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Abstract 
 
Myocardial infarction (MI) is a leading cause of death worldwide. The fundamental 

treatment for MI is reperfusion of the ischaemic myocardium by primary 

percutaneous intervention (PPCI). Advances in PPCI techniques in recent years has 

led to an increased survival rate in patients undergoing MI. A larger proportion of 

patients surviving post- MI following PPCI face a later risk of developing heart 

failure due to the substantial left ventricular (LV) injury caused by MI. Post MI 

heart failure has become a frequent complication of MI and is associated with an 

extremely high mortality. To develop novel therapies for MI, two phases of the 

disease can be targeted. One is the period following PPCI in which ischaemia-

reperfusion (IR) injury contributes to cardiac damage. At this stage, reducing IR 

injury can reduce cardiac damage and thereby improve cardiac function and 

survival. The other is the period of developing heart failure post MI, where adverse 

cardiac remodelling contributes to worsening cardiac function and progression of 

heart failure. Therefore, therapies targeting the remodelling process following MI 

may prevent deterioration of cardiac function and protect against heart failure.  

 

Development of novel therapy for MI and IR injury requires experimental models 

which model the human disease. The clinical relevance of the animal model is 

associated with successful translation of novel therapies. Mouse models have 

become commonly used in translational research due to their cost efficiency and 

the ease of developing genetically-modified mice. However, inducing MI and IR 

injury in mice is a complex technique due to their small size and thus application 

of mouse models of MI and IR injury has been limited. The work in this thesis, has 

focussed on the MI and IR injury models in mice. MI and IR injury were successfully 

induced by performing left anterior descending coronary artery ligation in open-

chest microsurgery and cardiac function following MI and IR injury was 

characterized using echocardiography and intra-left ventricular pressure-volume 

(PV) loops. Using these models and phenotyping techniques, two potential 

therapeutic targets were evaluated, one is cathepsin-L inhibition by a 

pharmacological inhibitor CAA0225, while the other was Runx1 deficiency which 

was assessed in a cardiomyocyte-specific Runx1-deficient mouse.  

   

Cathespin-L is a cysteine protease typically localized in lysosomes. In patients with 
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coronary heart diseases (CHD), cathepsin-L has been found at increased levels in 

the serum and plasma, and the elevation of cathepsin-L is correlated with disease 

severity. In this study, using a cathepsin-L inhibitor CAA0225, we tested the effects 

of cathepsin-L inhibition during IR injury in both Langendorff perfused ex vivo 

isolated rat hearts and an in vivo mouse model. In the Langendorff isolated heart 

model of IR injury, applying CAA0225 significantly improved systolic and diastolic 

cardiac function during IR injury and this improvement was paralleled by reduced 

infarct size. An inhibitor (CA074Me) of a separate member of the cathepsin family 

(cathepsin-B) was also tested in the Langendorff perfused hearts and although it 

improved the speed at which systolic function recovered post I/R injury, no other 

changes where noted in cardiac function. The beneficial effect of CAA0225 was 

further tested in in vivo mouse models of MI and IR injury. Intravenous injection 

of CAA0225 during the ischaemic period significantly improved cardiac systolic 

function following MI and IR injury at both 2 and 4 weeks, respectively. In vivo 

administration of CAA0225 reduced infarct size, as measured by a double-dye 

staining technique and may relate to normalization of adverse calcium handling 

in cardiomyocytes by CAA0225 during IR injury.  

 

The Runx1 gene is known to be related to lineage differentiation and function 

within the hematopoietic system. RUNX1 has been reported to be activated in 

border zone cardiomyocytes in humans and mice post MI. This finding indicated 

that the Runx1 gene may play a role in cardiac remodelling post MI. To investigate 

the role of Runx1, MI and IR injury was induced in a tamoxifen-inducible 

cardiomyocyte-specific Runx1-deficient mouse model. Runx1 deficiency 

significantly preserved cardiac function 8 weeks post MI and post IR injury injury 

and prevented LV dilation post MI. The underlying mechanism may relate to 

improved cardiomyocyte calcium handling.  

 

In conclusion, the work in this thesis has assessed two separate targets, cathepsin-

L and Runx1 for their therapeutic potential in MI and IR injury. This work has 

significantly enhanced our knowledge on these novel targets and will inform the 

development of translational strategies for treatment of patients with MI. 
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CHAPTER 1.  

General introduction  
 

 

 

 

 

 

 

 

 



1.1 Introduction 

1.1.1  Heart 

The mammalian heart is a muscular pump which is divided into the right and left 

sides and consists of four chambers (right and left ventricles and right and left 

atria). The primary function of the heart is to pump blood through blood vessels 

enabling delivery of oxygen and nutrients to organs and tissues of the body and 

removal of waste products. The cardiovascular system also plays a role in hormone 

distribution and temperature regulation. The heart wall comprises mainly of 

muscle fibres that are made of cardiomyocytes. Other major cell types also 

present including fibroblasts and endothelial cells. Fibroblasts secrete 

extracellular matrix polymers, which are associated with the degree of wall 

stiffness and elastic recoil (Souders et al., 2009). Endothelial cells line the inner 

surface of cardiac chambers with connective tissues and smooth muscle cells to 

form the non-thrombogenic endocardium (Harris and Black, 2010). The outside of 

the heart is lined by epicardium, comprising a flattened sheet of mesothelial cells 

over connective tissue. The outer surface of the heart is surrounded by the fibrous 

pericardium, under which the pericardial fluid lubricates the surfaces between 

epicardium and pericardium. Coronary arteries deliver oxygenated blood to the 

myocardium, which are composed of multiple vessels including three arteries that 

of importance in this thesis: the left anterior descending, circumflex branches and 

the right main coronary artery. These arteries distribute blood flow to different 

areas of myocardium. Small arteries and arterioles branch into numerous 

capillaries that lie next to cardiomyocytes. The coronary circulation has a high 

capillary-to-cardiomyocyte ratio and short diffusion distances, which ensures 

adequate oxygen supplies to cardiomyocytes and removal of metabolic waste 

products. The anatomic distribution of coronary vessels is heterogeneous among 

people; therefore, in clinical practice, the vascular involvement in ischaemic 

heart diseases needs to be verified by coronary imaging techniques such as 

coronary angiogram (Scanlon et al., 1999). 

Cardiac contraction originates at the level of cardiomyocyte. The cardiomyocyte 

is packed with long and contractile myofibrils, of which sarcomere is the 

fundamental contractile unit. Sarcomere comprises two isoforms of filament, 

myosin and actin, and the Z lines lie between the sets of filamentous proteins. 
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The actin filament contains the tropomyosin-troponin complex that initiates 

cardiac contraction. At each Z line, the transverse tubular system (T-tubules) runs 

from the surface membrane into the interior of the cell, carrying Na+ and Ca2+ 

channels and transmitting electrical excitation into the interior of the cells and 

thus activating myofibrils. The sarcoplasmic reticulum (SR) located inside the 

cytoplasm of cardiomyocytes, stores Ca2+ ions and plays a major role in coupling 

the electrical activity of the heart with its mechanical function in excitation-

contraction (EC) coupling.  

1.1.2  EC coupling 

EC coupling is a sequence of events from electrical excitation of the 

cardiomyocyte to mechanical contraction of the heart. The extracellular and 

intracellular Ca2+ icons are fundamental in this process (Ringer, 1882a, Ringer, 

1882b, Ringer, 1883b, Ringer, 1883a). There are four main stages of EC coupling: 

The first stage is Ca2+ influx initiated by alteration of cell membrane potential 

during the action potential. The action potential originates from the pacemaker 

cells located at the sinoatrial (SA) node of the right atrium and then transmits 

rapidly to the atrioventricular (AV) node located in the lower atrial septum. The 

electrical impulse then runs through the fast-conduction muscle fibres known as 

the Bundle of His to the Purkinje fibres, and finally stimulates the ventricular 

myocytes. The signal transmits rapidly from one cardiomyocyte to the next though 

the gap junctions and the action potential travels along the surface membrane of 

the sarcolemma along T-tubules. This process triggers the opening of the voltage-

gated L-type Ca2+ channels located at the T-tubules, which allows Ca2+ ions to 

enter the cardiomyocyte (Bers and Perez-Reyes, 1999).  

The second stage is the calcium-induced calcium release (CICR). When Ca2+ ions 

enter the cardiomyocyte, a release of Ca2+ from sarcoplasmic reticulum is 

triggered via Ca2+ release channels known as ryanodine receptors (RyRs). The RyRs 

are located adjacent to the voltage-gated L-type Ca2+ channels and activated by 

an increase of local free Ca2+ concentration (Eisner et al., 1998).  
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The third stage is the Ca2+ mediated cross-linking and contraction, whereby the 

rise of the intracellular free Ca2+ concentration allows Ca2+ ions to bind to the 

myofilament protein troponin C. The troponin C is bound to tropomyosin as part 

of the tropomyosin-troponin complex. During the resting phase of cardiac 

contraction, the tropomyosin-troponin complex is bound to the thin actin filament 

of the sarcomere and obscures the myosin-binding sites on actin. When binding 

with Ca2+, troponin C shifts the tropomyosin-troponin complex deeper into the 

actin groove and exposes the myosin-binding sites. This is followed by the binding 

of myosin to actin to form a cross-bridge. The head of myosin then pulls actin to 

the centre of sarcomere via ATP hydrolysis, which causes the contraction of 

cardiomyocytes and then of the whole heart (i.e. systole) (Figure 1-1) (Layland 

et al., 2005).  
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The fourth stage is Ca2+ extrusion. Relaxation of cardiomyocytes allows the heart 

to be filled with blood during diastole, which requires the restoration of the 

intracellular free Ca2+ ions to resting levels. This dissociates Ca2+ from troponin, 

 

Figure 1-1. Calcium transport in excitation–contraction (EC) coupling 

within ventricular cardiomyocyte. During the action potential, calcium 

enters the myocyte through calcium influx (ICa) and NCX, and triggering 

calcium-induced calcium release (CICR) through RyR on the SR. Next the 

Ca2+ release activates the myofilaments and leads to contraction. At 

diastole, calcium is pumped into the SR by SR calcium ATPase (SERCA) and 

is extruded from the myocytes by NCX, leading to relaxation. 

Dephosphorylated phospholamban can inhibit SERCA. CaMKII 

phosphorylates calcium-handling proteins like phospholamban. ATP 

(ATPase); NCX (Na+/Ca2+ exchanger); PLB (phospholamban); SR 

(sarcoplasmic reticulum); RyR (ryanodine receptor). Taken from review 

article Cardiac excitation–contraction coupling by Donald M. Bers (Bers, 

2002)  
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which allows the tropomyosin-troponin complex to restructure and therefore 

obscure the actin binding sites and then prevent myosin binding. The SR Ca2+-

ATPase (SERCA) pumps, located on the surface membrane of the SR, transports 

the majority of the raised Ca2+ back into the SR. The remaining intracellular Ca2+ 

ions are removed by the sarcolemma sodium-calcium exchanger, which pumps a 

Ca2+ ion out of the cell in exchange for three Na+ ions into the cell. The sodium-

calcium exchange is driven by both transmembrane voltage and sodium-calcium 

concentration gradients (Blaustein and Lederer, 1999). SERCA is regulated by 

phospholamban, an inhibitory protein, which inhibits SERCA in its basal 

unphosphorylated state by decreasing the affinity of SERCA to Ca2+ (James et al., 

1989, Voss et al., 1994), and enhances the activity of SERCA in its phosphorylated 

state by increasing its affinity to Ca2+ (James et al., 1989) and pumps the raised 

Ca2+ back into the interior of SR. Abnormal intracellular calcium handling is a 

major cause of cardiac dysfunction under pathological conditions such as heart 

failure (Morgan et al., 1990). 

1.2 Coronary artery diseases 

Coronary artery disease, also known as ischaemic heart disease, is the most 

common type of cardiovascular disease and is the leading cause of adult death 

and disability in the world (Mendis et al., 2015). Coronary artery disease accounts 

for 12.8% of all deaths and more than seven million people die from coronary 

artery disease every year (Task Force on the management of et al., 2012). 

Coronary artery disease includes angina and myocardial infarction (MI, commonly 

known as a heart attack).  

1.2.1  Myocardial Infarction (MI) 

MI is defined pathologically as myocardial cell death due to prolonged ischaemia 

(Thygesen et al., 2012). MI is a worldwide leading health problem and it is under 

intensive research in both clinical trials and pre-clinical studies. In the clinical 

setting, acute MI is characterised by a number of different perspectives related 

to clinical history, electrocardiography (ECG), pathology and biochemical 

examinations (Van de Werf et al., 2008). The initial pathological progress of MI is 

myocardial ischaemia, of which typical symptoms include combinations of chest, 
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upper extremities, epigastric or mandibular discomfort or an ischaemic equivalent 

such as dyspnoea and fatigue. The discomfort associated with acute MI normally 

lasts more than 20 min (Thygesen et al., 2012). MI may occur with atypical 

symptoms including palpitations and cardiac arrest, or without symptoms in the 

elderly and critically ill patients. The electrocardiogram (ECG) characteristics of 

ischaemia include ST elevation in two contiguous leads in an ST elevation MI 

(STEMI), or without ST elevation called non-ST elevation MI (NSTEMI) (Thygesen et 

al., 2012). STEMI is a major ECG manifestation of ischaemic heart diseases and is 

usually caused by abrupt thrombotic occlusion of an epicardial coronary artery 

with a ruptured atherosclerotic plaque, while non-STEMI (NSTEMI) usually occurs 

by the partial occlusion of a major coronary artery or complete occlusion of a 

minor coronary artery. The great majority of STEMI will show a typical rise of 

sensitive and specific biomarkers of myocardial necrosis, such as increased blood 

levels of cardiac troponin (cTn) and the MB fraction of creatine kinase (CKMB) 

(Nienhuis et al., 2008). Cardiac troponin I and T are expressed almost exclusively 

in the heart as components of the contractile apparatus of myocardium (Jaffe, 

2006). The elevations of cTn (I or T), in the blood reflect necrosis of myocardial 

cells with high myocardial tissue specificity and high clinical sensitivity (Jaffe, 

2006). Non-invasive imaging techniques are used for diagnosis of MI and 

characterization of cardiac function post MI. Commonly used imaging techniques 

for MI include echocardiography, radionuclide ventriculography, single photon 

emission computed tomography (SPECT), and magnetic resonance imaging (MRI) 

(Schuijf et al., 2005, Kellman and Arai, 2012). Echocardiography is commonly used 

in the assessment of cardiac structure and function for parameters such as 

myocardial thickness and motion (Flachskampf et al., 2011).  

The pathophysiological characteristics of MI involves a large number of processes, 

including myocardial contractile dysfunction, cell death and healing by fibrosis 

after hypoperfusion and ischaemia. The consequences of ischaemia vary 

depending on the ischaemic extent and duration. The deprivation of oxygen and 

nutrients during ischaemia disrupts normal oxidative phosphorylation and leads to 

a reduction in high-energy adenosine triphosphates (ATP) which are necessary for 

normal function. The oxygen deprivation and depletion can lead to irreversible 

cell death. The necrosis begins following 15-30 min of severe ischaemia without 



Weihong He, 2016 
  

24 
 

collateral flow and progresses in a time-dependent manner from the 

subendocardium to the subepicardium, which is known as the wave front 

phenomenon (Van de Werf et al., 2008, Reimer et al., 1977, Reimer and Jennings, 

1979). Necrosis of the cardiomyocytes in the area at risk takes at least 2–4 h to 

develop, which is dependent on the distribution of collateral circulation to the 

ischaemic area, persistent or intermittent coronary occlusion and the individual 

sensitivity of the cardiomyocytes to ischaemia (Thygesen et al., 2007).  

MI has traditionally been known as a manifestation of necrotic cardiomyocyte 

death. However, recently different forms of cell death have been identified to 

contribute to infarct size, such as apoptosis and autophagy (Whelan et al., 2010). 

During hypoperfusion and ischaemia, the production of ATP is rapidly reduced in 

the myocardium, leading to a cascade of events which eventually lead to three 

main forms of cell death: 

Necrosis is morphologically characterised by membrane destruction, swollen and 

ruptured mitochondria, myofibrillar contraction bands, microvascular destruction, 

inflammation and haemorrhage (Reimer et al., 1977, Reimer and Jennings, 1979, 

Kloner et al., 1983). During ischaemia, the depletion of ATP results in 

accumulation of AMP, which activates glycolytic enzymes and anaerobic 

metabolism (Cave et al., 2000, Das et al., 1987). Lack of available ATP increases 

intracellular Na+ accumulation by the inhibition of Na+/K+-ATPase, and the 

anaerobic glycolysis increases the influx of Na+ via the Na+/H+-exchanger. The 

exchange of Na+ for Ca2+ by the sarcolemmal Na+/Ca2+-exchanger subsequently 

induces intracellular Ca2+ overload, causing myofibrillar hypercontraction (Tani 

and Neely, 1989, Ladilov et al., 1995). Increased intracellular lactate produced by 

anaerobic metabolism causes an accumulation of water and resultant osmotic 

stress, leading to organelle and cell swelling with sarcolemmal membrane damage 

(Das et al., 1987, Neill, 1968, Opie, 1990).  

Apoptosis is a form of ‘programmed cell death’ characterized by energy-

consuming cell death and characteristic deoxyribonucleic acid strand breaks 

(Zhang and Xu, 2000, Chiong et al., 2011, Orogo and Gustafsson, 2013). Apoptosis 

is triggered intrinsically by mitochondrial release of cytochrome C, leading to 

intracellular proteolysis by a cascade activation, or extrinsically by activation of 
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sarcolemmal receptors, FAS (TNF receptor superfamily, member 6) and TNF α 

(tumor necrosis factor alpha) receptors (Kleinbongard et al., 2011). Another form 

of cell death distinctly regulated by activation of receptor-interacting protein 

kinases 1 and 3 shares features with necrosis and apoptosis, which is known as 

necroptosis (Zhou and Yuan, 2014).  

Autophagy is a second form of ‘programmed cell death’ in which activated 

lysosomal enzymes break down the organelles (Dong et al., 2010). Autophagy is 

associated with lysosomal degradation and protein recycling and is characterized 

by the presence of autophagosomes and increased expression of the autophagy-

related gene complex, light chain 3, beclin-1, parkin, and p62 (Huang et al., 2011). 

Activation of lysosomes during ischaemia hydolyses the organelle and cell 

membranes, leading to osmotic stress and sarcolemmal disruption (see Figure 1-

2). Autophagy during ischaemia is considered to be protective (Przyklenk et al., 

2011). However, the role of autophagy in IR injury remains under debate (Gedik 

et al., 2014, Singh et al., 2014a).  
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The loss of myocardium following MI leads to an abrupt increase of load which 

results in ventricular remodelling related to the border zone and remote non-

infarcted area. Ventricular remodelling is a process which regulates ventricular 

size, shape, and function by mechanical, neurohormonal, and genetic factors 

(Pfeffer and Braunwald, 1990, Rouleau et al., 1993), leading to reparative changes 

such as dilatation, hypertrophy, and formation of collagen scar. Ventricular 

 

Figure 1-2. Release of lysosomal contents promotes acute cell death. 

The upper panel shows some of the stimuli and messengers triggering 

lysosomal-membrane permeabilization (LMP) which results in release of 

cathepsins and other lysosomal hydrolases, then leads to the release of 

reactive oxygen species (ROS) and CYTOCHROME C. This results in cell 

death through classical apoptosis, necrosis-like or caspase-independent 

apoptosis-like programmed cell death (PCD). Figure taken from Lysosomes 

and autophagy in cell death control by Guido Kroemer & Marja Jäättelä 

2005 (Kroemer and Jaattela, 2005) 



Weihong He, 2016 
  

27 
 

remodelling is a predictor of heart failure and negative prognostic value 

(Kleinbongard et al., 2011). The remodelling process may continue for a prolonged 

period until the distending force is counterbalanced by the tensile strength of the 

scar (Warren et al., 1988). The components of the myocardium (cardiomyocytes, 

extracellular matrix, and capillary microcirculation) play important roles in the 

remodelling process. The cardiomyocyte is a terminally differentiated cell and 

develops mechanical shortening (Woodcock and Matkovich, 2005). The 

extracellular matrix generates a stress-tolerant, viscoelastic scaffold consisting of 

type I and III collagen that maintains the spatial relations between the 

myofilaments and the capillary microcirculation. The collagen framework couples 

adjacent cardiomyocytes and aligns myofilaments to optimize and distribute force 

evenly to the ventricular walls (Erlebacher et al., 1984, Weber, 1997). Following 

MI, the macrophages, monocytes, and neutrophils migrate into the infarct zone, 

which initiates intracellular signaling, neurohormonal activation, and local 

inflammatory responses. In the early phase of post-infarct remodelling (within 72 

hours), the expansion of the infarct zone may result in cardiac rupture or 

aneurysm formation (Erlebacher et al., 1984). The late phase of remodelling 

(beyond 72 hours) involves the left ventricle globally with time-dependent 

dilatation, wall thinning, distortion of ventricular shape, and mural hypertrophy 

(see Figure 1-3). The failure to normalize increased wall stresses related to late 

remodelling leads to progressive dilatation, deterioration in contractile function, 

and recruitment of border zone myocardium into the scar (White et al., 1987).  
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Hypertrophy resulting from post-infarction remodelling is an adaptive response to 

increased workload, progressive dilatation, and contractile dysfunction. To 

maintain a normal stroke volume, the healthy myocardium has to produce a 

greater pressure with a reduced number of cardiomyocytes (Opie et al., 2006). 

The increase in afterload on these cardiomyocytes leads to hypertrophy by 

myocardial stretch, neurohormonal activation, paracrine/autocrine factors, and 

the activation of the local tissue renin-angiotensin system (RAS). The type of 

hypertrophy in post MI is often eccentric, which is characterised by lengthening 

of the cardiomyocytes in the border zone surrounding the infarct scar and in 

remote myocardium. Post MI eccentric hypertrophy is associated with increased 

risk of major adverse cardiac events, such as re-infarction, heart failure, and 

cardiac arrest (Verma et al., 2008). Hypertrophy is stimulated by both biochemical 

 

Figure 1-3. Schematic representation of post MI LV remodeling. The 

early phase of remodeling is thinning and elongating of the fibrous scar in 

the infarcted area. Subsequent myocyte hypertrophy leads to LV dilation 

and transition to spherical configuration. Myocyte hypertrophy is 

associated with increased interstitial collagen formation. Taken from Left 

Ventricular Remodeling in Heart Failure Current Concepts in Clinical 

Significance and Assessment by Marvin A. Konstam (Konstam et al., 2011) 
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and mechanical stimuli involving the activation of protein kinase cascades. Genes 

for transcriptional factors including c-fos, c-jun, c-myc, Egr-1, natriuretic 

peptides (ANP, BNP), enzymes including angiotensin-converting enzyme (ACE), 

Beta adrenergic receptor kinase (βARK), and growth factors including endothelin-

1 (ET-1), insulin-like growth factor-1, transforming growth factor (TGF)-β1 are 

induced and involved in hypertrophic stimulation (Sadoshima and Izumo, 1993, 

Bogoyevitch et al., 1994, Yamazaki et al., 1995). Intracellular calcium handling 

plays a role in the activation of protein kinases in myocytes by Ang II and other 

hypertrophic stimuli before the fetal gene program is switched on for protein 

synthesis (Sadoshima et al., 1995, Hempel et al., 2002). Transcriptional activity 

of cardiomyocytes is modified during remodelling, causing reactivation of fetal 

gene expression which is normally silenced in adults (Machackova et al., 2006). 

The fetal genes encode structural proteins, which contributes to the lengthening 

of the cardiomyocyte by adding new sarcomeres (Grossman and Paulus, 2013). The 

cardiomyocytes reduce production of alpha-MHC (alpha-myosin heavy chain) and 

increase synthesis of beta-MHC, which is associated with reduced energetic 

requirement and reduced contractility of sarcomeres (Krenz and Robbins, 2004, 

Miyata et al., 2000). The decrease in mean number of myofibrils per sarcomere 

further reduces the contractile force generated by each sarcomere (Koitabashi 

and Kass, 2012). ` 

1.2.2  Ischaemia-reperfusion (IR) injury 

Reperfusion therapy is the most effective treatment for STEMI, however, cardiac 

reperfusion has been viewed as “a double-edged sword” due to the existence of 

IR injury (Braunwald and Kloner, 1985). Cardiac IR injury is the myocardial injury 

and cardiomyocyte death which occurs during the reperfusion of ischaemic 

myocardium (Hausenloy and Yellon, 2016). IR injury paradoxically reduces the 

benefits of reperfusion therapy for patients presenting with STEMI. Cardiac IR 

injury was first observed in dog hearts undergoing coronary artery ligation where 

reperfusion led to acceleration of necrosis formation (Jennings et al., 1960).  

However, the importance of IR injury was not fully recognized until myocardial 

reperfusion techniques, such as thrombolysis and percutaneous coronary 

intervention (PCI), were utilized in the treatment of patients with MI about three 

decades ago. In the clinical setting, the current fundamental treatment for an 
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acute myocardial infarction is re-establishment of blood flow by using either 

thrombolytic therapy or primary percutaneous coronary intervention (PPCI) 

(Zimarino et al., 2008). Reperfusion of the ischaemic myocardium restores the 

supply of oxygen and nutrients and therefore salvages the reversibly injured 

myocardium. However, cardiac IR injury paradoxically causes additional injury 

which contributes to up to 50% of the tissue damage after myocardial infarction 

and reduces the beneficial effect of PPCI treatment (see Figure 1-4) (Braunwald 

and Kloner, 1985, Piper et al., 1998, Yellon and Hausenloy, 2007). There is still no 

effective treatment for the irreversible forms of IR injury. A number of new 

therapeutic strategies, which show the potential for preventing IR injury to 

improve clinical outcomes in MI patients, are currently under investigation 

(Hausenloy and Yellon, 2013, Hausenloy and Yellon, 2016).  



Weihong He, 2016 
  

31 
 

 

There are four recognized forms of IR injury, two reversible (IR-induced 

arrhythmias and myocardial stunning) and two irreversible (microvascular 

obstruction and lethal myocardial reperfusion injury) (Hausenloy and Yellon, 2013, 

Hausenloy and Yellon, 2016, Yellon and Hausenloy, 2007). The ventricular 

arrhythmias are usually induced after the onset of reperfusion in ischaemic 

myocardium. In STEMI patients undergoing PPCI the IR-induced arrhythmias 

 

Figure 1-4. Contributions of ischaemic injury and reperfusion injury to 

final MI size in STEMI patients following PPCI. The final MI size is depicted 

by the black solid line. The theoretical MI size in the absence of PPCI is 

depicted by the red dashed line. The theoretical MI size following PPCI in 

the absence of reperfusion injury is depicted by the green dashed line. IR 

injury attenuates the benefit of reperfusion treatment in terms of reducing 

infarct size. Therefore, applying a treatment that is capable of reducing 

ischaemia-reperfusion injury could result in a smaller infarct size. Figure 

taken from Myocardial ischaemia-reperfusion injury: a neglected 

therapeutic target by Derek J. Hausenloy, Derek M. Yellon (Hausenloy and 

Yellon, 2013).  
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normally self-terminate or can be treated (Hearse and Tosaki, 1987). The 

reversible contractile dysfunction that occurs during reperfusion following 

myocardial ischaemia is known as myocardial stunning which results from the 

intracellular calcium overload and oxidative stress (Kloner et al., 1998a). 

Microvascular obstruction, also known as “no-flow phenomenon”, refers to the 

inability to reperfuse the ischaemic region. Microvascular obstruction was first 

described by Krug et al. in 1966 (Krug et al., 1966). A number of major factors 

contribute to microvascular obstruction including micro-embolization, capillary 

damage and capillary compression. (Ito, 2006, Luo and Wu, 2006, Heusch et al., 

2009). The microvascular obstruction leads to larger MI size, worse LV remodelling 

and lower LV ejection fraction (Ito et al., 1996, Wu et al., 1998, Hombach et al., 

2005). Whether microvascular obstruction is an independent causative factor of 

cell death or a biomarker of IR remains unclear (Hausenloy and Yellon, 2013). 

Lethal myocardial reperfusion injury refers to the reperfusion-induced 

cardiomyocyte death after ischaemia (Piper et al., 1998) and is the form of IR 

injury on which this thesis focuses (referred to therefore hereon as IR injury). The 

factors that contribute to lethal myocardial reperfusion injury include oxidative 

stress, calcium overload, opening of the mitochondrial permeability transition 

pore (MPTP), and hypercontracture. The studies in both experimental MI and in 

patients with STEMI suggest that lethal myocardial reperfusion injury may 

contribute to up to 50% of the final MI size (Yellon and Hausenloy, 2007).  

Experimental studies have identified several factors that mediate IR injury. The 

first is oxidative stress. The detrimental oxidative stress produced in the first few 

minutes of reperfusion mediates myocardial injury and cell death by inducing the 

opening of the MPTP, mediating dysfunction of the SR and acting as a neutrophil 

chemoattractant. The second is intracellular Ca2+ overload which begins during 

myocardial ischaemia and is exacerbated during reperfusion due to oxidative 

stress-induced SR damage, the disruption of the plasma membrane, and the 

mitochondrial re-energization. Experimental studies have shown that the 

administration of pharmacologic antagonists of the mitochondrial Ca2+ uniporter 

or the sarcolemmal Ca2+ channel at the onset of reperfusion can reduce MI size by 

up to 50% (Miyamae et al., 1996, Herzog et al., 1997). However, clinical studies 

have not shown positive results for administering calcium channel blockers at the 
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onset of reperfusion (Bar et al., 2006). The third factor is the rapid restoration of 

physiological pH. During ischaemia the intracellular pH decreases, whereas upon 

the onset of reperfusion, the physiological pH is rapidly restored by washout of 

lactate and activation of the Na+-H+ exchanger and the Na+-HCO– symporter. The 

pH shift leads to cardiomyocyte death by permitting mPTP opening and 

cardiomyocyte rigor hypercontracture (Lemasters et al., 1996). The fourth is 

opening of the mPTP, a nonselective channel of the inner mitochondrial 

membrane. The opening of mPTP leads to ATP depletion and cardiomyocyte death 

by uncoupling of oxidative phosphorylation and depolarization of the 

mitochondrial membrane (Hausenloy and Yellon, 2003, Heusch et al., 2010). The 

mPTP has been shown to remain closed during ischaemia and only open during 

reperfusion due to the mitochondrial Ca2+ and phosphate overload, ATP depletion, 

oxidative stress, and rapid pH restoration (Griffiths and Halestrap, 1995). 

Experimental studies in small and large animal MI models have shown that 

preventing mPTP opening by administering mPTP inhibitors at the onset of 

myocardial reperfusion can reduce infarct size by up to 50% (Hausenloy et al., 

2003, Argaud et al., 2005, Skyschally et al., 2010).  

Infarct size is a major factor affecting the clinical outcomes in STEMI patients with 

reperfusion treatment. Reduction of infarct size is the benefit of reperfusion 

therapy and is associated with the improvement of cardiac function (White et al., 

1994). During reperfusion, the normalization of pH and re-energization causes 

oscillatory release and reuptake of Ca2+ into the SR, leading to uncontrolled 

myofibrillar hypercontraction (Ladilov et al., 1995, Piper et al., 2003, Piper et al., 

2004, Garcia-Dorado et al., 2012). Calpain, a calcium-dependent non-lysosomal 

cysteine protease, is activated by normalization of pH, which digests the 

sarcolemma and cytoskeleton (Inserte et al., 2012). The increased intracellular 

Na+ and Ca2+ contribute to cellular oedema because the extracellular osmolality 

is normalized by reperfusion and the excess reactive oxygen species (ROS) result 

in sarcolemma disruption (Schluter et al., 1996). The opening of mPTP in IR injury 

results in apoptosis. Formation and opening of mPTP cause mitochondrial matrix 

swelling, rupture of the outer membrane, release of cytochrome C to the cytosol, 

and eventually activation of the caspase cascade (Heusch et al., 2010). Recent 

studies have shown that autophagy, a type II programmed cell death, is activated 
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during ischaemia and further enhanced by reperfusion (Matsui et al., 2007, 

Gurusamy et al., 2009). However, the role of autophagy during IR injury is 

contentious. Several studies have demonstrated that inhibition of autophagy 

increases cardiomyocyte survival and reduces infarct size in IR injury (Matsui et 

al., 2007, Valentim et al., 2006), while other experiments have shown that 

autophagy has a protective effect during IR (Hamacher-Brady et al., 2006, Sala-

Mercado et al., 2010). These studies relating to the modes of cell death during IR 

injury may suggest potential targets for reducing infarct size in STEMI patients 

undergoing reperfusion treatment.                                                                                           

1.3 Therapeutic strategies for MI 

STEMI, which results from complete occlusion of a coronary artery, is the most 

severe form of acute coronary syndrome (Shin et al., 2003). Therefore, patients 

presenting with STEMI require immediate therapy. Recent advances in the 

treatment of STEMI have improved survival rate for patients. The mortality of 

STEMI is influenced by many factors, such as age, cardiac function, type of 

treatment, delay of treatment, prior MI history, diabetes, renal failure, and the 

number of affected coronary arteries. Recent studies have shown that the short-

term and long-term mortality following STEMI is decreased with application of 

reperfusion therapy (Fox et al., 2007, Widimsky et al., 2010, Jernberg et al., 2011, 

McManus et al., 2011). Six-month mortality rates remain substantial at 

approximately 12% of STEMI patients with higher rates in higher-risk patients (Fox 

et al., 2006, Fox et al., 2010). However, the reduced mortality and increased 

number of STEMI patients surviving after acute MI leads to a greater number of 

patients at risk of developing heart failure due to post MI remodelling (Go et al., 

2014).  

