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Abstract 

 

Considering the morbidity and mortality associated with heart failure, there is an increasing 

demand to develop new therapeutic alternatives for cardiac diseases. Advanced left ventricular 

remodeling following ischemic and pressure-overload cardiomyopathy causes changes in LV 

geometry, myocyte size, extracellular matrix and vascular compartments which altogether 

contribute to heart failure. Normal homeostasis of the myocardial extracellular matrix (ECM) is 

maintained by enzymes known as matrix metalloproteinases (MMPs), and their inhibitors, tissue 

inhibitors of metalloproteinases (TIMPs). Depending on the type of cardiac injury, an altered 

balance between MMP/TIMPs exacerbates heart disease and eventually leads to heart failure.  

The research presented in this thesis identifies novel and differential roles of TIMP1, TIMP3 

and TIMP4 in cardiac diseases. We observed that TIMP4 is required for recovery from myocardial 

ischemia-reperfusion injury through its MT1-MMP inhibitory function since its deficiency caused 

significantly higher MT1-MMP activity, exacerbation of heart dysfunction and LV remodeling post-

I/R. On the other hand, TIMP1 promotes cardiac fibrosis in response to pressure-overload and Ang 

II infusion) in an MMP-independent manner, by mediating an interaction between CD63 and 

integrinβ1 in cardiac fibroblasts. Adenoviral delivery of TIMP3 but not TIMP4 improved cardiac 

function and ameliorated adverse remodeling post-MI. Interestingly, TIMP3 promoted endothelial 

proliferation and angiogenesis in the infarcted myocardium in a dose-dependent manner.  

The research described in this thesis reveals the ECM-dependent and ECM-independent 

functions of TIMPs in heart disease. The differential functions of TIMP1, TIMP4 and TIMP3 in 

heart failure demonstrate that TIMPs do not always exert a beneficial effect in heart disease, and 
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that their function is not limited to their MMP-inhibitory function. Rather, each TIMP has unique 

functions depending on the type of cardiac injury and can play differential roles in heart failure.  

  



 

iv 
 

Preface 

 

Non-failing human hearts were procured through Human Organ Procurement and Exchange 

program (HOPE) program while failing hearts with ischemic cardiomyopathy and dilated 

cardiomyopathy were procured through the Human Explanted Heart Program (HELP) at the 

Mazankowski Alberta Heart Institute (Edmonton, AB). All experiments were performed in 

accordance with the institutional ethics committee. Informed consent was obtained from study 

subjects. The research projects in the current thesis were mainly performed in Dr. Zamaneh Kassiri’s 

laboratory in Heritage Medical Research Center, 474, University of Alberta 



 

v 
 

Dedications 

 

To all my family members, relatives who supported me throughout this journey 

 

  



 

vi 
 

ACKNOWLEDGEMENTS 

I would like to acknowledge my supervisor Dr. Zamaneh Kassiri for her continuous support 

throughout my PhD program. Dr. Kassiri has been very helpful towards me in developing scientific 

acumen, writing research proposals as well as writing scholarship applications. She has guided me 

through a variety of experiences and was there to provide a feedback to bring best out of me. Dr. 

Kassiri also helped to challenge established scientific concepts thereby improved my thinking ability 

thereby helped to build new theories during my research work. 

A special thank you to my funding agencies such as Faculty of Graduate Studies and 

Research, Alberta Innovates Health Solution (AIHS) and Canadian Institutes of Health Research 

(CIHR) for their rewarding efforts and funding opportunities provided to me.  

My sincere thanks to my committee members Drs. Alexander Clanachan and John Seubert 

for their valuable suggestions and comments during my PhD program. They were available, 

supportive and approachable through out my PhD program and I respect their accomplishments and 

valuable insights they shared with me. Their inputs throughout PhD helped me to improve 

presentation skills, scientific writing and advancing my research projects to next level. I would like 

to thank Dr. Gavin Oudit for collaborations and translational insights in my research projects. 

My laboratory environment has been constant source of learning in last five years. It is an 

amazing feeling to work in such cooperative, helpful and motivating environment for PhD. My 

sincere thanks to Drs. Sue Wang and Dong Fan for their help in my research projects for MI surgery 

and culture experiments, respectively. I would like to appreciate my fellow lab member Mr. 

Mengcheng Shen for his constant help and working together during this program. We all have 

worked together and everyone has significant contribution to research work presented in this thesis.  

Thank you to graduate co-ordinators of Department of Physiology, Faculty of Medicine and 

Dentistry for their support and direction towards completion of this program. I would like to 

appreciate the Cardiovascular Research Center (CVRC) for their technical assistance.  

My family members have been constant source of motivation to me during this PhD. Their 

sacrifice back home always motivated me to work hard and to bring best out of me. The freedom 

and trust they put on me to fulfill my dreams makes me more responsible while staying away from 

family. I would like to share a joy of this journey with all my family members and relatives. 



 

vii 
 

TABLE OF CONTENTS 

CHAPTER 1: INTRODUCTION ……………………………………………………… .1-39 

 

1.1.Introduction 

 

1.2. Basic Anatomy and Physiology of the Heart 

1.2.1. Structure of the heart wall 

1.2.1.1. Chambers of the heart 

1.2.1.2. Valves of the heart 

1.2.2. Different cell types of the mammalian heart 

             1.2.2.1. The cardiac myocyte  

 1.2.2.2. Non-myocyte myocardial cells 

1.2.3. Cardiac physiology  

1.2.3.1. Functional assessment  

1.2.3.1.1. Echocardiography  

1.2.3.1.2. Pressure-Volume loop 

 

1.3. Heart Disease 

1.3.1. Ischemic cardiomyopathy 

1.3.2. Pressure-overload cardiomyopathy 

 

1.4. Extracellular Matrix Structure 

1.4.1. Fibrillar network structure  

1.4.2. Basement membrane 

1.4.3. Proteoglycans within the ECM 

 

1.5. ECM Turnover and Homeostasis. 

1.5.1. Matrix metalloproteinases 

1.5.2. Activation of MMP 

1.5.3. Physiological inhibitors of matrix metalloproteinase 

 

1.6. ECM Microenvironment as a Reservoir 

 

1.7. Adverse ECM Remodeling  

 

1.8. Targetting MMPs or TIMPs as Therapy for Heart Disease  



 

viii 
 

1.9. Hypothesis 

 

1.10. Rationale 

 

1.11. Objectives 

 

CHAPTER 2: MATERIALS AND METHODS………………………………………… 40-67 

 

2.1. Animal Care 

 

2.2. Experimental Animal Disease Models 

2.2.1. In vivo myocardial ischemia reperfusion injury 

2.2.2. Isolated heart ischemia-reperfusion (ex vivo) 

2.2.3. Transverse aortic constriction (TAC) induced pressure-overload 

2.2.4. Ang II induced cardiac fibrosis 

2.2.5. In vivo animal model for myocardial infarction and intramyocardial injections of 

Ad-hTIMP3, Ad-hTIMP4 and Ad-null 

 

2.3. Human Explanted Heart Tissue 

 

2.4. In vivo Cardiac Structure and Function Assessment 

2.4.1. Echocardiographic imaging 

2.4.2. Pressure-Volume (PV) loop analysis 

 

2.5. Isolation and Culture of Mouse Adult Fibroblasts (cFB) 

 

2.6. Isolation and Culture of Adult Cardiac Fibroblasts (cFB) and Myocytes (cMyo) and Hypoxia 

Treatment 

 

2.7. In vitro Angiogenesis Assay 

 

2.8. Morphological Analysis 



 

ix 
 

2.8.1. Trichrome staining 

2.8.2. Picrosirius red staining 

2.8.3. Wheat glut agglutinin staining 

 

2.9. Immunostaining 

2.9.1. Neutrophil and macrophage immunostaining 

2.9.2. CD63, integrinβ1 immunostaining and co-immunostaining 

2.9.3. Immunostaining for scleraxis 

2.9.4. CD31 staining 

2.9.5. Lectin staining 

 

2.10. Co-immunoprecipitation  

2.10.1. Immunoprecipitation of integrinβ1 and CD63 from post-TAC and cardiac fibroblasts. 

2.10.2. Immunoprecipitation of VEGFR2 and TIMP3 in endothelial cells 

 

2.11. RNA Expression Analysis 

2.11.1. RNA extraction and purification 

2.11.2. TaqMan RT-PCR 

 

2.12. Proximity Ligation Assay 

 

2.13 Protein Analysis  

2.13.1. Tissue protein extraction 

2.13.2. Membrane and cytosolic protein extraction 

2.13.3. Nuclear and cytosolic protein extraction 

 

2.14. Western Blot 

 

2.15. Gelatin Zymography 

 

2.16. MMP Enzyme in vitro Activity Assay 



 

x 
 

2.17.1. In vitro Inhibitory Function of TIMPs against MT1-MMP, MMP2 and MMP9 

2.17.2. MMP activity assay 

2.17.3. MT1-MMP activity assay 

 

2.17. Quantitative Analysis of Protein Levels 

 

2.18. Statistical Analyses. 

 

CHAPTER 3: ROLE OF TIMP4 IN MYOCARDIAL ISCHEMIA-REPERFUSION 

INJURY…………………………………………………………………………………  68-95 

 

3.1. Introduction 

 

3.2. Objective and Rationale 

 

3.3. Methods 

3.3.1. Myocardial ischemia-reperfusion in vivo 

3.3.2. Isolated heart ischemia-reperfusion (ex vivo) 

3.3.4. Human explanted heart tissues 

3.3.5. Cardiac function analysis by echocardiography 

3.3.6. Protein analysis, western blotting, gelatin zymography, gelatinase and MT1-MMP 

activity assays 

3.3.7. In vitro inhibitory function of TIMPs against MT1-MMP, MMP2 and MMP9 

3.3.8. Protein levels for MT1-MMP in the membrane fraction  

3.3.9.  RNA expression analysis 

3.3.10. Dihydroethidium, neutrophil and TUNEL staining  

3.3.11. Histological analysis 

3.3.12. Isolation and culture of adult cardiac fibroblasts (cFB) and myocytes (cMyo) 

 

3.4. Results 

3.4.1. TIMP4 is critical in myocardial recovery from ischemia-reperfusion injury in vivo 



 

xi 
 

3.4.2. Enhanced myocardial fibrosis and hypertrophy in TIMP4-/- mice post-I/R 

3.4.3. Excess oxidative stress and inflammation in TIMP4-/- hearts at 1 day post-I/R 

3.4.4. Absence of TIMP4 inhibitory function elevates MT1-MMP activity 

3.4.5. TIMP4 is essential for chronic recovery from I/R Injury 

3.4.6. Ex vivo ischemia-reperfusion resulted in similar post-ischemia recovery in TIMP4-/- 

and WT hearts 

 

3.5. Discussion 

 

3.6. Conclusion  

 

CHAPTER 4: THERAPEUTIC POTENTIAL OF TIMPS IN MYOCARDIAL 

INFARCTION.………………………………………………………………………… 96-116 

 

4.1.Introduction 

 

4.2.Objective and Rationale 

 

4.3. Methods 

4.3.1. Experimental animals and in vivo model of myocardial infarction 

4.3.2. Cardiac function assessment 

4.3.3. Histochemical and immunostaining analysis 

4.3.4. Lectin immunofluorescence assay, CD31 and Ki67 staining 

4.3.5. In vitro angiogenesis assay 

4.3.6. Immunoprecipitation for VEGFR2 and TIMP3 

 

4.4. Results 

4.4.1. Adenoviral delivery of hTIMP3 but not hTIMP4 improved heart function at 

 1-week post-MI 

4.4.2. Ad-hTIMP3 delivery preserved infarct size and myocyte density 



 

xii 
 

4.4.3. Injection of hTIMP3 at physiological level suppresses early proteinase activity, and 

promotes angiogenesis but did not alter inflammation post-MI 

4.4.4. TIMP3 promotes angiogenesis in vitro in a biphasic and concentration-dependent 

manner 

4.4.5. Intramyocardial injection of a higher dose of Ad-hTIMP3 exacerbated post-MI LV 

remodeling and dysfunction 

 

4.5. Discussion 

 

4.6. Conclusion  

 

CHAPTER 5: ROLE OF TIMP1 IN CARDIAC FIBROSIS………………………117-140 

 

5.1. Introduction 

 

5.2. Objective and Rationale 

 

5.3. Methods 

5.3.1. Experimental animals and surgical procedures 

5.3.2. Cardiac function assessment 

5.3.3. Human explanted heart tissue 

5.3.4. Histological and immunohistochemical staining and imaging 

5.3.5. Proximity ligation assay 

5.3.6. RNA extraction and expression analysis 

5.3.7. Protein extraction, activity assay, western blot and co-immunoprecipitation 

5.3.8. Adult cardiac fibroblast (cFB) isolation and culture. 

 

5.4. Results 

5.4.1. Angiotensin II-mediated fibrosis is suppressed in TIMP1-deficient mice and not 

reversed by MMPi treatment 



 

xiii 
 

5.4.2. TIMP1-deficiency suppresses myocardial fibrosis following biomechanical stress by 

reducing collagen mRNA expression 

5.4.3. TIMP1 mediates the association between CD63 and integrinβ1 in mouse myocardium 

following pressure-overload and in adult cardiac fibroblasts 

5.4.4. TIMP1-mediated CD63-integrinβ1 interaction correlates with myocardial fibrosis in 

patients with dilated cardiomyopathy 

5.4.5. TIMP1 activates a signaling pathway that involves activation and nuclear translocation 

of Smad2/3 and β-catenin 

5.4.6. TIMP1-deficiency imposes long term beneficial effects following cardiac pressure- 

overload 

 

5.5. Discussion 

 

5.6. Conclusion  

 

CHAPTER 6: DISCUSSION………………………………………………………………141-151 

 

6.1. Important Findings 

6.1.1. TIMP4 is essential for post-I/R myocardial recovery 

6.1.2. Intramyocardial injection of hTIMP3 post-MI promotes angiogenesis in a dose-

dependent manner 

6.1.3. TIMP1 promotes cardiac fibrosis in an MMP independent manner 

 

 6.2. TIMPs have differential and divergent role in heart diseases 

 

6.3. TIMP4 deficiency results in advanced myocardial remodeling post-I/R 

 

6.4. TIMP4 beneficial for post-I/R recovery of heart function 

 

6.5. TIMP4 is important for post-I/R recovery in vivo but not ex vivo  

 



 

xiv 
 

6.6. TIMP3 has a novel role of promoting angiogenesis rather than its traditional anti-angiogenic 

   role 

 

6.7. Intramyocardial injection of hTIMP3 to physiological level provides therapeutic alternative for 

post-MI remodeling  

 

6.8. TIMP1 mediated cardiac fibrosis is MMP-independent  

 

6.9. TIMP1 mediates interaction between integrinβ1 and CD63 thereby promoting de novo collagen 

synthesis  

 

6.10. TIMP1 deficiency prevents decompensation of LV and improves heart function 

 

6.11. Tissue inhibitors of matrix metalloproteinases (TIMPs) does not necessarily provide beneficial 

effects 

  

CHAPTER 7: LIMITATIONS AND FUTURE SCOPE ..................................................152-154 

 

CHAPTER 8: REFERENCES…………………………………………………………….155-179 

  



 

xv 
 

List of Tables          Page number 

Table 1.1: Genetic manipulation of MMPs and TIMPs in cardiovascular diseases.             26-28 

Table 1.2: Types of fibrosis in cardiovascular pathologies.      34 

Table 2.1: TaqMan primer probes.         57-59 

Table 2.2: Phosphatase inhibitor cocktail 2.       60 

Table 2.3: Phosphatase inhibitor cocktail-Ser/Thr and alkaline phosphatases.   61 

Table 2.4: RIPA protein extraction buffer pH7.4 in ddH2O- western blot.   61 

Table 2.5: Sample loading buffer pH6.8 in ddH2O for Western blot.   63 

Table 2.6: Phosphate-buffered Saline (PBS) pH 7.4 in double-distilled water (ddH2O).  63 

Table 2.7: Running buffer pH 8.3 in ddH2O.       64 

Table 2.8: Transfer buffer pH 8.3 in ddH2O.       64 

Table 2.9:  Tris-buffered Saline (TBS) pH8.0 in ddH2O.     64 

Table 2.10: RIPA protein extraction buffer pH7.4 in ddH2O.    64 

Table 2.11: Sample loading buffer for zymography (pH 6.8).    65 

Table 2.12: Incubation buffer for zymography.       65 

Table 2.13: Polyacrylamide gel staining solution.      65 

Table 2.14: Protein extraction buffer for MT1-MMP activity assay.   67 

Table 3.1: Echocardiographic assessment of systolic and diastolic function in  

WT and TIMP4-/- mice and corresponding shams at 1-week post-I/R.   75-76 

Table 4.1: Echocardiographic parameters of cardiac function and structure in mice.  

1 week following sham-operation or following myocardial infarction, receiving  

Ad-Null or Ad-hTIMP3 at a low dose (5.5x107 pfu/heart) or a high dose 

 (5.5x108 pfu/mL).                                                                                                       105 

Table 5.1: Echocardiographic parameters from WT and TIMP1 deficient  

mice at 2, 5 and 9 weeks post-TAC and corresponding sham group.       136-137 



 

xvi 
 

List of Figures 

 

Figure 1.1: M-mode imaging of LV .................................................................................................. 7 

Figure 1.2: Transmitral Doppler for LV filling velocities with early filling (E-wave) and late filling 

(A-wave).. .......................................................................................................................................... 8 

Figure 1.3: Tissue Doppler measurement for LV at mitral annulus showing LV filling velocities 

with early filling (E’-wave) and late filling (A’-wave).. ................................................................... 8 

Figure 1.4: Collagen biosynthesis pathway ..................................................................................... 17 

Figure 1.5: TGFβ pathway .............................................................................................................. 31 

Figure 2.1: In vivo model of myocardial ischemia-reperfusion injury ............................................ 44 

Figure 2.2: Ex vivo model of myocardial ischemia-reperfusion injury ........................................... 45 

Figure 2.3:  Intramyocardial Injection of hTIMP3 and hTIMP4 in mouse model of myocardial 

infarction ......................................................................................................................................... 45 

Figure 2.4: TIMP1 in cardiac hypertrophy and fibrosis .................................................................. 47 

Figure 2.5: Cardiac fibroblast isolation experimental set up and protocol ..................................... 48 

Figure 3.4.1: TIMP4-deficiency suppresses cardiac function following ischemia-reperfusion in 

vivo.. ................................................................................................................................................ 77 

Figure 3.4.2: Enhanced myocardial fibrosis and hypertrophy in TIMP4-/- mice at 1week post- 

I/R…………………………………………………………………………………………………79 

Figure 3.4.3: Excess oxidative stress and inflammation in TIMP4-/- hearts at 1day post-I/R. ........ 81 

Figure 3.4.4: Elevated MT1-MMP activity in the ischemic myocardium of TIMP4-deficient mice 

at 1week post-I/R.. .......................................................................................................................... 83 

Figure 3.4.5: Advanced myocardial hypertrophy, fibrosis and adverse remodeling in TIMP4-/- mice 

by 4 weeks post-I/R. ........................................................................................................................ 85 

Figure 3.4.6: At 4 weeks post-I/R, TIMP4-deficient mice show exacerbated diastolic  and systolic 

dysfunction. ..................................................................................................................................... 86 

Figure 3.4.7: TIMP4-deficiency does not impair cardiac recovery following acute I/R injury ex 

vivo. ................................................................................................................................................. 88 

Figure 3.4.8: Expression of TIMPs in the cultured (WT) adult cardiomyocytes and fibroblasts in 

vitro under different conditions. ...................................................................................................... 89 

Figure 3.4.9: Expression of TIMPs with different treatments ......................................................... 90 

Figure 3.4.10: Recovery of WT and TIMP4-/- hearts from 30 minutes ischemia ex vivo. .............. 91 

Figure 3.4.11: TaqMan mRNA expression profile at 1 week post-I/R. ........................................... 92 

Figure 4.4.1: Protein levels for tissue inhibitors of matrix metalloproteinases TIMPs post-MI..1032 

Figure 4.4. 2:TIMP3 but not replenishment improved LV structure and function at 1 week post-

MI. ............................................................................................................................................. …103 

Figure 4.4.3:Ad-hTIMP3 delivery improved post-MI remodeling at 1 week post-MI. .............. 1087 

Figure 4.4.4: Ad-hTIMP3 delivery significantly reduced proteolytic activities early post-MI. …108 

Figure 4.4.5: Ad-hTIMP3 promoted angiogenesis and endothelial proliferation post-

MI……………………………………………………………………………………………110-

111-113 

file:///H:/Abhijit%20Thesis/Combined%20thesis/Abhijit%20Thesis-Feb22-ZK2%20.docx%23_Toc475964865
file:///H:/Abhijit%20Thesis/Combined%20thesis/Abhijit%20Thesis-Feb22-ZK2%20.docx%23_Toc475964867
file:///H:/Abhijit%20Thesis/Combined%20thesis/Abhijit%20Thesis-Feb22-ZK2%20.docx%23_Toc475964869


 

xvii 
 

Figure 4.4.6 :Adenoviral delivery of hTIMP3 did not alter inflamation post-MI infarction. ........ 111 

Figure 4.4.7: TIMP3 promoted angiogenesis in a dose dependent manner. .. Error! Bookmark not 

defined.3 

Figure 4.4.8: Excess overexpression of hTIMP3 adversely affects post-MI recovery. ............... 1144 

Figure 5.4.1: Angiotensin II-induced fibrosis  suppressed in TIMP1-deficient mice and not 

reversed by MMPi treatment. ...................................................................................................... 1233 

Figure 5.4.2: TIMP1-deficiency suppressed cardiac fibrosis following cardiac pressure-overload.

