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ABSTRACT 

Multiple studies have demonstrated that proteases, specifically cathepsin B (Cat B) and 

matrix metalloproteinase-9 (MMP-9) contribute to the remodeling of the extracellular 

matrix (ECM), a hallmark of cardiac hypertrophy (CH). Cat B is activated under acidic 

conditions, a key stimuli of the Na+/H+ exchanger isoform-1 (NHE1). Enhanced NHE1 

expression/activity have also been demonstrated to contribute to the progression of CH. 

Whether NHE1 contributes to the Cat B hypertrophic response remains unclear. NHE1 

activity was stimulated in H9c2 cardiomyoblasts using 10 µM Angiotensin (Ang) II 10 

µM EMD, a NHE1 inhibitor or 10 µM CA-074Me, a Cat B inhibitor and characterized for 

changes in the cell surface area, protein content and atrial natriuretic peptide (ANP) 

mRNA, indices of cardiomyocyte hypertrophy. The localization of Cat B in lysosomes was 

measured using LysoTracker Red dye. The release of Cat B from the intracellular to the 

extracellular space was assessed by measuring Cat B protein expression in the media. 

MMP-9 was also measured in the extracellular space and assessed for its contribution to 

the CAT B hypertrophic response. NHE1 increased the Cat B protein (136.56  9.4% Ang 

II vs. 100% control, 37 kDa and 169.84  14.24% Ang II vs. 100% control, 25 kDa; P<0.05) 

and gene expression (288.11  76.72% Ang II vs. 100% control; P<0.05) and induced 

cardiomyocyte hypertrophy. Furthermore, Cat B protein expression and MMP-9 activity 

were increased in the extracellular space. These effects was regressed upon inhibition of 

NHE1 or Cat B. Our study demonstrates for the first time that Cat B is involved in the 

NHE1 mediated cardiomyocyte hypertrophic response in cooperation with the activation 

of MMP-9.   
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Chapter 1: INTRODUCTION 

1.1 Cardiac Remodeling 

The World Health Organization predicts that by 2030, 23.3 million people can die of 

cardiovascular pathologies with heart failure being the leading cause of death amongst 

them, with the highest increase occurring in the Middle East (1, 2). Over the past three 

decades, the national burden of disease in the population of Qatar has shifted dramatically. 

A recent study has shown that ischemic heart disease is a primary cause of death in Qatar 

(3). Hence, heart failure is a serious health problem that needs to be addressed immediately. 

The key pathophysiological process that ultimately leads to heart failure is cardiac 

remodeling which occurs in response to various cardiovascular pathologies such as cardiac 

hypertrophy (CH), hypertension, and myocardial infarction (MI) if left untreated (4, 5). 

Cardiac remodeling occurs as a result of unbalanced and uncontrolled activity of 

extracellular matrix (ECM) components. Myocardial remodeling is characterized by 

intrinsic changes of the cardiomyocyte and the interstitium such as reorganization of 

myocytes, increased collagen deposition, increased fibrosis, changes in intercellular matrix 

components as well as enlargement of the cardiomyocytes, and is one of the major 

mechanisms that lead the heart to failure (3, 4). Components of the ECM including 

cathepsin (Cat) cysteine proteases and matrix metalloproteinases (MMPs) have a central 

role in ECM remodeling and have been implicated in the development and progression of 

cardiovascular diseases (CVDs). Activation of extracellular proteases and the degradation 

of the ECM, factors which contribute to the remodeling of the ECM, have been associated 

with decreased extracellular pH. A decreased extracellular pH is induced upon Na+/H+ 
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exchanger isoform 1 (NHE1) activation. The cellular interplay of components of the ECM 

and the activation of NHE1 in the setting of cardiac remodeling is the focus of this project.  

CH, one of the hall marks of heart failure, occurs as a result of uncontrolled ECM 

remodeling. Hence, knowledge about its underlying pathological process may hold a key 

to developing therapeutic strategies. 

 

1.2 Cardiac Hypertrophy 

CH is primarily characterized by the enlargement of the cardiomyocytes. It can occur 

as a result of increased work load, hormonal stimuli, and various chronic diseases like 

hypertension (6). CH can be differentiated into physiological or pathological hypertrophy. 

Factors such as increased physical exercise and pregnancy can cause physiological 

hypertrophy of the heart (7, 8). While pathological hypertrophy can be caused by increased 

blood pressure and enhanced neurohormonal activation (9). Pathological hypertrophy, if 

left untreated can eventually lead to heart failure (10). Physiological and pathological 

hypertrophy can be distinguished by the structural and molecular changes occurring. 

Pathological hypertrophy entails the activation of fetal genes such as B-type natriuretic 

peptide (BNP), atrial natriuretic peptide (ANP) and α-actin and β-myosin heavy chain 

(MHC). In addition, an increase in cell size, protein synthesis, and increased fibrosis are 

usually seen in pathological hypertrophy (11, 12). Physiological hypertrophy generally 

does not induce the activation of hypertrophic markers and does not increase the 

accumulation of myocardial collagen (13, 14). Understanding the underlying mechanisms 

of CH is of vital importance in terms of finding potential therapeutic targets.  



3 
 

 

1.2.1 Mechanisms of Cardiac Hypertrophy 

Multiple intracellular signaling pathways regulate CH. Physiological hypertrophy 

causes the activation of protein kinase B (AKT), the insulin like growth factor (IGF), and 

phosphatidylinositol 3 kinase alpha (PI3Kα) pathways (15). While pathological 

hypertrophy could be activated by the activation the calcineurin/nuclear factor of activated 

T-cells (CaN/NFAT), the mitogen activated protein kinases (MAPKs) pathway, cardiac 

specific membrane proteins, integral components of the ECM as well as G-protein coupled 

receptors (GPCRs) and receptor tyrosine kinases have also been implicated in contributing 

to pathological hypertrophy. GPCRs are widely implicated and extensively studied in 

relation to CVDs making them important targets for treatment of cardiac diseases (16). It 

is well known that GPCRs can be activated by binding of agonists such as angiotensin 

(Ang) II, catecholamines and endothelin-1 (ET-1). The activation of GPCRs leads to 

signaling via different G protein sub types (Gαs, Gαq, Gαi, Gβγ) and couples to MAPKs and 

phospholipase C or, in the case of β-adrenergic receptors, to adenyl cyclase and protein 

kinase A (17-19).  It has been demonstrated that over expression of cardiac specific Gαs 

sub unit in transgenic mice induced CH, necrosis and fibrosis upon stimulation with 

catecholamines (20, 21). This suggests that the GPCR signaling pathway plays a major role 

in the cardiac hypertrophic response and could hold the key to its prevention and treatment.  

1.3 Extracellular Matrix  

The ECM is composed of protein such as collagens, elastin, proteoglycans, 

glycoproteins and proteolytic enzymes which are responsible for the maintaining the ECM 
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structure. The ECM functions to form a 3D network amongst the cells and tissues and 

maintains the integrity of the extracellular compartment. The ECM is highly dynamic and 

is constantly undergoing changes in order to facilitate processes such as cell proliferation, 

differentiation, and angiogenesis (22).  

Proteolytic activation and subsequent degradation of the ECM proteins are amongst the 

most important maintenance processes in the ECM. Proteases such as cathepsins and 

MMPs can cause alteration in the ECM structure. This can result in the release of 

biologically active molecules, which influence growth, migration, adhesion, and 

pathological processes (23). MMPs and serine proteases are primarily localized 

extracellularly and are active at neutral pH, hence they were traditionally thought to be the 

main players mediating extracellular proteolysis (24, 25). Whereas, lysosomal proteases 

like the cathepsins were thought to be the majorly involved in intracellular protein turnover 

due to their requirement of an acidic pH for optimal enzyme activity. However, it has been 

recently been discovered that the cathepsins can be released under pathological conditions 

whereby they can remain active in the extracellular compartment and mediate ECM 

degradation (26-30).   
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1.3.1 ECM and the Cardiac System 

The ECM is a critical component of the cardiovascular system. Controlled synthesis 

and degradation of ECM proteins is essential for maintaining the physiological state and 

functioning of the cardiovascular system. However, under pathological conditions such as 

CH and hypertension, there seems to be disturbances in the ECM. These disturbances seem 

to arise due to uncontrolled activities of proteases such as cathepsins and MMPs (31). 

Imbalance in the ECM has been shown to be the cause of many pathological conditions 

such as CVDs, tumors, osteoporosis. Hence, knowing the physiological functioning and 

the pathological changes that occur in the ECM may hold a key to unveiling underlying 

mechanisms. 

Cardiac remodeling occurs primarily as a result of abnormal activation of proteases 

such as cathepsins and MMPs, which results in an imbalance between the synthesis and 

degradation of ECM proteins, resulting in uncontrolled ECM remodeling. (32-35). A study 

reported that the levels of Cat S and K increased significantly with increasing elastolytic 

activity in the tissue extracts from the failing rat myocardium; this response was blunted 

by the broad spectrum cysteine protease inhibitor or a specific inhibitor of Cat S (36, 37). 

Moreover, active Cat S, K, and L have been shown to degrade ECM proteins, including 

laminin (38), fibronectin (39), elastin (40), and collagens (41, 42). Activation of MMPs has 

also been reported to cause left ventricular remodeling in hypertensive heart failure rats 

(43). It is well established that the various isoforms of MMPs can degrade majority of the 

ECM proteins such as various types of collagen, gelatin, fibronectin and laminin (44-47). 

Moreover, cathepsins have the ability to activate pro-MMPs as well. Together, the evidence 
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suggests that enhanced activation of cathepsins and MMPs causes uncontrolled ECM 

remodeling which results in various cardiovascular pathologies (48, 49). Much has already 

been established however, there are still significant void in the understanding their role in 

the failing heart. 

One of the ECM proteins, osteopontin (OPN), was recently shown to be elevated 

during CH (50). Moreover, transgenic mice expressing the cardiac specific active Na+/H+ 

exchanger isoform 1 (NHE1) showed up regulation of OPN mRNA expression in the heart 

compared to the control (50). It was recently shown that the activation or over expression 

of NHE1 causes the up regulation of OPN in cardiomyocytes, which contributes towards 

CH (51, 52). Moreover, NHE1 has been independently shown to induce CH in multiple in 

vitro and in vivo models (53-55) (discussed in section 1.5.3.3).  

Another ECM protein that has been shown to interact with OPN and also to contribute 

towards cardiac remodeling is CD44 (56). It is found on the cell-surface and is involved in 

cell–cell interactions, cell adhesion and migration. The CD44 is responsible for transducing 

intracellular signals in the myocardial cells (57). Moreover, a study reported increased 

expression of CD44 in the hypertrophic heart of aorta-ligated rats. Another study reported 

up regulation of CD44 in infarcted mice hearts as compared to control (58). From the above 

mentioned reports it seems that the components of the ECM play an important role in the 

cardiac remodeling processes, hence the need to further investigate them. Proteases such 

as cathepsins and MMPs have been suggested to play a major role in causing an imbalance 

in the synthesis and degradation of the ECM. Hence, understanding them may hold a key 

to understanding the underlying pathological processes.  
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1.4 Proteases   

Proteases represent about 1 to 4 % of the genes per genome that have been 

sequenced till date and are found in all living forms (59). They are enzymes that are 

involved in the catabolism of unwanted or damaged proteins by hydrolyzing the peptide 

bonds between the amino acids that form them. The hydrolysis of the peptide bonds can be 

executed as a result of the endo and exopeptidase activity of the proteases. Besides their 

primary role in the turnover of proteins, proteases have been identified to play a central 

role in many pathological process that are involved ECM degradation and cardiac 

remodeling. Amongst all proteases, cathepsins and MMPs are amongst the most 

extensively studied proteases in cardiovascular disease and remodeling.  

 

1.4.1 Classification of Proteases  

Proteases have been classified based upon their catalytic site or based upon the 

homology of their amino acids sequences or based upon the homology of their 3D structure 

(60). The human genome consists of about 670 proteases which can be classified based 

upon their site of action into MMPs (constitute about 33% of total proteases), serine (31%), 

cysteine (25%), aspartic (4%), threonine, and glutamic protease (59, 60). Since Cat B 

contains a cysteine residue within its catalytic site, it will fall under the cysteine class of 

proteases. Proteases can also be classified based upon the homology of their amino acid 

sequences to a representative member. Papain, a plant protease, has high homology to Cat 

B. Hence, Cat B is the reference protease of the papain family. Other proteases that are also 
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part of the papain like family are Cat C, F, H, K, L, O, S, V, W, and X (60). Proteases are 

also classified by the homology of their 3D structure and the arrangement of their residue 

on the catalytic site. Cat B belongs to the CA clan because of its specific arrangement with 

the cysteine and histidine residue on the active site (60).  

 

1.4.1.1 Cathepsins 

Cathepsin is derived from the Greek word katehepsin which means to digest. 

Cysteine proteases, discovered in the second half of the 20th century, are the largest sub 

family of cathepsins. They are ubiquitously expressed in all cell types and can be primarily 

found within the lysosomes, where they function to remove damaged and unwanted 

proteins. Cathepsins have been shown to be expressed by cardiomyocytes (36), 

macrophages (61), and immune cells (62).  

 

1.4.1.1.1 Isoforms and Classification of Cathepsins 

Cathepsins comprise of eleven different isoforms (Cat B, C, L, F, H, K, O, S, V, 

W, and X) (27). Cathepsins are further divided into endopeptidases (Cat F, K, L, S, and V) 

or (62) exopeptidases (Cat B, C, H, and X) based upon their cleavages sites (26, 59, 63). 

Most proteases have either endopeptidase or exopeptidase activity. However, Cat B is 

unique in this respect as it has the ability to have both activities along with having peptidyl 

dipeptidase (64) and carboxypeptidase (65) activities (59, 60). This unique property of Cat 

B has been attributed to a particular element in its structure called the occluding loop (66). 

At low pH, the occluding loop covers the active site hence limiting access of its active site 
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to polypeptides. This limits the enzyme’s endopeptidase activity but retains its dipeptidase 

and carboxypeptidase activities (67). At physiological pH, the loop uncovers the active site 

thereby granting more access to the enzyme’s active site. This allows for the endopeptidase 

activity of the enzyme (67). Owing to Cat B’s wide range of peptidase activities, it is 

capable of degrading a wide range of proteins. However, this makes Cat B an even 

dangerous protease under abnormal or pathological condition.  

 

1.4.1.1.2 Structure and Synthesis of Cathepsins 

Cathepsins have been shown to be composed of three general domains, a single 

peptide, pro region, and a catalytic domain (consisting of a heavy chain, and a light chain) 

(27, 68-70) (Figure 1.1). The single peptide, located at the N-terminal of the enzyme, is 

about 10 to 20 amino acids in length and is responsible for the translocation of the enzymes 

into the endoplasmic reticulum (ER) during messenger ribonucleic acid (mRNA) 

translation (28). The cathepsins are then moved to the acidic compartments of lysosomes 

or endosomes, through either the mannose-6-phosphate (M6P) receptor dependent or 

independent pathways. Here, the pro region is cleaved off which results in the liberation of 

the fully active form of the cathepsin which functions to get rid of unwanted proteins (71-

73). Moreover, the acidic compartments give the lysosomal cathepsins the optimum pH for 

their activity. In the case of Cat B, the pro region can be cleaved off by Cat D (aspartic 

protease) and also by self-cleavage (74-76). The pro region of different cathepsins can fall 

anywhere between 36 (Cat X) to 271 (Cat F) amino acids in length. The catalytic domain 

contains the heavy and the light chain of the enzyme and can fall anywhere between 241 
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to 260 amino acids in length. The catalytic domain contains the active site of the enzyme 

which is composed of a cysteine, a histidine, and an asparagine residue (Figure 1.1). The 

pro and the active forms of cathepsins can also be secreted into the extracellular 

compartment by exocytosis (77) (Figure 1.1).  
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Figure 1.1 A model of the cathepsin primary structure and cathepsin maturation 

processes. A. Cathepsins contains a signaling peptide, pro region, heavy chain, and light 

chain. B. The cathepsins maturation process is as follows: The single peptide is removed 

in the ER and disulfide-bound formation, followed by glycosylation of the M6P residue 

and translocation into the Golgi network. The cathepsins are then translocated into the 

endosomes or lysosomes where the pro region is cleaved off. The Ca2+-mediated organelle 

fusion and secretion into extracellular spaces can also take place from the endosomes or 

lysosomes. ER, endoplasmic reticulum; M6P, mannose-6 residue phosphorylation. 
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1.4.1.1.3 Physiological Role of Cathepsins  

Gene ablation studies have revealed that cathepsins have varied physiological 

functions which are important for many biological processes.. Their functions can be at 

most times defined by their tissue localization as in the case of Cat F, S, and K (42, 78-80) 

or general functions such as protein degradation as in the case of ubiquitously expressed 

Cat B, H, and L (81). Cat S and Cat L are involved in the processing of the MHC class II- 

associated invariant chain (78, 82). Cat K, found primarily within the osteoclasts, has been 

shown in multiple studies to be an important player in normal bone remodeling processes 

(78). Cat F, found in the macrophages, has recently been suggested to be an important 

player in the atherosclerotic process and remodeling of the intimal ECM (61). Lysosomal 

Cat, B, H and L, are primarily involved in the bulk protein degradation of proteins with in 

the lysosomes (27, 83, 84). Lysosomal cathepsins are also involved in the conversion of 

pro hormones into their active forms by cleavage of their pro peptides (85). Disturbance in 

the normal functioning of the cathepsins are thought to result in ECM imbalance and in 

turn pathological conditions such as CH (79). Cathepsins also participate in apoptosis, 

although the mechanisms are not yet clearly defined (26).  

 

1.4.1.1.4 Regulation of Cathepsins 

Cathepsins can be regulated in a number of ways, two of the most important being 

through pH changes and inhibition by their endogenous inhibitors, the cystatins (11). 

Cathepsins are primarily regulated by pH when they are localized within the lysosomes. 
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However, once they are released from the lysosomes into the cytosol or into the 

extracellular compartment, their activity is regulated by the cystatins. 

 

Regulation by pH changes 

Generally lysosomal cathepsins are optimally active at slightly acidic pH, around pH 

5,such as those found within the lysosomes (86). The lysosomes are membrane bound 

compartments which contain an acidic microenvironment. The acidic environment is 

created and maintained by pumps that are present on the lysosomal membranes called H+-

ATPase pumps. These pumps pump in H+ using ATP into the lysosomes thereby 

maintaining an acidic environment of about pH 5. This provides the cathepsins with an 

optimal pH to function. The low pH also creates a reducing environments within the 

lysosomes. This prevents the oxidation of the thiol group on the active site of the cathepsins 

and hence prevents their inactivation (59). The pH and redox status-dependent activity of 

cathepsins thus limits their proteolytic efficacy to the endosomal/lysosomal compartment. 

However, it is to be noted that not all cathepsins are optimally active at an acidic pH. Some 

cathepsins like Cat S have the ability to be enzymatically active at neutral pH as well (59). 

The activity of Cat B has been demonstrated to be optimal at an acidic pH value and 

reduced at neutral pH range (87). Cat B also shows changes with respect to its endo and 

exopeptidase activity based upon changes in pH.  Cat B shows dominant endopeptidase 

activity at lower pH values whereas it shows more dominant exopeptidase activity at higher 

pH values. This has been attributed to a special element in its structure called the occluding 

loop. At low pH, the occluding loop covers the active site hence limiting access of its active 
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site to polypeptides. This limits the enzyme’s endopeptidase activity but retains its 

dipeptidase and carboxypeptidase activities (67). At physiological pH, the loop uncovers 

the active site thereby granting more access to the enzyme’s active site. This allows for the 

endopeptidase activity of the enzyme (67). Nonetheless, it has been found that Cat B still 

retains significant proteolytic activity at neutral pH as well (88).  

 

Regulation by endogenous inhibitors 

Cystatins are further divided into intracellular cystatins (stefins A and B), extracellular 

cystatins (cystatin C), and kininogens whereby they control the activity of cathepsins under 

physiological conditions. They are competitive, reversible inhibitors of the cathepsins. 

They inhibit the activity of the cathepsins by binding on to the active site thereby blocking 

access for the substrates and hence inhibiting their activity. The cathepsin inhibitors 

important to maintain the necessary balance during physiological conditions. However, 

imbalance between the cathepsins and cystatin levels has been reported under pathological 

conditions. Decreased levels of cystatin C have been reported in human atherosclerosis and 

aortic aneurysm (89). Moreover, higher cystatin C levels have been associated with having 

a higher risk of CVDs (90). Hence, they are also thought to be important biomarkers for 

CVDs (90).    
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1.4.1.1.5 Cathepsins in Cardiovascular Pathologies  

Cathepsins have been shown to be important mediators in many cardiac 

pathologies. Previous studies have demonstrated that the various isoforms of cathepsins 

mediate cardiac pathologies in varied ways. Some isoforms have been reported to play a 

cardiotoxic role, whereas others have been shown to be cardioprotective.  

 

Cathepsins in Cardiac Hypertrophy and Heart Failure 

Hypertension refers to enhanced arteriole pressure and total peripheral artery 

resistance as a result of hemodynamic overload on the heart. It is well established that high 

blood pressure causes CH, fibrosis, remodeling, and heart failure of Cat S and/or K gene 

and protein levels which were increased in the failing rat myocardium in association with 

hypertension, (36). The levels of the Cat S, B, and K genes have also been shown to be 

increased whereas those of cystatin C showed no significant changes in Dahl salt sensitive 

rats, a model of hypertension (36). Immunohistochemical analysis revealed the expression 

of Cat S and K in the myocardium of hypertensive heart failure rats was markedly increased 

as compared to control rats (36). Furthermore, the elastase assays demonstrated that 

elastase activity of Cat S and K was increased significantly in the tissue extracts from the 

failing rat myocardium. This response was blunted by the broad spectrum cysteine protease 

inhibitor E64 or a specific inhibitor of Cat S (36, 37). Similar to the findings in the rat 

model, the amounts of Cat S and K were found to be increased in the failing myocardium 

of patients with hypertensive heart failure (36). Importantly, Qing Wu et al hypothesized 

that Cat B could also play a prominent role in the pathology of pressure overload-induced 
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cardiac remodeling. Wu et al showed that Cat B levels were upregulated in cardiomyocytes 

in response to hypertrophic stimuli both in vivo and in vitro. Moreover, knockout of Cat B 

attenuated pressure overload-induced CH, fibrosis, dysfunction, and apoptosis. These 

results were further confirmed in in vitro studies utilizing H9c2 cardiomyocytes in which 

hypertrophy was induced by Ang II. Pharmacological Cat B inhibition using CA-074Me 

suppressed the cardiomyocytes hypertrophy by inhibiting the ASK1/JNK pathway. 

Although, the exact mechanism by which Cat B acts in cardiac diseases is still unclear, 

these data indicate an important role of Cat B in the modulation of cardiomyocyte 

hypertrophic response by regulating the signaling pathways involved in cardiac 

remodeling. Taken together, it seem that there is an interplay between the various forms of 

cathepsins in CH and heart failure. More studies are needed to elucidate the role each 

cathepsin plays in the settings of CH and heart failure.  

 

Cathepsins in Cardiomyopathy  

Cardiomyopathy refers to the deterioration of the heart muscles to contract, and 

usually precedes heart failure. In humans, Cat B mRNA and protein levels were shown to 

be greater in dilated cardiomyopathy (DCM) than in control hearts (91). Levels of Cat S, 

B, L, and/or K were also shown to be increased in subjects with dilated and hypertrophic 

cardiomyopathies compared with control subjects (77). Moreover, genetic studies have 

revealed that Cat L deficient mice developed interstitial myocardial fibrosis, a 

characteristic sign of cardiomyopathy (92, 93).Taken together, it seems that various 

cathepsins are involved in the processes that contribute towards cardiomyopathy.  
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Cathepsins in Myocardial Infarction 

Cat B, L, and H were the first to be found in the rat myocardial response to acute 

MI (94). It has been shown that Cat B protein levels and activity in cardiac tissues changed 

in response to injury (95). Another recent study reported an increase in Cat B levels post-

MI in vivo. Cat B inhibition, using specific pharmacologic inhibitor CA-074Me, 

significantly attenuated cardiac dysfunction, and reduced cardiomyocyte size and cardiac 

fibrosis in the experimental MI model, by inhibiting NLRP3 activation (96). It was 

demonstrated in two hypertensive heart failure models (aortic banding and Ang II infusion) 

that the human Cat L transgenic heart shows a decrease in overload-induced CH and 

fibrosis through blocking of the AKT/GSK3 signaling pathway (97). Moreover, in post 

infarction cardiac repair, deletion of Cat L reduced the expression of angiogenic factors 

and decreased revascularization activity (98). Forced expression of Cat L in mature 

endothelial cells considerably enhanced their invasiveness and increased their angiogenic 

capacity in vivo (99). Moreover, it was demonstrated in vivo that myocardial cystatin C is 

increased in mice that develop heart failure in response to hypoxic injury and that this 

increase is associated with local inhibition of Cat B activity and accumulation of collagen 

and fibronectin (100). A study reported that MI induced by left coronary artery ligation in 

wild-type rats caused rapid Cat L activation in myocardium and bone marrow and its 

deficiency contributed to diminished function and adverse remodeling late post-MI (98). 

This study showed that cardiac repair and remodeling benefits from activation of Cat L to 

improve cardiac function after MI injury (98). Moreover, Cat S seems to play a role in 
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cardiac maintenance as well since its deletion exacerbated angiotensin (Ang) II induced 

cardiac inflammation (101). Evidence suggests that cathepsins play diverse role in the CVS 

where some act as cardioprotective while others play a more cardiotoxic role. More studies 

are needed to elucidate the role of the various cathepsins in CVDs.  