1.3.1  Treatment of acute MI 

The most effective treatment for STEMI patients is the timely restoration of 

coronary flow by myocardial reperfusion. Patients with persistent ST-segment 

elevation and within 12 h after symptom onset should undergo reperfusion therapy 

as early as possible to salvage myocardium (Schomig et al., 2005, Van de Werf et 

al., 2008). Different reperfusion strategies are used in clinical practice, such as 
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PCI, fibrinolytic treatment and coronary bypass surgery. The types of PCIs are then 

divided into primary PCI, facilitated PCI, and rescue PCI.  

Primary PCI (PPCI) is the therapy of angioplasty or stenting performed without 

prior or concomitant fibrinolytic treatment. PPCI is the preferred therapeutic 

choice for patients presenting with the signs and symptoms of STEMI (Steg et al., 

2012). However, performing PPCI requires an experienced team and only hospitals 

with established interventional cardiology programme can use PPCI as a routine 

therapy, which limits the timely application of PPCI. PPCI is effective in restoring 

coronary flow and can avoid the bleeding risk of fibrinolytic therapy. Randomized 

clinical trials have shown PPCI is more effective in securing and maintaining 

coronary patency, improving LV function and clinical outcome compared with 

fibrinolytic therapy (Keeley et al., 2003). When compared with angioplasty, stent 

implantation decreases the need for coronary revascularization but does not 

reduce death or re-infarction rates (Grines et al., 1999, Stone et al., 2002). Some 

recent clinical trials have shown drug-eluting stents produce a significant 

reduction in the risk of re-intervention when compared with bare-metal stents 

(Laarman et al., 2006, Spaulding et al., 2006, Kastrati et al., 2007). Importantly, 

PPCI should be performed within 2 h after first medical contact and the delay time 

to PPCI is associated with worse clinical outcome, which diminishes the 

advantages of PPCI over fibrinolytic treatment (Van de Werf et al., 2008). In order 

to bridge the time delay, pharmacological reperfusion therapy can be given prior 

to a planned PCI, which is called facilitated PCI. If a primary fibrinolytic therapy 

fails to restore the coronary flow, a rescue PCI can be performed on the occluded 

vessel. Rescue PCI is relatively feasible and safe. A recent meta-analysis has shown 

that rescue PCI significantly reduced the incidence of heart failure (Wijeysundera 

et al., 2007).   

Fibrinolytic therapy has been an important method of reperfusion treatment for 

decades. However, PPCI has emerged as the preferred strategy of establishing 

reperfusion due to the limitations of fibrinolytic therapy such as the inability to 

establish Thrombosis In Myocardial Infarction (TIMI-3) flow in many cases, high 

rates of re-occlusion, high rates of recurrent ischaemia, and intracranial bleeding 

(Armstrong and Collen, 2001b, Armstrong and Collen, 2001a, Aversano et al., 2002). 

There are three fundamental components for pharmacological reperfusion 

including the core fibrinolytic agent, the accompanying antiplatelet therapy and 
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the antithrombotic conjunctive therapy. The tissue plasminogen activator 

congeners tenecteplase (TNK-tPA) and reteplase (rPA) constitute the most 

conveniently administered fibrinolytic agents (Van De Werf et al., 1999), whereas 

conjunctive therapy with intravenous antithrombotics (such as GPIIb/IIIa inhibitors) 

improves myocardial perfusion (Group, 2000, Antman et al., 1999). However, the 

increase in systemic and intracranial bleeding in fibrinolytic therapy has led to the 

reassessment of combination GPIIb/IIIa inhibitors (Topol and Investigators, 2001). 

Recent studies have shown that the combination of fibrinolysis with antiplatelet 

therapy by using low molecular weight heparin is an attractive treatment because 

of reduced re-occlusion and recurrent ischaemia (Assessment of the and Efficacy 

of a New Thrombolytic Regimen, 2001, White et al., 2001). However, because PPCI 

has become the choice of reperfusion therapy, current effort is focused on 

improving the PPCI technique and many intervention operators are no longer 

willing to randomize the STEMI patients to fibrinolytic therapy.  

Coronary artery bypass surgery, also known as coronary artery bypass graft (CABG) 

surgery, is a surgical procedure connecting a graft vessel to a partially obstructed 

coronary artery. The graft vessel consists of either the left internal thoracic artery 

or radial artery or a great saphenous vein harvested from the leg attaching to the 

aorta. The aim of CABG is to restore normal blood flow to a partially obstructed 

coronary artery. Therefore, the use of CABG is for unsatisfactorily controlled 

angina but not for acute MI, but CABG can be applied in MI patients after failed 

PCI or with mechanical complications such as mitral regurgitation and septal 

defects (Lee et al., 2003, Thielmann et al., 2006).  

A number of new technologies such as coronary thrombectomy and systemic 

cooling have been tested in catheterization laboratory to improve reperfusion 

therapy and have been shown to reduce infarct size (Dixon et al., 2002, Geng et 

al., 2016).  

1.3.2  Treatment of post MI remodelling 

Post MI remodelling leads to enlargement of the LV chamber and precedes the 

clinical manifestations of heart failure with reduced ejection fraction. 

Notwithstanding that reperfusion therapy significantly reduces the mortality rate 

and infarct size in patients experiencing STEMI. Heart failure develops within 5 

years of a first MI in 18% of women and 8% of men between 45 and 64 years of age 
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(Go et al., 2014). Animal models of MI and clinical studies on ischaemic 

cardiomyopathy indicate that heart failure is preceded by post MI remodelling 

with increased ventricular volumes (Konstam et al., 2011, Verma et al., 2008).  

There are mechanical and pharmacological approaches for the treatment of post 

MI remodelling. Mechanical approaches require surgery and are normally reserved 

for heart failure patients with conduction abnormalities such as left bundle branch 

block (LBBB) or mitral regurgitation (Takeda et al., 2012). Therefore, 

pharmacological therapies are the preferred strategy for treating mild heart 

failure or for preventing post MI remodelling. Chronic β adrenergic stimulation and 

renin-angiotensin system activation contribute to post MI remodelling. 

Pharmacological agents that inhibit these two pathways can prevent post MI heart 

failure by preventing post MI remodelling.  

Angiotensin-converting enzyme inhibitors (ACEi) and angiotensin receptor blockers 

(ARBs) have consolidated effects for preventing ventricular remodelling, because 

of their antagonism of the renin-angiotensin-aldosterone system (RAAS) which 

plays a major role in the regulation of ventricular fibrosis (Foster et al., 1998, 

Solomon et al., 2005). Using ACEi or ARBs combined with an antialdosterone 

diuretic is more effective than a monotherapy for reversing ventricular 

remodelling (Foster et al., 1998).  

Adrenergic stimulation increases the contractility of viable myocardium following 

acute MI and contributes to the maintenance of adequate global cardiac function 

after infarct. However, chronic and excess β-adrenergic stimulation leads to LV 

dilatation and contractile dysfunction (Zhang et al., 2013, Whelan et al., 2013). 

Therefore, together with ACEi, ARBs and antialdosterone diuretics, β-blockers are 

used for preventing post MI remodelling (Cohn et al., 2000). β-blockers might 

enhance autonomic control in heart failure by increasing the number of β-

receptors and regulating β-receptor activity (Koitabashi and Kass, 2012, 

Leineweber et al., 2005). Long-term use of β-blockers post MI also reduces 

mortality by reducing the risk of lethal arrhythmia (Hjalmarson, 1997). 

Nitric oxide (NO) donors such as nitrates have shown beneficial effects in heart 

failure patients (Koitabashi and Kass, 2012, Taylor et al., 2004) and therefore 

might induce reverse remodelling by reducing preload and increasing cyclic 

guanosine monophosphate (cGMP) which protects against apoptosis in 

cardiomyocytes (Jones and Bolli, 2006, Koitabashi and Kass, 2012).  
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Recently, some novel approaches such as stem cell therapy and gene therapy have 

shown promising results in pre-clinical and pilot trials in treatment of MI and thus 

these approaches might reverse post MI remodelling (Hong and Bolli, 2014, 

Thakker and Yang, 2014, Scimia et al., 2014). Because infarct size is the major 

risk factor for post MI remodelling (Lund et al., 2007), therapies targeting IR injury 

that improve myocardial salvage such as ischaemic post-conditioning and 

cyclosporine have shown therapeutic effect in maintenance of LV volumes (Kloner, 

2013). Therefore, therapies targeting IR injury during reperfusion therapy of acute 

MI might also be expected to prevent post MI remodelling.  

1.4 Therapeutic strategies for IR injury 

Currently there are no reliable therapies for reducing lethal IR injury in patients 

with STEMI undergoing PPCI (Hausenloy and Yellon, 2016). Therefore, developing 

novel therapies that can be administered adjunctive to PPCI to reduce infarct size 

and improve cardiac contractile function post MI are needed to improve survival 

and prevent the onset of heart failure in patients with STEMI. A number of new 

therapeutic strategies for preventing IR injury have shown promise in pre-clinical 

studies and clinical trials. These therapeutic strategies include mechanical 

interventions and pharmacologic drugs.   

1.4.1  Mechanical interventions 

A major breakthrough for reducing IR injury is a mechanical intervention method, 

known as ischaemic preconditioning. In 1986, Murry et al. reported that in the dog 

model of coronary artery occlusion, brief cycles of ischaemia and reperfusion 

before the ischaemia could significantly reduce final infarct size (Murry et al., 

1986). Ischaemic preconditioning has been intensively studied over the past three 

decades and believed to be a powerful intervention for reducing infarct size in IR 

injury (Hausenloy and Yellon, 2016). However, clinical application of ischaemic 

pre-conditioning is not possible because the intervention should be performed 

before the occurrence of ischaemia. Therefore, an alternative method, ischaemic 

post-conditioning, has been discovered.  
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Ischaemic post-conditioning refers to the methods of performing intermittent 

reperfusion before prolonged reperfusion of the ischaemic myocardium. A study 

in dog IR model shown ischaemic post-conditioning could reduce infarct size by 

44% (Zhao et al., 2003). This study also shown a myriad of protective effects of 

ischaemic post-conditioning, such as reduced levels of oxidative stress, myocardial 

oedema, polymorphonuclear neutrophil accumulation, and endothelial 

dysfunction, suggesting ischaemic post-conditioning reduces IR injury. The ability 

of performing the procedure at the onset of reperfusion in STEMI patients has 

facilitated the translation of ischaemic post-conditioning into the clinical setting. 

Investigators have shown in a pilot trial that ischaemic post-conditioning reduced 

enzymatic infarct size (assessed by total creatine kinase) by 36% and improved 

myocardial perfusion when compared with control (Staat et al., 2005). However, 

some studies including the largest clinical trial with 700 patients included have 

failed to show the beneficial effect of ischaemic post-conditioning (Freixa et al., 

2012, Tarantini et al., 2012, Hahn et al., 2013). The reasons for the mixed results 

might be related to the selection criteria and not the ischaemic post-conditioning 

protocol itself. Therefore, whether ischaemic post-conditioning can improve 

clinical outcomes is unclear, and is being studied in an ongoing trial (Hofsten et 

al., 2015).  

Remote ischaemic conditioning is a method of applying IR to another organ or 

tissue to protect against cardiac IR injury (Przyklenk et al., 1993). Because a major 

limitation of ischaemic post-conditioning is that the intervention needs to be 

applied directly to the heart, which is not always possible. The remote ischaemic 

conditioning, which protects from IR injury by applying intervention to a remote 

organ or tissue, becomes attractive in clinical application. In the clinical setting, 

remote ischaemic conditioning can be induced noninvasively by pressing a blood 

pressure cuff on the upper arm. This approach has been shown to be beneficial in 

patients undergoing cardiac surgery and elective PPCI (Hoole et al., 2009, 

Thielmann et al., 2010). Whether remote ischaemic conditioning can improve 

clinical outcomes in STEMI patients undergoing PPCI is currently being investigated 

in a clinical trial (Hausenloy et al., 2015).  

Other mechanical interventions, such as hyperoxemia and hypothermia, have been 

reported to be protective against IR injury. Treatment with hyperoxemic 
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reperfusion with aqueous oxygen in patients with anterior acute myocardial 

infarction reperfused for less than 6 h shown an improvement in regional wall 

motion, smaller infarct size, and improved ST-segment resolution (O'Neill et al., 

2007). Lowering myocardial temperature during ischaemia can reduce infarct size 

as experimental studies have shown that infarct size is strongly correlated with 

temperature in IR model (Duncker et al., 1996).  

A strategy which might improve the therapeutic effect of reducing IR injury is a 

combination of different interventions. A study has shown that combining remote 

ischaemic conditioning with ischaemic post-conditioning has an additive effect for 

reducing infarct size in experimental studies (Tamareille et al., 2011). Pilot 

clinical studies have shown that the combination of remote ischaemic conditioning 

with ischaemic post-conditioning is more effective than ischaemic post-

conditioning alone (Eitel et al., 2015). These studies suggest that the therapy of 

combining different interventions has therapeutic potential in the clinical setting.  

1.4.2  Pharmacologic agents 

A number of pharmacological therapies targeting IR injury have been shown to 

reduce MI size in pre-clinical studies, such as antioxidants, magnesium, 

erythropoietin, atorvastatin, adenosine, glucose modulators, beta-blockers, MPTP 

blocker cyclosporine-A, natriuretic peptide, exenatide, and anti-inflammatory 

agents (Lonborg et al., 2012, Alburquerque-Bejar et al., 2016, Monassier et al., 

2016, Hausenloy and Yellon, 2016). However, these agents produced disappointing 

results when attempted to be given as therapy as an adjunctive to reperfusion in 

clinical trials. The failure of translation has been attributed to several factors 

including the weak or unclear benefit in the experimental study and poorly 

designed clinical trials (Hausenloy and Yellon, 2016). Although the translation of 

cardioprotection studies has been challenging, new therapeutic targets are still 

needed because currently there is no reliable treatment which can reduce IR 

injury in STEMI patients undergoing PPCI. Optimizing the design of the 

experimental and clinical studies might improve the translation from pre-clinical 

study to the clinical setting.  
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1.5 Cathepsins in cardiovascular diseases 

1.5.1  Biology of cathepsins 

Cathepsins are lysosomal proteases, originally discovered in lysosomes and 

endosomes and which function to degrade unwanted intracellular proteins (Turk 

et al., 2000, Turk et al., 1997, Turk et al., 2002). Cathepsins consist of a family of 

11 members in humans (cathepsin-B, C, F, H, K, L, O, S, V, W, and Z), while 19 

types of cathepsins have been discovered in mice (Turk et al., 2001, Sol-Church et 

al., 2002). Studies have shown that cathepsins play a role in several diseases 

including atherosclerosis (Sun et al., 2012a, Jaffer et al., 2007), cardiomyopathy 

(Petermann et al., 2006, Stypmann et al., 2002a), obesity (Yang et al., 2007, Yang 

et al., 2008), rheumatoid arthritis (Hou et al., 2002, Asagiri et al., 2008), and 

cancer (Mohamed and Sloane, 2006). Cathepsin expression and activity has been 

observed altered in failing cardiac tissues and valve tissues from humans and 

animals, and in cardiomyocytes, cardiac fibroblasts, endothelial cells, vascular 

smooth muscle cells, and macrophages in cultured media (Cheng et al., 2006, 

Cheng et al., 2008, Cheng et al., 2012). Furthermore, recent studies have 

discovered that pharmacological inhibition of cathepsins can leads to 

cardiovascular protection in animal models (Cheng et al., 2009, Cheng et al., 

2008).  

Cathepsins have a high homology with members of the papain family (Coulombe 

et al., 1996).Their primary structure contains a signaling peptide, proregion, 

heavy chain and light chain. The D-dimensional structures show that all cysteinyl 

cathepsins share a common fold (Turk et al., 1998). Most types of the cathepsins 

are endopeptidases breaking peptide bonds in a peptide chain with a few 

exceptions breaking terminal ones, such as cathepsin-B (exopeptidase) and 

cathepsin-H (aminopeptidase) (Turk et al., 2000, Musil et al., 1991, Baici, 1998, 

Brix et al., 2008). Cathepsins are synthesized as proenzymes with an N-terminal 

signaling peptide that targets the protein to the endoplasmic reticulum (Kominami 

et al., 1988, Nishimura et al., 1988). Cathepsins are further processed in the Golgi 

apparatus for modification of mannose residues to mannose-6-phosphate (Reiser 

et al., 2010). The mannose-6-phosphate enables cathepsin binding to the 

mannose-6-phosphate receptor for targeting to the lysosome (Nishimura et al., 

1990, Kuliawat et al., 1997). Proteolytic activities are activated in lysosomes by 
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the action of a number of proteases including pepsin, neutrophil elastase, cysteine 

proteases, and the aspartic protease cathepsin-D (Nishimura et al., 1988, Rowan 

et al., 1992). Activated cathepsins are recruited from lysosomes or late endosomes 

for secretion into the extracellular space via Ca2+-dependent fusion to the cell 

membrane (Brix et al., 2008, Cheng et al., 2012, Reiser et al., 2010).  

The cathepsins can be regulated at three levels including transcription, activation, 

and activity. The most important ways to control the activity of cathepsins include 

mechanisms of the specific precursor activation and the specific regulation of 

mature enzymes by pH and the endogenous inhibitors (Turk et al., 2000). 

Activation of cathepsins is an important step for controlling the activity. The 

activity of cathepsin is controlled intracellularly by stefins (a specific cystatin 

subgroup) and extracellularly by cystatins and kininogens (Dubin, 2005, Neurath, 

1984). The proregion plays an important role in the inhibition of cathepsin activity 

(Coulombe et al., 1996, Cygler et al., 1996). The stability and the folding of 

cathepsins can be affected by partial or complete removal of the proregion 

(Hanewinkel et al., 1987, Cuozzo et al., 1998). The lysosomes and endosomes 

provide cathepsins with an acidic pH to keep cathepsin activity optimised for 

degradation of unwanted substrates (Chapman et al., 1997). Alteration of pH from 

acid to neutral can cause reduced activity of cathepsin-K and cathepsin-L (Novinec 

et al., 2007).  

Transcriptional regulation of cathepsins can be achieved through transcription 

factors. The Sp1 and Sp3 transcription factors binding to GC boxes can mediate 

cathepsin-B and cathepsin-L transcription (Yan et al., 2000, Jean et al., 2002). Ets 

family transcription factors have been shown to play a role in mediation the 

transcription of cathepsins, MMPs and serine proteases (Mohamed and Sloane, 

2006, Yan et al., 2000). On the other hand, recent studies have shown several 

transcript variants by using alternative promoters and alternative splicing for 

cathepsin-B and cathepsin-L (Seth et al., 2003, Mohamed and Sloane, 2006, Arora 

and Chauhan, 2002). The alternative splicing and exon skipping can cause absence 

of a signaling peptide on cathepsins leading to its accumulation in the nucleus and 

mitochondrial matrix (Arora and Chauhan, 2002, Muntener et al., 2004, Reiser et 

al., 2010). Truncation of cathepsin-L can result in losing the integrity of the 

glomerular filtration barrier due to proteolyzation of dynamin in podocytes (Sever 

et al., 2007).  
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Recently, several novel functions of cathepsins have been characterized, such as 

prohormone processing, neuropeptide regulation, and inactivation of other 

proteases (Yasothornsrikul et al., 2003, Hwang et al., 2007, Funkelstein et al., 

2008, Wartmann et al., 2010). Cathepsin-L has been identified to play a role in 

cell development and differentiation through histone modification (Adams-Cioaba 

et al., 2011, Duncan et al., 2008).  

1.5.2  The role of cathepsins in cardiac disease 

The role of cathepsins in physiologic and pathological processes in the 

cardiovascular system have been studied in recent years. Specifically, cathepsins 

have been found involved in many cellular events in the development of 

atherosclerosis (Lutgens et al., 2007, Liu et al., 2004). Although cathepsins are 

abundantly present in the cardiac wall and valve tissues, the function and 

mechanism of each cathepsin in the heart is largely unknown (Cheng et al., 2006, 

Helske et al., 2006, Rabkin et al., 2001, Balachandran et al., 2010).  

Investigation of the role of cathepsin-L (a cysteine protease) in cardiac 

pathogenesis has been studied in cathepsin-L knockout mice. Recent findings in 

mice with nonspecific cathepsin-L knockout from birth have shown that 1-year-old 

cathepsin-L knockout mice develop dilated cardiomyopathy (Petermann et al., 

2006, Stypmann et al., 2002a). In these cathepsin-L knockout mice, cathepsin-L 

transcripts were undetectable, cathepsin-L protein was not present in lysosomes 

and cathepsin-L activity was undetected (Roth et al., 2000).  The complete 

deficiency of cathepsin-L leads to characteristics of cardiomyopathy such as 

interstitial myocardial fibrosis, appearance of pleomorphic nuclei, cardiac 

chamber dilation and impaired contractile function (Stypmann et al., 2002a). 

Deficiency of cathepsin-L also affects the cardiomyocyte endo-lysosomal system 

in new born mice with increased numbers of acidic organelles (Stypmann et al., 

2002a). These acidic organelles show altered morphology and lack the typical 

lysosomal storage materials. These defective acidic compartments are 

subsequently associated with loss of cytoskeletal proteins (at 8-month age) and 

mitochondrial impairment (at 4-month age) (Petermann et al., 2006). The 

interstitial fibrosis observed in the dilative cardiomyopathy of cathepsin-L 

knockout mice is the only defect that cannot be rescued by transgenic 

reexpression of cathepsin-L in cardiomyocytes of cathepsin-L knockout mice (Spira 
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et al., 2007b). These results suggest that the cardiac interstitial fibrosis in 

cathepsin-L knockout mice results from the absence of cathepsin-L in cardiac 

fibroblasts and not in cardiomyocytes. Keratinocytes from cathepsin-L knockout 

mice show sustained growth factor signaling with enhanced recycling of 

nondegraded plasma membrane receptors and ligands (Reinheckel et al., 2005). 

The altered growth factor signaling within the endolysosomal compartment cause 

enhanced Ras, Akt, and MAPK activation and proliferation of basal epidermal 

keratinocytes, leading to epidermal hyperproliferation and tumor progression in 

mouse epidermis in cathepsin-L knockout mice (Dennemarker et al., 2010b, 

Dennemarker et al., 2010a).  

In transgenic mice overexpressing cathepsin-L, cathepsin-L activity is increased 4 

fold of that in wide type mice. This led to a decreased hypertrophic response with 

reduced cardiomyocyte apoptosis in models of hypertensive heart failure induced 

by aortic banding and angiotensin II infusion (Tang et al., 2009). The 

cardioprotective effect of cathepsin-L overexpression was related to inhibition of 

Akt signaling (Tang et al., 2009). Thus, the overexpression of cathepsin-L in the 

endolysosomal compartment of cardiomyocytes is likely to cause immediate 

proteolysis of endocytosed receptors and ligands. As a consequence, the time span 

available for receptor signaling and the rate of receptor recycling are decreased, 

leading to reduced activation of Akt and reduced myocardial hypertrophy (Tang et 

al., 2009). 

Extracellular cathepsins also play a role in cardiac remodelling and repair. 

Cathepsin-L is typically located in the endosome and lysosome, but some of the 

proenzyme can be secreted and activated by other proteases like MMPs (Everts et 

al., 2006, Maciewicz and Etherington, 1988). Activated extracellular cathepsin-L 

can degrade ECM proteins, such as laminin, fibronectin, and collagen, even with 

neutral pH (Everts et al., 2006, Maciewicz and Etherington, 1988). Cathepsin-B 

and cathepsin-S are found in abundance in the LV myocardium of patients with 

hypertensive heart failure and have been implicated in processing of the ECM 

during ventricular remodelling as they were upregulated with ECM disruption 

(Schenke-Layland et al., 2009, Cheng et al., 2006).  

Endothelial progenitor cells are recruited to ischaemic areas, then differentiate, 

leading to neovascularization (Chavakis et al., 2008). The endothelial progenitor 

cells derived from bone marrow exhibit high levels of cathepsin-L expression and 
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activity, and the neovascularization in experimental hind limb ischaemia is 

impaired in cathepsin-L knockout mice (Urbich et al., 2005). Interestingly, the 

specific impaired cathepsin-L activity has been observed in endothelial progenitor 

cells in diabetic patients with reduced invasion dependent on glucose 

concentration (Urbich et al., 2008). Therefore, the impairment of cathepsin-L 

function by hyperglycemia may relate to the poor neovascularization in ischaemic 

tissues during diabetes. These results imply that extracellular cathepsin-L may 

have the potential to play a role during cardiac repair mediated by progenitor 

cells post MI. 

Increased activity of lysosomal enzymes is observed in patients with hypertensive 

heart failure with various cathepsins playing a role (Cheng et al., 2006). 

Cathepsin-S and Cathepsin-K were found to be increased in animals and in humans 

with hypertensive heart failure (Cheng et al., 2006). A recent study has shown 

cathepsin-B functions as a modulator of hypertrophic response through regulation 

of TNF-α/ASK1/JNK signaling pathway and cathepsin-B inhibition ameliorates the 

proapoptotic effect of hypertrophic stimuli (Wu et al., 2015). Loss of cathepsin-L 

by genetic knockout leads to hypertrophy in conditions of stress with accumulation 

of protein substrates including myosin, α-actinin, H-cadherin and connexin-43 (Sun 

et al., 2013). Cathepsin-K knockout alleviated hypertrophy induced by pressure 

overload and high-fat diet with the inhibition of mTOR and ERK pathways (Hua et 

al., 2013a, Hua et al., 2013b). Cathepsin-K knockout also attenuated aging-

induced cardiac dysfunction and remodelling by suppressing age-induced increase 

in caspase-dependent and caspase-independent apoptosis (Hua et al., 2015).  

Cathepsins have been found increased in plasma or serum in a variety of diseases. 

Plasma cathepsin-B levels were increased in patients with Alzheimer's disease 

(Sundelof et al., 2010).  Cathepsin-L levels in plasma of pancreatic cancer 

patients were elevated and associated with poor prognosis (Singh et al., 2014b). 

Plasma Cathepsin-L was associated positively with the severity of abdominal aortic 

aneurysms (Lv et al., 2013). Plasma Cathepsin-D levels were reduced and 

negatively associated with severity of liver inflammation (Walenbergh et al., 2015). 

In term of MI, cathepsin-D was increased in the plasma of patients post MI (Naseem 

et al., 2005), and cathepsin-L has been detected in plasma (Zhang et al., 2010) 

and serum (Liu et al., 2009) with a correlation with disease severity (Liu et al., 

2009).  
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Table 1-1. Various cathepsin inhibitors used in vivo 
References Targets Inhibitors Dose 
In vivo inhibition of cathepsin-B by 
peptidyl (acyloxy)methyl ketones 
(Wagner et al., 1994) 

Cathepsin-B 
 

Z-Phe-Lys-
CHzOCO-
(2,4,6-Me)Ph 

18 mg/kg orally,  
5.0 mg/kg 
intraperitoneally,  
2.4 mg/kg 
subcutaneously 

Acylox 0.1 mg/kg for heart 
subcutaneously 

Treatment with cathepsin-L inhibitor 
potentiates Th2-type immune 
response in Leishmania major-
infected BALBc mice (Zhang et al., 
2001) 

Cathepsin-B CA074 0.25mg/mouse 
Cathepsin-L CLIK148 0.2mg/mouse 

Cathepsin-S inhibitor prevents 
autoantigen presentation and 
autoimmunity (Saegusa et al., 2002) 

Cathepsin-B CA074 0.1mg/mouse/day 
for 4 weeks 

Cathepsin-L CLIK148 0.1mg/mouse/day 
for 4 weeks 

Cathepsin-S CLIK60 0.1mg/mouse/day 
for 4 weeks 

Cathepsin-B inhibition interferes 
with metastatic potential of human 
melanoma an in vitro and in vivo 
study (Matarrese et al., 2010) 

Cathepsin-B CA074 10mg/kg iv for 8 days 

Trial of the cysteine cathepsin 
inhibitor JPM-OEt on early and 
advanced mammary cancer stages in 
the MMTV-PyMT-transgenic mouse 
model (Schurigt et al., 2008) 

Broad 
cathepsin  

JPM-OEt 100 mg/kg/day 
intraperitoneally  

Macrophages and cathepsin 
proteases blunt chemotherapeutic 
response in breast cancer (Shree et 
al., 2011) 

Broad 
cathepsin  

JPM-OEt 100 mg/kg/day 
intraperitoneally  

Cathepsin-B inhibition limits bone 
metastasis in breast cancer 
(Withana et al., 2012) 

Broad 
cathepsin  

JPM-OEt 50mg/kg/day 
intraperitoneally for 
3 days 

Cathepsin-B CA074 50mg/kg/day 
intraperitoneally for 
3 days 

Effect of cathepsin-K inhibitor 
basicity on in vivo off-target 
activities (Desmarais et al., 2008) 

Cathepsin-K L-006235 10 mg/kg orally 
balicatib 25 mg/kg orally 
L-873724 10 mg/kg orally 
Cmpd A 60mg/kg orally 

Cathepsin-L inhibition suppresses 
drug resistance in vitro and in vivo a 
putative mechanism (Zheng et al., 
2009) 

Cathepsin-L iCL 20mg/kg/day for 
3days 

Effects of an inhibitor of cathepsin-L 
on bone resorption in 
thyroparathyroidectomized and 
ovariectomized rats (Millest et al., 
1997) 

Cathepsin-L ALLN 100mg/kg 
intraperitoneally 

Novel epoxysuccinyl peptides. A 
selective inhibitor of cathepsin-B, in 
vivo (Towatari et al., 1991b) 

Cathepsin-B CA074 8mg/100g 
intraperitoneally 

CA030 8mg/100g 
intraperitoneally 

E64a 8mg/100g 
intraperitoneally 
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Cathepsins have been shown to be involved in post MI remodelling and in dilated 

cardiomyopathy (Tsuchida et al., 1986, Ge et al., 2006). The degradation of 

cardiac structural proteins, including myosin heavy chain, alpha-actinin and 

troponin-I was observed in the infarcted area in a dog MI model (Tsuchida et al., 

1986). Treatment with cathepsin inhibitor Ep459 led to reduced protein 

degradation with reduced activity of cathepsin-B and cathepsin-L in the infarcted 

tissue (Tsuchida et al., 1986). Although the exact molecular mechanism remains 

unclear, studies on doxorubicin-induced cardiotoxicity, MI and dilated 

cardiomyopathy suggested that cathepsin-B modulated cardiomyocyte apoptosis. 

In patients with heart failure, the expression of cathepsin-B at both mRNA and 

protein levels were increased in tissue samples taken from transplanted LV (Ge et 

al., 2006).  

Given that cathepsins have been found increased in the blood and involved in LV 

remodelling in MI, inhibition of cathepsins may have therapeutic potential. A 

variety of cathepsin inhibitors have been used in experimental studies (Table 1-1) 

but none of the specific cathepsin inhibitors has been used in the clinical setting 

(Blondelle et al., 2015). A few cathepsin inhibitors have showed protective effect 

in animal MI models. Inhibition of cathepsin-B with the specific inhibitor CA074Me 

was shown to ameliorate post MI remodelling in a rat model (Liu et al., 2013), and 

inhibition of cathepsins-A with inhibitor SAR1 was protective against post MI heart 

failure in mice (Petrera et al., 2016). Complete loss of cathepsin-L by genetic 

knockout from birth may not be protective. Cathepsin-L knockout mice 

demonstrated deteriorated scar dilatation, wall thinning and cardiac dysfunction 

post MI as reported by Sun et al. (Sun et al., 2011). However, the detrimental 

effects of cathepsin-L knockout post MI may be due to the persistent deficiency 

of cathepsin-L from birth, while using a cathepsin inhibitor the inhibition is highly 

likely to be partial and temporary. Therefore, the effects of cathepsin-L inhibition 

by pharmacological agents on MI is currently unknown and is investigated in this 

study by using a specific inhibitor CAA0225 for the first time. 