 ................................................................................................................................................... ..1244 

Figure 5.4.1: TIMP1 is required for CD63-integrinβ1 interaction following pressure-overload. . 126 

Figure 5.4.4: TIMP1 mediates the association between integrinβ1 and CD63 in adult cardiac 

fibroblast in response to pro-fibrotic stimuli ... 127Figure 5.4.5: Myocardial fibrosis in patients with 

dilated cardiomyopathy correlates with TIMP1-mediated interaction between CD63 and integrinβ1

 ....................................................................................................................................................... 130 

Figure 5.4.6: Absence of TIMP1 suppresses activation of β-catenin, nuclear translocation of p-

Smad 2/3 and p-β-catenin. ............................................................................................................. 131 

Figure 5.4.7: TIMP1-deficiency ameliorates myocardial fibrosis and hypertrophy 9 weeks 

postTAC……………………………………………………………………………………132-133 

Figure 5.4.8: TIMP1-deficiency lessens cardiac dysfunction and dilation following long- term 

pressure-overload (9 weeks post-TAC)……………………………………………………..136-137 

Figure 5.4.9: Hypertrophy and TIMPs expression at 2 weeks post-Ang II. .................................. 135 

Figure 5.4.10: Hypertrophy and TIMPs expression at 2 weeks post-TAC. .................................. 137 

Figure 5.4.11: Scleraxis immunostaining for scleraxis from myocardial specimens from patients 

with dilated cardiomyopathy and non-failing control hearts......................................................... 139 

Figure 5.4.12: Assessment of purity of nuclear and non-nuclear protein fractionations. Westren blots 

for nuclear specific proteins (Histones) and cytosol specific proteins (Caspase-3)………. 139 



 

xviii 
 

List of symbols 

- alpha 

- beta 

µ- micro 

 

 

Prefix 

k- kilo 

c- centi 

m- mili 

µ- micro 

n- nano 

U- units 

Hz- hertz 

L- litre 

m- meter 

g- gram 
0C- degree Celsius  
 



 

xix 
 

List of Abbreviations 

ACEi- Angiotensin converting enzyme inhibitor 

ACUC- Animal Care and Use Committee 

ADAM- A Disintegrin And Metalloproteinase 

ADAMTS- A Disintegrin And Metalloproteinase With Thrombospondin Motif 

AP- Activator Protein 

Ang II-Angiotensin-II 

ANP- Atrial Natriuretic Peptide 

ARB- Angiotensin Receptor Blocker 

BMP- Bone Morphogenetic Protein 

BNP- Brain Natriuretic Peptide 

BRILLIANT- Batimastat Anti-Restenosis Trial  

BSA- Bovine Serum Albumin 

β-MHC- β Myosin Heavy Chain 

CVB3- Coxsackievirus 

cFB- Cardiac Fibroblast 

DAMP- Danger Associated Molecular Patterns 

DAPI- 4',6-Diamidino-2-Phenylindole 

DHE- Dihydroethidium 

DTT- Dithiothreitol 

ECM-Extracellular Matrix 

ECL- Enhanced Chemiluminescence 

EKV- Electrocardiography-based Kilohertz Visualization 

ERK-Extracellular Signal-Regulated Kinases 

EF-Ejection Fraction 

ESPVR-End Systolic Pressure Volume Relationship 

EDPVR- End Diastolic Pressure Volume Relationship  

EDV- End Diastolic Volume 

ESV- End Systolic Volume 

GPI- Glycosylphosphatidylinositol 

FS- Fractional Shortening 



 

xx 
 

GMCSF- Granulocyte Macrophage Chemoattractant Protein 

HELP- Human Explanted Heart Program 

HOPE- Human Organ Procurement and Exchange 

HUVEC- Human Umbilical Vein Endothelial Cell 

HCAEC- Human Coronary Arterial Endothelial Cells 

HFpEF- Heart Failure with Preserved Ejection Fraction 

HFrEF- Heart Failure with Reduced Ejection Fraction 

I/R- Ischemia-Reperfusion 

IL1- Interlukin1 

IL6- Interleukin-6 

IVRT- Isovolumic Relaxation Time 

IVCT- Isovolumic Contraction Time 

LAD- Left Anterior Descending  

LAP- Latency Associated Peptide 

LLC- Large Latent TGFβ Complex 

LTBP- Latent TGFβ Binding Protein 

LVDP- Left Ventricular Developed Pressure 

LVESD- Left Ventricular End Systolic Dimension 

LVEDD- Left Ventricular End Diastolic Dimension 

LV- Left Ventricle 

LVPsys- Left Ventricular Systolic Pressure 

LVPdias- Left Ventricular Diastolic Pressure 

LA size- Left Atrial Size 

LOX- Lysyl Oxidase 

mRNA– Messenger RNA 

MMP- Matrix Metalloproteinase 

MT1- MMP-Membrane type-1 Matrix metalloproteinase 

MI- Myocardial Infarction 

M-mode- Motion Mode 

MIDAS- Metalloproteinase Inhibition with Doxycycline to Prevent Acute Coronary Syndromes 

MCP1- Macrophage Chemoattractant Protein-1 



 

xxi 
 

NFκB- Nuclear factor κB 

PBS- Phosphate-Buffered Saline 

PDEGF- Platelet Derived Endothelial Growth Factor 

PFA- Paraformaldehyde 

PCOLCE 1 and 2- Procollagen C-Endopeptidase Enhancer 1 And 2 

PIIICP- Procollagen III C-terminal Propeptide 

PIIINP- Procollagen III N-terminal Propeptide  

PICP- Procollagen I C-terminal Propeptide 

PINP- Procollagen I N-terminal Propeptide  

PLOD1- Procollagen-Lysine, 2-Oxxoglutarate 5-Dioxygenase-1 

PREMIER- Prevention of Myocardial Infarction Early Remodeling 

PSR- Picrosirius Red 

PV loop- Pressure-Volume Loop 

PVDF- Polyvinyl Difluoride 

RAS- Renin Angiotensin System 

ROS- Reactive Oxygen Species 

SDS- Sodium Dodecyl Sulfate 

SPARC- Secreted Protein Acidic and Rich in Cysteine 

SR- Sarcoplasmic Reticulum 

SERCA- Sarco-/Endoplasmic Reticulum Ca2+-ATPase 

sFRP2- Secreted Frizzled Related Protein2 

TAC- Transverse Aortic Constriction 

TNFα- Tumor Necrosis Factor-α 

TGFβ-1- Transforming Growth Factorβ1 

TIMP- Tissue Inhibitor of Matrix Metalloproteinase 

TIGM- Texas A&M Institute for Genomic Medicine 

TGFα- Transforming Growth Factor-α 

TGFRI/II- Transforming Growth Factor Receptor I/II 

TUNEL- Terminal deoxynucleotidyl transferase dUTP Nick-End Labelling 

WMSI- Wall Motion Score Index 



 

1 
 

 

 

 

 

 

CHAPTER 1 

 

INTRODUCTION 
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1.1. Introduction 

Cardiovascular diseases and the associated morbidities and mortalities remain major health 

risks, and the medical cost of cardiovascular disorders in North America has been projected to triple by 

2030.2,3 The function of a healthy heart is the result of a complex interaction between the 

cardiomyocytes and non-cardiomyocytes within the myocardium and this interaction is mediated by a 

network structure known as the extracellular matrix (ECM). Myocardial ECM occupies a major fraction 

of the extracellular space (interstitium), while the remaining fraction of the interstitium is occupied by 

a fluid phase containing water, electrolytes, nutrients and some plasma proteins. Different levels of 

organization exist within the ECM, the fibrillar component, the basement membrane and the 

proteoglycans. Heart failure and its progression result in changes in the structure, composition and 

geometry of the left ventricular myocardium. These changes are generically termed as adverse LV 

remodeling. Depending of pathological stimulus, such as ischemic cardiomyopathy or pressure- 

overload heart disease, the distinct patters of LV remodeling cause changes in the structure and function 

of the myocyte, vascular compartment and ECM components, thereby contributing to heart failure. 

Therefore, preserving the integrity of the extracellular matrix network for structural support of the 

myocardium is critically important and provides a target for therapeutic intervention to minimize the 

burden of heart disease. 

 

1.2. Basic Anatomy and Physiology of the Heart 

 

The human heart is a muscular organ located in the thoracic cavity and sits within fluid 

filled cavity called as pericardial cavity. Anatomically, its apex points to the left with its base 

attached to the aorta, pulmonary artery and the vena cava, while the tip of the heart known as 

the apex, rests just superior to the diaphragm. The heart acts as a circulatory pump, as the right 

side of the heart takes deoxygenated blood from the veins, delivers it to the lungs for 

oxygenation through the pulmonary artery, while the left side of the heart receives oxygenated 

blood from the lungs through the pulmonary veins that is then transported throughout the body 

tissues. 

 

1.2.1. Structure of the heart wall 
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The heart wall consists of three muscular layers: Pericardium, Myocardium and 

Endocardium. 

i) Pericardium:  The lining of the pericardial cavity is known as the pericardium and 

consists of two layers called the serous layer and visceral layer. The serous pericardial layer 

produces serous fluid and lubricates the heart, thereby preventing friction, while the visceral 

layer prevents excess movement of the heart. 

ii) Myocardium: This is a muscular middle layer of the heart wall and responsible for 

pumping blood. The thickness of the myocardium varies within parts of the heart. The atria of 

the heart have thin myocardium because the atria do not need to pump blood very far, while 

ventricles have a very thick myocardium (compared to atria) to pump blood to the lungs or 

throughout the entire body. The right side of the heart has less myocardium than the left side of 

heart because the left side has to pump blood through the entire body, whereas right side has to 

pump blood only to the lungs.  

iii) Endocardium: This is a single layer of squamous endothelium that lines the inside 

of the heart and is responsible for keeping blood from sticking to the inside of the heart and 

thereby preventing potential blood clots. 

 

1.2.1.1. Chambers of the heart 

The heart contains four chambers: right atrium, left atrium, right ventricle and left 

ventricle. The atria are smaller in size, possess a less muscular layer than ventricles and act as 

receiving chambers for blood. On the other hand, the ventricles are larger in size, have a more 

muscular layer and carry blood away from heart. The right-sided chambers of the heart are 

smaller than those on the left side because the right side of the heart maintains pulmonary 

circulation to the nearby lungs, while the left side of the heart pumps all the way to the 

extremities of the body in the systemic circulation. 

 

1.2.1.2. Valves of the heart 

As the heart functions by pumping blood both to the lungs and to the systems of the 

body, the backflow of blood or regurgitation of blood is prevented by the presence of one-way 

valves. There are two different types of heart valves: 
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i) Atrioventricular valves (AV): These valves are located in the middle of the heart 

between the atria and ventricle, thereby allowing the flow of blood from the atria into the 

ventricle. The AV valves are attached to each other with chordae tendineae. The right side AV 

valve is called the tricuspid valve because it is made up of three cups (flaps), while the AV 

valve on the left side of the heart is called the mitral valve or bicuspid valve because it has two 

cups or flaps.  

ii) Semilunar valves: These valves are located between the ventricles and the arteries 

that carry blood away from the heart. Semilunar valves on the right and left side of the heart are 

the pulmonary valves and aortic valves, respectively. These valves are smaller than AV valves 

and do not have chordae tendineae to hold them in place. Instead, the cups of the semilunar 

valves are cup shaped to catch regurgitating blood. 

 

1.2.2. Different cell types in the mammalian heart 

The four-chambered human heart consists of different cell types such as the 

cardiomyocyte and non-myocardial cells. The non-myocardial cells are fibroblasts, endothelial 

cells and smooth muscle cells. All these cells contribute to the structural, functional, 

biomechanical and electrical properties of a functional heart. 

1.2.2.1. The cardiac myocyte  

The adult cardiomyocyte is a terminally differentiated, contracting cell of the heart with 

highly specialized organelles. Individual myocytes are interconnected and form a syncytium by 

homogenous electrical activation myocytes contacts called gap junctions whose organization is 

critical for the propagation of action potential, excitation-contraction coupling and other 

biomechanical events. Cardiomyocyte organelles that are important for the excitation-

contraction coupling are the following: sarcolemmal layer (cell membrane of myocytes), 

sarcoplasmic reticulum and sarcomere:  

(A) The sarcolemmal layer: This layer of cardiomyocytes contains transmembrane 

receptors, ion pumps and exchangers. There are three components of the sarcolemmal layer that 

are important for the inotropic state of myocytes: i) the L-type calcium channel that initiates 

excitation-contraction coupling, ii) the Na+/Ca2+ exchanger that is responsible for transporting 

Na+ and Ca2+ across the cell membrane and iii) the Ca2+-ATPase system that pumps Ca2+ 

relatively slowly from myocytes into interstitial space.  
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(B) The sarcoplasmic reticulum: This is major storage site for calcium ions (Ca2+) and 

acts as the primary storage site for Ca2+ in the contractile process. It consists of the following 

components: a) the ATP dependent Ca2+ pump called SERCA-2, which determines 

accumulation of Ca2+ within myocytes. This SERCA2A pump eliminates Ca2+ from the cytosol 

along with the Na+/Ca2+ exchanger that helps for myocyte relaxation. b) the Ca2+ release 

channel that is called the ryanodine receptor. These receptors facilitate the translation of 

electrical events into chemo-mechanical events. Activation of ryanodine receptors cause Ca2+ 

entry through the voltage-gated L-type Ca2+ channels thereby stimulate a process called as Ca2+-

induced Ca2+ release. This entered Ca2+ through these channels causes release of Ca2+ from SR 

via Ca2+ release channels into cytosol. c) Phospholamban is a regulatory protein in SR that 

determines amount of Ca2+ is retained within SR for the next depolarization and contraction 

cycle. Phospholamban in its un-phosphorylated form inhibits SERCA2A to reduce the uptake 

of Ca2+ in the cytoplasm. This regulation of Ca2+ uptake by phospholamban and SERCA in 

cytosol is critical to control the inotropic state of myocardium as a defect in the SR-mediated 

uptake of Ca2+ contributes to the progression of various cardiomyopathies.4-7  

(C) Sarcomere: The fundamental contractile unit of myocyte contains all components 

of the contractile apparatus. The major proteins involved in contractile apparatus are as follows: 

actin, myosin, tropomyosin and troponin complex. The specific interactions of these proteins 

cause ATP hydrolysis and physiochemical interaction, which results in the development of 

tension in the presence of Ca2+.  

 

1.2.2.2. Non-myocyte myocardial cells  

 Cardiac fibroblasts are flat, spindle-shaped cells of mesenchymal origin that produce 

various ECM proteins, mainly collagens, and provide a 3D network for myocytes and other 

cells of the heart to ensure proper cardiac form and function.8, 9 Cardiac fibroblast responds to 

a wide range of different stimuli during cardiac diseases such as ischemia10, 11, hypoxia12 and 

biomechanical stress.13 These various stimuli result in the activation of fibroblasts to 

myofibroblasts with more ability to increase  ECM protein synthesis, thereby contributing  to 

cardiac fibrosis.14  

Coronary arteries passing through the myocardium contain smooth muscle and 

endothelial cells that regulate vascular tone and blood flow to the myocardium. The 
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endocardium contains a single layer of endothelial cells, while the medial layer of coronary 

arteries contains smooth muscle cells.   

 

1.2.3. Cardiac physiology 

The heart serves as pump to drive blood flow throughout the body by rhythmic 

contraction. A complete heart beat involving a systole and diastole which is called as the cardiac 

cycle and its frequency is described by heart rate. Each cardiac cycle involves five different 

phases.  The first two phases of the cardiac cycle are called “ventricular filling,” which is the 

movement of blood from the atria to the ventricles, while the next three phases involve 

“ventricular emptying,” where movement of blood from the ventricles to the pulmonary arteries 

and aorta occurs. During the initial phases of the cardiac cycle, the conducting system of the 

heart generates an electrical signal in the “pacemaker cells” that are distributed through the 

heart. In response to electrical stimulation, the myocardium of atria and ventricles undergoes 

contraction, closing of aortic valve and pumping of blood out of LV, which is followed by 

sequential relaxation characterised by the opening of the mitral valve and inflow of blood in the 

ventricles through the atrium. 

 

1.2.3.1. Functional measurements 

The heart functions due to contraction and relaxation of cardiomyocytes, and this 

function of myocytes in the myocardium is governed be the geometry of ventricles (elliptical LV 

and crescent shaped RV), orientation of myocardial fibers and elasticity of muscle wall. This 

complex interplay is optimal for cardiac function during systole and diastole. In response to 

cardiac injury, such as during ischemic cardiomyopathy or pressure-overload with heart disease, 

cardiac remodeling causes alteration in the shape and size of the LV, as well as changes in the 

velocity of myocardial fibers, thereby resulting in systolic and diastolic dysfunction. Cardiac 

function may be measured by using ultrasound echocardiography and pressure-volume (PV) 

loops. 

 

1.2.3.1.1. Echocardiography  

Echocardiographic measurement of cardiac function is based on ultrasound techniques. 

The sound beams of high frequency penetrate the thoracic cavity and are reflected back to the 
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transducer (2-4 MHz) when beams reach to interface between tissues of different sound 

impedance. This signal is processed by software and produces a real time image of heart. The 

amplitude of the returning signal decides the brightness of the image as the myocardium appears 

more bright, white and hyperechoic because it reflects more ultrasound than blood which 

appears less bright and hypoechoic. There are four major echocardiographic imaging to measure 

cardiac function: Brightness mode (B-mode), Motion mode (M-mode) Doppler imaging (colour 

and pulse wave doppler) and 3-D imaging.  

a) Brightness mode (B-mode): This displays a two-dimensional view of the heart and 

produces real time black and white images of the heart, thereby helping  in visualizing cardiac 

structures, chamber dimensions, non-quantitative assessment of cardiac phenotype, chamber 

dimensions and heart function.15 

b) Motion mode (M-mode): These images are obtained by a rapid sequence of B-mode 

along a single line and the sequence provides a very high temporal resolution of tissue motion. 

The M-mode images are useful for calculating or assessing global LV functional parameters 

such as ejection fraction (EF), fractional shortening (FS), cardiac output, stroke volume and 

interventricular diameters when measured at the long or short axis view of the B-mode images. 

 

Figure 1.1: M-mode imaging of LV- M-mode image of LV displays movement of ventricular 

walls, LV cavities during systole and diastole. These images were obtained from B-mode view 

of LV. Image obtained from echocardiography analysis machine software (Vevo 3100). 

 

c) Doppler mode: This mode of echocardiography uses the Doppler effect to examine 

the direction and velocity of blood flow in vessels and within the heart. Ultrasound waves are 

transmitted from transducer and reflected back towards transducer. The increase in the 

B-mode 

M-mode 
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ultrasound signal is positively correlated with the direction of blood flow. Echocardiographic 

data are analyzed using computer based software to measure hemodynamic parameters.  

In the pulse wave doppler, the determination of the blood flow velocity profile from a 

precise location using a 2D imaging obtain from the transducer that transmits and receive sound 

waves. Using transvalvular and mitral Doppler useful for measurement of various diastolic 

function such as isovolumic relaxation and contraction times, ratio of early (E) to late (A) 

ventricular filling velocities, and to calculate peak velocities and ejection time.  