 

Cathepsins in Coronary Artery Disease  

ECM remodeling, including collagen and elastin degradation by extracellular 

proteases, contributes to wall stiffening and valve dysfunction (102, 103). Interstitial cells 

in mitral valves express excessive levels of proteolytic enzymes such as Cat S and K, as 

well as MMP-1 and -13, suggesting a role of cathepsins in valve disease (104). Human 

stenotic aortic valves have been shown to contain much greater amounts of Cat S, K, and 

V mRNAs and proteins than controls. (105). Recent ex vivo work demonstrates that cyclic 

stretch increases Cat S, K, and L in porcine valves, accelerating the destruction of aortic 

valvular ECM and the progression of aortic stenosis (106). Cat S deficiency lowered the 

arterial and aortic valve calcification in ApoE deficient mice (106). Taken together, it 

seems that various cathepsins are intimately involved in the pathological processes 

contributing to coronary artery disease.  
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Cathepsins in Atherosclerosis 

It was reported that human macrophages secreted active Cat S, B, and L that exhibited 

elastolytic activity (107). More recently, both the gene and protein levels of these enzymes 

were found to be increased in murine diet-induced atherosclerotic plaques (108). Cat S and 

K were the first cysteine cathepsins found to show increased protein levels in human 

atherosclerotic plaque (89, 109). Increased expression of cathepsins occurs in macrophages 

bordering the lipid core adjacent to the fibrous cap and in macrophages and smooth muscle 

cells in the regions surrounding atherosclerotic plaques (110, 111). Evidence suggests that 

cathepsins play a major role in the pathogenesis of atherosclerosis. It has become clear that 

both intracellular and extracellular activities can cause the mechanisms of action of 

cathepsins in atherosclerosis (112). 

 

1.4.1.1.6 Cathepsin and Apoptosis 

Apoptosis is known to be one of the main processes that contribute the heart to failure 

in progression to CH and cardiac remodeling, (113, 114). Apoptosis is a programmed cell 

death mechanism which when activated leads to biochemical and cellular changes which 

eventually terminate in cell death. A family of 14 cysteine proteases called caspases 

primarily regulate apoptosis (115). Apoptosis can occur via an extrinsic pathway or an 

intrinsic one. Extrinsic pathways is mediated by activation of death receptors whereas, the 

intrinsic is mitochondrial- mediated. Both of these pathway can activate caspases which 

then degrade various polypeptides in the cell including major structural elements, 

deoxyribonucleic acid (DNA) repair machinery, and protein kinases (115). The intrinsic 
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pathways plays a major role in cardiomyocyte apoptosis (116), primarily through Bcl-2 

protein and procaspase activation (117, 118). Previous reports have demonstrated that 

increased caspase 3 caused a fall in left ventricular function and inhibition of this caspase 

attenuated ventricular remodeling (119-121). 

The role of cathepsins in pathological apoptosis in cardiac disease has been investigated 

in several animal studies (122). Previous studies have demonstrated that cathepsins are 

essential for cardiomyocyte apoptosis (97). Cat B has been shown to be closely related to 

apoptosis (123, 124). An absence of Cats B and L has been shown to induce neuronal loss 

and brain atrophy (125). Cat B has also been shown to mediate caspase-independent cell 

death in non-small cell lung cancer cells (126). Once Cat B is released from the lysosomes 

into the cytoplasm it may activate or enhance apoptotic pathways (126). Moreover, the 

anti-apoptotic molecules Bcl-2, Bcl-xL, Mcl-1, and XLAP (X-chromosome linked 

inhibitor of apoptosis) are targeted by the lysosomal Cat B and L in several human cancer 

cell lines (127). Taken together, it seems that cathepsins, specifically Cat B, play an 

important role in mediating the processes that lead to apoptosis. 

 

1.4.1.1.7 Cathepsin in the Autophagy-Lysosomal Pathway 

The autophagy–lysosomal system and the ubiquitin–proteasome system (UPS) are the 

primary pathways that maintain the protein turnover in eukaryotic cells (128). In the 

cardiovascular system there is a fine balance between the two systems to maintain 

homeostasis of proteins and organelles (129). The UPS targets small and short lived protein 

by tagging them with ubiquitin (129). In contrast, the autophagy–lysosomal pathway 
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targets long-lived bulky proteins that are defected or damaged under stress (130). 

Dysregulated protein degradation, which can be caused by abnormal or enhanced 

activation of cathepsins and MMPs, has been demonstrated to contribute to cardiac diseases 

(131).  

Cathepsins are important lysosomal protein–processing enzyme and have previously 

been demonstrated to be important in maintaining the autophagy- lysosomal pathway 

activated in response to stress (131). A study reported that the deficiency of lysosomal Cat 

L resulted in the enhanced activation of UPS in the setting of ischemia (131). The final step 

of the autophagy–lysosomal pathway is the fusion of an autophagosome with a functioning 

lysosome. An imbalance of protein homeostasis by dysfunction of this system may lead to 

pathological hypertrophy. Decreased extracellular pH values, which can be caused by an 

overactive NHE1 (132, 133), can cause increased redistribution of lysosomes to the cell 

surface (86, 134, 135) which may be accompanied by fusion with an autophagosome (131). 

Subsequently, the lysosomal contents can be secreted into the ECM as it has been shown 

for Cat B (86). A study demonstrated that extracellular acidic pH values caused the 

redistribution of the lysosome to the cell periphery which paralleled Cat B secretion. 

Interestingly this effect was blocked with several broad and specific NHE inhibitors (136). 

However, the role of the autophagy-lysosomal pathway in mediating the hypertrophic 

cascade in relation to Cat B and NHE1 has not been investigated and remains unknown.   
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1.4.1.1.8 Cathepsin Inhibitors 

The discovery of L-trans-epoxysuccinyl-leucylamido(4-guanidino)butane (E-64) 

was seminal to the development of cathepsin inhibitors. E64 is a non-selective inhibitor of 

the papain family and works by covalently binding onto the active site by alkylation. E64 

is an important inhibitor because it selectively inhibits only the papain family of proteases 

(137). An important derivative of E64 is E64d. E64d is an ethyl ester prodrug, which is 

hydrolyzed in the gut to its active form E64c which is more potent (60). Another derivative 

of E64 is the CA-074 which is a selective Cat B inhibitor. It functions by irreversibly 

binding on to the active site and thereby inhibiting with high potency. CA-074Me was 

developed from CA-074 to have better membrane permeability but it has the ability to 

inhibit both Cat B and L (60). Another cathepsin inhibitor is Leupeptin. Its non-selectively 

inhibits the cysteine and serine proteases by covalently binding on to the active site. Due 

to its decreased selectivity for the papain family of proteases, it is less widely used that E64 

(137). 

 

1.4.1.1.9 Cathepsins Inhibitors in Clinical Trials 

A few cathepsin inhibitors are now being investigated in human trials for several 

diseases such as osteoporosis and rheumatoid arthritis. At least four different Cat K 

inhibitors have entered clinical trials for the treatment of osteoporosis and skeletal 

disorders with excessive bone remodeling. One compound, odanacatib, presently in phase 

III clinical testing (138). Cat S inhibitors, are in preclinical trials for the treatment of 
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rheumatoid arthritis (30). One Cat B inhibitor has completed Phase 1 trials for fatty liver 

disease (139) and another is in late preclinical stage for treating Chagas disease (140). 

However, none of the compounds have been examined for their effect in the setting of 

cardiovascular diseases.  

 

1.4.1.1.10 Clinical Relevance 

A previous study demonstrated that the levels of Cat B protein expression were 

elevated in myocardial samples obtained from DCM patients as compared to controls (91). 

Moreover the gene expression of Cat B was also shown to be elevated (91). Hence, 

inhibition of Cat B might prove to be beneficial for the prevention and treatment of DCM. 

Moreover, a study demonstrated that Cat B knockout mice maintained their health and were 

showed similar effects as normal littermates in behavior, histology, and fertility (141). The 

normal health of mice lacking Cat B implicates that pharmacologic inhibition of Cat B can 

potentially prove to be beneficial in treating cardiomyopathies.  

 

1.4.1.2 Matrix Metalloproteinases 

MMPs are a group of proteolytic enzymes that constitute over 20 isoforms. They 

are primarily responsible for the maintenance of the ECM. Apart from maintenance of the 

ECM they also take part biological processes, such as degradation of connective tissue, 

morphogenesis, angiogenesis, growth, and wound healing (47, 142). MMPs play an 

important role in the pathogenesis of various disorders (143). They are also known to be 

integral to the processes that cause cardiac remodeling and in turn hear failure (144). 
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Therefore, understanding the role of MMPs in physiological and pathological conditions 

is crucial to unveiling the underlying mechanisms of implicated diseases.  

 

1.4.1.2.1 Isoforms and Classification of MMPs  

MMPs have the ability to cleave a wide variety of ECM substrates. Each isoform 

has its own ECM substrate specificity. MMPs are classified into 6 distinct categories based 

upon their target substrates. They are collagenases, stromelysins, matrilysins, gelatinases, 

membrane-type metalloproteinases (MT-MMPs) and other MMPs, namely zinc- and 

calcium-dependent endopeptidases (45) (Figure 1.2). MMP-1, -8, -13 constitute the 

collagenases family and are responsible for breaking down collagen type I, II, and III at 

neutral pH (145, 146). The gelatinases family include MMP-2 and MMP-9. In particular 

gelatinases break down gelatin, denatured collagen, type IV, intact collagen of basal 

membranes and also non-denatured collagens type V, VII, X, XIV, fibronectin, agrecan, 

and elastin (147). Stromelysins include MMP-3, MMP-10, and MMP-11 have a wide 

substrate specificity. They are responsible for the degradation of all non-collagen ECM 

proteins such as proteoglycans, glycoproteins, fibronectin, and laminin (148). 

Macrophagous elastase, MMP-12, have the ability to break down elastin. Gelatinases and 

matrilysins are also able to degrade elastin along with fibronectin, laminin, basal membrane 

collagen, entactin, and chondrotin sulfate (149). MMPs are able to degrade all of the ECM 

components with their combined activities 
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1.4.1.2.2 Structure of MMPs 

MMPs are synthesized as preproenzymes. The pre region is cleaved off to allow for 

the secretion of the inactive proenzymes from the cell into the ECM whereby they are 

activated by other proteases or matrix components. A proenzyme consists of 3 general 

domain: N-terminal propeptide, catalytic domain, and the C-terminal domain (Figure 1.2). 

N-terminal propeptide consists of about 80–90 amino acids containing cysteine residue. 

The cysteine residues interacts with the catalytic zinc through its side chain thiol group, 

and this ensures the inactivity of the proenzyme. Cleavage of a highly conserved sequence 

present in the propeptide region causes activation of the zymogene (150, 151).  
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Figure 1.2 MMP domain structure and classification. A proenzyme molecule is 

organized into the 3 basic structural domains: N-terminal propeptide, catalytic domain, and 

the C-terminal part of the molecule. MMPs are classified into gelatinases, collagenases, 

stromelysins, matrilysins, and membrane type MMPs. MMP, matrix metalloproteinases 

 

1.4.1.2.3 Regulation of MMPs 

The regulation of MMPs activity includes multiple levels of activation of pro 

MMPs, inhibition, secretion of the enzyme molecule and the regulation of gene 

transcription or inhibition of MMPs activity by tissue inhibitors of metalloproteinases 

(TIMPs). The regulation of MMPs activity includes various levels of activation of latent 
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MMPs, inhibition by tissue inhibitors of metalloproteinases (TIMPs), secretion of the 

enzyme molecule and the regulation of gene transcription. 

 

Regulation of MMPs by Cysteine Switch Mechanism  

After propeptide cleavage, the MMP zymogens are changed into active enzymes 

(152). Propeptide contains a conservative sequence, which maintains the enzyme in latent 

form by the chelating action of cysteine residuum to Zn2+ ions at the catalytic site of the 

enzyme (150). Activation of the enzyme is explained by a so called mechanism of a 

cysteine switch (150). The key step is dissociation of zinc-cysteine interaction. 

Extracellular activation of the enzyme includes 2 steps. The first is initial cleavage of the 

MMP propeptide by protease, destabilization of propeptide binding interactions, and break 

of coordination bond of cysteine and Zn2+ ions. The second step is the final cleavage of the 

propeptide that is usually ensured by another MMP. The result is a matured enzyme (153, 

154). 

 

Inhibition of MMPs By Means of TIMPs 

TIMPs are the main endogenous regulators of MMPs in the tissue and are 

responsible for maintaining the balance between the synthesis and degradation of MMPs 

(155). TIMPs molecular weight fall in the range of 21–30 kDa. They constitute four 

isoforms namely, TIMP-1, -2, -3, -4 (155). They bind to MMPs in a ratio 1:1 forming 

binary non-covalent complexes. In this way they protect binding sites for the substrates 
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being split off (155). TIMP-1 forms the complex preferentially with MMP-9, and TIMP-2 

preferentially with MMP-2 (155).  

 

1.4.1.2.4 MMPs in Cardiovascular Pathologies  

Multiple lines of evidence suggest that enhanced levels of vasoactive molecules in 

the circulation can lead to abnormal or enhanced activation of MMPs (144). These 

molecular changes cause the preload and afterload on the heart to increase, thereby causing 

changes in the cardiac structure as a means to compensate for the enhanced workload. 

(144). The compensatory cardiac remodeling is thought to be one of the factors that leads 

the heart to failure. Under normal physiological conditions, the MMPs are responsible for 

the degradation of misfolded and unwanted proteins, thereby maintaining the ECM 

structure (34, 156). However, under pathological conditions there is abnormal activation 

of MMPs, which leads to uncontrolled ECM remodeling and thereby causing various 

cardiac diseases (33, 34). Although, the role of MMPs in cardiac diseases has been 

investigated for quite some time now there are still significant voids in understanding the 

underlying mechanism in the failing heart.  

 

MMPs in Hypertension and Cardiac Hypertrophy 

Hypertension refers to elevated pressure in the arteries and total peripheral resistance 

as a result of hemodynamic overload on the heart. Chronic increase in blood pressure is 

known to be one of the causes of cardiac remodeling, CH, and heart failure (5). Studies 

have demonstrated increase in MMP-9 protein expression and activity whereas, those of 
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TIMP-4 were reduced in Dahl salt-sensitive rats, a model of hypertension (157). In Dahl 

salt-sensitive rats, the gene expression and MMP-2 and MMP-9 activity were shown to be 

upregulated prior to the occurrence of left ventricular dilatation, systolic dysfunction, and 

pulmonary edema. Moreover, angiotensin converting enzyme inhibitors were able to 

abrogate cardiac remodeling suggestion a link between hypertensive hormone stimuli and 

proteolytic remodeling (158). Taken together, the findings from both hypertensive animal 

models and hypertensive patients suggest that various MMPs may be involved in the 

development of hypertensive cardiomyopathies. 

CH, a hallmark of heart failure, involves changes in the ECM structure such as 

increased collagen deposition, increased fibrosis and increase in the cardiomyocyte size 

(159). Increased MMP-9 and MMP-2 expression have also been associated with increased 

heart weight and cardiomyocyte area (160). Serum levels of both MMP-2 and MMP-9 have 

been shown to be increased in patients with hypertrophic cardiomyopathy. However, only 

MMP-9 levels were associated with fibrosis (44). It has also been reported that increased 

MMP-2 and MMP-9 levels in CH are associated with a significant imbalance between 

MMPs and their endogenous inhibitors, TIMPs. Although both extracellular and 

intracellular modifications by proteases are known to occur for obtaining the hypertrophic 

phenotype, mechanisms of these processes are not fully understood.  
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MMPs in Dilated Cardiomyopathy 

DCM is a heart-muscle disorder that can lead to decreased functioning of the heart. 

DCM if left untreated eventually leads to heart failure. DCM is characterized by a distended 

myocardium, increased interstitial fibrosis, chamber dilatation, and impaired functioning 

of the cardiac contractile muscles (161). The activities of various proteases have been 

demonstrated to vary depending upon the stage of the development of DCM. In general, 

MMPs activities appear to contribute to the development of both MI-induced and 

idiopathic DCM as a result of their extensive ECM remodeling capability. MMP-1 and 

MMP-13 are able to degrade both intact collagen and proteoglycans which are further 

altered by MMP-2 and MMP-9 (162). In a DCM rat model, increased levels of MMP-2, 

MMP-9, and TIMP-1 mRNA were reported at 2 weeks post DCM induction (163). 

However, as the DCM progressed into its 6th week, only the level of MMP-2 mRNA were 

seen to be elevated. The results from this study imply that in DCM, MMP-9 plays a role in 

disease progression during the early stages, whereas MMP-2 remains involved for the 

entire developmental stages of DCM (163). Another study reported that MMP-9 protein 

levels were increased, whereas the increase in MMP-2 activity was normalized at the end 

of an 8-week period post-aortic banding (164). Although there are discrepancies in MMPs 

activities between these two experimental models, it is clear that differential activation of 

specific MMPs results in the progression of cardiac remodeling. In addition, increased 

levels of MMP-2, MMP- 3, and MMP-9 have been observed in patients with DCM (165-

167). It is clear from the results that various form of MMPs are involve in the processes of 

cardiac remodeling.  
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1.5 Intracellular pH Regulation in the Heart 

Multiple physiological process such as cell growth, cell volume regulation, 

differentiation, cell migration require strict control of pH in mammalian cells. Many 

enzyme and cell metabolic processes are rely upon the maintenance of optimal pH for their 

functioning.  

 

1.5.1 Mechanisms of Intracellular pH Regulation  

The intracellular pH is maintained by multiple mechanisms. The NHE is the 

primary pH-regulator in mammalian cells (168, 169). The NHE family of pH regulators 

maintains pH by exchanging intracellular protons (H+) for extracellular sodium ion (Na+) 

in a stoichiometric ration of 1:1, hence protecting the cell from acidosis. The NHE family 

is also involved in cell volume regulation by the exchange of H+, Na+, Cl- in and out of 

the cell (169). Thus, NHE is an important role in maintaining the pH and cellular 

metabolism in mammalian cells. In the myocardium, maintenance of the concentration of 

various ions like protons, sodium and calcium is of critical importance for normal 

functions like cell excitability, contractility, and cell volume. Five types of pH regulators 

have been identified in the myocardium, out of which two function to remove protons 

while three of them function to bring in protons and thereby protect the cell against 

acidosis or alkalosis (reviewed in (170, 171) (Figure 1.3). Amongst all the pH regulators, 

the NHE1 plays the most important role in pH maintenance as it is responsible for 50-

60% of the proton efflux (172). Thus, understanding the role of NHE1 is of vital 

importance in order to expose the underlying mechanisms of cardiac diseases. 
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Figure 1.3 Schematic representation of transporters, co-transporters and channels 

that maintain the ionic homeostasis in ventricular cardiomyocytes. Na+ influx is 

controlled by NCX and NHE; Na+ efflux is controlled by NCX and NKA. H+ efflux is 

mediated by MCT, NHE and NBC. H+ influx occurs through MCT, CHE and AE; Ca2+ 

influx is mediated by Ca2+ channels and NCX; Ca2+ efflux is mediated through NCX. 

NHE1, Na+/H+ exchanger isoform 1; NCX, Na+/Ca2+ exchanger; NKA, Na+/K+ ATPase; 

NBC, Na+/HCO3
- cotransporter; MCT, monocarboxylate transporters; AE, anion 

exchanger; CHE, Cl-/OH- exchanger. A version of this figure can be found in (173).   
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1.5.2 NHE Isoforms and Distribution 

Ten isoforms (NHE 1-10) have been identified. NHE isoforms are composed of 12 

transmembrane segments, an N-terminal and C-terminal domains. Each isoform has its 

own tissue specificity, localization, functions, and inhibitors (174). The NHE proteins can 

be localized on the plasma membranes as well as in the intracellular compartments. NHE 

1-5 are primarily localized on the plasma membranes. The NHE1 is the primary isoform 

found in the heart whereas NHE2 and NHE3 are found in the stomach, colon and small 

intestine (9, 175-177). NHE4 is mostly found in the stomach, small intestine, the colon and 

functions similar to NHE (9). NHE5 is thought to maintain the acidity of synaptic vesicles. 

It is primarily expressed in non-epithelial tissue such as the brain (9). NHE6-9 are mostly 

distributed within the intracellular portions of the cell where they function to maintain the 

intracellular pH and ion concentration (178). NHE6 is primarily found in the heart, brain 

and skeletal muscles. NHE7, functions slightly different from other isoform as it is capable 

of exchanging a sodium or a potassium in exchange for protons. It is mainly found in the 

trans-Golgi network (9). NHE8 can be found in skeletal muscles and kidneys whereas NHE 

9 can be found in the endosomes (178). NHE 10, most recently discovered, is found mainly 

in osteoclasts and function in osteoclast differentiation and survival (179). In our study, we 

will be focusing on NHE1, the only cardiac specific isoform of NHEs. 
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1.5.3 Cardiac Specific NHE Isoform 1 

NHE1 is the most extensively studied amongst all NHE isoforms and is the only 

cardiac specific isoform (180, 181). It is located on the plasma membrane and is composed 

of a twelve transmembrane regions. It functions to remove one intracellular proton in 

exchange for one extracellular sodium thereby protecting the cell against acidosis (175). 

The activity of the exchanger is low under physiological conditions. Upon increase in the 

concentration of protons within the cell, the activity rises sharply to maintain the 

intracellular pH of the cell (182).  

 

1.5.3.1 Physiological Role of NHE1  

NHE1 is vital for many physiological processes (reviewed in (174)). NHE1 plays 

an important role in regulating the pH and volume of the cells. Apart from maintaining the 

pH of the cell, NHE1 can also increase the sodium ion concentration within the cell. This 

increase in intracellular pH activates the AE which results in the increase in chloride ions 

within the cell.  This increase in sodium and chloride ions causes influx of water resulting 

in cell swelling (183). NHE1 is also implicated to regulate cell growth, cell volume, 

differentiation, progression, and apoptosis (184-186). Apoptosis causes decrease in cell 

size and drop in intracellular pH. These effects are counteracted by NHE1. However, its 

role in apoptosis is dependent upon the cell type. In both human leukemic cell lines and 

renal proximal tubule, NHE1 seems to protect the cells from apoptosis. In two cytokine-

dependent cell lines, NHE1 causes an increase in intracellular pH that results in apoptosis 
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(187, 188). Moreover, the involvement of NHE1 in apoptosis was demonstrated recently 

in adult rat ventricular myocytes. This study demonstrated that hypoxia/reperfusion 

induced phosphorylation of NHE1 was decreased upon silencing of p90 ribosomal S6 

kinase1 which decreased apoptosis (189). Moreover the inhibition of NHE1 with amiloride 

blocked hypoxia/reperfusion induced apoptosis as well (189). There are still significant 

voids in understanding the role of NHE1 in apoptosis. NHE1 has also been shown to play 

an important role in the maintenance of cytoskeletal structure, focal adhesion and cell 

migration (190, 191) (187, 188). More research is needed to understand the role of NHE1 

in apoptosis. 

 

1.5.3.2 Regulation of NHE1 Activity in the Myocardium 

Regulation of NHE1 mainly occurs through decrease in intracellular pH (192). 

Apart from acidosis, receptor dependent (phosphorylation/dephosphorylation) and receptor 

independent pathways (cofactors or protein-protein interactions) also mediate NHE1 

activity.  

 

Receptor Dependent Regulation of NHE1  

The activity of NHE1 can be stimulated by the activation of a sub type of the G 

protein coupled receptors (GPCRs). The GPCRs is a family of receptors that are composed 

of seven transmembrane helices with an extracellular ligand binding domain and an 

intracellular signal transduction domain (193). The GPCRs constitute four sub types 

namely, Gαs, Gαi, Gαq, and Gα11/12. The NHE1 activity can be stimulated by the activation 
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of Gαq via various agonists. (reviewed in (194)). Gαq can be activated by many hormones 

and paracrine/autocrine stimuli. Moreover, binding of agonist like Phenylephrine (PE) to 

α1- adrenoreceptors (ARs),  Ang II  to Ang II type I receptor type (195), and ET-1 to ET- 

1 receptor (196) can also activate Gαq signaling thus activating downstream signaling 

cascade that are translated into cardiovascular responses (Figure 1.4). Binding of these 

agonist to their receptors raises the intracellular pH threshold for NHE1 activation. 

Regulation of NHE1, mediated by α1-ARs, is the most characterized in the myocardium 

(197). Apart from GPCRs, NHE1 can also be stimulated by thrombin, aldosterone, and 

lysophosphatidic acid (LPA) (198-200).  
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Figure 1.4 G protein coupled receptor regulation of NHE1 in the myocardium. NHE1 

activity is inhibited (-) by activation of Gαs and Gαi coupled receptors (β1-AR, A1 R, 

respectively), upon stimulation with corresponding agonists (β1-agonists and adenosine, 

respectively).NHE1 activity is stimulated (+) by the activation of Gαq coupled receptors 

(AT1R, α1-AR. ET1) upon activation with corresponding agonists (phenylephrine, 

endothelin-1 and angiotensin II). NHE1; sodium proton exchanger isoform 1; AT1R, 

angiotensin II receptor type 1; α1- AR., α1-adrenoreceptors; β1-AR, β1- adrenoreceptors; A1 

R, adenosine receptors. A version of this figure can be found in (173) 

 

  



38 
 

1.5.3.3 Role of NHE1 in Cardiovascular Diseases   

 

NHE1 in Hypertension 

It has been shown that the activity of the NHE1 is increased in essential 

hypertensive patients (201). It has been suggested that hypertension can occur as a result 

of over activation of the NHE1. Over activation of NHE1 can cause the accumulation of 

sodium ions inside the cell. This activates the NCX in reverse mode which expels sodium 

ions outside in exchange for calcium ions, increasing the calcium ion concentration inside 

the cell (202). A study done on rats with hypertension and pathological CH showed that 

the inhibition of NHE1 was able to decrease systolic blood pressure, normalize NHE1 

activity, and regress CH (203).  Despite various studies investigating the role of NHE1 in 

hypertension, its role is still not clear. More studies are needed to clearly define its 

involvement in hypertension. 

 

NHE1 in Cardiac Hypertrophy 

Results from multiple in vivo models of CH have reported an increase in NHE1 mRNA 

expression, protein expression or activity (204, 205). Interestingly, the increase in NHE1 

activity can occur independent of the increase in protein expression (206). Moreover, CH 

was attenuated upon pharmacological inhibition of NHE1 in multiple in vivo models (179). 

