increased when compared to the 

control, although this was not considered statistically significant. 

 

* * * * * 
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Figure 5.12. The effect of DPCPX (10nM) infusion following 20-min of ischaemia 

for 5-min prior to and during ADORA1 partial agonist VCP102 on end diastolic 

pressure. Values represent mean ± S.E.M. * P < 0.05, VCP102 vs.VCP102 and 

DPCPX (n = 5-10 per group); blue-hatched area represents +/- VCP102 with 

DPCPX infusion period.  

  

* * 
* * * 
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Figure 5.13. The effect of DPCPX (10nM) infusion following 20-min of ischaemia 

for 5-min prior to and during ADORA1 partial agonist VCP102 on coronary flow 

rate. Values represent mean ± S.E.M. blue-hatched area represents +/- VCP102 

with DPCPX infusion period.  
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Figure 5.14. The effect of DPCPX (10nM) infusion following 20-min of ischaemia 

for 5-min prior to and during ADORA1 partial agonist VCP102 on contractile 

function. Values represent mean ± S.E.M. *P< 0.05, VCP102 vs.VCP102 and 

DPCPX; †P<0.05, DPCPX vs. control (n = 5-10 per group); blue-hatched area 

represents +/- VCP102 with DPCPX infusion period.  
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3.3 Cell Death Detection 

 

Troponin I (cTnI) levels from cardiac effluents were measured during the IR 

protocol and with each drug treatment. The cTnI levels are shown in Figure 5.15.   

Control hearts undergoing the IR procedure demonstrated high levels of cTnI in the 

perfusate. Levels of cTnI were significantly lower in VCP102 treated hearts when 

compared to CPA infusion (P<0.05).  Treatment with either of the two antagonists 

MRS1191 or DPCPX alone were not significantly different.  Hearts treated with the 

ADORA3 antagonist MRS1191 and VCP102 resulted in significantly higher levels of 

oncotic cell death compared with VCP102 alone.  Furthermore, though cTnI levels 

were higher in hearts treated with DPCPX and VCP102, they were not significantly 

different from VCP102 alone.  The comparison between CPA alone and with 

antagonists (either DPCPX or MRS1191) was not significantly different. 
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* 

 

Figure 5.15.  The effects of drug treatment on cardiac Troponin I efflux.  Each 

value represents mean ± SEM. * P<0.05 vs. control; †P < 0.05 VCP102 vs. CPA; 

‡P<0.05 VCP102 vs. VCP102 and DPCPX. 
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4 Discussion 

 

The study characterises the effects of full and partial ADORA1 agonists on 

myocardial and vascular responses to an ischaemic insult in a murine model.  Here it 

is shown that post-ischaemic treatment with a ADORA1 partial agonist VCP102 or a 

full agonist CPA can alter cardiac function following I/R.   

 

4.1 Functional recovery following ischaemia-reperfusion injury 

 

Data revealed a significant improvement in left ventricular EDP in mouse hearts 

treated with VCP102 and CPA, with no significant effect on contractile function or 

CFRs.  There is substantial evidence that activation of the ADORA1 is essential to the 

adenosine and adenosine agonist-induced cardioprotection against IR injury.  

However, recent findings by Zhan, McIntosh and Lasley (2011) suggest that this 

mechanism of ADORA1-mediated cardioprotection needs the co-operation of other 

ADORs, including ADORA2A and ADORA2B.  It must be taken into consideration 

that several events take place at the beginning of reperfusion; the release of 

inflammatory markers and endogenous adenosine, being two of the many examples.  

Therefore, in this study despite allowing the early washout of endogenous adenosine 

produced during the 20min of ischaemia, there appears to be some degree of 

interaction with the agonists used during drug infusion, leading to the possibility of 

further interaction with the ADOR subtypes (McIntosh and Lasley, 2011; Peart and 

Headrick, 2007). 
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The results of the present study also showed that both the ADORA1 and 

ADORA3 receptor antagonists, DPCPX and MRS1191, reversed VCP102-mediated 

cardioprotection and functional recovery.  This provides evidence that VCP102 plays 

a role in inducing cardioprotection through both the ADORA1 and ADORA3.   