 

 

 

 

 

 

 

Figure 1.2: Transmitral Doppler for LV filling velocities with early filling (E-wave) and late 

filling (A-wave). Image was obtained from echocardiography analysis machine software (Vevo 

3100).  

Colour Doppler is used to measure the direction of blood flow and it is a valuable tool 

to measure aortic as well as mitral regurgitation and stenosis of valves. Blood flowing towards 

the transducer shows an increase in the echo frequency, which is identified by the red colour, 

while blood flowing away from the transducer has decreased in echo frequency, which is 

identified by the colour blue. 

Figure 1.3: Tissue doppler measurement for LV at mitral annulus showing LV filling velocities 

with early filling (E’-wave) and late filling (A’-wave). Image was obtained from echocardiography 

analysis machine software (Vevo 3100).  

E-wave 
A-wave 

E’ 

A’ 
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d) Measurement of cardiac function with echocardiography:  

Echocardiography is a widely used and reliable technique for assessment of human 

cardiac structure and function. The main advantages of this technology are its portability, non-

invasiveness and real time imaging. Although technological advances made it possible to use 

this technique in small animals, murine heart characteristics require more spatial and temporal 

resolution considering the physiology of rodents, such as animal size, orientation of the heart 

and heart rates.16,17 

Measurement of systolic function: Altered LV systolic function the cause of heart 

failure in patients. LV systolic function is assessed using M-mode, 2-D and Doppler techniques. 

LV ejection fraction is measured using the M-mode measurement at the papillary muscles with 

a long axis or short axis view. The LV internal dimensions at the end systole (LVESD) and end 

diastole (LVEDD) measured the LV papillary leaflets using a parasternal long axis view. 

Fractional shortening is calculated using these measurements and it is a percentage change in 

LV internal dimension between systole and diastole.15 

 

Fractional shortening = (LVEDD-LVESD/LVEDD) X 100 

 

If we assume LV is an elliptical shape using the Teichholz method, then the LV cavity 

volumes are derived from the cubed equation of volume, V=D3.Therefore, percentage change 

in these blood volumes at systole and diastole is volume of blood pumped out of LV during 

each contraction/heart beat called as ejection fraction.  

EF= (LVEDD)3-(LVESD)3/(LVEDD)3 X100. 

The measurement of LV contractility during ischemic cardiomyopathy where LV adopts 

complex geometric shapes due to regional wall abnormalities is performed using Simpson’s 

method. Therefore, Simpson’s method divides the LV chamber into multiple known thicknesses 

and diameter by taking various short axis views and then calculates the volume of each slice 

(area (𝐴 = 𝜋𝐷/22)2) X thickness). The accurate measurement depends on thickness of slices, 

where thinner slices will give a more accurate measurement.  

LV movement is classified into five different classes as per American Society of 

Echocardiography, as follows:15,18,19  

1- Normal; 2-Hypokinetic; 3-Akinetic; 4-Dyskinetic; 5-Aneurysmal. 
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Measurement of diastolic function: Diastole is a phase of the cardiac cycle where 

myocardium becomes unstressed and loses its ability to generate force in order to fill the blood 

in the heart. Due to abnormalities such as a decrease in ventricular relaxation and/or increase in 

LV stiffness, the ventricular chamber is unable to achieve an adequate volume of blood during 

diastole, at normal diastolic pressure and volume to maintain normal stroke volume, thereby 

resulting in diastolic dysfunction. Diastolic dysfunction can occur with preserved ejection 

fraction (HFpEF) or occur along with systolic heart failure (HFrEF).20 Diastolic function using 

echocardiography is traditionally measured using transmitral flow velocities, including early 

(E) and late (A), E/A ratio and deceleration time from an apical four chamber view using pulse 

wave Doppler. The transmitral E wave is related to the time course of active LV relaxation, 

while the A wave is related to passive LV relaxation. The normal LV myocardium relaxes 

without an increase in the LV volume during the interval between the closure of the aortic valve 

and opening of the mitral valve, which is called isovolumic relaxation time (IVRT). IVRT 

increases with diastolic dysfunction and impaired relaxation, but decreased compliance and 

elevated LV filling result in decreased IVRT. Therefore, the IVRT measurement is useful in 

determining the severity of diastolic dysfunction. Severity of heart disease or heart failure is 

defined based on four basic transmitral inflow patterns with respect to E/A ratio. Using the 

echocardiography technique, the diastolic dysfunction can be classified in four different 

ways:21,22 

A. Normal (E>A) B. Abnormal (E<A) C. Pseudonormal (E>A) D> D. Restrictive filling 

(E>>>A). 

Abnormal relaxation pattern of transmitral (E>A, prolonged IVRT and DT) is 

commonly associated with ischemic cardiomyopathy, hypertension, LV hypertrophy and aging. 

Further delayed relaxation affects the early filling phase and the resulting increased left atrial 

pressure that causes the filling pattern appears to be normal as E>A. This transition phase/zone 

of abnormal relaxation and restrictive filling is termed as pseudonormalization which shows 

normal diastolic values. This pseudonormalization is evaluated using the Valsalva maneuver or 

agent that will reduce preload, such as nitroglycerin. Advanced diastolic dysfunction are 

characterised by reduction in LV compliance with impaired myocardial relaxation with increase 

in left atrial pressure or LVEDP. This causes an increase in pressure gradient between LV and 

LA thereby significantly higher E wave velocities while reduction of DT due to noncompliant 
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ventricle. This is called a restrictive filling pattern, which is characterised by E>>>A, decreased 

IVRT and DT. This is often observed in restrictive cardiomyopathies with LVEF>40 and dilated 

cardiomyopathies with poor systolic function. The mitral echocardiography has limitations of 

preload dependency, atrial fibrillation, tachycardia, and resurgent valve stenosis, as well as 

commonly observed pseudo-normalization patterns. Therefore, tissue Doppler 

echocardiography is used for transthoracic echocardiographic assessment of diastolic function.  

1.2.3.1.2. Pressure-volume (PV) loop 

The hemodynamic events of the cardiac cycle can be displayed by instantaneous 

pressure-volume graphs under constant steady state condition as these graphs are repeated with 

each contraction. During each cardiac cycle, there is a single pressure-volume point that 

coincides with end diastole (lower right corner of loop) and other single pressure-volume points 

that coincide with end systole (upper left corner of loop). A series of pressure-volume loops can 

be obtained for each cardiac cycle by acute change in loading conditions with transient inferior 

vena cava occlusion to reduce preload or with administration of agent that will increase 

afterload (e.g. phenylephrine) without affecting myocardial contractility. The end systolic 

(ESPVR) and end diastolic (EDPVR) boundaries of these loops are obtained by connecting the 

end systolic and end diastolic pressure volume points for each loop.  The EDPVR represents 

the passive physical properties of a chamber with myocytes mostly in relaxed states and shows 

a non-linear relationship, while the ESPVR represents mostly properties of myocytes in a state 

of maximum activation and shows a linear relationship.23  

This PV loop technique was initially developed and demonstrated by Sagawa and 

colleagues 24 around 35 years ago using a canine model. Technically, in PV loop analysis, a 

pressure-volume catheter with conductance is inserted along the axis of a ventricle and provides 

real-time volume signal as well as a micro-manometer pressure signal. (Non-invasive methods 

such as echo and MRI are limited by reliance on motion parameters that are influenced by 

loading conditions, though offer an advantage in that they can be repeated in the same animal 

and provide direct quantification of absolute volume). 25 Bann et al 26 developed a modified 

technique and it became possible to correlate the change in LV volume with the change in 

electrical resistance of blood pool. The conductance catheter used in this technique has multiple 

ring electrodes placed along its length and a high-frequency low-amplitude current passed 
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through an outer pair of electrodes to generate electric fields between these electrodes that then 

pass through the blood and muscle walls. The strength of this field is directly proportional to 

the distance from the electrodes. 

 

1.3. Heart Disease 

 

1.3.1. Ischemic cardiomyopathy 

Ischemic cardiomyopathy results from weakening of the heart muscle due to the 

narrowing of the coronary arteries that causes reduced blood supply, nutrients and oxygen to 

the myocardium. This ischemic insult causes the LV to dilate, enlarge, and therefore reduces 

the pumping ability of the heart. Permanent blockage of a coronary artery causes a heart attack, 

which is also called a myocardial infarction. Myocardial ischemia triggers many cellular and 

molecular events such as cell death, apoptosis, inflammation, reduced angiogenesis, 

cardiomyocyte growth, adverse remodeling of LV and myocardial fibrosis. These events 

gradually combine and develop LV dilation, wall thinning, infarct formation and expansion, 

thereby affecting overall heart geometry and pumping function of LV and can result in heart 

failure. 

1.3.1.1. Ischemic cardiomyopathy and oxidative stress 

Ischemic cardiomyopathy causes an increase in the production of reactive oxygen 

species (ROS) and activating mechanisms. ROS that contribute to ischemic preconditioning are 

cardioprotective; 27,28 however, oxidative stress has deleterious effects and contributes to the 

progression of ischemic cardiomyopathy with an altered balance of natural antioxidant systems. 

ROS, when generated, activates immune cells in the infarcted hearts and promotes leucocyte 

chemotaxis by activating the complement system, by stimulating expression of P-selectin and 

cytokine and chemokine synthesis through NFkB activation. 29, 30 Oxidative stress has been 

reported in the remodeling process post-MI. As ROS contribute to the remodeling process with 

the activation of the MMPs, which participate in reconfiguration of ECM31, 32, ROS acts to 

signal molecules in the development of compensatory hypertrophy.33 Increased NADPH 

oxidase linked ROS activity in ischemic cardiomyopathy patients with increased rac-1 GTPase 

activity suggested that ROS plays a role in clinical heart failure patients and contributes to heart 

failure progression. 34,35 
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1.3.1.2. Ischemic cardiomyopathy and necrosis and apoptosis 

Myocyte loss during ischemic cardiomyopathy involves apoptosis, and during the acute 

stage of post-MI, apoptotic myocytes are localized in the border zone between the central infarct 

area, while the peri-infarct region was shown to upregulate the apoptotic regulatory proteins 

Bax and Blc2. Ischemic cardiomyopathy post-MI apoptosis occurs during the first 2-4 hours of 

occlusion of the coronary artery, while necrosis becomes prominent between 6-24 hours.  Cell 

death in the infarct zone is large in magnitude but of shorter duration because it is then followed 

by LV remodeling, with infarct formation and expansion.36 Studies using genetic and 

pharmacological approaches show that inhibiting myocyte apoptosis can decrease infarct size 

and LV dilation and improve LV pumping function.  Some studies also indicate a reduced 

mortality in the rodent model of ischemia reperfusion. The rate of apoptosis has been correlated 

strongly with thinning of infarct and LV dilation in patients with heart failure and with a 

traumatic cause within 10-62 days of post-MI.37  

1.3.1.3. Ischemic cardiomyopathy and inflammation and remodeling  

Post-MI repair is the result of a complex series of events initiated by inflammation and immune 

cell infiltration. These events help to digest and clear the damaged cells and ECM degradation. This is 

followed by reparative phase with resolution of inflammation, proliferation of fibroblasts and scar 

formation. Inflammation activation is a critical determinant for the transition to late reparative and 

proliferative phases because the proper and timely resolution of inflammation determines further if the  

healing and remodeling process is disproportionately prolonged or if insufficient suppression of 

inflammation can further lead to sustained tissue damage, improper healing and defective scar 

formation.38 Various molecules are involved in the inflammatory phases of post-MI repair, as hypoxia 

during ischemia has been reported to impair vascular cell integrity, while restoration of blood flow with 

reperfusion further causes ROS generation.39,40 Inflammation post-MI affects all myocardial cell types 

such as cardiomyocytes, endothelial cells and fibroblasts. Immune cells have also been implicated as 

cellular effectors of post-MI inflammation.38 Danger associated molecular patterns (DAMPs) released 

from necrotic myocytes provide stimulus for post-MI inflammation,41 while surviving myocytes also 

contribute to post-MI inflammation by production and secreting cytokines.42 Endothelial activation 

leads to extravasation of leukocytes in the infarcted area. Activation of endothelial cell specific 

transcription factor forehead box O4 post-MI has been demonstrated to promote neutrophil infiltration 

in the infarct area.43 DAMPs from necrotic myocytes induce expression of adhesion molecules, trigger 
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adhesive interaction and help infiltration of the inflammatory cells while activated. Endothelial cells in 

the infarct areas also serve as an important source of cytokines and chemokines. 44, 45 The neutrophils 

captured by activated endothelium sense chemokines bound to glycosaminoglycan on endothelial 

surface. These chemokines promote neutrophil transmigration, as these cells actively crawl towards 

endothelial junctions, then neutrophil extravasation. These infiltrated neutrophils then release 

proteolytic enzymes, secreting MMP8 and MMP9 to cause further damage. Therefore, various 

approaches to inhibit or limit inflammation post-MI have been tried such as reducing the generation of 

chemokines by compliment activation46 and reducing the neutrophil number through  anti-neutrophil 

antibodies.47 Neutrophil depleting antibodies48 were successful to some extent in reducing ischemic 

injury.  

The adult mammalian myocardium contains a small population of resident macrophages, which 

are inconspicuous in the healthy heart but take central stage after post-MI injury. Post-MI, monocyte 

adherence to the ECM basement membrane stimulates conversion to a macrophage, by inducing 

expression of cytokines such as GMCSF, TNFα, PDEGF, TGFα and THGβ and IL1. Among these 

cytokines, MCSF is required for macrophage survival, while PDEGF acts as an endothelial 

chemoattractant and mitogen for fibroblasts. TGFβ-1 released from the macrophages contributes to 

cardiac fibrosis and further scar formation. Due to the heterogeneity of macrophage activation, there 

are different types of macrophage classes with diverse immunological properties that are activated post-

MI. Classical (M1) macrophages promote inflammation and ECM degradation and are activated by 

TH1 related cytokines, while M2 (alternative) macrophages activation is induced by Th2 cytokines, and 

M2 macrophages promotes ECM deposition, and angiogenesis. Therefore, transition as well as dynamic 

balance between the two activation processes, determines the LV dilation and post-MI remodeling. 

1.3.2. Pressure-overload cardiomyopathy 

Pressure-overload cardiomyopathy occurs during aortic stenosis and systemic hypertension, as 

the LV is unable to pump blood due to an increased afterload. The LV develops a compensatory 

response and bears an extra load by augmentation of muscle mass, thereby increasing in myocyte size 

and developing compensatory concentric hypertrophy.49 These compensatory mechanisms become out 

shaded with a persistent increase in the afterload and a concomitant increase in LVEDP. These cause 

dilation of the LV chamber, creating a mismatch between contractility and affect speed of shortening 

of LV chamber. 50 At the cellular level, it has been reported that increased myosin heavy chain synthesis 

(~35%) within hours of pressure-overload 51 and further LV dilation causes alteration of Ca2+ 
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homeostasis52,53, ionic currents54,55 and fibrosis.56,57 These changes result in the expression of fetal 

genes  58 59 as follows: (i) genes that modify motor unit composition and regulation, (ii) genes that 

modify energy metabolism, (iii) genes which are components of hormonal pathways such as ANAP 

and Ang II, and (iv) extracellular matrix regulatory genes, mainly collagen-I and collagen-III. 

A decompensated pressure-overload state is often characterised by an increase in the deposition 

of ECM proteins, mainly collagens, and causes myocardial fibrosis. This myocardial fibrosis following 

pressure-overload is a reactive process where interstitial and perivascular fibrosis occurs in the absence 

of myocyte loss. It has been shown in animal models and hypertensive, aortic stenosis patients that 

deposition of collagens occurs in the interstitium and perivascular areas.60,61 This cardiac fibrosis 

impairs myocardial compliance, creates diastolic dysfunction, reduces LV filling, and can alter 

structure and function of LV, thereby causing LV dilation.  

 

1.4. Extracellular Matrix Structure 

Cardiac ECM is a highly organized structure that provides architectural integrity to 

adjoining myocytes and the neighbouring blood vessels and capillaries. An intact ECM 

translates single myocyte contractility into ventricular syncytium, prevents myocyte slippage 

and overstretching during the cardiac cycle, and contributes to cardiac recoil during diastole. 

Myocardial ECM can be broadly divided into three components, the fibrillar structure that is 

comprised of structural proteins (primarily collagen type I and III); the basement membrane 

that forms an interface between the cardiomyocytes and the interstitial space; and the non-

structural proteins such as proteoglycans.  

 

1.4.1 Fibrillar network structure  

The network structure of the ECM is primarily comprised of fibrillar collagens (type I 

and type III). These collagens are produced as pro-collagens and undergo a number of 

processing steps before collagen fibrils and collagen fibers are deposited in the interstitium. A 

defect in any of these steps can lead to adverse ECM remodeling. 

Collagens are present in the majority of tissues and organs and make up 2-4% of a 

healthy human body.62 Based on their structure, collagen molecules are divided into two main 

classes: fibril forming collagens, which include collagen type I, type II, type III, type V and 

type XI; and non-fibril forming collagens, including collagen type IV and type VI that  are 
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expressed in the heart.63,64 The fibril forming collagens have long continuous triple helix 

structures, whereas  non-fibril forming collagens are more heterogeneous and further classified 

based on molecular and supramolecular structures 65,66. Fibrillar collagen type I and type III are 

the predominant components of the fibrillar network structure of myocardial ECM. Collagen 

type I provides the myocardium with tensile strength, while collagen type III accounts for 

distensibility of the myocardium.67  

Collagens are produced as triple helix pro-collagens consisting of three α-chains with 

the characteristic Gly-X-Y repeat sequence68. Pro-collagens are secreted to the extracellular 

compartment for post-translational modifications. Multiple intracellular and extracellular steps 

are required from mRNA synthesis of collagen -chains until the deposition of collagen fibres 

in the interstitium. Pro-collagen- is produced in the ribosome of cFB and is imported to the 

endoplasmic reticulum (ER) where it undergoes hydroxylation of proline and lysine residues, 

N- and O-linked glycosylation, trimerization, disulphide bonding, isomerization and finally 

folding of the triple helix structure.66 In the ER, stability of the triple helix collagen molecule is 

maintained by a chaperone molecular, Hsp47.69 The soluble pro-collagen triple helix is then 

transported to the Golgi apparatus and packed inside secretory COPII vesicles, and then secreted 

into the interstitial space.70 Recently, the ubiquitin ligases CUL3-KLHL12 have been reported 

to regulate large COPII coat formation that is essential to accommodate the large size of the 

collagen triple helix prior to its secretion from the cFB .70 In the extracellular space, the N- and 

C-propeptides are enzymatically removed from the pro-collagen molecule. The N-propeptide 

can be cleaved by a disintegrin and metalloproteinase with a thrombospondin motif 

(ADAMTS)-2, -3, -14, while removal of the C-propeptide can be mediated by bone 

morphogenic protein-1 (BMP1)63,65 whose activity is enhanced by procollagen C-endopeptidase 

enhancer (PCOLCE 1 and 2) and the secreted frizzled-related protein (sFRP2).71-74 PCOLCE 1 

and 2 show the highest expression levels in the myocardium and can increase the efficiency of 

C-propeptidases by up to 20-fold. 73,75 Metalloproteases meprin α and meprin β can function as 

both C- and N-propeptide proteinases.76 The C-terminal and N-terminal propeptides of type I 

procollagen (PICP, PINP), and those of type III procollagen (PIIICP and PIIINP) are released 

during biosynthesis of these collagen fibrils in a stoichiometric manner, and have been 

considered  biomarkers of collagen synthesis.9 Following the removal of the C- and N-

propeptides, lysyl hydroxylase (PLOD1) and lysyl oxidase (LOX) mediate hydroxylation and 
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oxidative deamination of collagens, leading to cross-linking and stabilization of collagen fibres. 

77,78  

  

Figure 1.4: Collagen biosynthesis pathway: The steps involved in collagen transcription, 

translation and post-translational modification, hence the formation of collagen fibers that  are 

then deposited in the extracellular space and contribute to cardiac fibrosis in heart diseases. 

