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Highlights 

 

x Adverse cardiac remodelling is an important feature of cardiac disease and leads to heart 

failure.  

x Cysteine cathepsins contribute to key signalling pathways involved in adverse cardiac 

remodelling. 

x They contribute to extracellular matrix remodeling, cardiomyocyte hypertrophy, calcium 

handling, cellular apoptosis, and autophagy. 

x Cysteine cathepsins have potential to serve as biomarkers for cardiovascular disease. 

x Cathepsins have translational potential as therapeutic targets in cardiac disease. 

Highlights (for review)
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Abbreviations 37 

Extracellular matrix remodelling (ECM); excitation-contraction (E-C); myocardial infarction (MI); low 38 

density lipoprotein (LDL); abdominal aortic aneurysm (AAA) 39 

Abstract 40 

Adverse cardiac remodelling clinically manifests as deleterious changes to heart architecture (size, 41 

mass and geometry) and function. These changes, which include alterations to ventricular wall 42 

thickness, chamber dilation and poor contractility, are important because they progressively drive 43 

patients with cardiac disease towards heart failure and are associated with poor prognosis. Cysteine 44 

cathepsins contribute to key signalling pathways involved in adverse cardiac remodelling including 45 

synthesis and degradation of the cardiac extracellular matrix (ECM), cardiomyocyte hypertrophy, 46 

impaired cardiomyocyte contractility and apoptosis. In this review, we highlight the role of 47 

cathepsins in these signalling pathways as well as their translational potential as therapeutic targets 48 

in cardiac disease.  49 

1 Introduction 50 

An important pathophysiological consequence of several cardiovascular diseases is adverse cardiac 51 

remodelling, involving structural changes to the myocardium and extracellular matrix (ECM) [1,2].  52 

These changes may present clinically as ventricular wall thinning, impaired contractility and chamber 53 

dilation. Driving these changes are events at the molecular and cellular level including impaired 54 

calcium handling, apoptosis, necrosis, inflammation, hypertrophy, autophagy and ECM remodelling 55 

including interstitial fibrosis [1–6](Figure 1). Clinically, these cellular alterations are associated with 56 

impaired cardiac contractility and arrhythmias that can lead to sudden death or development of 57 

heart failure (HF). Despite optimised treatment, mortality and morbidity rates for HF remain high 58 

and continue to increase [7,8]. There is a critical need to identify new molecular targets/pathways 59 

contributing to adverse cardiac remodelling and use these to develop novel therapeutic strategies 60 

that limit patients with cardiac disease developing HF [9–11].  61 

 62 

One potential group of molecular targets that has been gaining increasing interest for their role in 63 

adverse cardiac remodelling are the lysosomal proteolytic enzymes; cathepsins. ‘Cathepsin,’ is a 64 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 3 

term used to collectively describe cysteine, aspartic and serine proteases. Whilst aspartic (cathepsin 65 

D & E) and serine cathepsins (cathepsin A and G) have been shown to play a role in cardiac 66 

remodelling (e.g. cathepsin A is important for matrix remodelling and ventricular contractility) [12], 67 

the majority of cathepsins fall into the group of cysteine proteases  [13]. The largest subfamily of 68 

cysteine proteases are the papain-like proteases. In humans, these papain-like cysteine proteases 69 

are made up of 11 members; cathepsin B, C, H, K, F, O, S, V, X, L and W [14]. Mice express 10 human 70 

orthologues with the exception of cathepsin V [15]. Four are exopeptidases (B, C, X and H), and five 71 

are endopeptidases (L, S, K, V, F) (summarized in Figure 1). Uniquely, cathepsin B can also act as an 72 

endopeptidase. The majority of these cathepsins are expressed by almost all human tissues, where 73 

they play important roles in the degradation of proteins within cells. However, some cathepsins such 74 

as cathepsin K, W, V, S and O are predominately associated with specific tissues. For instance, 75 

several studies have shown that cathepsin K is highly expressed by osteoclasts where it contributes 76 

to the degradation of articular collagen in inflammatory arthritis [16]. Linnevers et al., showed that 77 

cathepsin W tends to be expressed at high levels by lymphatic tissues and CD8+ T cells, suggesting 78 

that this cathepsin may have cytotoxic activity [17]. Indeed, natural killer cells use cathepsin W to 79 

mediate cytotoxicity [18]. Cathepsin V is mainly expressed by the testis and thymus [19], whereas, 80 

cathepsin S is predominantly expressed by antigen presenting cells (APCs) such as dendritic cells and 81 

B cells [20]. Finally, cathepsin O is primarily expressed by human breast carcinoma cells [21]. While it 82 

is currently unknown how certain subsets of cathepsins have different functions and cellular 83 

localizations, a possible explanation for this may be due to subtle structural differences between 84 

cathepsins. For example, cathepsin W contains a 21-amino acid insertion between histidine and 85 

asparagine residues in the active site and the C-terminal extension, which distinguishes it from other 86 

cathepsins such as cathepsins L and B [17]. However, further study is required to fully elucidate the 87 

relationship between the structure of cathepsins and cellular localization and function.     88 

  89 

Papain-like cysteine proteases (herein referred to as cysteine cathepsins) were traditionally 90 

considered to be lysosome-restricted proteases, intrinsically involved in the proteolysis of unwanted 91 

proteins [22,23]. However, the past few decades have shed light on the observation that cysteine 92 

cathepsins can also be found in the extracellular environment, cytosol, nucleus, nuclear membrane 93 

and plasma membrane, where they are thought to have important roles in cell signaling and protein 94 

degradation, processing, and trafficking [22,23]. Murine knockout models have proved invaluable in 95 

elucidating the role, dysregulation and relative contribution of cysteine cathepsins to adverse 96 

cardiac remodelling and disease [24–26]. One of the most important ways in which cysteine 97 

cathepsins contribute to adverse cardiac remodeling is through pathological structural remodeling of 98 
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the ECM [27,28]. Additionally, several cysteine cathepsins have been shown to contribute to adverse 99 

cardiac remodeling by dysregulating hypertrophic, inflammatory, cellular calcium handling, 100 

apoptotic, and autophagy signaling in the heart, further strengthening their capacity as novel 101 

therapeutic targets [28,29,38–42,30–37]. Furthermore, serum and plasma cathepsins have shown 102 

biomarker potential in humans in relation to disease severity, prognosis and mortality in patients 103 

with cardiovascular disease. This review will focus on the role of key cysteine cathepsins in ECM 104 

remodeling, inflammation, cardiomyocyte hypertrophy, calcium handling, cellular apoptosis, and 105 

autophagy. Furthermore, we will examine the potential of cysteine cathepsins as both novel 106 

therapeutic targets and biomarkers in cardiovascular disease.   107 

 108 

1.1 Cysteine cathepsin structure and maturation   109 

All cysteine cathepsins contain a catalytic domain, a signal peptide and a pro-peptide. The signal 110 

peptide is usually 10-20 amino acids long and signals the peptide’s translocation into the 111 

endoplasmic reticulum during protein translation [14,43]. The pro-peptide prevents the premature 112 

activation of the catalytic domain, acts as a scaffold for the folding of the catalytic domain and also 113 

has an important role in the transport of the proenzyme to endosomal/lysosomal compartments 114 

[44]. Variable in length, the pro-peptide can be 251 amino acids long  (cathepsin F) or only 36 amino 115 

acids long (cathepsin X) [44]. Conversely, the catalytic domain contains a highly conserved active site 116 

consisting of cysteine, histidine and asparagine residues [45]. Additionally variable in length, the 117 

catalytic domain of the human cathepsins can vary between 214 and 260 amino acids in length [45]. 118 

The folded structure of cathepsins is well conserved, specifically the active site of the peptide is 119 

located in both the L and R domains, with the L domain containing the cysteine residue and the R 120 

domain containing the histidine residue [46]. Translational modifications such as glycosylation, 121 

sulfurization and peptide folding take place in the endoplasmic reticulum. The cathepsins are then 122 

directed to the endosome. Lysosomal cysteine cathepsins are processed further in the Golgi 123 

apparatus where the mannose residues are modified to mannose-6-phosphate, thus facilitating the 124 

binding to the mannose-6-phosphate receptor to allow lysosomal targeting [43]. Following 125 

acidification in the early endosome, the N-terminal pro-peptide is cleaved and removed, and the 126 

enzyme is now proteolytically active [44,47]. Cysteine cathepsins can be further activated and are 127 

secreted into the extracellular space by calcium mediated endosome/lysosome fusion with the cell 128 

membrane [43] (summarized in Figure 2). Importantly for cathepsins B, K, X and L, the pro-peptide 129 

chain folds over the active site in the opposite direction to the substrate and subsequently blocks 130 

access to the active site [48–52]. For some cathepsins, autocatalytic activation by acidic conditions is 131 

the main mechanism of activation, and for other cathepsins, removal of the N-terminal pro-peptide 132 
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by other cathepsins such as aspartic proteinases, pepsin and elastase activates the enzyme [53–55]. 133 