CH was abrogated in rabbits subjected to volume and pressure over-load upon NHE1 

inhibition which prevented further development of heart failure (207). In MI models, 

inhibition of NHE1 was demonstrated to decrease right and left ventricular hypertrophy 
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(208-210). Additionally, transgenic mice that were over expressed with active human 

NHE1 have provided further evidence of NHE1 mediated CH, contractile dysfunction and 

heart failure (54). 

 

1.5.3.4 NHE1 Inhibitors 

Many NHE1 inhibitors have been developed over the years. They have been 

developed further in attempts to increase their selectivity to the various isoform of NHE1. 

The first inhibitor to be developed were amiloride derivatives like 5-(N-ethyl-N-isopropyl) 

amiloride (EIPA) and 5-(N, N-Dimethyl) amiloride hydrochloride (DMA) (211). A second 

class of inhibitors were developed with increased selectivity for NHE1. This class included 

N-(2-methyl-4,5-bis(methylsulfonyl)-benzoyl)-guanidine hydrochloride) (EMD87850), 

cariporide (HOE type), eniporide (EMD85131) (212). 

To date, the EMD and HOE type inhibitors have proven to be the most suitable for in vitro 

and in vivo inhibition of NHE1 (209, 213). 

 

1.6 The Cross Talk Between Cat B, MMP-9 and NHE1  

Progression of the heart to failure is primarily caused due to significant remodeling of 

both the ECM and subcellular organelles which occurs as a result of the activation and 

increased proteolytic activities of proteases such as Cat B and MMP-9 (77, 214). Previous 

studies have suggested that the activation of Cat B is induced by the acidification of the 

peri and extracellular space (86, 132, 133).  In various forms of carcinomas, this 

pericellular acidification coincides with the activation of NHE1 (132, 174).  Increased 
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activation of NHE1, similar to Cat B, is involved in the pathogenesis of various cardiac 

diseases including CH (50, 96, 215, 216). Moreover, the activation NHE1 has been shown 

to activate Cat B in various reports. CD44 was shown to interact with NHE1 which created 

an acidic microenvironments leading to Cat B activation in a breast cancer model (132). 

Moreover, NHE1 and Cat B have shown to directly interact with each other and cause ECM 

degradation in another breast cancer model (133). Taken together, the evidence suggests 

that NHE1, through its pH regulating property, might be mediating the activity of Cat B in 

pathological states.  

A previous report has demonstrated that pericellular acidification redistributed the Cat 

B containing lysosomes to the cell surface and caused the secretion of Cat B into the 

extracellular compartment (86). Interestingly, the NHEs have also shown to cause acidic 

extracellular pH which induced lysosome trafficking and subsequent release of Cat B into 

the ECM in a prostate cancer cells (136). Moreover, several broad and specific NHE 

inhibitors were able to inhibit this effect, i.e. redistribution of lysosomes and subsequent 

secretion of Cat B (136). Once into the extracellular compartment, Cat B can degrade the 

ECM (68) and facilitate further ECM degradation by activating other proteases such as 

MMP-9 (217, 218). MMP-9 activity has been shown to be increased in various models of 

heart failure (43, 219) (220, 221). Previous studies have also shown that MMP-9 activity 

was increased in CCL39 cells upon the stimulation of NHE1 with phenylephrine (222). 

Interestingly, Cat B and MMP-9 were shown to directly interact with NHE1 and cause 

ECM degradation in breast cancer (133). Whether NHE1 induces the activation of Cat B, 
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which in turn activates MMP-9 and contributes to cardiomyocyte hypertrophy remains 

unclear. 

 

1.7 Thesis Objectives 

CH is one of the leading causes of death worldwide. Despite advances in cardiovascular 

research, therapeutic targets that regress CH still remain undiscovered. Hence, there is an 

immediate need to further investigate the signaling pathways that mediate CH in order to 

identify potential therapeutic targets. One of the hallmarks of CH is ECM remodeling. 

Multiple studies have shown an important role of proteases, specifically Cat B and MMP-

9, in the degradation of the ECM. Cat B is activated under acidic conditions, such as in 

conditions where there is an overexpression of the cardiac specific pH regulator, NHE1. 

Various studies have shown that enhanced expression and activity of the NHE1 contributes 

towards CH. Moreover, Cat B has also been shown to induce apoptosis and autophagy in 

conditions of heart failure. Increased autophagy can result in the release of Cat B into the 

ECM where it can activate MMP-9 which can result in further ECM degradation. Whether 

there is a link between NHE1 and Cat B-MMP-9 under pH changes in the CH signaling 

pathway remains unknown. The purpose of this study was to (a) Investigate the role of Cat 

B in the NHE1 induced cardiomyocyte hypertrophic response, (b) Investigate the signaling 

pathways that cause the Cat B mediated hypertrophic response, (c) Investigate the role of 

apoptosis and the autophagy-lysosomal pathway in the NHE1 induced cardiomyocyte 

hypertrophic response. Our hypothesis is that activation of NHE1 induces Cat B which in 

turn activates MMP-9, which leads to cardiomyocyte hypertrophy. Furthermore, induction 
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of Cat B also causes the activation of apoptosis and autophagy in the NHE1 induced 

cardiomyocyte hypertrophic response. 
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Chapter 2: MATERIAL AND METHODS 

2.1 Materials 

All chemicals were purchased from BD Biosciences (San Jose, CA), Fisher 

Scientific (Ottawa, ON) or Sigma (St. Louis, MO). The specific NHE1 inhibitor, N-(4,5-

Bis-methansulfony-2-methylbenzoyl) guanidine (EMD 87580/EMD), which was made by 

Harlan Laboratories (Madison, WI) was a generous gift of Dr. N. Beier of Merck KGaA 

(Frankfurt, Germany). The specific Cat B inhibitor, CA-074 methyl ester (CA-074Me) was 

purchased from Santa Cruz Biotechnologies (sc-214647). CA-074Me is a cell permeable 

methyl ester of CA-074. In our study, we aimed to investigate the effect of intracellular Cat 

B inhibition and thus used CA-074Me instead of CA-074 (223). Primary antibodies used 

for Western blotting including rabbit polyclonal Cat B (sc-13985), rabbit polyclonal MMP-

9 (sc-10737) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit 

polyclonal anti-NHE1 (ab67314), anti- OPN (ab8448), anti-α-tubulin (ab4074), and anti-

goat (ab97051) antibodies were from Abcam (Cambridge, MA). Rabbit polyclonal anti-

LC3 A/B (12741) and rabbit monoclonal anti-caspase-3 (9665) were purchased from Cell 

Signaling (Table 2.1).  
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Table 2.1 Primary and secondary antibodies used for Immunoblotting. Primary and 

secondary antibodies were used for the analysis of protein expression of Cat B, NHE1, 

MMP-9, OPN, caspase-3 and LC-3 A/B. Cat B, cathepsin B; NHE1, Na+/H+ exchanger 

isoform-1; MMP-9, matrix metalloproteinase-9; OPN, osteopontin; LC-3 A/B, 

microtubule associated light chain 3 

  

 
Primary 

Antibody 

Company and 

Catalog Number 

 

Band recognition 

sites 

Cat B Rabbit polyclonal 

anti-Cat B 

Santa Cruz 

Biotechnology 

(Santa Cruz, CA); 

sc-13985 

37 (pro Cat B) and 

25 (active Cat B) 

kDa 

MMP-9 Rabbit polyclonal 

anti-MMP-9 

Santa Cruz 

Biotechnology 

(Santa Cruz, CA); 

sc-10737 

92 kDa 

NHE1 Rabbit polyclonal 

anti-NHE1 

Abcam (Cambridge, 

MA); ab67314 

91 kDa 

α-tubulin Rabbit polyclonal 

anti-α-tubulin 

Abcam (Cambridge, 

MA); ab4074 

50 kDa 

LC3 A/B Rabbit 

monoclonal anti-

LC3 A/B 

Cell Signaling; 

12741 

14 (LC3-II) and 16 

(LC3-I) kDa 

Caspase-3 Rabbit 

monoclonal anti-

caspase-3 

Cell Signaling; 9665 17, 19 and 35 kDa 

OPN Rabbit polyclonal 

osteopontin 

Abcam; ab8448 66 and 32 kDa 

Rabbit anti 

goat 

Rabbit polyclonal 

anti-goat 

Abcam; ab97051 - 
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2. 2 In Vitro Studies Using the Rat Embryonic Myoblast Cell Line H9c2 (A summary 

of the experimental model can found in figure 2.3) 

H9c2 myoblasts, a clonal cell line derived from the embryonic BD1X rat heart 

tissue (224) were obtained from European Collections of Cell Cultures (ECACC) and 

cultured in DMEM/F12 1:1 culture media supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin at 37°C in a humidified atmosphere (95% O2-5% 

CO2) (224). The H9c2 cell line shows similar response to hypertrophic parameters as the 

primary cardiomyoblasts and hence can be used as a model for in vitro study of CH (225). 

The H9c2 cell line was originally derived from embryonic rat ventricular tissue, which is 

important as cardiac hypertrophy mainly occurs in the ventricular muscle of the heart (226). 

The well-established Ang II hypertrophic model was used for inducing cardiomyocyte 

hypertrophy and stimulating NHE1 (227). Previous studies have demonstrated that 

exogenous administration of prohypertrophic agents such as Ang II, stimulates NHE-1 

activity (228, 229). 

 

Treatment Workflow 

Upon becoming confluent, cells were seeded at a density of 2.0 × 106 cells per 35mm 

culture dishes and cultured for 48 hours. After 24 hours, the media was changed to serum-

free maintenance medium for a further 24 hours.  

a. General treatment plan: The cells were then treated with Ang II (10 µM) (refer 

section 3.1.3 for use of the specific concentration), Ang II+EMD, Ang II+CA-

074Me, EMD (10 µM) (51), or CA-074Me (10 µM) (216) alone for 24 hours (refer 
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section 3.1.3 for use of the specific time point) (Figure 2.1). Ang II and EMD were 

dissolved in distilled water and CA-074Me was prepared in dimethyl sulfoxide 

(DMSO). The mentioned vehicle, concentration and time point did not have any 

significant effect on the cell viability (Figure 2.2) which was determined using a 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.  

b. Treatment plan for the determination of Ang II concentration to be used: The 

cells were then treated with 1, 10, or 100 µM or 1, 10, or 100 nM Ang II for 24 

hours (refer to section 3.1.3).  

c. Treatment plan for the determination of Ang II time point to be used: The cells 

were then treated with 10 µM Ang II for 0, 3, 6, 12 and 24 hours (refer to section 

3.1.3).  
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Figure 2.1 Schematic representation of treatment groups and parameters analysed. 

For analysis of protein/gene expression, CH markers, signaling pathways (MMP-9, OPN), 

apoptosis and autophagy the H9c2 cardiomyoblasts were treated with Ang II (10 µM), Ang 

II+EMD, Ang II+CA-074Me, EMD (10 µM), or CA-074Me (10 µM) alone for 24 hours. 

CH, cardiac hypertrophy; MMP-9, matrix metalloproteinase-9; Ang II, angiotensin II.  

 

MTT Assay 

Cell viability was measured using MTT assay, based on the MTT conversion into 

formazan crystals using mitochondrial dehydrogenases. Briefly, H9c2 cells were plated at 

a density of 1 x 104 cells/well in 96-well plates. After different treatment for 24 hours, the 

culture medium was replaced with 200 µL of MTT solution (5 mg/mL stock solution in 

PBS, diluted with culture medium to the final concentration 0.5 mg/mL). After 4 hours of 

incubation at 37⁰ C, this solution was removed and the produced formazan was solubilized 

in 150 µL of DMSO. The absorbance was measured at 550 nm using an automated 
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microplate reader. The results confirmed that the mentioned concentrations and the vehicle 

did not have any significant effect on the cell viability (Figure 2.2). 

 

Figure 2.2 Effect of different treatment groups on cell viability. The cell viability was 

tested 24 hours after treatment of H9c2 cardiomyocytes with or without EMD or CA-

074Me by measuring the conversion of MTT to formazan crystals. Data is expressed as % 

of control (non-treated) ±SEM (n=3). 

 

2.2.1 Immunoblotting 

2.2.1.1 Protein Expression in Cell Lysates  

Following treatment, H9c2 cardiomyoblasts were lysed using radio-

immunoprecipitation protein assay (RIPA) buffer as described earlier (55). 

Briefly, cell lysates were centrifuged at 2340 g for 15 minutes at 4°C and 

the supernatant containing the proteins were collected. 

2.2.1.2 Protein Expression in the Culture Media 

Following treatment, the media was collected and centrifuged at 37 g for 5 

minutes at 4°C. The supernatant was collected and stored at -20°C for 
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concentration. The media was concentrated using a vacuum concentrator, 

Concentrator plus (Eppendorf, Germany) at room temperature for 

approximately 8 hours. 

Total amount of protein present was quantified using the DC protein assay kit 

(Biorad) and equal amounts of protein were loaded on the gels. 20-40 µg of proteins were 

resolved on 15% or 9% SDS-PAGE. The membranes were probed with anti-Cat B 

antibody, rabbit polyclonal anti-MMP-9, rabbit polyclonal anti-NHE1, rabbit monoclonal 

anti-LC3 A/B, rabbit monoclonal caspase-3, and rabbit polyclonal OPN (refer table 2.1). 

Anti-α-tubulin was used as a loading control. Immunoreactive proteins were visualized 

using enhanced chemiluminescence (Amersham Biosciences) and imaged using the Alpha 

Innotech FluorChem Imager (Protein Simple, California, USA). 

 

2.2.2 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

RT-PCR was used to analyze Cat B and ANP mRNA expression. RNA was 

extracted using the Trizol RNA extraction protocol. 2 µg of total RNA was reverse 

transcribed into cDNA using High capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) according to the manufacturer’s protocol (Table 2.2). 50-175 ng from the 

cDNA product was used for each PCR reaction. Following an initial denaturation of 3 

minutes at 94°C, the samples were denatured at 94°C for 45 seconds, annealed at 60°C for 

30 seconds and extended at 72°C for 1 minute. After 35 cycles of denaturing, annealing 

and extending, the reaction was terminated at 72°C for 10 minutes for final extension 

(Table 2.3). Cat B cDNA, ANP cDNA, Bcl-2 cDNA and Bax cDNA were amplified 
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separately using the below mentioned primer sequences (Table 2.4). The results were 

normalized using the control β-actin. β-actin is a housekeeping gene and is hence used to 

normalization for sample-specific differences (230). PCR products were then 

electrophoresed on 2% agarose gels stained with ethidium bromide. The mRNA bands 

were imaged using the Alpha Innotech FluorChem Imager (Protein Simple, California, 

USA).  The changes in the mRNA levels were normalized to β-actin and quantified using 

Scion Image software (Scion Corporation, USA). 

Table 2.2 Reverse transcription conditions used for converting RNA to cDNA. RT 

conditions used for the analysis of Cat B and ANP, Bcl-2, Bax mRNA levels. β-actin was 

used as an internal reference gene. RNA, ribonucleic acid; cDNA, complementary 

deoxyribonucleic acid; Cat B, cathepsin B; ANP, atrial natriuretic peptide; mRNA, 

messenger ribonucleic acid; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2 associated X protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Step Temperature 

(⁰C) 

Time 

1 25 10 min 

2 37 2 hours 

3 85 5 min 

4 4 indefinitely 

Lid Temperature 95  
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Table 2.3 Semi-quantitative Reverse Transcription-PCR conditions (RT-PCR). RT-

PCR for the analysis of Cat B and ANP mRNA levels. β-actin was used as an internal 

reference gene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.3 Real-Time Polymerase Chain Reaction 

Real-Time PCR was used to analyze Bcl-2 and Bax mRNA expression. RNA was 

extracted using the Trizol RNA extraction protocol. 2 µg of total RNA was reverse 

transcribed into cDNA using High capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) according to the manufacturer’s protocol (Table 2.2). 2 µL from the cDNA 

product was used for each Real-Time PCR reaction. Fast Sybr Green Master Mix (Applied 

Biosystems) was used for Real-Time PCR. Reaction mixture contained 10 µL Sybr Green, 

2 µLof cDNA, 0.5 µL of 20 µM forward and reverse primers (Table 2.4) in a total volume 

of 20 µL. The microtiter plate was then centrifuged at 900 rpm for 5 to 10 seconds. 7500 

fast Real-Time PCR System (Applied Biosystems) was used for the Real-Time PCR run. 

The holding stage conditions were 95⁰C for 20 seconds. Thermal cycling conditions were 

Step Temperature (⁰C) Time  

Initial Denaturation 94 3 min  

Denaturation 94 45 sec 

35 cycles Annealing 60 30 sec 

Extension 72 1 min 

Final Extension 72 10 min  

Hold 4 indefinitely  

 End   
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40 cycles of 3 seconds at 95⁰C and 30 seconds at 60⁰C. The melt curve stage step 1 

conditions were 15 seconds at 95⁰C, followed by 60 seconds at 60⁰C and finally 15 seconds 

at 95⁰C. The results were normalized using the control β-actin. β-actin is a housekeeping 

gene and is hence used to normalization for sample-specific differences (230). The gene 

expression of Bcl-2 and Bax was performed in triplicates. 
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Table 2.4 Synthetic oligonucleotide primer sequences for Semi-quantitative Reverse 

Transcription-PCR. Primer sequences of Cat B, ANP, Bcl-2, Bax mRNA levels. β-actin 

was used as an internal reference gene. 

 

2.2.4 Measurement of Cardiac Hypertrophic Markers  

In order to investigate the role of NHE1 in the cardiomyocyte hypertrophic cascade 

we looked at three cardiomyocyte hypertrophic markers namely, ANP mRNA, protein 

content and cell area. Increase in ANP mRNA and protein synthesis are one of the 

hallmarks of CH and heart failure (231). Additionally, it was shown that treatment with 

hypertrophic agonists like ET-1 and Ang II induced an increase in cell surface area (232, 

233). Thus, their levels were considered as good markers of cardiomyocyte hypertrophy. 

 

Gene Direction Primer Sequence 

β-actin Sense 5′-CGT CAT CCA TGG CGA ACT GG-3′ 

 Antisense 5′-ACG CAG CTC AGT AAC AGT CC-3′ 

CTSB Sense 5′-GGG GGA AAT CTA CAA AAA TG-3′ 

 Antisense 5′-AAA GAC TCC TAT CTG CCT CAC T-3′ 

ANP Sense 5′-CTG CTA GAC CAC CTG GAG GA-3′ 

 Antisense 5′-AAG CTG TTG CAG CCT AGT CC-3′ 

Bcl-2 Sense 5′-AGC GTC AAC AGG GAG ATG TGA-3′ 

 Antisense 5′-GAT GCC GGT TCA GGT ACT CA-3′ 

Bax Sense 5′-CCA AGA AGC TGA GCG AGT GTC TC-3′ 

 Antisense 5′-AGT TGC CAT CAG CAA ACA TGT CA-3′ 
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2.2.4.1 Measurement of Cell Surface Area of H9c2 Cardiomyoblasts 

H9c2 cardiomyoblasts were plated at an average density of 3x104 per 35 mm dish, 

which allowed for clear distinction of cells in DMEM F12 media containing the 10% FBS 

and 1% penicillin/streptomycin and cultured for 24 hours. Upon becoming confluent after 

24 hours, the media was changed to serum-free maintenance medium for a further 24 hours 

and the cells were then treated with Ang II (10 µM), Ang II+EMD (NHE1 inhibitor), Ang 

II+CA-074 Me (Cat B inhibitor), EMD (10 µM), or CA-074Me (10 µM) alone for 24 hours 

by directly adding them to the tissue culture medium. Following treatment, the media was 

aspirated and the cells were washed twice with 1X Phosphate Buffer Saline (PBS). The 

cells were then fixed with 4% formaldehyde and stained with 0.5% crystal violet in 2% 

ethanol. At least 10 cells were averaged from three dishes and represented as one n value. 

The cells were visualized on a bright field through Carl Zeiss AxioCam microscope (Carl 

Zeiss, Germany). Cell area was measured from digitized images using the AxioVision 

Imaging software (Carl Zeiss Microimaging, New York, NY). 

 

2.2.4.2 Measurement of Protein Content of H9c2 Cardiomyoblasts 

Protein content was measured as described previously (234). Briefly, the 

cardiomyoblasts were washed twice in 1X PBS and collected by trypsinization. The total 

number of cardiomyoblasts was calculated using a hemocytometer. Protein concentration 

of cardiomyoblasts lysed in RIPA buffer was measured using the DC protein assay kit 

(Biorad). Protein content was determined by dividing the total amount of protein (μg) by 

the total number of cardiomyoblasts. Results were expressed as % of control (non-treated).  
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2.2.5 Measurement of Cathepsin B Enzyme Activity 

Activity of cathepsin B was determined with cathepsin B activity fluorometric 

assay kit according to the manufacturer’s protocol (abcam) and as previously described 

(235). Briefly, the cells were lysed in 50 µL kit lysis buffer. Cell lysates were centrifuged 

at 12,000 rpm for 15 minutes at 4°C and the supernatant containing the proteins were 

collected. Total amount of protein present in each sample was quantified using the DC 

protein assay kit from Biorad according to the manufacturer’s instructions. 50 µg of 

proteins were used for cathepsin B activity assay. Proteins were incubated at 37C for 1–2 

hours 10 mM Ac-RR-AFC (substrate for cathepsin B). After incubation for 2 hour, 

fluorescence was measured with a fluorescence microplate reader (SpectraMax Geminis 

XS; Molecular Devices, Inc.) at 400/505nm (excitation/emission; for cathepsin B activity). 

 

2.2.6 Measurement of NHE1 Activity 

Cardiomyoblasts plated on coverslips were loaded with 3 µg/mL pH sensitive dye 2,7-

bis(carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM). The 

change in H+ concentration was measured using a PTI Deltascan spectrofluorometer 

(Photon Technology International, Doha, Qatar). The excitation wavelengths were set at 

502.5 nm and 440 nm and the emission wavelength was set at 528.7 nm. The coverslip was 

initially maintained in a pre-warmed solution of Na+-normal buffer (mM (135 NaCl, 5 KCl, 

1.8 CaCl2, 1 MgSO4, 5.5 Glucose, 10 HEPES) at 37°C and was then pulsed with 50 mM 

ammonium chloride to induce an acid load. Following acidification, coverslips were placed 
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in a 37°C pre-warmed solution of Na+-free buffer (135mM N-methyl-D-glucamine, 5mM 

KCl, 1.8mM CaCl2, 1mM MgSO4, 5.5mM Glucose, 10mM HEPES) that was pre-warmed 

to 37°C and adjusted to a pH of 7.3 until a steady acidic pH was reached. The coverslip 

was then placed in Na+-normal buffer to allow the cardiomyoblasts to recover (176). Each 

coverslip was equilibrated in a three-step pH calibration buffer solution containing 135 

mM N-methyl-glucamine and KCl, 10 µM nigericin and adjusted to a pH of 8, 7 or 6 (236). 

The three-step pH calibration was used to generate a standard curve in which the 

fluorescence output measurements were converted into intracellular pH. The initial rate of 

recovery following an induced acid load was measured and used as an indicator of the 

NHE1 activity. 

  

2.2.7 Measurement of MMP-9 Gelatinolytic Activity by Gelatin Zymography in the 

Conditioned Media  

SDS-substrate (gelatin) gels were prepared by adding gelatin (final concentration 

of 0.2%) to a 7.5% standard Laemmli acrylamide polymerization mixture. 80 µg of protein 

from concentrated media samples was loaded per lane without reduction. Following 

electrophoresis, gels were washed thrice for 20 minutes each with 2.5% Triton X-I00. Gels 

were then rinsed and incubated for 24 hours at 37°C in substrate buffer (50 mM Tris HCl, 

0.15 M NaCl, 5 mM CaCl2, and 0.05% NaN3, pH 7.6). After incubation, gels were stained 

for 1 hour in 1% coomassie blue R-250 in acetic acid:methanol:water (1:2.5:6.5), destained 

in the same solvent and scanned for gelatinolytic activity using BioRad gel doc imaging 
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system (Bio-Rad Inc., California, USA). The bands were quantified using Scion Image 

software (Scion Corporation, USA). Bands for MMP-9 were visualized at 92 kDa.  

 

2.2.8 Intracellular Localization of Lysosomes Using LysoTracker Red Dye  

Following treatment, the H9c2 cardiomyoblasts were washed with PBS and 

incubated in DMEM medium containing 75 µM LysoTracker Red DND-99 (Invitrogen), a 

cell-permeable acidotropic probe that selectively labels vacuoles with low internal pH,  for 

30 minutes. The media was removed and the cells were incubated with 1 µM HOECST for 

30 minutes. The cells were then evaluated under a fluorescence microscope 

(OlympusIX70, Olympus Corp.).  

 

2.3 In Vivo Studies Using of Hearts from Transgenic Mice Overexpressing NHE1 (K-

Line); Measurement of Cathepsin B Protein Expression (A summary of the 

experimental model can found in figure 2.3) 

Cat B protein expression in the hearts of transgenic mice overexpressing NHE1 

(53) was investigated by immunohistochemical analysis.  All experimental procedures 

involving mice were in accordance with institutional guidelines on Animal 

Experimentation and were under a French Ministry of Agriculture license and the 

Institutional Animal Care and Use Committee at Qatar University, Doha, Qatar. The 

Institutional Animal Care and Use Committee at Qatar University, Doha, Qatar has 

specifically approved this project  (Research Ethics Approval Number: QU-IACUC 

007/2012). The mice hearts were collected at 13 weeks and were sectioned into 7 µm 
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sections and dried overnight. The sections were then deparaffinized and rehydrated with 

xylene and alcohol, respectively. The antigens were retrieved with Ventana CC1 buffer 

(Tris/EDTA buffer, pH 8) for 4 minutes at 95°C and then for 12 minutes at 100°C. The 

endogenous peroxidase was quenched with 3% H2O2 in PBS for 30 minutes. Heart sections 

were then blocked with Ab Diluent (ROCHE) for at least 20-30 minutes in a moist 

chamber. The sections were then probed with primary antibodies to Cat B at a dilution of 

1:50 in Ab Diluent (ROCHE) for 1 hour at 37⁰C. Biotinylated anti rabbit IgG secondary 

antibody (RPN1004V,GE Healthcare) was then added at a dilution of  1:100 in Ab Diluent 

(ROCHE) for 1 hour at 37°C. Finally, the 3,3-diaminobenzidine (DAB) kit was used. The 

nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Images were 

acquired on NIKON microphot-FXA. 