 

1.6 Role of Runx1 in the heart 

1.6.1  The Runx1 gene 
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The Runx gene family encode for DNA-binding transcription factors which regulate 

the expression of genes related to cell cycle progression and cellular 

differentiation. The mammalian RUNX family includes three members; RUNX1, 

RUNX2 and RUNX3. The RUNX family are also termed core binding factor-α (CBFα) 

and they encode DNA-binding α-subunits that partner core binding factor β (CBFβ) 

to form heterodimeric transcription factors (Blyth et al., 2005). RUNX1 is also 

known as core-binding factor subunit alpha-2 (CBFA2) or acute myeloid leukemia 

1 protein (AML1) (Avramopoulos et al., 1992). RUNX1 plays a role in regulation of 

the differentiation of hematopoietic stem cells into mature types and in 

development of neurons for pain transmitting (Okuda et al., 2001, Chen et al., 

2006). To date, most studies related to RUNX1 are focused in the hematopoietic 

system because in different subtypes of leukemia the function of RUNX1 is found 

corrupted (Cameron and Neil, 2004). 

RUNX1 was first cloned from the DNA of a patient with t(8;21)-positive leukemia 

(Miyoshi et al., 1991). In humans there are at least 12 RUNX1 mRNA isoforms and 

three major isoforms are RUNX1a, RUNX1b, and RUNX1c (Levanon et al., 2001). 

These major isoforms of RUNX1 have the Runt domain located at the N-terminal 

region. RUNX1a and RUNX1b share the same N-terminal region, resulting from 

alternative splicing (Miyoshi et al., 1995). RUNX1a and RUNX1b are transcribed 

from the proximal promoter. RUNX1a lacks the transcriptional regulatory domains 

within the C-terminal region, while RUNX1b and RUNX1c shares the same C-

terminal region (Tanaka et al., 1995). The C-terminal domains of RUNX1 are 

necessary for normal function and over-expression of a RUNX1 isoform lacking C-

terminal domains might lead to abnormal hematopoiesis. Because RUNX1a 

includes the Runt domain lacking C-terminal domains, it may act as a dominant-

negative regulator for other isoforms of RUNX1 (Tanaka et al., 1995, Liu et al., 

2009a). RUNX1c is the longest isoform of RUNX1 with its transcript transcribed 

from a distal promoter (Miyoshi et al., 1995). The different RUNX1 isoforms play 

specific roles in regulating embryonic hematopoiesis and specifying the 

hematopoietic stem cell (HSC) (Lam and Zhang, 2012). 

The promoters of RUNX1 rely on a cis-regulatory element and contain sites for 

hematopoietic transcription factors such as Gata2, Ets family members, and Lmo2 

(Nottingham et al., 2007, Ng et al., 2010). RUNX1 is characterised by its Runt 

domain in the N-terminal region. The Runt domain play a role in binding to DNA 
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and interaction with CBFβ. Heterodimerization of RUNX1 and CBFβ enhances the 

DNA-binding ability of RUNX1 (Ng et al., 2010, Ogawa et al., 1993, Wang et al., 

1993). NMR spectroscopy measurement of the complex of RUNX1, CBFbeta and 

DNA has shown that the complex resembles an immunoglobulin fold similar to the 

DNA-binding domains of NF-kappaB, p53, NFAT1, and the STAT proteins (Berardi et 

al., 1999, Nagata et al., 1999). Crystal structure investigations of complex RUNX1-

CBFbeta-DNA have revealed that CBFbeta interacts with RUNX1 to stabilize its 

DNA-binding capacity and the diseases associated with RUNX1 mutations relate to 

its DNA-binding site (Warren et al., 2000, Tahirov et al., 2001, Bartfeld et al., 

2002).  

1.6.2  Regulation of RUNX1 

RUNX1 is regulated through interacting with a number of transcription factors 

and/or transcriptional co-regulators. Deletion studies of full-length RUNX1 have 

shown that DNA binding of RUNX1 could be inhibited by the N-terminal and C-

terminal regions directly adjacent to the Runt domain (Kanno et al., 1998, Gu et 

al., 2000). Binding to CBF-beta could suppress this inhibition, thus allows RUNX1 

to bind to DNA (Kanno et al., 1998). RUNX1 contains a 31 amino acid region in the 

C-terminal region, a nuclear matrix targeting signal (NMTS), which aids in 

transcriptional activation (Zeng et al., 1998). A VWRPY motif located at the C-

terminal of RUNX1 is conserved among all Runt family members, which mediates 

the Groucho//TLE-dependent transcriptional repressor activities (Aronson et al., 

1997, Levanon et al., 1998). Ets1 is another transcription factor that interacts 

with RUNX1, which facilitates transcriptional activity of the T cell receptor by 

interacting with the Runt domain and its adjacent regions of RUNX1 (Gu et al., 

2000, Gunther and Graves, 1994, Kim et al., 1999). Many other factors interacting 

with RUNX1 are not discussed in this thesis, but include PU.1, C/EBPalpha, p300, 

mSin3a, GATA1, and Fli1 (Zhang et al., 1996, Petrovick et al., 1998, Kitabayashi et 

al., 1998, Imai et al., 2004, Xu et al., 2006, Huang et al., 2009). These findings 

suggest that RUNX1 regulates its target genes in a tissue-specific manner through 

interactions with transcription factors. 

RUNX1 is regulated by various post-translational pathways, as revealed by in vitro 

studies. RUNX1 could be phosphorylated by extracellular signal-regulated kinase 

(ERK), by which the phosphorylated RUNX1 was detected in CD34+ hematopoietic 
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progenitor cells (Erickson et al., 1996, Tanaka et al., 1996). Serines 249, 266, 273 

and threonine 276 are all ERK-associated phosphorylation sites of RUNX1 that 

regulate its trans-activation ability (Tanaka et al., 1996, Zhang et al., 2004). 

Serines 249 and 266 are also phosphorylated by the cyclin-dependent kinase (CDK), 

which regulate the DNA-binding ability of RUNX1 and its degradation by the 

anaphase-promoting complex (APC) (Zhang et al., 2008, Biggs et al., 2006). In 

addition, RUNX1 phosphorylated by the homeodomain-interacting protein kinase 

2 (HIPK2) could trigger phosphorylation of p300, and the latter is a transcriptional 

co-activator that interacts with RUNX1 to activate the transcription of target 

genes (Aikawa et al., 2006). Furthermore, CBFβ facilitates recruiting HIPK2 to 

phosphorylate RUNX1 (Wee et al., 2008), by which the phosphorylated RUNX1 has 

reduced interaction with histone deacetylases and mSin3A (a transcriptional co-

repressor) (Imai et al., 2004, Guo and Friedman, 2011). RUNX1 is a target of the 

ubiquitin-proteasome system, a system known to regulate transcription, which 

leads to the degradation of RUNX1 (Muratani and Tansey, 2003). This ubiquitin-

mediated degradation is promoted by CDK phosphorylation and suppressed by 

heterodimerzation with CBFβ (Huang et al., 2001, Biggs et al., 2006). In general, 

phosphorylation of RUNX1 activates transcription by reducing its interaction with 

transcriptional repressors. Methylation is another post-translational modification 

of RUNX1, which could be mediated by PRMT1, an arginine methyltransferase, at 

a region adjacent C-terminal to the Runt domain. Methylation of RUNX1 inhibits 

its interaction with Sin3A, which therefore increase its activity on transcription of 

target genes such as PU.1 and CD41 (Zhao et al., 2008).  

1.6.3  Runx1 and disease 

Runx1 is extensively studied for haematological diseases, whilst its role in the 

heart diseases remains relatively unknown. 

Roles of Runx1 in hematopoiesis 

RUNX1 regulates activities of HSCs by acting upstream in the hematopoietic 

lineage tree, involving cells of both myeloid and lymphoid origins. There are two 

waves of hematopoiesis, the primitive hematopoiesis and the definitive 

hematopoiesis, during embryonic development (Palis et al., 1999), during which 

RUNX1 plays an essential role in the specification of the definitive hematopoietic 
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stem cells (HSCs). During the definitive hematopoiesis, various lineages of mature 

blood cell types derive from a common definitive HSC. Runx1 is a marker of the 

earliest hematopoietic precursor cells (North et al., 1999). In the mouse embryo, 

HSCs are detected in the aorta-gonad-mesonephros region at 10.5 days’ post 

conception, when HSCs bud off from the ventral aspect of the dorsal aorta and 

eventually colonize the fetal liver and Runx1 is detected in both locations during 

embryogenesis (Medvinsky et al., 1993, Medvinsky and Dzierzak, 1996).  

Studies with Runx1-null mice provided evidence for the role of Runx1 in specifying 

HSCs (Okuda et al., 1996, Wang et al., 1996); the homozygous knockout mice die 

between 12.5 to 13.5 days’ post conception with severe haemorrhage along the 

central nervous system, although the heterozygous mice are healthy and fertile. 

It is reported that the expression of angiopoietin-1 is lacked in these knockout 

mice, which causes defects in angiogenesis that lead to such extensive 

haemorrhage (Takakura et al., 2000). In these mice they have no major defect in 

primitive hematopoiesis but lack definitive hematopoiesis. Recently studies have 

also shown that Runx1 plays a fundamental role in the derivation of HSCs from 

hemogenic endothelium, however, once the HSC is defined, RUNX1 is no longer 

essential for hematopoiesis (Lancrin et al., 2009, Chen et al., 2009).  

RUNX1 is a DNA-binding transcription factor, which mediates transcription of a 

number of genes, for example, the Runt domain of RUNX1 regulates its binding to 

the TGT/cGGT consensus sequence (Meyers et al., 1993). In addition, RUNX1 

directly binds and mediates the promoter activities of genes related to myeloid 

growth factor signalling including IL-3, M-CSF receptor, GM-CSF, and c-Mpl 

(Cameron et al., 1994, Takahashi et al., 1995, Zhang et al., 1994, Satoh et al., 

2008), and genes essential to the function of myeloid cells including neutrophil 

elastase, myeloperoxidase, and mast cell protease 6 (Nuchprayoon et al., 1994, 

Ogihara et al., 1999). Other targets of RUNX1 include promoters and enhancers of 

T cell receptors and CD11a promoter in T cell lineage (Hsiang et al., 1993, Sun et 

al., 1995, Puig-Kroger et al., 2000), and Igα promoters, B cell-specific src family 

tyrosine kinase (blk), and immunoglobulin antigen receptor enhancers in B cell 

lineage (Libermann et al., 1999, Zhang and Derynck, 2000, Erman et al., 1998). 

RUNX1 also controls genes regulating hematopoiesis during the stages of stem cell 

and early progenitor differentiation; for example, RUNX1 regulates the 

differentiation and function of regulatory T cells by regulating FoxP3 (Kitoh et al., 
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2009, Rudra et al., 2009), the transcription activities in myeloid progenitors by 

targeting PU.1 (Huang et al., 2008), and megakaryopoiesis by interacting with 

miR-27a (Ben-Ami et al., 2009). 

Mutations in RUNX1 were found in patients with various haematological diseases. 

In a study with 160 patients with acute myeloid leukemia, mutations of Runx1 

were found in eight patients and were all located in the Runt domain; some of 

these mutations resulted in abnormal DNA binding to the M-CSF promoter thus 

altering its transactivation (Osato et al., 1999). Although most mutations are in 

the Runt domain, some patients have mutations in the C-terminal region of RUNX1. 

Mutations of RUNX1 in the Runt domain could also cause dominant-negative forms 

of RUNX1, which is associated with myelodysplastic syndrome (Imai et al., 2000); 

in addition, mutations in the C-terminal region of RUNX1 might lead to progression 

to the disease (Michaud et al., 2002, Heller et al., 2005, Churpek et al., 2010). 

Mutations in the C-terminal region is associated with patients with chronic 

myelomonocytic leukemia, with which patients have faster progression to acute 

myeloid leukemia as compared to patients without mutations (Gelsi-Boyer et al., 

2008, Kuo et al., 2009). Point mutations in RUNX1 are associated with 

myeloproliferative neoplasms; when this specific mutant RUNX1 was delivered to 

CD34+ myeloproliferative neoplasm cells via retroviral gene delivery it promoted 

cell proliferation, indicating a role for leukemic transformation in patients with 

myeloproliferative neoplasm (Ding et al., 2009). Furthermore, the RNA transcript 

of RUNX1 is over expressed in patients with myeloproliferative neoplasm, and up-

regulates NF-E2 which regulates erythropoiesis (Wang et al., 2010). 

RUNX1 is the most common target of chromosomal translocations found in patients 

with acute leukemia. There are three common types of chromosomal 

translocations associated with acute leukemia, t(8;21), t(12;21), and t(3;21) (Look, 

1997). The t(8;21) is found in 12% of acute myeloid leukemia, which results in 

RUNX1-ETO, also known as AML1-ETO, RUNX1-MTG8, and RUNX1-RUNX1T1 

(Peterson and Zhang, 2004)(11). The t(12;21) is found in 25% of patients with 

paediatric precursor B-cell acute lymphoblastic leukemia, which results in a fusion 

with the N-terminal HLH domain of the TEL protein and almost the entire RUNX1 

protein (i.e. TEL-RUNX1) (Golub et al., 1995). The t(3;21) is in 3% of patients with 

therapy-related myelodysplastic syndrome or acute myeloid leukemia (Rubin et 

al., 1987, Rubin et al., 1990), which results in a fusion with the N-terminal portion 
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of RUNX1 and one of the three genes (i.e. EVI, MDS1, or EAP) on chromosome three 

(Nucifora et al., 1994). Other types of chromosomal translocations associated with 

RUNX1 also have been found in patients with different types of haematological 

neoplasms (Mikhail et al., 2002, Gamou et al., 1998, Chan et al., 2005).  

RUNX1 and heart diseases 

Although RUNX1 has been relatively well-investigated in patients with 

haematological diseases, nothing is known about its functional role in adult 

patients with heart disease. One obstacle for this knowledge gap is that expression 

of RUNX1 primarily occurs in neonatal cardiomyocytes, whilst it decreases to 

minimal levels in adult cardiomyocytes (Kubin et al., 2011, Eulalio et al., 2012). 

In spite of this, researchers have found that Runx1 is activated in the 

cardiomyocytes of both animal models and patients with myocardial infarct (Kubin 

et al., 2011, Gattenlohner et al., 2003). Kubin and colleagues reported that RUNX1 

was activated in the border zone adjacent to the infarct in huma patients with MI 

and mice three weeks after myocardial infarct. RUNX1 expression was also 

increased in dilated cardiomyocytes in human patients (Kubin et al., 2011). 

Gattenlöhner et al. reported that Runx1 was upregulated at both mRNA and 

protein levels in heart tissues obtained from patients with ischaemic heart disease 

(Gattenlohner et al., 2003).  

In skeletal muscle, Runx1 expression is increased after denervation and is required 

for sustaining skeletal muscle by preventing denervated myofibers from 

undergoing myofibrillar disorganization and autophagy (Wang et al., 2005). These 

evidence suggests that Runx1 activation in cardiomyocytes post MI may not only 

be a marker of ischemic damage but play a functional role post MI as part of the 

cardiac remodelling pathophysiology.  

1.7 Aims 

The overall aim of this thesis is to identify whether two novel targets (cathepsin-

L and Runx1) have the capacity to improve cardiac function post MI and post IR 

injury. The study involves establishing two separate complex surgically-induced 

mouse models of MI and IR injury together with the use of either pharmacological 

inhibition (cathepsin-L) or cardiomyocyte-specific genetic manipulation (Runx1) 

of the targets to investigate their function.  
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1.7.1  Establishing mice models of MI and IR injury 

The first step of my PhD study was to establish two separate mouse models of MI 

and IR injury. The mouse is the smallest laboratory mammal which can be used to 

surgically induce MI with open-chest approach (Chimenti et al., 2004). Whilst this 

model has the advantage of enabling the utilisation of genetic manipulation, their 

small size demands the use of precise microsurgical skills. Measuring infarct size 

and cardiac function using echocardiography and pressure-volume loop 

catheterisation within these models enabled assessment of the therapeutic 

potential of these two targets post MI and IR injury. 

1.7.2  Investigation of the effect of cathepsin-L inhibitor CAA0225 

during ischaemia-reperfusion injury 

Using the cathepsin-L specific inhibitor CAA0225, the hypothesis that inhibition of 

cathepsin-L activity has a protective effect against IR injury was tested in ex vivo 

isolated rat hearts and an in vivo mouse model of IR injury and MI. Infarct size and 

cardiac function was assessed in detail within these experimental models.  

1.7.3  Investigation of the effect of Runx1 deficient in mice post 

myocardial infarction 

Using an established cardiomyocyte-specific tamoxifen-inducible Runx1 deficient 

mouse, the hypothesis that Runx1 deficiency protects against adverse cardiac 

remodelling post MI and post IR injury in vivo was tested. Infarct size and cardiac 

function was assessed by echocardiography and intraventricular pressure-volume 

loop analysis.  
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2.1 Ex vivo Langendorff perfused isolated heart model of 

ischaemia-reperfusion (IR) injury  

2.1.1 Langendorff isolated heart 

Langendorff isolated heart preparation was described by Oscar Langendorff in 

1897 (Langendorff, 1897). This technique allows for the maintenance of isolated 

mammalian hearts for a prolonged period by supplying oxygen and nutrients and 

therefore enables measurements of cardiac function to be performed ex vivo. The 

fundamental methodology of the Langendorff isolated heart is its perfusion 

through aortic cannulation. There are two approaches to achieve heart perfusion 

ex vivo, constant flow and constant pressure. Constant flow can be achieved by 

using a peristaltic pump to drive perfusate, and constant pressure can be 

maintained by positioning a reservoir at a certain height above the perfused heart. 

In the context of ischaemia-reperfusion (IR) injury, constant flow systems are used 

for experiments without regional vascular intervention (e.g. singular coronary 

occlusion leading to regional infarction). This is because constant flow can lead to 

an increased coronary arterial pressure if regional ischaemia is produced (Bell et 

al., 2011). If singular coronary artery occlusion is required then a constant 

pressure system is more useful (Bell et al., 2011).   

The heart can be perfused by either blood or crystalloid buffer. Commonly used 

crystalloid perfusate buffers include the Krebs–Henseleit solution (Krebs and 

Henseleit, 1932) and Tyrode's solution (Olders et al., 1990). Compared to blood 

perfusion, crystalloid perfusion may cause accumulation of tissue water content 

with deterioration of contractile function (Sutherland and Hearse, 2000).  

Measuring function within Langendorff perfused isolated hearts can provide data 

for different physiological parameters including coronary flow, temperature, 

electrocardiogram (ECG), myocardial contractility, and left ventricular systolic 

and diastolic function. Ventricular pressure can be measured by inserting a force 

transducer into the left ventricle within a balloon. The ventricular balloon 

technique has been successfully applied in small animals such as rats (Curtis et al., 

1986) and mice (Sutherland et al., 2003). Without neuro-humoral control, the 

denervated isolated heart is bradycardic when compared to the heart in vivo 

(Sutherland and Hearse, 2000). The change in heart rate can affect calcium 

homeostasis and contractile function (Taylor and Cerny, 1976), therefore pacing 
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isolated hearts at a specific rate can control the variation in heart rate during 

experiments. 

2.1.2 Setting up the Langendorff system 

A constant flow Langendorff system was established in our laboratory for rat hearts 

(Figure 2-1). Tyrodes solution (in mM; 116 NaCl, 20 NaHCO3, 0.4 Na2HPO4, 1 MgSO4-

7H2O, 5 KCl, 11 glucose, 1.8 CaCl2) was maintained at 37 °C by keeping the glass 

reservoirs in a temperature controlled water bath. Drugs or substances for testing 

could be delivered to the heart by adding them into one of the reservoirs and 

switching between the reservoirs which was controlled by three-way taps. A 

constant flow rate was achieved by using a peristaltic pump which delivers 

perfusate (10mL/min) through a heat maintaining glass chamber. A bubble trap 

was used to extrude air bubbles before the perfusate enters the heart. 

Immediately after a schedule one kill by concussion and cervical dislocation, 

hearts were removed and cannulated using a rat aortic cannula (Harvard Apparatus 

UK) via the ascending aorta and a small incision made in the pulmonary artery for 

outflow of the perfusion buffer. Next the heart was submerged into a glass bath 

with warmed perfusion buffer and temperature maintained (Figure 2-1B). For 

temperature control, the perfusion solution was delivered through a heat 

exchange coil and the reservoirs kept in a warmed water bath (37°C). The 

temperature of the perfusate was set to 37 °C through the water bath and heat 

exchange glassware system. A metal cannula with an affixed polyethylene balloon 

(made from cling film) was inserted into the LV via the left atrium. The 

polyethylene balloon was then filled with double distilled water (ddH2O) (Figure 

2-1C). Air bubbles were extruded from the inside of the balloon and cannula to 

prevent alteration of pressure signals. The catheter was then calibrated at 37 °C 

by using set calibration values of 0 and 100 mmHg (using a digital pressure 

generator) and then ensuring a 0 mmHg reading on the ADInstruments Labchart 7 

software module when putting the sensor just below the surface of double distilled 

water at 37 °C. The catheter was then pushed down the cannula to enter the 

balloon through the opening of a haemostat valve. The LV pressure was measured 

by the catheter and recorded in ADInstruments Labchart 7 software. By adjusting 

the inflation extent of the balloon with a fine syringe, the diastolic pressure was 

set to 5-8 mmHg before starting the protocol. 
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2.1.3 Heart harvesting and aorta cannulation 

Animals were reported in accordance with the ARRIVE guidelines (Kilkenny et al., 

2010). Male Wistar rats aged 8-10 weeks (250-300 g) were euthanized in 

accordance with Schedule 1 of the UK Animal (Scientific Procedures) Act 1986. 

Rats were first concussed followed by immediate cervical dislocation, which was 

Figure 2-1. Langendorff system for rat isolated heart preparation. (A) A 

simplified schematic representation of the Langendorff system. A left 

ventricular balloon (LVB) is inserted into LV, from which LV developed 

pressure can be measured via a pressure transducer within the balloon. 

Constant flow was maintained by a peristaltic pump. (B) The heart was 

retrogradely perfused via the aorta and placed within a warmed chamber. 

(C) The LV balloon is made of cling film and is mounted on a metal catheter 

and inflated with double distilled water. 
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confirmed by manual palpation. An incision was then made in the left chest of the 

animal to break the ribs and create a thoracotomy. The heart was then removed 

by cutting the descending aorta, inferior vena cava, the ascending aorta and 

superior vena cava. Next the heart was transferred to a beaker containing ice cold 

Tyrode’s buffer. A small proportion of extra tissue was retained with the heart 

because this could protect the aorta from damage and thereby be helpful for 

aortic cannulation. Transferring the heart into the cold Tyrode’s solution was 

required to be done as quickly as possible to prevent the detrimental effects of 

ischaemia (Bell et al., 2011). Next the heart was transferred directly from the ice 

cold Tyrode’s solution onto the cannula. At this stage the cannula was already in 

place in the perfusion system and Tyrode’s solution was pumped through, 

preventing air from leaking into the coronary vasculature, which could produce 

air emboli and cause microvascular obstruction (Bell et al., 2011). The heart was 

temporarily secured onto the cannula with a vessel clip, and then tied with 2 

surgical knots, followed by trimming of the extra tissue. Insertion of the cannula 

into the aorta was performed carefully to prevent inserting too deeply because 

this could cause mechanical rupture of the aortic valve leaflets, leading to 

reduced coronary perfusion and detrimental effect on heart performance (Bell et 

al., 2011). In contrast, if the cannula was placed above the brachiocephalic artery, 

perfusate would be drained through the brachiocephalic artery and lead to loss of 

coronary perfusion pressure. 

Once the heart was cannulated and perfused on the Langendorff perfusion system, 

it began to beat within seconds if it was successfully established. The time taken 

from sacrifice of the animal to the heart being perfused on the Langendorff system 

was maintained at less than 5 min to prevent detrimental effects of ischaemia 

(Awan et al., 1999, Minhaz et al., 1995).  

2.1.4 Measuring parameters of cardiac function 

Measurement of LV systolic and diastolic function was achieved via the inserted LV 

balloon. This technique has been successfully used in mice (Sutherland et al., 2003) 

and rats (Awad et al., 1998, Riva and Hearse, 1991). The LV balloon needs to be 

made of a material that is highly compliant and thin, have no elasticity, and can 

record signal stably at the range of heart rates (Sutherland et al., 2003, Curtis et 

al., 1986). The volume of the LV balloon should be able to fill the ventricular cavity 



Weihong He, 2016 
  

60 
 

as if it is too small in volume then this would lead to inaccurate estimates of LV 

function, whereas balloons too large in volume will lead to endocardial necrosis 

with an altered pre-load diastolic pressure (Bell et al., 2011).  

Air bubbles were extruded from the balloon and circuit (because air bubbles are 

compliant and will dampen the pressure signal). The pressure catheter within the 

LV balloon was then used to record a range of contractile functional data, 

including heart rate, maximum pressure, minimum pressure, and derivatives such 

as the maximum rate of pressure rise (dP/dtmax) and fall (dP/dtmin). Maintenance 

of a physiological temperature is important for measuring accurate cardiac 

functional parameters. Variations in temperature can affect contractility and 

heart rate (Sutherland and Hearse, 2000, Sutherland et al., 2003, Fukunami and 

Hearse, 1989). Temperature can also affect myocardial viability following IR injury 

because lower temperature has a cardioprotective effect (Ferrari et al., 1980, 

Hale and Kloner, 1999, Hale and Kloner, 1998, Miller and Miller, 1972). The heart 

temperature was maintained by using a heat exchange column to warm the 

perfusate combined with submersion of the cannulated heart into warm perfusion 

solution in a heat exchange organ bath.   

Inclusion and exclusion criteria was used in experiments using Langendorff 

isolated heart preparations. This was because a number of factors affect the 

consistency and reproducibility of data, for example, long-time cannulation would 

lead to myocardial damage and activation of stress signalling pathways (Awan et 

al., 1999, Minhaz et al., 1995); a damaged aortic wall or aortic valve during 

dissection or cannulation would lead to high flow rates once perfused (Bell et al., 

2011); obstruction of the vasculature would cause low flow rates (Bell et al., 2011); 

while inadequate perfusion would lead to highly arrhythmogenic and weak 

 
Table 2-1. Exclusion criteria for Langendorff isolated hearts  
Parameters  From (Bell et al., 2011) This thesis 

Time to perfusion (min) >3 >5 

Arrhythmia Duration (min) >3 >3 

Heart rate (beats per min) <70 or >400 Maintained at 360 

LV developed pressure (mmHg)* <70 or >130 <60 or >110 

* LV pressure is measured with a pre-set diastolic pressure of 5-8 mmHg.  
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contractile hearts (Bell et al., 2011). These elements could be defined during 

steady state perfusion ahead of commencing the experimental study as good 

practice. Table 2-1 shows exclusion criteria for rats from (Bell et al., 2011) and 

this thesis. In this thesis the inclusion criteria defined during steady state was as 

follows: time to perfusion was less than 5 min; arrhythmia duration was less than 

3 min; and LV developed pressure was more than 60 mmHg and less than 110 mmHg 

(with heart rate maintained at 360 beats per min). Because the heart rate was 

maintained at 360 beats per min, the inclusion criteria of LV developed pressure 

in this study is lower than the value reported by (Bell et al., 2011). 

2.1.5 IR injury in ex vivo isolated rat hearts 

The Langendorff heart preparation can be used in a variety of studies with the 

physiological measurements it offers. One of its applications is the isolated heart 

model of ischaemia–reperfusion (IR) injury. After cannulation, the heart was 

perfused for a steady-state of 20 min. During the steady-state, it was determined 

whether the hearts met inclusion criteria as discussed previously. In IR injury 

studies, pharmacological agents were applied ahead of ischaemia. Global 

ischaemia was induced by complete cessation of coronary flow (by stopping 

perfusion completely to the whole heart). An adequate period of ischaemia was 

crucial for this model as if the period was too short it would not be sufficient to 

induce infarction whereas if the period was too long it could be detrimental to 

recovery of contractile function following reperfusion. A 30 min period of 

ischaemia was sufficient in rat Langendorff model of IR injury (Herr et al., 2015). 

In current study, we found that a 30 min period of ischaemia was optimal to 

achieve 25% contractile function recovery and 58% infarction in the control hearts. 

Reperfusion was initiated by re-establishing coronary flow through switching on 

the perfusion pump for a total duration of 90 min. Cell death occurs during both 

the ischaemic period and the reperfusion period (Bell et al., 2011). The duration 

of reperfusion required for achieving full infarct formation varies between species 

(Bell et al., 2011). A 30 min period of reperfusion is reported to be sufficient in 

the mouse heart, due to is high coronary flow rate and no observed differences in 

infarct size following either 30 or 60 min periods of reperfusion (Sumeray and 

Yellon, 1998). For rat hearts, studies have shown clear infarct demarcation with 

60 min period of reperfusion and no difference in infarct size between 60 or 
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120 min periods of reperfusion (Schwarz et al., 2000, Ferrera et al., 2009). 

Therefore, a 90 min period of reperfusion was applied in the studies in this thesis.  

2.1.6 Functional data analysis 

The LV intraventricular pressure was detected by the pressure catheter within the 

inflated LV balloon and the pressure traces plotted in Labchart 7 (ADInstruments). 

The developed pressure was defined as the diastolic pressure subtracted from 

systolic pressure. The dP/dtmax and dP/dtmin were measured from the derivative 

of the pressure signal using Labchart 7.  

2.1.7 Infarct size analysis 

Triphenyltetrazolium chloride (TTC) is the most commonly used biological dye for 

demarcation of infarct size, which has the ability of crossing cell membranes and 

binding to intracellular dehydrogenases (Mattson et al., 1947, Schwarz et al., 

2000). Viable cells with preserved NADPH (reduced nicotinamide adenine 

dinucleotide phosphate) are stained red by TTC, while dead cells with NADPH 

washed out are stained white (Fishbein et al., 1981, Klein et al., 1981). At the end 

of the reperfusion period, the hearts were removed from the cannula, wrapped in 

cling film and frozen at -20°C for 45 min. Next, hearts were transversely sectioned 

into four 2.0 mm slices. TTC (Sigma, Dorset, UK) was dissolved at 1% (m/v) in a 

phosphate buffer, made by mixing appropriate volumes of 0.1M Na2HPO4 and 

NaH2PO4 to achieve a pH of 7.4. The TTC buffer was maintained at 37°C in a water 

bath. The heart slices were immersed into the TTC solution for 15 min and then 

fixed in 10% neutral buffered formalin (CellPath, Powys, UK) at 4°C. Photographs 

of the sections were taken by a Canon camera under a magnifier with ring lights 

and were converted into JPEG digital images using Adobe Photoshop (Adobe) and 

converted to a red-green-black image by Image J (National Institute of Health, 

Maryland, USA). By adjusting the threshold under the green channel, the extent 

of viable tissue area of each section was determined and the number of pixels 

counted using Image J. The percent infarct size was calculated using the formula 

(non-viable pixels/viable and non-viable pixels) × 100%. The final infarct size was 

expressed as the mean infarct of all 8 faces of the four slices of each heart. This 



Weihong He, 2016 
  

63 
 

method for infarct calculation is similar to the commonly used method (Bohl et 

al., 2009) without weight adjustment. 
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2.2 In vivo mouse models of myocardial infarction (MI) 

and IR injury 

The surgical procedures in this study were performed in accordance with the 

Animals (Scientific Procedures) Act 1986 and were approved by the University of 

Glasgow’s ethics committee. Animals were reported in accordance with the 

ARRIVE guidelines (Kilkenny et al., 2010). Animals were given free access to water 

and food pellets and were housed for a minimum of 7 days to allow an 

acclimatisation before use. 

MI and IR injury were induced in male C57Bl/6 mice aged 9-12 weeks (23-28 g) by 

performing ligation of the left anterior descending (LAD) coronary artery in open-

chest surgery. Due to the small body size of the mouse, inducing MI or IR injury 

requires experienced microsurgical techniques. Both the open-chest operation 

and the LAD ligation require rigorous optimisation and refinement to achieve 

reproducible LAD ligation and infarct size and acceptable survival rates >75%. Each 

model (MI or IR injury) took ~6 months to achieve these rates.   