The literature has long suggested that cysteine cathepsins exert optimal proteolytic activity at a very 134 

low pH in the endosomal/lysosomal compartments [56]. It is therefore, puzzling that cysteine 135 

cathepsins can exert such potent proteolytic activity at a less than optimal pH, such as when they 136 

are secreted into the extracellular environment to degrade the ECM. Many theories have been put 137 

forward to explain how cysteine cathepsins exert high proteolytic activity in the extracellular 138 

environment, and one such theory suggested by Punturieri et al., provides strong evidence that 139 

cathepsin-expressing cells can modulate the peri-cellular environment to optimize cathepsin activity 140 

[57]. Specifically they showed that monocyte-derived macrophages could express cysteine 141 

cathepsins K, L and S, while simultaneously increasing the expression of vacuolar-type H+ ATPase to 142 

acidify the peri-cellular space thus keeping cathepsin K active [57]. It is also likely that structural 143 

differences between cysteine cathepsins may significantly impact on their enzymatic potency at 144 

different pH [58,59].  145 

 146 

1.2 Regulation of cysteine cathepsin activity 147 

Mature cysteine cathepsins are negatively regulated by endogenous reversible, competitive protein 148 

inhibitors known as cystatins, thyropins and serpins. Cystatins are regarded as the most important 149 

and widely studied endogenous cathepsin inhibitors [60,61]. Type 1 cystatins are known as stefins, 150 

and they are generally regarded as being intracellular proteins. These single-chain proteins contain 151 

approximately 100 amino acid residues, lack a signal peptide, carbohydrates and disulphide bonds 152 

[62]. Stefin A and B are generally considered the most commonly found stefins in mammals 153 

including humans [62]. Type 2 cystatins (commonly called cystatins) tend to be more widely 154 

distributed. They contain a single-chain with approximately 115 amino acid residues, contain 2 155 

disulphide bridges (with the exception of cystatin F), and contain 7 known family members [63]. 156 

Finally type 3 cystatins or kininogens, are multidomain single-chain glycoproteins, found primarily in 157 

the blood plasma of mammals. Kininogens can be subdivided into three broad categories, low-158 

molecular weight kininogen (LK), high molecular weight kininogen (HK) and T-kininogen [64]. The 159 

heavy chain of HK and LK are composed of 3 repeated type 2 cystatin-like domains with 8 disulphide 160 

bridges, and domain 2 and 3 directly inhibit cathepsins [65].  161 

 162 

2 Cysteine cathepsin involvement in ECM remodelling and inflammation 163 

The cardiac ECM, which is composed of proteins such as collagen and elastin, is crucial in supporting 164 

the structural integrity of cardiac tissues where it maintains tissue homeostasis. Dysregulated 165 
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synthesis, deposition and degradation of ECM components are involved in the pathogenesis of many 166 

cardiovascular diseases such as cardiomyopathies, atherosclerosis and aneurysm formation [66–69]. 167 

Inappropriate ECM deposition, mainly by fibroblasts, can lead to interstitial, epicardial and 168 

perivascular fibrosis which can impair ventricular compliance with consequent systolic and/or 169 

diastolic dysfunction [70]. Fibrosis is initially an adaptive response to maintain the structure and 170 

pump activity of the heart, but over time fibrosis significantly impedes ventricular compliance, 171 

contractility and excitation-contraction (E-C) coupling and directly contributes to heart failure [70]. 172 

The development and persistent activity of myofibroblasts (cells that have acquired a phenotype 173 

between a fibroblast and smooth muscle cell [71]) leads to further cardiomyocyte necrosis and 174 

hypertrophy due to the release of pro-hypertrophic and pro-inflammatory stimuli, thus exacerbating 175 

adverse cardiac remodelling [70,72].  176 

Cardiac fibrosis is intimately and inextricably linked with inflammation in the heart where ECM 177 

components directly modulate inflammatory responses. For example, hyaluronic acid can mediate 178 

pro-inflammatory responses by directly interacting with Toll Like Receptors on dendritic cells, 179 

monocytes and lymphocytes [73].  Additionally, several immune cells such as eosinophils, 180 

neutrophils, leukocytes and macrophages can regulate ECM remodelling and fibrosis in the heart 181 

[74].  Macrophages for example can release cathepsins to remodel the ECM in cardiovascular 182 

diseases, can degrade collagen through mannose receptor interactions, and M2 macrophages can 183 

directly contribute to fibrosis by secreting pro-fibrotic mediators such as TGF-β, IL-10, IGF-1 and 184 

galectin-3 [75–79]. Resident myocardial cells such as cardiomyocytes and fibroblasts additionally 185 

secrete cytokines such as IL-6 in response to cardiac insult or hypoxia which can directly mediate 186 

myocardial fibrosis in addition to further attracting inflammatory cells into the myocardium, and 187 

thus contributing to ECM remodelling [80–83].   188 

Importantly, the processes of synthesis, deposition and degradation of ECM proteins are tightly 189 

controlled by cysteine cathepsins, which are secreted by resident myocardial cells as well as invading 190 

inflammatory cells [84]. Owing to the importance of the ECM in normal physiological cardiac 191 

function, it therefore follows that enhanced activity of some cysteine cathepsins has been 192 

associated with pathological structural changes to the ECM and increased fibrosis in many 193 

cardiovascular diseases [27,28]. Additionally, cysteine cathepsins have been shown to direct pro-194 

fibrotic inflammatory responses in cardiovascular disease by interacting with inflammatory cells [34–195 

37].  Key roles for cysteine cathepsins K, B, L and S in ECM remodelling, fibrosis and inflammation 196 

have been found in several cardiovascular diseases and are summarised below (Figure 3). 197 
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2.1 Cathepsin K in ECM remodeling  198 

In myocardial infarction (MI), fibrosis can be both protective or damaging depending on the stage of 199 

cardiac dysfunction [85]. While fibrosis can impair ventricular compliance leading to systolic and 200 

diastolic dysfunction in late stages of myocardial remodelling, in the early remodelling phase, 201 

fibrosis and scar formation may limit cardiac damage and prevent cardiac rupture [85]. Studies have 202 

shown that whole body cathepsin K knockout mice have increased myocardial fibrosis and impaired 203 

cardiac function following MI, with increased collagen deposition but no change in collagen 204 

synthesis [86]. Cathepsin K knockout mice demonstrated decreased type-III collagenase activity and 205 

increased numbers of myofibroblasts in infarcted tissue which likely explains the enhanced 206 

myocardial fibrosis [86]. The enhanced fibrotic response observed in cathepsin K knockout mice 207 

highlights the prominant role that  cathepsin K plays in ECM degradation. Interestingly, however, 208 

cathepsin K knockout did not increase inflammatory cell infiltration of the myocardium which 209 

suggests that cathepsin K  directly degrades the ECM independent of orchestrating inflammatory cell 210 

infiltration of the myocardium [86]. In contrast, cathepsin K knockout in a murine model of diabetic 211 

cardiomyopathy significantly reduced perivascular fibrosis and the expression of collagen I in the 212 

heart, which was associated with improved cardiac function [28]. This discrepancy between studies 213 

suggests that cathepsin K plays different roles in ECM degradation dependent on cardiac disease 214 

aetiology. It is likely that this context specificity originates from the ability of cathepsin K to alter 215 

different ECM signaling pathways and key proteins (e.g. TGF-β) the importance of which differ 216 

between cardiac diseases. Further studies to delineate such interactions between cathepsin K and 217 

ECM signalling pathways is warranted to ensure the full therapeutic potential (and side effects) of 218 

cathepsin K can be realised.  219 

2.2 Cathepsin B in ECM remodeling 220 

Fewer studies have established a link between cathepsin B and pathological ECM remodeling in the 221 

heart. However, whole body cathepsin B knockout can significantly decrease perivascular and 222 

interstitial fibrosis in a mouse model of pressure overload [35]. Interestingly, cathepsin B has been 223 

shown to be involved in the processing of TGF-β and subsequent differentiation of lung fibroblasts 224 