Extracted from Takawale et al79  

 

Further post-translational regulations of collagen fibres are mediated by matricellular 

proteins, the non-structural ECM molecules that can mediate collagen stabilization and 

accumulation in the interstitium.80 

Among the matricellular proteins, SPARC (secreted protein acidic cysteine-rich) and 

osteopontin (OPN) have been linked to cardiac fibrosis.60 In normal physiology, SPARC 

regulates the processing of pro-collagen-α and its interaction with the fibroblast cell surface, 
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and can alter collagen formation and deposition in cardiac interstitium without altering the 

baseline cardiac systolic function or the blood pressure. 60,81 OPN similarly stabilizes collagen 

fibres;  however, OPN could be involved in additional aspects of cardiovascular function since 

OPN-null mice have increased heart rate, lower blood pressure and enhanced arterial 

compliance.82 The deletion of SPARC or OPN increased the rate of LV rupture following 

myocardial infarction (MI),83-85 indicating the critical role of these matricellular proteins in 

assembly and deposition of collagen fibres in generating a supportive matrix within the post-

MI scar.  

1.4.2 Basement membrane  
An intact connection between the cardiomyocytes and the ECM is critical in the function 

of a healthy heart. The basement membrane provides an interface between the ECM and the 

cardiomyocytes wherein molecules such as integrins mediate the cell-ECM connection. 86-87 

Myocardial basement membrane contributes to structure, protection, and polarization of cells, 

and it is important for embryonic development, tissue homeostasis. The ECM maintains the 

alignment of myofibrils within the myocytes through a collagen-integrin-cytoskeleton-

myofibril link. The basement membrane consists of a number of proteins, such as laminin, 

fibrillin, fibronectin, and collagen type IV, which serve distinct function in the myocardium.  

1.4.2.1. Laminin: Laminins are heterotrimeric, multidomain extracellular proteins 

consisting of 5-α, 3-β, and 3-γ chains that recombine to form at least 14 distinct laminin isoforms 

.88  In the heart, laminin 8 and laminin 9 are the major constituents of the basement membranes 

of the cardiomyocytes, and deficiency of laminin 4, a component of laminin-8 and -9, resulted 

in an impaired cardiovascular ECM structure and defective microcirculation leading to 

cardiomyopathy.89 

1.4.2.2. Fibrillin: Fibrillins are a group of glycoproteins containing 40-80 amino acid 

residues and Ca2+ binding epidermal growth factor domains. Fibrillin has three isoforms, 

fibrillin-1, -2, and -3, among which fibrillin-1 and fibrillin 2 are well studied, whereas  fibrillin-

3 has been less explored.90 In normal physiology, fibrillin-1 and fibrillin-2 function as 

supporting structures that provide tissue integrity, as well as temporal and hierarchical assembly 

of micro fibrils and elastic fibers.  These proteins also serve as regulators of signalling events 

by sequestering TGFβ and bone morphogenic protein complexes in the ECM.91 Mutations in 
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fibrillin-1 and fibrillin-2 resulted in fibrillinopathies such as Marfan syndrome and congenital 

contractual arachnodactyly, respectively.92 

1.4.2.3. Fibronectin: Fibronectin is a large ECM glycoprotein (230-271kD) that is 

ubiquitously expressed and is present in the ECM as well as in plasma.93-95 The cellular 

fibronectin is expressed by fibroblasts and is deposited locally at ECM, while plasma 

fibronectin is expressed at high levels by hepatocytes and later secreted in soluble form into the 

plasma where it has a half-life of two days in the circulation.96 Various cardiac cell types such 

as fibroblasts, endothelial cells, and vascular smooth muscle cells have the ability to secrete, 

bind and assemble fibronectin into fibrils in the ECM. The assembly of fibronectin and the ECM 

is a stepwise process. First, fibronectin binds to cell surface receptors such as integrins via its 

70kDa N-terminal domain. Next, fibronectin needs to be unfolded from its compact structure 

into an extended structure that exposes binding sites buried in the soluble structure to promote 

the interaction of fibronectin with other fibronectin molecules and ECM components. 94  

1.4.2.4. Collagen type IV: Collagen IV is a non-fibrillar collagen present in the basement 

membrane.97 Six isoforms for collagen IV have been described, α-I to α-VI, while collagen IVα-

5 isoform is highly expressed in the heart. 97, 98 Collagen IV can act as a substrate for a number 

of MMPs such as gelatinase, stromelysins, and matrylysins. It has been reported that collagen 

IV mRNA is expressed in fibroblasts and in myocytes and its expression increases transiently 

following cardiac pressure-overload, returning to baseline levels by day-7.99 In the patients with 

hypertrophic cardiomyopathy, collagen IV was significantly increased, which correlated with 

the observed systolic and diastolic dysfunction.100  

1.4.3. Proteoglycans within the ECM 

Proteoglycans are non-structural proteins of the ECM. They can bind to and sequester 

soluble growth factors and cytokines within the interstitial space, which can be released in 

response to cellular or signaling cues. In this fashion, the activity of these growth factors and 

cytokines is tightly regulated beyond their mRNA and protein synthesis.101 Based on their 

extracellular localization, size and structural properties, proteoglycans are divided into four 

groups: cell surface proteoglycans (syndecans, glycan), hyalectans (Versican, Aggrecan, 

Neurocan, Brevican), basement membrane proteoglycans (Perlecan, Collagen type XVIII, 

Agrin), and small leucine rich proteoglycans (Biglycans, Decorin, Lumican). Below is a 
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description of proteoglycans that are well-characterized and involved in cardiac physiology 

and/or pathology.  

1.5. ECM Turnover and Homeostasis 

During physiological turnover, ECM proteins are degraded by the proteolytic function 

of matrix metalloproteinases (MMPs) and are replaced by newly synthesized proteins. The 

function of MMPs is kept under check by their inhibitors, predominantly the tissue inhibitors 

of metalloproteinases (TIMPs). A tightly controlled balance in the function of these two groups 

of proteins is essential in maintaining the integrity of ECM structure. 

 

1.5.1. Matrix metalloproteinases 

MMPs are a family of zinc-dependent proteolytic enzymes that were first identified in 

the tadpole fin skin undergoing metamorphosis by Gross and Lapiere in 1962.102 MMPs are 

believed to be the predominant proteases responsible for degradation of the ECM proteins, the 

first step in ECM turnover, but also perform additional function such as regulating 

inflammation, inducing oxidative stress in multiple tissues.103 As such, MMPs play critical roles 

in physiological remodeling and during development. Different MMPs share a great degree of 

structural homology, generally consisting of a prodomain, a catalytic domain, a hinge and a 

hemopexin domain.  To date, 24 MMPs have been identified in vertebrates, 23 of which are 

found in humans. MMPs have been divided into 6 groups based on their structure and target 

substrates.  

Collagenases include MMP1, MMP8, MMP13 and MMP18 (Xinopus), which can 

cleave interstitial collagen type I, type II and type III at a specific site three-fourths from the N-

terminus 104-105, as well as a number of other ECM and non-ECM molecules. MMP1 degrades 

collagen types I, II, III and the basement membrane proteins, MMP8 and MMP13 can process 

collagen types I, II and III. Rodents lack the MMP1 gene but express MMP1a (mColA) and 

MMP1b (mColB) genes primarily in the reproductive organs but not in the heart in baseline 

conditions.106 Gelatinases include only two MMPs, MMP2 (gelatinase A) and MMP9 

(gelatinase B), which digest gelatins. In addition, MMP2 cleaves collagens type I, II and III 107-

109, while MMP9 can digest elastin.110 Stromelysins include MMP3 (stromelysin 1) and 

MMP10 (stromelysin 2), which have similar substrate specificities, although MMP3 has a 



 

21 
 

higher efficiency. In addition to digesting ECM components, MMP3 can activate pro-MMPs 

such as pro-MMP1.111 MMP11 is often included in this group as stromelysin 3, although its 

sequence and substrate specificity (gelatin, laminin, fibronectin, collagen type IV)112 are 

different from MMP3. Metrilysins lack the hemopexin domain.  MMP7 (metrilysin 1) and 

MMP26 (metrilysin 2) belong to this group, which process a number of ECM proteins and cell 

surface molecules. Membrane type MMPs (MT-MMPs) are a group of MMPs that, unlike the 

soluble MMPs, are connected to the cell membrane. This group includes 6 members:  four are 

type I transmembrane proteins, MMP14 (MT1-MMP), MMP15 (MT2-MMP), MMP16 (MT3-

MMP) and MMP24 (MT5-MMP); and two are glycosylphosphatidylinositol (GPI)-anchored 

proteins, MMP17 (MT4-MMP) and MMP25 (MT6-MMP). With the exception of MT4-MMP, 

all MT-MMPs can activate pro-MMP through interacting with TIMP2 such as  MT1-MMP 113 

or independently as with  MT2-MMP.114 Among the MT-MMPs, the role of MT1-MMP, which 

can cleave a number of ECM proteins including fibronectin, laminin-1 and fibrillar collagen 

type I, has been best characterized in heart disease.87, 115-117  

The MMPs that do not fit in the above groups have been grouped as other MMPs, and 

these include 5 members. MMP12 (metalloelastase) is mainly expressed in macrophages 118 and 

is essential for macrophage migration.119 MMP19 was identified as a T-cell-derived auto-

antigen from patients with rheumatoid arthritis.120 MMP20 or enamelysin digests amelogenin 

and is primarily located within newly formed tooth enamel. MMP22 was first cloned from 

chicken fibroblasts 121, and later a human homologue was identified, but the function of this 

MMP is unknown. MMP23 lacks the hemopexin domain, and instead has a cysteine-rich 

domain followed by an immunoglobulin-like domain. It is cleaved in the Golgi and is released 

into the interstitial space as an active enzyme.122 MMP23 is mainly expressed in the 

reproductive tissues.123 A list of genetically modified mouse models with deficiency or 

overexpression of MMPs or TIMPs, as well as  their response to different experimental heart 

disease models is presented in Table 1. 

 

1.5.2. Activation of MMPs: 

MMPs are primarily synthesized as inactive zymogens (pro-MMPs), and can be 

activated by the removal of the amino-terminal propeptide domain either by auto proteolysis or 

via processing by another MMP or serine protease. Proteolytic activation of MMPs can occur 
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in a stepwise fashion, involving an initial proteolytic cleavage at an exposed loop region 

between the first and the second helices of the propeptide. This proteolytic cleavage destabilizes 

the rest of the propeptide, including the cysteine switch–zinc interaction, and allows the 

intermolecular processing by partially activated MMP intermediates or other active MMPs.124 

The stepwise activation system could be nature’s way of a finer regulation of MMP activities 

to control these destructive enzymes. For instance, it is possible that TIMPs could interact with 

the intermediate MMP forms and prevent their full activation. 

A number of treatments in vitro can activate pro-MMPs, most likely through disruption 

of the cysteine-zinc interaction of the cysteine switch.125 These include chemical agents such as 

thiol-modifying agents, oxidized glutathione, SDS, chaotropic agents, ROS, as well as low pH 

and heat treatment.105 An activation pathway relevant to in vivo events is plasmin-mediated 

MMP activation. Plasmin is a serine protease that is produced as a zymogen, plasminogen, and 

converted to its active form by either a tissue plasminogen activator that is bound to fibrin or a 

urokinase plasminogen activator that is bound to a specific cell surface receptor. The 

membrane-associated localization of the plasminogen and urokinase plasminogen activator can 

create localized proMMP activation and subsequent ECM turnover. Plasmin has been reported 

to activate proMMP1, proMMP3, proMMP7, proMMP9, proMMP10, and proMMP13.126 

Activated MMPs can participate in processing other MMPs in the stepwise activation system  

described above.  

Pro-MMP2 is not readily activated by general proteinases. While intracellular activation 

of pro-MMP2 has been reported in the cardiomyocytes127, the main activation of proMMP2 

occurs on the cell surface by the action of MT-MMPs. MT1-MMP, MT2-MMP114, MT3-MMP 

128, MT5-MMP 129 and MT6-MMP130, but not MT4-MMP 131, can activate pro-MMP2.  MT1-

MMP- mediated activation of pro-MMP2 is unique as it requires the involvement of TIMP2 

through the formation of the MT1-MMP/TIMP2/pro-MMP2 complex. This complex can be 

formed in two ways. TIMP2 and pro-MMP2 form a complex through their C-terminal domains, 

leaving the N-terminal domain (the inhibitory domain) of TIMP2 to form a complex with MT1-

MMP anchored to the cell-surface. Alternatively, TIMP2 forms a complex with a MT1-MMP 

on the cell membrane which then acts as a receptor to recruit pro-MMP2 to form a complex 

with the free C-terminal domain of TIMP2. Proteolytic activation of pro-MMP2 will take place 

in two steps by an adjacent MT1-MMP that is free of TIMP2. 113, 132 A similar mechanism has 
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been proposed for MT3-MMP-mediated activation of pro-MMP2.133 Such mechanism of 

activation has not been described for any other pro-MMP. Activation of pro-MMP2 by MT2-

MMP 114, MT5-MMP and MT6-MMP 134 occurs independently of TIMP2.  

 

1.5.3. Physiological inhibitors of matrix metalloproteinase  

TIMPs are specific inhibitors of MMPs, which can reversibly bind to activated MMPs in 

a 1:1 stoichiometry. TIMPs are small proteins (21-30 kDa) that have two major domains, the 

N-terminal and the C-terminal domains, each containing 3 loops that are maintained by 12 

conserved cysteine residues folding the protein into a 6-loop structure.135 There is a great degree 

of structural homology among the four TIMPs. In general, a TIMP molecule looks like a wedge 

that  slots into the active side-cleft of an MMP in the same manner as a substrate 105, and 

inhibition of MMPs occurs through an interaction between the TIMP N-terminal cysteine 

residues, particularly the cys1–cys70 disulfide bonds, with the TIMP and Zn2+ of the MMP 

active site. TIMPs inhibit all MMPs, except TIMP1 that does not inhibit MT1-MMP 136, and 

perhaps other MT-MMPs. The inhibitory profile of TIMP3 is more diverse than other TIMPs, 

as it can inhibit a number of disintegrin and metalloproteinases 137, including ADAM 10 138, 

ADAM12 139, ADAM17 140, and aggrecanase 1 (ADAMTS4) and aggrecanase 2 (ADAMTS5) 

141, while TIMP1 can inhibit ADAM 10.138 It has also been reported that TIMP3 is a high-

affinity inhibitor for MT3-MMP, whereas TIMP2 is a more potent inhibitor for MT1-MMP. 12, 

133  

While interaction of TIMPs with specific MMPs and the resulting inhibition or 

activation of the MMPs is well recognized, increasing evidence suggests that TIMPs possess 

MMP-independent function, such as regulating cell growth and function by directly interacting 

with cellsurface receptors and activating intracellular pathways.142-145 Studies in fibroblasts 

have shown that TIMP1 can bind to membrane receptor CD63 and activate extracellular signal-

regulated kinase (ERK) 146 144, and can activate the protein kinase B (Akt) and the related 

intracellular pathways in an MMP-independent fashion 145, while TIMP2 has been shown to 

reduce fibroblast proliferation by reducing MAPK-mediated signaling 147, and to bind to 3/1-

integrin dimer.143   

These findings offer a new angle to the MMP-TIMP interaction, since MMPs, by 

binding to TIMPs, can serve as inhibitors of the TIMPs and such TIMP-mediated signaling 
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pathways. It has been proposed that different function of TIMPs (MMP-dependent or 

independent) could be distinctly regulated by their and N- and C-terminus.142,148-150 For 

instance, the C-terminal domain of TIMP2 is essential for anchoring to the proMMP2 and 

initiating its activation but is not required for the MMP inhibitory function of TIMP2.105,151 A 

single point mutation in the N-terminal domain of TIMP3 significantly impaired its MMP 

inhibitory function, but did not alter its inhibitory capacity against ADAM17 inhibition.150 

TIMPs are inducible proteins and their expression is altered during development and in 

pathological remodeling. A number of factors have been identified to induce the expression of 

TIMP1, such as growth factors (b-FGF, PDGF, EGF), phorbol esters, serum, cytokines (IL-6, 

IL-1 and IL-1) 152, and erythropoietin 153; TIMP2 by cAMP 154; TIMP3 by TGF 155, IL-1 

156, TNF 157 and ROS 155; and TIMP4 by hypoxia 158 and cytokines 12,159. However, it is 

important to note that induction of each TIMP can vary based on the cell type, organ and the 

pathology. The promoter structure of each TIMP is distinct, which could explain their different 

expression and induction patterns. The promoters of TIMP1, TIMP2 and TIMP3, but not 

TIMP4, contain the activator protein 1 (AP-1) motif that is involved in baseline and inducible 

expression of these genes.160 The TIMP1 promoter lacks the TATA-box, but contains multiple 

transcription start points and GC boxes that  give rise to its highly inducible nature 157, 161 The 

promoter for TIMP2 has a TATA box as well as multiple transcription start points, several Sp 

sequences, one AP-1 and two AP-2 sites.162 The TIMP3 promoter has a TATA-box, six AP-1 

sites, one transcription start point, two NFB sites and two p53 sites.163 The TIMP4 promoter 

also lacks the TATA-box sequence, similarly to TIMP1, but contains consensus motifs for Sp1 

and an inverted CCAAT box upstream of an initiator-like element that is in close proximity to 

a transcription start site and essential in basal expression of TIMP4.164 Recent studies indicate 

that TIMPs can also be regulated by microRNAs (miRNAs), the small non-coding RNAs (19-

25 nucleotides) that bind to mRNA, inhibiting its transcription and leading to reduced 

translation and/or degradation of the target mRNA molecule.165, 166 Recently, two functionally 

related miRNAs, miRNA20a and miRNA106a, have been shown to target TIMP2 in human 

glioma stem cells 167 and miRNA 200b in HEC-1A cells.168 miRNA 17 has been reported to 

target TIMP1 and TIMP2 in the myocardium post-MI.169 MiRNA221/222 suppressed 

expression of TIMP3 and its tumor-suppressing effects in aggressive cell lung cancer and 
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hepatocarcinoma cells 170, miRNA21 in breast cancer cells 171, miRNA206 in skeletal muscle 

172, and miR17 in prostate tumor cells.173  

MMPs can also be inhibited by other proteins in addition to TIMPs. Plasma -

macroglobulins are endopeptidase inhibitors that inhibit most proteinases, including MMPs. α2-

macroglobulin is a large (170 kDa) plasma protein that is produced mainly by the liver in 

response to inflammatory cytokines. It irreversibly inhibits MMPs by trapping them within the 

macroglobulin, forming a complex that is subsequently removed by the scavenger receptor-

mediated endocytosis. 174 MMP1 has been shown to interact with 2-macroglobulin more 

readily than with TIMP1.175 The supplementation of 2-macroglobulin was effective in 

hindering cartilage degradation and progression of osteoarthritis.176 While expression of 2-

macroglobulin has been reported in the endothelial cells within the cardiovascular tissue 177, 

information on the functional significance of this proteinase inhibitor in physiology or 

pathophysiology of the cardiovascular system remains lacking.  RECK (reversion-inducing-

cysteine-rich protein with Kazal motifs) is a GPI-anchored glycoprotein with MMP inhibitory 

capacity.178 RECK can also suppress endothelial cell migration and angiogenic sprouting, 179 

and therefore it is essential during development as its deficiency leads to embryonic lethality 

around gestational day 10 (E10.5).178 The baseline expression of RECK in the heart is minimal 

106, but it has been shown to be elevated in the right atrium free wall for  patients with atrial 

fibrillation 180, and recent studies have reported a role for RECK in cardiac fibroblast 

migration.181, 182 Several other proteins have also been reported to inhibit MMPs, including a C-

terminal fragment of the procollagen C-terminal proteinase enhancer 183 and the C-terminal 

glycosylated region of the secretory form of the membrane-bound -amyloid precursor protein, 

184 which has been reported to possess MMP2 inhibitory properties. 
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Table 1.1: Genetic manipulation of MMPs and TIMPs in cardiovascular diseases 

 

Gene 

 

Disease model 

 

Disease model, Cardiac phenotype 

 

References 
 

 

 

MMP2-/- 

 

 

 

 Myocardial infarction 

 

 

 LV pressure-overload  

 Improved LV rupture rate and late remodeling but no significant 

change in cardiac function post-MI. 

 

 Improved cardiac function, LV mass and fibrosis following 

pressure-overload. 

185, 186 

 

 
187 

 

MMP2 

overexpression 

 

 Cardiac-restricted 

overexpression 

 

 N-terminal 

overexpression 

 Myocyte hypertrophy, myofilament lysis, sarcomere and 

mitochondrial disruption, fibroblast proliferation at 4 month’s age. 

 

 Impaired contractility. 

 Cardiomyocyte hypertrophy, inflammation, systolic dysfunction. 