 

2.4 Statistical Analysis 

All values expressed are compared to control (non-treated) ± SEM. Since the data 

represented values with unequal variances that followed a normal distribution, the upaired 

student’s t tests was used to compute differences between groups. A p value of less than 

0.05 was considered a significant difference. * represents p < 0.05 vs. control (non-treated) 

and # represents p < 0.05 vs. Ang II. 
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Figure 2.3 Experimental model used to determine the role of Cat B in NHE1-induced 

cardiomyocyte hypertrophic response. Cardiomyocytes were investigated for Cat B 

protein (in vitro and in vivo) and gene expression. Cardiomyocytes were also characterized 

for parameters of cardiac hypertrophy including ANP mRNA levels, cell surface area, and 

protein content. Hypertrophic signaling pathways were also examined to determine their 

involvement in the NHE1-induced cardiomyocyte hypertrophic response. RT-PCR, reverse 

transcription-polymerase chain reaction; CH, cardiac hypertrophy; Cat B, cathepsin B; 

MMP-9, matrix metalloproteinase-9; ANP, atrial natriuretic peptide; IHC, 

immunohistochemistry.   
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Chapter 3: RESEARCH FINDING 

3.1 In vitro Studies Using the Rat Embryonic Myoblast Cell Line H9c2 to Investigate 

the Cellular Interplay between NHE1 and Cat B 

3.1.1 Measurement of NHE1 Activity Following Stimulation with Ang II 

Previous reports have demonstrated a simultaneous increase in NHE1 activity upon 

stimulation with Ang II in cardiomyocytes (229). In order to determine whether Ang II 

induces NHE1 activity in H9c2 cardiomyocytes, the cells were treated with 100 nM Ang 

II for 18 hours, with or without EMD. NHE1 activity assay revealed that NHE1 activity 

was significantly elevated with 100 nM Ang II concentration at the 18 hour time point, 

which was significantly regressed by EMD (Figure 3.1). 

 

Figure 3.1 Treatment with Ang II induces an increase in NHE1 activity in H9c2 

cardiomyoblasts. Quantification of NHE1 activity in cell lysates of H9c2 cells treated with 

100 nM Ang II, with or without EMD for 18 hours (n=4). *p < 0.05 vs. control.   
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3.1.2 Measurement of NHE1 Protein Expression Following Stimulation with Ang II  

Previous reports have a demonstrated a simultaneous increase in NHE1 activity upon 

stimulation with Ang II in cardiomyocytes but not NHE1 protein expression (229). Our 

previous findings revealed that Ang II induced an increase in NHE1 activity which was 

blocked by EMD (Figure 3.1) In order to determine whether Ang II induces an increase in 

NHE1 protein expression in H9c2 cardiomyocytes as well, the cells were treated with 10 

µM Ang II for 24 hours, with or without EMD or CA-074Me. Immunoblot analysis 

revealed that NHE1 protein expression was not changed with 10 µM Ang II concentration 

at the 24 hour time point (Figure 3.2).  

 

Figure 3.2 Treatment with Ang II causes no change in NHE1 protein expression in 

H9c2 cardiomyoblasts. Representative Western blot of NHE1 protein expression in cell 

lysates of H9c2 cells treated with 10 µM Ang II for 24 hours, with or without EMD or CA-

074Me (n=1). Immunoblotting was against NHE1 (92 kDa) and α-tubulin (50 kDa).  

 

 

3.1.3 Determination of the Optimal Concentration and Time Point At Which Ang II 

Induces Cat B  

Previous studies have shown that Cat B is optimally active under acidic pH (86, 237) 

Similarly, NHE1 is the primary regulator of intracellular pH in cardiomyocytes. Cat B and 

NHE1 have independently been shown to mediate CH (36, 53, 91, 214). Moreover, the 

activation NHE1 has been shown to activate Cat B in a breast cancer model (132). In order 
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to determine whether the activation of NHE1 induces Cat B protein expression in H9c2 

cardiomyoblasts, H9c2 cardiomyoblasts were treated with 1, 10, or 100 µM or 1, 10, or 

100 nM Ang II for 24 hours. Previous reports and our findings (Figure 3.1) have 

demonstrated that NHE1 activity increases upon stimulation with Ang II in ventricular 

myocytes (227), and as such Ang II has been used as experimental model to stimulate 

NHE1 activity. Immunoblot analysis revealed that Cat B protein expression, appearing at 

37 kDa (pro form) and 25 kDa (active form) (238), was significantly elevated following 

stimulation with 10 µM Ang II (180.22  23.40% Ang II vs. 100% control, 25 kDa; and 

180.07  21.97% Ang II vs. 100% control, 37 kDa; P<0.05) (Figure 3.3). Our results 

demonstrate that stimulation of NHE1 with Ang II in H9c2 cardiomyoblasts induces Cat B 

protein expression. 
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A. 

 

B. 

 

Figure 3.3 Stimulation of Na+/H+ exchanger isoform 1 through Ang II elicits a 

concentration-dependent increase in Cat B protein expression in H9c2 

cardiomyoblasts. A. Representative Western blot of Cat B protein expression in cell 

lysates of H9c2 cells treated with 1, 10, or 100 µM or 1, 10, or 100 nM Ang II for 24 hours 

(n=7). Immunoblotting was against Cat B (pro form at 37 kDa and active form at 25 kDa) 

and α-tubulin (50 kDa). B. Quantification of relative levels of Cat B protein expression 

(n=7). Results expressed as % control (α-tubulin) ± %SEM. *p < 0.05 vs. control. 

 

In order to determine the time point at which Ang II maximally induces Cat B 

protein expression in H9c2 cardiomyocytes, the cells were treated with 10 µM Ang II for 
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0, 3, 6, 12 or 24 hours. Immunoblot analysis revealed that Cat B protein expression, 

appearing at 37 kDa (pro form) and 25 kDa (active form), was maximally increased at the 

24 hour time point with 10 µM Ang II concentration (Figure 3.4). It is to be noted here that 

we saw a doublet at the 37 kDa band size which was not observed earlier (Figure 3.1). This 

can be attributed to a longer run time of the Western blot.   

 

Figure 3.4 Stimulation of Na+/H+ exchanger isoform 1 through Ang II elicits a time-

dependent increase in Cat B protein expression in H9c2 cardiomyoblasts 

(representative Western blots). Representative Western blot of Cat B protein expression 

in cell lysates of H9c2 cells treated with 10 µM Ang II for 0, 3, 6, 12 or  24 hours (n=1). 

Immunoblotting was against Cat B (pro form at 37 kDa and active form at 25 kDa) and α-

tubulin (50 kDa).  
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3.1.4 Analysis of Cat B in the Intracellular Compartment  

3.1.4.1 Measurement of Cat B Protein Expression in Cell Lysates 

The activation of NHE1 has been shown to activate Cat B in a breast cancer model 

(132). In order to confirm whether the Ang II stimulated increase in Cat B protein 

expression was in part due to the activation of NHE1 and whether this increase could be 

regressed by NHE1 inhibitor or Cat B inhibitor, the cells were further treated with or 

without EMD or CA-074Me. Immunoblot analysis revealed that Cat B protein expression, 

both pro and active forms, was significantly elevated at the 10 µM Ang II concentration  

(136.56  9.4% Ang II vs. 100% control, 37 kDa and 169.84  14.24% Ang II vs. 100% 

control, 25 kDa; P<0.05) and this increase was regressed significantly by EMD (118.19  

25.5% Ang II+EMD vs. 136.56  9.4% Ang II, 37 kDa and 102.83  14.38% vs. 169.84  

14.24% Ang II, 25 kDa; P<0.05) or CA-074Me  (90.96  13.52% Ang II+CA-074Me vs. 

136.56  9.4% Ang II, 37 kDa and 71.79  7.53% vs. 169.84  14.24% Ang II, 25 kDa; 

P<0.05) (Figure 3.5). 
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A. 

 

B. 

 

Figure 3.5 Stimulation of the Na+/H+ exchanger isoform 1 elicits an increase in Cat B 

protein expression in H9c2 cardiomyoblasts. A. Representative Western blot of Cat B 

protein expression in cell lysates of H9c2 cells treated with Ang II, with or without EMD 

and CA-074Me for 24 hours (n=6-7). Immunoblotting was against Cat B (pro form at 37 

kDa and active form at 25 kDa) and α-tubulin (50 kDa). B. Quantification of relative levels 

of Cat B protein expression (n=6-7). Results expressed as % of control (α-tubulin) ± 

%SEM. *p < 0.05 vs. control, # p < 0.05 vs. Ang II  
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3.1.4.2 Measurement of Cat B mRNA Expression 

Our previous findings revealed an increase in Cat B protein expression in the cell 

lysates upon stimulation of NHE1 with Ang II (Figure 3.5). The increase in protein 

expression could possibly be as a result of transcriptional changes within the cell. Hence, 

we stimulated NHE1 using Ang II and looked at its effect on Cat B gene expression by RT-

PCR analysis. RT-PCR analysis revealed that Cat B gene expression was significantly 

elevated at the 10 µM Ang II concentration (288.11  76.72% Ang II vs. 100% control; 

P<0.05) and this increase was regressed significantly by EMD (161.77  37.14% Ang 

II+EMD vs. 288.11  76.72% Ang II; P<0.05) or CA-074Me (197.49  48.82% Ang 

II+CA-074Me vs. 288.11  76.72% Ang II; P<0.05) (Figure 3.6). 
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A. 

 

B. 

 

Figure 3.6 Stimulation of the Na+/H+ exchanger isoform 1 elicits an increase in Cat B 

gene expression in H9c2 cardiomyoblasts. A. Representative DNA gel of Cat B mRNA 

expression in H9c2 cardiomyocytes treated with Ang II, with or without EMD and CA-

074Me for 24 hours (n=7). cDNA amplification was against Cat B and β-actin. B. 

Quantification of Cat B mRNA expression in H9c2 cardiomyocytes normalized to β-actin 

(n=7). Results expressed as % of control (β-actin)  %SEM. *p < 0.05 vs. control, # p < 

0.05 vs. Ang II. 
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3.1.4.3 Measurement of Cat B Activity Assay 

Our previous findings showed that stimulation of NHE1 using Ang II increased the 

Cat B protein and gene expression significantly (Figures 3.5 and 3.6). Hence, we wanted 

to further investigate the effect of NHE1 stimulation on the activity of Cat B. In order to 

determine whether Ang II induces Cat B activity in H9c2 cardiomyocytes, the cells were 

treated with Ang II, with or without EMD and CA-074Me for 24 hours. Cat B activity 

assay revealed that Cat B activity was not changed due to Ang II treatment in the cell 

lysates (Figure 3.7). Analysis of Cat B activity in the conditioned media also revealed no 

changes in Cat B activity upon activation of NHE1 using Ang II (Figure 3.8). Previous 

studies have shown that Cat B is optimally active at an acidic pH value (132, 237). It is to 

be noted that the culture media utilized for our in vitro model contained buffers to maintain 

the pH. The buffers efficiently maintained the pH of the culture media at a neutral value 

(approximately pH 7.4) which may have prevented the activation of Cat B and hence an 

inability to see any changes in it. Moreover, it is also possible that the assay was not 

sensitive enough to detect the activity of Cat B as we did not see any changes in enzyme 

activity in the positive control as well (data not shown).  
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Figure 3.7 Stimulation of the Na+/H+ exchanger isoform 1 does not elicits an increase 

in Cat B enzyme activity in H9c2 cardiomyoblasts. Quantification of Cat B activity in 

cell lysates of H9c2 cells treated with Ang II, with or without EMD and CA-074Me for 24 

hours (n=4). Results expressed as % control (non-treated) ± %SEM.  
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Figure 3.8 Stimulation of the Na+/H+ exchanger isoform 1 does not elicits an increase 

in Cat B enzyme activity in conditioned media from H9c2 cardiomyoblasts. 

Quantification of Cat B activity in conditioned media from H9c2 cells treated with Ang II, 

with or without EMD and CA-074Me for 24 hours (n=3). Results expressed as % control 

(non-treated) ± %SEM.  
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3.1.5 Characterization of Cat B and NHE1 in the NHE1 Induced Hypertrophic 

Response by Measurement of Cardiac Hypertrophic markers 

Although Cat B and NHE1 have independently been shown to mediate CH (36, 53, 91, 

214), whether Cat B contributes to the hypertrophic response induced by the elevated 

NHE1 activity remains unclear. In order to investigate the role of NHE1 in the 

cardiomyocyte hypertrophic cascade we looked at three cardiomyocyte hypertrophic 

markers namely, ANP mRNA, cell area and protein content. Increase in ANP mRNA and 

protein synthesis are one of the hallmarks of CH and heart failure (231). Additionally, it 

was shown that treatment with hypertrophic agonists like ET-1 and Ang II induced an 

increase in cell surface area (232, 233). Thus, their levels were considered as good markers 

of cardiomyocyte hypertrophy. 

 

3.1.5.1 Measurement of ANP mRNA 

H9c2 cardiomyoblasts stimulated with 10 µM Ang II induced a significant increase 

in ANP mRNA (393.43  66.29% Ang II vs. 100% control; P< 0.05) (Figure 3.9). ANP 

mRNA expression (59.40  12.24 % Ang II+EMD vs. 393.43  66.29% Ang II; P< 0.05) 

(Figure 3.9) was significantly regressed upon treatment with EMD. 

To further confirm the role of Cat B in the NHE1 mediated hypertrophic phenotype, 

H9c2 cardiomyoblasts stimulated with 10 µM Ang II were pre-treated with CA-074Me. 

The inhibition of Cat B in cardiomyoblasts expressing active NHE1 was reversed as 

indicated by the significant reduction in ANP mRNA expression (62.44  13.85% Ang 

II+CA-074Me vs. 393.43  66.29% Ang II; P< 0.05) (Figure 3.9).    
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A. 

 

B. 

 

Figure 3.9 Cat B contributes to Na+/H+ exchanger isoform 1 -induced cardiomyocyte-

hypertrophy in H9c2 cardiomyoblasts. A. Representative DNA gel of ANP mRNA 

expression in H9c2 cardiomyocytes treated with Ang II, with or without EMD and CA-

074Me for 24 hours (n=7). cDNA amplification was against ANP mRNA and β-actin. B. 

Quantification of ANP mRNA expression in H9c2 cardiomyocytes normalized to β-actin 

(n=7). Results expressed as % of control (β-actin)  %SEM. *p < 0.05 vs. control, # p < 

0.05 vs. Ang II.  
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3.1.5.2 Measurement of Cell Area 

H9c2 cardiomyoblasts stimulated with 10 µM Ang II induced a significant increase 

in cell surface area (145.9  8.24% vs. 100% control; P< 0.05) (Figure 3.10). Cell surface 

area (105.311.88% Ang II+EMD vs. 145.9  8.24% Ang II; P< 0.05) (Figure 3.10) was 

significantly regressed upon treatment with EMD.  

To further confirm the role of Cat B in the NHE1 mediated hypertrophic phenotype, 

H9c2 cardiomyoblasts stimulated with 10 µM Ang II were pre-treated with CA-074Me. 

The inhibition of Cat B in cardiomyoblasts expressing active NHE1 was reversed as 

indicated by the significant reduction in cell surface area (97.35  9.08% Ang II+CA-

074Me vs. 145.9  8.24% Ang II; P< 0.05) (Figure 3.10)  
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A.  

 

B. 
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C. 

 

Figure 3.10 Cat B contributes to Na+/H+ exchanger isoform 1 -induced 

cardiomyocyte-hypertrophy in H9c2 cardiomyoblasts. A. Representative crystal violet 

stained microscopy images of H9c2 cardiomyocytes treated with Ang II, with or without 

EMD and CA-074Me for 24 hours (n=4) using bright field Carl Zeiss AxioCam at a 

magnification of 20x. B. Images captured at 20x magnification were zoomed to visualize 

a single H9c2 cardiomyoblast for better comparison between groups. C. Cell surface area 

of at least 30-40 H9c2 cardiomyocytes from 3-4 individual dishes were measured (n=4). 

Results expressed as % of control (non-treated) ± %SEM. *p < 0.05 vs. control, # p < 0.05 

vs. Ang II.  
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3.1.5.3 Measurement of Protein Content 

H9c2 cardiomyoblasts stimulated with 10 µM Ang II induced a significant increase 

in total protein content (154.04  17.79% Ang II vs. 100% control; P< 0.05) (Figure 3.11). 

Total protein content (96.73 ± 9.58% Ang II+EMD vs. 154.04  17.79% Ang II; P< 0.05) 

(Figure 3.11) was significantly regressed upon treatment with EMD. 

To further confirm the role of Cat B in the NHE1 mediated hypertrophic phenotype, 

H9c2 cardiomyoblasts stimulated with 10 µM Ang II were pre-treated with CA-074Me. 

The inhibition of Cat B in cardiomyoblasts expressing active NHE1 was reversed as 

indicated by the significant reduction in total protein content (110.99 ± 13.24% Ang 

II+CA-074Me vs. 154.04  17.79% Ang II; P< 0.05) (Figure 3.11).  

Our findings reveal for the first time that NHE1-induced Cat B expression 

contributes to the hypertrophic response in cardiomyoblasts and that blockage of this effect 

prevents the NHE1.  
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Figure 3.11 Cat B contributes to Na+/H+ exchanger isoform 1 induced cardiomyocyte 

hypertrophy in H9c2 cardiomyoblasts (protein content). Protein content of H9c2 

cardiomyocytes expressed as mg/10 x 106 cell. D. Representative crystal violet stained 

microscopy images of H9c2 cardiomyocytes treated with Ang II, with or without EMD and 

CA-074Me for 24 hours (n=4). Results expressed as % of control (non-treated) ± %SEM. 

*p < 0.05 vs. control, # p < 0.05 vs. Ang II. 

  



79 
 

3.1.6 Translocation of Cat B from the Intracellular to the Extracellular Compartment 

3.1.6.1 Intracellular Localization of Lysosomes Using LysoTracker Red Dye 

Cat B is localized primarily within the acidic environment of the lysosomes, where 

they are optimally active and functional to degrade unwanted and damaged proteins (77). 

The loss of integrity of the lysosomes can cause the release of the Cat B proteases into the 

cytosol or into the extracellular compartment (86). Previous studies have reported an 

increase in lysosomal cathepsin protease activity in tissue samples from disease and failing 

human hearts. Therefore, we aimed to determine the intracellular localization and 

morphology of lysosomes using the acidotropic probe LysoTracker Red in H9c2 

cardiomyoblasts following stimulation with NHE1. H9c2 cardiomyoblasts were stimulated 

with 10 µM Ang II resulted in a dispersion of the lysosomes as compared to control (Figure 

3.12). Inhibition of NHE1 or Cat B showed a more intact structure of the lysosomes (Figure 

3.12).  
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Figure 3.12 Stimulation of the Na+/H+ exchanger isoform 1 causes the loss of lysosomal 

integrity in H9c2 cardiomyoblasts which is protected by Cat B inhibition. 
Representative images of H9c2 cells treated with Ang II, with or without EMD and CA-

074Me for 24 hours using fluorescent microscope OlympusIX70 at 20x magnification 

(n=3). The cells were stained with Lysotracker Red dye.  
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3.1.6.2 Measurement of LC3-II Protein Expression in Cell Lysates  

Our previous findings revealed an increase in dispersion of lysosomes upon 

stimulation of NHE1 and this effect seemed to be protected by the inhibition of Cat B or 

NHE1 (Figure 3.12). Cathespins have previously been demonstrated to be important in 

maintaining the autophagy- lysosomal pathway activated in response to stress (131). 

Previous studies have revealed that autophagy plays an important role in the pathogenesis 

of CVDs (239).  Moreover, NHE1 has also been implicated to promote autophagy (240). 

Microtubule‑associated protein light chain 3-II (LC3-II) is widely used to monitor 

autophagy. The amount of LC3‑II is correlated with the number of autophagosomes (130, 

241), which have been shown to cause the release of the Cat B proteases into the cytosol 

or into the extracellular compartment (59). The levels of LC3-II protein was measured by 

immunoblot analysis in H9c2 cardiomyoblasts treated with 10 µM Ang II, with or without 

the NHE1 or Cat B inhibitors. Our results revealed that LC3-II protein expression, 

appearing at 14 kDa, was significantly elevated following stimulation with 10 µM Ang II 

(204.38  49.83% Ang II vs. 100% control; P<0.05) (Figure 3.13). This effect that was 

significantly regressed upon treatment with EMD (101.35  16.32% Ang II+EMD vs. 

204.38  49.83% Ang II.; P<0.05) (Figure 3.13) or CA-074Me (91.79  22.59% Ang 

II+CA-074Me vs. 204.38  49.83%Ang II.; P<0.05) (Figure 3.13). Our results demonstrate 

that stimulation of NHE1 in H9c2 cardiomyoblasts with Ang II induces a significant 

increase in the autophagic marker LC3-II and this effect is regressed by inhibition of NHE1 

or Cat B. 
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A. 

 

B. 
 

 

Figure 3.13 Na+/H+ exchanger isoform 1 -induced Cat B expression elicits an increase 

in autophagy in H9c2 cardiomyoblasts. A. Representative Western blot of LC3 protein 

expression of H9c2 cardiomyoblasts treated with Ang II in the presence and absence of 

EMD or CA-074Me for 24 hours (n=5). Immunoblotting was against LC3-I/II (14 and 16 

kDa). B. Quantification of relative levels of LC3-II protein expression (n=5). Results are 

expressed as a % of control (α-tubulin) ± %SEM. *p < 0.05 vs. control, # p < 0.05 vs. Ang 

II.   
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3.1.6.3 Measurement of Cat B in the Media 

Our previous findings indicate that stimulation of NHE1 using Ang II causes a loss 

of integrity of the lysosomes (Figure 3.12) and increases the number of autophagosomes 

(Figure 3.13). Moreover, activation of NHE1 has also shown to increase the secretion of 

Cat B into the extracellular spaces by mediating lysosomal redistribution to the cell 

peripheries (132, 136). Hence, we aimed to determine the protein levels of Cat B in the 

conditioned media obtained from H9c2 cardiomyoblasts treated with Ang II, with or 

without the NHE1 or Cat B inhibitors. Immunoblot analysis revealed that Cat B protein 

levels were significantly elevated following stimulation with Ang II (136.54    9.85% Ang 

II vs. 100% control; P<0.05) (Figure 3.14), an effect that was significantly regressed upon 

treatment with EMD (81.11  13.06% Ang II+EMD vs. 136.54    9.85% Ang II; P<0.05) 

(Figure 3.14). Similarly, Cat B protein expression in the media was significantly regressed 

when pre-treated with CA-074Me (94.32  12.96% Ang II+CA-074Me vs. 136.54    

9.85% Ang II; P<0.05) (Figure 3.14). It is to be noted that the immunoblot analysis revealed 

only the preform of Cat B in the media unlike that seen in the cell lysates. The presence of 

only the pro form of Cat B in the culture media can be explained by the presence of buffers 

in the media which maintain a neutral pH. Absence of optimal pH conditions can prevent 

the activation of pro Cat B and hence explain our inability to see the active form of the 

enzyme in the media (237). Moreover, it is also possible that the active form of Cat B is 

being degraded in the media as the half-life of Cat B is around 14 hours (60), which is less 

than our treatment condition of 24 hours. Our results demonstrate that stimulation of NHE1 
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with Ang II in H9c2 cardiomyoblasts induces an increase in Cat B protein expression in 

the extracellular compartment, which is inhibited by NHE1 or Cat B inhibition.  

A. 

 

B. 

 

Figure 3.14 Stimulation of the Na+/H+ exchanger isoform 1 elicits an increase in Cat 

B protein in the extracellular environment of H9c2 cardiomyoblasts. A. Representative 

Western blot of Cat B protein expression in the conditioned media of H9c2 

cardiomyoblasts treated with Ang II in the presence or absence of EMD or CA-074Me for 

24 hours (n=5). Immunoblotting was against Cat B (pro form at 37 kDa). B. Quantification 

of the relative levels of Cat B protein expression in the conditioned media (n=5). Results 

are expressed as a % of control (non-treated) ± %SEM. *p < 0.05 vs. control, # p < 0.05 

vs. Ang II. 
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3.1.6.4 Measurement of MMP-9 Gelatinolytic Activity and Protein Expression in the 

Conditioned Media 

3.1.6.4.1 Measurement of MMP-9 Gelatinolytic Activity in the Conditioned Media 

Previous reports have demonstrated that Cat B has the ability to activate pro-MMP-

9, which can result in further ECM degradation (218).  MMP-9 activity was also increased 

in CCL39 cells upon the stimulation of NHE1 with phenylephrine (222). Interestingly, Cat 

B and MMP-9 have been demonstrated to interact with NHE1 to promote ECM degradation 

in breast cancer (133). Hence, we aimed to determine the MMP-9 gelatinolytic activity in 

the conditioned media obtained from H9c2 cardiomyoblasts treated with Ang II, with or 

without the NHE1 or Cat B inhibitors. Gelatin zymography revealed that MMP-9 

gelatinolytic activity was significantly elevated following stimulation with 10 µM Ang II 

(134.37    5.61% Ang II vs. 100% control; P<0.05) (Figure 3.15), an effect that was 

significantly regressed upon stimulation with EMD (93.74  10.79% Ang II+EMD vs. 

134.37    5.61 % Ang II vs.; P<0.05) (Figure 3.15). Similarly, MMP-9 activity was 

significantly regressed when pre-treated with CA-074Me (85.24  13.17% Ang II+CA-

074Me vs. 134.37    5.61 % Ang II vs.; P<0.05) (Figure 3.15). Our results indicate that 

stimulation of NHE1 with Ang II in H9c2 cardiomyoblasts induces an increase in MMP-9 

gelatinolytic activity which is inhibited by NHE1 or Cat B inhibition.  
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A. 

 

B. 