[87]. To the best of our knowledge the role that cathepsin B plays in TGF-β signaling in the heart 225 

remains unknown and warrants further investigation. Additionally the role that cathepsin B may play 226 

in ECM remodeling in other cardiac diseases remains unknown.  227 

 228 
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2.3 Cathepsin L in ECM remodeling 229 

Several studies have shown that cathepsin L is intimately involved in ECM remodeling in 230 

cardiovascular disease. Importantly, whole body cathepsin L knockout mice have been shown to 231 

develop a dilated cardiomyopathy phenotype at 1 year of age and in addition to characteristic 232 

systolic dysfunction, these mice have extensive interstitial fibrosis [88,89]. In MI, cathepsin L has 233 

been shown to contribute to adaptive cardiac remodeling [36]. MI in cathepsin L knockout mice was 234 

associated with increased adverse cardiac remodeling, cardiac dysfunction and poorer scar healing 235 

due to decreased fibrosis and myofibroblast differentiation [36]. Furthermore, cathepsin L knockout 236 

in this in vivo model of MI led to reduced myocardial infiltration of monocytes, natural killer cells 237 

and c-kit positive cells, in addition to reduced expression of granulocyte-colony stimulating factor, 238 

stromal cell-derived factor-1 and stem cell factor, all of which are chemoattractant for inflammatory 239 

cells [36]. This suggests that cathepsin L is directly involved in attracting inflammatory cells to 240 

stabilize scar formation post-MI.  241 

 242 
2.4 Cathepsin S in ECM remodeling 243 

Cathepsin S has been shown to directly interact with inflammatory cells and inflammatory signaling 244 

pathways, which leads to myocardial fibrosis. Overall, studies suggest that cathepsin S may regulate 245 

scar formation in the heart and that an absence of cathepsin S is associated with uncontrolled 246 

fibrosis [90]. In studies utilizing murine models of angiotensin II-induced hypertension, cathepsin S 247 

expression was significantly increased in macrophages within the heart [37,90]. Angiotensin II 248 

increased cardiac fibrosis and the expression of TGF-β, collagen I, and myofibroblasts, all of which 249 

were significantly higher in whole body cathepsin S knockout mice [90]. Furthermore, cathepsin S 250 

deficiency was associated with increased macrophage infiltration and increased expression of pro-251 

inflammatory and pro-fibrotic cytokines, TGF-β, IL-1β and TNF-α [90]. This suggests that cathepsin S 252 

may not only directly contribute to ECM degredation, but may also regulate inflammatory cell 253 

infiltration of the myocardium thereby reducing the production of pro-fibrotic cytokines in the heart. 254 

However, the exact mechanisms by which cathepsin S can orchestrate and modulate inflammatory 255 

responses in the heart remains unexplored and warrants further study.  256 

In another study, the effect of pharmacological inhibition of cathepsin S with a nonselective 257 

cathepsin inhibitor, E64d, was explored in an in vivo murine model of MI [37]. Cathepsin S 258 

expression was significantly increased in infarcted tissue post-MI, with macrophage and CD4+ T cell 259 

infiltration of infarcted tissues significantly increasing following cathepsin S inhibition, as well as the 260 

expression of pro-inflammatory cytokines IL-1β, IL-6, IFN-y, TNF-α and MCP-1 [37]. Importantly, 261 

cathepsin S inhibition prevented fibroblast differentiation and increased post-MI cardiac fibrosis, 262 
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and this was associated with systolic dysfunction [37]. Further study using isolated fibroblasts from 263 

cathepsin S knockout mice, showed that cathepsin S inhibition/knockout was associated with 264 

decreased cellular/myocardial Smad2 and Smad3 phosphorylation in response to TGF-β treatment, 265 

and an associated decrease in myofibroblast differentiation, which suggests that cathepsin S can 266 

interact directly with the TGF-β signaling pathway to regulate ECM remodeling in the heart [37]. 267 

Overall, research to date suggests that cathepsin S plays an important role in ECM remodeling and 268 

the regulation of cardiac fibrosis. Similar to cathepsin L, restoration of myocardial cathepsin S 269 

expression has the potential to decrease pathological ECM remodeling in cardiovascular disease. 270 

Importantly, therapeutic interventions targeting cysteine cathepsins should preferentially preserve 271 

the initial adaptive fibrotic response but disrupt chronic fibrosis which impairs cardiac function. 272 

Therefore, both the extent and timing of cathepsin inhibition will have important implications on 273 

patient outcome.     274 

3 Cysteine cathepsin involvement in cardiac hypertrophy 275 

Cardiac hypertrophy involves an increase in cardiomyocyte protein synthesis, altered sarcomeric 276 

organisation and an overall increase in cardiomyocyte size [91]. Cardiac hypertrophy is a feature of 277 

multiple cardiac diseases such as valvular dysfunction, hypertension, coronary arterial disease and 278 

myocardial failure [91]. Morphological changes accompanying cardiac hypertrophy such as increased 279 

ventricular dimensions can directly contribute to impaired cardiac function, with left ventricular 280 

hypertrophy being strongly associated with adverse patient outcome [92,93]. Dependent on the 281 

type of hemodynamic load on the heart, cardiac hypertrophy can be eccentric or concentric [94]. 282 

Eccentric hypertrophy, where sarcomeres are replicated in series, is characterised by cardiac 283 

chamber dilatation and elongation of cardiomyocytes [94]. In contrast, concentric hypertrophy, 284 

where sarcomeres are replicated in parallel, results in increased cardiomyocyte width, increased 285 

ventricular wall thickness and decreased ventricular luminal diameter in an effort to normalise 286 

systolic wall stress [94].    287 

Importantly, several cysteine cathepsins have been shown to interact with molecular mediators of 288 

cardiomyocyte hypertrophy [35,38–42]. In the following section we will discuss the role of cysteine 289 

cathepsins K, B, L and S in hypertrophic signalling in cardiovascular disease (summarised in Figure 4).  290 

 291 

3.1 Cathepsin K in cardiac hypertrophy 292 

Several studies have shown that cathepsin K can exacerbate cardiac hypertrophy. In a model of 293 

obesity-associated cardiac hypertrophy, cathepsin K knockout mice were shown to have reduced 294 

cardiac and cardiomyocyte hypertrophy, with an associated improvement in cardiac contractile 295 
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function [95]. In this study, cathepsin K knockout was associated with reduced expression of pro-296 

hypertrophic proteins NFATc, ANP and GATA binding protein 4 [95]. Furthermore, in an in vivo 297 

model of cardiac hypertrophy using abdominal aortic constriction, cathepsin K knockout was 298 

additionally shown to reduce cardiac and cardiomyocyte hypertrophy and improve systolic function 299 

[38]. In this study, the expression of the hypertrophic marker GATA4 was significantly reduced in 300 

cathepsin K knockout mice [38]. Similarly cathepsin K knockout mice had reduced phosphorylation of 301 

Akt, acetyl-CoA carboxylase (ACC) and AMP-activated protein kinase (AMPK) [38]. Akt can mediate 302 

hypertrophic responses in the heart and in cardiomyocytes by activating mTOR, and it was shown in 303 

this study that cathepsin K knockout decreased hypertrophic responses in cardiomyocytes by 304 

reducing mTOR signaling [38]. The mTOR signaling pathway has been widely accepted to directly 305 

contribute to pathological hypertrophy in the heart [96,97]. This finding was also supported by in 306 

vitro studies where plasmid-mediated transfection of the cathepsin K gene into cultured 307 

cardiomyocytes induced cardiomyocyte hypertrophy, which was significantly reduced in 308 

cardiomyocytes treated with rapamycin, an mTOR inhibitor [38]. Other studies have shown that 309 

cathepsin K knockout mice are afforded reduced age-associated cardiomyocyte hypertrophy and 310 

that cathepsin K can directly contribute to cardiac hypertrophy in murine models of diabetic 311 

cardiomyopathy by activating calcineurin which dephosphorylates NFATc3, thereby inducing the 312 

nuclear translocation of NFATc3 to induce the transcription of hypertrophic genes [28,98]. In 313 

summary, these studies suggest that cathepsin K directly interacts with several molecular pathways 314 

to augment cardiomyocyte hypertrophy. Therapies which decrease cathepsin K activity and 315 

expression may have the potential to reduce pathological hypertrophy in the heart thereby 316 

improving cardiac function. Future studies should aim to uncover the ways by which cathepsin K can 317 