188 

 
189 
190 

 

MMP3-/- 

 

 Radiofrequency 

induced myocardial 

injury 

 Improved inflammation and hypertrophy.  

 
191 

MMP7-/- 
 

 Myocardial infarction 
 Improved survival rate, conduction velocity and connexin-43 but 

similar dilatation and post-MI 
192 

MMP8-/-  Viral myocarditis 
 Decreased T-cell infiltration and myocardial fibrosis, with 

reduced viral load post-myocarditis 
193

 

MMP9-/- 

 Myocardial infarction 

 

 Viral myocarditis 

 Reduced LV dilation, decreased collagen accumulation 

 

 Increase in viral infection, exacerbation of heart function, increase 

in LV thickness, fibrosis, T-cell infiltration post viral myocarditis 

194 

 
195 

 

MMP12-/- Viral myocarditis  Early post-infection, higher rate of mortality. 195, 196 
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MT1-MMP +/- 

 

 

 

MT1-MMP 

Overexpression 

 Myocardial infarction 

 

 

 

 Myocardial infarction 

 Heterozygous MT1-MMP deletion improved survival and 

ejection fraction, reduced collagen content and pro-fibrotic 

signalling. 

 

 Cardiac overexpression of human MT1-MMP reduced survival, 

worsened systolic dysfunction, increased collagen content and 

pro-fibrotic signalling.  

197 

 

 

 
198,199 

MMP28-/-  Myocardial infarction 

Increased LV volume, pulmonary edema, reduced ejection fraction, 

worsened remodeling index, impaired M2 macrophage activation and 

fewer myofibroblasts 

 
200 

 

 

TIMP1-/-  

 Aged mice 

 

 Myocardial 

infarction. 

 Viral myocarditis 

 Preserved systolic function but LV dilation at 4 months of age 

 Accelerated LV remodeling, increased dilation following 

myocardial infarction. 

 Improved survival, attenuation of viral myocarditis. 

201 

202, 203 

 

 

 

 

 

TIMP2-/- 

 LV pressure-overload 

 

 

 

 

 Myocardial infarction 

 

 

 Ang II infusion 

 Increased myocardial cross sectional area, suppressed systolic 

function, increased left atrial size, LV dilation, disturbed 

integrinβ1D and ECM interaction with excessive fibrosis 

following pressure-overload 
 

 Increased infarct size, increased LV dilation and reduced EF, no 

change in LV rupture rates. 

 

 Enhanced myocardial hypertrophy, lack of fibrosis, impaired 

active relaxation. 

61 

 

 

204 

 

60 
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TIMP3-/- 

 

 Aging 

 

 Myocardial infarction 

 

 

 Cardiac pressure-overload 

 

 

 

 Ang II infusion 

 At 21 months of age, dilated cardiomyopathy, myocyte 

hypertrophy and contractile dysfunction. 

 

 Decreased survival rate due to LV rupture, increased 

infarct size, exacerbation of systolic and diastolic 

dysfunction. 

 

 Myocyte hypertrophy, severe LV dilation and dysfunction 

 Perivascular and interstitial fibrosis. 

 

 

 Excessive cardiac fibrosis, lack of myocyte hypertrophy, 

LV diastolic dysfunction, increased LV passive stiffness.  

 205-207 

 

 

             206 

 

 

 

 
208 

 

 

 
60 
 

 

 

 

 

 

TIMP4-/- 

 

 

 

 Myocardial infarction 

 

 

 

 Cardiac pressure-overload 

 

 

 

 In vivo  

ischemia-reperfusion 

injury 

 

 Increased rupture, reduced collagen synthesis and collagen 

content. 

 Increased LV dilation and dysfunction 

 

  No change in LV dilation and dysfunction. 

 Increased LV dilation 

 No change in LV dysfunction. 

 

 Enhanced myocardial oxidative stress, inflammation, 

followed by increased cardiomyocyte hypertrophy, 

fibrosis, LV systolic and diastolic dysfunction.  

209 

 
210 

 

 
209 
211 

 

 
12 
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1.5. ECM Microenvironment as a Reservoir 

Subsequent to their production, growth factors are often localized to the ECM basement 

membrane by binding to heparin sulphate proteoglycans (HSPGs) rather than being freely diffused 

in the interstitial space. Among growth factors, transportation of fibroblast growth factors (FGFs) 

through the interstitial space has been most extensively studied. FGF encompasses a large family 

of proteins that are critical in cell proliferation, survival, migration and differentiation during 

development, growth and in disease.212-216 In the cardiovascular system, FGFs are essential in 

embryonic development of the cardiovascular system217-218, and can be protective in 

cardiomyopathies.219-222 Therefore, optimal transportation of these growth factors to the target cells 

is essential. Movement of a number of growth factors (IGFs, FGFs, and TGFs) 223 in the interstitial 

space is controlled by HSPGs, which also orchestrate the binding of these growth factors to their 

receptors on the target cells. 212,213,224,225 The interaction between the growth factors and HSPGs 

offers a number of additional advantages, such as preventing proteolytic degradation 226 and 

hindering passive diffusion 227 of the growth factors, as well as  further serving as a storage site to 

allow their rapid release of growth factors upon demand. Disruption of this association, due to 

compromised ECM integrity, can enhance diffusion and transport of growth factors through the 

interstitial space 228, resulting in excess downstream signaling and adverse outcomes. For instance, 

shedding of syndecan-4, an HSPG and a basement membrane protein, from the myocardial ECM 

correlated with the inflammatory response in the failing human heart and in an experimental model 

of heart disease .229 Further, as discussed earlier, a number of proteoglycans are essential in cardiac 

development, growth and pathology. Therefore, the HSPG-mediated transportation of growth 

factors in the interstitial space is essential in cardiac remodeling.  

In addition to the HSPG-FGF interactions, other components of the ECM can bind to and 

retain cytokines and growth factors in the interstitial space, where they remain inactive until 

released in response to a trigger. For instance, transforming growth factor-β (TGFβ) is secreted 

and sequestered within the ECM by binding to latent TGF-binding peptide (LTBP), an ECM 

protein 230, and is released in response to proteolytic 231-232 or mechanical triggers 233. TGF is a 

multifunctional cytokine and a potent mediator of myofibroblasts transformation and collagen 

production; therefore, its activity needs to be tightly regulated. All three isoforms of TGF  

(TGFβ1, TGFβ2, and TGFβ3) are transcribed with the latency-associated pro-protein (LAP). LAP 
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is cleaved intracellularly but stays associated with TGFβ through a non-covalent bond, forming 

the small latent complex (SLC), and secreted as the large latent complex (LLC) bound to LTBP 

(Latent TGF-Binding Protein) via a disulphide bond. After secretion, LLC is sequestered in the 

ECM through covalent binding to fibrillin, a basement membrane protein and a central component 

of the micro fibrils in elastin fibres. Activation of TGF requires a sequence of proteolytic 

activities that eventually result in the release of the active TGF homodimer (25 kDa) and its 

interaction with the TGF receptors. Proteolytic cleavage of LTBP results in release of the TGF 

homodimer and its subsequent dissociation from LAP or through integrin-mediated processes. 233 

The MMPs that have been identified so far to mediate this process are MMP2, MMP9 and MT1-

MMP. 208, 231 Other proteases such as plasmin and bone morphogenic protein-1 (BMP-1) have also 

been shown to cleave the LTBP-ECM bond, but only inhibition of MMPs prevented the release of 

the TGF homodimer from LAP. 234 This highlights an important notion that MMPs can contribute 

to synthesis and production of the ECM proteins, through activation of the TGF pathway, 

therefore defying the traditional dogma that recognizes MMPs only as matrix-degrading enzymes.   

Once the TGF homodimer is released from the latent complex, it the homodimer binds to 

its receptors (TGFRI/II) and initiates the activation of the downstream pathways (Figure 1.4). 

TGF binds to TGFRII, which then dimerizes with and phosphorylates TGFRI, inducing 

intracellular signaling pathways, the canonical Smad pathway, and the non-canonical MAPK 

pathways (ERK, JNK and p38) 235-236. In canonical TGF signaling, the TGFRI/II complex 

phosphorylates Smad2/3 on the serine residue, which then forms a heterotrimeric complex with 

Smad4. Smad4 translocates into the nucleus and induces transcription of the target genes including 

collagen, elastin and MMPs. 237  

TGF also induces the expression of inhibitory Shads, Smad6 and Smad7, which prevent 

activation of Smad2/3 and their interaction with Smad4, thereby acting as an autoinhibitory 

feedback mechanism. 238 In non-canonical TGF signaling, TGF binds to TGFRI, resulting in 

tyrosine phosphorylation of this receptor, allowing it to recruit and directly phosphorylate SchcA 

proteins.  
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Figure 1.5: TGFβ pathway- Activation of TGFβ and its downstream signaling pathway leads 

to synthesis of ECM regulatory genes and thereby contributes to cardiac fibrosis. Extracted 

from Takawale et al 79 

1.7. Adverse ECM Remodeling 

A common feature of heart failure is a disrupted structure or compromised integrity of the 

ECM. Excess accumulation of ECM proteins, or fibrosis, has been clearly linked to myocardial 

stiffness, and diastolic and systolic dysfunction.239 On the other hand, excess degradation of the 

ECM can also negatively impacts myocardial compliance, structure and function with adverse 



 

32 
 

outcomes 67,75,135,198,240,241 As ECM provides structural support as well as regulating bioavailability 

of a number of growth factors and cytokines, intact ECM integrity is critical for optimal cardiac 

function. 

In heart disease, depending on the initiating cause(s), adverse ECM remodeling could 

involve excess deposition of ECM proteins leading to fibrosis, or aberrant degradation and 

disruption of the ECM network structure. In general terms, myocardial fibrosis often occurs in 

response to an increased afterload and increased myocardial stiffness, which can lead to diastolic 

dysfunction, with or without systolic dysfunction. Inversely, volume overload leads to disruption 

of the ECM network, ventricular dilation and systolic dysfunction mainly due to cardiomyocyte 

slippage and loss of cell-ECM connections. Moreover, it is not uncommon for both types of 

adverse ECM remodeling to take place within the same heart, resulting in a complex systolic and 

diastolic dysfunction. 61. Cardiac fibroblasts (cFBs) are the primary source of ECM proteins. 9, 242 

In response to appropriate stimuli, cFBs can differentiate into the more mobile and contractile 

myofibroblasts (myoFBs) with enhanced ability to produce ECM proteins. 9, 243 In addition, other 

cell types such as inflammatory cells and endothelial cells can transform into myofibroblasts. 9 

 

1.7.1. Different types of myocardial fibrosis and impact on cardiac function 

 

Heart failure is a complex progressive syndrome that can be initiated by a number of factors 

such as hypertension, valvular disorders, viral myocarditis, ischemic or dilated cardiomyopathies. 

244, 245 A common characteristic among different types of heart diseases is fibrosis.9, 246 Myocardial 

fibrosis impairs myocardial compliance, and can alter cardiac structure and function. It can lead to 

diastolic dysfunction, abnormal left ventricular (LV) filling, reduced LV compliance, and 

increased diastolic pressure. These series of effects may occur in patients with normal LV ejection 

fraction (EF) and can eventually lead to heart failure with preserved EF (HFpEF).247 Patients with 

HFpEF have similar hospital re-admission rates as patients with HF and reduced EF (HFrEF), 

while worsening of diastolic dysfunction has been shown to be an independent predictor of 

mortality.248 However, different therapeutic approaches are required for each type of HF. 

Therefore, an understanding the molecular mechanisms underlying different types of myocardial 

fibrosis in a disease-dependent fashion is critical in developing effective therapies. A thorough 
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assessment of collagen turnover and factors that disturb this balance in HF, using animal models, 

can translate into significant contributions to the advancement of clinical care of HF patients.  

The underlying molecular mechanism and the functional consequences of fibrosis can be 

different in different types of heart disease. For instance, after acute MI, necrotic cardiomyocyte 

loss sets off a cascade of events leading to recruitment of inflammatory cells, MMP release and 

ECM degradation, fibroblast transdifferentiation and proliferation, leading to production of new 

ECM proteins to replace the lost cardiomyocytes with fibrotic scar tissue, also known as 

‘reparative fibrosis’. The degradation products of the original ECM in the infarcted myocardium 

serve as chemoattractants that trigger infiltration of inflammatory cells into the site of injury. 249 

These inflammatory cells release a number of factors including cytokines and MMPs, while a 

subpopulation of the infiltrated cells transforms into myofibroblasts.137 These cells produce 

collagen and other ECM proteins, thereby playing a critical role in formation of the scar 

(infarction) tissue that  replaces the necrotic myocardium.250 The ECM in the myocardium remote 

to the infarct zone also undergoes remodeling mainly in response to mechanical strain due to 

altered compliance of the infarcted myocardium and neurohormonal stimuli triggered by the 

ischemic injury. 251 After the scar is formed at the injured sites, myofibroblasts return to a quiescent 

phenotype. However, unlike the wound healing response in static tissue such as skin, prolonged 

collagen production by the expanded population of myofibroblasts in infarcted myocardium results 

in infarct expansion, LV dilation and eventually suppression of systolic function and eventually 

HF.  Therefore, the initial fibrotic response following myocardial infarction is a healing process 

and its interruption can lead to cardiac rupture with devastating outcomes.  

Myocardial ECM remodeling following cardiac pressure-overload, secondary to aortic 

stenosis or hypertension, is often a reactive process where interstitial and perivascular fibrosis 

occur in the absence of myocyte necrosis or loss. This process is driven predominantly by 

neurohormonal stimuli. The impacts of Ang II, aldosterone, salt loading and nephrectomy have 

been extensively investigated on collagen deposition in hypertensive and pressure-overload-

induced cardiomyopathy.252-255 All major components of the renin-angiotensin-system (RAS) 

exhibit profibrotic activities, and angiotensin converting enzyme inhibitors (ACEi) 256 and 

angiotensin receptor blockers (ARBs) 257 have had beneficial effects in heart disease patients. In 

the RAS system, Ang II is a major contributor to myocardial hypertrophy, fibrosis and 

remodeling.146 In severe cases of hypertensive cardiomyopathy, myocyte necrosis can occur due 
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to catecholamine or Ang II-mediated toxicity and damage to coronary arteries resulting in a 

combination of reparative and reactive fibrosis in the myocardium. 146, 258  

 

Table 1.2: Types of fibrosis in cardiovascular pathologies 

 

 

Inflammatory dilated cardiomyopathy, or myocarditis, accounts for about one-tenth of HF 

cases 259. Myocarditis usually results from infection with viruses, most commonly coxackievirus 

B (CVB), and is often associated with autoimmune responses against heart tissue. Chronic 

myocardial inflammation leads to fibrosis LV dilation, and impaired contractility. Similar to MI, 

Cardiac pathology Type of 

fibrosis 

Cardiac events and altered functions 

Myocardial infarction  

 

 

Reparative 

fibrosis 

i. Death of myocytes induces inflammatory 

cell infiltration. 

ii. Secreted pro-inflammatory cytokines induce 

fibroblast-myofibroblasts differentiation. 

iii. Newly synthesized and secreted ECM by 

myofibroblasts forms a scar which replaces 

the lost myocytes. 

iv. Persistent activation of myofibroblasts in the 

scar further expands in the infarct, leading to 

mechanical strain, LV dilation and systolic 

dysfunction and heart failure. 

Cardiac pressure- 

overload 

(Aortic stenosis or 

hypertension) 

 

 

Reactive 

fibrosis 

i. Mediated by neurohormonal stimuli such as 

angiotensin-II, or aldosterone.  

ii. Stimuli trigger myofibroblast differentiation 

and collagen synthesis leading to deposition 

of collagen initially in perivascular spaces 

and later in interstitial spaces leading to 

altered myocardial stiffness and dysfunction. 

Severe hypertensive 

cardiomyopathy 

Reactive and 

reparative 

fibrosis 

In severe hypertension, coronary damage leads to 

myocyte necrosis, triggering reparative fibrosis 

(similar to MI) while neurohormonal stimuli trigger 

reactive fibrosis. 

Myocarditis Reparative 

fibrosis 

Myocyte loss due to chronic myocardial 

inflammation initiates reparative fibrosis similar to 

that post-MI which eventually leads to LV dilation 

and heart failure. 
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myocardial fibrosis associated with myocarditis is reparative fibrosis that replaces the lost 

cardiomyocytes due to inflammation and apoptosis, to maintain cardiac structure and function. 

Myocardial fibrosis following myocarditis is mediated by the action of infiltrating immune cells 

that can either transform to pathogenic myofibroblasts or produce cytokines and other 

inflammatory mediators that activate the resident cardiac fibroblasts to myofibroblasts. 195, 260 In 

such cases, the pathological remodeling of the myocardial matrix and tissue continues after 

inflammation is resolved. TGF and IL-1 have been identified as cytokines that promote 

myocardial fibrosis in inflammatory cardiomyopathy by converting fibroblasts or inflammatory 

cells to myofibroblasts260, 261, stimulating cardiac fibroblast migration, collagen synthesis and 

expression of MMPs and TIMPs.217, 262, 263 Studies on an experimental model of myocarditis 

induced by coxsackievirus B3 (CVB3) have shown suppressed cardiac function and 

hemodynamics, elevated cytokine levels, increased MMP2, -3, -8 and TIMP1 levels264, elevated 

MMP2, MMP9 and MMP12 and reduced TIMP3 and TIMP4 levels265, or elevated MMP2, -3, 8, 

9, 13, TIMP1 and TIMP2 levels.266 Interestingly, despite elevated MMP levels in myocarditis, 

deletion of MMP2267, MMP8, MMP9-268 or MMP12196 led to exacerbation of inflammation and 

adverse outcomes following CVB3 infection. Therefore, the elevated MMP levels in response to 

myocardial inflammation are perhaps a protective mechanism in resolving the inflammation within 

the myocardium. Overexpression of TIMP1 was protective against cardiac inflammation, fibrosis 

and dilation mainly by preventing cleavage of MMP zymogens.266 Matricellular proteins are also 

important contributors to ECM remodeling in myocarditis.269 Mice lacking thrombospondin-2, a 

glycoprotein that mediates cell-matrix interactions, exhibited enhanced cardiac inflammation, 

dilation and dysfunction following CVB3 infection, mainly due to suppressed activation of anti-

inflammatory T-regulatory cells.270 On the other hand, ablation of osteopontin, a matricellular 

protein that mediates stabilization of collagen fibres, hindered macrophage infiltration and 

suppressed myocardial fibrosis. 271  

Studies on genetically-modified mice have provided valuable information on functional 

impact of reparative versus active fibrosis in different types of heart disease. Interruption of 

myocardial fibrosis in mice lacking SPARC or OPN, mediators of post-translational regulation 

and stabilization of collagen fibres, led to an increased rate of LV rupture and adverse outcomes 

post-MI.83-85 However, following cardiac pressure-overload, lack of OPN or SPARC attenuated 

myocardial fibrosis with beneficial outcomes such as lack of myocardial hypertrophy and reduced 
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diastolic stiffness. 272-273 These studies demonstrate the differential impact of replacement fibrosis 

post-MI versus reactive fibrosis following mechanical stress in the heart and the important role of 

post-translational modification of collagen in these processes. 

  

1.8. Targetting MMPS OR TIMPS as Therapy for Heart Disease  

A considerable amount of knowledge has been gained in that past couple of decades on the 

function and contribution of MMPs and TIMPs to development and progression of heart disease. 

While the initial intention in manipulating these molecules was to alter ECM composition and 

integrity, novel ECM-independent function of these molecules have also been revealed. The 

MMPs that have been studied and identified so far to be involved in pathological myocardial 

remodeling or other aspects of heart disease include MMP1, MMP2, MMP3, MMP7, MMP8, 

MMP9, MMP12, MMP13, MMP28 and MT1-MMP.142, 199-200, 274 Moreover, unlike the initial 

belief that all TIMPs serve a similar function, each TIMP has been shown to play distinct functions 

in cardiovascular pathologies. To date, at least 56 MMP inhibitors have been recognized as clinical 

candidates, among which 10 have been found to be potentially suitable for cardiovascular diseases 

275, while clinical data has been published on only 3 of these compounds, plaque destabilization 

(MIDAS)276, stent restenosis (BRILLIANT)277, and post-ischemic myocardial remodeling 

(PREMIER)278, all of which reported a lack of or marginal beneficial effects of MMP inhibition. 