 

4.2 ADORA1 mediated protection against cell death 

 

Cell death was measured using the troponin I assay.  Adenosine is released in 

high levels during reperfusion (Sun et al, 2011; Peart and Headrick, 2007). Both 

agonists reduced post-ischaemic troponin I release.  The addition of antagonists 

DPCPX and MRS1191 showed a reversal in cardioprotection. By blocking the 

ADORA1, the ADORA3 is still available and vice versa.  This suggests that both 

receptors are involved in decreasing cell death, and further experimental work looking 

into blocking both receptors should be performed to further elucidate this work. 

 

The data shows that an improvement in left ventricular functional recovery is 

observed for both VCP102 and CPA treatment groups.  VCP102 has high affinity for 

ADORA1 (Ki: 0.007±0.001µM) and ADORA3 (Ki: 0.023±0.001) and may produce an 

effective cardioprotective response by targeting ADORA1s in specific locations of the 

heart.  

 

Partial adenosine agonists, bind to adenosine receptors in the heart in areas 

where the receptor density is high, and have little affinity for other areas where 

numbers are low. VCP102 may bind to areas in the heart where ADORA1 density is 
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high such as the atria and AV regions, leading to indirect regulation of ion channels, 

resulting in an improved recovery of LVDP and flow. 
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CHAPTER 6 

 

 

The effect of an adenosine A1 receptor 

selective allosteric enhancer on functional 

recovery in ischaemia-reperfused mouse 

isolated hearts 
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1 Introduction  

 

Adenosine receptors belong to one of the largest families of cell surface proteins, the 

GPCRs, and remain one of the pre-eminent targets for drug discovery research 

(Bellardinelli, Linden and Berne, 1989).  An important paradigm regarding drug 

binding of ADOR is the fact that they, like other GPCRs, possess allosteric receptor 

sites topographically distinct from the classic orthosteric sites to which the previously 

studied ADORA1 partial agonists bind.   

 

‘Allosteric’ comes from the Greek term meaning ‘other site’, and possess significant 

advantages over the orthosteric sites.  Firstly, the effects of allosteric enhancers are 

saturatable; once the allosteric effects are completely occupied, no further allosteric 

effect is observed (Christopoulos et al, 2002; Leach, Sexton and Christopoulos, 2007).  

This effect is also seen in the widely used class of drugs known as benzodiazepines 

and is an advantage for clinical use.  Secondly, they induce responses only in tissues 

in which endogenous agonists exert its physiological effects.  Finally, they have a 

greater potential for receptor subtype selectivity (Christopoulos, 2002).   Therefore, 

greater understanding into the mechanisms of action of these receptor target sites 

allows the potential for the development of novel drug tools and selective therapeutic 

agents.   

 

The ADORA1 was the first of the ADOR subtypes for which allosteric modulators 

were described (Kiesman, Elzein and Zablocki, 2009; Valant et al, 2010).  In the 

setting of IR injury, the concentrations of extracellular adenosine have been shown to 

rise 100-fold over basal levels, providing a rationale for both spatial (tissue specific) 
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and temporal selectivity of drug action targeting allosteric sites on ADOR .  

Moreover, these receptor target sites have been investigated for their clinical use in 

paroxysmal supraventricular tachycardia, chronic pain and non insulin dependent 

diabetes mellitus (Mizimura et al, 1996).   

 

A group of allosteric compounds, known as the 2-amino-3-benzoylthiophenes  

(2A3BT) derivatives; the first example for a small –molecule allosteric enhancer with 

agonist properties, has been shown to potentiate the effects of adenosine via the 

ADORA1 (Valant et al, 2010).  One compound in particular, tert-butyl 2-amino-3-(4-

chlorobenzoyl)-7,8-dihydro-4H-thieno[2,3-d]azepine-6(5H)-carboxylate (VCP333) 

has been utilised in this study to determine its potential effects in preventing IR injury 

in the isolated mouse heart. 

 

 

Figure 6.1.  Molecular structure of 2-amino-3-(4-chlorobenzoyl)-7,8-dihydro-4H-

thieno[2,3-d]azepine-6(5H)-carboxylate (VCP333).  
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The aim of the current study was to test specifically the hypothesis that the activation 

of the ADORA1 by the allosteric enhancer VCP333 post ischaemia would generate a 

functional improvement in the function of the isolated mouse heart during 

reperfusion. To test this we examined the impact of 15 minutes of VCP333 infusion 

during early reperfusion on selected functional parameters.  We additionally examined 

the impact of VCP333 on oncosis and necrosis.  
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2 Materials and Methods 

 

2.1 Perfused heart preparation 

 

Perfusion experiments were performed as described in detail previously in 

chapter 2. Conforming to the Griffith University Animal Ethics Committee; under the 

animal ethics number HSC02/07 hearts for this study were isolated from 6-8 week old 

wild type C57/BL/6J males.   