2.2.1 Establishing microsurgery 

The set-up of the microsurgery for MI and IR injury procedures is shown in Figure 

2-2.  These procedures were performed under aseptic conditions. The surgical 

instruments were autoclaved prior to surgery once per day and decontaminated 

for each animal during surgery using a dry steriliser (Germinator 500, SouthPointe 

Surgical Supply Inc, USA). The surgical area was disinfected by spraying 4% 

chlorhexidine gluconate (Ecolab, U.K.). Sterile surgical drapes were used to cover 

the surgical table and the animal. Sterile gloves were worn to perform the surgery, 

one pair for one animal.   
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Isofluorane (Isoflo, Abbott Laboratories, USA) mixed with 100% oxygen was used 

for anaesthesia. Inhalable anaesthetics are easy to control for the depth of 

anaesthesia and have less depressive effects on the cardiovascular system than 

other forms of anaesthetics (Richardson and Flecknell, 2005). Anaesthesia was 

induced by putting the mouse in an induction box. After losing the flexor 

withdrawal reflex, the animal was moved to a face mask (4% isofluorane; 1.5 

L/min). The fur on the entire chest was removed by electric clipper and the skin 

 

Figure 2-2. The set-up of the microsurgery. The surgical set-up and 

surgical instruments used for inducing MI and IR injury in mice. The 

operations were performed under aseptic conditions. 
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disinfected 3 times with 4% chlorhexidine gluconate. The solution was pre-warmed 

with very minimal wetting of the skin to reduce body heat loss. 5 mg/kg carprofen 

(Rimadyl, Pfizer Animal Health, U.K.; final volume 20 µl) and 0.1 mg/kg 

buprenorphine (Vetergesic, Reckitt Benckiser Healthcare Ltd, U.K.; final volume 

30 µl) were administered for pre-operative analgesia within 0.4mL normal saline 

(0.9% sodium chloride w/v) in a single intraperitoneal injection. A sterile ocular 

lubricant (Lacri-lube ointment, Allergen Inc, USA) was used to protect corneal 

drying in both eyes during the surgery. Body temperature was maintained at 37 °C 

during surgery with the use of a heating pad and monitored using a rectal 

thermometer.  

2.2.2 Intubation and ventilation 

As the LAD ligation was performed in open chest surgery, respiratory support was 

needed during the surgery. Therefore, an intubation method with the ability to 

intubate quickly, reproducibly and with little damage was required. Ventilation 

was employed by endotracheal intubation, performed through direct visualisation 

of the endotrachea. To perform intubation, the mouse was anaesthetised and 

placed under the microscope vertically for visualisation of the tracheal opening 

(Figure 2-3). The anaesthetised mouse was supported from a suture loop by its 

front incisors on the vertical side of the L-shaped stand (Figure 2-3A). The tongue 

was held aside to expose the tracheal opening for insertion of the cannula (Figure 

2-3B). The stainless steel cannula (25 mm long; 0.8 mm O.D.) (Harvard Apparatus, 

U.K.) was then carefully inserted into the trachea until the Y-shaped plastic 

connector entered the mouth. In order to improve the fit within the trachea, a 

piece of thin silicone tubing was used over the cannula. Once inserted, the Y-

shaped plastic tube was connected to a small animal ventilator (Hugo-Sachs, 

Harvard Apparatus, Germany) and the mouse ventilated at 120 breaths per min 

with a tidal volume of 120 µl. Chest movements in synchrony with the mechanical 

ventilation indicated successful intubation and ventilation. 
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2.2.3 Opening and closing the chest (Sham surgery) 

The mouse models of MI and IR injury were both induced in open-chest surgery. 

The techniques of opening and closing the chest are fundamental to ensure the 

mouse can survive following these procedures. The opening and closing chest 

procedure (including pericardial removal without LAD ligation) was also referred 

to as sham surgery and was used as a control group. 

 

Figure 2-3. Endotracheal intubation of mice. (A) Positioning of the mouse 

with support of a L-shaped plastic stand and retraction of the tongue for 

exposure of the trachea. (B) Visualization of the trachea under a surgical 

microscope for cannula insertion. Arrow indicates trachea. 



Weihong He, 2016 
  

68 
 

  

 

Figure 2-4. The surgical procedure of opening and closing chest of 

mouse (sham surgery). (A) Positioning of the mouse. (B) Creating a sterile 

field with surgical drapes. (C) Exposure of the rib cage. (D) Marking the 

original border of the lung. (E) Opening the thoracic cavity and exposure 

of the heart with retractors. Following this step, LAD ligation can be 

applied or pericardium removed without LAD ligation as sham surgery. (F) 

Closing the chest was started by placing 3 sutures across the incision of the 

rib cage. (G) Reinflation of the lung to its original place as marked. (H) 

Closing the thoracic cavity. (I) Sealing the skin. Detailed description of the 

surgical procedure is in Section 2.2.3. 
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The mouse was placed on a warm heat pad to maintain body temperature 

throughout the surgery and positioned in a supine position, slightly turned to the 

right by retraction of the front left limb. The right front and rear limbs were taped 

down while the left rear limb was left free for flexor withdrawal (an indicator for 

the depth of anaesthesia) checks (Figure 2-4A). The mouse was covered by a 

surgical drape to create a sterile surgical field (Figure 2-4B). The surgery was 

performed with the aid of a microsurgical microscope. The microscope was set up 

at the beginning of the surgery by adjusting focus at both the highest 

magnification and the lowest magnification to ensure it was correctly focused. 

Prior to incision, flexor withdrawal was checked for sufficient depth of 

anaesthesia and isofluorane administration was decreased gradually from 4% to 

3.5%. Anaesthesia was then continually decreased to a minimum of 1.5% thereafter. 

A 1.5 cm-long incision was made laterally across the left side of the chest 

perpendicular to the sternum. The skin and thoracic muscles covering the ribs 

were retracted by using elastic blunt-hook retractors (Harvard Apparatus, U.K.) 

(Figure 2-4C). The border of the left lung was marked with a surgical pen (Figure 

2-4D) and the fourth intercostal space opened with angled forceps via penetrating 

the intercostal muscles. The opening was enlarged carefully by using a battery-

operated cauteriser (Harvard Apparatus, U.K.) while preventing damage to the 

heart or left lung. Blunt-hook retractors were then inserted into the opening to 

retract the ribs until the heart was fully exposed (Figure 2-4E). After opening the 

thoracic cavity, the left lung fell down naturally due to having less inflation 

because of the positioning of the mouse. This ensured that the lung did not need 

to be manipulated with swabs, which could lead to lung damage. For the sham 

surgery, the pericardial sac was opened but no LAD ligation was performed, while 

in MI or IR surgery LAD ligation was performed as stated in section 2.2.4.  

To close the chest, the rib retractors were removed and three 6-0 prolene sutures 

(W8711, Johnson & Johnson, U.K.) placed evenly along the incision (Figure 2-4F). 

The lungs were re-inflated by pinching the expiration tube until the left lung 

inflated to the mark of its original place (Figure 2-4G). Next the outlet side of 

the tube was placed underwater in a small beaker containing 100 mL water. The 

water generated sufficient positive end-expiratory pressure to keep the lungs 
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inflated while the rib incision was closed. The three pre-placed sutures were then 

tied to close the thoracic cavity (Figure 2-4H). The thoracic muscles were pulled 

back with several drops of sterile saline and the skin sutured with absorbable 6-0 

vicryl (W9575, Johnson & Johnson, U.K.) (Figure 2-4I). The isofluorane level was 

gradually decreased before being switched off. Mice were kept incubated until 

they regained their flexor withdrawal reflex (Figure 2-5A). For some mice that 

did not regain this reflex in a short time, extubation can be performed to promote 

them regain spontaneous breath. Mice were placed next to the intubation tube 

after extubation and given 100% oxygen to allow them to wake up (Figure 2-5B). 

If the mouse lost spontaneous breath, a rapid re-intubation was performed. After 

the mouse regained consciousness, it was moved to the recovery cage with soft 

bedding and heating by a heat pad (Figure 2-5C).  

             

2.2.4 Permanent LAD ligation (inducing MI) 

The LAD ligation was performed during the open chest surgery after exposure of 

the heart. Visualisation of the LAD coronary artery is difficult in mice due to their 

small body size and deep embedment of the LAD coronary artery in the 

 

Figure 2-5. Extubation and recovery from open-chest surgery. (A) Mice 

were kept intubated until regaining flexor withdrawal. (B) Mice were given 

oxygen before waking up and were prepared for re-intubation in case of 

respiratory failure. (C) Recovered mice were moved into cages with soft 

bedding and with maintenance of temperature. 
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myocardium. Therefore, intense lighting and high magnification are important for 

visualisation of the LAD coronary artery.  The LAD coronary artery was visible as 

a pink vessel running down the LV from the inferior border of the left atrium. For 

MI surgery the pericardium was removed with forceps and 9-0 nylon non-

absorbable suture (W2829 Ethilon, Johnson & Johnson, U.K.) passed around the 

LAD coronary artery approximately 1.5 mm below the inferior border of the left 

atrium. A permanent ligation was made to induce infarction. Ligating too close to 

the left atrium would markedly reduce survival rate. The success of the ligation 

was determined by the colour changing from red to pale at the apex region of the 

LV (Figure 2-6).  
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2.2.5 Temporary LAD ligation (inducing IR injury) 

For inducing IR injury, the LAD ligation was temporary. This was achieved by tying 

the LAD coronary artery against a short section of polyethylene tubing (PE-10; 

outer diameter, 0.61 mm). After exposure of the heart, a 7-0 polypropylene suture 

was passed around the LAD coronary approximately 1.5 mm below the inferior 

border of the left atrium. LAD coronary artery occlusion was induced by ligating 

the LAD coronary artery against the polyethylene tubing. Once the LAD ligation 

 

Figure 2-6. Permanent LAD ligation procedure (MI surgery). Permanent 

LAD ligation was performed following opening of the chest. LAD coronary 

artery (in pink colour) was visualized under a microscope. Successful LAD 

ligation led to changing colour of the ischaemic area from red as showed 

in (A) to pale as indicated in (B). 
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had been made, a timer was started to time the ischaemia period for 45 min. 

During ischaemia, the chest was temporarily closed by releasing the retractors 

and re-positioning the ribs and muscles. The skin was also temporarily sealed with 

a vascular clamp. The chest was opened again when the 45min period of ischaemia 

was almost complete and the polyethylene tubing gently removed when 45min of 

ischaemia was achieved with the help of a drop of normal saline. The success of 

ischaemia was determined by the colour changing from deep red to pale red at 

the apex region of LV, and successful reperfusion indicated by the colour changing 

back from pale red to deep red (Figure 2-7).   

 

 

Figure 2-7. Temporary LAD ligation procedure (IR injury surgery). 

Temporary LAD ligation was performed during the open-chest surgery by 

tying the LAD coronary artery against a short section of polyethylene 

tubing. The ischaemic area was visualized under the microscope as pale 

colored tissue. Reperfusion was induced by removing the polyethylene 

tubing to release LAD occlusion. The pale ischaemic area indicated in (A) 

regaining red color (B) indicates successful reperfusion. 
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2.2.6 Tail vein injection 

The cathepsin-L inhibitor was applied by only one injection via tail vein following 

the LAD ligation during the ischaemic period in the surgery (Figure 2-8). An 

equivalent concentration of DMSO diluted in normal saline was injected in the 

control group. After the LAD ligation was made, the surgical drape was partly 

removed and the tail exposed. The tail was slightly rotated until the lateral vein 

could be visualized. Alcohol (100% ethanol) was applied to the injection site and 

a 30G needle connected to a 1 mL syringe was inserted into the vein. Once the 

needle was correctly placed, a flash of blood was observed in the needle hub and 

the needle was then advanced smoothly into the vein without resistance and the 

substance injected. During the injection, the blood in the vein was temporarily 

displaced with the fluid and the vein temporarily display a pale colour. If 

resistance was felt during injection, the needle was likely to be placed in 

perivascular space. In this case, the injection was stopped and the needle re-

inserted until placed correctly in the vein. Once the substance administration was 

completed, the needle was removed and a sterile gauze was applied to the 

injection site with pressure to stop the bleeding. 
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The cathepsin-L inhibitor CAA0225 for in vivo injection was prepared in normal 

saline with 15% DMSO. A single dose of 0.25mg CAA0225 (Merck, Darmstadt, 

Germany) was delivered with 125 μL saline and 15% DMSO (adding DMSO to the 

compounds first and then saline when making the solution). DMSO was well 

distributed before injection by shaking the solution. An equivalent amount of 

DMSO diluted in saline solution without CAA0225 was given to the vehicle control 

group. The tail vein injection was performed in the 2 min following the LAD 

ligation. 

2.2.7 Post-surgical care 

 

Figure 2-8. Tail vein injection in surgery. Substances such as the 

cathepsin-L inhibitor CAA0225 can be delivered via tail vein in surgery 

following LAD ligation, which mimics the clinical setting of pharmacological 

MI therapy. 
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Mice were monitored after surgery by ensuring that sufficient warmth and oxygen 

were provided. After the mice recovered their mobility they were moved to the 

recovery room and observed three times a day in the first week after surgery, 

then daily from the second week. A soft custard was provided in a small dish to 

feed the mice for one week and post-operative analgesia provided in the form of 

oral buprenorphine (0.1 mg/kg) administered in Nutella for three days after the 

surgery. Wounds and body weight were monitored according to Home Office 

regulations. Mice were given the Nutella in the week before surgery to improve 

their interest in it post-surgery. The body weight and eating patterns of each 

mouse were recorded daily to ensure the food was eaten and the analgesia 

received. Mice were returned to normal cages and moved back to the housing area 

after the first week until the time of sacrifice. An autopsy was performed on any 

mice which died post-surgery. 

2.3 Quantification of area at risk and infarct size in the 

mouse heart following in vivo IR injury 

The mouse IR injury model mimics the clinical condition of a period of ischaemia 

followed by reperfusion (Hua et al., 2007). Therefore, the IR injury model provides 

a good tool to test novel therapeutic strategies for reducing IR injury. The mouse 

is a good choice as an in vivo IR injury model, because of the reduced cost in drug 

testing than other species and the availability of transgenic mice  (Doyle et al., 

2012). However, due to the small body size of the mouse, both the open chest 

surgery and subsequent measurement of infarct size are difficult. Unlike MI where 

the infarct was transmural, infarction after IR injury was not transmural as shown 

in Figure 2-13. Therefore, the IR injury model allows investigation of the area at 

risk (AAR) and the infarct size within the AAR. The IR injury demarcates the heart 

into three regions: the remote myocardium that did not undergo ischaemia; the 

AAR with ischaemia induced by LAD ligation; and the non-viable area that is dead 

tissue within the AAR. The ratio of non-viable area to AAR was calculated as the 

infarct size. The basic methodology was to re-occlude the LAD at the original 

position, then perfused the heart with Evans blue to stain the remote (perfused) 
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myocardium. In a second step, TTC was used to delineate viable and nonviable 

myocardium within the AAR.  

 

2.3.1 Staining the myocardium with Evan’s Blue to assess AAR 

The mouse was euthanized according to schedule 1 and the heart rapidly excised 

together with some excess connecting tissue. Care was taken to avoid damaging 

the aorta and the heart was immersed in saline to extrude the LV blood. The heart 

 

Figure 2-9. Evans blue perfusion demarcating non-ischaemic area. Evans 

blue solution was perfused into the heart when it is still beating. The dye 

was distributed after several heart beats. The LAD coronary artery was re-

occluded at the place of initial occlusion. The non-ischaemic myocardium 

was delineated in blue colour but the AAR was left unstained. 
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was then transferred to a petri dish and extracardiac tissue trimmed off and the 

aorta cut proximal to the arch. A 5-mL syringe with a 20-G blunted needle was 

filled with saline solution and secured by a clamp stand. Air bubbles were extruded 

from the syringe and needle. The heart was cannulated to the blunt needle 

through the aorta and secured in position with surgical knot and a 6-0 suture. The 

needle tip was positioned distal to the aortic valve and the heart perfused with 5 

mL saline to rinse out blood from the coronary vasculature. This step improved 

the demarcation of the border between the red and white coloured tissues (Pitts 

et al., 2007). The perfusion pressure was carefully controlled to limit the chance 

that the coronaries could rupture due to the high perfusion pressure and impair 

dye perfusion. The procedure was completed as soon as possible, normally in 1 or 

2 min, to facilitate dye perfusion while the heart was still beating.  

Evans blue is the most commonly used dye to stain the remote myocardium (Bohl 

et al., 2009). A 1% (wt/vol) solution was prepared with 0.9% NaCl and Evans blue 

powder. The solution was filtered with a 0.2 μm syringe filter (Sartorius Stedim) 

and air bubbles extruded before use. Since the suture for LAD ligation was left in 

its original position, re-positioning of the tubing under the knot was performed to 

re-establish the initial occlusion. Next, 250 μL Evans blue solution was perfused 

into the heart during beating to distribute the dye. After several heart beats with 

slow perfusion of Evans blue, the remote myocardium could be delineated but the 

AAR was left unstained (Figure 2-9). 

2.3.2 Preparation of heart sections for measurement of infarct size 

The heart was wrapped in cling film and placed at −20°C for 15 min. Next, the 

heart was placed in a petri dish on ice and sliced into 6–8 parallel transverse 

sections using a razor blade. The heart sections were then immersed in freshly 

prepared TTC in a 50 mL Falcon tube at room temperature, and transferred to a 

water bath at 37°C for 15 min to prevent strong contraction of the heart sections. 

The Falcon tube was continuously agitated to prevent the tissue from attaching to 

the tube wall. The heart sections were then removed from the tube, and dried by 

flattening between tissue paper. Sections were then transferred to 10% neutral-

buffered formalin for 90 min, to enhance the red/white contrast between viable 

and non-viable areas.  
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2.3.3 Analysis of infarcted tissue 

Heart sections were placed on glass and photographed with the help of a glass 

magnifier and ring light. Both sides of the sections were photographed. The 

contrast of colour is strongly affected by the light when photographing, therefore 

the light condition was carefully optimised. Infarct size quantification was 

performed on digital photographs by contouring the number of pixels of different 

colours using Photoshop. Areas of non-viable (AON) tissue and the AAR were 

calculated using the average percent from both sides of each section. The 

percentage of the sections was then corrected by the weight of the slices:  

 

Overall AAR (% of LV) = [(Weight Slice 1 × % AAR Slice 1) + (Weight Slice 2 × % AAR Slice 2) 

+ … (Weight Slice N × % AAR Slice N)]/Weight LV;  

 

Overall AON (% of AAR) = [(Weight Slice 1 × % AON Slice 1) + (Weight Slice 2 × % AON Slice 

2) + … (Weight Slice N × % AON Slice N)]/ [(Weight Slice 1 × % AAR Slice 1) + (Weight Slice 2 × % 

AAR Slice 2) + … (Weight Slice N × % AAR Slice N)].  

 

The final infarct size was expressed as the ratio of overall AON to AAR, which was 

similar to the method reported by (Bohl et al., 2009). 

 

2.4 Echocardiography 

Echocardiography (echo) is extensively used for the evaluation of cardiac function 

in mouse models of cardiovascular diseases due to its high spatial and temporal 

resolution.  

2.4.1  Mouse echocardiography set up 

Anaesthesia was used in mouse echocardiography, because conscious mouse 

echocardiography requires training of the mouse and two-person operation. 

Isoflurane was used for anaesthesia because it would cause less depression of 

cardiac function and was easy to administer (Roth et al., 2002). Using 2% 

isoflurane as anaesthesia, heart rates of pre-surgical mice were generally 400–500 
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beats/min and LV fraction shortening (FS) was approximately 40-50%. These values 

were comparable to the previously published measurements (Stypmann, 2007). 

The effects of using different anaesthesia on cardiac function are shown in Table 

2-2. 

Echo transducers with frequency higher than 10 MHz are necessary for mice 

echocardiography because of the small size and rapid heart rate. In our study, a 

15 MHz pediatric probe was used (Acuson Sequoia 512, Siemens UK).  

To obtain consistent and reproducible echo data, high quality and high resolution 

images are important for analysis. In addition to good images, the condition of the 

animals is also crucial, therefore, the mouse body temperature during the echo 

scanning was carefully controlled and maintained at 37°C and the heart rate was 

monitored at a similar level. Variation in HR within 100 bpm is considered to be 

acceptable (Gao et al., 2011). Furthermore, the anaesthetic level and duration as 

well as the echo measurement time after anaesthesia were controlled at the 

similar levels between mice.  
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2.4.2 Echocardiographic measurements 

Each mouse was anesthetized in the induction chamber and then maintained via 

facemask on 0.5-1% isofluorane in 1.0 L/min oxygen. The chest hair was shaved 

before the mouse was positioned on a warm heat pad and body temperature 

monitored with a rectal thermometer and maintained at 37°C. A shallow left-

sided position was used for echo examination. Echo gel was pre-warmed and 

placed on the chest and the probe placed on the chest contacting the gel and the 

echo images recorded saved to the echo machine. The probe was placed along the 

long-axis of the LV to obtain the two-dimensional LV long-axis view. By rotating 

the probe clockwise by 90º, the LV short-axis view was visualized. The LV M-mode 

was recorded from the short-axis view at the papillary muscle level. Once scanning 

was complete, the echo gel was removed with tissue paper and the mouse 

Table 2-2. Range of normal values for functional cardiac parameters in 

mice. 

Anesthesia Ket/xyl Isoflurane Diazepam 

Heart rate (bpm) 320 ± 6  457 ± 17 520 ± 26 

Cardiac output 

(ml/min) 

12 ± 1 23 ± 3 17 ± 1 

FS (%) 36 ± 1 39 ± 1 50 ± 2 

EF (%) 66 ± 2 72 ± 3 82 ± 2 

Ket/xyl: Ketamine xylazine i.p.; Isoflurane: isoflurane inhalation 2%; 

Diazepam: diazepam 17.5 mg/kg i.p.; FS: fraction shortening; EF: ejection 

fraction. Values of functional cardiac parameters are reported by 

(Stypmann, 2007). 
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recovered on the heat pad with an oxygen supply before being returned to the 

cage.  

LV internal dimensions (LVID), interventricular septal thicknesses (IVS) and 

posterior wall thicknesses (PW) at diastole and systole (LVIDd, IVSd, PWd and LVIDs, 

IVSs, PWs, respectively) were measured from transverse M-mode 

echocardiography images at the papillary muscle level. LV FS was calculated by 

using the following formula:  

FS (%) = 100 × [(LVIDd-LVIDs)/LVIDd] 

Due to the LV geometry change in MI/IR injury models, EF calculated by the cubic 

assumption of LV volume may not be accurate (Gao et al., 2011). Therefore, in 

this study FS was used to express LV function and FS was found significantly 

reduced following MI or IR injury. Echocardiography demonstrated that cardiac 

function was reduced at 2 wk post MI and IR injury in C57Bl/6 mice (Figure 2-10). 

the FS at 2 wk post-surgery was significantly reduced by inducing MI (25 ± 2 vs. 44 

± 2 %, MI+DMSO [n = 5] vs. Sham+DMSO [n = 9], P < 0.05, Figure 2-10B) or IR injury 

(27 ± 3 vs. 44 ± 2 %, IR+DMSO [n = 7] vs. Sham+DMSO [n = 9], P < 0.05, Figure 2-

10B). The decreased FS was paralleled with increased LVID in hearts with MI and 

IR injury as showed in Figure 2-10C, D.  
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2.5 Pressure-volume (PV) loop measurements 

The LV PV loop is a measurement of cardiac function, which plots LV pressure 

against LV volume to generate the loop. The PV loop proceeds in an anticlockwise 

direction to illustrate instantaneous points throughout the cardiac contraction and 

relaxation cycle (Lips et al., 2004). The volume of blood in the heart is measured 

by an electric field. The change of LV volume is correlated to the change of 

 

Figure 2-10. M-mode echocardiography demonstrated cardiac 

dysfunction in hearts underwent MI and IR injury. (A) Typical M-mode 

echocardiographic images of Sham+DMSO, MI+DMSO and IR+DMSO at 2 wk 

post-surgery. (B) Mean fractional shortening (FS) data obtained at 2 wk 

post-surgery for Sham+DMSO (n = 9), MI+DMSO (n = 5) and IR+DMSO (n = 7). 

Mean echo data at 2 wk post-surgery for (C) Left ventricular internal 

diameter at systole (LVIDs) and (D) LVID at diastole (LVIDd) (* P < 0.05). 
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electrical resistance of the blood pool within the LV (Baan et al., 1984). There are 

four electrodes located along the axis of the conductance catheter; two outer 

excitation electrodes and two inner sensing electrodes. The two outer electrodes 

produce a local electric field by applying a low-amplitude constant current which 

then passes the blood, the cardiac wall and the surrounding tissues. The two inner 

electrodes measure the voltage change which is inversely proportional to the 

conductance. A pressure transducer is located between the two inner electrodes 

of the catheter for direct pressure measurements within the ventricle. 

2.5.1 Surgical procedure for insertion of PV catheter into the LV  

Inserting the PV catheter into the LV can be achieved by two main surgical 

approaches in the rodent heart in vivo. The first is an open-chest approach 

whereby the catheter is inserted into the LV via an incision made by thoracotomy 

to directly expose the heart (Lips et al., 2004). The second is a closed-chest 

approach where the catheter is inserted into the LV via the right common carotid 

artery and the aortic valve (Lips et al., 2004). The open-chest approach is quicker 

but it can cause lung collapse and myocardial injury which may influence 

haemodynamic function (Lips et al., 2004). The open-chest approach is not 

suitable for MI and IR models as the apical region of the heart with the infarct 

means there is no stable hold for the catheter. The closed-chest approach is less 

invasive than the open-chest method, as the lungs are not exposed and the LV is 

not penetrated by the catheter. The closed-chest therefore provides better 

haemodynamic stability over a long period of time than the open-chest approach. 

For this reason, the closed-chest approach was used.   



Weihong He, 2016 
  

85 
 

 

 

Figure 2-11. Photographs of various steps of mouse LV PV loop 

performed by close-chest approach. (A) Visualizing the right common 

carotid artery (RCA) under a microscope. The RCA is inside the carotid 

sheath with internal jugular vein and vagus nerve. (B) The RCA was 

dissected and fixed by sutures. A tiny cut (arrow) was made in the RCA at 

the proximal end to allow insertion of the catheter. (C) The catheter was 

inserted into the RCA, pushed to the end and tied by sutures to allow 

advancement into the LV. (D) PV loop data were acquired using LabScribe2 

software and loops were generated by plotting pressure against volume. 



Weihong He, 2016 
  

86 
 

 

PV loop experiments were performed using the ADVantage Pressure-Volume System 

with 1.2F 4.5mm PV catheter (ADV500, Transonic). A 45 min equilibration at 37°C 

was applied to the catheter before measurement. The catheter was also 

calibrated for pressure and volume before experimentation by using the pre-set 

calibration function with the ADV500 system.   

Mice were anaesthetised with 4% isoflurane in an induction chamber and 

maintained on a face-mask. The skin from the neck and upper abdominal areas 

was shaved and cleaned with chlorohexidine (Hibiscrub, Ecolab Ltd, U.K.). Mice 

were intubated (via the endotracheal pathway) with a 0.8 mm metal intubation 

cannula (Harvard Apparatus, U.K.) and ventilated with 1.5% isofluorane at a 

respiratory rate of 120 per min and a tidal volume of 120 µL (Hugo Sachs Elektronic 

MiniVent Type 845, Germany). Mice were placed supine on a thermostatically-

controlled heat pad with a rectal probe to monitor body temperature at 37°C 

(Harvard Apparatus, U.K.). The limbs were taped to the heat pad. A cervical 

incision was made at midline and the muscles retracted to expose the right 

common carotid artery (Figure 2-11A). The carotid artery was dissected to avoid 

damage to the vagal nerve and blood vessels. Four silk sutures (6-0) were placed 

around the right common carotid artery and the distal suture at the cranial end 

was firmly tied to allow anchorage and manipulation of the vessel. The proximal 

suture at the caudal end was retracted with haemostats to occlude blood flow 

during cannulation but not tied (Figure 2-11B). The other two sutures were 

loosely placed in the middle of the carotid artery to secure the catheter in place 

after inserted (Figure 2-11C). The inferior vena cava was exposed through an 

upper abdominal incision at the level of the xiphoid cartilage. Warm swabs were 

then soaked with saline and placed on the incision sites to avoid heat loss. The 

catheter was then rebalanced to zero to correct the electrical drift before 

insertion. A tiny cut was made in the right common carotid artery at the proximal 

end to allow the insertion of the catheter. The catheter was then inserted into the 

artery and pushed to the end closest to the junction to the heart and the middle 

sutures tied to hold it in place. The caudal end suture was then released to allow 

the catheter to advance to the heart. The pressure was recorded during 

advancement of the catheter and the diastolic pressure drop (~80 to ~5mmHg) 
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was used as an indicator that the catheter had entered the LV. The position of the 

catheter was optimised by fine movements to obtain the tallest and widest loop 

with the straightest edges achievable. Once this was done, the catheter was 

secured into place with the sutures. Baseline measurements were recorded for 10 

min in a steady state.   

2.5.2 Data acquisition and analysis 

PV data were acquired using LabScribe2 software (iWorx, New Hampshire, USA) 

on a Dell laptop. Data were analysed offline using LabScribe2 (iWorx, New 

Hampshire, USA). A 5 min period of beats in the steady-state after a10 min 

stabilisation period was used for analysis with exclusion of the loops that displayed 

interference due to respiratory breaths. 

 

2.6  Organ harvest and weighing 

Mice were killed using a Schedule 1 method (cervical dislocation) and the heart, 

lungs and liver harvested. Organs were weighed using an electronic balance. 

2.6.1 Weighing organs 

The heart was excised and washed in ice-cold saline (0.9% NaCl). Excess tissues 

were removed and the aorta mounted to a cannula attached to a syringe. The 

heart was then perfused retrogradely with 5 mL ice-cold saline to rinse out blood 

from the coronary arteries. The heart was blotted dry on tissue paper, 

photographed and weighed. Heart tissue was then fixed in formalin for histological 

experiments. The lung and liver were removed, blotted dry and weighed but not 

stored for any further experiments.   

2.6.2 Normalisation of organ weights by using ratios of organ 

weights/body weight or organ weights/tibial length 

Organ weight was compared between groups by using ratios of organ weights/body 

weight or organ weights/tibial length. The length of the mouse tibia was measured 

through making an incision along the length of the rear left limb and dissecting 
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the tibia out from surrounding tissues. The distance from the medial condyle to 

the medial malleolus was measured as the tibial length. Organs harvested at 4 wk 

post-surgery showed MI or IR injury caused increased heart (Figure 2-12A, D) and 

liver weights (Figure 2-12B, E), while there was no significant change in lung 

weights (Figure 2-12C, F).  

 
 

 

Figure 2-12. Organ weights in mice with MI and IR injury. Mean organ 

weights ratios obtained at 4 wk post-surgery in three groups: Sham+DMSO 

(n = 4), MI+DMSO (n = 5) and IR+DMSO (n = 5) for ratios of (A) heart 

weight/body weight, (B) liver weight/body weight, (C) lung weight/body 

weight, (D) heart weight/tibial length, (E) liver weight/tibial length, and 

(F) lung weight/tibial length (* P < 0.05).  
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2.7 Histological studies of MI and IR hearts 

2.7.1 Preparation of heart sections  

Histological sectioning and staining for mouse hearts were performed by Mrs Lynn 

Stevenson at the University of Glasgow. Hearts were fixed for a minimum time of 

24 hr in 10% neutral buffered formalin (CellPath, U.K.) before being embedded 

into a wax block until required for sectioning. The heart was sliced parallel to the 

long axis to produce 1µm thick serial sections at an interval of 250-300 µm. Two 

adjacent sections were taken at each interval, one for Haematoxylin and Eosin 

(H&E), a stain in which the haematoxylin stains cell nuclei blue and the eosin 

stains other intracellular and extracellular structure in pink/red (Fischer et al., 

2008), the other for Sirius red, a collagen-specific dye that stains nuclei black, 

muscle and red blood cells yellow and collagen in red (Malkusch et al., 1995, 

Cleutjens et al., 1995).  

 

2.7.2 Histological staining of heart sections 

Heart sections were deparaffinised in a clearing agent (Citroclear; TSC Biosciences, 

U.K.) and rehydrated by decreasing concentrations of ethanol: 2 min100% ethanol, 

1 min 70% ethanol followed by 1 min cold tap water.     

For H&E staining, the sections were submerged in Gill’s haematoxylin for 5 min to 

stain nuclei blue, washed in tap water, differentiated in 1% acid alcohol, and 

rinsed in water again. Sections were then immersed into Scott’s Tap Water 

Substitute (STWS; a blueing reagent) to arrest differentiation and turn nuclei blue. 

Next, a 5 min treatment with Eosin was applied to stain the eosinophilic structures 

including intracellular and extracellular proteins. Sections were then washed in 

water.  

For Sirius red staining, the sections were submerged in Celestine blue for 5 min to 

stain nuclei. After washed in tap water, the sections were placed in Gill’s 

haematoxylin for 5 min to further stain nuclei, and then washed again with water. 

The sections were placed in STWS to arrest differentiation and turn nuclei blue. 

After another wash in water the sections were stained with Sirius red for 6 min to 
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stain collagen red/orange and muscle/cytoplasm yellow. Finally, the sections were 

washed in water.   

After the completion of the H&E or Sirius red staining, the sections were 

dehydrated in an ethanol gradient: 1 min 70% ethanol and 2 min 100% ethanol. 

After the ethanol was cleared, the sections were mounted with dibutyl phthalate 

xylene (DPX) mounting medium. 