 

Figure 3.15 Na+/H+ exchanger isoform 1 induced Cat B expression contributes to 

MMP-9 gelatinolytic activity in the extracellular environment of H9c2 

cardiomyoblasts. A. Representative zymogram  of MMP-9 gelatinolytic activity in 

conditioned media treated with Ang II, with or without EMD and CA-074Me for 24 hours 

(n=4). Bands were visualized at 92 kDa corresponding to MMP-9. B. Quantification of 

relative levels of MMP-9 bands (n=4). Results are expressed as % of control (non-treated) 

± %SEM. *p < 0.05 vs. control, # p < 0.05 vs. Ang II. 
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3.1.6.4.2 Measurement of MMP-9 Protein Expression in the Conditioned Media 

 

It had previously been reported that the levels of MMP-9 are increased in models 

of heart failure. Hence we looked at the MMP-9 protein quantity in the conditioned media. 

Our Immunoblot analysis revealed that the stimulation of NHE1 did not induce any 

changes in the MMP-9 protein levels conditioned media (Figure 3.16).  

A. 

 

B. 

 

Figure 3.16 Na+/H+ exchanger isoform 1 induced Cat B expression does not induce 

MMP-9 protein expression in the extracellular environment of H9c2 cardiomyoblasts. 
A. Representative Western blot of MMP-9 protein expression in conditioned media of 

H9c2 cells treated with Ang II, with or without EMD and CA-074Me for 24 hours (n=6). 

Immunoblotting was against MMP-9 (92 kDa). B. Quantification of relative levels of 

MMP-9 protein expression in the conditioned media (n=6). Results expressed as % of 

control (non-treated) ± %SEM.  

  



88 
 

3.1.7 Investigation of Signaling Pathways That Contribute Towards Cardiomyocyte 

Hypertrophy  

3.1.7.1 Measurement of OPN Protein Expression 

Previous reports have shown that OPN modulates Ang II induced cardiac fibrosis 

in mice hearts (242) Moreover, OPN has also been shown to be cause cardiomyocyte 

hypertrophy in cooperation with NHE1 (51, 52). Previous report have demonstrated that 

certain MMPs have a cleavage site on OPN (243). We have seen previously that Ang II 

causes a significant increase in MMP-9 activity (Figure 3.15). Hence, we wanted to 

determine whether this increase in MMP-9 activity had any effect on OPN protein 

expression. Our findings revealed that the OPN protein expression remained unchanged 

upon treatment with Ang II (Figure 3.17). 
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A. 

 

B. 

 

Figure 3.17 Na+/H+ exchanger isoform 1 induced Cat B expression does not induce 

OPN protein expression in H9c2 cardiomyoblasts. A. Representative Western blot of 

OPN protein expression in cell lysates of H9c2 cells treated with Ang II, with or without 

EMD and CA-074Me for 24 hours (n=3). Immunoblotting was against OPN (66 kDa) and 

α-tubulin (50 kDa). B. Quantification of relative levels of OPN protein expression (n=3). 

Results expressed as % of control (α-tubulin) ± %SEM. *p < 0.05 vs. control, # p < 0.05 

vs. Ang II.  
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3.1.8 Investigation of Apoptosis in the Cat B Induced Cardiomyocyte Hypertrophic 

Response; Measurement of Apoptotic Markers; Bcl2 and Bax mRNA 

Cat B and NHE1 have independently been shown to be involved in apoptosis (123, 

124) (244, 245). Moreover, previous report have demonstrated an increase in the apoptotic 

marker Bax mRNA and a decrease in the anti-apoptotic marker Bcl-2 mRNA in H9c2 

cardiomyoblasts treated with Ang II (216).  Hence, we wanted to see the effect of our 

treatment on the apoptotic markers. Our results revealed no change in the apoptotic markers 

which may be due to the different concentrations used in both studies (Figure 3.18, 3.19).  
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Figure 3.18 Na+/H+ exchanger isoform 1 induced Cat B expression does not induce 

Bax mRNA in H9c2 cardiomyoblasts. Quantification of BAX mRNA expression in H9c2 

cardiomyocytes normalized to β-actin (n=5). Results expressed as % of control (β-actin)  

%SEM.  
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Figure 3.19 Na+/H+ exchanger isoform 1 induced Cat B expression does not induce 

Bcl-2 mRNA in H9c2 cardiomyoblasts. Quantification of Bcl-2 mRNA expression in 

H9c2 cardiomyocytes normalized to β-actin (n=5). Results expressed as % of control (β-

actin)  %SEM. *p < 0.05 vs. control, # p < 0.05 vs. Ang II.  
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3.2 In vivo Studies to Investigate Cat B Protein Expression in Hearts from Transgenic 

Mice Overexpressing NHE1 (K-Line)  

 

3.2.1 Immunohistochemistry: Cat B Protein Expression in Transgenic Mice 

Overexpressing NHE1 (K-line)  

 

To confirm our in vitro studies, Cat B protein expression was examined in heart 

sections from wild type mice and mice overexpressing NHE1 (53). The results revealed 

increased Cat B staining in hearts (arrows indicate increased Cat B staining) from mice 

overexpressing NHE1 as compared to control hearts (Figure 3.20). Our results indicate that 

increased expression of NHE1 induces Cat B protein expression in vivo.  

  

 

Figure 3.20 In vivo immunohistochemical staining for Cat B in transgenic mice 

overexpressing NHE1 (K-line). Protein expression of Cat B in the myocardium of wild 

type mice and mice overexpressing NHE1 (K-line). Images were acquired through NIKON 

bright field microscope at a magnification of 40x. Scale bar=10 µm. 
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Chapter 4: DISCUSSION AND CONCLUSION 

Progression of the heart to failure is primarily caused due to significant remodeling 

of the myocardium. Remodeling occurs as a result of an imbalance between the synthesis 

and degradation of the ECM. This imbalance can occur as a result of increased proteolytic 

activities of proteases such as cathepsins and MMPs and decrease in the levels of TIMPs 

(77, 214). Cat B is active under conditions of low pH (86, 218, 237). A previous report has 

demonstrated that pericellular acidification redistributed the Cat B containing lysosomes 

to the cell surface and caused the secretion of Cat B into the extracellular compartment 

(86). An overactive NHE1, such as that which is seen in conditions of CH (50, 215, 246, 

247), contributes to pericellular acidification. Overactive NHE1 caused a drop in 

extracellular pH values, which was shown to activate Cat B in a breast cancer in vitro 

model (132). Once into the extracellular compartment, Cat B can degrade the ECM (68) 

and facilitate further ECM degradation by activating other proteases such as MMP-9 (217, 

218). MMP-9 activity has been shown to be increased in various models of heart failure 

(43, 49, 165, 219). Interestingly, Cat B and MMP-9 were shown to directly interact with 

NHE1 and cause ECM degradation (133). Whether Cat B participates in cardiac 

remodeling by mediating ECM degradation in cooperation with MMP-9 due to 

extracellular pH changes caused by the NHE1 remains unclear. Moreover, Cat B and NHE1 

have independently been shown to be involved in apoptosis (123, 124, 244, 245). Whether 

Cat B and NHE1 work in cooperation to induce apoptosis remains unknown.  
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 Our project aimed to delineate the role of Cat B in the NHE1 induced 

cardiomyocyte hypertrophic response. To investigate the effects of Cat B in the NHE1 

induced cardiomyocyte hypertrophic response we used both an in vitro model as well as 

an in vivo model. Ang II was used to stimulate NHE1 activity in H9c2 cardiomyoblasts. 

Changes in the Cat B gene and protein expression as well as activity were analyzed in the 

presence and absence of Cat B or NHE1 inhibitor. We also looked at the protein levels of 

Cat B in transgenic mice harboring the active form of NHE1. Furthermore, we also looked 

at the effects of NHE1 induced cardiomyocyte hypertrophy on activation of autophagy and 

the extracellular Cat B protein expression and MMP-9 activity. We also assessed the 

cardiomyocyte hypertrophic response by measuring the well-established cardiomyocyte 

hypertrophic markers ANP mRNA, cell area and protein content. Our findings have several 

implications: 

 

4.1 Ang II induces an increase in NHE1 activity without an increase in its protein 

expression 

Previous reports have demonstrated that NHE1 activity increases upon stimulation with 

Ang II in ventricular myocytes (227). Previous reports have suggested that the Ang II 

stimulates the activity of NHE1 by the activation of Gαq protein coupled receptors (section 

1.5.3.2). Activation of Gαq signaling then activates downstream signaling cascade (Figure 

1.4). Ang II, acting via the AT1 receptor (Gαq), induces an increase in intracellular calcium 

that then interacts with calmodulin (CaM). The Ca2+/CaM complex directly or indirectly 
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activates NHE1 and phosphorylates calmodulin kinase II (CaMKII), which then regulates 

the NHE1 activity (248). In our study, the NHE1 activity assay revealed that the NHE1 

activity was significantly increased upon stimulation with 100 nM Ang II for 18 hours and 

this effect was significantly regressed by using EMD, confirming previous reports (51, 52) 

(Figure 3.1). Based on our findings and previous reports, we used Ang II to induce NHE1 

activity in our study in H9c2 cardiomyoblasts. 

In order to assess if stimulation with Ang II also induces NHE1 protein expression, we 

treated the H9c2 cells with 10 µM Ang II for 24 hours in the presence and absence of Cat 

B or NHE1 inhibition. Immunoblot analysis revealed that Ang II or the inhibition of Cat B 

did not have any changes in the NHE1 protein levels upon stimulation with Ang II in H9c2 

cardiomyoblasts (Figure 3.2). This is in accordance with what has been previously 

reported. A study demonstrated that MDCK cell treated with 1 nM Ang II did not stimulate 

an increase in the protein expression of NHE1 whereas, the treatment was sufficient to 

induce an increase in NHE1 activity (248).  

 

4.2 Stimulation of NHE1 Induces the Expression of Cat B 

Cat B and NHE1 have independently been shown to mediate CH (36, 53, 91, 214). 

Moreover, the activation NHE1 has been shown to activate Cat B in a breast cancer model 

(132). Hence, we investigated the effect of overactive NHE1 (stimulated using Ang II) on 

the Cat B protein expression in H9c2 cardiomyoblasts. Immunoblot analysis revealed that 
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Cat B protein expression in its pro and active forms were significantly increased in H9c2 

cardiomyoblasts upon stimulation with 10 µM Ang II for 24 hours (Figure 3.3).  

The pro region of the pro Cat B enzyme is cleaved off to liberate the mature or active 

form of Cat B which is of 30 kDa. The pro Cat B can be converted into active Cat B by 

exposure to low pH, or to Cat D (aspartic protease) (237). Pro Cat B can also convert to its 

active form by self-cleavage (74-76). Furthermore, the 30 kDa active form can be further 

processed by cleavage of its dipeptide bonds and liberation of its heavy chain (25 kDa) and 

a light chain (5 kDa). The heavy and light chains forms are linked together cysteine–

cysteine bonds (60). It is to be noted that Cat B pro form is indicated to be enzymatically 

inactive and requires an acidic pH to become active. Although it shows maximum activity 

at an acidic pH, it has been found that Cat B retains significant proteolytic activity at neutral 

pH as well (88).  

Apart from investigating the concentration of Ang II at which it induces maximum 

Cat B expression we also wanted to know the time point for the same. For this we used a 

concentration of 10 µM Ang II (Figure 3.3) at different time points (section 2.2 (c)). 

Immunoblot analysis revealed that Cat B protein expression was maximally increased at 

24 hours (Figure 3.4). This is in accordance with a recent study, where they induced Cat B 

protein expression in H9c2 cardiomyoblasts using Ang II at a 24 hour time point (216). 

Hence, for our study we used a concentration of 10 µM Ang II for 24 hours to induce Cat 

B protein expression. The H9c2 cell line shows a similar hypertrophic response as the 

primary cardiomyoblasts and hence is used as a model for in vitro study of CH (225).  
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Furthermore, our study demonstrated that the Cat B mRNA expression was 

significantly increased in H9c2 cardiomyoblasts upon stimulation with 10 µM Ang II for 

24 hours (Figure 3.6). This increase in Cat B protein and gene expression was regressed 

upon inhibition of NHE1 or Cat B (Figure 3.5 and 3.6). A study done on bone marrow 

derived macrophages demonstrated that CA-074Me has the ability to affect transcription 

factor NFATc1 through down regulation of c-FOS. Auto-amplification of NFATc1 is 

necessary for the transcription of genes such as those of cathepsins. This study 

demonstrated that CA-074Me was able to inhibit the NFATc1 mRNA via inhibiting c-FOS 

resulting in the inhibition of transcription. This study might explain the inhibition of Cat B 

mRNA upon using CA-074Me in our model (249).   

To confirm our in vitro studies, we investigated Cat B protein expression in an in 

vivo model. Immunohistochemical analysis done on heart sections from wild type mice and 

mice overexpressing NHE1 (53) revealed increased Cat B staining in hearts from mice 

overexpressing NHE1 as compared to control hearts (Figure 3.20). Our results indicate that 

the activity and expression of NHE1 induces Cat B protein levels in vitro and in vivo 

respectively (Figure 3.5 and 3.20). These findings are in accordance with Wu et al’s recent 

findings that demonstrated an increase in Cat B upon stimulation with Ang II (216). 

Moreover, Wu et al demonstrated that Cat B deficiency attenuated cardiac remodeling in 

response to pressure overload (216). Whether the effects seen in Wu et al’s study were as 

a result of activation of NHE1 have not been investigated. Previous reports have showed 

that pressure overload can lead to the activation of NHE1 (228). The results obtained in 

our study from NHE1 transgenic mice and the inhibition of NHE1 in H9c2 cardiomyoblasts 
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show for the first time that Ang II stimulation of Cat B is mediated by NHE1. Hence, 

indirect inhibition of NHE1 by inhibiting Cat B may prove to be a useful strategy to prevent 

CH. 

Apart from Cat B, various other forms of cathepsins have been suggested to be essential 

for developing a hypertrophic phenotype. A previous study showed that in cultured 

neonatal rat cardiomyocytes the gene and protein levels of Cat S, B, and L were upregulated 

(36). Similarly, Cat S has been shown to be increased in the failing rat myocardium in 

association with hypertension (36). Levels of Cat S were also increased in hearts extracted 

from patients with heart failure (36). Loss of Cat L promoted CH upon phenylephrine-

induced CH in vitro (131). Another study reported that MI induced by left coronary artery 

ligation in wild-type rats caused rapid Cat L activation in the myocardium and its 

deficiency contributed to diminished function and adverse remodeling late post-MI. 

Moreover, Cat S seems to play a role in cardiac maintenance as well since its deletion 

exacerbated Ang II-induced cardiac inflammation (101).  Although many forms of 

cathepsin have been suggested to contribute to the hypertrophic phenotype, in our report 

we focused on Cat B, which is activated by an acidic pH (86, 132). Whether the various 

forms of cathepsins are simultaneous up regulated in a model of hypertrophy or the 

interplay between the various forms of cathepsins remains unknown. Further experiments 

are needed in order to find out the role of other forms of cathepsins that are implicated in 

CH such as Cat S, K and L. 
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4.3 Stimulation of NHE1 Induces Cat B Mediated Cardiomyocyte Hypertrophy  

Despite numerous reports that indicate the involvement of Cat B in the hypertrophic 

response, the exact mechanism by which it induces cardiomyopathy remains unknown. 

NHE1 has also been shown to mediate CH (36, 53, 91, 214, 250, 251). Whether active 

NHE1 contributes to the Cat B mediated hypertrophic response I still not known. In vitro, 

pharmacological Cat B inhibition using CA-074Me suppressed the cardiomyocytes 

hypertrophy by inhibiting the ASK1/JNK pathway (216). In vivo Cat B deficiency 

attenuated the cardiac remodeling process in response to pressure overload (216). 

Similarly, Cat B inhibition using CA-074Me significantly attenuated cardiac dysfunction, 

reduced cardiomyocyte size and cardiac fibrosis in vivo (96). In patients with dilated 

cardiomyopathy, Cat B has been demonstrated to be elevated (91).  

Investigation of the cardiomyocyte hypertrophic cascade revealed a significant increase 

in all three cardiomyocyte hypertrophic markers (Figure 3.9, 3.10, 3.11) confirming 

previous reports, which have demonstrated that overactive NHE1 induces cardiomyocyte 

hypertrophy (54, 55, 252). This increase was significantly regressed upon inhibition of 

NHE1 or Cat B (Figure 3.9, 3.10, 3.11). These findings are in accordance with Wu et al’s 

recent findings that demonstrated a decrease in the cardiomyocyte hypertrophy upon 

inhibition of Cat B using CA-074Me (216). Our findings reveal for the first time that Cat 

B expression contributes to the hypertrophic response in cardiomyoblasts and that blockage 

of this effect prevents the NHE1 induced hypertrophic response. The results from our study 

provide evidence that NHE1 induced cardiomyocyte hypertrophic response is mediated by 

Cat B. Hence, inhibition of Cat B may prove to be useful in regressing CH.   
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4.4 Stimulation of NHE1 Causes the Dispersion of Lysosomes Which is Protected by 

the Inhibition of Cat B  

Hydrogen ions (H+) or protons are important for the regulation of many 

physiological process like DNA synthesis, cell cycle, cell volume, cell growth, and cell 

proliferation. The levels of proton are controlled by exchangers present on the cell 

membranes such as the NHEs, Na+-dependent and -independent HCO3-/Cl− exchangers and 

the H+/lactate co transporter (174). It has been demonstrated that lysosomes were 

redistributed to the cell periphery upon a drop in the extracellular pH values caused by an 

overactive NHE1 (132, 133). (86, 134, 135). This can subsequently cause the secretion of 

lysosomal contents into the ECM as it has been shown for Cat B which is primarily present 

within the lysosomes (86). Moreover, acidic extracellular pH caused the redistribution of 

the lysosome to the cell periphery which paralleled cathepsin B secretion. Interestingly this 

effect was blocked with several broad and specific NHE inhibitors (136). Similarly, in our 

study we demonstrated that H9c2 cardiomyoblasts stimulated with Ang II showed more 

dispersed lysosomal vesicles as compared to control (Figure 3.12). This effects seemed to 

be protected upon inhibition of the NHE1 or Cat B, where the H9c2 cardiomyoblasts 

showed a more intact structure of the lysosomes (Figure 3.12). The loss of integrity of the 

lysosomes can cause the release of the Cat B proteases into the cytosol or into the 

extracellular compartment (86).   
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4.5 Stimulation of NHE1 Causes the Activation of Autophagy Which is regressed by 

the Inhibition of Cat B 

The autophagy–lysosomal system and the ubiquitin–proteasome system (UPS) are 

responsible for majority of the protein degradation in eukaryotic cells (128). In the 

cardiovascular system there is a fine balance between the two systems to maintain 

homeostasis of proteins and organelles (129). The UPS targets small and short lived protein 

by tagging them with ubiquitin (129). In contrast, the autophagy–lysosomal pathway 

targets long-lived bulky proteins that are defected or damaged under stress (130). Impaired 

or dysregulated protein degradation in the heart has recently been recognized as a potential 

major contributor to cardiac disease. Cathepsins an important lysosomal protein–

processing enzyme that play an important role in maintaining the autophagy- lysosomal 

pathway activated in response to stress (131). The final step of the autophagy–lysosomal 

pathway is the fusion of an autophagosome with a functioning lysosome, and an imbalance 

of protein homeostasis by dysfunction of this system may lead to pathological hypertrophy 

and dysfunction. It has been reported that lysosomal proteases such as cathepsins play a 

major role in cardiac protein turnover, but the mechanism is not well understood. 

Moreover, NHE1 mediated changes in pH has also been shown to promote autophagy in 

neurons (240). Hence, we aimed to determine the levels of LC3-II protein. Our results 

revealed that LC3-II protein expression was significantly elevated following stimulation 

with Ang II (Figure 3.13) and this effect that was significantly regressed upon treatment 

with EMD or CA-074Me (Figure 3.13). Our results demonstrate that stimulation of NHE1 
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induces a significant increase in autophagy and this is regressed by inhibition of NHE1 and 

Cat B. 

 

4.6 Stimulation of NHE1 Induces an Increase in Cat B Protein in the Extracellular 

Compartment 

Decreased extracellular pH values can cause increased redistribution of lysosomes to 

the cell surface (86) which may be accompanied by the fusion of an autophagosome with 

a functioning lysosome (131). This can subsequently cause the secretion of Cat B, into the 

ECM (86). Our previous findings indicate that stimulation of NHE1 using Ang II causes 

increased dispersion of lysosomes (Figure 3.12) and increases the number of 

autophagosomes (Figure 3.13). Hence, we wanted to investigate the Cat B protein aimed 

to determine the protein levels of Cat B in the conditioned media obtained from H9c2 

cardiomyoblasts with an overactive NHE1. Our results demonstrate that pro-Cat B protein 

levels were significantly elevated in the extracellular compartment (Figure 3.14). This 

effect was significantly regressed by inhibition of NHE1 or Cat B (Figure 3.14). 

Surprisingly, only pro Cat B levels were detected in the extracellular compartment.  It is to 

be noted that Cat B pro form is indicated to be enzymatically inactive and requires an acidic 

pH to become active. Our in vitro model contain buffers in the culture media to maintain 

the pH of the cardiomyoblasts. Due to the presence of the buffers in our culture media we 

do no encounter an acidic extracellular environment which is required for Cat B activation. 

However, it has been reported that Cat B can retain significant proteolytic activity at neutral 

pH as well (88), and as such is capable of activating pro MMP-9 in the extracellular 
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environment (218). Once into the extracellular compartment, Cat B can cause further ECM 

degradation by activating MMP-9 (217, 218).  

 

4.7 Increase in Cat B Protein in the Extracellular Compartment Induces an Increase 

in MMP-9 Activity 

A recent study has demonstrated that acidic extracellular pH values increase MMP-9 

and Cat B secretion (133). Cat B has also been shown to mediate the pH dependent 

activation of pro-MMP-9 (218). Moreover, Cat B and MMP-9 were shown to directly 

interact with NHE1 and cause ECM degradation (133). Hence, we aimed to determine the 

MMP-9 gelatinolytic activity in the conditioned media obtained from H9c2 

cardiomyoblasts with overactive NHE1. Gelatin zymography revealed that MMP-9 

gelatinolytic activity was significantly elevated following stimulation of NHE1 with Ang 

II (Figure 3.15). This effect was significantly regressed upon inhibition of NHE1 or Cat B 

(Figure 3.15). In our study, the gelatin zymograms were able to detect MMP-9 at 92 kDa 

only, which is in accordance with what has been observed in earlier studies (218, 253). The 

band corresponding to 92 kDa is mostly described as the inactive form of MMP-9. 

However, certain protein substrates, such as collagen IV and glycoproteins, have been 

shown to cause conformational changes within the MMP-9 structure that result in the 

exposure of the active site without cleavage of the pro-peptides (254, 255). MMP-9 activity 

has been shown to be increased in various models of heart failure (43, 219). Hence, 

activation of MMP-9 can result in ECM degradation, which can contribute further towards 

cardiomyocyte hypertrophy (43, 165, 219). We also looked at the MMP-9 protein 
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expression in the extracellular compartment. However, Immunoblot analysis revealed no 

change in MMP-9 protein expression in the conditioned media (Figure 3.16). It is to be 

noted that zymography is known to be a much more sensitive method than Western blotting 

as it is able to detect small amounts of activity as well. This might explain why our 

zymography experiments revealed changes in MMP-9 activity, whereas the immunoblot 

analysis did not. 

 

4.8 NHE1 Induced Increase in Cat B Expression does not Activate Apoptosis 

Cardiomyocyte apoptosis is commonly seen in the progression of heart failure (113, 

114). Apoptosis is a cell death mechanism primarily regulated by caspases, a family of 14 

cysteine proteases that cleave their substrates specifically at an Asp residue (115). Both 

extrinsic (death receptor-mediated) and intrinsic (mitochondrial- mediated) apoptotic 

pathways activate caspases which subsequently degrade numerous polypeptides in the cell 

including major structural elements, DNA repair machinery, and protein kinases (115). In 

cardiomyocytes, the predominant apoptotic pathway is intrinsic (116), primarily through 

Bcl-2 protein involvement, and procaspase activation (117, 118).  

Cat B and NHE1 have independently been shown to be involved in apoptosis (123, 

124) (244, 245). Inhibition of NHE1 activity via the specific inhibitor cariporide resulted 

in decreased apoptosis in isolated cardiomyocytes (256). Another study reported that in an 

ischemic rat model, the NHE1 inhibitor cariporide reduced apoptosis and this was 

associated with a significantly higher ratio of (antiapoptotic) Bcl-2 to (pro-apoptotic) Bax 
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genes (250, 257, 258). NHE1 has been implicated in NHE1 induced apoptosis in the 

myocardium (244, 245). Previous studies have demonstrated that cathepsins are essential 

for cardiomyocyte apoptosis (97) (123, 124). An absence of Cat B and L has been shown 

to induce neuronal loss and brain atrophy (125). Cat B has also been shown to mediate 

caspase-independent cell death in non-small cell lung cancer cells (126). Once Cat B is 

released from the lysosomes into the cytoplasm it may activate or enhance apoptotic 

pathways (126). Moreover, the antiapoptotic molecules Bcl-2, Bcl-xL, Mcl-1, and XLAP 

(X-chromosome linked inhibitor of apoptosis) are targeted by the lysosomal Cat B and L 

in several human cancer cell lines (127). Recently, Wu et al have demonstrated an increase 

in the apoptotic marker Bax mRNA and a decrease in the anti-apoptotic marker Bcl-2 

mRNA in H9c2 cardiomyoblasts treated with Ang II (216).  Hence, we wanted to see the 

effect of our treatment on the apoptotic markers, Bcl-2 and Bax mRNA. Our results 

revealed no changes in Bax and Bcl-2 mRNA (Figure 3.18 and 3.19). However, recently 

Wu et al demonstrated an increase in Bax protein expression and a decrease in Bcl-2 

protein expression in H9c2 cardiomyoblasts upon stimulation with Ang II (216). The 

differences in our study and Wu et al’s may be due to the different concentrations of Ang 

II used in both studies (216). Based on our findings, we speculate that the cardiomyocytes 

might be undergoing a biphasic response in relation to autophagy and apoptosis, where one 

pathway may dominate the other one. Further studies are needed to better understand the 

crosstalk between autophagy and apoptosis in NHE1 induced CH. Our study showed that 

the Cat B mediated hypertrophic response induced the activation of the autophagic pathway 

alone without any activation in apoptosis.   
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CONCLUSION 

Our study demonstrated for the first time that stimulation of NHE1 caused an 

increase in the Cat B protein and gene expression. This increase was regressed upon 

inhibition of NHE1 or Cat B (Figure 4.1). Moreover, cardiomyoblasts expressing active 

NHE1 significantly increased the cardiomyocyte hypertrophic markers (Figure 4.1). The 

inhibition of NHE1 or Cat B regressed this hypertrophic response indicating an important 

role of NHE1 in the Cat B induced cardiomyocyte hypertrophic pathway. Furthermore, 

stimulation of NHE1 caused the disruption of the lysosomes within the H9c2 

cardiomyoblasts and also induced an increase in the LC3 protein levels. This indicates that 

the autophagy-lysosomal pathway plays a role in mediating the Cat B induced 

cardiomyocyte hypertrophy. The activation of the autophagy-lysosomal pathway caused 

the secretion of Cat B into the extracellular compartment where it activated pro-MMP-9. 