The major reason for failure of clinical trials of MMP inhibitors has been inadequate assessment 

of therapeutic index due to attempt to avoid musculoskeletal side effects.275 Due to the side effects 

of systemic MMP inhibition, and the associated complications in reaching the effective dose, and 

as animal studies on MMP-deficient mice have revealed that complete inhibition of MMPs is not 

a suitable intervention (Table 1), the complete inhibition of MMPs is not a suitable treatment 

strategy for heart disease. In addition, based on the negative outcomes of the few clinical trials 

using MMP inhibitors, despite the experimental design limitations, it is highly unlikely that 

pharmaceutical companies will invest in an MMP inhibitor as a therapeutic approach for heart 

disease. 

Another group of ECM-regulatory proteins that are also altered in heart disease are TIMPs, 

and while TIMP levels are altered in heart disease, TIMP-deficiency adversely impacts the 

outcomes in heart disease. Therefore, replenishment of TIMPs in the diseased myocardium could 
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provide an alternative therapeutic approach for limiting myocardial injury, e.g. infarct expansion 

in ischemic cardiomyopathy. Moreover, to avoid systemic side-effects such as those associated 

with MMPi treatments, targeted therapy could be a more effective alternative. Injectable acellular 

hydrogels, consisting of both synthetic and natural materials, have been proposed as suitable 

medium for delivering therapeutic agents into the myocardium.279  In fact, intramyocardial 

injection of hydrogels containing collagen post-MI improves scar thickening and function280, 

prevents LV dilation281 and induces angiogenesis282 in mice. Therefore, replenishment of reduced 

levels of TIMPs using a gene delivery or hydrogel approach could provide alternative therapeutic 

approach for treating ischemic cardiomyopathy. 

 

1.9. Hypothesis  

Recent studies have shown that TIMPs have a number of additional functions apart from 

their traditional MMP inhibitory properties.60 121  It has been shown that TIMP2 and TIMP3 have 

divergent roles in heart disease.60, 283 TIMP3 and TIMP4 levels are reduced shortly after post-MI 

284 and therefore replenishing these TIMPs after MI could offer a therapeutic alternative for 

patients with heart attack. Also, TIMP4 shows higher expression in the heart and has been reported 

to have unique intracellular localization,285 as well as  reported to inhibit intracellular MMP2, 

thereby preventing myocardial I/R injury in a rat model.285 Meanwhile, TIMP1 is the only TIMP 

used as a biomarker for tissue fibrosis and its elevated levels have been correlated with diastolic 

dysfunction as well as various organ fibrosis.286, 287 Hence, considering these divergent roles of 

TIMP1, TIMP4 and TIMP3 in heart diseases, we hypothesized that these TIMPs could have 

different roles in heart failure depending on the type of cardiac injury.  

 

1.10.  Rationale 

Project 1: TIMP4 exhibits a tissue-specific expression pattern with higher expression in 

heart and brain compared with all other tissues. It has been reported to be present intracellularly in 

rat cardiomyocyte.285 In an ex vivo rat model of I/R, TIMP4 was found to be released from the 

myocardium along with loss of contractile proteins.21 TIMP4-/- mice have been reported to have 

more LV rupture without deteriorating LV function as compared with WT mice in a mouse model 
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of myocardial infraction.209 Therefore, tissue-specific expression and unique intracellular 

localization indicate a potential role of TIMP4 in myocardial I/R. 

Project 2: In a mouse model of myocardial infarction, TIMP3 deficiency causes 

exacerbation of systolic as well as diastolic dysfunction206, while TIMP4 deficiency results in 

increased LV rupture rate.209 Similarly, TIMP3 and TIMP4 levels are reduced shortly after post-

MI. Therefore, restoring these reduced levels of TIMPs post-MI using adenoviral- mediated gene 

delivery may provide a new therapeutic alternative for LV remodeling.  

Project 3: In heart failure patients, TIMP1 has been shown to be a useful marker for tissue 

fibrosis. TIMP1 levels increase in response to hypertrophy288 and fibrosis.286 In patients with 

hypertension and normal ejection fraction289 and with aortic stenosis, elevated TIMP1 levels have  

been proposed to prevent collagen degradation, thereby promoting myocardial fibrosis.290 Various 

heart disease animal models and patient studies show that myocardial fibrosis is associated with a 

rise in mRNA expression as well as protein levels of TIMP1. But the exact role of TIMP1 as a 

disease marker, whether only a bystander in cardiac remodeling or a key player in promoting 

cardiac fibrosis, has not been determined. Therefore, it is necessary to elucidate the exact role of 

TIMP1 in cardiac fibrosis.  

1.11 Objectives 

The aim of the research in this thesis was to identify the novel roles of TIMP1, TIMP3 and 

TIMP4 in common heart diseases, specifically I/R, MI and pressure-overload cardiomyopathies. 

The following chapters will present details of the investigation of the role and therapeutic potential 

of TIMPs, using TIMP4-/- and TIMP1-/- mice, and adenovirus-mediated TIMP4 and TIMP3 

delivery approach post-MI, and utilization of end stage failing heart specimens from patients with 

ischemic or dilated cardiomyopathy. We investigated the proteolytic regulation of the ECM, 

MMP-independent functions of TIMPs and the ways TIMPs could provide a novel therapeutic 

alternative. The underlying mechanical and structural basis for development of heart failure is 

diverse and therefore understanding of mechanisms responsible for progression of heart diseases 

is important for developing preventive and therapeutic strategies.  Depending on stimulus, heart 

failure progression results in changes in the structure and composition of the LV myocardium 

resulting in adverse LV remodeling.291-293 These changes cause alterations in the structure and 

function of cardiomyocyte, the vascular compartment as well as extracellular matrix composition. 
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It has been proven that fundamental defects in myocyte structure and function play a major role in 

development and progression of heart failure293-294 with growing evidence suggesting that ECM 

mediates both biological and mechanical signals. 199,295-296 The adverse LV remodeling is 

associated with poor patient outcomes in ischemic heart diseases, cardiac hypertrophy and fibrosis. 

Therefore, understanding the detailed role of ECM regulatory proteins in adverse LV remodeling 

and during progression of heart failure is necessary.   
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CHAPTER 2 

 

MATERIALS AND METHODS 
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2.1. Animal Care 

 

Wild type (WT) and TIMP1-deficient (TIMP1-/-) male mice, in C57BL/6 background, were 

purchased from Jackson Laboratories and bred in house in the animal facility of the University of 

Alberta. TIMP4-/- mice were obtained from Texas A&M Institute for Genomic Medicine (TIGM) 

and backcrossed into C57BL/6 background as reported previously.297 All animal experiments were 

carried out in accordance with Canadian Council on Animal Care Guidelines and regulations of 

Animal Care and Use Committee (ACUC) at University of Alberta. 

 

2.2. Experimental Animal Disease Models 

 

2.2.1. In vivo myocardial ischemia-reperfusion (I/R) injury 

In vivo ischemia-reperfusion (I/R) was induced in 10-11 week-old male mice of either 

genotype by temporary ligation of the left anterior descending artery as before. 298-299 In 

anesthetized, intubated and ventilated mice, the left anterior descending artery 298 was ligated with 

a 7-0 silk suture for 20 minutes or 30 minutes to induce ischemia,300 and reperfusion was initiated 

by releasing the ligation. The chest was closed and mice were allowed to recover on heating pad. 

 

2.2.2. Isolated heart ischemia-reperfusion (Ex vivo) 

Male WT and TIMP4-/- mice, at 10-11 weeks of age, were heparinized (1000 IU/kg, IP) 

and anesthetized with 2% isoflurane. Hearts were quickly excised, mounted on a Langendorff 

apparatus and perfused at a constant pressure of 80 mmHg with modified Krebs-Henseleit (K-H) 

solution (in mM: 116 NaCl, 3.2 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 11 glucose, 1.5 CaCl2, 

2 pyruvate), continuously oxygenated with 95% O2 and 5% CO2 to maintain a final pH of 7.4, at 

37oC.299 EDTA was not included in the perfusion solution since its MMP-inhibitory properties 

would interfere with the objective of our study to decipher the role of TIMP4 in I/R. A water-filled 

balloon was inserted into the LV chamber, and connected to a pressure transducer, to record the 

changes in LV pressure using the Power Lab system (AD Instruments, Australia). After 15 minutes 

of baseline recording, hearts were subjected to 20 minutes (or 30 minutes) of global ischemia 

(while submerged in warm 370C K-H solution), followed by 45 minutes of reperfusion. The 

coronary effluent was collected from each heart prior to ischemia, and at different times after 
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reperfusion, and stored at -80o C and later used to determine creatine kinase levels, as a measure 

of myocyte death, using a commercial kit (BioAssay).  

 

2.2.3. Transverse aortic constriction (TAC)-induced pressure-overload  

Cardiac pressure-overload was induced in male WT and TIMP1-/- mice (8-10 weeks age) 

by transverse aortic constriction (TAC) as described previously.61, 301-302 Anesthetized and 

intubated mice underwent partial thoracotomy at the second rib, a blunt 27-gauge needle was 

placed next to the aortic arch between the left carotid artery and the brachiocephalic trunk, and a 

suture was then tied around the needle and aorta. The needle was quickly removed to resume blood 

flow through the aorta. This constriction consistently generates a pressure gradient of 55-60 

mmHg. The thorax was then sutured in layers and Buprenorphine (1.3 µg/25g mouse, 100µL) was 

administered as post-surgery analgesic. The mouse was allowed to recover on a heating pad.  

At the indicated time-points, hearts were excised, either froze in OCT medium, or formalin-

fixed and processed for immunohistochemical analyses. Alternatively, hearts were excised and 

flash-frozen for molecular analyses (Figure 2.4.D). 

 

2.2.4. Angiotensin II (Ang II) induced cardiac fibrosis 

Male 8-9 weeks old mice of either genotype received angiotensin II (Ang II, 1.5 

mg/kg/day) or saline by Alzet micro osmotic pumps (Model 1002, Durect Co.) implanted dorsally 

and subcutaneously (under 2% isoflurane anesthesia).60,299 MMP inhibitor, PD166793 (30 

mg/kg/day) was administered by daily gavage in parallel groups of WT and TIMP1-/- throughout 

the 2 weeks of Ang II/saline infusion.206-207  

At the indicated time-points, hearts were excised, either frozen in OCT medium, or 

formalin-fixed and processed for immunohistochemical analyses. Alternatively, hearts were 

excised and flash-frozen for molecular analyses (Figure 2.4.D). 

 

2.2.5 In vivo animal model for myocardial infarction and intramyocardial injections 

of adenovirus encoding human TIMP3 (Ad-hTIMP3), TIMP4 (Ad-hTIMP4) and null (Ad-

null) 

Male wild type mice of 8-10 weeks of age were subjected to myocardial infarction by left 

anterior descending artery ligation as before. 298,204, 303  Immediately after LAD ligation, adenovirus 
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expressing human TIMP3 (Ad-hTIMP3) and human TIMP4 (Ad-hTIMP4) was injected in peri 

infarct regions at five different spots (5.54 ×107, 5µl/spot). A control group received only 

adenovirus (Ad-null). A separate set of mice received 10-times higher dose of Ad-null and Ad-

hTIMP3 (5.54 ×108, 5µl/spot) to study dose-dependent effect of Ad-null and Ad-hTIMP3 post-

MI. At 1 week post-MI, heart function were assessed using echocardiography.303, 304 Ad-hTIMP3, 

Ad-hTIMP4  and Ad-Null were kind gifts from Dr. Douglas L. Mann (Washington University 

School of Medicine at St. Louis).305 

 

2.3. Human Explanted Heart Tissue 

 

Cardiac tissues from patients with post-MI and dilated cardiomyopathy heart failure were 

collected from the explanted hearts at the time of cardiac transplantation as part of the Human 

Explanted Heart Program (HELP) at the Mazankowski Alberta Heart Institute (Edmonton, AB). 

Non-failing control hearts were obtained through the Human Organ Procurement and Exchange 

(HOPE) program (Edmonton, AB). All experiments were performed in accordance with the 

institutional guidelines and were approved by Institutional Ethics Committee. Informed consent 

was obtained from all subjects. 

 

2.4. In vivo Cardiac Structure and Function Assessment 

 

2.4.1 Echocardiographic imaging 

Systolic and diastolic cardiac function were measured by non-invasive echocardiographic 

technique, equipped with a 30-MHz transducer (RMV-707B, Visual Sonics, Toronto, ON Canada) 

as described previously.206, 303 For WT and TIMP4-/- mice, echocardiography was performed using 

Vevo 770 imaging system at 1 week and 4 weeks post-I/R while for Ad-hTIMPs injected mice or 

WT and TIMP1-/- mice Vevo 2100 or Vevo 3100 imaging systems were  used at 1 week post-MI, 

2,5 and 9 weeks post-TAC or 2 weeks post-Ang II. Mice were placed on heating pad under 0.75-

1% isoflurane anesthesia, temperature maintained at 36-370 C and ultrasound gel was placed on 

the chest. An ultrasound probe was placed in contact with ultrasound gel and scanning was 

performed over 30 minutes. Body temperature, heart rate was constantly monitored during 

ultrasound imaging. 



 

44 
 

 LV wall thickness and chamber sizes such as LV end-diastolic diameter (LVEDD) and 

LV end systolic diameter (LVESD) were obtained from M-mode images. Qualitative and 

quantitative measurements were made using analytical software offline and LV ejection fraction 

was calculated from M-mode images for Ang II, TAC and corresponding sham mice. 61  

For post-MI and post-I/R, the wall motion score index was used to calculate LV EF and 

Simpson’s method was used for calculation of LV systolic and diastolic volume according to 

American Society of Echocardiography which recommended 17 segment LV model where 1= 

normal wall motion, 2= hypokinetic segment, 3= akinetic segment, 4= dyskinetic segment and 5= 

aneurysmal segment. This 17-segments model is validated in mice model of MI. An increase in 

wall motion score index (WMSI) (>1) indicates suppressed LV systolic wall. 206,303 
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FIGURE 2.2: EX VIVO  MODEL OF MYOCARDIAL ISCHEMIA-REPERFUSION INJURY 
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FIGURE 2.3: INTRAMYOCARDIAL INJECTION OF hTIMP3 AND hTIMP4 

IN MOUSE MODEL OF MYOCARDIAL INFARCTION 
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FIGURE 2.5: CARDIAC FIBROBLAST ISOLATION EXPERIMENTAL 
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Diastolic function were assessed using transmitral Doppler filling pattern with early transmitral 

filing wave (E wave) followed by late filling wave (A wave) due to atrial contraction. Isovolumic 

relaxation time (IVRT) was calculated as time from closure of aortic valve to initiation of E wave.  

2.4.2 Pressure-volume (PV) loop analysis  

WT and TIMP1-/- mice were anesthetized with 2% isoflurane and hemodynamic pressure-

volume (PV) measurements post-TAC/sham were measured using 1.2F Scisense catheter 

connected to an amplifier (TCP-500 Scisense Inc.).299 After baseline PV loop measurements, end-

diastolic (EDPVR) and end-systolic (ESPVR) PV relationships were derived during transient 

occlusion of inferior vena cava and infra renal occlusion respectively.306 

 

2.5. Isolation and Culture of Mouse Adult Cardiac Fibroblasts (cFB) 

 

Adult cFB were isolated from WT and TIMP1-/- mice as described previously.12,60 Briefly, 

10-11 week-old mice were heparinized (0.05 mL i.p. injection of 1000 USP/L heparin) and 

anesthetized with 2% isoflurane. The heart was quickly excised and perfused with perfusion buffer 

at a constant flow (4 mL/minute), after 10 minutes, perfusion buffer was replaced with digestion 

buffer (containing collagenase type 2, Worthington). Subsequently, LV was separated, and gently 

dissociated into small pieces in stopping buffer (perfusion buffer containing 10% FBS). Cardiac 

myocytes and fibroblasts were separated using differential centrifugation. Fibroblasts were 

cultured in DMEM media containing 10% FBS. Fibroblasts were used at second passage, and 

serum-deprived for 24 hours prior to experiments. Fibroblasts from WT and TIMP1-/- mice were 

treated with TGFβ (10 ng/mL) or Ang II (1 µM/mL) for 24 hours. Cells were then harvested and 

flash-frozen for co-IP experiments, or fixed in 4% paraformaldehyde (PFA) for immunostaining 

and proximity ligation assay.12, 60 

 

2.6. Isolation and Culture of Adult Cardiac Fibroblasts (cFB) and Myocytes (cMYO) and 

Hypoxia Treatment 

 

cFB and cMyo were isolated from adult WT and TIMP4-/- mice as previously described.60, 

307,308, 309 Briefly, 10-11 week- old mice were injected with 0.05 mL of 1000 USP/mL heparin 15 

minutes prior to being anesthetized with 2% isoflurane. Once the animal was deeply anesthetized, 
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the heart was quickly excised and perfused at a constant flow (4 mL/min) with perfusion buffer 

followed by digestion solution containing collagenase type 2 (Worthington). After digestion, the 

LV was separated and dissociated into small pieces using forceps and a transfer pipette in stopping 

buffer (perfusion buffer containing 10% fetal bovine serum (FBS). cMyo and cFB were separated 

by differential centrifugation. cFB were centrifuged (1,500 rpm) and plated in culture dishes with 

DMEM + 10% FBS in a humidified incubator (37°C, 5% CO2). All cFB were used at second 

passage. Fibroblasts were cultured under serum deprived for 24 hours. Cardiomyocytes were 

subjected to an increasing concentration of Ca2+ ions prior to culture in plating media (DMEM 

with 10% FBS, Gibco) and cultured in laminin-coated plates in plating media (37°C, 2% CO2) for 

90 minutes. The medium was then replaced with culture medium (DMEM with 0.1% BSA) 

overnight.  

For hypoxia treatment, the cells were cultured in DMEM (cFBs) or culture medium (cMyo) 

and put in hypoxic incubator (1% O2) for 24 hours. For ischemia, cells were cultured in Kreb’s 

modified buffer (120.4 mM NaCl, 14.7 mM KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4, 1.2 mM 

MgSO4-7H2O, 10 mM Na-HEPES, 4.6 mM NaHCO3 and 1 mM CaCl2) for 5 hours in hypoxic 

incubator. During I/R protocol, cells were subjected to 5 hours of ischemia in hypoxic incubator 

followed by 24 hours reperfusion using DMEM (cFBs) or culture medium (cMyo) in normoxic 

incubator. During cytokine treatment, cFBs and cMyos were treated with IL6 (10 ng/ml), MCP1 

(10 ng/ml) or both for 24 hours.310-311 At the end of all protocols, cells were harvested and RNA 

was extracted using Trizol as  described previously.  

 

2.7. In vitro Angiogenesis Assay 

 

In vitro angiogenic function of recombinant TIMP3 (rTIMP3) was determined using 

human umbilical vein (HUVEC) 312-314 and human coronary artery endothelial cells (HCAEC, 

purchased from ATCC). Cytodex 3 microcarrier beads were coated with endothelial cells by 

incubation at 37o C in 5% CO2 for 4 hours. The coated beads were then transferred to tissue culture 

flasks, incubated for 2 hours, then washed with PBS and mixed with fibrinogen solution (2 mg/mL) 

containing 0.15 U/mL aprotinin. In 24-wells plates, 500 µL of EC-coated beads and fibrinogen 

solution were mixed with 0.625 U/mL of thrombin for polymerization and incubated for 15 

minutes. 3D culture was maintained in M199 culture medium with 50 ng/mL VEGF. After 24 
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hours, cells were observed under microscope, z-stack images were captured, and sprout length and 

sprout number were measured per bead.   

 

2.8. Morphological Analysis 

 

2.8.1 Trichrome staining 

Freshly excised hearts were arrested in diastole with 1 M KCl, fixed in formalin, paraffin 

embedded and stained for Masson Trichrome at Alberta Diabetes Institute, Histology Core, 

University of Alberta, Edmonton, AB, Canada. All images were captured with a Leica DM4000B 

microscope using Infinity Capture Software (Lumenera, Ottawa, ON, Canada).  

 

2.8.2 Picrosirius red staining 

Picrosirius red staining for myocardial collagen deposition was performed on 5µm paraffin 

embedded heart sections.60, 306 Briefly, the sections were dewaxed in xylene and brought down to 

water through graded alcohols and incubated with celestin blue + ferric ammonium sulphate 

solution and washed with acid alcohol. The sections were then incubated in 0.1% 

phosphomolybdic acid 99 solution in dark for 45-60 minutes and then again incubated for 90 

minutes in Sirius red and picric acid solution. Later, the sections were dehydrated using alcohol 

and cleared in xylene and mounted with histomount (National Diagnostics; 1330-20-7). The 

sections were imaged using Metamorph Basic software (version 7.7.0.0) and myocardial collagen 

content was quantified using same software. 