2.7.3 Histological morphometry of the mouse heart 

The sections were examined and photographed with an EVOS digital microscope 

(EVOS, USA). The scar was stained red by the Sirius red. In MI hearts the infarction 

was transmural (Figure 2-13A) while in hearts with IR injury the scar was non-

transmural (Figure 2-13B). Images were analysed using Adobe Photoshop (Adobe, 

USA) software. The infarct size of the MI heart was measured using a length based 

approach (Takagawa et al., 2007). Epicardial and endocardial infarct ratios were 

calculated by dividing the sum of epicardial or endocardial infarct lengths by the 

sum of all epicardial or endocardial circumferences from all sections, respectively. 

The epicardial and endocardial infarct ratios were then averaged to give a mean 

value for MI infarct size. The infarct size of the IR injury hearts was measured 

using a pixel-based approach. The number of pixels in a given LV area and red scar 

area was measured from all sections respectively and the IR infarct size was 

calculated by dividing the sum of scar pixels by the sum of all LV pixels from all 

sections, respectively. 
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2.8 Statistical Analysis   

Statistics were performed in Excel. Comparison between two groups was tested 

using unpaired, two-tailed Student’s t-test. Normality were tested by Shapiro-Wilk 

test and Kolmogorov-Smirnov test using Prism5 (GraphPad Software, Inc, 

California). Shapiro-Wilk test has better power than Kolmogorov-Smirnov test, but 

Shapiro-Wilk test can not apply to groups with small n value (less than 6). So 

Kolmogorov-Smirnov test were also used in this thesis.  For multigroup 

experiments, ANOVAs were applied using Prism5. Ordinary two-way ANOVA was 

used to compare the functional measurements in the Langendorff experiments 

because several treatments were tested for multiple times. Data was represented 

as averages ± SEM and a value of P < 0.05 was considered statistically significant. 

 

Figure 2-13. Representative MI and IR injury heart slides stained 

with Sirius red staining. (A) Infarction was transmural in MI hearts 

showing red color. (B) Scar stained in red color was non-transmural 

in heart with IR injury. (scale bar: 1mm) 
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The effects of the cathepsin-L inhibitor CAA0225 on 
LV function in isolated Langendorff perfused rat 
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3.1 Introduction 

3.1.1  IR injury in Langendorff perfused isolated hearts 

Langendorff perfused isolated hearts can be used to study the pathophysiology of 

cardiac ischaemia-reperfusion injury. In the isolated heart model of ischaemia-

reperfusion injury, cardiac function can be measured during ischaemia-reperfusion 

and infarct size can be measured at the end of the reperfusion period. This model 

provides a reliable tool to investigate the effect of pharmacological agents on 

ischaemia-reperfusion injury (Bell et al., 2011). There are two methods to induce 

ischaemia, one is stopping the perfusion of the aorta (and therefore all coronary 

arteries) which induces global ischaemia and the other is occluding a single 

coronary artery via a ligature in order to induce regional ischaemia. The duration 

of ischaemia and reperfusion are both essential for the ischaemia-reperfusion 

model. A short period of ischaemia with subsequent reperfusion may induce 

inadequate sized infarction while a long period of ischaemia can cause complete 

death of the ischaemic area even though reperfused. A period of 30 minutes’ 

normothermic ischaemia is adequate to induce approximately 50% infarction 

within the area at risk (Bell et al., 2011). The required duration of reperfusion is 

related to the species. For rat heart, a recent study demonstrated that 60 min is 

sufficient to assess function and infarct size (Ferrera et al., 2009). For mouse 

heart, due to the high coronary flow rate per gram heart, 30 min of reperfusion is 

sufficient to induce 60% infarct within the AAR (Sumeray and Yellon, 1998). 

Maintenance of normothermia is critical during ischaemia-reperfusion because 

hypothermia may attenuate injury (Hale and Kloner, 1999).   

Infarct size can be demarcated at the end of reperfusion by using 

triphenyltetrazolium chloride (TTC) staining. TTC is a cell-permeable dye which 

can stain viable tissue with preserved NADPH in red colour while non-viable tissue 

remains unstained (pale) (Mattson et al., 1947). There are two protocols to 

perform TTC staining. The first is single staining with TTC to determine viable 

tissue during global ischaemia protocols (Ferrera et al., 2009). The other protocol 

is a double-dye staining for regional ischaemia protocols (Sumeray and Yellon, 

1998, Schwarz et al., 2000). In the latter case, following regional ischaemia, the 

LAD ligation is re-tied at the end of the reperfusion. Evan’s blue dye, which is 
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made up with saline, is infused into aorta through cannula. The dye will colour 

the non-risk area of the ventricular wall via the coronary system, while the area 

at risk without dye access remains pink, then subsequent staining of heart slices 

with TTC to determine viable tissue (red) within the area at risk. Thereafter the 

TTC staining is performed on heart slices to stain viable tissue within the area at 

risk which appears red and non-viable tissue appears pale. The double-dye staining 

technique can be used to express a ratio of infarct as a percentage (%) of area at 

risk following ischaemia-reperfusion injury.  

3.1.2  Cathepsin-L and IR injury 

Among the lysosomal proteinases, the cysteine protease cathespin-L and 

cathepsin-B contribute significantly to non-specific lysosomal proteolysis. The role 

of these cathepsins in intracellular protein degradation has been demonstrated in 

mice by the target deletion of cathespin-L (Roth et al., 2000) and cathepsin-B 

(Deussing et al., 1998). Although cathepsins typically localize in lysosomes and are 

classically associated with protein degradation, recent studies have shown that 

several types of cathepsins can be secreted into and function within the 

extracellular space (Cheng et al., 2012).  Recent studies have recognized the 

function of some cathepsins in cardiovascular diseases, such as cathepsin-F (Oorni 

et al., 2004), cathepsin-K (Jaffer et al., 2007, Sun et al., 2012b), cathepsin-S 

(Sasaki et al., 2010), and cathepsin-L (Liu et al., 2006). In ischaemic heart disease, 

accumulating evidence shows that cathepsin-L plays an important role in 

pathophysiology. In the mouse model of myocardial infarction induced by left 

coronary artery ligation, constitutive cathepsin-L knockout mice with a whole 

body knockout from birth have impaired scar formation and cardiac dilation, 

which suggests that a basal level of cathepsin-L is necessary to regulate cardiac 

repairing and remodelling following myocardial infarction (Sun et al., 2011). In 

the clinical setting, cathepsin-L has been found in plasma (Zhang et al., 2010a) 

and serum (Liu et al., 2009b) of patients with coronary heart diseases (CHD), and 

the serum level of cathepsin-L correlated with the severity of coronary heart 

disease (Liu et al., 2009b). Overall, these observations suggest that whilst 

complete deficiency of cathepsin-L from birth is deleterious, excess cathepsin-L 

may be harmful, especially given that the severity of cardiac disease correlates 
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with cathepsin-L levels in patients with CHD. A study performed in our lab has 

shown that cathepsin-L was released from ex vivo rat hearts during ischaemia-

reperfusion injury (unpublished data). The cathepsin-L activity was detected in 

the coronary artery effluent during reperfusion following 30 min ischaemia in 

Langendorff perfused hearts but absent in time–control perfused hearts. In 

separate experiments, application of similar levels of extracellular recombinant 

cathepsin-L to isolated normal cardiomyocytes led to a reduction in Ca2+ release 

from the sarcoplasmic reticulum, which resulted in a reduction in the calcium 

transient amplitude and cardiomyocyte contraction. The effect of cathepsin-L 

inhibition on isolated heart function during ischemia reperfusion is unknown.  

3.1.3  A novel cathepsin-L specifical inhibitor: CAA0225 

Specific inhibitors of individual cathepsins are useful tools for clarifying different 

roles of each cathepsin. Hanada et al. first isolated an irreversible cathepsin 

inhibitor E64, which inhibits all cysteine proteases except cathepsin-C (Hanada et 

al., 1978).  Derivatives of L-trans-epoxysuccinyl-lle-Pro derivatives, with a 

modified right side chain of the dipeptide from the leucylagmatine of E64 to 

isoleucylproline, named CA030 and CA074 showed specific inhibition of cathepsin-

B (Towatari et al., 1991a, Turk et al., 1995). CA074 has been widely used in 

investigations of the specific function of cathepsin-B in lysosomal proteolysis, viral 

infection and antigen processing (Tohyama et al., 2000, Kominami et al., 1991, 

Mizuochi et al., 1994, Ebert et al., 2002). Recently, a series of cathepsin-L 

inhibitors, the cathepsin L inhibitor Katunuma (CLIK) series, have been developed 

(Tsuge et al., 1999, Katunuma et al., 1999). The CLIK series of inhibitors share an 

essential structure N-(trans-carbamoyl-oxyrane-2-carbonyl)-L-phenylalanine 

dimethylamide that can specifically inhibit cathepsin-L activity through 

establishing a thioester bond with the active site of cathepsin-L, whilst due to N-

terminal pyridine part these inhibitors do not fit into the active site of cathepsin-

B thus have no effect on it (Tsuge et al., 1999). Kominami et al. characterized a 

novel membrane permeant inhibitor specific for cathepsin-L called compound 

(2S,3S)-oxirane-2,3-dicarboxylic acid 2-[((S)-1-benzylcarbamoyl-2-phenyl-ethyl)-

amide] 3-[[2- (4-hydroxy-phenyl)-ethyl]-amide], also known as CAA0225 

(Takahashi et al., 2009). CAA0225 is a cathepsin-L specific inhibitor as it inhibits 
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rat liver cathepsin-L with IC50 values of 1.9 nM without inhibiting rat 

liver cathepsin-B (IC50, >1000-5000 nM). CAA0225 is one of the derivatives of E64 

and has a structural feature which is similar to the CLIK series (Takahashi et al., 

2009). However, CAA0225 has a phenylalanine phenyl-ethyl-amide moiety which 

substitutes the phenylalanine dimethylamide moiety of the CLIK series, making 

CAA0225 able to penetrate biological membranes (Takahashi et al., 2009). The cell 

permeability of CAA0225 can lead to efficient inhibition of cathepsin-L in vivo 

(Takahashi et al., 2009). The concentration of CAA0225 used in this thesis was for 

inhibition of cathepsin-L without inhibiting cathepsin-B.  

3.1.4  Aims of the Chapter 

The hypothesis that inhibition of the activity of cathepsin-L or cathepsin-B has a 

protective effect for ischaemia-reperfusion injury in ex vivo isolated hearts will 

be investigated, by using cathepsin specific inhibitors CAA0225 and CA074Me 

(membrane permeant form of CA074).  

The aims of this chapter are:  

i) Explore the effect of the cathepsin-L inhibitor CAA0225 on systolic and 

diastolic LV function during ischaemia-reperfusion injury. 

ii) Explore the effect of the cathepsin-B inhibitor CA074Me on systolic and 

diastolic LV function during ischaemia-reperfusion injury. 

iii) Test if a combination of the cathepsin-L inhibitor CAA0225 and the 

cathepsin-B inhibitor CA074Me has synergistic effects on cardiac protection 

during ischaemia-reperfusion injury. 

iv) Investigate if the cathepsin-L inhibitor CAA0225 during ischaemia-

reperfusion injury alters infarct size. 

3.2 Methods 

3.2.1  Langendorff retrograde perfusion 

Adult male Wistar rats (250 ± 20 g) were sacrificed by Schedule 1 according to the 

UK Animals (Scientific Procedures) Act 1986. Hearts were collected from the 

thorax and the adhered lungs and connective tissue were removed. Hearts were 
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rapidly cannulated via the aorta and retrograde perfused with Tyrodes solution (in 

mM: 116 NaCl, 20 NaHCO3, 0.4 Na2HPO4, 5 KCl, 1 MgSO4-7H2O, 11 glucose, 1.8 

CaCl2). The Tyrodes solution was bubbled with 95% O2 and 5% CO2 to achieve the 

pH of 7.4 and maintained at 37°C during the experiment. A constant flow rate of 

10 mL min-1 was applied for retrograde perfusion. Intraventricular pressure was 

measured by incorporating a fluid-filled cling film balloon coupled with a pressure 

transducer (Millar Instruments, Houston, Texas) into the left ventricle via an 

incision made on the left atria. The peak left ventricular (LV) pressure (Pmax), 

minimum LV pressure (Pmin), LV developed pressure (Pdev) and the maximal rate of 

LV pressure rise/fall (dP/dtmax/min) were recorded via LabChart7.0 (ADInstruments, 

Oxford, UK). Pmin before ischemia was started at 5-7 mmHg by adjusting the 

inflated cling film balloon. 

3.2.2  Preparation of cathepsin inhibitors 

The cell permeable specific cathepsin-L inhibitor, CAA0225 (Merck, Darmstadt, 

Germany) and cathepsin-B inhibitor, CA074Me (Merck, Darmstadt, Germany) were 

dissolved in 100% DMSO (Sigma, Dorset, UK) with a final stock concentration of 10 

mM and stored at -20°C. On the experimental day, a 1:10,000 dilution was carried 

out in Tyrodes solution, producing the final concentrations of 1.0 µM (0.01% DMSO). 

Non-ischemic control and DMSO vehicle experiments were conducted at 0.01% 

DMSO.  

3.2.3  Protocol of global IR injury 

Hearts were perfused for 20 min to reach steady state and next the perfusate was 

switched to a reservoir containing a known volume. The hearts were perfused for 

5 min to regain steady state after which inhibitors/DMSO were added. The hearts 

were perfused with inhibitors/DMSO for 25 min. Then the global ischaemia was 

induced by stopping perfusion for 30 min. Following 30 min ischemia, hearts were 

reperfused with Tyrodes solution for 90 min. The protocol and example traces are 

shown in Figure 3-1.   

3.2.4  Infarct staining 

Following 90 min reperfusion, infarct size was measured by triphenyltetrazolium 



Weihong He, 2016 
  

98 
 

chloride (TTC) staining. At the end of the reperfusion, the hearts were 

decanulated and wrapped in cling film for 45 min frozen at -20°C before being 

transversely sectioned into four 2.0 mm slices. The white compound of TTC (Sigma, 

Dorset, UK) was dissolved at 1% (m/v) in a phosphate buffer, made by mixing the 

appropriate volumes of 0.1M Na2HPO4 and NaH2PO4 to achieve a pH of 7.4. The TTC 

solution was warmed to 37°C in a water bath. The heart slices were submersed in 

TTC solution for 15.0 min at 37°C. After being in TTC solution for 15min, the heart 

slices were fixed in 10% neutral buffered formalin (CellPath, Powys, UK) at 4°C. 

Photographs were taken of the heart sections and converted into planar images 

by using Adobe Photoshop (Adobe). The images were converted to a red-green-

black image by Image J (National Institute of Health, Maryland, USA). By adjusting 

the threshold under the green channel, the extent of viable tissue area of each 

section was determined and the number of pixels counted using Image J. The 

percentage of infarct size was calculated using the formula (viable pixels/non-

viable pixels) × 100%. The mean infarct size was calculated from all 8 faces of the 

four slices of each heart. 

3.2.5  Statistics 

Data are expressed as mean ± SEM. To compare a particular data set with the 

control an unpaired two-tailed Student’s t-test was performed. Multiple groups 

measured at several times were compared with two-way ANOVA. A value of P < 

0.05 was considered statistically significant.  

3.3 Results 

3.3.1  IR injury caused impaired cardiac function in Langendorff 
isolated hearts 

Experimental procedures of the four groups are summarised in Figure 3-1A, 

including DMSO, IR+DMSO, IR+CAA0225, IR+CAA0225&CA074Me. Representative 

traces of LV developed pressure at 120 min are showed in Figure 3-1B. Another 

group IR+ CA074Me, which was not shown in Figure 3-1, was tested by Lisa 

McArthur. In the DMSO group, there was a 13% reduction of Pdev following 160 min 

perfusion (from 74 ± 5 to 64 ± 2mmHg; time point -40 to time point 120; n = 6; 

Figure 3-2A Green line). In the IR+DMSO group, the Pdev was parallel to that in 
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the DMSO group before ischaemia and dropped to 0 mmHg during ischaemia, which 

then started to increase at the onset of reperfusion and by the end of reperfusion 

recovered to 25 ± 2 % of that at the pre-ischaemic level (90 ± 3 vs. 23 ± 2 mmHg; 

time point 0 vs. time point 120; Figure 3-2A Black line). 
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Figure 3-1. Langendorff isolated heart model of IR injury in rats. (A). Protocol 

of IR injury in isolated hearts. Hearts undergoing IR injury were perfused 25 min 

for steady state, 25 min for drug/vehicle, 30 min ischaemia and 90 min 

reperfusion. Four cohorts of hearts were tested: DMSO, IR+DMSO, IR+CAA0225 

and IR+CAA0225 & CA074Me. (B). Typical LV pressure traces taken at time point 

120 min.  
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IR injury also impaired other indices of systolic and diastolic cardiac function. By 

the end of reperfusion, the maximal rate of LV pressure rise (dP/dtmax) dropped to 

30 ± 2 % of the pre-ischaemic value (Figure 3-3B Black line) and the maximal rate 

of LV pressure fall (dP/dtmin) dropped to 32 ± 3 % of the pre-ischaemic value 

(Figure 3-3C Black line). Minimum pressure (Pmin) increased from 5 ± 0 to 78 ± 5 

mmHg (time point 0 vs. time point 120 [n = 15]; Figure 3-3D Black line). In the 

hearts perfused with no ischaemia,  
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Figure 3-2. Developed pressure change pre/post ischaemia. (A) Mean 

developed pressure data of DMSO (n = 6) and IR+DMSO (n = 15) (* P < 0.05, 

DMSO vs. IR+DMSO). (B) Mean developed pressure data of IR+DMSO (n = 15) 

and IR+CAA0225 (n = 6) (* P < 0.05, IR+DMSO vs. IR+CAA0225). (C) Mean 

developed pressure data of IR+DMSO (n = 15) and IR+CA074Me (n = 8) (* P < 

0.05, IR+DMSO vs. IR+CA074Me). (D) Mean developed pressure data of 

IR+DMSO (n = 15) and IR+CAA0225&CA074Me (n = 10) (* P < 0.05, IR+DMSO vs. 

IR+CA074Me). 
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Figure 3-3. Systolic and diastolic parameters pre/post ischaemia. (A) Mean 

developed pressure data of DMSO (n = 6), IR+DMSO (n = 15), IR+CAA0225 (n = 

6), IR+CA074Me (n = 8) and IR+CAA0225&CA074Me (n = 10). (B) Maximal rate 

of LV pressure rise (dP/dtmax). (C) Maximal rate of LV pressure fall (dP/dtmin). 

(D) Minimum pressure (Pmin). (* P < 0.05, IR+DMSO vs. IR+CAA0225). 
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3.3.2  Cathepsin-L inhibitor CAA0225 improved both systolic and 
diastolic LV function during IR injury 

The treatment of cathepsin-L inhibitor CAA0225 improved overall LV function 

during IR injury (Figure 3-2B). The Pdev at 120 min recovered to 45 ± 4 % of the 

pre-ischemic value (76 ± 7 vs. 33 ± 2 mmHg; time point 0 vs. time point 120 [n = 

6]; Figure 3-2B), which was 177% of that in the IR+DSMO group (25 ± 2 vs. 45 ± 4 % 

of pre-ischaemia value; IR+DSMO [n = 15] vs. IR+CAA0225 [n = 6]; P < 0.05; Figure 

3-2B). Other systolic and diastolic parameters, dP/dtmax dP/dtmin, respectively and 

Pmin were also improved by CAA0225 treatment. In the IR-CAA0225 group, the 

dP/dtmax at 120 min recovered to 50 ± 4 % of pre-ischaemic value (Figure 3-3B) 

and the dP/dtmin at 120 min recovered to 49 ± 4 % of pre-ischaemic value (Figure 

3-3C), which were of 169% and 151% of those in the IR+DSMO group, respectively. 

Although there was no significant change of the Pmin during the ischaemic period 

between the IR-CAA0225 and the IR+DSMO groups, it was significantly reduced 

during reperfusion in the IR+CAA0225 group (53 ± 2 mmHg), which was 68% of that 

in the IR+DSMO group (78 ± 5 mmHg; P < 0.05; Figure 3-3D). There was no 

significant difference in half-time recovery to maximum Pdev between these groups 

(68 ± 2 vs. 61 ± 2 min of time point; IR+DSMO [n = 13] vs. IR+CAA0225 [n = 6]; P > 

0.05; Figure 3-4A). It was also noted that CAA0225 didn’t change LV developed 

pressure before induction of ischaemia (78 ± 5 vs. 76 ± 7 mmHg [n = 15]; pre-

CAA0225 treatment vs. 25 min post-CAA0225 treatment; P > 0.05; Figure 3-4B)  

3.3.3  Effects of Cathepsin-B inhibitor CA074Me on LV function 
during IR injury 

The cathepsin-B inhibitor CA074Me did not improve overall LV function (Figure 3-

2C). In the IR-CA074Me group, the Pdev at 120 min recovered to 24 ± 4 % of pre-

ischaemic value (101 ± 4 vs. 24 ± 4 mmHg; time point 0 vs. time point 120 [n = 8]; 

Figure 3-2C Grey line). The dP/dtmax at 120 min recovered to 28 ± 4 % of pre-

ischaemic value (Figure 3-3B Grey line) and the dP/dtmin recovered to 33 ± 4 % of 

pre-ischaemic value (Figure 3-3C Grey line). The Pmin increased from 6 ± 1 to 79 

± 6 mmHg (time point 0 vs. time point 120 [n = 8]; Figure 3-3D Grey line). However, 

CA074Me did improved the rate of recovery as it significantly reduced the duration 

to half maximal Pdev recovery (68 ± 2 vs. 54 ± 4 min of time point; IR+DSMO [n = 
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13] vs. IR+CA074Me [n = 8]; P < 0.05; Figure 3-4A). 

  

3.3.4  Combined treatment of CAA0225 and CA074Me on LV 
function during IR injury 

Compared to the IR-DSMO group, the combined treatment of CAA0225 and 

CA074Me improved the overall LV function. However, there was no significant 

difference in this improvement between the IR+CAA0225&CA074Me group and the 

IR+CAA0225 group (Figure 3-3). In the IR+CAA0225&CA074Me group, the Pdev at 

120 min recovered to 46 ± 6 % of pre-ischemic value (83 ± 4 vs. 37 ± 4 mmHg; time 

point 0 vs. time point 120 [n = 10]; Figure 3-2D) and was 184% of that in the 

IR+DSMO group. The dP/dtmax at 120 min recovered to 51 ± 5 % of pre-ischaemic 

 

Figure 3-4. Effects of cathepsins inhibitors during IR injury. (A). Time point 

of recovery with 50% developed pressure. Mean data of IR+DMSO (n = 13), 

IR+CAA0225 (n = 6), IR+CA074Me (n = 8) and IR+CAA0225&CA074Me (n = 10) (* 

P < 0.05). (B) Effect of CAA0225 treatment on developed pressure. There was 

no difference between pre-CAA0225 treatment and 25 min post-CAA0225 

treatment (n = 6, P > 0.05) 
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value (Figure 3-3B) and the dP/dtmin at 120 min recovered to 49 ± 5 % of pre-

ischaemic value (Figure 3-3C), which were 176% and 153% of those in the IR+DSMO 

group, respectively. The Pmin at 120 min was higher than the pre-ischaemic level 

(58 ± 5 vs. 5 ± 1 mmHg; time point 0 vs. time point 120 [n = 10]; Figure 3-2D) and 

73% of the DSMO level (78.0 vs. 57.0 mmHg; IR+DSMO [n = 15] vs. 

IR+CAA0225&CA074Me [n = 10]; P < 0.05; Figure 3-3D). Combined treatment of 

CAA0225 and CA074Me showed no significant improvement in recovery rate (68 ± 

2 vs. 63 ± 5 min of time point; IR+DSMO [n = 13] vs. IR+ CAA0225&CA074Me [n = 

8]; P > 0.05; Figure 3-4A). 

 

3.3.5  Infarct size was reduced by cathepsin-L inhibitor CAA225 
following IR injury 

Infarct size was assessed by TTC staining by the end of reperfusion, where the red 

area demonstrated viable tissue and the white area demonstrated non-viable 

tissue (Figure 3-5A). CAA0225 decreased infarct size to 69% of that in the IR-DSMO 

group (58 ± 2 vs. 40 ± 1 %; IR+DSMO [n = 11] vs. IR+CAA0225 [n = 6]; P < 0.05; 

Figure 3-5B) and decreased to 62% of that in the IR-DSMO group by the 

combination-treatment of CAA0225 and CA074Me (58 ± 2 vs. 36 ± 3 %; IR+DSMO [n 

= 11] vs. IR+CAA0225&CA074Me [n = 10]; P < 0.05; Figure 3-5B). There was no 

significant difference in the effect on the reduction of infarct size between the 

IR+CAA0225 and the IR+CAA0225 & CA074Me groups. 
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3.4 Discussion 

This chapter shows the improvement in LV function following IR injury as well as 

the reduction in infarct size in the isolated Langendorff perfused rat hearts, by 

the treatment of CAA0225 and its combination with CA074Me, respectively. The 

 
Figure 3-5. Infarct size following ischaemia-reperfusion. (A) Typical 

images of TTC stained heart slices. (B) Mean infarct size of IR+DMSO (n = 11), 

CAA0225 (n = 6), and IR+CAA0225&CA074Me (n = 10) (* P < 0.05).  
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treatment of CA074Me improved the rate of recovery but not overall LV function. 

In addition, the combination with CA074Me did not lead to additional significant 

improvement in LV function to the CAA0225 treatment alone. 

3.4.1  CAA0225 improved cardiac function during IR injury  

The present study demonstrates that the cathepsin-L inhibitor CAA0225 improves 

systolic and diastolic heart function post IR injury injury. Reversible contractile 

dysfunction (myocardial stunning) and irreversible contractile dysfunction occurs 

during IR injury (Kloner et al., 1998b), and has been observed in various forms of 

IR injury, including regional ischaemia and global ischaemia, in vitro and in vivo 

(Bolli, 1990, Kim et al., 2001). In the present study, the LV developed pressure 

(Pdev), an index for LV contractibility, was used as a measure for the overall cardiac 

function. It dropped to 0 mmHg during ischaemia as hearts cannot beat without 

perfusion and recovered during reperfusion but still lower than the pre-ischaemic 

level by the end of reperfusion, indicating the impaired cardiac function due to 

irreversible IR injury. The treatment of CAA0225 led to an increase in the cardiac 

function by the end of reperfusion as compared to the IR-DMSO group. 

Cathepsin-L is a ubiquitously expressed cysteine endopeptidase mainly located in 

the endosomes and lysosomes (Reiser et al., 2010). A basal level of cathepsin-L is 

necessary as complete deficiency of cathepsin-L results in dilated cardiomyopathy 

(Stypmann et al., 2002a), which is characterised by interstitial fibrosis in 

myocardium, appearance of pleomorphic nuclei in cardiomyocytes, impaired 

cardiac contraction and cardiac chamber dilation (Stypmann et al., 

2002b).  These previously published data suggest that basal levels of cathepsin-L 

are important for normal heart function by the maintenance of lysosomes in order 

to prevent alterations in cardiac structure and function that lead to dilated 

cardiomyopathy.  

Cathepsins are not only found exclusively within lysosomes but are also secreted 

into the extracellular space in considerable amounts by both fusions of lysosomal 

organelles with the plasma membrane and exocytosis (Appelqvist et al., 2013). 

Lysosomal cathepsins have been found secreted into and function within 

extracellular space (such as degradation of extracellular matrix (ECM) proteins) 

by lysosome exocytosis (Lakka et al., 2004, Tu et al., 2008). Inhibition of the 
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exocytosis of cathepsins from cancer cell lysosomes has shown therapeutic effect 

for cancer invasion (Lakka et al., 2004, Liu et al., 2012). During cardiac diseases 

in animal models and human patients there is overwhelming evidence that 

elevated levels of cathepsin-L occur within the heart and serum. Furthermore, the 

increased level of cathepsin-L in serum is correlated with the severity of cardiac 

diseases. In separate studies involving several hundred patients, cathepsin-L was 

increased in the serum in patients with coronary artery stenosis and coronary 

heart disease (CHD) even when adjusted for major confounders (Liu et al., 2006, 

Liu et al., 2009b, Zhang et al., 2010b). These studies also reported that: (i) 

patients with unstable angina pectoris had higher serum cathepsin-L levels than 

those with stable angina pectoris (Liu et al., 2009b), (ii) of patients with an acute 

coronary syndrome, those with acute MI had higher serum cathepins-L than those 

with unstable angina pectoris (Liu et al., 2009b), (iii) patients with previous 

chronic MI had the highest cathepsin-L levels as compared to those with acute MI 

and those with angina pectoris (Liu et al., 2009b), (iv) there was a strong positive 

correlation between serum cathepsin-L concentrations and the percentage of 

stenosis of the left anterior descending coronary artery in individual patients (Liu 

et al., 2006), (v) the cathepsin-L concentration was positively associated with the 

number of coronary artery branch luminal narrowings (Liu et al., 2009b), and (vi) 

the cathepsin-L concentration was independently correlated with the coronary 

collateral formation (Liu et al., 2009b). In summary, these findings implicate the 

role of cathepsin-L in the pathophysiology of acute and chronic CHD.  

During cardiovascular diseases, inflammatory cells, vascular endothelium, and 

smooth muscles have been identified as sources of human cathepsin-L (Liu et al., 

2006). However, cardiomyocytes and myofibroblasts may also contribute to 

increased serum cathepsin L (Liu et al., 2009b). In a mouse model of MI, cathepsin-

L activity within the myocardium was increased after permanent coronary artery 

ligation (Sun et al., 2011). Release of cathepsin-L from lysosomes during cell death 

post MI may also lead to the local increase of extracellular cathepsin-L levels in 

the heart. Our ex vivo data presented in this chapter and unpublished data 

demonstrate that the heart is an important source of cathepsin-L during IR injury 

independent of inflammatory cells. Under in vivo conditions, the increase of 

extracellular cathepsin-L levels may be compounded by inflammatory cells 
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migrating to particular cardiac regions post MI e.g. the border zone.  

The present study shows inhibition the activity of cathepsin-L improves cardiac 

contractile function during reperfusion. The inhibitor CAA0225 itself does not alter 

cardiac function of hearts before ischaemia as systolic and diastolic parameters 

are not different between groups before ischaemia, so the protective effect of 

the inhibitor and the improvement of cardiac function is associated with IR injury. 

These novel data presented in this chapter suggests that cathepsin-L is more than 

simply a reflection of cell death during IR injury, but may be intrinsically involved 

in pathophysiology of cardiac dysfunction following IR injury. Together these 

findings provide convincing evidence supporting our hypothesis that the use of a 

cathepsin-L inhibitor is beneficial to cardiac function during IR.  

Higher concentrations of CAA0225 (not used in this study) have been reported to 

inhibit cathepsin-B as well as cathepsin-L (Takahashi et al., 2009). To ensure that 

the protective effect of CAA0225 was not due to an effect on cathepsin-B we 

utilised a cathepsin-B inhibitor CA074Me. CA074Me did not improve the overall 

cardiac systolic or diastolic function, which confirmed that the protective effect 

of CAA0225 was not due to the inhibition of cathepsin-B. Furthermore, whilst 

combined CAA0225 and CA074Me treatment improved overall cardiac function, 

there was no significant difference from the CAA0255 treatment alone. These data 

suggest inhibition of cathepsin-L rather than cathepsin-B has protective effect 

against IR injury.  

3.4.2  CAA0225 reduced infarct size following IR injury  

In the present study utilization of the cathepsin-L inhibitor CAA0225 reduced 

infarct size by 69% of that in the IR-DSMO control. There was no difference 

between the CAA0225 treatment alone and the combined CAA225 & CA074Me 

treatment. It is highly likely that the improved cardiac function with CAA0225 was 

related to the reduced infarct size. Lethal cardiomyocyte death in IR injury is 

caused by several mediators. The first is oxidative stress which is produced both 

in cardiomyocytes and neutrophils (Hearse et al., 1973). The overproduction of 

reactive oxygen species (ROS) mediates myocardial injury and cardiomyocyte 

death through different mechanisms, including damage to DNA, mitochondrial 

membranes and sarcoplasmic reticulum (SR) (Zweier et al., 1987, Hausenloy and 
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Yellon, 2013). The second mediator is intracellular Ca2+ overload. The ROS-induced 

damage of mitochondrial membrane and SR results in intracellular and 

mitochondrial Ca2+ overload (Corretti et al., 1991). Ca2+ overload causes 

hypercontracture of cardiomyocyte and permitting MPTP open which leads to 

cardiomyocyte death (Piper et al., 1998). The third mediator is rapid pH 

restoration at reperfusion, which contributes to cardiomyocyte death by opening 

of MPTP and hence leading to a state of hypercontracture (Lemasters et al., 1996). 