These effects seemed to be regressed upon inhibition of NHE1 or Cat B (Figure 4.1).  The 

extent to which the conclusions of the present work may be applicable to native 

cardiomyoblasts and in vivo heart will require further studies using appropriate animal 

models. This shall confirm the results obtained in the present study.  
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Figure 4.1 Cathepsin B and MMP-9 mediate NHE1-induced cardiomyocyte-

hypertrophic response. The stimulation of NHE1 through Ang II causes an up regulation 

in Cat B protein and gene expression intracellularly. Cat B then moves into the extracellular 

compartment and activates MMP-9, resulting in the NHE1-induced cardiomyocyte 

hypertrophic response. NHE1, Na+/H+ Exchanger 1; Cat B, cathepsin B; MMP-9, matrix 

metalloproteinase-9 
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Chapter 6: FUTURE DIRECTIONS 

5.1 Activation of NHE1 Causes ECM Degradation That is Mediated through Cat B 

and MMP-9 

ECM consists of protein such as collagen and elastin which are vital for maintaining 

the integrity of the ECM network. Various isoforms of cathepsins and MMPs are able to 

degrade many ECM components such as fibrin, collagen and its isoforms, elastin. It has 

been reported that the elastolytic and collagenolytic activities in the LV myocardium of 

hypertensive heart failure rats were increased significantly in response to increased 

expression of in cathepsin S, K, L and B expression (36). Moreover, the elastolytic activity 

was significantly decreased upon treatment with E64, a broad spectrum cathepsin inhibitor 

and the collagenolytic activity was significantly decreased upon using GM6001, a MMP-

2/9 inhibitor (36).  Furthermore, NHE1 has been shown to directly interact with Cat B and 

MMP-9 and cause ECM degradation in a breast cancer cell line (133). The results of our 

study demonstrate that the protein levels of Cat B and MMP-9 activity was increased in 

the media. However, we did not investigate the effect of increased Cat B expression and 

MMP-9 activity upon their ECM substrates like elastin, and collagen. The logical next step 

would be to investigate the effect of overexpression of Cat B and MMP-9 in an in vitro and 

in vivo model upon elastin and collagen. In an in vitro model, this could be done by running 

elastolytic and collagenolytic assay in the absence or presence of Cat B or MMP-9 

inhibitors. In an in vivo model, we can analyze the elastin and collagen compositions by 

performing IHC analysis and comparing with control hearts. For this we could utilize 

transgenic mice overexpressing the NHE1 (K-line). The results from these experiments 
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would provide us with conclusive evidence regarding ECM degradation due to NHE1 

induced CH. This would provide conclusive evidence that the NHE1 induced increase in 

Cat B and in turn increase in MMP-9 activity is in fact mediating ECM degradation that 

contributes towards cardiomyocyte or CH.  

  

5.2 Cat B Induced Cardiomyocyte Hypertrophy is Mediated through NHE1 and NF-

kB  

Nuclear factor-kappa B (NF-κB) is a ubiquitously expressed cellular transcription 

factor. NF-κB can be activated by various cytokines, such as tumor necrosis factor-alpha 

(TNF-α). Phosphorylation and degradation of I-κB alpha unit is necessary for its activation. 

NF-κB has been implicated in the regulation of cell survival, inflammation and immune 

cell maturation in cardiac myocytes. Several clinical studies have found a strong link 

between NF-κB activation and heart failure. It is suggested that NF-κB promotes heart 

failure by the activation of cytokines such as TNF-α and interleukin-1β (IL-1β). It has been 

demonstrated that failed human hearts contain activated forms of NF-κB, whereas normal 

hearts do not (259, 260). Moreover, it has been shown that polymorphisms in the promoter 

of the NF-κB gene causes the up regulation of NF-κB . Up regulation of NF-κB has been 

identified as a risk factor for DCM (261). A study of patients that received left ventricular 

assist devices demonstrated that reverse remodeling and enhanced function was associated 

with a decline in cardiac NF-κB activity (262). In cultured cardiac myocytes, hypertrophic 

agonists that activate Gαq coupled receptors, such as Ang II, ET-1, and phenylephrine, all 

promote nuclear translocation and transcriptional activity of NF-κB (263, 264). In addition, 
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NF-κB activity is required for the hypertrophic phenotype induced by these agonists and 

for the increased expression of atrial natriuretic factor (ANF) in postnatal ventricular cells, 

an important marker of fetal gene activation and pathological remodeling. In vivo studies 

have confirmed in vitro results, in that cardiac-specific expression of a mutant NF-κB IκBα 

subunit super-repressor attenuates the hypertrophic cardiac phenotype induced by Ang II 

and isoproterenol infusion, or low-grade aortic banding; as well as, the induction of a subset 

of fetal cardiac genes (265, 266). Furthermore, the NF-κB p50 subunit deficient mice 

display reduced CH following MI or during TNFα-induced cardiomyopathy (267, 268).  

Interestingly, NHE blockade inhibits IL-1β and NF-κB in immunostimulated 

endothelial cells (269). Moreover, NF-κB has been shown to upregulate Cat B expression 

in H9c2 cardiomyoblasts (238). A potential NF-κB binding site could be identified on the 

gene promoter region of Cat B. It was also demonstrated that pretreatment of HeLa cells 

with specific NF-κB inhibitors abrogated the induction of Cat B expression (238). Up 

regulation of Cat B by NF-κB, followed by its secretion into the extracellular environment 

was seen in another cancer cell line (270). It was also demonstrated that the down-

regulation of the NF-κB p65 subunit led to a reduction in Cat B expression in the same cell 

line (270). Taken together, it is clear that NF-κB is involved in CH and heart failure, but 

further studies are required to establish whether it function in cooperation with NHE1 or 

Cat B to promote CH or not. In order to further investigate the signaling pathways, isolated 

cells in vitro and lineage-specific knockouts should now be carried out to define the 

transcriptional targets and function of NF-κB in cardiomyocytes. For an in vitro model, 

H9c2 cell lines treated with prohypertrophic agents such as Ang II could be used to 
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stimulate NHE1. After treatment and incubation for a specified time, the nuclear fraction 

of H9c2 cells could be examined for NF-kB levels and NF-k B activity. Use of NF-kB 

inhibitors can be used to further tweeze out the signaling pathway and to determine whether 

NF-kB is in fact involved in the NHE1/CatB induced cardiomyocyte hypertrophic 

response.  

 

5.3 Cat B Induced Cardiomyocyte Hypertrophy is Mediated through NHE1 and 

CD44 

The CD44 is a cell-surface glycoprotein involved in cell–cell interactions, cell adhesion 

and migration. The CD44 is responsible for transducing intracellular signals in the 

myocardial cells. CD44 interact with various components of the ECM such as hyaluronan 

(HA), collagen, laminin, fibronectin and OPN (56). In MI hearts, CD44 is upregulated in 

fibroblasts, leukocytes, and endothelial cells (58). CD44 deficient mice subjected to MI 

show increased myocardial infiltration by leukocytes and expression of proinflammatory 

cytokines, followed by a decrease in fibroblast infiltration and fibrosis and enhanced 

dilative cardiac remodeling (58). Interestingly, a study demonstrated that the binding of 

HA to CD44 activates NHE1 activity which, in turn, creates an acidic extracellular matrix 

environment. The acidic extracellular environment leads Cat B activation. Increased Cat B 

activation causes degradation of the ECM which results in tumor progression. Moreover, 

inhibition of NHE1 activity by amiloride blocked NHE1 activity, reduced the acidic 

environment, and inhibited Cat B activation, and tumor cell invasion. Similar effects were 

seen upon downregulation of CD44 by using short interfering RNA (132). Therefore, it 
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would be interesting to investigate the effects of CD44 up regulation and inhibition on 

cardiomyocyte hypertrophic response. The results could further tweeze out the signaling 

pathways that lead to ECM remodeling in the NHE1/Cat B induced cardiomyocyte 

hypertrophy.  

 

5.4 Cat B Induced Cardiomyocyte Hypertrophy is Mediated through NHE1 and IL-

1β 

IL-1β signaling is thought to be a vital mediator in the pathogenesis of cardiac 

remodeling. It has been demonstrated that the exogenous administration, in vivo and in 

vitro, has led to structural remodeling with reduced cardiac function (271). It has been 

suggested that IL-1β may induce systolic dysfunction in patients with heart failure, further 

supporting a negative role for this cytokine in heart disease (272, 273). Another study 

demonstrated a significant increase in the serum levels of IL-1β in rats after left anterior 

descending coronary artery ligation procedure compared with the sham control rats (96). 

In post-MI clinical trials, administration of IL-1 antagonist reduced adverse remodeling 

and improved cardiac function (274). Interestingly, IL-1β also increased the amounts of 

Cat K, B, and L mRNAs in cultured neonatal rat cardiomyocytes (36). In addition, previous 

studies have shown that Cat B and IL-1β work together to promote cardiac remodeling 

following MI in mice. (275). Evidence also indicates that NHEs are activated in response 

to IL-1β (276). Taken together, the mentioned reports suggests that IL-1β might be 

mediating the CH effects seen upon up regulation of NHE1 or Cat B. We hypothesize that 

increase in IL-1β levels cause an increase in NHE1 expression or activity which leads to 
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the increase in Cat B leading to CH.  The hypothesis could be tested out in an in vitro 

model, by exposing the cardiomyocytes to IL-1β and measuring the changes in NHE1 

activity and Cat B protein expression to a control non treated group. This would confirm 

whether IL-1β is in fact involved in the NHE1/Cat B induced cardiomyocyte hypertrophic 

cascade or not.  

  



115 
 

FUNDING 

This work was supported by Qatar University student grants:  QUST-CPH-SPR-14/15-1 

and QUST-CPH-FALL-14\15-2 provided by Qatar University, Doha, Qatar. "The funders 

had no role in study design, data collection and analysis, decision to publish, or preparation 

of the manuscript." 

  



116 
 

REFERENCES 

1. Global status report on noncommunicable disaeses 2010. Geneva, World Health 

Organization. 2011. 

2. Mathers CD LD. Projections of Global Mortality and Burden of Disease from 2002 to 

2030. PLOS Medicine. 2006;3(11). 

3. Bener A, Zirie MA, Kim EJ, Al Buz R, Zaza M, Al-Nufal M, et al. Measuring burden 

of diseases in a rapidly developing economy: state of Qatar. Glob J Health Sci. 

2013;5(2):134-44. 

4. de Couto G, Ouzounian M, Liu PP. Early detection of myocardial dysfunction and heart 

failure. Nature reviews Cardiology. 2010;7(6):334-44. 

5. Dupree CS. Primary prevention of heart failure: an update. Curr Opin Cardiol. 

2010;25(5):478-83. 

6. Frey N, Katus HA, Olson EN, Hill JA. Hypertrophy of the heart: a new therapeutic 

target? Circulation. 2004;109(13):1580-9. 

7. Hill JA, Olson EN. Cardiac plasticity. The New England journal of medicine. 

2008;358(13):1370-80. 

8. Pluim BM, Zwinderman AH, van der Laarse A, van der Wall EE. The athlete's heart. A 

meta-analysis of cardiac structure and function. Circulation. 2000;101(3):336-44. 

9. Collins JF, Honda T, Knobel S, Bulus NM, Conary J, DuBois R, et al. Molecular 

cloning, sequencing, tissue distribution, and functional expression of a Na+/H+ exchanger 

(NHE-2). Proceedings of the National Academy of Sciences of the United States of 

America. 1993;90(9):3938-42. 



117 
 

10. Cingolani HE, Camilión de Hurtado MC. Na+-H+ Exchanger Inhibition: A New 

Antihypertrophic Tool. Circulation Research. 2002;90(7):751-3. 

11. Dulce RA, Hurtado C, Ennis IL, Garciarena CD, Alvarez MC, Caldiz C, et al. 

Endothelin-1 induced hypertrophic effect in neonatal rat cardiomyocytes: involvement of 

Na+/H+ and Na+/Ca2+ exchangers. Journal of molecular and cellular cardiology. 

2006;41(5):807-15. 

12. Dorn GW, 2nd, Robbins J, Sugden PH. Phenotyping hypertrophy: eschew obfuscation. 

Circ Res. 2003;92(11):1171-5. 

13. Diffee GM, Seversen EA, Stein TD, Johnson JA. Microarray expression analysis of 

effects of exercise training: increase in atrial MLC-1 in rat ventricles. American journal of 

physiology Heart and circulatory physiology. 2003;284(3):H830-7. 

14. Dorn GW, 2nd. The fuzzy logic of physiological cardiac hypertrophy. Hypertension. 

2007;49(5):962-70. 

15. Catalucci D, Latronico MV, Ellingsen O, Condorelli G. Physiological myocardial 

hypertrophy: how and why? Frontiers in bioscience : a journal and virtual library. 

2008;13:312-24. 

16. Salazar NC, Chen J, Rockman HA. Cardiac GPCRs: GPCR signaling in healthy and 

failing hearts. Biochimica et biophysica acta. 2007;1768(4):1006-18. 

17. Frey N, Olson EN. Cardiac hypertrophy: the good, the bad, and the ugly. Annual review 

of physiology. 2003;65:45-79. 

18. Dorn GW, Force T. Protein kinase cascades in the regulation of cardiac hypertrophy. 

The Journal of clinical investigation. 2005;115(3):527-37. 



118 
 

19. Heineke J, Molkentin JD. Regulation of cardiac hypertrophy by intracellular signalling 

pathways. Nature reviews Molecular cell biology. 2006;7(8):589-600. 

20. Gaudin C, Ishikawa Y, Wight DC, Mahdavi V, Nadal-Ginard B, Wagner TE, et al. 

Overexpression of Gs alpha protein in the hearts of transgenic mice. The Journal of clinical 

investigation. 1995;95(4):1676-83. 

21. Vatner DE, Asai K, Iwase M, Ishikawa Y, Wagner TE, Shannon RP, et al. 

Overexpression of myocardial Gsalpha prevents full expression of catecholamine 

desensitization despite increased beta-adrenergic receptor kinase. The Journal of clinical 

investigation. 1998;101(9):1916-22. 

22. Daley WP, Peters SB, Larsen M. Extracellular matrix dynamics in development and 

regenerative medicine. J Cell Sci. 2008;121(Pt 3):255-64. 

23. Visse R, Nagase H. Matrix metalloproteinases and tissue inhibitors of 

metalloproteinases: structure, function, and biochemistry. Circ Res. 2003;92(8):827-39. 

24. Werb Z. ECM and cell surface proteolysis: regulating cellular ecology. Cell. 

1997;91(4):439-42. 

25. Lu P, Takai K, Weaver VM, Werb Z. Extracellular matrix degradation and remodeling 

in development and disease. Cold Spring Harb Perspect Biol. 2011;3(12). 

26. Turk B, Turk D, Turk V. Lysosomal cysteine proteases: more than scavengers. 

Biochimica et biophysica acta. 2000;1477(1-2):98-111. 

27. Vito Turk BTaDT. Lysosomal cysteine proteases: facts and opportunities. The EMBO 

Journal. 2001;20(17):4629-33. 



119 
 

28. Reiser J, Adair B, Reinheckel T. Specialized roles for cysteine cathepsins in health and 

disease. The Journal of clinical investigation. 2010;120(10):3421-31. 

29. Vasiljeva O, Reinheckel T, Peters C, Turk D, Turk V, Turk B. Emerging roles of 

cysteine cathepsins in disease and their potential as drug targets. Current pharmaceutical 

design. 2007;13(4):387-403. 

30. Yasuda Y, Kaleta J, Bromme D. The role of cathepsins in osteoporosis and arthritis: 

rationale for the design of new therapeutics. Adv Drug Deliv Rev. 2005;57(7):973-93. 

31. Wight TN, Merrilees MJ. Proteoglycans in atherosclerosis and restenosis: key roles for 

versican. Circ Res. 2004;94(9):1158-67. 

32. Dhalla NS, Saini-Chohan HK, Rodriguez-Leyva D, Elimban V, Dent MR, Tappia PS. 

Subcellular remodelling may induce cardiac dysfunction in congestive heart failure. 

Cardiovascular research. 2009;81(3):429-38. 

33. Wilson EM, Spinale FG. Myocardial remodelling and matrix metalloproteinases in 

heart failure: turmoil within the interstitium. Ann Med. 2001;33(9):623-34. 

34. Rodriguez D, Morrison CJ, Overall CM. Matrix metalloproteinases: what do they not 

do? New substrates and biological roles identified by murine models and proteomics. 

Biochimica et biophysica acta. 2010;1803(1):39-54. 

35. Singh RB, Dandekar SP, Elimban V, Gupta SK, Dhalla NS. Role of proteases in the 

pathophysiology of cardiac disease. Molecular and cellular biochemistry. 2004;263(1-

2):241-56. 



120 
 

36. Cheng XW, Obata K, Kuzuya M, Izawa H, Nakamura K, Asai E, et al. Elastolytic 

cathepsin induction/activation system exists in myocardium and is upregulated in 

hypertensive heart failure. Hypertension. 2006;48(5):979-87. 

37. Cheng XW, Murohara T, Kuzuya M, Izawa H, Sasaki T, Obata K, et al. Superoxide-

dependent cathepsin activation is associated with hypertensive myocardial remodeling and 

represents a target for angiotensin II type 1 receptor blocker treatment. The American 

journal of pathology. 2008;173(2):358-69. 

38. Burns-Kurtis CL, Olzinski AR, Needle S, Fox JH, Capper EA, Kelly FM, et al. 

Cathepsin S expression is up-regulated following balloon angioplasty in the 

hypercholesterolemic rabbit. Cardiovascular research. 2004;62(3):610-20. 

39. Taleb S, Cancello R, Clement K, Lacasa D. Cathepsin s promotes human preadipocyte 

differentiation: possible involvement of fibronectin degradation. Endocrinology. 

2006;147(10):4950-9. 

40. Shi GP, Sukhova GK, Kuzuya M, Ye Q, Du J, Zhang Y, et al. Deficiency of the cysteine 

protease cathepsin S impairs microvessel growth. Circ Res. 2003;92(5):493-500. 

41. Cheng XW, Kuzuya M, Nakamura K, Di Q, Liu Z, Sasaki T, et al. Localization of 

cysteine protease, cathepsin S, to the surface of vascular smooth muscle cells by association 

with integrin alphanubeta3. The American journal of pathology. 2006;168(2):685-94. 

42. Hou WS, Li W, Keyszer G, Weber E, Levy R, Klein MJ, et al. Comparison of 

cathepsins K and S expression within the rheumatoid and osteoarthritic synovium. Arthritis 

and rheumatism. 2002;46(3):663-74. 



121 
 

43. Sakata Y, Yamamoto K, Mano T, Nishikawa N, Yoshida J, Hori M, et al. Activation 

of Matrix Metalloproteinases Precedes Left Ventricular Remodeling in Hypertensive Heart 

Failure Rats: Its Inhibition as a Primary Effect of Angiotensin-Converting Enzyme 

Inhibitor. Circulation. 2004;109(17):2143-9. 

44. Roldan V, Marin F, Gimeno JR, Ruiz-Espejo F, Gonzalez J, Feliu E, et al. Matrix 

metalloproteinases and tissue remodeling in hypertrophic cardiomyopathy. Am Heart J. 

2008;156(1):85-91. 

45. Lee MH, Murphy G. Matrix metalloproteinases at a glance. J Cell Sci. 2004;117(Pt 

18):4015-6. 

46. Spinale FG. Matrix Metalloproteinases: Regulation and Dysregulation in the Failing 

Heart. Circulation Research. 2002;90(5):520-30. 

47. Birkedal-Hansen H. Proteolytic remodeling of extracellular matrix. Current opinion in 

cell biology. 1995;7(5):728-35. 

48. Singh R, Dandekar S, Elimban V, Gupta S, Dhalla N. Role of proteases in the 

pathophysiology of cardiac disease. Molecular and cellular biochemistry. 

2004;263(1):241-56. 

49. Wilson EM SF. Myocardial remodelling and matrix metalloproteinases in heart failure: 

turmoil within the interstitium. Annals of Medicine. 2001;33(9):623-34. 

50. Xue J, Mraiche F, Zhou D, Karmazyn M, Oka T, Fliegel L, et al. Elevated myocardial 

Na+/H+ exchanger isoform 1 activity elicits gene expression that leads to cardiac 

hypertrophy. Physiological genomics. 2010;42(3):374-83. 



122 
 

51. Mlih M, Abdulrahman N, Gadeau AP, Mohamed IA, Jaballah M, Mraiche F. Na(+)/H 

(+) exchanger isoform 1 induced osteopontin expression in cardiomyocytes involves 

NFAT3/Gata4. Molecular and cellular biochemistry. 2015;404(1-2):211-20. 

52. Mohamed IA, Gadeau AP, Fliegel L, Lopaschuk G, Mlih M, Abdulrahman N, et al. 

Na(+)/H(+) Exchanger Isoform 1-Induced Osteopontin Expression Facilitates 

Cardiomyocyte Hypertrophy. PloS one. 2015;10(4). 

53. Mraiche F, Oka T, Gan XT, Karmazyn M, Fliegel L. Activated NHE1 is required to 

induce early cardiac hypertrophy in mice. Basic Res Cardiol. 2011;106(4):603-16. 

54. Nakamura TY, Iwata Y, Arai Y, Komamura K, Wakabayashi S. Activation of Na+/H+ 

exchanger 1 is sufficient to generate Ca2+ signals that induce cardiac hypertrophy and 

heart failure. Circ Res. 2008;103(8):891-9. 

55. Mraiche F, Fliegel L. Elevated expression of activated Na(+)/H(+) exchanger protein 

induces hypertrophy in isolated rat neonatal ventricular cardiomyocytes. Molecular and 

cellular biochemistry. 2011;358(1-2):179-87. 

56. Orian-Rousseau V. CD44, a therapeutic target for metastasising tumours. Eur J Cancer. 

2010;46(7):1271-7. 

57. Hellman U, Hellstrom M, Morner S, Engstrom-Laurent A, Aberg AM, Oliviero P, et 

al. Parallel up-regulation of FGF-2 and hyaluronan during development of cardiac 

hypertrophy in rat. Cell Tissue Res. 2008;332(1):49-56. 

58. Huebener P, Abou-Khamis T, Zymek P, Bujak M, Ying X, Chatila K, et al. CD44 is 

critically involved in infarct healing by regulating the inflammatory and fibrotic response. 

Journal of immunology. 2008;180(4):2625-33. 



123 
 

59. Brömme D, Wilson S. Role of Cysteine Cathepsins in Extracellular Proteolysis. 

2011:23-51. 

60. Hook G, Jacobsen JS, Grabstein K, Kindy M, Hook V. Cathepsin B is a New Drug 

Target for Traumatic Brain Injury Therapeutics: Evidence for E64d as a Promising Lead 

Drug Candidate. Front Neurol. 2015;6:178. 

61. Kaakinen R, Lindstedt KA, Sneck M, Kovanen PT, Oorni K. Angiotensin II increases 

expression and secretion of cathepsin F in cultured human monocyte-derived macrophages: 

an angiotensin II type 2 receptor-mediated effect. Atherosclerosis. 2007;192(2):323-7. 

62. Staun-Ram E, Miller A. Cathepsins (S and B) and their inhibitor Cystatin C in immune 

cells: modulation by interferon-beta and role played in cell migration. Journal of 

neuroimmunology. 2011;232(1-2):200-6. 

63. Brix K, Dunkhorst A, Mayer K, Jordans S. Cysteine cathepsins: cellular roadmap to 

different functions. Biochimie. 2008;90(2):194-207. 

64. Aronson NN, Barrett AJ. The specificity of cathepsin B. Hydrolysis of glucagon at the 

C-terminus by a peptidyldipeptidase mechanism. Biochem J. 1978;171(3):759-65. 

65. Takahashi T, Dehdarani AH, Yonezawa S, Tang J. Porcine spleen cathepsin B is an 

exopeptidase. The Journal of biological chemistry. 1986;261(20):9375-81. 

66. Musil D, Zucic D, Turk D, Engh RA, Mayr I, Huber R, et al. The refined 2.15 A X-ray 

crystal structure of human liver cathepsin B: the structural basis for its specificity. EMBO 

J. 1991;10(9):2321-30. 

67. Illy C, Quraishi O, Wang J, Purisima E, Vernet T, Mort JS. Role of the Occluding Loop 

in Cathepsin B Activity. Journal of Biological Chemistry. 1997;272(2):1197-202. 



124 
 

68. Mohamed MM, Sloane BF. Cysteine cathepsins: multifunctional enzymes in cancer. 

Nature reviews Cancer. 2006;6(10):764-75. 

69. Sol-Church K, Picerno GN, Stabley DL, Frenck J, Xing S, Bertenshaw GP, et al. 

Evolution of placentally expressed cathepsins. Biochemical and biophysical research 

communications. 2002;293(1):23-9. 

70. Qin Y, Shi GP. Cysteinyl cathepsins and mast cell proteases in the pathogenesis and 

therapeutics of cardiovascular diseases. Pharmacol Ther. 2011;131(3):338-50. 