 

2.8.3 Wheat glut agglutinin staining 

Wheat glut agglutinin (WGA) staining to assess myocardial hypertrophy was performed 

on 5µm paraffin embedded heart sections from WT, TIMP4-/- sham and post-I/R (1week and 4 

weeks) as well as from WT and TIMP1-/-  sham and post-TAC (5 and 9 weeks) by measuring 

myocardial cross sectional area.304,300 Briefly, the sections were dewaxed in xylene and brought 

down to water, washed with PBS and incubated with 4% bovine serum albumin for 1-1.5 hours at 

room temperature. The WGA (Thermofisher, W7024) then diluted in 2% bovine serum albumin 

and then sections incubated with WGA for 30 minutes at room temperature, washed with PBS and 

mounted with Prolong Gold antifade mounting medium containing DAPI (Life Technologies). The 
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sections were imaged using Metamorph Basic software (version 7.7.0.0) and myocardial cross 

sectional area was measured using same software. 

The infarct area and viable myocytes post-MI from Ad-hTIMP3 and Ad-null groups were 

assessed by co-staining of WGA (stains myocyte membrane) and Phalloidin (stains for actin). The 

sections were dewaxed in xylene and brought down to water through graded alcohols, washed with 

PBS and incubated with 4% bovine serum albumin for 1-1.5 hours at room temperature. The 

sections were incubated with Phalloidin (Thermofisher, A12379) at 1:40 dilution at room 

temperature for 30 minutes. After that, these sections were washed with PBS (3× 5 minutes) and 

incubated with WGA for 30 minutes and again washed with PBS which were mounted usin 

Prolong Gold antifade mounting medium containing DAPI (Life Technologies). The sections were 

imaged using Metamorph Basic software (Version 7.7.0.0).  

 

2.9. Immunostaining 

 

2.9.1 Neutrophil and macrophage immunostaining 

The neutrophil staining was performed from WT and TIMP4-/- sham and post-I/R (1 day) 

as well as Ad-hTIMP3 injected and Ad-null control group at 3 days post-MI while macrophage 

staining was performed on Ad-hTIMP3 injected and Ad-null control group at 3 days post-Ml.60, 

303, 315  

Five-µm thick paraffin (for WT and TIMP4-/- post-I/R) sections were dewaxed in xylene 

and brought down to water through graded alcohol. Sections were then pretreated with 1% pepsin 

in 0.01N HCl at pH 2.0 for 15 minutes at 37°C. For Ad-hTIMP3 and Ad-null, 5 µm thick OCT 

sections were used. The sections were fixed in 4% paraformaldehyde, washed with PBS, 

permeabilized with 0.1% Triton X-100 and then incubated with 4% BSA for non-specific blocking. 

Both OCT and paraffin sections were incubated with anti-mouse neutrophil (Serotec: 

MCA771GA) and macrophage CD68 antibody (Serotac 1957A) overnight. On day 2, after 

washing with PBS (3 × 5 minutes) sections were incubated with fluorescent secondary Cy3 

antibody at 370 C for 1 hour. Sections were washed again and mounted with Prolong Gold antifade 

mounting medium containing DAPI (Life Technologies). The sections were imaged using 

Metamorph Basic software (version 7.7.0.0) and total number of neutrophils were measured using 

same software. 
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2.9.2 CD63, integrinβ1 immunostaining and co-immunostaining 

Immunostaining for CD63 and integrinβ1 was performed in OCT-embedded hearts (sham 

and TAC) and cardiac fibroblasts (saline, Ang II and TGFβ1) from WT and TIMP1-/-. Briefly, the 

5 µm thick sections cryosections were fixed with 4% paraformaldehyde, permeabilized with 0.1% 

Triton X100, and blocked with 4% bovine serum albumin at room temperature.303, 304 Sections 

were then incubated with primary antibodies for CD63 (R&D Mab5417; Novus NBP2-32829) and 

integrinβ1 (Millipore Mab 1900) overnight (4°C in a humidified chamber), then washed and 

incubated with respective secondary antibodies for 1 hour at 37° C and washed with PBS. Sections 

were mounted in Prolong Gold antifade mounting medium containing DAPI (Life Technologies). 

The sections were imaged using Metamorph Basic software (Version 7.7.0.0).  

Co-immunostaining for CD63 and integrinβ1 in WT and TIMP1-/- post-TAC hearts and 

cardiofibroblats treated with Ang II and TGFβ1 was performed as described above. The primary 

antibodies for CD63 and integrinβ1 were mixed and sections were incubated overnight followed 

by respective secondary antibodies, and mounted with Prolong Gold antifade mounting medium 

containing DAPI (Life Technologies). The sections were imaged using Metamorph Basic software 

(Version 7.7.0.0).  

 

2.9.3 Immunostaining for scleraxis 

Immunostaining for scleraxis was performed on 5 µm OCT hearts from WT and TIMP1-/- 

mice at 2 weeks post-TAC. Five micrometer thick sections cryosections were fixed with 4% 

paraformaldehyde, permeabilized with 0.1% Triton X100, and blocked with 4% bovine serum 

albumin at room temperature.303-304 Sections were then incubated with primary antibody for 

scleraxis (Ab58655). On day 2, after washing with PBS (3 × 5 minutes) sections were incubated 

with fluorescent secondary antibody at 370 C for 1 hour and washed again. The sections were 

mounted with Prolong Gold antifade mounting medium containing DAPI (Life Technologies). 

 

2.9.4 CD31 staining and Ki67 staining 

At 1 week post-MI, OCT-embeded hearts from Ad-Null, Ad-hTIMP3 group were stained 

for vascular endothelial cells by immunofluorescence using rat anti-CD31 primary antibody (BD 

Pharmingen) and Cy3 conjugated goat anti-rat secondary antibody (Life Technologies) as before. 
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299, 303-304  Briefly, 5-µm thick OCT-embedded cryosections were fixed with 4% paraformaldehyde, 

permeabilized with 0.1% Triton X100, and blocked with 4% bovine serum albumin. Sections were 

then incubated with primary antibody overnight (4°C in a humidified chamber), then washed and 

incubated with secondary antibody for 1 hour at 37°C. Sections were then visualized and images 

captured using a fluorescence microscope, and CD31-positive vessels were quantified 

(Metamorph software) and reported as percent per field. A similar protcol was used to study 

endothelial proliferation at 3 days post-MI using Ki67 staining (AF7649). 

 

2.9.5 Lectin staining 

Lectin immunofluorescence assay was perfomed to assess microvascular density in Ad-

null, Ad-hTIMP3 post-MI at 1week using fluorescein conjugated Ricinus communis agglutinin I 

(RCA; lectin; Vectorlabs).299, 303 Briefly, heparinized mice were anesthetized and 0.2 mg of lectin 

in 100 µL saline was injected into the jugular vein. After 18 minutes of lectin circulation, 0.2 mg 

of papaverine HCl (Vasodilator, Sigma Aldrich) in 50 µL saline was injected to promote maximal 

dilation of microvessels and circulated for 2 minutes. The hearts were then excised, and frozen in 

OCT mounting medium. Five-µm thick cryosections were cut, fixed with 4% paraformaldehyde 

for 20 minutes followed by rehydration (PBS, 30 minutes). Sections were mounted in Prolong 

Gold antifade mounting medium containing DAPI (Life Technologies). Images were captured 

using a fluorescence microscope (Olympus IX81). Images were analyzed using Metamorph 

software (Version 7.7.0.0) and vascular density reported as percentage of lectin-positive vessels 

per field. 

 

2.9.6. Dihydroethidium (DHE) staining and TUNEL Assay 

In WT and TIMP4-/- hearts at 1-day post-I/R, superoxide anion (O2
-) levels were measured 

using an oxidative fluorescent dye as described previously.316 Twenty-µm fresh OCT samples 

were washed with Hanks balanced salt solution (HBSS) followed by incubation at 370C with 

minutes with DHE (20 µM) in HBSS. Sections were washed with PBS and mounted with mounting 

medium containing DAPI.  

In WT and TIMP4-/- hearts at 1-day post-I/R, myocardial injury was determined by 

assessing apoptosis in the ischemic and remote regions through in situ detection of DNA 

fragmentation using TUNEL (Terminal deoxynucleotidyl transferase mediated dUTP nick end 
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labeling) assay kit (Invitrogen) according to manufacturer's instructions as before.299 Briefly, 5μm‐

thick LV cryosections were fixed with 4% paraformaldehyde and washed in Dulbecco's PBS. The 

sections were then permeabilized with 0.1% Triton X‐100 in 0.1% sodium citrate. After one-hour 

of incubation with DNA labeling solution (terminal deoxynucleotidyl transferase and BrdUTP), 

the sections were treated with Alexa Fluor 488-conjugated mouse anti‐BrdU and counterstained 

with propidium iodide. The sections were mounted using Prolong Gold antifade mounting medium 

and visualized under a fluorescence microscope (Olympus IX81). TUNEL-positive cells were 

counted per field using the MetaMorph software (Basic version 7.7.0.0) and expressed as 

percentage of total number of cells per field. 

 

2.10. Co-Immunoprecipitation  

 

2.10.1 Immunoprecipitation of integrinβ1 and CD63 from post-TAC and cardiac 

fibroblasts. 

Protein extracts were prepared by homogenizing LV tissue (or 1×106 fibroblasts) in 300 

μL of IP lysis buffer (Thermo Scientific). Lysates were centrifuged at 16,000 g for 15 minutes at 

4°C. Pellet was discarded and the supernatant was precleared with Dynabeads protein G (Thermo 

Scientific). Anti-CD63 (Novus) or IgG isotype control (Santa Cruz) was cross-linked to 

Dynabeads protein G in Bissulfosuccinimidyl substrate (BS3) according to the manufacturer's 

directions. Precleared lysates were incubated with anti-p120 preabsorbed with Dynabeads protein 

G-antibody over night at 4°C under a continuous mixing. Pellets were collected after 4 washes 

with lysis buffer and mixed with 2×SDS buffer (0.2% bromophenol blue, 4% SDS, 100 mM Tris 

[pH 6.8], 200 mM DTT, 20% glycerol) in 1:1 ratio. Samples were boiled for 3 min and 30 μL was 

loaded onto a SDS-PAGE gel and proteins were transferred to a PVDF membrane by 

electroblotting. Primary antibodies, anti-CD63 (Abcam) and anti-integrinβ1 (Novus), were used 

to detect respective antigens. The labeled proteins were visualized using Amersham ECL prime 

Western Blotting Detection Reagent (GE Healthcare Lifer Sciences). 

 

2.10.2 Immunoprecipitation of VEGFR2 and TIMP3 in endothelial cells. 

Co-immunoprecipitation of VEGFR2 and TIMP3 was assessed in endothelial cells as 

before. 301 Briefly, cell lysates were centrifuged at 16,000 ×g and supernatant was precleared with 
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Dynabeads protein G (Thermo Scientific). Anti-TIMP3 or IgG isotype control were cross-linked 

to Dynabeads protein G in Bissulfosuccinimidyl substrate (BS3) according to the manufacturer's 

instructions. The precleared lysates were incubated with anti-p120 pre-absorbed with Dynabeads 

protein G-antibody overnight at 4o C and pellets were collected under 4 washes with lysis buffer 

and mixed with SDS running buffer with a 1:1 ratio. Samples were loaded onto a SDS-PAGE gel 

after boiling for 3-4 minutes and transferred to a nitrocellulose membrane by electroblotting. 

Primary antibodies were used to detect respective antigens and labelled proteins were visualized 

by chemiluminescence (Invitrogen). 

 

2.11 RNA Expression Analysis 

 

2.11.1. RNA extraction and purification 

RNA was extracted using Trizol reagent (Invitrogen, Burlington, ON, Canada) followed 

reverse transcriptase to cDNA for TaqMan real-time polymerase chain reaction.61, 204, 304 The tissue 

samples were homogenized in 500 µL of Trizol reagent in RNAase free centrifuge tube in a tissue 

lyser (Qiagen; Germany; Catalogue 85300), followed by centrifugation at 12,000 × g at 4 °C for 

10 minutes. The supernatant was then transferred in another RNAase free centrifuge tube and pellet 

was resuspended in another 500 µL of Trizol which was then centrifuged again, two supernatants 

were combined and 200 µL of chloroform was added. The tubes were shaken vigorously for 10-

15 seconds, incubated at room temperature for 3-5 minutes and centrifuged at 12,000× g at 4oC 

for 15 minutes. The upper colorless aqueous phase containing RNA was carefully transferred to a 

new RNAase free centrifuge tube, with interphase and pink organic phenol phase discarded. 

Isopropanol (500 µL /tube) was added to each tube and gently inverted several times, and tubes 

were incubated overnight at -20 °C. Next day, the samples were centrifuged at 12,000 × g at 4 °C 

for 10 minutes and supernatant was discarded. The pellet was washed with 1 mL of 75% ethanol 

and pellet was dislodged by gently pipetting and samples were centrifuged at 7,500 × g at 4 °C for 

5 minutes. The supernatant was removed, the pellet was air-dried for 10 minutes and then dissolved 

in 20 µL of RNAase free water for quantification using the Nanodrop 1000 spectrophotometer 

(Nanodrop; Wilmington, DE, USA). 

 

2.11.2. TaqMan RT-PCR 



 

57 
 

The reverse transcription was performed for RNA samples to generate complementary 

DNA (cDNA). For each gene, mouse brain cDNA samples were used to generate standard curve 

of known concentrations as a function of cycle threshold (Ct). The standard curve of [cDNA]brain 

as a function of Ct is fit to a linear regression: Y=aX+b, where Y=cycle threshold, a=slope of the 

standard curve, X=[cDNA] experimental sample. The SDS2.2 software fits the Ct values for the 

experimental samples in this formula and generates values for cDNA levels. 18S (Ribosomal 

RNA) and HPRT (hypoxanthine-guanine phosphoriboslytransferase-1) were used as internal 

control for human and mouse samples respectively and values were normalized using these two 

genes. All values were expressed as relative expression (R.E) and samples were run in triplicate in 

384 -well plates. 

Table 2.1 TaqMan Primer probes 

TIMP 1 

 

Forward Primer 

Reverse Primer 

Probe 

5'-CATGGAAAGCCTCTGTGGATATG-3' 

5'-AAGCTGCAGGCACTGATGTG-3' 

5'-FAM-CTCATCACGGGCCGCCTAAGGAAC-

TAMRA-3' 

TIMP 2 

 

Forward Primer 

Reverse Primer 

Probe 

5'-CCAGAAGAAGAGCCTGAACCA-3' 

5'-GTCCATCCAGAGGCACTCATC-3' 

5'-FAM-ACTCGCTGTCCCATGATCCCTTGC-

TAMRA-3' 

TIMP 3 Forward Primer 

Reverse Primer 

Probe 

5'-GGCCTCAATTACCGCTACCA-3' 

5'-CTGATAGCCAGGGTACCCAAAA-3' 

5'-FAM-

TGCTACTACTTGCCTTGTTTTGTGACCTCCA-

TAMRA-3' 

TIMP 4 Forward Primer 

Reverse Primer 

Probe 

5'-TGCAGAGGGAGAGCCTGAA-3' 

5'-GGTACATGGCACTGCATAGCA-3' 

5'-FAM-CCACCAGAACTGTGGCTGCCAAATC-

TAMRA-3' 

MMP-1 

 

Forward Primer 

Reverse Primer 

Probe 

5’- GTCTTTGAGGAGGAAGGCGATATT -3’ 

5’ - AGTTAGGTCCATCAAATGGGTTGTT -3’ 

5’-FAM- 

CTCTCCTTCCACAGAGGAGACCATGGTGA-

TAMRA -3’ 

MMP-2 Forward Primer 

Reverse Primer 

Probe 

5’-AACTACGATGATGACCGGAAGTG -3’ 

5’-TGGCATGGCCGAACTCA -3’ 

5’TCTGTCCTGACCAAGGATATAGCCTATTCCTC

G -3’ 
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MMP-3 Forward Primer: 

Reverse Primer: 

Probe 

5’-GGAAATCAGTTCTGGGCTATACGA -3’ 

5’-TAGAAATGGCAGCATCGATCTTC -3’ 

5’AGGTTATCCTAAAAGCATTCACACCCTGGGTC

T-3’ 

MMP-7 Forward Primer 

Reverse Primer 

Probe 

5’- GCAGAATACTCACTAATGCCAAACA -3’ 

5’- CCGAGGTAAGTCTGAAGTATAGGATACA -3’ 

5’- CCAAAATGGCATTCCAGAATTGTCACCTAC -

3’ 

MMP-8 Forward Primer 

Reverse Primer 

Probe 

5’- GATTCAGAAGAAACGTGGACTCAA -3’ 

5’- CATCAAGGCACCAGGATCAGT -3’ 

5’CATGAATTTGGACATTCTTTGGGACTCTCTCAC 

-3’ 

MMP-9 Forward Primer 

Reverse Primer 

Probe 

5’-CGAACTTCGACACTGACAAGAAGT -3’ 

5’- GCACGCTGGAATGATCTAAGC-3’ 

5’-TCTGTCCAGACCAAGGGTACAGCCTGTTC -3’ 

MMP-10 Forward Primer 

Reverse Primer 

Probe 

5’- CCTGATGTTGGTGGCTTCAGT -3’ 

5’- CTGGTGTATAATTCACAATCCTGTAGGT -3’ 

5’- CCTTCCCAGGTTCGCCAAAATGGA -3’ 

MMP-11 Forward Primer 

Reverse Primer 

Probe 

5’- ATTGATGCTGCCTTCCAGGAT -3’ 

5’- GGGCGAGGAAAGCCTTCTAG -3’ 

5’- TCCTTCGTGGCCATCTCTACTGGAAGTTTG -3’ 

MMP-12 Forward Primer 

Reverse Primer 

Probe 

5’- GAAACCCCCATCCTTGACAA -3’ 

5’- TTCCACCAGAAGAACCAGTCTTTAA -3’ 

5’-AGTCCACCATCAACTTTCTGTCACCAAAGC -3’ 

MMP-13 Forward Primer: 

Reverse Primer: 

Probe: 

5’-GGGCTCTGAATGGTTATGACATTC -3’ 

5’-AGCGCTCAGTCTCTTCACCTCTT -3’ 

5’AAGGTTATCCCAGAAAAATATCTGACCTGGGA

TTC -3’ 

MMP-14 

MT1-MMP 

 

Forward Primer: 

Reverse Primer: 

Probe: 

5’- AGGAGACAGAGGTGATCATCATTG -3’ 

5’- GTCCCATGGCGTCTGAAGA -3’ 

5’-FAM-CCTGCCGGTACTACTGCTGCTCCTG-

TAMRA -3’ 

MCP-1 Forward Primer: 

Reverse Primer: 

Probe 

5’- GTTGGCTCAGCCAGATGCA-3’ 

5’-AGCCTACTCATTGGGATCATCTTG-3’ 

5’-FAM-TTAACGCCCCACTCACCTGCTGCTACT-

TAMRA3’ 

IL-6 Forward Primer: 

Reverse Primer: 

Probe 

5'-ACAACCACGGCCTTCCCTACTT-3’ 

5'-CACGATTTCCCAGAGAACATGTG-3’ 

5'-FAM-

TTCACAGAGGATACCACTCCCAACAGACCT-

TAMRA-3’ 
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TNF 

 

Forward Primer 

Reverse Primer 

Probe 

5'- ACAAGGCTGCCCCGACTAC-3’ 

5'- TTTCTCCTGGTATGAGATAGCAAATC-3’ 

5'-FAM-TGCTCCTCACCCACACCGTCAGC-

TAMRA-3’ 

Pro-col I-1 Forward Primer 

Reverse Primer 

Probe 

5’-CTTCACCTACAGCACCCTTGTG-3’ 

5’-TGACTGTCTTGCCCCAAGTTC-3’ 

5’-FAM-CTGCACGAGTCACACC-TAMRA-3’ 

Pro-col III-1 Forward Primer 

Reverse Primer 

Probe 

5’- TGTCCTTTGCGATGACATAATCTG-3’ 

5’- AATGGGATCTCTGGGTTGGG-3’ 

5’-FAM- ATGAGGAGCCACTAGACT-TAMRA-3’ 

-skeletal 

muscle actin 

Forward Primer 

Reverse Primer 

Probe 

5'-CAGCCGGCGCCTGTT-3' 

5'-CCACAGGGCTTTGTTTGAAAA-3' 

5'FAMTTGACGTGTACATAGATTGACTCGTTTTAC

CTCATTTTG- TAMRA-3' 

ANP Forward Primer 

Reverse Primer 

Probe 

5'-GGA GGA GAA GAT GCC GGT AGA-3' 

5'-GCT TCC TCA GTC TGC TCA CTC A-3' 

5'-TGA GGT CAT GCC CCC GCA GG-3' 

β-MHC Forward Primer: 

Reverse Primer: 

Probe: 

5'-CAGCCGGCGCCTGTT-3' 

5'-CCACAGGGCTTTGTTTGAAAA-3' 

5'-FAM-

TTGACGTGTACATAGATTGACTCGTTTTACCTCA

TTTTG- TAMRA-3' 

-skeletal 

muscle actin 

Forward Primer 

Reverse Primer 

Probe 

5'-CAGCCGGCGCCTGTT-3' 

5'-CCACAGGGCTTTGTTTGAAAA-3' 

5'-FAM-

TTGACGTGTACATAGATTGACTCGTTTTACCTCA

TTTTG- TAMRA-3' 

 

2.12. Proximity Ligation Assay 

 

Proximity ligation assay was performed as per manufacturer’s instructions and protocol 

(Sigma Aldrich, DUO92102) to study interaction between integrinβ1 and CD63. Ang II and 

TGFβ1 treated cardiac fibroblasts or sham/post-TAC OCT frozen sections from WT and TIMP1-

/- mice were fixed in 4% PFA for 20-25 minutes and washed with PBS for 3 × 5 minutes. The 

sections and cells were permeabilized with 0.1% Triton X-100 for 10 minutes and blocked with 

Duolink blocking solution followed by incubation at 370C for 30 minutes. The primary antibodies 

for integrinβ1 and CD63 were added on sections or cells and again incubated for 1 hour in 

humidified chamber at 370C followed by wash with Duolink II wash buffer A (2 × 5minutes). The 
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PLA probes against primary antibodies (Duolink II Anti-rabbit PLUS +Duolink II anti-mouse 

MINUS) were diluted as per manufacturer’s instructions and sections were incubated at 370 C with 

PLA probes. Sections/cells were washed with Wash Buffer A (2 × 5 minutes) and incubated with 

ligase-ligation solution for 30 minutes at 370 C. The ligation-ligase solution was prepared by 

mixing ligation stock and ligase solution. Next, the reaction was amplified by adding amplification 

solution to polymerase and addition of this mixture to sections/fibroblasts later incubation at 370 

C for 100 minutes. The sections/fibroblasts were washed with Duolink wash Buffer B for 10 

minutes and mounted using Duolink II mounting medium and DAPI. 