The fourth mediator is the MPTP, a nonselective channel of the inner mitochondrial 

membrane, which causes ATP depletion and cell death (Hausenloy and Yellon, 2003, 

Heusch et al., 2010). However, the role of cathepsins in lethal myocardial 

reperfusion injury remains unclear. Several studies relate to lysosomal dysfunction 

suggested the translocation of lysosomal cathespins into the cytoplasm 

contributes to cell death (Li and Yuan, 2004, Tiwari et al., 2008, Turski and 

Zaslonka, 2000). 

Studies in different organs have shown that inhibition of specific cathepsins can 

reduce cell death following IR injury. Cathepsin-B contributes to TNF-α-induced 

hepatocyte apoptosis and, during liver IR injury, inhibition of cathepsin-B can 

attenuate hepatocyte apoptosis through inactivation of caspase-3 (Guicciardi et 

al., 2000, Ben-Ari et al., 2005). Also knockout of cathepsin-G results in 70% 

decrease in tubular cell apoptosis as cathepsin-G causes neutrophil-mediated 

tissue damage during IR in the kidney (Shimoda et al., 2007). In addition, 

treatment with the cathepsin-B inhibitor CA074Me protected against programmed 

necrosis during global IR injury in the brain (Xu et al., 2016). Furthermore, 

treatment with the cathepsin inhibitor E64d reduces cerebral infarction following 

transient focal cerebral ischaemia by inhibiting matrix metalloproteinase-9 

activity (Tsubokawa et al., 2006). The present study suggests inhibition of 

cathepsin-L contributes to the cardioprotective effect. Recent unpublished work 

performed in our laboratory demonstrates that in ex vivo isolated rat 

cardiomyocytes IR injury increased Ca2+ influx through L-type calcium channels, 

reduced sarcolemmal NCX extrusion and decreased SERCA activity culminating in 

an increase in diastolic [Ca2+]i. This calcium overload promoted adverse 

spontaneous SR-mediated Ca2+ release (Ca2+ waves) in cardiomyocytes and 

irreversible cell contraction. When the same experiments were performed with 
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CAA0225 treatment the abnormalities in intracellular Ca2+ handling parameters 

were normalised to control levels thus reducing irreversible cell contraction and 

therefore cell death. These data suggest a potential cellular mechanism for 

improving cardiac function and reducing infarct size via CAA0225 administration 

during IR injury. 

3.4.3  Summary 

The present study demonstrates for the first time that the cathepsin-L inhibitor 

CAA0225 improved both systolic and diastolic cardiac function during IR injury in 

ex vivo isolated rat hearts and the improvement of cardiac function is paralleled 

with reduction of infarct size. This study has also shown that the cathepsin-B 

inhibitor CA074Me improved the rate of recovery during IR injury but not overall 

cardiac function. Combined CAA0225 and CA074Me treatment did not show any 

synergistic effect on cardiac protection following IR injury. Therefore, cathepsin-

L is a potential therapeutic target in IR injury and the cathepsin-L inhibitor 

CAA0225 is a candidate pharmacological intervention.  
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CHAPTER 4.  

The in vivo effect of CAA0225 on LV function in 
murine models of MI and IR injury 
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4.1 Introduction 

4.1.1 Application of mouse models in drug development of MI and IR 
injury  

Developing new pharmacological agents for treating MI and myocardial IR injury 

are urgently required as MI is the leading cause of mortality in developed countries 

(Hausenloy and Yellon, 2013). As outlined in chapter 1, In vivo mouse models have 

particular advantages for testing new pharmacological therapies for MI and IR 

injury (Vidavalur et al., 2008). The mouse is established as one of the smallest 

mammals which can be used to reproducibly perform coronary ligation in open 

chest surgery with subsequent phenotype analysis. In an experimental setting, a 

mouse normally needs one-tenth amount of drug compared to a rat. Therefore, 

the mouse model of MI or IR injury is an economical model when testing expensive 

drugs such as novel chemical inhibitors or gene products. However, due to the 

small size of this species, performing coronary occlusion in the mouse is a difficult 

surgical procedure requiring extensive training and therefore limits the 

widespread application of mouse models of MI and IR injury in drug testing. The 

mouse model of MI induced by permanent coronary artery ligation has been used 

for four decades (Zolotareva and Kogan, 1978, Patten and Hall-Porter, 2009). 

Compared to the permanent coronary ligation model, temporary coronary 

occlusion can be used to test the protective effect of novel therapies following IR 

injury (Vidavalur et al., 2008). Surgical induction of IR injury is more difficult than 

MI because the animal needs to be exposed to open chest surgery throughout the 

ischaemia period which increases the duration of the surgical anaesthetic period 

and therefore increases the potential for mortality. Furthermore, IR injury can 

cause fatal arrhythmias at the onset of reperfusion. The mouse model of IR injury 

was first described two decades ago (Michael et al., 1995) and a refined approach 

has been reported by Bohl et al. recently (Bohl et al., 2009). Tail vein injection of 

agents in mice is also a difficult technique (due to the small size of mice) which 

requires experience but it is the quickest way to delivery most types of drugs into 

circulation following MI (Turner et al., 2011). Combination of tail vein injection 

with the mouse models of MI and IR injury allows testing the effects of 

pharmacological agents on LV function and structure. In this study the effects of 
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a cathepsin-L inhibitor CAA0225 is investigated in mouse MI and IR injury models 

with intravenous injection.  

A critical step in developing new pharmacological therapies for MI and IR injury is 

measuring the effects of the drug on heart cardiac function and infarct size. 

Measurement of cardiac function following MI or IR injury in mice can be achieved 

by using non-invasive or invasive methods such as echocardiography or cardiac 

pressure-volume loop (PV loop). Echocardiography is a widely used non-invasive 

method which can visualize the cardiac structure and evaluate the left ventricular 

function in mice (Rottman et al., 2007). During echo measurements, LV 

interventricular septal thicknesses, LV internal dimensions and posterior wall 

thicknesses at systole and diastole are measured in M-mode at the level of the 

papillary muscles. LV fractional shortening (FS) and LV ejection fraction (EF) are 

measured from above parameters to evaluate LV systolic function. Following MI, 

EF calculated by the cubic assumption of LV volume may not be accurate due to 

the change of the LV geometry. Therefore, FS is preferable in MI models (Gao et 

al., 2011). Pressure-volume (PV) loop analysis enables measurement of LV function 

(Clark and Marber, 2013). PV loop analysis has been used in large mammals and 

humans for the last three decades and more recently progress in microsurgical 

catheters allows the application of the PV loop in mice (Abraham and Mao, 2015). 

Combined application of the PV loop and echocardiography measurements is 

preferable in a drug testing study, because PV loop measurement is normally 

performed prior to sacrifice while echocardiography can be performed at multiple 

time points. PV loops provide blood volume measurements which cannot be 

determined using echocardiographic images without geometrical assumptions. 

Infarct size can be demarcated in IR injury by using a double-dye staining 

technique, which demarcates the area at risk by Evans blue and the area of infarct 

by triphenyltetrazolium chloride (TTC) (Bohl et al., 2009). While in MI hearts, 

infarct size can be measured following Sirius red staining by a length-based 

approach (Takagawa et al., 2007).  

4.1.2 Cathepsin-L and ischaemic heart disease  

In patients with ischaemic heart disease, cathepsin-L has been detected in plasma 

(Zhang et al., 2010a) and serum (Liu et al., 2009b) with a correlation of disease 
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severity (Liu et al., 2009b). However, whether cathepsin-L is only a marker of 

cardiomyocyte damage or it plays a critical functional role following ischaemic 

heart disease is unknown. Studies in cathepsin-L knockout mice with persistent 

cathepsin-L deficiency from birth have demonstrated that cathepsin-L plays a 

significant role in cardiac morphology. Cathepsin-L deficiency in mice exhibited 

significant ventricular and atrial enlargement with a comparatively small increase 

in heart weight (Stypmann et al., 2002a) and a late onset of dilated 

cardiomyopathy which is characterized by cardiac chamber dilation and impaired 

cardiac contraction (Petermann et al., 2006, Spira et al., 2007a). In the mouse 

model of aortic banding, deficiency of cathepsin-L significantly exacerbated 

cardiac hypertrophy with worsened cardiac function and increased mortality (Sun 

et al., 2013). In the setting of MI, cathepsin-L deficient mice showed worse cardiac 

dysfunction with greater scar dilatation and wall thinning following coronary 

artery ligation. The diminished activity of cardiac matrix metallopeptidase-9 

(MMP-9) and decreased mobilization of natural killer cells, c-kit-positive cells, 

monocytes, and fibrocytes to infarcted myocardium in cathepsin-L deficient mice 

indicated that cathepsin-L regulates cardiac repair and remodelling following MI 

(Sun et al., 2011).  

Given that levels of cathepsin-L increased in the hearts and serum of patients 

during cardiac disease and that severity of cardiac disease correlated with 

cathepsin-L levels, cathepsin-L inhibition may have effect of on cardiac function 

during ischaemic heart disease. A study by Sun et al. (Sun et al., 2011) found that 

the induction of MI via permanent LAD coronary artery ligation in the complete 

absence of cathepsin-L in all cell types increased infarct size at day 14 post MI. 

Sun et al. suggested two possible mechanisms for the increased infarct size in 

cathepsin-L deficient MI mice: one possibility is that the deficit of cathepsin-L 

secretion from cells reduces the degradation of extracellular matrix components, 

which therefore prevents the mobilisation of blood/bone marrow-derived 

accessory cells to the site of injury to participate in cardiac repair; the other 

explanation is a reduced level of myofibroblasts and circulating fibroblasts that 

limit infarct dilatation. It is important to recognise that the knockout mice used 

by Sun et al. (Sun et al., 2011) were deficient for cathepsin-L from the beginning 

of development. Cathepsin-L deficiency in all cell types from birth could cause 
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complex compensatory biochemical changes and alterations of cellular structure, 

thus these cathepsin-L knockout hearts are highly likely to respond differently to 

the induction of MI compared with hearts in physiological conditions. Such 

recognition has become apparent when investigating the effect of cathepsin 

inhibitors in other body systems, which showed that in contrast to transgenic 

studies, inactivation of cathepsins by specific inhibitors caused only partial and 

temporary deficiency and might therefore result in different effects with knockout 

mice (Lankelma et al., 2010). Sun et al. (Sun et al., 2011) suggest that there is 

potential benefit provided by partial or temporary cathepsin-L inhibition, which 

may reduce cardiac fibrosis (a known contributor to increased cardiac stiffness, 

diastolic dysfunction and arrhythmogenesis) and inflammatory responses (a known 

contributor to myocardial necrosis). In summary, these observations combined 

with the results shown in the previous chapter suggest that although complete 

deficiency of cathepsin-L from birth is deleterious, excess cathepsin-L may also 

be harmful, given that the severity of cardiac disease correlates with serum levels 

cathepsin-L in patients with CHD  (Liu et al., 2009b).  

4.1.3 Aims 

In the previous chapter, I found that the cathepsin-L inhibitor CAA0225 improved 

cardiac function during IR injury in ex vivo rat hearts, however the effect of 

CAA0225 on in vivo models of MI and IR injury remains unknown. The application 

of the tail vein injection in the mouse models of MI and IR injury would allow the 

investigation of these effects of cathepsin-L inhibitor CAA0225 in vivo.  

 

The aims of this chapter are:  

v) To investigate the effects of the cathepsin-L inhibitor CAA0225 on cardiac 

function and infarct size following IR injury induced by temporary coronary 

artery ligation in vivo.  

vi) To investigate the effects of the cathepsin-L inhibitor CAA0225 on cardiac 

function following MI induced by permanent coronary artery ligation in vivo.  
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4.2 Methods 

4.2.1 Inducing MI and IR injury in mice by coronary ligation 

Male C57Bl/6 mice (9-12 weeks old) were anaesthetised in an induction chamber 

with 4% isofluorane and 100% oxygen. The anaesthetised mouse was intubated and 

ventilated via a small animal respirator (Harvard Apparatus, Germany) with 1.5% 

isofluorane. Pre-operative analgesia was administered though the intraperitoneal 

route (5 mg/Kg carprofen and 0.1 mg/Kg buprenorphine). The chest was opened 

via the bluntly dissected pectoral muscles following a skin incision. The heart was 

exposed via the intercostal space between the 3rd and 4th ribs. MI was induced by 

permanent LAD coronary ligation using a 9-0 nylon suture and ischaemia-

reperfusion injury (IR) was induced by temporarily tying the LAD coronary artery 

against a short section of polyethylene tubing (PE-10; outer diameter, 0.61 mm) 

with a 7-0 polypropylene suture. A single dose of 0.25mg CAA0225 (Merck, 

Darmstadt, Germany) was delivered with 125μL vehicle (normal saline with 15% 

DMSO) via intra-venous (I.V.) injection within 2 min post LAD ligation. Temporary 

LAD ligation was released following 45 min ischaemia by removing the 

polyethylene tubing. The lungs were fully inflated by applying positive end-

expiratory pressure and the chest was closed in layers. The mouse was extubated 

after regaining spontaneous breathing. Four separate in vivo studies were 

performed in this chapter using 4 separate cohorts of mice: 2-wk MI, 2-wk IR injury, 

4-wk IR injury and 3-hr IR injury. The 2-wk, 4-wk and 3-hr refer to the duration of 

the study following MI or IR injury. To evaluate the cardiac function following MI 

or IR injury, the mice recovered from surgery were kept alive for several weeks. 

Non-invasive echocardiography was performed weekly on these mice and invasive 

PV loop examination was performed before sacrifice. The 2-wk and 4-wk duration 

allowed serial echocardiography before sacrifice and obtaining PV loop data at 2-

wk and 4-wk following MI and IR injury. The 3-hr IR injury study was performed to 

investigate the AAR and infarct size. Measuring AAR requires re-occluding of the 

original LAD ligation, so this cohort of mice were sacrificed at 3-hr post IR injury 

to assess AAR and infarct size by using double-dye staining. 

4.2.2 Echocardiography 
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Mouse was anesthetized in an induction chamber with 4% isofluorane and 100% 

oxygen and maintained via facemask on 0.5-1% isofluorane in 1.0 L/min oxygen. 

The chest hair was shaved and the mouse was positioned on a warm heat pad and 

body temperature was monitored and generally maintained at 37oC. The mouse 

was placed at a shallow left-sided position. Warmed echo gel was placed on the 

chest and the heart was imaged with a 15 MHz pediatric ultrasound probe (Acuson 

Sequoia 512, Siemens UK). The probe was paced along the long-axis of LV to obtain 

the two-dimensional LV long-axis view. Then by rotating the probe clock wisely by 

90º, the LV short-axis view was visualized. The LV M-mode was recorded from the 

short-axis view at the papillary muscle level. The echo gel was removed after 

scanning and the mouse was recovered on the heat pad with oxygen before being 

returned to the cage. Three separate cohorts of mice were phenotyped by 

echocardiography, the first cohort underwent a 2 wk study post MI, the second 

cohort underwent a 2 wk study post IR injury and the third cohort underwent a 

separate longer 4 wk study post IR injury.  

4.2.3 Pressure-Volume loop measurements 

Mouse was anesthetized as described above, and endotracheally intubated with 

artificial ventilation. Body temperature was maintained at 37 ºC h a heat pad 

controlled by rectal thermometer. PV loop measurements were recorded using the 

ADVantage Pressure-Volume System (ADV500, Transonic) in a closed chest surgery. 

The right common carotid artery (RCA) was surgically exposed and A 1.2F 4.5 mm 

spaced PV catheter was inserted into RCA and then advanced to the LV chamber. 

The intra-LV pressure and volume was recorded and PV loops were generated by 

plotting pressure against volume. Two separate cohorts of mice were studied by 

PV loop measurement: i) 2 wk study post IR injury and ii) 4 wk study post IR injury. 

4.2.4 Organ harvest and weighing 

Mice were weighed and killed using a Schedule 1 method (cervical dislocation). 

The heart was excised and washed in a beaker of ice-cold normal saline and excess 

tissue was trimmed off. The aorta was cut transversely and mounted on to a 

cannula attached to a syringe. The heart was perfused retrograde with 5mL ice-

cold normal saline to rinse blood out of the chambers and vessels. Hearts then 
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either underwent double-dye staining for AAR measurements or were stored in 

formalin for further experiments Lungs and liver were removed, blotted dry and 

then weighed but not stored. The length of the mouse tibia was measured for 

normalisation of organ weights and the heart, lungs and liver were weighed using 

a precision electronic balance (precision 0.00001g). 

4.2.5 Measurement of area at risk and infarct size by double-dye 
staining 

The double-dye staining was applied in IR hearts following 3 hr reperfusion. The 

heart was cannulated and perfused with normal saline to rinse out blood. Re-

occlusion of the LAD coronary artery was obtained by re-tying a knot onto the 

polyethylene tubing at the initial place. The perfused myocardium was stained by 

perfusion of 250 μl 1% Evans blue. The area not stained by Evans blue is the area 

at risk (AAR). Then the heart was wrapped in cling film and placed at -20℃ for 15 

min before being transversely sectioned into 5–8 parallel short-axis slices. The 

white compound of Triphenyltetrazolium chloride (TTC) (Sigma, Dorset, UK) was 

dissolved at 1% (m/v) in a phosphate buffer, made by mix of appropriate volumes 

of 0.1M NaH2PO4 and Na2HPO4 to achieve a pH of 7.4. The TTC solution was warmed 

to 37 °C on a heater. The heart slices were submersed in the solution for 15 min 

then fixed in 10% neutral buffered formalin (CellPath, Powys, UK) overnight at 4°C. 

Photographs of the heart slices were taken and made into a plane image. The 

number of pixels was counted by contouring the differentially coloured left 

ventricle subsets using Adobe Photoshop (Adobe). The infarct size is worked out 

as percentage of the AAR and the absolute infarct size corrected to the slice 

weight.  

4.2.6 Measurement of infarct size by Sirius red staining of heart 
sections 

The hearts following 2-wk MI and IR injury were taken for histological analysis. 

Hearts were fixed in 10% neutral buffered formalin (CellPath, U.K.) for a minimum 

of 24 hr and then embedded into a wax block. The heart was sliced parallel to the 

long axis of the heart every 250 µm to produce serial sections 1µm thick per heart 

until the aorta level was reached and stained with Sirius red. The sections were 
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examined and photographed with an EVOS digital microscope. Images were 

analysed using Adobe Photoshop (Adobe, USA) software. The infarct size of the MI 

heart was measured using a length based approach. Epicardial and endocardial 

infarct ratios were calculated by dividing the sum of epicardial or endocardial 

infarct lengths from all sections by the sum of all epicardial or endocardial 

circumferences from all sections respectively. The epicardial and endocardial 

infarct ratios were then averaged to give a mean value of MI infarct size. The 

infarct size of the hearts following 2-wk IR injury was measured using a pixel based 

approach. The numbers of pixels in LV area and red scar area were measured from 

all sections respectively and the IR infarct size was calculated by dividing the sum 

of scar pixels from all sections by the sum of all LV pixels from all sections 

respectively. 

4.2.7 Data recording and statistical analysis 

Echo images were captured by the echo machine and analysed offline using ImageJ. 

PV loop data were recorded on a laptop using LabScribe2.0 software at a sampling 

rate of 1KHz and analysed offline using LabScribe2.0 software. Double-dye staining 

slices were photographed using a Canon camera. Sirius red sections were 

photographed using EVOS digital microscope. All data in the text and figures are 

expressed as mean ± SEM. Unpaired student’s t-test (two-tailed) was used for the 

comparison of a particular data set with control.  A critical value of statistical 

significance was set as P <0.05. 

4.3 Results  

4.3.1 Effect of CAA0225 on cardiac function measured by 
echocardiography in 2 weeks post MI cohort 

The permanent LAD ligation was made during open chest surgery and the mice 

were recovered after the MI surgery for a 2 wk study period. CAA0225 or vehicle 

was injected into MI mice via tail vein after the permanent LAD ligation. Cardiac 

function was assessed using M-mode echocardiography before MI (Time 0) and 

weekly after the induction of MI (Figure 4-1A). As expected, fractional shortening 

(an index of LV contractility) decreased in MI mice treated with vehicle (40.5 ± 2.3 

[n = 5] vs. 25.0 ± 1.9 % [n = 5], 0 vs. 2 wk post IR injury, P < 0.05, Figure 4-1B). 
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By contrast, the mice treated with CAA0225 demonstrated significantly preserved 

fractional shortening, which was 139% of vehicle control at 2 wk post MI (34.8 ± 

3.3 [n = 6] vs. 25.0 ± 1.9 % [n = 5], CAA0225 vs. Vehicle, P < 0.05, Figure 4-1B). 

LV internal dimension measured at systole (an inverse index of contractility, i.e. 

the larger it is the worse the contractility) was significantly different between 

CAA0225 and vehicle treated mice at 2 wk post MI (2.85 ± 0.27 [n = 6] vs. 3.71 ± 

0.30 mm [n = 5], CAA0225 vs. Vehicle, P < 0.05, Figure 4-1C), while no significant 

difference was found in LV internal dimension at diastole (an index of LV dilation) 

at 2 wk post MI (4.33 ± 0.22 [n = 6] vs. 4.94 ± 0.28 mm [n = 5], CAA0225 vs. Vehicle, 

P > 0.05, Figure 4-1D). There was no significant difference in LV posterior (free) 

wall thickness measured at systole at 2 wk post MI (1.32 ± 0.06 [n = 6] vs. 1.24 ± 

0.10 mm [n = 5], CAA0225 vs. Vehicle, P > 0.05, Figure 4-1E), nor in LV posterior 

wall thickness measured at diastole at 2 wk post MI (0.90 ± 0.09 [n = 6] vs. 0.97 ± 

0.06 mm [n = 5], CAA0225 vs. Vehicle, P > 0.05, Figure 4-1F). 
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Figure 4-1. Cardiac function and infarct size in MI hearts with CAA0225. 

(A) Typical M-mode echocardiographic images of MI+Vehicle and 

MI+CAA0225 at pre-MI and 2 wk post MI. (B) Mean echocardiographic data 

obtained from a 2 wk study of MI+Vehicle (n = 5) and MI+CAA0225 (n = 6) 

for Fractional shortening (FS) and (C) Left ventricular internal diameter at 

systole (LVIDs), (D) LVID at diastole (LVIDd), (E) LV posterior wall thickness 

at systole (LVPWs) and (F) LVPW thickness at diastole (LVPWd). (G) 

Representative sirius red staining images of MI+Vehicle and MI+CAA0225 at 

2 wk post MI (scale bars: 1mm). (H) Mean infarct size of MI+Vehicle (n = 5) 

and MI+CAA0225 (n = 4) at 2 wk post MI. (* P < 0.05 IR+Vehicle vs. 

IR+CAA0225) 
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4.3.2 Effect of CAA0225 on infarct size at 2 weeks post MI 

Infarct size was analysed from images of the 5 serial sections using a length based 

approach. The MI infarct size was calculated by averaging the epicardial and 

endocardial infarct length ratios. Representative heart images are shown in Figure 

4-1G. There was no significant difference in infarct size between CAA0225 and 

vehicle treated mice at 2 wk post MI (29.7 ± 4.1 vs. 42.0 ± 3.5 %; CAA0225 [n = 4] 

vs. control [n = 5]; P > 0.05; Figure 4-1H).  

 

4.3.3 Effect of CAA0225 on cardiac function measured by 

echocardiography at 2 weeks post IR injury 

The left anterior descending coronary artery (LAD) was temporarily tied in vivo 

for 45 min followed by reperfusion. CAA0225 was delivered to IR mice by 

intravenous injection after the LAD was tied. Two separate cohorts of mice were 

used for different lengths of study duration (2 wk and 4 wk). Echocardiography 

was performed before and post IR in both cohorts. Internal dimension and wall 

thickness of left ventricle (LV) were measured and fractional shortening (FS) was 

assessed using M-mode echocardiography (Figure 4-2A). In the 2 wk study cohort, 

FS decreased in vehicle-control mice over the 2 wk period as expected (38.2 ± 1.6 

[n = 7] vs. 26.9 ± 3.0 % [n = 7], 0 vs. 2 wk post IR injury, Figure 4-2B) whereas 

CAA0225 treated mice demonstrated a preserved FS (40.3 ± 1.7 [n = 8] to 35.8 ± 

2.0 % [n = 8], 0 vs. 2 wk post IR injury, Figure 4-2B). CAA0225 treated mice 

demonstrated markedly preserved fractional shortening, which was 146% of 

vehicle-control at 1 wk post IR injury (34.5 ± 1.6 [n = 8] vs. 23.6 ± 2.4 % [n = 7], 

CAA0225 vs. Vehicle, P < 0.05, Figure 4-2B) and 133% of vehicle-control at 2 wk 

post IR injury (35.8 ± 2.0 [n = 8] vs. 26.9 ± 3.0 % [n = 7], CAA0225 vs. Vehicle, P < 

0.05, Figure 4-2B). There was no significant difference in LV internal dimension 

at systole at 2 wk post IR injury (2.88 ± 0.18 [n = 8] vs. 3.15 ± 0.16 mm [n = 7], 

CAA0225 vs. Vehicle, P > 0.05, Figure 4-2C), nor in LV internal dimension diastole 

at 2 wk post IR injury (4.47 ± 0.17 [n = 8] vs. 4.32 ± 0.22 mm [n = 7], CAA0225 vs. 

Vehicle, P > 0.05, Figure 4-2D). No significant difference was found in LV posterior 

wall thickness systole at 2 wk post IR injury (1.31 ± 0.12 [n = 8] vs. 1.11 ± 0.09 
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mm [n = 7], CAA0225 vs. Vehicle, P > 0.05, Figure 4-2E), nor in LV posterior wall 

thickness diastole at 2 wk post IR injury (0.86 ± 0.09 [n = 8] vs. 0.72 ± 0.10 mm [n 

= 7], CAA0225 vs. Vehicle, P > 0.05, Figure 4-2F).  

 

4.3.4 Effect of CAA0225 on cardiac function measured by 

echocardiography at 4 weeks post IR injury 

In order to establish whether the beneficial effects observed at 2 weeks post IR 

injury injury were maintained to 4 weeks post IR injury injury a separate cohort 

 

Figure 4-2. Cardiac function in IR hearts with CAA0225. (A) Typical M-

mode echocardiographic images of IR+Vehicle and IR+CAA0225 at 2 wk post 

IR injury. (B) Mean echocardiographic data obtained from a 2 wk study of 

IR+Vehicle (n = 7) and IR+CAA0225 (n = 8) for Fractional shortening (FS) and 

(C) Left ventricular internal diameter at systole (LVIDs), (D) LVID at diastole 

(LVIDd), (E) LV posterior wall thickness at systole (LVPWs) and (F) LVPW 

thickness at diastole (LVPWd). (* P < 0.05 IR+Vehicle vs. IR+CAA0225) 
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of mice was used for a 4 wk study period. Fractional shortening (FS) was 

significantly preserved at 4 wk post IR injury in CAA0225 treated mice compared 

with vehicle control (31.4 ± 2.0 [n = 6] vs. 26.4 ± 1.0 % [n = 8], CAA0225 vs. Vehicle, 

P < 0.05, Figure 4-3B). No significant difference was found in LV internal 

dimension systole at 4 wk post IR injury (3.19 ± 0.22 [n = 6] vs. 3.17 ± 0.10 mm [n 

= 8], CAA0225 vs. Vehicle, P > 0.05, Figure 4-3C), nor in LV internal dimension 

diastole at 4 wk post IR injury (4.64 ± 0.23 [n = 6] vs. 4.31 ± 0.10 mm [n = 8], 

CAA0225 vs. Vehicle, P > 0.05, Figure 4-3D). There was no significant difference 

in LV posterior wall thickness systole at 4 wk post IR injury (1.44 ± 0.20 [n = 6] vs. 

1.31 ± 0.09 mm [n = 8], CAA0225 vs. Vehicle, P > 0.05, Figure 4-3E), nor in LV 

posterior wall thickness diastole at 4 wk post IR injury (0.99 ± 0.12 [n = 6] vs. 0.93 

± 0.09 mm [n = 8], CAA0225 vs. Vehicle, P > 0.05, Figure 4-3F). 
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4.3.5 Effect of CAA0225 on cardiac function measured by PV loops 

at 2 and 4 weeks post IR injury 

Pressure-volume (PV) loop measurements were performed in IR mice at the end of 

the 2 and 4 wk studies, respectively. The loops were generated by plotting intra-

LV pressure vs. LV volume (Figure 4-4A and Figure 4-5A). In the 2 wk study, 

CAA0225 treated mice demonstrated significantly increased intra-LV parameters 

at 2 wk post IR injury including developed pressure (101.3 ± 2.0 [n = 4] vs. 92.2 ± 

3.1 mmHg [n = 5], CAA0225 vs. Vehicle, P < 0.05, Figure 4-4B), intra-LV maximum 

 

 

Figure 4-3. Cardiac function in IR hearts with CAA0225. (A) Typical M-

mode echocardiographic images of IR+Vehicle and IR+CAA0225 at 4 wk post 

IR injury. (B) Mean echocardiographic data obtained from a 4 wk study of 

IR+Vehicle (n = 8) and IR+CAA0225 (n = 6) for Fractional shortening (FS) and 

(C) Left ventricular internal diameter at systole (LVIDs), (D) LVID at diastole 

(LVIDd), (E) LV posterior wall thickness at systole (LVPWs) and (F) LVPW 

thickness at diastole (LVPWd). (* P < 0.05 IR+Vehicle vs. IR+CAA0225)  
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pressure (101.3 ± 1.4 [n = 4] vs. 92.6 ± 3.2 mmHg [n = 5], CAA0225 vs. Vehicle, P 

< 0.05, Figure 4-4B), maximum rate of intra-LV pressure rise (11065 ± 928 [n = 4] 

vs. 8812 ± 642 mmHg/s [n = 5], CAA0225 vs. Vehicle, P < 0.05, Figure 4-4D) and 

minimum rate of intra-LV pressure fall (-9923 ± 744 [n = 4] vs. -7436 ± 661 mmHg/s 

[n = 5], CAA0225 vs. Vehicle, P < 0.05, Figure 4-4D). No significant difference was 

found between groups in end systolic pressure (93.2 ± 3.0 [n = 4] vs. 86.1 ± 4.3 

mmHg [n = 5], CAA0225 vs. Vehicle, P > 0.05, Figure 4-4B) and end diastolic 

pressure (5.9 ± 0.6 [n = 4] vs. 6.9 ± 1.9 mmHg [n = 5], CAA0225 vs. Vehicle, P > 

0.05, Figure 4-4B). There was no significant difference in end systolic volume 

(14.2 ± 3.6 [n = 4] vs. 12.1 ± 2.2 μL [n = 5], CAA0225 vs. Vehicle, P > 0.05, Figure 4-

4E) and end diastolic volume (34.9 ± 9.7 [n = 4] vs. 26.2 ± 3.9 μL [n = 5], CAA0225 

vs. Vehicle, P > 0.05, Figure 4-4E). No significant difference was found in ejection 

fraction (57.3 ± 2.5 [n = 4] vs. 53.7 ± 1.7 % [n = 5], CAA0225 vs. Vehicle, P > 0.05, 

Figure 4-4C) and cardiac output (12.5 ± 4.1 [n = 4] vs. 8.3 ± 0.9 mL [n = 5], 

CAA0225 vs. Vehicle, P > 0.05, Figure 4-4F).  
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At the end of the 4 wk period study, no significant difference was found between 

CAA0225 treated mice and control mice at 4 wk post IR injury in intra-LV developed 

pressure (97.9 ± 9.0 [n = 3] vs. 89.9 ± 4.1 mmHg [n = 4], CAA0225 vs. Vehicle, P > 

0.05, Figure 4-5B), intra-LV maximum pressure (100.8 ± 7.7 [n = 3] vs. 90.7 ± 4.0 

mmHg [n = 4], CAA0225 vs. Vehicle, P > 0.05, Figure 4-5B), end systolic pressure 

(88.5 ± 10.0 [n = 3] vs. 82.6 ± 4.9 mmHg [n = 4], CAA0225 vs. Vehicle, P > 0.05, 

Figure 4-5B), and end diastolic pressure (8.7 ± 0.8 [n = 3] vs. 6.6 ± 1.3 mmHg [n 

= 4], CAA0225 vs. Vehicle, P > 0.05, Figure 4-5B). There was no significant 

difference between groups in maximum rate of intra-LV pressure change (8598 ± 

1222 [n = 3] vs. 7884 ± 607 mmHg/s [n = 4], CAA0225 vs. Vehicle, P > 0.05, 

Figure 4-5D) and minimum rate of intro-LV pressure change (-6856 ± 734 [n = 3] 

 
 

Figure 4-4. Cardiac function in IR hearts with CAA0225. (A) 

Representative PV loops of IR+Vehicle and IR+CAA0225 at 2 wk post IR 

injury. (B) Mean PV loop data obtained from a 2 wk study of IR+Vehicle (n 

= 5) and IR+CAA0225 (n = 4) for intra-LV pressure and (C) Ejection fraction 

(EF), (D) rate of intro-LV pressure change (dP/dt), (E) intra-LV volume and 

(F) Cardiac output (CO). (* P < 0.05 IR+Vehicle vs. IR+CAA0225)  
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vs. -7072 ± 714 mmHg/s [n = 4], CAA0225 vs. Vehicle, P > 0.05, Figure 4-5D).  No 

significant difference was found in end systolic volume (18.7 ± 7.0 [n = 3] vs. 19.4 

± 4.2 μL [n = 4], CAA0225 vs. Vehicle, P > 0.05, Figure 4-5E) and end diastolic 

volume (35.2 ± 7.5 [n = 3] vs. 37.1 ± 6.0 μL [n = 4], CAA0225 vs. Vehicle, P > 0.05, 

Figure 4-5E). No significant difference was found in ejection fraction (50.0 ± 10.0 

[n = 3] vs. 47.2 ± 5.3 % [n = 4], CAA0225 vs. Vehicle, P > 0.05, Figure 4-5C) and 

cardiac output (8.6 ± 1.0 [n = 3] vs. 9.5 ± 1.9 mL [n = 4], CAA0225 vs. Vehicle, P > 

0.05, Figure 4-5F). 