71. Nishimura Y, Kawabata T, Yano S, Kato K. Inhibition of intracellular sorting and 

processing of lysosomal cathepsins H and L at reduced temperature in primary cultures of 

rat hepatocytes. Archives of biochemistry and biophysics. 1990;283(2):458-63. 

72. Kuliawat R, Klumperman J, Ludwig T, Arvan P. Differential sorting of lysosomal 

enzymes out of the regulated secretory pathway in pancreatic beta-cells. J Cell Biol. 

1997;137(3):595-608. 

73. Turk V, Turk B, Guncar G, Turk D, Kos J. Lysosomal cathepsins: structure, role in 

antigen processing and presentation, and cancer. Advances in enzyme regulation. 

2002;42:285-303. 

74. Pungercar JR, Caglic D, Sajid M, Dolinar M, Vasiljeva O, Pozgan U, et al. 

Autocatalytic processing of procathepsin B is triggered by proenzyme activity. FEBS J. 

2009;276(3):660-8. 

75. Neurath H. Evolution of proteolytic enzymes. Science. 1984;224(4647):350-7. 



125 
 

76. Mach L, Mort JS, Glossl J. Maturation of human procathepsin B. Proenzyme activation 

and proteolytic processing of the precursor to the mature proteinase, in vitro, are primarily 

unimolecular processes. The Journal of biological chemistry. 1994;269(17):13030-5. 

77. Cheng XW, Shi GP, Kuzuya M, Sasaki T, Okumura K, Murohara T. Role for cysteine 

protease cathepsins in heart disease: focus on biology and mechanisms with clinical 

implication. Circulation. 2012;125(12):1551-62. 

78. Chapman HA, Riese RJ, Shi GP. Emerging roles for cysteine proteases in human 

biology. Annual review of physiology. 1997;59:63-88. 

79. Shi GP, Bryant RAR, Riese R, Verhelst S, Driessen C, Li Z, et al. Role for Cathepsin 

F in Invariant Chain Processing and Major Histocompatibility Complex Class II Peptide 

Loading by Macrophages. The Journal of experimental medicine. 2000;191(7):1177-86. 

80. Wiederanders B, Bromme D, Kirschke H, von Figura K, Schmidt B, Peters C. 

Phylogenetic conservation of cysteine proteinases. Cloning and expression of a cDNA 

coding for human cathepsin S. The Journal of biological chemistry. 1992;267(19):13708-

13. 

81. Barrett AJ, Kirschke H. Cathepsin B, Cathepsin H, and cathepsin L. Methods Enzymol. 

1981;80 Pt C:535-61. 

82. Nakagawa TY, Brissette WH, Lira PD, Griffiths RJ, Petrushova N, Stock J, et al. 

Impaired invariant chain degradation and antigen presentation and diminished collagen-

induced arthritis in cathepsin S null mice. Immunity. 1999;10(2):207-17. 



126 
 

83. Pham CT, Ley TJ. Dipeptidyl peptidase I is required for the processing and activation 

of granzymes A and B in vivo. Proceedings of the National Academy of Sciences of the 

United States of America. 1999;96(15):8627-32. 

84. Mason RW. Emerging functions of placental cathepsins. Placenta. 2008;29(5):385-90. 

85. Tepel C, Bromme D, Herzog V, Brix K. Cathepsin K in thyroid epithelial cells: 

sequence, localization and possible function in extracellular proteolysis of thyroglobulin. J 

Cell Sci. 2000;113 Pt 24:4487-98. 

86. Rozhin J, Sameni M, Ziegler G, Sloane BF. Pericellular pH affects distribution and 

secretion of cathepsin B in malignant cells. Cancer Res. 1994;54(24):6517-25. 

87. Turk B, Dolenc I, Zerovnik E, Turk D, Gubensek F, Turk V. Human cathepsin B is a 

metastable enzyme stabilized by specific ionic interactions associated with the active site. 

Biochemistry. 1994;33(49):14800-6. 

88. Pratt MR, Sekedat MD, Chiang KP, Muir TW. Direct measurement of cathepsin B 

activity in the cytosol of apoptotic cells by an activity-based probe. Chem Biol. 

2009;16(9):1001-12. 

89. Shi GP, Sukhova GK, Grubb A, Ducharme A, Rhode LH, Lee RT, et al. Cystatin C 

deficiency in human atherosclerosis and aortic aneurysms. The Journal of clinical 

investigation. 1999;104(9):1191-7. 

90. Taglieri N, Koenig W, Kaski JC. Cystatin C and Cardiovascular Risk. Clinical 

Chemistry. 2009;55(11):1932-43. 



127 
 

91. Ge J, Zhao G, Chen R, Li S, Wang S, Zhang X, et al. Enhanced myocardial cathepsin 

B expression in patients with dilated cardiomyopathy. European journal of heart failure. 

2006;8(3):284-9. 

92. Stypmann J, Glaser K, Roth W, Tobin DJ, Petermann I, Matthias R, et al. Dilated 

cardiomyopathy in mice deficient for the lysosomal cysteine peptidase cathepsin L. 

Proceedings of the National Academy of Sciences of the United States of America. 

2002;99(9):6234-9. 

93. Spira D, Stypmann J, Tobin DJ, Petermann I, Mayer C, Hagemann S, et al. Cell type-

specific functions of the lysosomal protease cathepsin L in the heart. The Journal of 

biological chemistry. 2007;282(51):37045-52. 

94. Bolli R, Cannon RO, Speir E, Goldstein RE, Epstein SE. Role of cellular proteinases 

in acute myocardial infarction. I. Proteolysis in nonischemic and ischemic rat myocardium 

and the effects of antipain, leupeptin, pepstatin and chymostatin administered in vivo. J 

Am Coll Cardiol. 1983;2(4):671-80. 

95. Crie JS, Morton P, Wildenthal K. Changes in cardiac cathepsin B activity in response 

to interventions that alter heart size or protein metabolism: comparison with cathepsin D. 

Journal of molecular and cellular cardiology. 1983;15(8):487-94. 

96. Liu A, Gao X, Zhang Q, Cui L. Cathepsin B inhibition attenuates cardiac dysfunction 

and remodeling following myocardial infarction by inhibiting the NLRP3 pathway. 

Molecular medicine reports. 2013;8(2):361-6. 



128 
 

97. Tang Q, Cai J, Shen D, Bian Z, Yan L, Wang YX, et al. Lysosomal cysteine peptidase 

cathepsin L protects against cardiac hypertrophy through blocking AKT/GSK3beta 

signaling. Journal of molecular medicine. 2009;87(3):249-60. 

98. Sun M, Chen M, Liu Y, Fukuoka M, Zhou K, Li G, et al. Cathepsin-L contributes to 

cardiac repair and remodelling post-infarction. Cardiovascular research. 2011;89(2):374-

83. 

99. Urbich C, Heeschen C, Aicher A, Sasaki K, Bruhl T, Farhadi MR, et al. Cathepsin L is 

required for endothelial progenitor cell-induced neovascularization. Nature medicine. 

2005;11(2):206-13. 

100. Xie L, Terrand J, Xu B, Tsaprailis G, Boyer J, Chen QM. Cystatin C increases in 

cardiac injury: a role in extracellular matrix protein modulation. Cardiovascular research. 

2010;87(4):628-35. 

101. Pan L, Li Y, Jia L, Qin Y, Qi G, Cheng J, et al. Cathepsin S deficiency results in 

abnormal accumulation of autophagosomes in macrophages and enhances Ang II-induced 

cardiac inflammation. PloS one. 2012;7(4):e35315. 

102. Helske S, Kupari M, Lindstedt KA, Kovanen PT. Aortic valve stenosis: an active 

atheroinflammatory process. Curr Opin Lipidol. 2007;18(5):483-91. 

103. Rabkin-Aikawa E, Mayer JE, Jr., Schoen FJ. Heart valve regeneration. Adv Biochem 

Eng Biotechnol. 2005;94:141-79. 

104. Rabkin E, Aikawa M, Stone JR, Fukumoto Y, Libby P, Schoen FJ. Activated 

interstitial myofibroblasts express catabolic enzymes and mediate matrix remodeling in 

myxomatous heart valves. Circulation. 2001;104(21):2525-32. 



129 
 

105. Helske S, Syvaranta S, Lindstedt KA, Lappalainen J, Oorni K, Mayranpaa MI, et al. 

Increased expression of elastolytic cathepsins S, K, and V and their inhibitor cystatin C in 

stenotic aortic valves. Arteriosclerosis, thrombosis, and vascular biology. 

2006;26(8):1791-8. 

106. Balachandran K, Sucosky P, Jo H, Yoganathan AP. Elevated cyclic stretch alters 

matrix remodeling in aortic valve cusps: implications for degenerative aortic valve disease. 

American journal of physiology Heart and circulatory physiology. 2009;296(3):H756-64. 

107. Reddy VY, Zhang QY, Weiss SJ. Pericellular mobilization of the tissue-destructive 

cysteine proteinases, cathepsins B, L, and S, by human monocyte-derived macrophages. 

Proceedings of the National Academy of Sciences of the United States of America. 

1995;92(9):3849-53. 

108. Jormsjo S, Wuttge DM, Sirsjo A, Whatling C, Hamsten A, Stemme S, et al. 

Differential expression of cysteine and aspartic proteases during progression of 

atherosclerosis in apolipoprotein E-deficient mice. The American journal of pathology. 

2002;161(3):939-45. 

109. Sukhova GK, Shi GP, Simon DI, Chapman HA, Libby P. Expression of the elastolytic 

cathepsins S and K in human atheroma and regulation of their production in smooth muscle 

cells. The Journal of clinical investigation. 1998;102(3):576-83. 

110. Sasaki T, Kuzuya M, Nakamura K, Cheng XW, Hayashi T, Song H, et al. AT1 

blockade attenuates atherosclerotic plaque destabilization accompanied by the suppression 

of cathepsin S activity in apoE-deficient mice. Atherosclerosis. 2010;210(2):430-7. 



130 
 

111. Jaffer FA, Kim DE, Quinti L, Tung CH, Aikawa E, Pande AN, et al. Optical 

visualization of cathepsin K activity in atherosclerosis with a novel, protease-activatable 

fluorescence sensor. Circulation. 2007;115(17):2292-8. 

112. Sun Y, Ishibashi M, Seimon T, Lee M, Sharma SM, Fitzgerald KA, et al. Free 

cholesterol accumulation in macrophage membranes activates Toll-like receptors and p38 

mitogen-activated protein kinase and induces cathepsin K. Circ Res. 2009;104(4):455-65. 

113. Mitra A, Basak T, Datta K, Naskar S, Sengupta S, Sarkar S. Role of alpha-crystallin 

B as a regulatory switch in modulating cardiomyocyte apoptosis by mitochondria or 

endoplasmic reticulum during cardiac hypertrophy and myocardial infarction. Cell Death 

Dis. 2013;4:e582. 

114. Yang B, Ye D, Wang Y. Caspase-3 as a therapeutic target for heart failure. Expert 

Opin Ther Targets. 2013;17(3):255-63. 

115. Zidar N, Jera J, Maja J, Dusan S. Caspases in myocardial infarction. Adv Clin Chem. 

2007;44:1-33. 

116. Reeve JL, Duffy AM, O'Brien T, Samali A. Don't lose heart--therapeutic value of 

apoptosis prevention in the treatment of cardiovascular disease. J Cell Mol Med. 

2005;9(3):609-22. 

117. de Moissac D, Gurevich RM, Zheng H, Singal PK, Kirshenbaum LA. Caspase 

activation and mitochondrial cytochrome C release during hypoxia-mediated apoptosis of 

adult ventricular myocytes. Journal of molecular and cellular cardiology. 2000;32(1):53-

63. 



131 
 

118. Lundberg KC, Szweda LI. Initiation of mitochondrial-mediated apoptosis during 

cardiac reperfusion. Archives of biochemistry and biophysics. 2004;432(1):50-7. 

119. Chandrashekhar Y, Sen S, Anway R, Shuros A, Anand I. Long-term caspase 

inhibition ameliorates apoptosis, reduces myocardial troponin-I cleavage, protects left 

ventricular function, and attenuates remodeling in rats with myocardial infarction. J Am 

Coll Cardiol. 2004;43(2):295-301. 

120. Laugwitz KL, Moretti A, Weig HJ, Gillitzer A, Pinkernell K, Ott T, et al. Blocking 

caspase-activated apoptosis improves contractility in failing myocardium. Human gene 

therapy. 2001;12(17):2051-63. 

121. Yarbrough WM, Mukherjee R, Escobar GP, Sample JA, McLean JE, Dowdy KB, et 

al. Pharmacologic inhibition of intracellular caspases after myocardial infarction attenuates 

left ventricular remodeling: a potentially novel pathway. J Thorac Cardiovasc Surg. 

2003;126(6):1892-9. 

122. Yan L, Vatner DE, Kim S-J, Ge H, Masurekar M, Massover WH, et al. Autophagy 

in chronically ischemic myocardium. Proceedings of the National Academy of Sciences of 

the United States of America. 2005;102(39):13807-12. 

123. Baskin-Bey ES, Canbay A, Bronk SF, Werneburg N, Guicciardi ME, Nyberg SL, et 

al. Cathepsin B inactivation attenuates hepatocyte apoptosis and liver damage in steatotic 

livers after cold ischemia-warm reperfusion injury. American journal of physiology 

Gastrointestinal and liver physiology. 2005;288(2):G396-402. 



132 
 

124. Bhoopathi P, Chetty C, Gujrati M, Dinh DH, Rao JS, Lakka S. Cathepsin B facilitates 

autophagy-mediated apoptosis in SPARC overexpressed primitive neuroectodermal tumor 

cells. Cell death and differentiation. 2010;17(10):1529-39. 

125. Felbor U, Kessler B, Mothes W, Goebel HH, Ploegh HL, Bronson RT, et al. Neuronal 

loss and brain atrophy in mice lacking cathepsins B and L. Proceedings of the National 

Academy of Sciences of the United States of America. 2002;99(12):7883-8. 

126. Bröker LE, Huisman C, Span SW, Rodriguez JA, Kruyt FAE, Giaccone G. Cathepsin 

B Mediates Caspase-Independent Cell Death Induced by Microtubule Stabilizing Agents 

in Non-Small Cell Lung Cancer Cells. Cancer Research. 2004;64(1):27-30. 

127. Droga-Mazovec G, Bojic L, Petelin A, Ivanova S, Romih R, Repnik U, et al. Cysteine 

cathepsins trigger caspase-dependent cell death through cleavage of bid and antiapoptotic 

Bcl-2 homologues. The Journal of biological chemistry. 2008;283(27):19140-50. 

128. Sandri M. Protein breakdown in muscle wasting: Role of autophagy-lysosome and 

ubiquitin-proteasome()(). Int J Biochem Cell Biol. 2013;45(10):2121-9. 

129. Zhao J, Brault JJ, Schild A, Cao P, Sandri M, Schiaffino S, et al. FoxO3 coordinately 

activates protein degradation by the autophagic/lysosomal and proteasomal pathways in 

atrophying muscle cells. Cell Metab. 2007;6(6):472-83. 

130. Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 

2008;132(1):27-42. 

131. Sun M, Ouzounian M, de Couto G, Chen M, Yan R, Fukuoka M, et al. Cathepsin-L 

ameliorates cardiac hypertrophy through activation of the autophagy-lysosomal dependent 



133 
 

protein processing pathways. Journal of the American Heart Association. 

2013;2(2):e000191. 

132. Bourguignon LY, Singleton PA, Diedrich F, Stern R, Gilad E. CD44 interaction with 

Na+-H+ exchanger (NHE1) creates acidic microenvironments leading to hyaluronidase-2 

and cathepsin B activation and breast tumor cell invasion. The Journal of biological 

chemistry. 2004;279(26):26991-7007. 

133. Greco MR, Antelmi E, Busco G, Guerra L, Rubino R, Casavola V, et al. Protease 

activity at invadopodial focal digestive areas is dependent on NHE1-driven acidic pHe. 

Oncology reports. 2014;31(2):940-6. 

134. Heuser J. Changes in lysosome shape and distribution correlated with changes in 

cytoplasmic pH. J Cell Biol. 1989;108(3):855-64. 

135. Glunde K, Guggino SE, Solaiyappan M, Pathak AP, Ichikawa Y, Bhujwalla ZM. 

Extracellular Acidification Alters Lysosomal Trafficking in Human Breast Cancer Cells. 

Neoplasia. 2003;5(6):533-45. 

136. Steffan JJ, Snider JL, Skalli O, Welbourne T, Cardelli JA. Na+/H+ exchangers and 

RhoA regulate acidic extracellular pH-induced lysosome trafficking in prostate cancer 

cells. Traffic. 2009;10(6):737-53. 

137. Turk V, Stoka V, Vasiljeva O, Renko M, Sun T, Turk B, et al. Cysteine cathepsins: 

from structure, function and regulation to new frontiers. Biochimica et biophysica acta. 

2012;1824(1):68-88. 

138. Illy C, Quraishi O, Wang J, Purisima E, Vernet T, Mort JS. Role of the occluding 

loop in cathepsin B activity. The Journal of biological chemistry. 1997;272(2):1197-202. 



134 
 

139. Alkhouri N, Carter-Kent C, Feldstein AE. Apoptosis in nonalcoholic fatty liver 

disease: diagnostic and therapeutic implications. Expert Rev Gastroenterol Hepatol. 

2011;5(2):201-12. 

140. Doyle PS, Zhou YM, Engel JC, McKerrow JH. A cysteine protease inhibitor cures 

Chagas' disease in an immunodeficient-mouse model of infection. Antimicrob Agents 

Chemother. 2007;51(11):3932-9. 

141. Reinheckel T, Deussing J, Roth W, Peters C. Towards specific functions of lysosomal 

cysteine peptidases: phenotypes of mice deficient for cathepsin B or cathepsin L. 

Biological chemistry. 2001;382(5):735-41. 

142. Shapiro SD. Matrix metalloproteinase degradation of extracellular matrix: biological 

consequences. Current opinion in cell biology. 1998;10(5):602-8. 

143. Shapiro SD. Matrix metalloproteinase degradation of extracellular matrix: biological 

consequences. Current opinion in cell biology. 1998;10:602-8. 

144. Dhalla NS, Saini-Chohan HK, Rodriguez-Leyva D, Elimban V, Dent MR, Tappia 

PS. Subcellular remodelling may induce cardiac dysfunction in congestive heart failure. 

Cardiovascular research. 2009;81(3):429-38. 

145. Prockop DJ, Kivirikko KI. Collagens: molecular biology, diseases, and potentials for 

therapy. Annu Rev Biochem. 1995;64:403-34. 

146. Netzel-Arnett S, Fields GB, Birkedal-Hansen H, Van Wart HE. Sequence 

specificities of human fibroblast and neutrophil collagenases. The Journal of biological 

chemistry. 1991;266(11):6747-55. 



135 
 

147. Aimes RT, Quigley JP. Matrix metalloproteinase-2 is an interstitial collagenase. 

Inhibitor-free enzyme catalyzes the cleavage of collagen fibrils and soluble native type I 

collagen generating the specific 3/4- and 1/4-length fragments. The Journal of biological 

chemistry. 1995;270(11):5872-6. 

148. Matziari M, Dive V, Yiotakis A. Matrix metalloproteinase 11 (MMP-11; 

stromelysin-3) and synthetic inhibitors. Med Res Rev. 2007;27(4):528-52. 

149. Gronski TJ, Jr., Martin RL, Kobayashi DK, Walsh BC, Holman MC, Huber M, et al. 

Hydrolysis of a broad spectrum of extracellular matrix proteins by human macrophage 

elastase. The Journal of biological chemistry. 1997;272(18):12189-94. 

150. Van Wart HE, Birkedal-Hansen H. The cysteine switch: a principle of regulation of 

metalloproteinase activity with potential applicability to the entire matrix 

metalloproteinase gene family. Proceedings of the National Academy of Sciences of the 

United States of America. 1990;87(14):5578-82. 

151. Becker JW, Marcy AI, Rokosz LL, Axel MG, Burbaum JJ, Fitzgerald PM, et al. 

Stromelysin-1: three-dimensional structure of the inhibited catalytic domain and of the C-

truncated proenzyme. Protein Sci. 1995;4(10):1966-76. 

152. Borkakoti N. Structural studies of matrix metalloproteinases. Journal of molecular 

medicine. 2000;78(5):261-8. 

153. Okada Y, Morodomi T, Enghild JJ, Suzuki K, Yasui A, Nakanishi I, et al. Matrix 

metalloproteinase 2 from human rheumatoid synovial fibroblasts. Purification and 

activation of the precursor and enzymic properties. Eur J Biochem. 1990;194(3):721-30. 



136 
 

154. Strongin AY, Collier I, Bannikov G, Marmer BL, Grant GA, Goldberg GI. 

Mechanism of cell surface activation of 72-kDa type IV collagenase. Isolation of the 

activated form of the membrane metalloprotease. The Journal of biological chemistry. 

1995;270(10):5331-8. 

155. Murphy G, Docherty AJ. The matrix metalloproteinases and their inhibitors. 

American journal of respiratory cell and molecular biology. 1992;7(2):120-5. 

156. Cuervo AM, Wong ES, Martinez-Vicente M. Protein degradation, aggregation, and 

misfolding. Mov Disord. 2010;25 Suppl 1:S49-54. 

157. Rodriguez WE, Tyagi N, Deng AY, Adeagbo A, Joshua IG, Tyagi SC. Congenic 

expression of tissue inhibitor of metalloproteinase in Dahl-salt sensitive hypertensive rats 

is associated with reduced LV hypertrophy. Archives of physiology and biochemistry. 

2008;114(5):340-8. 

158. Sakata Y, Yamamoto K, Mano T, Nishikawa N, Yoshida J, Hori M, et al. Activation 

of matrix metalloproteinases precedes left ventricular remodeling in hypertensive heart 

failure rats: its inhibition as a primary effect of Angiotensin-converting enzyme inhibitor. 

Circulation. 2004;109(17):2143-9. 

159. Heusch G, Libby P, Gersh B, Yellon D, Böhm M, Lopaschuk G, et al. Cardiovascular 

remodelling in coronary artery disease and heart failure. The Lancet. 

2014;383(9932):1933-43. 

160. Xu R, Lin F, Zhang S, Chen X, Hu S, Zheng Z. Signal pathways involved in reverse 

remodeling of the hypertrophic rat heart after pressure unloading. Int J Cardiol. 

2010;143(3):414-23. 



137 
 

161. Schönberger J, Seidman CE. Many Roads Lead to a Broken Heart: The Genetics of 

Dilated Cardiomyopathy. Am J Hum Genet. 2001;69(2):249-60. 

162. Spinale FG. Myocardial matrix remodeling and the matrix metalloproteinases: 

influence on cardiac form and function. Physiological reviews. 2007;87(4):1285-342. 

163. Matsumoto Y, Park IK, Kohyama K. Matrix metalloproteinase (MMP)-9, but not 

MMP-2, is involved in the development and progression of C protein-induced myocarditis 

and subsequent dilated cardiomyopathy. Journal of immunology. 2009;183(7):4773-81. 

164. Givvimani S, Tyagi N, Sen U, Mishra PK, Qipshidze N, Munjal C, et al. MMP-

2/TIMP-2/TIMP-4 versus MMP-9/TIMP-3 in transition from compensatory hypertrophy 

and angiogenesis to decompensatory heart failure. Archives of physiology and 

biochemistry. 2010;116(2):63-72. 

165. Thomas CV, Coker ML, Zellner JL, Handy JR, Crumbley AJ, Spinale FG. Increased 

Matrix Metalloproteinase Activity and Selective Upregulation in LV Myocardium From 

Patients With End-Stage Dilated Cardiomyopathy. Circulation. 1998;97(17):1708-15. 

166. Spinale FG, Coker ML, Heung LJ, Bond BR, Gunasinghe HR, Etoh T, et al. A matrix 

metalloproteinase induction/activation system exists in the human left ventricular 

myocardium and is upregulated in heart failure. Circulation. 2000;102(16):1944-9. 

167. Li YY, Feldman AM, Sun Y, McTiernan CF. Differential Expression of Tissue 

Inhibitors of Metalloproteinases in the Failing Human Heart. Circulation. 

1998;98(17):1728-34. 

168. Hoffmann EK, Simonsen LO. Membrane mechanisms in volume and pH regulation 

in vertebrate cells. Physiological reviews. 1989;69(2):315-82. 



138 
 

169. Grinstein S, Rotin D, Mason MJ. Na+/H+ exchange and growth factor-induced 

cytosolic pH changes. Role in cellular proliferation. Biochimica et biophysica acta. 

1989;988(1):73-97. 

170. Vaughan-Jones RD, Spitzer KW, Swietach P. Intracellular pH regulation in heart. 

Journal of molecular and cellular cardiology. 2009;46(3):318-31. 

171. Cordat E, Casey JR. Bicarbonate transport in cell physiology and disease. Biochem 

J. 2009;417(2):423-39. 

172. Grace AA, Kirschenlohr HL, Metcalfe JC, Smith GA, Weissberg PL, Cragoe EJ, Jr., 

et al. Regulation of intracellular pH in the perfused heart by external HCO3- and Na(+)-

H+ exchange. The American journal of physiology. 1993;265(1 Pt 2):H289-98. 

173. Mraiche F. The Role of the Na+/H+ Exchanger Isoform I in Cardiac Disease. 

Edmonton, Canada: University of Alberta; 2010. 

174. Malo ME, Fliegel L. Physiological role and regulation of the Na+/H+ exchanger. 

Canadian journal of physiology and pharmacology. 2006;84(11):1081-95. 

175. Orlowski J, Grinstein S. Na+/H+ exchangers of mammalian cells. The Journal of 

biological chemistry. 1997;272(36):22373-6. 

176. Wang Z, Orlowski J, Shull GE. Primary structure and functional expression of a novel 

gastrointestinal isoform of the rat Na/H exchanger. J Biol Chem. 1993;268(16):11925-8. 