 

2.2 Effect of allosteric enhancer VCP333 in isolated hearts 

 

We assessed functional recovery in isolated mouse hearts subjected to 20 

minutes of ischaemia followed by 60 minutes of reperfusion using the compound 

VCP333 at 1µM (n = 6; pKB 5.23±0.25) (Valant et al, 2010).  The VCP333 compound 

was infused after five minutes of reperfusion for 15 minutes (Figure 6.2). 
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Figure 6.2 Experimental protocol for the IR hearts infused with VCP333 for 15 

minutes. 

 

2.3 Effluent collection for cardiac troponin I analysis 

 

Effluent samples (0.5-1mL) were collected at selected time periods during the 

experiment (Figure 6.2).  Samples were immediately frozen at -80ºC for up to three 

months before analysis to preserve sample quality and prevent breakdown of proteins.  

Tissue cardiac troponin I (cTnI) has been shown not to deteriorate at this temperature 

and for this time period. An effluent control experiment was also undertaken to collect 

samples for comparison against pre-ischaemic samples from the ischaemia-

reperfusion protocol.  To investigate the levels of oncotic necrosis, (cTnI) 

concentrations were determined from effluent samples using the murine troponin I 

ELISA kit (Life Diagnostics Inc.) according to the directions of the manufacturer.   
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2.4 Statistical Analysis 

 

All data are expressed as means ± SEM of the indicated numbers of 

determinations.  Where baseline reperfusion values for LVDP, EDP, coronary flow 

and contractile function are presented, a two-way ANOVA was used.  A tukeys post-

hoc test was used to determine the significance between the values.  Cardiac troponin 

I samples were analysed using a 2-tailed unpaired t-test.  Differences were considered 

significant for P < 0.05. 
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3 Results 

 

3.1 Effect of allosteric enhancer VCP333 infusion during early 

reperfusion on functional recovery of mouse isolated hearts 

 

The effect of VCP333 infusion during early reperfusion on LVDP can be seen 

in Figure 6.3. Significant decreases in LVDP can be observed in control hearts during 

ischaemia and early reperfusion (P<0.05). At the end of the protocol, LVDP values in 

isolated control hearts recover to approximately 36% of pre-ischaemic values. In 

hearts treated with VCP333 (1 M), the LVDP in hearts at the end of 60 mins 

reperfusion recovered to ~60% of pre-ischaemic values compared to that of the 

control group (P<0.05).   

 

The EDP in mouse hearts increased during 20 mins ischaemia and slowly 

decreased during reperfusion. At the end of 60 min of reperfusion, EDP values for the 

VCP333 treated hearts and the control were found to be 33 ± 2 mmHg and 37 ± 4, 

respectively (see Figure 6.4).   

 

Post-ischaemic infusion of VCP333 had no effect on CFRs (see Figure 6.5) or 

contractility (dP/dtmax, Figure 6.6) during reperfusion in isolated mouse hearts 

(P>0.05).  
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Figure 6.3. The effects of 15-min Adenosine allosteric enhancer infusion on left 

ventricular developed pressure (LVDP) in mouse isolated hearts following 20-

min of global ischaemia.   Values are mean ± SEM, * P<0.05 vs Control. 
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Figure 6.4. The effects of 15-min Adenosine allosteric enhancer infusion on end 

diastolic pressure (EDP) in mouse isolated hearts following 20-min of global 

ischaemia.   Values are mean ± SEM.  
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Figure 6.5. The effects of 15-min Adenosine allosteric enhancer infusion on flow 

(mls/min) in mouse isolated hearts following 20-min of global ischaemia.   Values 

are mean ± SEM. * P < 0.05, VCP102 treated vs. Control; Φ P<0.05 VCP333 

treated vs. VCP102. 
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Figure 6.6. The effects of 15-min Adenosine allosteric enhancer infusion on 

contractilie function (dP/dtmax) in mouse isolated hearts following 20-min of 

global ischaemia.   Values are mean ± SEM.  