contribute to cardiac hypertrophy in divergent cardiovascular diseases.  318 

 319 

3.2 Cathepsin B in cardiac hypertrophy 320 

Importantly, cathepsin B has been shown to be upregulated in both an in vivo pressure-overload 321 

model of cardiac hypertrophy and in an in vitro angiotensin-II mediated model of cardiomyocyte 322 

hypertrophy [35]. In vivo studies revealed that cathepsin B knockout mice were protected from 323 

cardiac hypertrophy with both grossly decreased ventricular wall dimensions and cardiomyocyte 324 

cross-sectional areas [35]. In the same study, in vitro experiments revealed that cathepsin B 325 

downregulation in H9c2 cells using a shRNA-cathepsin B silencing lentiviral vector also afforded 326 

protection against cardiomyocyte hypertrophy, while lentiviral over-expression of cathepsin B was 327 

shown to significantly increase cardiomyocyte size [35]. Furthermore, it was revealed in both in vivo 328 

and in vitro studies that cathepsin B deficiency was associated with reduced cardiomyocyte 329 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 11 

hypertrophy due to decreased activation of the TNF-α/ASK1/JNK signalling pathway, and that 330 

treating cardiomyocytes with SP600125 (a JNK inhibitor) reduced cardiomyocyte hypertrophy by 331 

inhibiting ASK1/JNK signalling [35]. In summary and in similarity to cathepsin K, cathepsin B has been 332 

shown to directly contribute to cardiac hypertrophy and mechanistically cathepsin B interacts with 333 

the TNF-α/ASK1/JNK signalling pathway to augment cardiomyocyte hypertrophy. Given the 334 

importance of the NFATc3 and mTOR signalling pathways in cardiac hypertrophy and the 335 

aforementioned interactions with cathepsin K, it would be of interest to explore possible 336 

interactions between cathepsin B and these signalling pathways within the heart. Overall, current 337 

research suggests that therapeutic targeting of cathepsin B has the potential to reduce cardiac 338 

hypertrophy thereby improving overall cardiac function.    339 

 340 

3.3 Cathepsin L in cardiac hypertrophy 341 

Unlike other cysteine cathepsins, studies have shown that cathepsin L can suppress cardiomyocyte 342 

hypertrophy. Sun et al., showed that the expression and activity of cathepsin L was significantly 343 

increased in vitro following exposure of cardiomyocytes to phenylephrine, with cathepsin L deficient 344 

cardiomyocytes developing significantly increased hypertrophy [99]. Enhanced hypertrophic 345 

responses in cardiomyocytes are associated with impaired lysosomal function and autophagy, which 346 

reduce protein turnover and further exacerbate hypertrophic responses [99]. Cathepsin L has also 347 

been shown to suppress cardiac hypertrophy by interfering with the Akt/GSK3B signaling pathway 348 

[39]. In this study, transgenic mice overexpressing cathepsin L had reduced cardiac hypertrophy in 349 

response to aortic banding. This was attributed  to reduced Akt/GSK3B signaling which was 350 

confirmed in in vitro studies where cardiomyocytes overexpressing cathepsin L via adenoviral 351 

transduction were treated with angiotensin II [39]. Additionally, both in vivo and in vitro studies 352 

revealed that the phosphorylation of mTOR was decreased in transgenic mice/cardiomyocytes 353 

overexpressing cathepsin L [39]. As mentioned, Akt can directly and indirectly mediate hypertrophic 354 

responses in the heart by activating mTOR kinase which in turn phosphorylates downstream targets 355 

leading to an increase in cellular hypertrophy [39]. Therefore, cathepsin L may inhibit cardiac 356 

hypertrophy by interfering with Akt and mTOR signaling pathways. Interestingly, unlike other 357 

cysteine cathepsins, the literature suggests that cathepsin L suppresses cardiomyocyte hypertrophy. 358 

Importantly, most studies have focused on whole body cathepsin L knockout and therefore it is 359 

important that future studies explore targeting of cathepsin L specifically within the heart. 360 

Additionally, it would be of interest to investigate  potential interactions between cathepsin L and 361 

the NFATc3 signaling pathway, in addition to studying the role that cathepsin L may play in cardiac 362 

hypertrophy in other cardiovascular diseases such as coronary artery disease.  363 
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 364 

3.4 Cathepsin S in cardiac hypertrophy 365 

The expression of cathepsin S can be markedly increased in the myocardium and in cardiomyocytes 366 

of both rats and humans with hypertension induced HF and associated cardiac hypertrophy [100].  In 367 

a separate study it was shown that the HMG-CoA reductase inhibitor simvastatin could decrease 368 

cardiac hypertrophy in hypercholesterolemic mice in part by reducing the expression of cathepsin S 369 

in the heart [101]. The molecular link between cathepsin S and cardiac hypertrophy is unknown and 370 

warrants further investigation. For example, it would be interesting and informative for future 371 

studies to explore potential interactions between cathepsin S and the aforementioned signaling 372 

pathways involved in cardiac hypertrophy such as NFATc3 and mTOR, as well as investigating  the 373 

role that cathepsin S has in cardiomyocyte hypertrophy in other cardiovascular diseases.   374 

 375 

4 Cysteine cathepsins and calcium handling dysfunction 376 

Excitation-contraction (E-C) coupling is the process that links the electrical excitation of 377 

cardiomyocytes and their contractility [102]. The process of E-C coupling is well defined where 378 

depolarization of the sarcolemma opens L-type calcium channels and facilitates calcium entry into 379 

the cell. This increase in intracellular calcium interacts with and opens the ryanodine receptor 380 

located on the surface of the sarcoplasmic reticulum (SR) leading to calcium release from the SR and 381 

a transient rise in cytosolic calcium [102]. The binding of calcium to cardiac troponin facilitates 382 

cardiomyocyte contractility during systole. During diastole, calcium dissociates from cardiac troponin 383 

and is pumped back into the SR by the sarco-endoplasmic reticulum calcium ATPase (SERCA2a) or 384 

moves out of the cell predominantly via the sodium-calcium exchanger (NCX) [102,103]. 385 

Phospholamban (PLB) regulates SERCA2a activity whereby phosphorylation of PLB relieves its 386 

inhibitory effect on SERCA2a activity [104]. In HF, impaired cardiac contractility is often associated 387 

with a reduction in calcium transient amplitude, prolonged calcium transient decay and increased 388 

calcium transient duration [105–109] due to altered expression/activity of calcium handling proteins 389 

[105,110–112].  390 

 391 

While several studies have associated dysregulated cysteine cathepsin activity with impaired cardiac 392 

contractility [28,38,113], only a few studies have demonstrated a direct effect of cysteine cathepsins 393 

on calcium handling protein expression and activity in cardiomyocytes. In the following section we 394 

will discuss the role of cysteine cathepsins K and L in calcium handling dysfunction in cardiovascular 395 

disease (summarised in Figure 5). To the best of our knowledge the role that cathepsins B and S play 396 
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in E-C coupling and calcium handling protein expression and activity in cardiovascular disease is 397 

unknown and warrants further investigation.  398 

 399 
4.1 Cathepsin K and calcium handling dysfunction 400 

Guo et al., showed that cathepsin K knockout mice were afforded better systolic function in a 401 

murine model of diabetic cardiomyopathy [28]. Importantly in this study cathepsin K was shown to 402 

directly contribute to murine diabetic-induced cardiomyopathy by activating calcineurin and 403 

inducing nuclear translocation of NFAT, resulting in the transcription of hypertrophic and pro-404 

apoptotic genes [28]. Intriguingly, the same cathepsin K knockout model was associated with 405 

reduced  left ventricular wall thinning, chamber dilatation, interstitial fibrosis and cardiomyocyte 406 

hypertrophy [28]. Isolated cardiomyocytes from mice with diabetic cardiomyopathy demonstrated 407 

contractile dysfunction, reduced intracellular calcium decay rates and depressed calcium transients 408 

in response to electrical stimulus, with such calcium handling abnormalities being normalized in 409 

cathepsin K knockout mice [28]. Importantly calcineurin is involved in regulating several ion channels 410 

including L-type calcium channels, ryanodine receptors and SERCA2a and therefore cathepsin K 411 

mediated alterations in calcineurin activity may potentially contribute to calcium handling 412 

dysfunction in cardiomyocytes [114].  413 

 414 

Prolonged diastolic calcium transients and increases in end-diastolic calcium cytosolic concentrations 415 

are hallmarks of congestive heart failure and one of the most important reasons for this is due to 416 

reduced SR calcium uptake caused by SERCA2a dysfunction [110,111]. Importantly, mice with 417 

diabetic cardiomyopathy showed reduced protein expression of SERCA2a and decreased 418 

phosphorylation of phospholamban, both of which were normalized in cathepsin K knockout mice 419 