177. Tse CM, Levine SA, Yun CH, Montrose MH, Little PJ, Pouyssegur J, et al. Cloning 

and expression of a rabbit cDNA encoding a serum-activated ethylisopropylamiloride-

resistant epithelial Na+/H+ exchanger isoform (NHE-2). The Journal of biological 

chemistry. 1993;268(16):11917-24. 



139 
 

178. Nakamura N, Tanaka S, Teko Y, Mitsui K, Kanazawa H. Four Na+/H+ exchanger 

isoforms are distributed to Golgi and post-Golgi compartments and are involved in 

organelle pH regulation. The Journal of biological chemistry. 2005;280(2):1561-72. 

179. Lee SH, Kim T, Park ES, Yang S, Jeong D, Choi Y, et al. NHE10, an osteoclast-

specific member of the Na+/H+ exchanger family, regulates osteoclast differentiation and 

survival [corrected]. Biochemical and biophysical research communications. 

2008;369(2):320-6. 

180. Fliegel L, Sardet C, Pouyssegur J, Barr A. Identification of the protein and cDNA of 

the cardiac Na+/H+ exchanger. FEBS letters. 1991;279(1):25-9. 

181. Fliegel L, Dyck JR, Wang H, Fong C, Haworth RS. Cloning and analysis of the 

human myocardial Na+/H+ exchanger. Molecular and cellular biochemistry. 

1993;125(2):137-43. 

182. Aronson PS. Kinetic properties of the plasma membrane Na+-H+ exchanger. Annual 

review of physiology. 1985;47:545-60. 

183. Rotin D, Grinstein S. Impaired cell volume regulation in Na(+)-H+ exchange-

deficient mutants. The American journal of physiology. 1989;257(6 Pt 1):C1158-65. 

184. Bell SM, Schreiner CM, Schultheis PJ, Miller ML, Evans RL, Vorhees CV, et al. 

Targeted disruption of the murine Nhe1 locus induces ataxia, growth retardation, and 

seizures. The American journal of physiology. 1999;276(4 Pt 1):C788-95. 

185. Putney LK, Barber DL. Na-H exchange-dependent increase in intracellular pH times 

G2/M entry and transition. The Journal of biological chemistry. 2003;278(45):44645-9. 



140 
 

186. Wang H, Singh D, Fliegel L. The Na+/H+ antiporter potentiates growth and retinoic 

acid-induced differentiation of P19 embryonal carcinoma cells. The Journal of biological 

chemistry. 1997;272(42):26545-9. 

187. Rich IN, Worthington-White D, Garden OA, Musk P. Apoptosis of leukemic cells 

accompanies reduction in intracellular pH after targeted inhibition of the Na(+)/H(+) 

exchanger. Blood. 2000;95(4):1427-34. 

188. Wu KL, Khan S, Lakhe-Reddy S, Jarad G, Mukherjee A, Obejero-Paz CA, et al. The 

NHE1 Na+/H+ exchanger recruits ezrin/radixin/moesin proteins to regulate Akt-dependent 

cell survival. The Journal of biological chemistry. 2004;279(25):26280-6. 

189. Gao X, Lin B, Sadayappan S, Patel TB. Interactions between the regulatory subunit 

of type I protein kinase A and p90 ribosomal S6 kinase1 regulate cardiomyocyte apoptosis. 

Mol Pharmacol. 2014;85(2):357-67. 

190. Denker SP, Barber DL. Cell migration requires both ion translocation and 

cytoskeletal anchoring by the Na-H exchanger NHE1. J Cell Biol. 2002;159(6):1087-96. 

191. Denker SP, Huang DC, Orlowski J, Furthmayr H, Barber DL. Direct binding of the 

Na--H exchanger NHE1 to ERM proteins regulates the cortical cytoskeleton and cell shape 

independently of H(+) translocation. Mol Cell. 2000;6(6):1425-36. 

192. Leem CH, Lagadic-Gossmann D, Vaughan-Jones RD. Characterization of 

intracellular pH regulation in the guinea-pig ventricular myocyte. The Journal of 

physiology. 1999;517 ( Pt 1):159-80. 



141 
 

193. Wess J. G-protein-coupled receptors: molecular mechanisms involved in receptor 

activation and selectivity of G-protein recognition. FASEB journal : official publication of 

the Federation of American Societies for Experimental Biology. 1997;11(5):346-54. 

194. Avkiran M, Haworth RS. Regulatory effects of G protein-coupled receptors on 

cardiac sarcolemmal Na+/H+ exchanger activity: signalling and significance. 

Cardiovascular research. 2003;57(4):942-52. 

195. Karmazyn M, Sawyer M, Fliegel L. The Na(+)/H(+) exchanger: a target for cardiac 

therapeutic intervention. Curr Drug Targets Cardiovasc Haematol Disord. 2005;5(4):323-

35. 

196. Yamazaki T, Komuro I, Kudoh S, Zou Y, Shiojima I, Hiroi Y, et al. Endothelin-1 is 

involved in mechanical stress-induced cardiomyocyte hypertrophy. The Journal of 

biological chemistry. 1996;271(6):3221-8. 

197. Casey JR, Grinstein S, Orlowski J. Sensors and regulators of intracellular pH. Nature 

reviews Molecular cell biology. 2010;11(1):50-61. 

198. Karmazyn M, Liu Q, Gan XT, Brix BJ, Fliegel L. Aldosterone increases NHE-1 

expression and induces NHE-1-dependent hypertrophy in neonatal rat ventricular 

myocytes. Hypertension. 2003;42(6):1171-6. 

199. Yasutake M, Haworth RS, King A, Avkiran M. Thrombin activates the sarcolemmal 

Na(+)-H+ exchanger. Evidence for a receptor-mediated mechanism involving protein 

kinase C. Circ Res. 1996;79(4):705-15. 



142 
 

200. Hooley R, Yu CY, Symons M, Barber DL. G alpha 13 stimulates Na+-H+ exchange 

through distinct Cdc42-dependent and RhoA-dependent pathways. The Journal of 

biological chemistry. 1996;271(11):6152-8. 

201. Cingolani HE. Na+/H+ exchange hyperactivity and myocardial hypertrophy: are they 

linked phenomena? Cardiovascular research. 1999;44(3):462-7. 

202. Tani M, Neely JR. Na+ accumulation increases Ca2+ overload and impairs function 

in anoxic rat heart. Journal of molecular and cellular cardiology. 1990;22(1):57-72. 

203. Alvarez BV, Ennis IL, De Hurtado MC, Cingolani HE. Effects of antihypertensive 

therapy on cardiac sodium/hydrogen ion exchanger activity and hypertrophy in 

spontaneously hypertensive rats. Can J Cardiol. 2002;18(6):667-72. 

204. Sandmann S, Yu M, Kaschina E, Blume A, Bouzinova E, Aalkjaer C, et al. 

Differential effects of angiotensin AT1 and AT2 receptors on the expression, translation 

and function of the Na+-H+ exchanger and Na+-HCO3- symporter in the rat heart after 

myocardial infarction. J Am Coll Cardiol. 2001;37(8):2154-65. 

205. Ruetten H, Gehring D, Hiss K, Schindler U, Gerl M, Busch AE, et al. Effects of 

combined inhibition of the Na+-H+ exchanger and angiotensin-converting enzyme in rats 

with congestive heart failure after myocardial infarction. British journal of pharmacology. 

2005;146(5):723-31. 

206. Kilic A, Velic A, De Windt LJ, Fabritz L, Voss M, Mitko D, et al. Enhanced activity 

of the myocardial Na+/H+ exchanger NHE-1 contributes to cardiac remodeling in atrial 

natriuretic peptide receptor-deficient mice. Circulation. 2005;112(15):2307-17. 



143 
 

207. Baartscheer A, Schumacher CA, van Borren MM, Belterman CN, Coronel R, Opthof 

T, et al. Chronic inhibition of Na+/H+-exchanger attenuates cardiac hypertrophy and 

prevents cellular remodeling in heart failure. Cardiovascular research. 2005;65(1):83-92. 

208. Marano G, Vergari A, Catalano L, Gaudi S, Palazzesi S, Musumeci M, et al. Na+/H+ 

exchange inhibition attenuates left ventricular remodeling and preserves systolic function 

in pressure-overloaded hearts. British journal of pharmacology. 2004;141(3):526-32. 

209. Chen L, Chen CX, Gan XT, Beier N, Scholz W, Karmazyn M. Inhibition and reversal 

of myocardial infarction-induced hypertrophy and heart failure by NHE-1 inhibition. 

American journal of physiology Heart and circulatory physiology. 2004;286(1):H381-7. 

210. Yoshida H, Karmazyn M. Na+/H+ exchange inhibition attenuates hypertrophy and 

heart failure in 1-wk postinfarction rat myocardium. American Journal of Physiology - 

Heart and Circulatory Physiology. 2000;278(1):H300-H4. 

211. Masereel B, Pochet L, Laeckmann D. An overview of inhibitors of Na(+)/H(+) 

exchanger. Eur J Med Chem. 2003;38(6):547-54. 

212. Avkiran M, Marber MS. Na(+)/H(+) exchange inhibitors for cardioprotective 

therapy: progress, problems and prospects. J Am Coll Cardiol. 2002;39(5):747-53. 

213. Pedersen SF, King SA, Nygaard EB, Rigor RR, Cala PM. NHE1 inhibition by 

amiloride- and benzoylguanidine-type compounds. Inhibitor binding loci deduced from 

chimeras of NHE1 homologues with endogenous differences in inhibitor sensitivity. The 

Journal of biological chemistry. 2007;282(27):19716-27. 

214. Müller A, Dhalla N. Role of various proteases in cardiac remodeling and progression 

of heart failure. Heart Fail Rev. 2012;17(3):395-409. 



144 
 

215. Fliegel L. Regulation of the Na(+)/H(+) exchanger in the healthy and diseased 

myocardium. Expert Opin Ther Targets. 2009;13(1):55-68. 

216. Wu QQ, Xu M, Yuan Y, Li FF, Yang Z, Liu Y, et al. Cathepsin B deficiency 

attenuates cardiac remodeling in response to pressure overload via TNFalpha/ASK1/JNK 

pathway. American journal of physiology Heart and circulatory physiology. 

2015:ajpheart.00601.2014. 

217. Kostoulas G, Lang A, Nagase H, Baici A. Stimulation of angiogenesis through 

cathepsin B inactivation of the tissue inhibitors of matrix metalloproteinases. FEBS letters. 

1999;455(3):286-90. 

218. Giusti I, D'Ascenzo S, Millimaggi D, Taraboletti G, Carta G, Franceschini N, et al. 

Cathepsin B Mediates the pH-Dependent Proinvasive Activity of Tumor-Shed 

Microvesicles. Neoplasia (New York, NY). 2008;10(5):481-8. 

219. Chiao YA, Ramirez TA, Zamilpa R, Okoronkwo SM, Dai Q, Zhang J, et al. Matrix 

metalloproteinase-9 deletion attenuates myocardial fibrosis and diastolic dysfunction in 

ageing mice. Cardiovascular research. 2012;96(3):444-55. 

220. Thomas CV, Coker ML, Zellner JL, Handy JR, Crumbley AJ, 3rd, Spinale FG. 

Increased matrix metalloproteinase activity and selective upregulation in LV myocardium 

from patients with end-stage dilated cardiomyopathy. Circulation. 1998;97(17):1708-15. 

221. Gunja-Smith Z, Morales AR, Romanelli R, Woessner JF. Remodeling of human 

myocardial collagen in idiopathic dilated cardiomyopathy. Role of metalloproteinases and 

pyridinoline cross-links. The American journal of pathology. 1996;148(5):1639-48. 



145 
 

222. Taves J, Rastedt D, Canine J, Mork D, Wallert MA, Provost JJ. Sodium hydrogen 

exchanger and phospholipase D are required for alpha1-adrenergic receptor stimulation of 

metalloproteinase-9 and cellular invasion in CCL39 fibroblasts. Archives of biochemistry 

and biophysics. 2008;477(1):60-6. 

223. Turk B, Turk V, Turk D. Structural and functional aspects of papain-like cysteine 

proteinases and their protein inhibitors. Biological chemistry. 1997;378(3-4):141-50. 

224. Hescheler J, Meyer R, Plant S, Krautwurst D, Rosenthal W, Schultz G. 

Morphological, biochemical, and electrophysiological characterization of a clonal cell 

(H9c2) line from rat heart. Circulation Research. 1991;69(6):1476-86. 

225. Watkins SJ, Borthwick GM, Arthur HM. The H9C2 cell line and primary neonatal 

cardiomyocyte cells show similar hypertrophic responses in vitro. In vitro cellular & 

developmental biology Animal. 2011;47(2):125-31. 

226. Kimes BW, Brandt BL. Properties of a clonal muscle cell line from rat heart. Exp 

Cell Res. 1976;98(2):367-81. 

227. Kaibara M, Mitarai S, Yano K, Kameyama M. Involvement of Na(+)-H+ antiporter 

in regulation of L-type Ca2+ channel current by angiotensin II in rabbit ventricular 

myocytes. Circulation Research. 1994;75(6):1121-5. 

228. Cingolani HE, Ennis IL. Sodium-hydrogen exchanger, cardiac overload, and 

myocardial hypertrophy. Circulation. 2007;115(9):1090-100. 

229. Avkiran M. Regulatory effects of G protein-coupled receptors on cardiac 

sarcolemmal Na+/H+ exchanger activity: signalling and significance. Cardiovascular 

research. 2003;57(4):942-52. 



146 
 

230. Steinau M, Rajeevan MS, Unger ER. DNA and RNA References for qRT-PCR 

Assays in Exfoliated Cervical Cells. J Mol Diagn. 2006;8(1):113-8. 

231. Barry SP, Davidson SM, Townsend PA. Molecular regulation of cardiac 

hypertrophy. Int J Biochem Cell Biol. 2008;40(10):2023-39. 

232. Vanezis A, Thaitirarot C, Butt M, Squire I, Samani N, Rodrigo G. 208 The PKC 

Epsilon/AMPK ALPHA/ENOS Pathway is Implicated as a Mechanism by which Remote 

Ischaemic Conditioning Attenuates Endothelin-1 Mediated Cardiomyocyte Hypertrophy. 

Heart. 2014;100(Suppl 3):A114. 

233. Gu S, Zhang W, Chen J, Ma R, Xiao X, Ma X, et al. EPC-derived microvesicles 

protect cardiomyocytes from Ang II-induced hypertrophy and apoptosis. PloS one. 

2014;9(1):e85396. 

234. Merten KE, Jiang Y, Feng W, Kang YJ. Calcineurin activation is not necessary for 

Doxorubicin-induced hypertrophy in H9c2 embryonic rat cardiac cells: involvement of the 

phosphoinositide 3-kinase-Akt pathway. The Journal of pharmacology and experimental 

therapeutics. 2006;319(2):934-40. 

235. Jang BG, Choi BY, Kim JH, Kim MJ, Sohn M, Suh SW. Impairment of autophagic 

flux promotes glucose reperfusion-induced neuro2A cell death after glucose deprivation. 

PloS one. 2013;8(10):e76466. 

236. Chaillet JR, Boron WF. Intracellular calibration of a pH-sensitive dye in isolated, 

perfused salamander proximal tubules. J Gen Physiol. 1985;86(6):765-94. 

237. van der Stappen JW, Williams AC, Maciewicz RA, Paraskeva C. Activation of 

cathepsin B, secreted by a colorectal cancer cell line requires low pH and is mediated by 



147 
 

cathepsin D. International journal of cancer Journal international du cancer. 

1996;67(4):547-54. 

238. Bien S, Ritter CA, Gratz M, Sperker B, Sonnemann J, Beck JF, et al. Nuclear Factor-

κB Mediates Up-Regulation of Cathepsin B by Doxorubicin in Tumor Cells. Molecular 

Pharmacology. 2004;65(5):1092-102. 

239. Zhu H, Rothermel BA, Hill JA. Autophagy in Load‐Induced Heart Disease. 

2009;453:343-63. 

240. Togashi K, Wakatsuki S, Furuno A, Tokunaga S, Nagai Y, Araki T. Na+/H+ 

exchangers induce autophagy in neurons and inhibit polyglutamine-induced aggregate 

formation. PloS one. 2013;8(11):e81313. 

241. Mizushima N, Yoshimori T. How to Interpret LC3 Immunoblotting. Autophagy. 

2007;3(6):542-5. 

242. Collins AR, Schnee J, Wang W, Kim S, Fishbein MC, Bruemmer D, et al. 

Osteopontin modulates angiotensin II-induced fibrosis in the intact murine heart. J Am Coll 

Cardiol. 2004;43(9):1698-705. 

243. Singh M, Foster CR, Dalal S, Singh K. Osteopontin: role in extracellular matrix 

deposition and myocardial remodeling post-MI. Journal of molecular and cellular 

cardiology. 2010;48(3):538-43. 

244. Maekawa N, Abe J, Shishido T, Itoh S, Ding B, Sharma VK, et al. Inhibiting p90 

ribosomal S6 kinase prevents (Na+)-H+ exchanger-mediated cardiac ischemia-reperfusion 

injury. Circulation. 2006;113(21):2516-23. 



148 
 

245. Avkiran M, Cook AR, Cuello F. Targeting Na+/H+ exchanger regulation for cardiac 

protection: a RSKy approach? Current opinion in pharmacology. 2008;8(2):133-40. 

246. Huber JD, Bentzien J, Boyer SJ, Burke J, De Lombaert S, Eickmeier C, et al. 

Identification of a potent Sodium Hydrogen Exchanger isoform 1 (NHE1) inhibitor with a 

suitable profile for chronic dosing and demonstrated cardioprotective effects in a 

preclinical model of myocardial infarction in the rat. J Med Chem. 2012. 

247. Voelkl J, Pasham V, Ahmed MS, Walker B, Szteyn K, Kuhl D, et al. Sgk1-dependent 

stimulation of cardiac na/h(+) exchanger nhe1 by dexamethasone. Cellular physiology and 

biochemistry : international journal of experimental cellular physiology, biochemistry, and 

pharmacology. 2013;32(1):25-38. 

248. Costa-Pessoa JMd, Figueiredo CFdSR, Thieme K, Oliveira-Souza M. The regulation 

of NHE1 and NHE3 activity by angiotensin II is mediated by the activation of the 

angiotensin II type I receptor/phospholipase C/calcium/calmodulin pathway in distal 

nephron cells. European journal of pharmacology. 2013;721(1–3):322-31. 

249. Patel N, Nizami S, Song L, Mikami M, Hsu A, Hickernell T, et al. CA-074Me 

compound inhibits osteoclastogenesis via suppression of the NFATc1 and c-FOS signaling 

pathways. J Orthop Res. 2015;33(10):1474-86. 

250. Aker S, Snabaitis AK, Konietzka I, Van De Sand A, Bongler K, Avkiran M, et al. 

Inhibition of the Na+/H+ exchanger attenuates the deterioration of ventricular function 

during pacing-induced heart failure in rabbits. Cardiovascular research. 2004;63(2):273-

82. 



149 
 

251. Hisamitsu T, Nakamura TY, Wakabayashi S. Na(+)/H(+) exchanger 1 directly binds 

to calcineurin A and activates downstream NFAT signaling, leading to cardiomyocyte 

hypertrophy. Molecular and cellular biology. 2012;32(16):3265-80. 

252. Hisamitsu T, Nakamura TY, Wakabayashi S. Na(+)/H(+) exchanger 1 directly binds 

to calcineurin A and activates downstream NFAT signaling, leading to cardiomyocyte 

hypertrophy.  Molecular and cellular biology. 32. United States2012. p. 3265-80. 

253. Solli AI, Fadnes B, Winberg JO, Uhlin-Hansen L, Hadler-Olsen E. Tissue- and cell-

specific co-localization of intracellular gelatinolytic activity and matrix metalloproteinase 

2. J Histochem Cytochem. 2013;61(6):444-61. 

254. Freise C, Erben U, Muche M, Farndale R, Zeitz M, Somasundaram R, et al. The alpha 

2 chain of collagen type VI sequesters latent proforms of matrix-metalloproteinases and 

modulates their activation and activity. Matrix Biol. 2009;28(8):480-9. 

255. Fedarko NS, Jain A, Karadag A, Fisher LW. Three small integrin binding ligand N-

linked glycoproteins (SIBLINGs) bind and activate specific matrix metalloproteinases. 

FASEB journal : official publication of the Federation of American Societies for 

Experimental Biology. 2004;18(6):734-6. 

256. Sun HY, Wang NP, Halkos ME, Kerendi F, Kin H, Wang RX, et al. Involvement of 

Na+/H+ exchanger in hypoxia/re-oxygenation-induced neonatal rat cardiomyocyte 

apoptosis. European journal of pharmacology. 2004;486(2):121-31. 

257. Garg S, Hofstra L, Reutelingsperger C, Narula J. Apoptosis as a therapeutic target in 

acutely ischemic myocardium. Curr Opin Cardiol. 2003;18(5):372-7. 



150 
 

258. Humphreys RA, Haist JV, Chakrabarti S, Feng Q, Arnold JM, Karmazyn M. Orally 

administered NHE1 inhibitor cariporide reduces acute responses to coronary occlusion and 

reperfusion. The American journal of physiology. 1999;276(2 Pt 2):H749-57. 

259. Frantz S, Fraccarollo D, Wagner H, Behr TM, Jung P, Angermann CE, et al. 

Sustained activation of nuclear factor kappa B and activator protein 1 in chronic heart 

failure. Cardiovascular research. 2003;57(3):749-56. 

260. Saito T, Giaid A. Cyclooxygenase-2 and nuclear factor-kappaB in myocardium of 

end stage human heart failure. Congest Heart Fail. 1999;5(5):222-7. 

261. Zhou B, Rao L, Peng Y, Wang Y, Li Y, Gao L, et al. Functional polymorphism of 

the NFKB1 gene promoter is related to the risk of dilated cardiomyopathy. BMC Med 

Genet. 2009;10:47. 

262. Grabellus F, Levkau B, Sokoll A, Welp H, Schmid C, Deng MC, et al. Reversible 

activation of nuclear factor-kappaB in human end-stage heart failure after left ventricular 

mechanical support. Cardiovascular research. 2002;53(1):124-30. 

263. Hirotani S, Otsu K, Nishida K, Higuchi Y, Morita T, Nakayama H, et al. Involvement 

of nuclear factor-kappaB and apoptosis signal-regulating kinase 1 in G-protein-coupled 

receptor agonist-induced cardiomyocyte hypertrophy. Circulation. 2002;105(4):509-15. 

264. Purcell NH, Tang G, Yu C, Mercurio F, DiDonato JA, Lin A. Activation of NF-kappa 

B is required for hypertrophic growth of primary rat neonatal ventricular cardiomyocytes. 

Proceedings of the National Academy of Sciences of the United States of America. 

2001;98(12):6668-73. 



151 
 

265. Zelarayan L, Renger A, Noack C, Zafiriou MP, Gehrke C, van der Nagel R, et al. 

NF-kappaB activation is required for adaptive cardiac hypertrophy. Cardiovascular 

research. 2009;84(3):416-24. 

266. Freund C, Schmidt-Ullrich R, Baurand A, Dunger S, Schneider W, Loser P, et al. 

Requirement of nuclear factor-kappaB in angiotensin II- and isoproterenol-induced cardiac 

hypertrophy in vivo. Circulation. 2005;111(18):2319-25. 

267. Kawano S, Kubota T, Monden Y, Tsutsumi T, Inoue T, Kawamura N, et al. Blockade 

of NF-kappaB improves cardiac function and survival after myocardial infarction. 

American journal of physiology Heart and circulatory physiology. 2006;291(3):H1337-44. 

268. Kawamura N, Kubota T, Kawano S, Monden Y, Feldman AM, Tsutsui H, et al. 

Blockade of NF-kappaB improves cardiac function and survival without affecting 

inflammation in TNF-alpha-induced cardiomyopathy. Cardiovascular research. 

2005;66(3):520-9. 

269. Nemeth ZH, Deitch EA, Lu Q, Szabo C, Hasko G. NHE blockade inhibits chemokine 

production and NF-kappaB activation in immunostimulated endothelial cells. Am J Physiol 

Cell Physiol. 2002;283(2):C396-403. 

270. Hamer I, Delaive E, Dieu M, Abdel-Sater F, Mercy L, Jadot M, et al. Up-regulation 

of cathepsin B expression and enhanced secretion in mitochondrial DNA-depleted 

osteosarcoma cells. Biology of the Cell. 2009;101(1):31-43. 

271. Bujak M, Frangogiannis NG. The role of IL-1 in the pathogenesis of heart disease. 

Archivum immunologiae et therapiae experimentalis. 2009;57(3):165-76. 



152 
 

272. Bracey NA, Beck PL, Muruve DA, Hirota SA, Guo J, Jabagi H, et al. The Nlrp3 

inflammasome promotes myocardial dysfunction in structural cardiomyopathy through 

interleukin-1beta. Exp Physiol. 2013;98(2):462-72. 

273. Van Tassell BW, Arena RA, Toldo S, Mezzaroma E, Azam T, Seropian IM, et al. 

Enhanced interleukin-1 activity contributes to exercise intolerance in patients with systolic 

heart failure. PloS one. 2012;7(3):e33438. 

274. Abbate A, Kontos MC, Grizzard JD, Biondi-Zoccai GG, Van Tassell BW, Robati R, 

et al. Interleukin-1 blockade with anakinra to prevent adverse cardiac remodeling after 

acute myocardial infarction (Virginia Commonwealth University Anakinra Remodeling 

Trial [VCU-ART] Pilot study). Am J Cardiol. 2010;105(10):1371-7 e1. 

275. Mezzaroma E, Toldo S, Farkas D, Seropian IM, Van Tassell BW, Salloum FN, et al. 

The inflammasome promotes adverse cardiac remodeling following acute myocardial 

infarction in the mouse. Proceedings of the National Academy of Sciences of the United 

States of America. 2011;108(49):19725-30. 

276. Nemeth ZH, Deitch EA, Szabo C, Mabley JG, Pacher P, Fekete Z, et al. Na+/H+ 

exchanger blockade inhibits enterocyte inflammatory response and protects against colitis. 

American journal of physiology Gastrointestinal and liver physiology. 2002;283(1):G122-

32. 

 

 

 



153 
 

 

 

 

 

 

 

 

 

  