 

3.2. Effect of allosteric enhancer VCP333 infusion during early 

reperfusion on cardiac troponin I production  

 

To investigate whether the ADORA1 allosteric enhancer VCP333 may also 

reduce the level of oncosis in cardiac tissue, cTnI levels were measured at the end of 

reperfusion for each group using a high-sensitivity cTnI ELISA kit. As illustrated in 

Figure 6.7, the changes in perfusate levels between VCP333 and control hearts were 

measured at 1.40 ± 0.24 and 6.09 ± 0.29 ng/ml, respectively.  The results clearly 

demonstrate that the control has the highest levels of oncotic cell death following 
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ischaemia, while the infusion of VCP333 significantly lower levels of cTnI in effluent 

(P<0.05). 

 

 

 

Figure 6.7 The effect of 15-min adenosine A1 receptor allosteric enhancer 

VCP333 (1 M) infusion during early reperfusion following 20-min of global 

ischaemia on cTnI levels.  Values are mean ± SEM, *P < 0.05 vs. Control. 
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4 Discussion 

 

A large body of evidence suggests that adenosine can protect the heart against 

IR injury (Thornton, Liu, Olsson and Downey, 1992; Lasley, Rhee, Van Wylen and 

Mentzer, 1990; Zhao et al, 1993).  It has been widely investigated over two decades 

the potential for novel therapeutic selection targeting allosteric sites on adenosine 

receptors (Lagerstrom and Schioth, 2008; Elzein and Zablocki, 2008, Kiesman et al, 

2009).     

 

The purpose of this study was to determine the effect of the allosteric enhancer 

VCP333 on the functional recovery of an isolated mouse heart following an ischaemic 

event. VCP333 was chosen as another method to enhance stimulation of the 

ADORA1.  It was proven to be an effective ADORA1 agonist where it was first 

published (Valant et al, 2010).   Valant et al (2010) used a combination of membrane-

based and intact-cell radioligand binding and multiple signalling assays to 

characterise the allosteric interaction between VCP333 and the ADORA1. 

 

 The hearts of C57/Black mice was infused with VCP333 for 15 minutes 

during early reperfusion following 20 minutes of global ischaemia.  Measurement of 

functional recovery for the group following 20 minutes of ischaemia and 60 minutes 

of reperfusion was conducted and compared with the control group (infused only with 

the drug vehicle DMSO). This study being preliminary provides some insight into 

downstream signalling via allosteric binding in mouse hearts.   
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4.1 VCP333 and Functional recovery following Ischaemia in mouse 

hearts 

 

 At present the exact intracellular mechanisms and pathways triggered by 

allosteric binding are still not completely understood (Christopoulos, 2002; Valant et 

al, 2010).  Evidence exists that upon binding to the receptor, allosteric ligands 

modulate a change in the conformation of the neighbouring orthostatic site involved 

in binding endogenous agonists, changing receptor affinity and/or signalling efficacy 

(May et al, 2007).  In addition, it has been proposed that allosteric enhancers may also 

influence functional selectivity in the signalling orthosteric ligands, therefore 

influencing certain intracellular signalling pathways via the ADORA1 (Leach, Sexton 

and Christopoulos, 2007).   

 

The current results indicate the allosteric compound VCP333 may improve 

functional recovery in mouse hearts following an ischaemic insult.  From the 

functional parameters investigated, only recovery of the LVDP was significantly 

higher than the control group (Figure 6.3).  These results may be explained by 

previous findings from Valant et al (2010), which discuss the potential bias of the 

allosteric modulator site and its selectivity of certain downstream signalling pathways.  

Furthermore, the lack of any significant change between groups on the coronary flow 

rates (Figure 6.5), further reiterate that this compound is specific for the ADORA1, 

and the effects of coronary endothelium are potentiated via the ADORA3. 
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It is evident from the findings that VCP33 does act to enhance the effects of local 

endogenous adenosine production at the ADORA1 mouse heart.  To date, there is no 

current evidence comparing the current findings from this lab on the physiological 

effect of VCP333, however, previous studies involving other animal tissues and 

different allosteric compounds have been extensively investigated for the past two 

decades (Amoah-Apraku et al, 1993).  Studies involving the in vivo analysis of the 

allosteric compound 4-methyl-2-oxo-2H-chromen-7-yl methylcarbamate (PD 81, 723) 

in dogs, showed a functional improvement in recovery following ischaemic 

preconditioning (Mizimura et al, 1996), therefore indicating that VCP333 does have 

the potential of providing the heart with a specific mechanism of therapeutic 

cardioprotection.  Additional pathways that may also be activated via VCP333 are 

those involved in the inhibition of apoptosis.   