[28]. The combination of decreased SERCA2a protein expression and impaired SERCA2a pump 420 

activity (decreased phospholamban phosphorylation) is likely to have resulted in reduced SR calcium 421 

uptake during diastole thereby contributing to cytosolic calcium overload.  Additionally, a later study 422 

by Guo et al., studied the effects of cathepsin K on cardiac function using a murine model of 423 

doxorubicin-induced cardiotoxicity [31]. Doxorubicin treated mice had impaired systolic function and 424 

evidence of adverse cardiac remodeling, both of which were normalized in cathepsin K knockout 425 

mice [31]. Isolated cardiomyocytes from doxorubicin treated, cathepsin K knockout mice had 426 

normalized contractility, intracellular calcium decay rates and intracellular calcium rise in response 427 

to electrical stimulation which further supports the idea that cathepsin K can contribute to 428 

dysfunctional calcium handling in cardiac disease [31]. Cathepsin K was further shown to contribute 429 

to calcium handling dysfunction in a murine model of obesity-associated cardiac disease [95]. In this 430 
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study, cardiomyocytes isolated from cathepsin K knockout mice had improved contractile function 431 

and normalised calcium handling [95]. In addition cathepsin K knockout animals had increased 432 

SERCA2a and phospholamban expression which supports aforementioned findings that cathepsin K 433 

can modulate calcium handling protein expression [95]. Overall the literature suggests that 434 

cathepsin K can directly impair calcium handling  in the heart by decreasing calcium handling protein 435 

activity and expression. Therefore, therapeutic silencing of cathepsin K specifically within the heart 436 

has the potential to significantly improve cardiac contractility.  In addition, assessing the role that 437 

cathepsin K may play in calcium handling dysfunction in other cardiovascular diseases may well 438 

prove informative.  439 

 440 

3.2 Cathepsin L and calcium handling dysfunction 441 

The role that other cathepsins play in calcium handling dysfunction remains largely unknown. 442 

However, cathepsin L derived from African trypanosomes and more recently mammalian cathepsin L 443 

have been shown to modulate calcium handling activity, resulting in cytosolic calcium overload and 444 

reduced cytosolic calcium removal. For instance, cathepsin L from Trypanosoma brucei has been 445 

shown to modulate SR function leading to increased calcium leakage from the SR, which contributed 446 

to increased calcium wave release frequency and cardiac arrhythmias [115,116]. Although little is 447 

known about the effects of mammalian cathepsin L on calcium handling in the heart, He et al., 448 

showed that the cathepsin L inhibitor CAA0225 could significantly improve left ventricular fractional 449 

shortening following murine in vivo ischaemia-reperfusion (IR) injury [32]. Furthermore, CAA0225 450 

normalised NCX and SERCA2a activity in isolated rat cardiomyocytes with ex-vivo IR injury [32]. This 451 

suggests that cathepsin L can directly interfere with the activity of calcium handling proteins, 452 

contributing to cytosolic calcium overload and contractile dysfunction in cardiomyocytes.  Therefore 453 

therapeutic inhibition of cathepsin L, similar to cathepsin K, has the potential to improve cardiac 454 

function via improved calcium handling in cardiomyocytes.  455 

 456 

5 Cysteine cathepsins and cellular apoptosis  457 

Apoptosis is a well-characterized form of programmed cell death [117–119]. This evolutionary 458 

conserved process can be mediated by  two distinct pathways: the extrinsic, death receptor pathway 459 

initiated by external stimuli and the intrinsic, mitochondrial-mediated pathway which is initiated by 460 

internal stimuli [117–119]. Apoptosis has distinct phases and leads to morphological cellular 461 

alterations such as reduced cellular volume, chromosomal condensation, DNA fragmentation and 462 

apoptotic body formation [117–119]. Both intrinsic and extrinsic pathways ultimately result in the 463 

activation of caspases which degrade intracellular proteins [117–119]. Furthermore, apoptosis is 464 
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tightly controlled by BCL-2 family proteins which contain both pro- and anti-apoptotic proteins to 465 

balance cellular fate between survival and death [120]. In the heart, apoptosis of myocardial cells is 466 

a prominent feature of adverse cardiac remodeling [5,121].  467 

 468 

Importantly, several cysteine cathepsins including cathepsin K and B have been shown to interact 469 

with various molecular mediators of apoptosis, leading to programmed death of cardiomyocytes 470 

[29–31]. One possible mechanism underlying cathepsin-mediated cellular apoptosis is lysosomal 471 

membrane permeabilization (LMP) which facilitates cytosolic translocation of cathepsins [122]. LMP 472 

also releases Bid which has been shown to be cleaved and activated into pro-apoptotic tBid, by 473 

cysteine cathepsins L, B, S and K [123,124]. tBid can activate Bax and induce cytochrome c release 474 

from the mitochondria resulting in caspase-3 and -9 activation [30]. In the following section, we will 475 

discuss the role of cysteine cathepsins K, B, L and S in apoptotic signalling in cardiovascular disease 476 

(summarised in Figure 6).  477 

 478 

5.1 Cathepsin K and apoptosis 479 

Cathepsin K has been shown to directly contribute to murine diabetic induced cardiomyopathy by 480 

activating calcineurin and inducing nuclear translocation of NFAT, resulting in the transcription of 481 

hypertrophic and pro-apoptotic genes [28]. In a separate study, augmented cathepsin K expression 482 

was observed in control animals following doxorubicin injection and correlated with a decrease in 483 

fractional shortening, decreased wall thickness and an overall decline in cardiac function [31]. 484 

Control animals given doxorubicin showed an increase in cardiomyocyte NFkB-p65 phosphorylation, 485 

which was normalised in cathepsin K knockout models [31]. This suggests that doxorubicin-induced 486 

cardiotoxicity may in part be mediated by cathepsin K which may enhance nuclear translocation of 487 

NF-kB leading to an increase in cardiomyocyte apoptosis, with enhanced transcription of tissue-488 

damaging, pro-inflammatory cytokines such as IL-6 [31]. Furthermore, in a study by Hua et al., it was 489 

shown that aging mice (24 months of age) exhibited more significant cardiac remodelling, prolonged 490 

cardiomyocyte lengthening, decreased intracellular calcium release and diminished cardiac 491 

contractility in a model of age-induced cardiac dysfunction [98]. These changes were significantly 492 

ameliorated in global cathepsin K knockout mice and it was shown in separate complementary 493 

experiments using H9c2 cells (a rat cardiomyoblast cell line which is used as a model of various 494 

properties of cardiomyocytes) which were stimulated with doxorubicin to induce cellular apoptosis, 495 

that cathepsin K silencing by siRNA inhibited the nuclear translocation of Apoptosis Inducible Factor 496 

(AIF), reducing cardiomyocyte caspase-independent and dependent apoptosis [98]. Overall, 497 

cathepsin K can directly contribute to cardiomyocyte apoptosis and therefore targeting a reduction 498 
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of cathepsin K has the potential to reduce cardiomyocyte death and consequently improve overall 499 

cardiac function. However, further study is required to elucidate the role that cathepsin K may play 500 

in other cardiovascular diseases and to establish potential interactions between cathepsin K and 501 

specific apoptotic signalling pathways.  502 

 503 

5.2 Cathepsin B and apoptosis 504 

At the cellular level, apoptosis of interstitial cells and cardiomyocytes is a significant feature of 505 

dilated cardiomyopathy in humans [29]. Ge et al., showed that cathepsin B is involved in 506 

cardiomyocyte apoptosis and the degradation of myofibrillar proteins in MI [27]. This study further 507 

showed that cathepsin B expression was increased in failing myocardium from patients with DCM 508 

compared with healthy controls, and that the levels of cathepsin B positively correlated with the 509 

magnitude of cardiomyocyte apoptosis [27]. The study suggested that cathepsins contribute to 510 

dilated cardiomyopathy and mechanistically may achieve this by initiating cellular apoptosis, in 511 

addition to remodelling the ECM leading to augmented interstitial fibrosis [125,126]. Additionally, 512 

cathepsin B knockout was shown to ameliorate hypertrophy, fibrosis and, apoptosis in the murine 513 

heart following aortic banding and pressure overload resulting in reduced activation of TNF-alpha, 514 