  

4.3.6 Effect of CAA0225 on infarct size at 2 weeks post IR injury 

Double-dye staining is not possible at the 2 wk stage due to adhesions which 

 
 

Figure 4-5. Cardiac function in IR hearts with CAA0225. (A) 

Representative PV loops of IR+Vehicle and IR+CAA0225 at 4 wk post IR 

injury. (B) Mean PV loop data obtained from a 4 wk study of IR+Vehicle (n 

= 4) and IR+CAA0225 (n = 3) for intra-LV pressure and (C) Ejection fraction 

(EF), (D) rate of intro-LV pressure change (dP/dt), (E) intra-LV volume and 

(F) Cardiac output (CO). (* P < 0.05 IR+Vehicle vs. IR+CAA0225) 
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prevent the retying of the suture to occlude the coronary artery. The hearts at 2 

wk post IR injury were therefore fixed and Sirius staining performed for infarct 

size measurement. Area of LV and red-stained scar were measured from 5 

images/heart and the overall IR infarct size was calculated by dividing the sum of 

scar pixels by the sum of LV pixels. Representative heart sections are shown in 

Figure 4-6A. CAA0225 treatment significantly reduced infarct size by 53% at 2 wk 

post IR injury (6.0 ± 1.6 vs. 12.8 ± 3.2 %; CAA0225 [n = 9] vs. control [n = 7]; P < 

0.05; Figure 4-6B). 
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Figure 4-6. Infarct size and organ weights in IR mice with CAA0225. (A) 

Representative sirius red staining images of IR+Vehicle and IR+CAA0225 at 

2 wk post IR injury (scale bars: 1mm). (B) Mean infarct size of IR+Vehicle 

(n = 7) and IR+CAA0225 (n = 9) at 2 wk post IR injury. (C) Mean organ weights 

obtained in a 2 wk study of IR+Vehicle (n = 9) and IR+CAA0225 (n = 7) vs. 

body weight and (D) vs. tibial length. (E) Mean organ weights obtained in 

a 4 wk study of IR+Vehicle (n = 5) and IR+CAA0225 (n = 6) vs. body weight 

and (F) vs. tibial length. (* P < 0.05 IR+Vehicle vs. IR+CAA0225) 
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4.3.7 Effect of CAA0225 on organ weights at 2 and 4 weeks post IR 
injury 

Mice with IR induced by temporary LAD ligation were recovered from the surgery 

and sacrificed at 2 and 4 wk post IR injury. Organs including heart, liver and lung 

were weighed and the organ weights normalised by body weight and tibial length 

respectively. CAA0225 treated mice showed a small but significant increase of lung 

weight compared with control mice for lung-weight/body-weight (6.7 ± 0.3 vs. 5.7 

± 0.2; CAA0225 [n = 7] vs. control [n = 9]; P < 0.05; Figure 4-6C), and for lung-

weight/tibial-length (85.2 ± 3.3 vs. 69.8 ± 3.3; CAA0225 [n = 7] vs. control [n = 9]; 

P < 0.05; Figure 4-6D). There was no significant difference between CAA0225 and 

control groups in lung weight at 4 wk post IR injury for lung-weight/body-weight 

(6.3 ± 0.3 vs. 6.1± 0.5; CAA0225 [n = 6] vs. control [n = 5]; P > 0.05; Figure 4-6E), 

nor for lung-weight/tibial-length (80.2 ± 3.0 vs. 76.8 ± 3.8; CAA0225 [n = 6] vs. 

control [n = 5]; P > 0.05; Figure 4-6F). There was no significant difference 

between CAA0225 treated mice and control mice in heart weight at 2 wk post IR 

injury for heart-weight/body-weight (6.0 ± 0.4 vs. 6.1 ± 0.3; CAA0225 [n = 7] vs. 

control [n = 9]; P > 0.05; Figure 4-6C), nor for heart-weight/tibial length (76.8 ± 

5.5 vs. 73.6 ± 2.6; CAA0225 [n = 7] vs. control [n = 9]; P > 0.05; Figure 4-6D). 

There was no significant difference in heart weight at 4 wk post IR injury for heart-

weight/body-weight (5.8 ± 0.2 vs. 6.3 ± 0.4; CAA0225 [n = 6] vs. control [n = 5]; 

P > 0.05; Figure 4-6E) and for heart-weight/tibial length (74 ± 2 vs. 80 ± 5; 

CAA0225 [n = 6] vs. control [n = 5]; P > 0.05; Figure 4-6F). There was no significant 

difference between CAA0225 and control groups in liver weight at 2 wk post IR 

injury for liver-weight/body-weight (48.7 ± 1.2 vs. 47.4 ± 1.7; CAA0225 [n = 7] vs. 

control [n = 9]; P > 0.05; Figure 4-6C) and for liver-weight/tibial length (619 ± 20 

vs. 578 ± 23; CAA0225 [n = 7] vs. control [n = 9]; P > 0.05; Figure 4-6D). No 

significant difference in liver weight was found at 4 wk post IR injury liver-

weight/body-weight (49 ± 5 vs. 50 ± 2; CAA0225 [n = 6] vs. control [n = 5]; P > 

0.05; Figure 4-6E) and for liver-weight/tibial length (632 ± 59 vs. 623 ± 20; 

CAA0225 [n = 6] vs. control [n = 5]; P > 0.05; Figure 4-6F). 

4.3.8 Effect of CAA0225 on area at risk (AAR) and infarct size at 3 
hours post IR injury 
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Representative heart slices are shown in Figure 4-7A. Area at risk was comparable 

between the IR+CAA0225 group and the IR+Vehicle group at a relative size of 22–

24% of LV (23.8 ± 4.0 vs. 22.2 ± 1.8 %; CAA0225 [n = 14] vs. control [n = 13]; P > 

0.05; Figure 4-7B), while mice treated with CAA0025 had an infarct size which 

was 73% of that in the vehicle control (46.9 ± 5.2 vs. 64.1 ± 3.8 %; CAA0225 [n = 

14] vs. control [n = 13]; P < 0.05; Figure 5-1C). 

  

 
Figure 4-7. Area at risk (AAR) and infarct size in IR hearts with CAA0225. 

(A) Representative double-dye staining images of IR+Vehichle and 

IR+CAA0225 at 3 hours post IR injury injury. (B) Mean AAR (% of LV) and (C) 

infarct size (% of AAR) of IR+Vehicle (n = 13) and IR+CAA0225 (n = 14) at 3 

hours post IR injury injury (data presented as mean ± SEM; *P < 0.05 

IR+Vehicle vs. IR+CAA0225) 
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4.4 Discussion  

4.4.1 CAA0225 reduced infarct size in in vivo mouse model of IR 
injury 

The fundamental treatment for an acute MI in the clinical setting is to re-establish 

blood flow by primary percutaneous coronary intervention (PPCI) (Zimarino et al., 

2008). However, the process of restoring blood flow to ischaemic areas 

paradoxically causes additional injury, i.e. reperfusion injury, which contributes 

to up to 50% of tissue damage after MI (Frohlich et al., 2013). In the clinical setting 

infarct size is an important index of clinical outcomes, where smaller infarct size 

indicates less damage and better ejection fraction (Rakowski et al., 2014, Bethke 

et al., 2015), but currently there are no reliable therapies which can clinically 

reduce IR injury by rescuing or preserving areas at risk and thus ultimately limit 

infarct size following PPCI treatment. Therefore, exploring new targets with 

strong clinical relevance that can reduce infarct size following MI and reperfusion 

is of great interest in pre-clinical studies. Using the in vivo mouse models of MI 

and IR injury, our data showed for the first time that inhibition of cathepsin-L with 

a cathepsin-specific inhibitor CAA0225 can reduce infarct size following IR injury. 

Area at risk (AAR) can be demarcated by double-dye staining after acute ischaemic 

injury with reperfusion (Bohl et al., 2009). The area at risk was not significantly 

different between groups post IR injury injury indicating that the surgical induced 

coronary artery ligation was performed consistently between groups. In the IR 

mouse with 3 hr reperfusion, infarct size was expressed as the percentage of AAR.  

CAA0225 significantly reduced infarct size to 73% of control level at 3 hr post IR 

injury without change in AAR size. A significant difference was also found in infarct 

size expressed in the percentage of LV at 2 wk following IR, where mice treated 

with CAA0225 had an infarct size of 47% of that of the control mice. These findings 

are consistent with our results of the isolated rat heart with IR injury, where we 

found the infarct size was decreased to 69% of control level by CAA0225. In the 

present study, there was no significant difference in infarct size at 2 wk post MI 

with a single dose of inhibitor mediated cathepsin-L inhibition. Although the 

difference is not significant, in these MI hearts CAA0225 treatment showed smaller 

infarct than DMSO control. Further work on this particular result is required with 
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in order to measure the AAR, which we have shown in our IR injury model. In the 

MI model induced by permanent coronary artery ligation, we would not expect 

differences to occur between groups unless changes in angiogenesis/myocardial 

regeneration/resistance to hypoxia occurred, as in the permanent MI model there 

is no reperfusion and the infarct size represents the full AAR. Collectively these 

data are in contrast to the setting of complete cathepsin-L deficiency (knockout) 

where the cathepsin-L deficient mice exhibited a significantly larger infarct than 

control mice at 2 wk and 4 wk post MI with permanent LAD ligation (Sun et al., 

2011). The difference may result from the pattern of cathepsin-L inhibition, as in 

cathepsin-L knockout mouse the deficiency is complete and from birth while using 

inhibitor the inhibition is highly likely to be temporary and incomplete.  

Cathepsin-L, which typically localizes in endosomes and lysosomes, is a key 

member of the lysosomal proteases participating in the lysosomal proteolytic 

processes in the heart. The role of lysosomal proteases in MI and IR injury is still 

not well understood. Studies about lysosomal cathespins suggest that the 

translocation of cathespins from lysosomes into the cytoplasm contributes to cell 

death (Li and Yuan, 2004, Tiwari et al., 2008, Turski and Zaslonka, 2000). A 

previous study in vitro has demonstrated that the expression and activity of 

cathepsin-L were significantly increased in the heart in response to stress such as 

hypertrophic stimulation (phenylephrine-induced cardiac hypertrophy), and 

cathepsin-L deficient myocytes showed reduced lysosomal activity with impaired 

autophagosomal function (Sun et al., 2013). The alteration of lysosomal activity 

in cathepsin-L deficient myocytes resulted in impaired protein processing with 

aggregation of cellular filaments and decrease of cellular protein degradation. In 

mice with cathepsin-L deficiency, an accelerated response to pathological stress 

resulted in exacerbated cardiac hypertrophy and dysfunction. These alternations 

were associated with impaired lysosomal function, which led to the defective of 

autophagy–lysosomal pathway, and finally resulted in impaired intracellular 

protein degradation and homeostatic remodelling (Sun et al., 2013). These 

findings showed an imbalance of protein homeostasis caused by dysfunction of the 

autophagy–lysosomal pathway system, which may lead to pathological 

hypertrophy and dysfunction. 

Autophagy has recently been recognized to play an important role in 
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cardiomyocyte death (Chiong et al., 2011). Increased autophagy is related to the 

acceleration of cell death in response to stress (McCormick et al., 2012). In recent 

years, studies have shown that autophagy is induced by myocardial ischaemia and 

further enhanced during reperfusion (Matsui et al., 2007, Gurusamy et al., 2009). 

However, the role of autophagy in cardiac IR injury remains inconclusive. Studies 

have reported that autophagy induced by lack of blood supply is beneficial during 

the period of ischaemia and protects myocardium from apoptosis in the ischaemic 

area (Yan et al., 2005). However, whether autophagy is protective or detrimental 

during reperfusion remains controversial. A recent study has shown that inhibition 

of autophagy by the treatment of 3-methyladenine (an inhibitor of autophagosome 

formation) or by knockdown of Beclin1 (a key regulator of autophagy) can increase 

the survival of cardiomyocytes following IR injury in vitro (Valentim et al., 2006). 

In an in vivo model of IR injury, autophagy is increased in mouse hearts with IR 

and the infarct size was reduced via down-regulation of autophagy in Beclin1 

knockout mice (Matsui et al., 2007). These evidence suggests that autophagy plays 

a critical role during IR injury. As cathepsin-L is involved in the autophagy process 

as a key member of lysosomal proteases, whether CAA0225 has altered the ability 

of cathepsin-L to regulate the autophagy–lysosomal pathway during IR injury 

remains unknown and requires future investigation.  

4.4.2 CAA0225 preserved cardiac function in in vivo mouse models 
of MI and IR injury 

Our data have shown in the in vivo mouse models of MI and IR, treatment with the 

cathepsin-L inhibitor CAA0225 significantly preserved cardiac function in both 

mice with MI and IR injury. The improvement in cardiac function most likely relates 

to the reduction in infarct size, which was observed by double-dye staining at 3 

hr post IR injury and Sirius red staining at 2 wk post IR injury. However, although 

there was no significant difference in infarct size at 2 wk post MI, cardiac function 

was improved in mice treated with CAA0225. Therefore, cathepsin-L may also play 

a role in pathways that relate to cardiac contractile function or post infarct 

remodelling.  

A number of significantly changed functional parameters were observed in mice 

treated with CAA0225. These significant improved parameters include fractional 
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shortening, intra-LV developed pressure, maximum pressure, maximum rate of 

pressure rise and fall. These parameters indicate that CAA0225 increased cardiac 

contractility following MI and IR. Fractional shortening measured by M-mode 

echocardiography was found to be significantly improved at 2 wk post MI, 2 wk 

and 4 wk post IR injury. The LV internal dimension and wall thickness measured 

from M-mode echo showed that treatment with CAA0225 did not lead to LV dilation 

or changes in wall thickness. The PV loop parameters such as developed pressure, 

maximum pressure, maximum and minimum rate of pressure change were also 

found to be significantly improved at 2 wk post IR injury, but no significant 

differences were found at 4 wk post IR injury. A possible explanation for this is 

that only a single dose of cathepsin-L inhibitor was used when the LAD ligation 

was made, therefore the effect of the inhibitor on cardiac function may diminish 

over time. It is also possible that the n values for the PV loops experiments are 

too low to detect significant differences.  

Compared to temporary inhibition with CAA0225, cathepsin-L was completely and 

persistently deficient in the cathepsin-L knockout mouse and the one-year-old 

cathepsin-L knockout mice showed impaired cardiac contraction and LV 

hypertrophy (Stypmann et al., 2002a). In the in vivo model of aortic banding in 

mice, cathepsin-L deficiency significantly exacerbated cardiac hypertrophy and 

worsened cardiac function (Sun et al., 2013). Worsened cardiac function was also 

observed in cathepsin-L deficient mice post MI when compared with wild type 

mice (Sun et al., 2011). A recent study has shown that cathepsin-L activity was 

significantly increased in myocardium from 24 h post MI in mice with a peak at 3 

d post MI (Sun et al., 2011). Increased heart weight and liver weight were also 

shown in the cathepsin-L knockout mice post MI. These results suggest that 

complete deficiency of cathepsin-L can lead to cardiac remodelling and heart 

failure post MI (Sun et al., 2011). In our IR injury mice with CAA0225 treatment, 

no increase was found in heart and liver weight compared with mice treated with 

vehicle. Our functional measurements also showed use of the cathepsin-L inhibitor 

did not cause hypertrophy or heart failure. Interestingly, the lung weight was 

found significantly increased in mice with CAA0225 at 2 wk post IR injury, but no 

difference was found in lung weight at 4 wk post IR injury. The lung weight change 

might have been due to the inhibition of cathepsin function in the lung that might 
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temporarily impair the matrix remodelling and protein degradation in lungs 

(Buhling et al., 2004). A limitation of the current study is that it is unknown how 

long the inhibitor lasts in vivo as just one injection was given. However, the 

injection was given during ischaemia before reperfusion, which is an important 

therapeutic period to apply therapies to prevent IR injury with clinical 

applicability. The cathepsin activity measurement in different organs at different 

time points post IR injury may be included in further work. 

4.4.3 A potential mechanistic explanation for the effects of 
extracellular cathepsin-L on IR injury 

Lysosomal exocytosis is a secretory function of lysosomes leading to release of 

contents such as cathepsins into extracellular spaces (Appelqvist et al., 2013). 

Lysosomal exocytosis is involved in several physiological processes and activation 

of lysosomal exocytosis is considered to be beneficial for cellular clearance 

(Medina et al., 2011). Exocytosis can be promoted by insufficient autophagy as 

Lee et al. demonstrated that inefficient clearance of α-synuclein aggregates 

caused by reduced autophagic activity led to elevated α-synuclein exocytosis and 

subsequently caused α-synuclein deposition and cell death in neighbouring 

neurons (Lee et al., 2013). Our data demonstrated that cathepsin-L released from 

isolated heart during IR injury (unpublished data) and increased serum levels of 

cathepsin-L was also observed in MI patients (Liu et al., 2009). The extracellular 

cathepsin-L may come from lysosomal exocytosis following IR injury and then 

functions within the extracellular space and causes detrimental effects to the 

heart. Our group demonstrated that extracellular cathepsin-L derived from 

Trypanosoma brucei can cause cardiac dysfunction by changing sarcoplasmic 

reticulum function (Elliott et al., 2013). The recent work in our group has also 

demonstrated that IR injury leads to increased Ca2+ influx through L-type calcium 

channels, reduced sarcolemmal NCX extrusion and SERCA activity in ex vivo 

isolated rat cardiomyocytes. These alterations increased diastolic [Ca2+]i and 

promoted adverse spontaneous SR-mediated Ca2+ release (Ca2+ waves) in 

cardiomyocytes. These changes can lead to cell death and contractile dysfunction 

of the whole heart while treatment with CAA0225 can normalise these Ca2+ 

handling abnormalities following IR injury (unpublished data). This evidence 
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indicates that the beneficial effects of CAA0225 may be associated with 

normalization of cathepsin-L-induced abnormal calcium handling in 

cardiomyocytes following IR injury. 

A limitation of this study is that it is not known whether extracellular inhibition or 

intracellular inhibition of cathepsin-L contributes to the beneficial effects. The 

cathepsin inhibitor utilized in this study is CAA0225, a cell-permeable compound, 

which inhibits both intracellular and extracellular cathepsin-L (Takahashi et al., 

2009). The specific inhibition of cathepsin-L by CAA0225 can lead to depressed 

degradation of long-lived proteins in HeLa and Huh-7 cells cultured under nutrient-

deprived conditions as reported by Takahashi et al. (Takahashi et al., 2009). 

Therefore, a non-permeable inhibitor which cannot enter the cell may be used to 

further assess the effects of extracellular cathepsin-L on cardiomyocytes without 

inhibition of intracellular cathepsin-L. Nevertheless, the function of intracellular 

cathepsin-L following IR injury is still not fully understood and requires future 

investigation. 

4.4.4 A potential mechanistic explanation of the effects of 
intracellular cathepsin-L during IR injury 

Recent evidence demonstrated that lysosomal enzymes, including cathepsin-B and 

cathepsin-L, are released into cytosol through lysosomes in some diseases, such 

as atherosclerosis and type 2 diabetes, causing inflammasome activation, and 

inhibition of cathepsins prevents the NLRP3 inflammasome activation (Masters et 

al., 2010, Masters et al., 2011, Guo et al., 2015). In the rat model of MI, Liu et al. 

have demonstrated that the cathepsin inhibitor CA074Me caused attenuated 

cardiac dysfunction by inhibiting NLRP3 activation (Liu et al., 2013). It’s important 

to note that the cathepsin inhibitor used in these studies is a cell-permeable 

inhibitor CA074Me which is capable of specifically inhibiting both cathepsin-B and 

cathepsin-L with IC50 of 2.2 nM and 1.5 μM respectively (Steverding, 2011). The 

concentration of CA074Me used for the type 2 diabetes study is 10 µM (Masters et 

al., 2010), and for the rat MI study is 10 mg/kg per day (Liu et al., 2013). In the 

study of atherogenesis with cholesterol crystals activation, acute inflammation 

induced by cholesterol crystals is impaired in knockout mice with deficiency of 

NLRP3, cathepsin-B, or cathepsin-L (Duewell et al., 2010). The above evidence 
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suggests that the intracellular function of cathesin-L and the beneficial effects of 

CAA0225 in IR injury, as demonstrated in this thesis, may be related to the NLRP3 

inflammasome activation.  

NLRP3 inflammasome is a large multiprotein complex that is formed in the cytosol 

in response to injury and plays a central role in the inflammatory response by 

activation of caspase-1 and mediation of the processing and releasing of the 

proinflammatory cytokine IL-1β (Baroja-Mazo et al., 2014). The NLRP3 

inflammasome was found to be activated by increased caspase-1 activity and 

cytoplasmic aggregates of its components (apoptosis-associated speck-like protein 

containing a caspase recruitment domain (ASC), cryopyrin, and caspase-1) within 

cardiomyocytes located at the BZ. The formation of the inflammasome in the 

heart post MI caused additional loss of cells and led to heart failure (Kawaguchi et 

al., 2011). Inhibition of the inflammasome component cryopyrin by using silencing 

RNA or a pharmacologic inhibitor prevented the formation of the inflammasome 

and limited infarct size and post MI remodelling (Mezzaroma et al., 2011). 

Activation of the NRLP3 inflammasome by a calcium sensing receptor (CaSR) 

contributes to post MI remodelling by accelerating cardiac fibroblast phenotypic 

transversion, increase of collagen and extracellular matrix (ECM) secretion (Liu et 

al., 2015). During IR injury, the inflammatory response also plays an important 

role by the release of inflammatory cytokines and chemokines that recruit 

circulating leukocytes into ischaemic regions (Frangogiannis et al., 2002, Steffens 

et al., 2009, Hausenloy and Yellon, 2016), and inhibition of inflammatory 

responses by inhibition leukocyte or cell adhesion can reduce infarct size, preserve 

cardiac function and prevent remodelling (Litt et al., 1989, Ma et al., 1991, Zhao 

et al., 1997). Recent evidence indicates that inflammasome activation in cardiac 

fibroblasts is involved in the initial inflammatory response during IR injury. In mice 

deficient of the inflammasome component ASC, the inflammatory responses and 

subsequent injuries, including cardiac dysfunction and post-infarct remodelling 

were diminished (Kawaguchi et al., 2011). However, the molecular events 

triggering the inflammatory response during cardiac IR injury are incompletely 

understood. Future work needs to look into the NLRP3 inflammasome activation 

as a potential mechanistic explanation of the therapeutic effect of CAA0225. 
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5.1 Introduction 

5.1.1 Application of transgenic mice in cardiovascular research 

The heart is composed of several types of cells. Each type has specific functions 

based on gene expression patterns, which responds to cellular and physiological 

environments (Doetschman et al., 2012, Gittenberger-de Groot et al., 2005). It is 

important to identify these functions at the animal level because the physiological 

and pathophysiological complexity cannot be recapitulated in vitro (Doetschman 

and Azhar, 2012). Mice models are optimal choices for investigating the genetic 

basis of cardiovascular diseases as they have four chambered hearts and are cost- 

and time-effective compared with other mammals (Snider and Conway, 2011). 

Tamoxifen and tetracycline-inducible strategies have been successful applied to 

demonstrate gene functions in cardiac structure, function, physiology and 

pathophysiology (Yutzey and Robbins, 2007, Molkentin and Robbins, 2009, Moga et 

al., 2008). Human α-myosin heavy chain (αMHC) and rat troponin T (Tnnt2) 

promoters with Tamoxifen and Tetracycline-inducible genes are two commonly 

used targeting strategies for the heart (Sohal et al., 2001, Sanbe et al., 2003, 

Minamino et al., 2001, Passman and Fishman, 1994, Wu et al., 2010). Both αMHC 

and Tnnt2 are expressed in the heart during the embryonic stage, whilst Cre or 

rtTA-inducible genes are applied in the postnatal heart (Ng et al., 1991, Jiao et 

al., 2003). Tamoxifen-regulated αMHC-CreERT2 (also called αMHC-MerCreMer) is 

the most extensively used strategy by far to target cardiomyocytes (Sohal et al., 

2001). An alternative method is RU486 (anti-progestin)-inducible αMHC-CrePR1, 

which can also induce myocardial gene targeting in adult hearts (Minamino et al., 

2001). However, αMHC-MerCreMer is more extensively used than αMHC-CrePR1, as 

tamoxifen is better tolerated than RU486 in mice (Doetschman and Azhar, 2012). 

There are some inherent pitfalls in using these strategies in the postnatal heart 

because the αMHC promoter can cause excess Cre levels that lead to temporary 

cardiac dysfunction, which, although, can resolve in 1 to 2 weeks post tamoxifen 

induction. (Molkentin and Robbins, 2009, Agah et al., 1997)  Furthermore, these 

problems can be avoided by using proper control groups and have been found to 

be minimal in our lab (unpublished data). 
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5.1.2 Role of Runx1 in cardiac remodelling post MI 

Improvements in the treatment of myocardial infarction (MI), especially the 

application of PPCI, have increased the survival rate in patients with MI. Use of 

reperfusion therapy can salvage injured myocardial and reduce cardiac damage. 

However, the survivors who have survived with substantial left ventricular injury 

are facing a later risk of developing heart failure. Heart failure has become a 

frequent complication of MI which increases the risk of death by at least 3 to 4 

fold (Minicucci et al., 2011) and heart failure post MI is associated with extremely 

high mortality despite optimised medical interventions (Roger, 2013, Chen et al., 

2013). LV remodelling post MI plays a major role in the progression to heart failure 

(Mann and Taegtmeyer, 2001, Mann, 1999). Post MI cardiomyocyte death initiates 

a reparative process in the heart, which is associated with the generation of scar 

tissue composed predominately of fibrillary collagen (Sun and Weber, 2000). The 

surviving cardiomyocytes post MI undergo eccentric hypertrophy, which is 

characterised by thinning and lengthening of cardiomyocytes (Kehat and Molkentin, 

2010). These post MI cellular changes can lead to adverse cardiac remodelling, 

including left ventricular (LV) wall thinning, dilation and contractile dysfunction 

(McMurray et al., 2012), which can cause systolic heart failure. Physiological 

cardiac function is regulated by intracellular calcium ions ([Ca2+]i) and EC coupling. 

Abnormal calcium handling in cardiomyocyte plays an important role in 

cardiac contractile dysfunction and hypertrophy during heart failure (Luo and 

Anderson, 2013). Recent studies have shown that, post MI, Runx1 expression is 

switched on in cardiomyocytes in the border zone (BZ) region adjacent to the 

infarct in both MI patients and animal models (Kubin et al., 2011, Gattenlohner et 

al., 2003).  Given that Runx1 expression is presented in neonatal cardiomyocytes 

but decreases to negligible levels in adult as discussed in Chapter 1, the re-

activation of Runx1 in adult cardiomyocytes post MI may play a role in regulation 

of the cardiac function and remodelling post MI.  

5.1.3 Aims 

To understand whether activation of Runx1 is only a marker of ischaemic damage 

or plays a functional role post MI, MI was induced in mice where exon 4 of Runx1 

had been specifically excised in cardiomyocytes using Cre-LoxP technology.  
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The aims of this chapter are:  

i) To investigate the effects of Runx1 deficiency on LV function serially 

up to 8 weeks post MI, by using M-mode echocardiography with 

measurements of LV fractional shortening, wall thickness and LV 

dimension.  

ii) To investigate the effects of Runx1 deficiency on LV function 2 weeks 

post MI in a separate cohort of mice, by using intra-ventricular 

pressure volume loops.  

iii) To investigate the effects of Runx1 deficiency on LV function post IR 

injury in a separate cohort of mice, by using M-mode 

echocardiography.  

 

5.2 Methods 

5.2.1 Inducing myocardial infarction and ischaemia-reperfusion 
injury in mice by coronary ligation 

MI and IR injury were induced in three groups of mice: Runx1Δ/Δ mice (αMHC-

MerCreMer: Runx1fl/fl); litter-mate Runx1fl/fl mice controlling for the insertion of the 

LoxP sites and Runx1wt/wt mice controlling for insertion of the tamoxifen-inducible 

Cre recombinase. Runx1 deficiency mice (Runx1Δ/Δ) and their littermate control 

mice (Runx1fl/fl and Runx1wt/wt) aged 10–12 weeks (25–30 g) were induced with 

anesthesia by inhalation of 4% isofluorane gas (Isoflo, Abbott Laboratories, USA) 

with oxygen at 1.5 L/min followed by preoperative analgesia of 0.1 mg/kg 

buprenorphine (Vetergesic, Reckitt Benckiser Healthcare Ltd, UK) and 5 mg/kg 

carprofen (Rimadyl, Pfizer Animal Health, U.) delivered in 0.4 mL of sterile saline 

i.p. Endotracheal intubation was performed for the anesthetized mice and 

artificial ventilation was maintained with a tidal volume of 120 µL at 120 

breaths/min on 1% isofluorane in 0.5 L/min oxygen. Mice were placed in a left 

lateral oblique position on a heat pad covered by surgical drape and their skin was 

incised in parallel with the ribs perpendicular to the sternum 5 mm proximal to 

the xyphoid process. The intercostal space was exposed through carefully 
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retracted thoracic muscles and the intercostal muscle was cut by an 

electrocautery pen, and then the ribs were retracted to expose the heart. The 

pericardial sac was removed to provide access to the left anterior descending (LAD) 

coronary artery. MI was induced by permanent ligation of the LAD coronary artery 

using a 9-0 nylon suture (W2829 Ethilon, Johnson & Johnson, UK). Ischaemia-

reperfusion injury (IR) was induced by temporary tying of the LAD coronary artery 

(for 45 minutes) against a short section of polyethylene tubing (PE-10; outer 

diameter, 0.61 mm) with a 7-0 polypropylene suture.  

To close the chest, three 6-0 metric non-absorbable prolene sutures (W8711, 

Johnson & Johnson, UK) were evenly pre-placed along the ribs. The lungs were 

reinflated and the pre-placed sutures were tied. The thoracic muscles were 

returned to their original place and skin was closed with 6-0 metric absorbable 

vicryl (W9575, Johnson & Johnson, UK). Mice that underwent the sham procedure 

had a thoracotomy without LAD ligation. Post-operatively, mice were given 

buprenorphine (0.1mg/kg) orally for 3 days. 

5.2.2 Echocardiography 

Anaesthesia was induced with 4% isofluorane gas (Isoflo, Abbott Laboratories, USA) 

with oxygen at 1.5 L/min and maintained via facemask with 0.5-1% isofluorane 

with 1.0 L/min oxygen. On a warmed heat pad, chest hair of mice was shaved and 

their body temperature was monitored and maintained at 37 °C with a rectal 

thermometer and the feedback-controlled heat pad. Mice were placed in a left 

lateral oblique position and warmed echo gel was applied on their chest and 

echocardiography obtained with a 15 MHz paediatric probe (Acuson Sequoia 512, 

Siemens UK). The two-dimensional LV long-axis view was obtained by placing the 

probe along the long-axis and then the LV short-axis view was obtained by rotating 

the probe clockwise by 90. The LV M-mode echocardiography was recorded from 

the short-axis view at the papillary muscle level. After scanning the echo gel was 

removed and the mice were recovered on the heat pad with oxygen supply before 

being returned to the cage.  

5.2.3 Pressure-Volume loop measurements 

Mice were anesthetized, endotracheally intubated, artificially ventilated and 
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body temperature maintained as described above. The PV loop measurement was 

performed using a closed chest surgical approach. A 1.2F 4.5 mm spaced PV 

catheter was inserted into the RCA in order to enter the LV chamber through the 

ascending thoracic aorta. The intra-LV pressure and volume were measured and 

PV loops were generated by plotting the pressure against the volume. These PV 

loop measurements were recorded with the ADVantage Pressure-Volume System 

(ADV500, Transonic). 