 

4.2 VCP333 and Cell Death 

  

 In previous studies conducted by our laboratory, we have shown that acute 

myocardial IR injury induces apoptosis and it is this response which is attenuated by 

ADORA1 using both full and partial agonists specific to the receptor (Butcher et al, 

2007).   The current study has shown that the use of the allosteric enhancer VCP333 

may also inhibit downstream signalling cascades involved in the initiation of oncosis 

(Figure 6.7).  

 

In summary, the current investigation, although preliminary, provides some 

insight into the potential mechanisms involved in allosteric modulation of the 
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ADORA1 in young mouse hearts subjected to IR injury.  We tested the hypothesis that 

activation of the ADORA1 by the allosteric enhancer post ischaemia would improve 

functional recovery in the mouse heart. It is proposed that the binding of VCP333 to 

the ADORA1 enhances endogenous adenosine binding at the orthosteric site, as 

evidenced by the improvement in LVDP following IR insult.  Furthermore, the 

intracellular pathways specifically activated by VCP333 may contribute to the 

inhibition of oncosis, and warrants further investigation.  
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CHAPTER 7 

General conclusions 
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The current estimates on morbidity and mortality show that coronary artery 

and ischaemic heart disease are the leading causes of heart failure in Australia and 

internationally (Guidelines for the management of Acute Coronary Syndrome, 2006). 

Contributing factors such as age, obesity, type 2 diabetes mellitus, hypertension, and 

hypercholesterolaemia are on the increase, and with this, coronary artery disease is 

too. It is evident from the statistics and the increasing demand on the health care 

system that there is an urgent need to understand the mechanisms behind heart disease 

in order to develop new potential drug targets. 

 

  The studies presented in this thesis focused on the functional responses of 

ischaemia-reperfused mouse hearts following therapy with selected ADORA1 full and 

partial agonists and allosteric enhancers; attempting to uncover the mechanisms 

involved in adenosine/adenosine receptor mediated protection and inhibition of 

oncosis and apoptotis. 

 

 Current literature strongly supports adenosine as a cardioprotective nucleoside 

in the ischaemia-reperfused heart, supported by numerous studies on models and 

species (Bellardinelli, Linden, Berne, 1989; Fralix et al, 1993; Martin et al, 1993; 

Sommerschild and KirkebØen, 2000; Peart et al, 2002).  However, how these precise 

mechanisms actually function is yet to be elucidated.   

 

 Culturing of H9c2 rat-heart derived myocytes was employed to investigate the 

mechanisms of ADORA1 activation on reducing levels of oncotic and apoptotic 

necrosis.  The results in chapter 3 demonstrate that the induction of apoptotic cell 

death in H9c2 cells can be arrested.  Cell groups treated with the ADORA1 partial 
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agonist, VCP102, and full agonists, CPA, demonstrated this phenomenon, indicating 

that AR activation plays a very important role in regulating the recovery of 

cardiomyocytes following ischaemic insult, therefore improving overall functional 

recovery of the heart.  However, this comparison has significant limitations when 

compared to whole organ or body systems, as isolated myocytes cannot represent the 

changes that occurs to adjacent cell types such as endothelial cells, or the immune 

system response and inflammatory markers that are observed in whole animal studies.  

Nevertheless, the results in comparison to whole heart studies show an overall 

improvement in the levels of cell death when treated with ADORA1 agonists 

following I/R.   

 

The issue of immune mediated responses following ischaemia-reperfusion 

could also be addressed in the section involving the isolated heart experiments.  

Similar to the isolated cardiomyocytes, immune mediated responses and inflammatory 

markers could not be measured in the isolated hearts.  Future studies could therefore 

focus on the whole animal and the immune mediated effects on the heart following an 

ischaemic event.  The levels of inflammatory markers could be measured to determine 

the effectiveness of the antioxidant group in the VCP102 compound. 

 

This thesis employed the mouse heart model to examine the effects of 

VCP102 and ADORA1 allosteric enhancer VCP333 on post-ischaemic functional 

recovery.  Our investigations show the mouse myocardium displays a modest yet 

significant positive inotropic response to VCP102, which appears to be via the 

ADORA1 and ADORA3, with the possibility of receptor interaction with the other 

ADOR subtypes ADORA2A and ADORA2B.  Functional experiments also indicated 
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that activation of ADORA1 and ADORA3 occurs with the use of full adenosine 

agonists such as CPA.   