ASK1 and cytochrome c [127]. Similar findings (reduced hypertrophy and apoptosis) were observed 515 

in an in vitro cardiomyocyte model of pressure overload using angiotensin II [127]. Furthermore, in a 516 

murine model of viral myocarditis induced by coxsackievirus B3 infection, cathepsin B knockout mice 517 

were shown to incur significant reductions in inflammasome mediated pyroptosis [128]. This finding 518 

was further strengthened by the fact that cystatin c knockout mice had increased inflammasome-519 

initiated pyroptosis with a concomitant increased severity of disease pathology [128]. Overall, and in 520 

similarity to cathepsin K, the literature suggest that cathepsin B can directly contribute to 521 

cardiomyocyte apoptosis in several different models of cardiovascular disease, suggesting that 522 

therapeutic targeting of cathepsin B may have the potential to improve cardiac function by 523 

decreasing cardiomyocyte apoptosis. Importantly, current reserach suggests that cathepsin B can 524 

interact with several molecular mediators of apoptosis such as ASK1 and cytochrome c. However, it 525 

will be important for future studies to uncover any potential discrepencies between the effects of 526 

global cathepsin B knockout and targeting of cathepsin B-dependent apoptosis in cardiomyocytes.    527 

 528 

5.3 Cathepsin L and apoptosis 529 

The role that cathepsin L plays in apoptotic signalling in the heart remains unclear. While cathepsin L 530 

can activate tBid inducing apoptosis, studies have also suggested that cathepsin L may exert anti-531 

apoptotic responses in the heart [123,124,129].  At the molecular level cathepsin L overexpression in 532 
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cardiomyocytes has been shown to suppress cardiac hypertrophy by interfering with the Akt/GSK3B 533 

signaling cascade [42]. In this study, using an aortic banding model of cardiac hypertrophy, 534 

transgenic mice overexpressing human cathepsin L were shown to have reduced cardiac 535 

hypertrophy, fibrosis and cardiomyocyte apoptosis which was mediated through blockade of Akt 536 

signaling [42].  One further observation was that cathepsin L reduced the gene and protein 537 

expression of pro-inflammatory cytokines by blunting NF-kB signaling, where NF-kB DNA binding 538 

activity, IkB-alpha phosphorylation and degradation were blocked in transgenic mice overexpressing 539 

human cathepsin L in comparison to control mice [42]. NF-kB activation has been shown to augment 540 

adverse cardiac remodelling and pro-apoptotic signalling in the heart and these results may suggest 541 

that cathepsin L mediates anti-apoptotic effects in the heart by decreasing NF-kB signalling [42,129]. 542 

However, further study is required to fully elucidate the role of cathepsin L in apoptotic signalling in 543 

the heart. In particular, establishing the effects that reducing cathepsin L expression/activity could 544 

have on cardiomcyoyte apoptosis, in addition to uncovering potential interactions between 545 

cathepsin L and specific apoptotic signalling pathways, would be useful and informative.  546 

 547 

5.4 Cathepsin S and apoptosis  548 

Despite the fact that cathepsin S can activate pro-apoptotic tBid, the role that cathepsin S has in 549 

apoptotic signalling in cardiovascular disease is also unclear [123,124]. In a murine model of MI, 550 

cathepsin S inhibition was associated with increased adverse cardiac remodelling changes such as 551 

increased interstitial fibrosis, left ventricular chamber dilatation and impaired systolic dysfunction 552 

but interestingly apoptosis was unaffected [37]. Importantly, this study used a non-selective 553 

cathepsin S inhibitor, E64d, and therefore other cathepsins are likely to have been inhibited 554 

alongside cathepsin S which may have masked any specific effects that cathepsin S had on cardiac 555 

apoptosis [37]. Therefore, future studies should aim to explore the role that cathepsin S has on 556 

cardiomyocyte apoptosis via targeted knockdown approaches or using specific cathepsin S 557 

inhibitors.  558 

6 Cathepsins and autophagy  559 

Autophagy is characterized as a catabolic process that facilitates cell survival in the face of 560 

pathological insult, be that infectious, toxic or due to metabolic stress [130–133]. Autophagy is a 561 

highly conserved and essential process which is integral to normal cellular homeostasis [134]. There 562 

are 3 types of autophagy; microautophagy, macroautophagy and chaperone-mediated autophagy 563 

[135]. Although these processes are mechanistically distinct, the end result of this process involves 564 
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the degradation of intracellular proteins in the lysosome [136,137]. The most common and major 565 

pathway in autophagy is macroautophagy, a process where cytosolic components including 566 

damaged organelles, dysfunctional and aggregated proteins and intracellular pathogens become 567 

incorporated into a double membrane vacuole termed the autophagosome [138,139]. This 568 

autophagosome can then merge with lysosomes to form the autophagolysosome which results in 569 

intra-vacuole protein degradation which can be recycled by the cell to maintain function [138,139]. 570 

Accumulations of abnormal proteins consequential to impaired lysosomal function are believed to 571 

contribute to the pathogenesis of cardiac disease [140].  572 

 573 

Cysteine cathepsins are key lysosomal proteases and therefore have important roles in degrading 574 

proteins in lysosomes which inextricably links cathepsins with the process of autophagy. There is 575 

conflicting evidence regarding the role that autophagy may play in adverse cardiac remodeling. 576 

Some studies suggest that autophagy is protective against adverse cardiac remodeling and that 577 

preservation of  autophagy is associated with reduced infarct size, decreased cardiac chamber 578 

dilatation and improved contractile function [141–143]. Conversely, however, increased activation 579 

of autophagy has been associated with increased cardiomyocyte death and augmented adverse 580 

cardiac remodeling consequences such as cardiac chamber dilatation, impaired systolic function and 581 

increased interstitial fibrosis [144]. Cathepsin L is the most extensively studied cysteine cathepsin 582 

linked with autophagy in cardiovascular disease and therefore this section will mainly focus on 583 

cathepsin L . Cathepsins B and S will be briefly discussed in this context but to the best of our 584 

knowledge the role that cathepsin K plays in autophagy in cardiovascular disease remains unknown.  585 

 586 

6.1 Role of cathepsin L in autophagy 587 

Cathepsin L has been associated with autophagy in cardiovascular disease and many studies have 588 

suggested that cathepsin L can preserve cardiac function by facilitating autophagy [33]. For example, 589 

an in vitro study showed that phenylephrine induced cardiomyocyte hypertrophy stimulated the 590 

expression of cathepsin L [33]. Cardiomyocytes deficient in cathepsin L displayed enhanced 591 

hypertrophic responses and diminished cellular viability as a result of impaired lysosomal function 592 

with accumulations of autophagosomes and decreased protein degradation, thus suggesting that 593 

cathepsin L functions to preserve intracellular function in response to hypertrophic stimuli [33].  594 

Importantly, restoring cathepsin L expression in cardiomyocytes through adeno-associated viral 595 

vector-mediated gene transfer restored normal protein degradation [33]. Interestingly, in cathepsin 596 

L deficient mice, there was a compensatory upregulation of the aspartic protease, cathepsin D which 597 

maintained some degree of lysosomal function in the absence of cathepsin L, which suggests that 598 
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cathepsins may work in concert to maintain optimal intracellular function [33]. In mice with a dilated 599 

cardiomyopathy phenotype, complete cathepsin L deficiency has been associated with 600 

accumulations of material in enlarged lysosomes [145]. An interesting study by Dennemarker et al., 601 

showed that a global cathepsin L knockout murine model was associated with impaired degradation 602 

of material in autophagolysosomes [146]. In this study, transgenic mice with a GFP tagged 603 

autophagy marker, LC3, were crossed with cathepsin L knockout mice and primary mouse embryonic 604 

fibroblasts (MEFs) were obtained [146]. Upon induction of autophagy, there was no significant 605 

alteration in the formation of autophagic vesicles, in the initiation of autophagy or in the fusion of 606 

autophagic vesicles and lysosomes in MEFs [146]. However, co-localisation studies of both Lamp1 607 

and GFP-LC3 in cathepsin L knockout MEFs revealed the presence of abnormally enlarged 608 

autophagolysosomes and suggested that an absence of cathepsin L is associated with impaired 609 

autophagy [146]. However, while studies suggest that a deficiency of cathepsin L is associated with 610 

impaired autophagy related protein turnover, other studies have suggested that cathepsin L has a 611 

far more specific role in autophagy [147]. Indeed, in a study by Ueno et al., a cathepsin L specific 612 

inhibitor CAA0225 was shown to inhibit the degradation of autophagy related proteins, gamma-613 

aminobutyric acid receptor-associated protein (GABARAP) and Microtubule-Associated Protein 614 