5.2.4 Organ harvest and weighing  

Mice were weighed and killed complying with the Schedule 1 method (cervical 

dislocation). The heart was excised and washed in ice-cold normal saline. Excess 

tissue was trimmed off. Aortas were cut transversely and cannulated with an 

aortic cannula attached to a syringe. The heart was perfused retrograde with 5 

mL ice-cold normal saline to rinse out blood from the chambers and vessels. Hearts 

were weighed and stored. Lungs and liver were removed, blotted dry and then 

weighed but not stored. The mouse tibia length was measured for normalisation 

of organ weights. The heart, lungs and liver were weighed using a precision 

electronic balance (precision 0.00001g). 

5.2.5 Measurement of infarct size by Sirius red staining  

The hearts were fixed in 10% neutral buffered formalin (CellPath, U.K.) for a 

minimum of 24 hour before embedding into wax blocks. Each heart was sliced 

parallel to the long axis of the heart every 250 µm to produce serial sections until 

the aorta level was reached. The sections were stained with Sirius red (detailed 

protocol is described in Chapter 2). An EVOS digital microscope was used for 

photography. Images obtained were analysed using Adobe Photoshop (Adobe, USA) 

software, by which the infarct size of the post IR injury heart was measured with 

a pixel based approach and the number of pixels in LV area and red scar area were 

measured from all sections, respectively. The IR infarct size was calculated by 

dividing the sum of scar pixels from all sections by the sum of all LV pixels from 

all sections of the same heart. 

5.2.6 Data recording and statistical analysis 
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Echo images were captured by the echo machine and analysed offline using ImageJ. 

PV loop data was recorded at a sampling rate of 1KHz and analysed offline using 

LabScribe2.0 software. Raw data in this thesis are expressed as mean ± SEM. 

Comparisons between MI and sham groups were performed using the Student’s t 

test. Comparisons between more than two groups were conducted using ANOVA. 

In cases where the two control groups were combined, comparison was performed 

between the data of Runx1Δ/Δ mice and the pooled data of the two control groups 

using the Student’s t test. 

5.3 Results 

5.3.1 Echocardiographic assessment of cardiac function in Runx1Δ/Δ 

mice post MI  

One week after tamoxifen injection i.p., MI was induced in Runx1 deficient mice 

(Runx1Δ/Δ MI mice), as well as two control groups (Runx1fl/fl MI mice and Runx1wt/wt 

MI mice). Runx1Δ/Δ sham mice were undergone sham surgical procedures without 

the ligation of right descending coronary artery. Figure 5-1 shows the cardiac 

contractile function (measured by fractional shortening, of which the higher value 

indicates better cardiac function) recorded by M-mode echocardiography 

immediately prior to MI and every other week thereafter till 8 weeks. Fractional 

shortening decreased post MI in both control groups (i.e. Runx1fl/fl MI and 

Runx1wt/wt MI mice). By contrast, Runx1Δ/Δ mice demonstrated significantly 

preserved fractional shortening, of which the mean value of fractional shortening 

was 158% of that of the control groups at 8 weeks post MI (39.5 ± 0.7% vs. 24.9 ± 

1.9%; P < 0.05; Figure 5-1A and B). Runx1Δ/Δ sham mice showed no change in 

fractional shortening during the equivalent 8-week time course post-surgery. 

There was no significant difference in fractional shortening between the Runx1Δ/Δ 

sham mice and Runx1Δ/Δ MI mice after surgery until at 8 weeks, when Runx1Δ/Δ MI 

mice had lower value of fractional shortening but still higher than that of control 

mice (Figure 5-1B).   

At two weeks post MI, Runx1Δ/Δ mice showed smaller LV internal dimension 

measured at systole (LVIDs), of which the mean value was 77% of that of the two 

control groups post MI (2.5 ± 0.2 mm vs. 3.3 ± 0.1 mm; P < 0.05) (Figure 5-1B). 

The LVID measured at diastole (LVIDd) indicated that the hearts of Runx1Δ/Δ MI 
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mice and both control groups dilated at the level of the infarct border zone albeit 

to a lesser degree in Runx1Δ/Δ MI mice (Figure 5-1C). Runx1Δ/Δ sham mice 

demonstrated no change in either LVIDs or LVIDd during the equivalent 8-week 

time course post-surgery (Figure 5-1C and D). 
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Figure 5-1. Cardiac function assessed by echocardiography in Runx1Δ/Δ 

mice. (A) Typical M-mode images (scale bar: x = 0.1 s; y = 2 mm). (B) Mean 

data obtained from an 8 wk study of control Runx1fl/fl MI and control 

Runx1wt/wt MI mice combined (n = 11), Runx1Δ/Δ MI mice (n = 9) and Runx1Δ/Δ 

sham mice (n = 5) (# P < 0.05 Runx1Δ/Δ MI mice vs. Runx1Δ/Δ sham mice and 

* P < 0.05 Runx1Δ/Δ mice vs. control Runx1fl/fl MI and control Runx1wt/wt MI 

mice combined) for Fractional shortening and (C) LVIDs, (D) LVIDd, (E) 

LVPWs and (F) LVPWd. 
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5.3.2 Echocardiographic assessment of cardiac structure in Runx1Δ/Δ 

mice post MI  

As a result of the cardiac remodelling process, LV posterior wall thickness during 

systole (LVPWs) measured at the border zone level of the control group (Runx1fl/fl 

and Runx1wt/wt) thinned at 2 weeks post MI. By contrast, Runx1Δ/Δ MI mice 

displayed preserved wall thickness that was 164% of control groups (Runx1fl/fl and 

Runx1wt/wt) at 8 wk post MI (2.07 ± 0.14 vs. 1.27 ± 0.06 mm; P < 0.05; Figure 5-

1D). Similarly, patterns of wall-thickness changes during diastole was consistent 

with those during systole in both Runx1Δ/Δ MI mice and control mice at 8-week post 

MI (Figure 5-1E). The wall-thickness data were confirmed at diastole 8 wk post MI 

(Figure 5-1F). 

5.3.3 Blinded echocardiographic assessment of Runx1Δ/Δ mice post 
MI  

A separate blinded study was performed to repeat the measurements and verify 

the robustness of data at the 2 wk time-point, where I was blinded to the 

genotypes during surgery and echo measurements (Figure 5-2A-E). Results of the 

echocardiography measurements of contractility and wall-thickness at the 2 week 

time point in this blinded study was consistent with those in the echocardiography 

study described above.  
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5.3.4 Organ weights in Runx1Δ/Δ mice post MI  

Heart, liver and lung were harvest at 8-week post MI. These organs were weighed 

and normalised by body weight and tibial length, respectively. Runx1Δ/Δ MI mice (n 

= 9) demonstrated an increase of heart weight compared with that of Runx1Δ/Δ 

sham mice (n = 5) with normalisation by tibial length (83 ± 4 vs. 67 ± 2 mg/mm; P 

< 0.05; Figure 5-3A). However, there was no significant difference in heart weight 

when normalized to body weight (Figure 5-3B). No significant difference was 

found in liver and lung weight (Figure 5-3C, D).  

 
 

Figure 5-2. Cardiac function assessed by echocardiography in Runx1Δ/Δ 

mice (blinded study). 2 wk post MI blinded study (control 2 wk post MI 

blinded-study (control Runx1fl/fl MI (n = 8), control Runx1wt/wt MI (n = 11) and 

Runx1Δ/Δ mice MI (n = 7)) for the following functional parameters: (A) 

Fractional shortening, (B) Left ventricular internal diameter at systole 

(LVIDs), (C) LVID at diastole (LVIDd), (D) LV posterior wall thickness at systole 

(LVPWs), (E) LVPW thickness at diastole (LVPWd). 
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5.3.5 PV loop assessment of Runx1Δ/Δ mice post MI 

An LV intraventricular pressure volume (PV) loop was utilized to assess the luminal 

volume of the Runx1Δ/Δ MI mice and the control mice in vivo in a separate study 

at 2 weeks post MI (Figure 5-4A). A proportion of the PV loop measurement were 

performed by Caroline Fattah. The end diastolic volume (EDV) in the Runx1Δ/Δ MI 

mice was decreased to 82% of that in the control mice (Runx1fl/fl and Runx1wt/wt), 

indicating reduced LV dilation (36.3 ± 3.00 μL vs. 44.5 ± 2.47 μL; P < 0.05; Figure 

5-4A and C). The end systolic volume (ESV) in Runx1Δ/Δ MI mice was decreased to 

54% of that of the control mice, showing a greater level of emptying of LV blood 

volume (12.9 ± 2.98 μL vs. 23.7 ± 2.51 μL; P < 0.05; Figure 5-4A and D). This 

leftward shift in the PV loop in the Runx1Δ/Δ MI mice resulted in an increased 

ejection fraction (EF) that was 138% of the control mice (66.3% ± 5.69% vs. 48.0% 

± 3.18%; P < 0.05; Figure 5-4A and B) 

 

 
 

Figure 5-3. Organ weights post MI in Runx1Δ/Δ mice. Mean weight data 

obtained from the 8 wk study of control Runx1fl/fl MI and control Runx1wt/wt 

MI mice combined (n = 11), Runx1Δ/Δ MI mice (n = 9) and Runx1Δ/Δ sham mice 

(n = 5) (* P < 0.05) for the following ratios: (A) Heart weight to tibial length, 

(B) Heart weight to body weight, (C) Liver weight to body weight, and (D) 

Lung weight to body weight.  
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5.3.6 Echocardiographic assessment of Runx1Δ/Δ mice post IR injury 
injury 

Next, it was tested whether Runx1Δ/Δ mice maintain preserved LV contractile 

function in a model of ischemia with IR injury. Fractional shortening decreased in 

control Runx1fl/fl mice post IR injury injury (Figure 5-5A and B). By contrast, 

Runx1Δ/Δ mice exhibited significantly preserved fractional shortening, which was 

154% of control Runx1fl/fl mice at 8 weeks post IR injury injury (42.7 ± 1.5% vs. 

27.7 ± 2.13%; P < 0.05; Figure 5-5A and B). Infarct size did not differ between 

Runx1Δ/Δ mice and Runx1fl/fl 8 weeks post IR injury injury (Figure 5-5C).  

 
 

Figure 5-4. Cardiac function assessed by intraventricular pressure-volume 

(PV) loops in Runx1Δ/Δ mice. (A) Typical PV loops of control Runx1wt/wt and 

Runx1Δ/Δ mice at 2 wk post MI. Mean PV data obtained from a 2 wk post MI 

study of control Runx1fl/fl MI and control Runx1wt/wt MI mice combined (n = 11), 

Runx1Δ/Δ MI mice (n = 8) for the following functional parameters: (B) Ejection 

fraction, (C) End diastolic volume (EDV) (D) End systolic volume (ESV). 
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5.4 Discussion  

5.4.1 Runx1 deficiency preserved cardiac contractility following 
myocardial infarction 

The current study shows that Runx1-deficient mice had preserved contractile 

function post MI which is presented as higher value of fractional shortening, 

smaller LVIDs, smaller ESV and increased ejection function as compared to control 

mice. The Runx1-deficient mice also exhibited a smaller diastolic LV volume (LVIDd 

and EDV) and thicker LV wall compared with control, which suggests that the 

characteristics of eccentric hypertrophy were present in control mice but absent 

 
 

Figure 5-5. Cardiac function in Runx1Δ/Δ mice after IR injury. (A) Typical M-

mode echocardiographic images of control Runx1fl/fl and Runx1Δ/Δ mice at 0, 4 

and 8 wk post IR injury (scale bar: x = 0.1 s; y = 2 mm). (B) Mean 

echocardiographic fractional shortening data obtained from an 8 wk study of 

control Runx1fl/fl IR mice (n = 9) and Runx1Δ/Δ IR mice (n = 8) [* P < 0.05 Runx1Δ/Δ 

mice vs. control Runx1fl/fl]. (C) Mean infarct size (control Runx1fl/fl IR mice [n 

= 9] and Runx1Δ/Δ IR mice [n = 7]). 
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in Runx1-deficient mice post MI. The heart weight was heavier in Runx1-deficient 

MI mice than that of Runx-deficient sham mice, indicating that reducing Runx1 

function might not completely prevent hypertrophy post MI. However, the cardiac 

function post MI is persistently preserved as long as 8 weeks without transition to 

systolic heart failure. Furthermore, Runx1-deficient mice also showed preserved 

cardiac function upon ischaemia-reperfusion injury. 

MI has taken the place of hypertension or valvular diseases to become the most 

common cause of heart failure (Gheorghiade and Bonow, 1998). Loss of 

cardiomyocytes post MI induces profound alterations of LV architecture, such as 

scar formation, ventricular dilatation, and hypertrophy of the surviving 

cardiomyocytes (Cohn et al., 2000). Adverse LV remodelling mediated by 

biomechanical stress and humoral growth factors post MI is a major cause of heart 

failure (Mann, 1999, Force et al., 2002). LV remodelling post MI includes infarct 

expansion and hypertrophy of remote non-infarcted myocardium, fibrosis 

formation, LV dilatation, deterioration of cardiac function and progression to heart 

failure (Pfeffer and Braunwald, 1990, Braunwald and Pfeffer, 1991, Sutton and 

Sharpe, 2000). At the cellular level, the maladaptive hypertrophy of the remote 

myocardium includes progressive cell lengthening without a proportional widening 

of the cell (Zimmer et al., 1990, Gerdes et al., 1992). The mechanism and 

pathophysiological process in post MI remodelling and hypertrophy, and the 

progression to heart failure is not fully understood but does involve modulation at 

the cellular level including altered contractile function and gene expression. 

Runx1 gene is known to regulate lineage differentiation and function within the 

hematopoietic system. In 2011, Kubin et al. (Kubin et al., 2011) reported that 

Runx1 is activated in BZ cardiomyocytes in mice 3 wk post MI. This indicated that 

Runx1 gene might play a role in post MI remodelling. This leads to the investigation 

of the Runx1 mRNA and protein levels by our group, and we found that Runx1 

mRNA and RUNX1 protein levels are increased at 3-4 wk and 8 wk post MI time 

points within the BZ myocardium (unpublished data). Additionally, our group has 

demonstrated that Runx1 expression is sustained until at least 8 wk post MI, at 

which time point Runx1 expression is also increased within the remote LV 

myocardium (unpublished data). This detailed quantification of Runx1 expression 

levels enabled our group to show a substantial inverse correlation between Runx1 
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expression level in myocardial tissue and the ability of cardiac contractility and 

relaxation. This relationship is important because changes in Runx1 expression 

post MI not only occur in rodent models but also occur in humans as Gattenlöhner 

et al. (Gattenlohner et al., 2003) have demonstrated that RUNX1 is upregulated 

in the heart at the mRNA and protein level in patients with ischemic heart disease. 

To investigate the role of Runx1 in the inverse correlation between Runx1 

expression level and cardiac function, models of MI and IR within tamoxifen-

inducible cardiomyocyte-specific Runx1 deficiency transgenic mice were utilised 

in this study. Induction of MI in control transgenic mice led to reduced contractility 

8 wk post MI; however, the cardiac contractile function was preserved in Runx1 

deficient mice at this time point. The data were confirmed in a blinded study 

where I was blinded to the genotype of the mice during the surgery and functional 

measurements. Although reduced infarct size can be a possible explanation for 

the preservation of cardiac function as previous studies have shown that the 

infarct size correlated with systolic function (Takagawa et al., 2007), our analysis 

has shown no significant difference in infarct size or fibrosis between Runx1 

deficient mice and the control mice post MI (unpublished data). The 

echocardiography and PV loop data also provided information related to cardiac 

remodelling including LV wall thickness and cardiac dilation. Control mice 

demonstrated the characteristics of eccentric hypertrophy such as LV wall thinning 

and cardiac dilation at 8 wk post MI; however, these characteristics were absent 

in Runx1 deficient mice. WGA staining performed on the heart slides from the MI 

mice (I induced) showed cardiomyocyte lengthening and thinning in control mice 

at 8 wk post MI, and an absence of these changes in Runx1 deficient mice (Katrin 

Nather and Dr. Christopher Loughrey, unpublished data). These data indicated that 

post MI eccentric hypertrophy was prevented by Runx1 deficiency, finally leading 

to preserved contractile function. In the clinical setting, patients with MI normally 

receive reperfusion therapy such as PPCI. Therefore, we further tested the cardiac 

function in Runx1 deficient mice with our IR mice which has additional clinical 

relevance. We found that Runx1 deficiency also showed a beneficial effect on 

cardiac function post IR injury injury. The IR injury data further support the MI 

data and implicates the translational potential of targeting Runx1.  
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5.4.2 Runx1 deficiency regulates cardiac function post MI via 
modulating cardiac calcium handling 

At cellular level, the contractile function of cardiomyocyte is regulated by EC 

coupling which is modulated by calcium handling. To establish the mechanism 

underlying the beneficial effects on cardiac function, I induced MI in Runx1 

deficient mice and Dr. Charlotte McCarroll investigated calcium handling in 

cardiomyocytes isolated from these mice at 2 wk post MI. At the 2 wk post MI time 

point, we found the contractility of isolated cardiomyocytes was significantly 

improved in Runx1 deficient mice, however, the wall thickness in Runx1 deficient 

mice was comparable to that of the control mice. This indicated that regulation 

of cardiac function post MI happened before progression to eccentric hypertrophy. 

The fluorescence based calcium imaging technique allowed us to investigate the 

calcium release from the intra-cardiomyocyte calcium store (the SR) by the 

calcium transient induced by electrical stimulation and subsequent cell shortening. 

MI typically leads to calcium transients with lower amplitude and a slower rate of 

decay than control or healthy cardiomyocytes in patients and animals. These 

changes of the calcium transients are largely attributed to reduced SR-mediated 

calcium uptake through SERCA (Piacentino et al., 2003). We found that Runx1 

deficient mice post MI had increased Ca2+ transient amplitudes and a reduced time 

of [Ca2+]i decline as compared to control mice post MI. These changes in calcium 

transient amplitude paralleled an increased cell shortening. The enhanced 

calcium transient amplitude in Runx1 deficient mice post MI can be explained by 

higher SR calcium content (Elliott et al., 2012, Trafford et al., 2000). The caffeine-

induced calcium transient showed no detectable change in NCX activity in Runx1 

deficient mice post MI as compared to control mice post MI, while enhanced SR-

mediated calcium uptake through SERCA was observed in the Runx1 deficient mice 

post MI. SERCA activity is a major determinant of the SR calcium content, which 

is regulated by the inhibitory protein phospholamban (PLB). Although expression 

of PLB was not altered in Runx1 deficient mice post MI, we found PKA-mediated 

phosphorylation of PLB increased, and this change was possibly due to reduced 

levels of PP1. PLB-mediated inhibition of SERCA is controlled through 

phosphorylation by PKA and CaMKII (which relieves inhibition of SERCA) and 

dephosphorylation by PP1 (which returns PLB to an inhibitory state (Haghighi et 
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al., 2014)). Therefore, these findings suggest that PLB phosphorylation stimulates 

SERCA activity in Runx1 deficient mice post MI, and results in increased calcium 

content, which in turn increases SR-mediated calcium release induced by 

electrical stimulation and thus leading to increased cardiomyocyte contraction. 

This mechanism was supported by the complete blockade of the enhanced calcium 

transient in cardiomyocytes from Runx1 deficient mice at 2 wk post MI by 

inhibition of PKA. The increased rate of removal of calcium from the cytosol 

following enhanced SERCA activity is sufficient to reduce the end diastolic [Ca2+]i, 

which may improve whole heart relaxation and also limit the hypertrophic 

stimulation (Kehat and Molkentin, 2010).  

The novel mechanism we identified in this study is supported by previous studies. 

We have demonstrated that Runx1 deficiency preserves cardiac contractile 

function in mice post MI via regulation of cardiac calcium handling. These findings 

are similar to previous evidence that improved SR function contributes to better 

cardiac function while reduced SR function has been observed among patients with 

HF (Piacentino et al., 2003), and enhanced SR-mediated calcium cycling 

significantly preserved contractile function with decreased adverse cardiac 

remodelling and delayed progression to heart failure (Haghighi et al., 2014, He et 

al., 2014, Fish et al., 2013, Ishikawa et al., 2014). A recent study by Zhang et al. 

demonstrated increased SR calcium uptake and increased the calcium transient 

lead to increased contractile amplitude, enhanced cardiomyocyte contraction and 

relaxation increased heart weight (Zhang et al., 2015). These changes are similar 

to our findings as heart weight increased post MI in Runx1 deficiency mice with 

enhanced SR function. The increase of heart weight might be a condition of 

physiological hypertrophy after the cell loss post MI as increased contraction and 

relaxation were observed in cardiomyocyte post MI and persistent preserved LV 

contractile function was exhibited over 8 weeks post MI in our experiment.  

In conclusion, I have produced essential phenotypic characterisation of post MI 

Runx1 deficient mice which has been critical in leading subsequent experiments 

performed by other members of the group to understand how Runx1 deficiency 

improves cardiac function post MI. In this study, I have demonstrated that Runx1 

deficiency leads to preserved cardiac contractile function post MI. The improved 

contractility is driven by a novel mechanism we identified in which Runx1 
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regulates cardiac SR calcium uptake through modulation of phospholamban 

phosphorylation. In addition, the Runx1 deficient mice limited eccentric 

hypertrophy post MI. As demonstrated by clinical studies, preserving cardiac 

contractile function and preventing adverse cardiac remodelling are important 

factors to limiting progression to heart failure post MI (Konstam et al., 2011). The 

Runx1 deficiency mediated improvement of contractile function post MI may have 

therapeutic potential and clinical implications.   
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6.1 Establishing an in vivo mouse model for investigation 

of potential therapies targeting MI and cardiac IR injury 

In recent decades, the application of PPCI technique has become the fundamental 

strategy to treat MI by reperfusion of the ischaemic myocardium (Keeley and Hillis, 

2007). The application of PPCI enables salvaging the injured myocardium by 

restoring the blood flow to the ischaemic area and thereby has led to an increased 

survival rate in patients undergoing MI (Keeley and Hillis, 2007). However, although 

a larger proportion of patients can survive from MI with the PPCI treatment, the 

substantial left ventricular (LV) injury caused by prolonged ischaemia leads to a 

later risk of developing heart failure (Minicucci et al., 2011). Therefore, post MI 

heart failure has become a frequent complication of MI and is associated with 

extremely high mortality rates (Minicucci et al., 2011). Novel therapies which can 

limit progression to heart failure post MI are urgently required. To achieve this 

object, treatments can be applied to two phases in MI patients undergoing PPCI. 

The first phase is in the acute MI phase, where targeting IR injury during PPCI may 

reduce infarct size and thus improve cardiac function. The second phase is in the 

chronic stage of post MI remodelling, where therapies targeting the adverse LV 

remodelling may prevent progression to heart failure. In this thesis, two potential 

therapeutic strategies, targeting IR injury or post MI remodelling (albeit 

immediately post MI rather than chronic stage), were both investigated by using 

in vivo mouse models of MI and IR injury.  

In vivo mouse models have two particular advantages for investigation of new 

therapeutic targets. The first advantage is that mouse models can reduce the cost 

when testing expensive biochemical compounds due to the relatively smaller 

quantities of drug for a small species compared to larger species. Although the 

price of most biochemical drugs can be reduced after industrialised production, 

at the stage of laboratory research their price is extremely high, such as the 

cathepsin-L inhibitors used in current study. Secondly, the widespread availability 

of knockout and transgenic mice provides tools for investigating the genetic basis 

of the diseases and therapies. However, due to the small size of mice, the surgical 

procedures for MI and IR models are complex and challenging and require 

experienced microsurgical techniques to be acquired in order to generate high 
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quality models of MI and IR with a good survival rate. The IR model has more 

clinical relevance than MI as it mimics the PPCI treatment post MI. However, 

induction of IR is much more difficult than MI due to the prolonged duration of the 

open chest operation and death due to reperfusion arrhythmias. In the current 

study, I have learnt the mouse models of MI and IR injury, and successful 

established these models. The survival rate was increasing during my PhD study as 

I have become increasingly experienced, and I have reached my highest monthly 

survival rate, which was 100%, in July 2015 (26 mice all survived post open-chest 

surgery). In addition, this was the first time the IR injury mouse model was used 

in the laboratory. I have also learnt the techniques to characterise the cardiac 

function using echocardiography and PV loops, and I have successfully applied 

these techniques into my MI and IR injury models. The high quality mouse models 

I induced and characterised in this study were used not only to independently 

determine the therapeutic effects of two novel targets as demonstrated in this 

thesis but also to generate MI and IR injury heart tissue which was important for 

experiments performed by other lab members to further explore underlying 

mechanisms of action.  

6.2 The cathepsin-L inhibitor CAA0225 protected against 

IR injury 

While restoring blood flow via PPCI salvages the cells within the ischaemic area, 

reperfusion of this area also leads to IR injury, which paradoxically causes 

additional cell death with cardiac dysfunction (Hausenloy and Yellon, 2016). 

Currently there is no reliable therapy for IR injury, therefore discovering novel 

treatment which can effectively prevent IR injury is of great benefit to MI patients 

undergoing PPCI (Hausenloy and Yellon, 2016). In the current study, a potential 

therapeutic target, cathepsin-L, was investigated by using a cathepsin-L inhibitor 

CAA0225 in both ex vivo rat isolated heart model and in an in vivo mouse model 

of IR injury. Both models demonstrated that the beneficial effects of cathepsin-L 

inhibitor CAA0225 on improving cardiac function and reducing infarct size against 

IR injury. A limitation of this study is that we did not show what degree cathepsin-

L activity was inhibited in vivo, therefore the degree of cathepsin-L inhibition in 

various organs at different time points post MI and IR injury when using the 
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inhibitor will be investigated in future study. 

Recent studies demonstrated that cathepsins play a functional role following MI 

and inhibition of cathepsin activity by using specific inhibitors exhibited promising 

beneficial effects. A study performed by Liu et al. demonstrated that application 

of the cathepsin-B inhibitor CA074Me can significantly attenuate cardiac 

dysfunction in a rat MI model by inhibiting NLRP3 activation (Liu et al., 2013). A 

recent study by Petrera et al. found that the cathepsin-A inhibitor SAR1 protects 

against post MI heart failure in mice (Petrera et al., 2016). In contrast, Sun et al. 

demonstrated that cathepsin-L is involved in post MI remodelling as cathepsin-L 

knockout mice demonstrated scar dilatation, wall thinning and worse cardiac 

function post MI (Sun et al., 2011). However, it’s important to note that the 

patterns of cathepsin-L deficiency are different between knockout mice and 

inhibitor inactivation, because in the cathepsin-L knockout mice the deficiency is 

persistent from birth while using an inhibitor means the inhibition is highly likely 

to be partial and temporary. As cathepsin-L is a key member of the lysosomal 

protease family (Lutgens et al., 2007), the pathophysiological changes of 

lysosomal function in response to IR injury should be considered to be one of the 

underlying mechanisms and needs to be explored in future studies.  

The key function of the lysosome is degradation of intracellular proteins and 

organelles (Turk et al., 2000, Lutgens et al., 2007). An intracellular degradative 

process mediated by the lysosome is known as autophagy which occurs in healthy 

myocardium but it can substantially increase in response to injury such as 

ischaemia (Yan et al., 2005). Autophagy can act in a recycling pathway to trigger 

cell death in the absence of nutrients or in a quality-control pathway to eliminate 

damaged organelles (Tooze et al., 2014). Lysosomes and autophagosomes were 

observed in necrotic cardiomyocytes within the infarcted area post MI (Kanamori 

et al., 2011). This indicates that autophagy is activated and function within the 

ischaemic area in response to ischaemia, and autophagic cell death may be the 

outcome of ischaemic damage. Evidence showed that autophagy was enhanced 

and had beneficial effects against MI (Matsui et al., 2007, Gurusamy et al., 2009), 

however, during IR injury the role of autophagy is controversial as protective (Yan 

et al., 2005) and detrimental effects (Valentim et al., 2006, Matsui et al., 2007) 

were observed in different studies respectively. These controversial findings 
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(Matsui et al., 2007, Gurusamy et al., 2009) (Yan et al., 2005) (Valentim et al., 

2006, Matsui et al., 2007) suggest that there may be a balance in regulation of the 

autophagy process following IR injury, a certain level of autophagy may be 

protective but excessive autophagy may lead to autophagic cell death. This 

hypothesis will be investigated in my future work. Given that autophagy is 

mediated by lysosomal degradation and cathepsin-L is the key member of 

lysosomal proteases, during the autophagy process in response to IR injury, 

cathepsin-L may be released from lysosomes into the cytosol (by increased 

lysosomal membrane permeability) and extracellular spaces (by lysosomal 

exocytosis), leading to subsequently cardiac dysfunction and cell death.  

A potential pathway of intracellular cathepsin-L is activation of NLRP3 

inflammasome. Recent evidences demonstrated that cathepsin-B and cathepsin-L 

are released into cytosol through lysosomes in atherosclerosis and type 2 diabetes, 

causing inflammasome activation, and inhibition of cathepsins prevents the NLRP3 

inflammasome activation (Masters et al., 2010, Masters et al., 2011, Guo et al., 

2015, Duewell et al., 2010). This evidence suggests that the intracellular 

cathepsin-L released from lysosomes in IR injury may initiate inflammation via 

NLRP3 inflammasome activation and thereby cause cardiac dysfunction and 

deteriorate injury, and the beneficial effects of cathepsin-L inhibition in IR injury 

by using CAA0225, as demonstrated in this thesis, may be related to the NLRP3 

inflammasome activation. This hypothesis can be investigated in the future by 

testing if NLRP3 inhibitors show similar effect of CAA0225 and if CAA0225 loses its 

beneficial effects in NLRP3 knockout mice during IR injury. 

6.3 Runx1 deficiency preserved cardiac function and 

prevented dilation post MI  

Although the application of PPCI has successfully increased the survival rate in 

patients with MI, the patients surviving from the acute MI facing a later risk of 

progression to post MI heart failure which leads to extremely high mortality 

despite optimised medical interventions (Roger, 2013, Chen et al., 2013). 

Therefore, developing effective therapies to prevent post MI heart failure is 

urgently required. In this thesis, I have demonstrated the functional role of Runx1 

in post MI remodelling and found Runx1 deficiency led to preserved cardiac 
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contractile function post MI with limitation of cardiac LV dilation. The preserved 

cardiac function in Runx1 deficient mice is likely to be regulated at the cellular 

level via a number of process including increased cellular contractility via 

enhanced SERCA function. SERCA activity is a major modulator of intracellular 

calcium handling in cardiomyocytes and thereby regulates cellular contraction and 

relaxation. Although we have found that increased SERCA activity parallels PLB 

inhibition and reduced PP1, whether there are direct links between Runx1 

deficiency and PP1 is currently unclear and needs further investigation.  

One limitation of this study is that using the conditional knockout technology the 

Runx1 cannot be switched back on once it has been knocked out. The Runx1 

knockout is beneficial for an 8-wk period post MI, however, increased contractile 

function can sometimes be a double-edged sword as persistent increased 

contraction has a risk to cause concentric hypertrophy (Katholi and Couri, 2011), 

which may subsequently progress to heart failure. However, the risk of concentric 

hypertrophy may be avoided by adjusting the level and duration of Runx1 

deficiency. Therefore, the translational application of Runx1 deficiency requires 

further investigating, in particular to determine the optimum level and duration 

of Runx1 deficiency. To achieve this goal, clinically applicable approaches, such 

as viral vectors delivering interfering RNA or pharmacological Runx1 inhibitors (e.g. 

Ro5-3335 (Cunningham et al., 2012)), can be utilized to search for the best 

condition for the Runx1 deficiency therapy and to achieve the best outcome for 

the treatment of post MI heart failure.  

6.4 Future work 

In my future career, I will continue working on novel targets for MI and IR injury. 

I will fully support my supervisor Dr. Christopher Loughrey for his future work on 

the cathepsin-L and Runx1 projects and I will also start to investigate other 

potential targets. As I have started my postdoc at Virginia Commonwealth 

University, the group with which I am currently working with has found that 

coronary arteritis can increase lysosomal membrane permeability and trigger 

release of lysosomal cathepsin-B into the cytosol in coronary arterial endothelium 

and also that treatment with the cathepsin inhibitor CA074Me can inhibit 
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endothelial inflammasome activation in a murine model of coronary arteritis 

(Chen et al., 2015). As I have demonstrated the beneficial effect of the cathepsin-

L inhibitor CAA0225 on IR injury in this thesis and as discussed the underlying 

mechanism may be related to lysosomal dysfunction and NLRP3 inflammasome 

activation. This evidence will inform my future work on investigation of NLRP3 

inflammasome activation during IR injury. I will investigate the hypothesis that 

the NLRP3 inflammasome activation contributes to tissue inflammation during IR 

injury and I will explore the underlying mechanisms by using NLRP3 and ASC 

knockout mice and NLRP3 inhibitors with my MI and IR injury mouse models. 

Meanwhile, I will also test the effects of some pharmacologic compounds such as 

short chain fatty acid (SCFA) on IR injury during my postdoc at Virginia.  
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