 

In the clinical setting, much remains to be learned regarding the chronic 

dosing of these full and partial agonists.  Partial agonists, as mentioned earlier in this 

thesis, has several advantages based on their tissue selectivity, efficacy and reduced 

risk of initiating receptor desensitisation.  This is also underscored by several previous 

clinical trials demonstrating that adenosine is effective in protecting the ischaemic 

myocardium in humans, and offers the potential use of partial agonists in the setting 

of coronary angioplasty (Leesar et al, 1997), coronary artery bypass surgery (Marzilli 

et al, 1996) and thrombolysis in the event of a myocardial infarction (Ross et al, 

2005). 

 

Confirming that the ADORA1 activation play a role in dictating downstream 

inhibition of cell death, hearts infused with VCP102 and VCP333 showed increased 

oncotic injury.  Thus, the idea that the ADORA1 and VCP102 provide a mechanism of 

not only functional recovery but also reduces the amount of cell death and therefore 

infarct size, may also apply to allosteric enhancers. 

 

No prior studies have been conducted using the ADORA1 allosteric enhancer 

VCP333 in the post-ischaemic mouse heart.  Our studies in isolated mouse hearts 

confirm that this compound offers some degree of protection.  

 

Although it is evident the ADORA1 partial agonists and allosteric enhancers 

provide cardioprotection in the young I/R mouse heart, these responses are 
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substantially impaired by a variety of factors. The may include concentration of the 

drug used, expression of ADORA1 in the myocardium, desensitisation of the receptor 

and interaction with endogenous adenosine.  However, the exact downstream 

signalling pathways involved in the modulatory action of these compounds and 

potential limitations are likely to be multifactorial.   

 

The investigations reported in this thesis utilised male C57 wild type mice 

exclusively.  This model was chosen to avoid excessive variability due to the 

possibility of gender-dependent effects.  The main limitation to this model is that the 

results and conclusions cannot represent a whole population.  Furthermore, while it is 

clear that adenosine and its representative agonists described in this thesis offers a 

degree of protection in the young ischaemic-reperfused myocardium, responses could 

be substantially impaired with aging.  Detailed clinical research has previously 

confirmed the impact of aging on ischaemic intolerance well before middle age in 

both males and females (Headrick et al, 2003; Tani et al, 1997).   This has also been 

demonstrated in animals, in particular, aged rat hearts, and reduction in response of 

receptors such as the ADORA1 (Jenner and Rose’Meyer, 2006; Gao et al, 1997).  

While this project aimed to gain and understanding of the downstram cellular 

pathways involved in ADORA1, these changes are just as important in the ischaemic 

intolerant aged phenotype.   

 

The molecular interactions between the ADORs remain poorly understood.  

Therefore, the finding that these pharmacological compounds offer some 

cardioprotection in young mouse hearts warrants further investigation.  Using Western 

blot or other immunofluorescent approaches, we might further uncover the 
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activity/translocation of pro-apoptotic proteins, and whether the ADORA1 has an 

essential role in preventing apoptosis.  However, because the ADOR family appears 

to be interacting and modifies a broad range of downstream signalling pathways, 

investigating the other subtypes may be necessary to fully eluciate the process of 

preventing I/R injury. 

 

The search for effective adjuncts to reperfusion therapy in the clinical setting 

of acute myocardial infarction, to aid in the reduction of infarct size and offer 

protection against reperfusion injury has been of little success.  The potential use of 

VCP102 or VCP333 can offer a promising approach in the treatment of acute 

coronary syndromes.  Furthermore, with recent guidelines identifying the detrimental 

role of free radicals in reperfusion injury, VCP102 in particular with its antioxidant 

properties could provide the added benefit of scavenging the excess RONS elevated in 

the ischaemia-reperfused cardiomyocyte.  While there is a direct cardioprotective 

effect seen with the use of these agents, the mechanism is no doubt multifactorial and 

requires extensive investigation to uncover the precise role of partial adenosine 

agonsts.  

 

This study aimed to investigate the effects of full and partial ADOR agonists 

on the functional recovery of the isolated murinic heart at various levels from protein 

expression to whole heart functional recovery.  This project highlights the changes 

that occur at multiple levels of regulation, which make it difficult to fully understand 

the precise cellular pathways involved in ADOR-medicated cardioprotection.  

Nevertheless, the results of this thesis contribute to the valuable database of 

knowledge and understanding of cardiovascular processes that take place in humans.   
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