1A/1B-Light Chain 3 II (LC3-II), which suggests that cathepsin L may have a specific role in degrading 615 

these autophagosomal membrane proteins [147]. Interestingly, in this study cathepsin L was 616 

preferentially associated with the lysosomal membrane rather than the lysosomal lumen [147]. 617 

While studies have suggested that cathepsin L is important in the process of autophagy in cardiac 618 

disease, other mechanisms by which cathepsin L may regulate autophagy have yet to be elucidated. 619 

While it is clear that cathepsin L plays an important role in normal autophagic signaling in the heart, 620 

further work is required to determine precisely how cathepsin L mediated autophagic signaling 621 

might contribute to adverse cardiac remodeling. It will also be important to assess the effect specific 622 

effects of cathepsin L on autophagic signaling in cardiomyocytes and thereby cardiac function.  623 

 624 

6.2 The role of cathepsins B and S in autophagy 625 

Other cathepsin are known to be involved in autophagy and some cathepsins have been shown to 626 

have specific roles in this process. For example, Man et al., showed that cathepsin B could cleave the 627 

calcium channel Transient Receptor Potential Cation Channel Mucolipin 1 (TRPML1)/Mucolipin-1 628 

(MCOLN1) in lysosomes and suppress transcription factor TFEB which is involved in lysosomal 629 

biogenesis, in addition to reducing autophagy related and lysosomal proteins [148]. This suggests 630 

that cathepsin B can impair autophagy, although further study is required to establish the role that 631 

cathepsin B plays in autophagic signaling in the heart.  In an interesting study by Pan et al., 632 
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angiotensin-II induced myocardial fibrosis and inflammation was associated with an increase in 633 

macrophage myocardial translocation, reduced mitophagy, and an increase in macrophage 634 

autophagosome accumulation in cathepsin S knockout mice [90]. A deficiency of cathepsin S was 635 

associated with reduced mitochondrial turnover leading to an increase in damaging oxygen free 636 

radicals and NF-kB in macrophages, which exacerbated the disease phenotype [90]. Therefore, in 637 

contrast to cathepsin B, this suggests that cathepsin S plays an important role in normal autophagic 638 

signalling in the heart. Further work is required to reconcile the contrasting roles that cathepsin B 639 

and S may play in autophagy in varying cardiovascular diseases, and in particular to determine how 640 

interactions between cathepsin B and S and autophagy may impact on adverse cardiac remodelling 641 

and overall cardiac function.  642 

7 Cathepsins as therapeutic targets  643 

Properties of the ideal cardiac biomarker include specificity for cardiac muscle (over skeletal muscle 644 

damage) and a high sensitivity to detect not only a small degree of myocardial injury but also the 645 

extent/reversibility of damage [149]. Cysteine cathepsins have shown promise as cardiac biomarkers 646 

in patients with cardiovascular disease where they are associated with disease severity, prognosis 647 

and mortality  [150–154].  648 

 649 

7.1 Cathepsins K, B, L and S as cardiac biomarkers 650 

Cathepsins L, K and S have significant cardiac biomarker potential in patients with coronary artery 651 

disease.  Serum cathepsin L levels positively correlated with the degree of coronary arterial stenosis 652 

and indeed, cathepsin L levels were shown to be highest in patients with coronary heart disease 653 

than those without, and higher in patients with unstable versus stable angina pectoris [155]. 654 

Similarly, patients with a history of MI displayed higher serum levels of cathepsin L compared to 655 

those with acute MI [155]. In comparison, patients with acute MI had elevated peripheral blood 656 

levels of cathepsins B and K with a decrease in their inhibitor cystatin C compared to healthy 657 

controls [75]. Another study showed that plasma cathepsin K levels were highest in patients with 658 

acute MI compared to those with unstable and stable angina pectoris and non-coronary heart 659 

disease controls [86]. Enhanced serum cathepsin S levels have also been documented in patients 660 

with atherosclerotic stenosis, patients with acute or previous MI and, unstable angina [156]. Other 661 

studies involving stable angina patients have shown that the plasma concentration and activity of 662 

cathepsin S is correlated with the levels of atherogenic low-density-lipoprotein (LDL), whereby 663 

lowering LDL levels by Atorvastatin lowers cathepsin S concentration [157]. Serum cathepsin S  and 664 

C-reactive protein levels are both positively correlated with abdominal aortic aneurysm (AAA) 665 
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diameter, and combined levels are better in predicting the inflammatory activity of AAA lesions than 666 

either alone [158].    667 

 668 

Serum concentrations of some cathepsins have been shown to correlate with the development of 669 

chronic cardiac disease. For example, studies have shown that serum cathepsin K levels correlate 670 

negatively with left ventricular ejection fraction and positively with left ventricular end-diastolic and 671 

end-systolic dimensions [150]. In peripheral blood mononuclear cells, the activities of cathepsin B 672 

and cathepsin L were negatively correlated with left ventricular ejection fraction in patients 673 

diagnosed with idiopathic dilated cardiomyopathy and in such, correlated with the severity of 674 

disease [151]. Similarly, young patients (median age 15) with clinically diagnosed hypertrophic 675 

cardiomyopathy had significantly higher serum concentrations of cathepsin S than disease-free 676 

patients or those who were genetically at high risk of developing hypertrophic cardiomyopathy 677 

[152]. Importantly, these serum concentrations were positively correlated with left ventricular mass 678 

index and mitral septal E/e’ (a measure of left ventricular filling pressure, indicative of diastolic 679 

function) [152]. Of note, two clinical studies showed that enhanced serum cathepsin S levels were 680 

associated with increased cardiovascular-related mortality, suggesting that inhibition of cathepsins 681 

may prove clinically useful [153,154]. Thus, measurement of circulating cathepsins appears to be a 682 

promising biomarker to provide a non-invasive method of diagnosing and monitoring the extent of 683 

cardiac dysfunction in various cardiac diseases, however, cathepsins have yet to be shown to be 684 

superior to the existing gold standard cardiac biomarkers. For myocardial insult these include cardiac 685 

troponin I and T, B-type naturetic peptide (BNP) and N-terminal-proBNP (NT-proBNP) [159]. For 686 

myocardial remodelling these include C-reactive protein (inflammation) and, soluble ST2 and 687 

galectin-3 (hypertrophy/fibrosis) [159]. Indeed, with advances in personalised medicine, a multiplex 688 

biomarker approach may be more suitable to predict disease severity and whether cathepsins can 689 

contribute to this profile remains unexplored [160].  690 

 691 

7.2 Translational potential of cathepsin inhibitors 692 

As previously mentioned, both secreted and membrane-bound proteases play important roles in 693 

ECM degradation and matrix metalloproteinases (MMPs) were long thought to be the main protease 694 

involved in exercising this function [161]. Although pharmacological inhibition of MMPs has shown 695 

some success in treating diseases where ECM degradation contributes to the disease pathology, 696 

such as rheumatoid arthritis and neoplasia [161,162], clinical trials using MMP inhibitors have failed 697 

[163]. In recent years it has become clear that MMPs do not contribute to the bulk of ECM 698 

degradation [164,165] but rather cysteine cathepsins are the key proteases involved in the 699 
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degradation and subsequent repair of the ECM [166]. It is therefore conceivable that cysteine 700 

cathepsins may represent better pharmacological targets than MMPs to ameliorate pathological 701 

ECM remodeling.  702 

 703 

E64d, a broad spectrum and irreversible cathepsin inhibitor, has shown potential in ameliorating 704 

cardiac dysfunction through cathepsin S, B and K inhibition [167]. E64d reduces cathepsin induced 705 

elastolytic activity in the left ventricle of rats with hypertensive cardiac failure, and the severity of 706 

left ventricular fibrosis, hypertrophy and coronary remodelling were all ameliorated [25]. As 707 

previously highlighted and in contrast,  inhibition of cathepsin S by E64d in mice with MI lead to 708 

increased  scar formation in the ischaemic myocardium and suppressed fibroblast differentiation, 709 

ultimately leading to defective ECM formation [168]. The  cathepsin  inhibitor, K11777, has shown 710 

effectiveness in the treatment of parasitic infectious diseases such as schistosomiasis and 711 

toxoplasmosis, through targeting cathepsin B and L [116,169,170]. K11777 protected T.cruzi-infected 712 

dogs from cardiac dysfunction, as demonstrated by a reduction in serum cardiac troponin I levels 713 

and histopathological lesion scores [171].  714 

 715 

A selective, reversible and potent cathepsin K inhibitor (IC50 6 nM), cathepsin K inhibitor II, was 716 

effective at reducing doxorubicin-induced cardiotoxicity in isolated adult murine cardiomyocytes 717 

[31]. The specific cathepsin B inhibitor, CA-074Me,  has been shown to reduce cardiac dysfunction, 718 

cardiomyocyte hypertrophy and fibrosis following MI in Sprague-Dawley rats [172]. Interestingly, CA-719 

074Me not only reduced cathepsin B activity but also reduced NLRP3 inflammasome activation 720 

[172]. Generally, cathepsin L inhibitors have poor selectivity and potency, however, compound SID 721 

26681509 reversibly bound to cathepsin L with  high potency (IC50 1nM) [173]. Indeed, this 722 

compound had a 7-50-fold selectivity for cathepsin L (over cathepsins B and S), suggesting that this 723 

compound may be useful in treating cardiovascular disease [173]. Another cathepsin L inhibitor, 724 

CAA0225, is a selective irreversible and cell permeable compound that has demonstrated significant 725 

inhibition of cathepsin L activity in rat liver (IC50 1.9nM) while leaving cathepsin B activity intact 726 

[174]. CAA0225 is effective at reducing cathepsin L activity during ischaemia-reperfusion in ex vivo 727 

adult rat hearts and in so doing improves both systolic and diastolic cardiac function [175].  728 

 729 

Clinical trials of different cathepsin inhibitors have had variable levels of success to date. A number 730 

of phase I clinical trials of cathepsin S inhibitors have been halted, although one inhibitor, RWJ-731 

445380, has been assessed in phase IIa trials for rheumatoid arthritis [176]. Although a cathepsin B 732 

inhibitor, VBY-376 (Virobay), went through phase I trials after showing preclinical effectiveness in 733 
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liver injury, there is no public data to demonstrate the efficacy of the drug [176]. On the other hand, 734 

cathepsin K inhibitors have shown significant promise in phase I-III clinical trials for treating 735 

osteoporosis and osteoarthritis. The cathepsin K inhibitor, L-873724 (Merck), is a non-736 

lysosomotropic, potent and selective (>800-fold over other cathepsins) inhibitor, that was shown to 737 

suppress bone resorption in rabbit and rhesus monkey [177]. Due to the short half-life and clearance 738 

(Cl = 7.5 mL/min/kg) of  739 

L-873724 in monkeys,  a modification of the L-873724 compound was designed (odanacatib or MK-740 

0822) to make it metabolicaly stable thereby increasing the selectivity for cathepsin K [178].  Indeed, 741 

odanacatib has been assessed in several phase II and III trials of osteoporosis in both males and 742 

females with positive outcomes such as increasing bone density and reducing bone turnover, thus 743 

reducing the risk of fractures [179] [176,180]. However, the development of odanacatib was 744 

discontinued by Merck due to patients displaying an increased risk of stroke and atrial fibrillation 745 

[181]. Similarly, the cathepsin K inhibitor Balicatib (AAE581; Novartis), that although displayed >100-746 

fold selectivity for cathepsin K over other cathepsins, and reduced bone resorption in an 747 

osteoporosis trial [179], was found to accumulate in lysosomes and cause morphea-like (localised 748 

scleroderma) skin reactions; therefore trials were discontinued [182]. A more promising cathepsin K 749 

inhibitor is ONO-5334 (Ono Pharma). In the phase II trial (the OCEAN study), ONO-5334 significantly 750 

increased areal bone mineral density in the hip and spine without altering bone size in patients with 751 

postmenopausal osteoporosis and, this effect was persistent over 2 years [183]. Nevertheless, to 752 

date there have been no clinical trials using cathepsin inhibitors in cardiac or cardiovascular diseases 753 

despite their importance in adverse cardiac remodelling. 754 

Conclusions 755 

As discussed, the cysteine cathepsins K, B, L and S play critical roles in the process of adverse cardiac 756 

remodelling and contractile dysfunction following myocardial insult.  They do this via manipulating 757 

ECM synthesis and degradation, by modulating the inflammatory response, altering cardiac 758 

hypertrophy, calcium handling signalling as well as the processes of apoptosis and autophagy.  Given 759 

that cathepsin activity/expression is altered during cardiac disease and serum concentrations of 760 

some cathepsins correlate  with the development/severity of cardiac disease, it is clear that more 761 

work is required to realise the therapeutic potential of cysteine cathepsins to prevent adverse 762 

cardiac remodelling. 763 

 764 
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Figure 1. Adverse cardiac remodelling is characterized by structural and morphological abnormalities to the myocardium and extracellular matrix 
(ECM). These changes present clinically as ventricular wall thinning, impaired contractility and, chamber dilatation which are driven by molecular and 
cellular alterations such as ECM remodelling, inflammation, hypertrophy,, impaired calcium handling, apoptosis, necrosis, and autophagy. 
 

Figure(s)



Figure 2. Cathepsin maturation process. Following nuclear transcription and ribosomal translation, the newly synthesised cathepsin pro-peptide undergoes 
a series of modifications in the endoplasmic reticulum (ER), including disulphide bond formation, glycosylation and signal peptide removal. The mannose-6 
phosphate residue undergoes phosphorylation in the Golgi apparatus. This is followed by acidification, pro-region removal and heavy and light chain 
activation in the early and late endosome. Calcium (Ca2+)-mediated organelle fusion subsequently results in exocytosis of cathepsins into the extracellular 
space.  
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Figure 3. Cathepsins and ECM remodelling. Following myocardial insult, such as infarction, remodelling of the ECM ensues. The cysteine cathepsins K 
[84,85,27], B [39], L [87,88,40] and S [89,41], have all been shown to be involved in this process including; fibroblast differentiation to myofibroblasts, 
degradation of ECM proteins, increasing inflammatory cell infiltration and inflammatory signalling.    
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Figure 4. Cathepsins and cardiac hypertrophy. Cathepsin L has been shown to inhibit AKT phosphorylation [30], in such acting as a negative regulator of 
the PI3K/AKT/mTOR pathway. This leads to a decrease in protein synthesis and directly inhibits cardiomyocyte hypertrophy. It has also been shown that 
cathepsin K can activate calcineurin, resulting in NFATc3 dephosphorylation and subsequent nuclear translocation [27,97]. NFATc3 augments hypertrophic 
and pro-apoptotic gene transcription which can contribute to the development of cardiac disease particularly cardiomyopathies 
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 Figure 5. Cathepsins and cardiomyocyte calcium handling. Calcium (Ca2+) enters the cardiomyocyte via L-type calcium channels. Ca2+ stimulates further Ca2+ 
release from the sarcoplasmic reticulum (SR) by interacting with ryanodine receptors. A Ca2+-spark is triggered and Ca2+ binds to troponin in the sarcomere to 
initiate cardiomyocyte contractility. Ca2+ unbinds from troponin resulting in cardiomyocyte relaxation and calcium is pumped back into the SR through SR-
ATPase (SERCA2a) where it is stored.  Cathepsin L has been shown to reduce calcium influx from L-type calcium channels [114,115,36]. Cathepsin K has been 
shown to reduce the expression and activity of SERCA2a and phospholamban (PLB) [27,113,27,35,94] which results in impaired SR calcium translocation and 
contributes to cytosolic calcium overload.  
 



Figure 6. Cathepsins and apoptosis. Tumor necrosis factor alpha (TNF- α ) activates both survival and proliferation pathways along with apoptotic pathways 
via TNFR1. Caspase 8 activation in the extrinsic apoptotic pathway activates cleaved caspase 3 to initiate the caspase cascade which culminates in cellular 
apoptosis. The mitochondrial pro-apoptotic proteins, Bid, Bax and Bak stimulate mitochondrial cytochrome c release which in association with apoptosis 
protein activating factor 1 (APAF-1) activates caspase-9 to further activate caspase 3. Cathepsin K can increase cardiomyocyte protein expression of cleaved 
caspase 3 leading to cellular apoptosis [34]. Additionally, toll like receptor (TLR) signalling which induces nuclear translocation of NF-kB can also be increased 
by cathepsin K [35], whereas it is inhibited by Cathepsin L [33,128]. Finally, the activation of caspase-1 by the NLRP3 inflammasome leads to mature IL-1β 
activation. Cathepsin B has been shown to increase the cellular expression of NLRP3 [127] and thus, increased expression of IL-1β.  
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