 

2.13. Protein Analysis  

 

2.13.1. Tissue protein extraction 

Total protein was extracted from frozen tissues using EDTA-free RIPA buffer (Table 

number 2.1) or Sigma Extraction buffer (Cell Lytic Catalogue number C2978) with tissue lyser 

(Qiagen; Germany; Catalogue 85300) including protease inhibitor (Table number 2.2 539134, 

524628; Calbiochem, San Diego, CA, USA) and phosphatase inhibitor cocktails (Table number 

2.1 P5726, Sigma-Aldrich, Oakville, ON, Canada). The recommended concentration for 

phosphatase inhibitor and protease inhibitors from manufacturer’s instructions are 1 mL/100 mL 

of extraction buffer.  

Table 2.2: Phosphatase inhibitor cocktail 2 

Phosphatase inhibitor cocktail 2-Ty, Acidic and Alkaline (Sigma; product #5726) 

 Chemical name M.W. 

(g/mol) 

Concentration 

Stock 

Concentration Final  

1 Na-orthovandate 183.91 100× 1× 

2 Na-molybdate 241.95 100× 1× 

3 Na-tartarate 230.08 100× 1× 

4 Imidazole 68.08 100× 1× 
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Table 2.3: Phosphatase inhibitor cocktail-Ser/Thr and alkaline phosphatases 

 

The samples were centrifuged at 14,000 ×g for 12 minutes and total protein-containing 

supernatant was then transferred into a new tube. Total protein concentration was determined using 

Bio-Rad DC protein assay (Bio-Rad; Mississauga, ON, Canada) using a clear flat bottom 96-

wellplate and spectrophotometric plate reader at 750 nm. 

 

Table 2.4: RIPA protein extraction buffer pH7.4 in ddH2O- Western Blot 

 Chemical name M.W. 

(g/mol) 

Concentration Concentration Final  

1 Tris-HCl 121.14 N/A 50mM 

2 Sodium chloride (NaCl) 58.44 N/A 120mM 

3 EDTA 372.24 N/A 1mM 

4 Triton X-100 (Detergent) 624 N/A 1% 

 

2.13.2. Membrane and cytosolic protein extraction 

Membrane fraction was extracted from sham, ischemic and remote tissue from WT and 

TIMP4-/- hearts as before61, 204  with some modifications. Frozen tissue was homogenized in RIPA 

buffer (50 mM Tris-HCl pH 7.4,150 mM NaCl, 1 mM EDTA) with DTT (1 mM), PMSF (1 mM), 

protease inhibitor (Calbiochem, San Diego, USA) and phosphatase inhibitor cocktails (Sigma-

Aldrich, Oakville, Canada), centrifugation at 2,900 ×g for 20 minutes. The supernatant containing 

cytosolic and membrane proteins was transferred to a new tube. The pellet containing the nuclear 

protein was discarded. The supernatant containing the cytosolic and membrane proteins was 

centrifuged at 100,000 ×g for 45 minutes. This high speed centrifugation separated the cytosolic 

protein (supernatant) from the membrane protein (pellet). The pellet was resuspended in 50 μL 

RIPA buffer (containing DTT, PMSF, protease and phosphatase inhibitors, with 0.25% sodium 

deoxycholate and 1% NP40) centrifuged at 15,000 ×g for 20 minutes. This supernatant was stored 

at -80 o C as the membrane fraction. The western blot analysis performed on 8% acrylamide gel, 

Phosphatase inhibitor cocktail IV-Ser/The and Alkaline 

(Calbiochem; product #527628) 

 Chemical name M.W. 

(g/mol) 

Concentration 

Stock 

Concentration Final  

1 (-)-p-Bromotetramisole  

oxalate 

373.22 100 × 1× 

2 Cantharidin 196.20 100× 1× 

3 Calyculin A 1009.20 100× 1× 
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transferred on the PVDF membrane and blocked with 5% BSA and blotted for MT1-MMP mAb 

rabbit MT1-MMP antibody (1:1000 dilution; Cell Signaling). 

 

2.13.3. Nuclear and cytosolic protein extraction 

Nuclear and cytosolic protein fractionation was performed from WT and TIMP1-/- hearts 

in sham and post-TAC groups using hypotonic lysis buffer (10 mM potassium-HEPES, 1.5 mM 

MgCl2, 10 mM KCl, 1 mM dithiothreitol (DTT) and 0.2 mM Na3VO4) containing protease and 

phosphatase inhibitors. After centrifugation (100 g, 5 min), supernatant was collected and 

centrifuged again (10 min, 2,000 g) to separate the nuclear protein (pellet) from the non-nuclear 

protein (supernatant). The pellet was suspended in 200 µL hypotonic lysis buffer with 2.4 M 

sucrose and centrifuged using ultra-centrifuge 1000,000 g for 90 minutes to obtain the nuclear 

protein. Purities of the nuclear and the cytosolic protein were assessed by blotting for a nuclear-

specific protein (Histone), and cytosol-specific protein (caspase 3), respectively. 

 

2.14. Western Blot 

 

SDS based electrophoresis was used to run protein samples and for transfer of loaded 

protein from gel to polyvinylidene fluoride (PVDF) membrane. The SDS page electrophoresis gel 

was prepared depending on molecular weight of protein. The appropriate amount of protein 

concentration was prepared by combining calculated volume of protein extract, phosphate -

buffered saline (Table 2.3) and loading dye buffer (Table 2.2) and boiling for 5 minutes (at 35 

mA; Bio-Rad; Mississauga, ON, Canada) in the presence of running buffer solution (Table 2.4). 

The SDS gel then transferred using transfer buffer solution (Table 2.5) (200mA; BioRad) onto a 

polyvinylidene fluoride (PVDF) membrane. After transfer of protein, the PVDF membrane was 

blocked with 5% BSA for two hours at room temperature and later incubated with primary 

antibodies overnight at 40 C at specific dilution recommended from manufacturer, usually ranging 

from 1:100 to 1:5000 in 5 % BSA. The membrane was then washed with TBS (Table 2.6) with 

0.1% Tween, followed by the incubation with appropriate species-based horse radish peroxidase 

(HRP) linked secondary antibody at room temperature. After, another 3× 15 minutes of washing 

of membrane with TBST, Enhanced Chemiluminescence (ECL Prime; GE Amersham; Baie 

d’Urfe, QC, Canada) was applied to the PVDF membrane for minutes which binds specifically to 
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the HRP segment of secondary antibody. The PVDF membrane was then imaged a luminescent 

image analyzer with a chemiluminescence-sensitive camera (GE Image Quant 4000; GE). The 

PVDF membrane was then stripped using stripping buffer for 20 minutes at 37o C for subsequent 

immunoblotting of the membrane. Gels and membrane were stained for Coomassie blue or 

membrane stain (Thermofisher, 24580) respectively and used as loading control. The Coomassie 

blue staining solution has 2% Coommassie blue, 25% methanol. 10% Acetic acid.  

Western blot analyses were performed by using the following antibodies: CD63 (Abcam, 

Ab193349), integrinβ1 (Novus, NBP110-57123), p-Smad2/3 S465/467 & S423/425 (CST8828S), 

totalSMAD2/3 (CST3102S), p-β-catenin Tyr654 (SC57333), total-β-catenin (Ab79089), histone 

(CST44995), caspase3 (CST9665S) and SCX (ab58655).  

 

Table number 2.5: Sample loading buffer pH6.8 in ddH2O for western blot 

Sample loading buffer pH6.8 in ddH2O for Western blot 

 Chemical name M.W. 

(g/mol) 

Concentration Concentration Final 

1 Tris-HCl 121.14 130mM 65mM 

2 SDS 288.38 4.6% 2.3% 

3 Bromophenol Blue 669.96 0.2% 0.1% 

4 Glycerol 92.09 20% 10% 

5 Dithiothreitol (DTT) 154.25 2% 1% 

 

Table 2.6: Phosphate-Buffered Saline (PBS) pH 7.4 in double-distilled water (ddH2O) 

 

  

Phosphate-Buffered Saline (PBS) pH 7.4 

 Chemical name M.W. 

(g/mol) 

Concentration Concentration Final 

1 NaCl 58.44 1370mM 137mM 

2 KCl 74.55 27mM 2.7mM 

3 Na2HPO4 141.96 100mM 10mM 

4 KH2PO4 136.09 18mM 1.8mM 
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Table 2.7: Running Buffer pH 8.3 in ddH2O 

Running buffer pH8.3  

 Chemical name M.W. 

(g/mol) 

Concentration Concentration Final 

1 Tris HCl 121.14 250mM 25mM 

2 Glycine 75.04 1920mM 192mM 

3 SDS 288.38 10% 1% 

 

Table 2.8: Transfer Buffer pH 8.3 in ddH2O 

 

Table 2.9: Tris-Buffered Saline (TBS) pH 8.0 in ddH2O 

 

2.15. Gelatin Zymography 

 

Table 2.10: RIPA protein extraction buffer pH7.4 in ddH2O 

RIPA protein extraction buffer pH7.4 in ddH2O for Zymography 

 Chemical name M.W. 

(g/mol) 

Concentration Concentration Final 

1 Tris-HCl 121.14 N/A 50mM 

2 Sodium chloride (NaCl) 58.44 N/A 120mM 

3 Triton X-100 (Detergent) 624 N/A 1% 

Gelatin zymography was used to measure cleaved MMP2, active MMP2 and MMP9 

activation following sham, post-I/R in WT and TIMP4-/- and post-TAC and Ang II in WT and 

TIMP1-/- mice. Proteins were  extracted from frozen LV tissues using RIPA extraction buffer as 

mentioned above (Table 2.10).60, 206 Gelatin was included in polyacrylamide gel to make final 

concentration of 2 mg/mL. Each sample to be loaded was prepared by combining volume of 

loading dye with non-desaturating loading dye for 40µg of protein as mentioned above (Table 

2.8). 

Transfer buffer pH8.3  

 Chemical name M.W. 

(g/mol) 

Concentration Concentration Final 

1 Tris HCl 121.14 200mM 20mM 

2 Glycine 75.04 1500mM 150mM 

3 Methanol 32.04 N/A 20% 

Tris-Buffered Saline (TBS) pH 8.0   

 Chemical name M.W. 

(g/mol) 

Concentration Concentration Final 

1 Sodium chloride (NaCl) 58.44 1250mM 125mM 

2 Tris HCl 121.14 250mM 25mM 
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Table 2.11: Sample loading buffer for Zymography (pH-6.8) 

 

Table 2.12: Incubation buffer for Zymography 

 

Table 2.13: Polyacrylamide Gel staining solution 

After electrophoresis, the gelatin-based polyacrylamide gel was washed with Triton X-100 

3 times for 20 minutes each and then with incubation buffer (Table number 2.9). The zymography 

gel was then incubated at 370 C for 48 hours with change of incubation buffer after 24 hour of 

interval. After 48 hours of incubation, the gel was stained with Coomassie Blue (2%) overnight 

for visualization of white and clear bands for MMPs and then washed with destaining buffer 

(Table 2.10). On a separate 10% polyacrylamide gel, remaining 10µg of protein was run and 

stained with coomassie blue solution as a loading control.  

 

2.16. MMP In vitro Activity Assay 

 

2.16.1 In vitro inhibitory function of TIMPs against MT1-MMP, MMP2 and MMP9 

Sample loading buffer for Zymography (pH-6.8) 

 Chemical Name M.W. (g/mol) Conc stock Conc final 

1 Tris HCl 121.14 125mM 62.5mM 

2 Glycerol 92.09 20% 10% 

3 SDS 288.38 4% 2% 

4 Bromophenol Blue 669.96 0.02% 0.01% 

Incubation buffer for Zymography 

 Chemical Name M.W. (g/mol) Conc stock Conc final 

1 Tris HCl 121.14 2000 mM 50 mM 

2 Calcium chloride (CaCl2) 147.02 2000 mM 5 mM 

3 Sodium chloride (NaCl) 58.44 N/A 150 mM 

4 Sodium azide (NaN3) 65.01 5% 0.05% 

Polyacrylamide Gel staining solution 

 Chemical Name M.W. (g/mol) Conc stock Conc final 

1 Coomassie blue 854.0 2000 mM 2% 

2 Methanol 32.04 2000 mM 25% 

3 Acetic acid 60.05 N/A 10% 
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Recombinant MT1-MMP (Calbiochem), MMP2, MMP9, and TIMPs (-1, -2, -3, -4) were 

purchased (R&D Systems).61, 204 Fluorescent-tagged substrates specific to MT1-MMP, or MMP2/9 

were purchased (Calbiochem, San Diego, CA, USA). For all three assays, the same concentrations 

of the fluorescence-tagged substrate (30 µM) and the recombinant MMP enzymes (100 ng/mL) 

were used. TCNB assay buffer was used for MMP2 and MMP9 activity assays (in mM: 50 Tris, 

150 NaCl, 10 CaCl2, and 0.05% Brij). Modified TCNB buffer was used for MT1-MMP activity 

assay as before (containing 200 mM NaCl and 0.05mM ZnCl2).61 In parallel experiments, 

increasing amounts of recombinant TIMPs (rTIMP, 0, 0.1, 1, 5, 10, 20, 40, 80 ng) were used to 

compare the inhibitory function of each TIMP against rMMP2, rMMP9 or rMT1-MMP. Activity 

of MT1-MMP was detected at 328 nm excitation and 400 nm emission wavelengths, and for 

MMP2 and MMP9 at 280 nm Excitation, 360 nm Emission, using Spectra max M5 microplate 

reader (Molecular Devices). 

 

2.16.2 MMP activity assay 

Total gelatinase and collagenase activities were measured using EnzChek fluorescent 

based substrate.61, 204, 317 The proteins were extracted using cytobuster protein extraction buffer 

and the fluorescein isothicynate (FTIC) conjugate substrate was added to each well. 100 µg of 

protein samples were added to each well and the assay was incubated at room temperature and 

fluorescent intensity of degraded substrate was measured for six hours on fluorescent microplate 

at 280 nm Ex, 360 nm Em. The slope of the curve indicates rate of fluorescence of collagen or 

gelatin and as an indication of the amount of MMP (gelatinase or collagenase) available.  

 

2.16.3 MT1-MMP activity assay 

MT1-MMP activity from WT and TIMP4-/- sham and post-I/R groups measured using 

MT1-MMP specific flurogenic substrate (Catalogue number 44258, Calbiochem, San Diego, CA, 

USA), LV myocardial protein from sham, ischemic, non-ischemic from WT and TIMP4-/- mice 

was extracted using a Cacodylic acid-base extraction buffer61,204,318. LV myocardial protein 

extracts of 100 µg were incubated with fluorescent MT1-MMP substrate at 370 C, and excitation 

and emission (328/400nm, Spectramax M5 microplate reader) were recorded for six hours. A 

parallel set of negative controls with extraction buffer and with substrate were used.   

Concentrations of MT1-MMP catalytic domain for standard curve included 12.5, 25, 50, 100, 200, 



 

67 
 

400 ng/mL. The optical density reading indicating fluorescence magnitude to the conversion of 

MT1-MMP present in test sample was derived from the standard curve linear relationship between 

fluorescence and the known concentrations of MT1-MMP catalytic domain construct standards.  

 

Table 2.14: Protein extraction buffer for MT1-MMP activity assay. 

 

Protein Extraction buffer pH5 for MT1-MMP activity assay 

 Chemical Name M.W. (g/mol) Conc stock Conc final 

1 Cacodylic acid 138.01 N/A 10 mM 

2 Sodium chloride (NaCl) 58.44 N/A 150mM 

3 Zinc chloride (ZnCl2) 136.29 N/A 0.1mM 

4 Sodium azide (NaN3) 65.01 N/A 2mM 

5 Triton X-100 624 N/A 0.1% 

 

2.17. Quantitative Analysis of Protein Levels 

 

Quantitation of protein bands from Western blot and zymography was performed using 

ImageJ Densitometry software. Image J software allows measurement of band density by 

producing histograms with respect to the band density relative to the background for a set of 

selected bands. The areas of histograms obtained individually indicated density of band which is 

an arbitrary value. Hence this arbitrary value was normalized first to density obtained from the 

relevant band on the loading control.  For phosphor and total proteins (p-SMAD2/3, p-β-catenin), 

phospho to total ratio was used to represent the phosphorylation of protein in particular samples.  

 

2.18. Statistical Analyses 

 

All statistical analyses were performed using IBM SPSS Statistics 19 Software. Shapiro-

Wilk test for normality and homogeneity of variance was performed for all data. Comparison of 

groups from different genotypes was done by two-way ANOVA. Multiple comparisons among 

groups within the same genotype was performed using 1-way ANOVA followed by Bonferroni 

test. Averaged values represent Mean ± SEM. Statistical significance determined at p<0.05. 
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ROLE OF TIMP4 IN MYOCARDIAL 

ISCHEMIA-REPERFUSION INJURY 
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3.1. Introduction 

 

Post-ischemic myocardial reperfusion (I/R) is an effective therapeutic approach in 

salvaging the ischemic myocardium, however it can also trigger a number of unfavourable 

events.319 Adverse remodeling of the myocardial extracellular matrix (ECM) is one of the key 

aspects of the post- (I/R) injury. ECM turnover and remodeling is mediated through the function 

of ECM-degrading enzymes, matrix metalloproteinases (MMPs), and their physiological 

inhibitors, TIMPs.135, 298, 320 ECM is the structural scaffold for the myocardial tissue, and also 

provides a micro-environment for a number of growth factors and cytokines. As such, abnormal 

ECM turnover in heart disease can result in activation of a number of cellular and molecular events 

in addition to structural instability. Among the four TIMPs, TIMP4 exhibits a tissue-specific 

expression pattern primarily in the heart and brain,106 Also, TIMP4-deficient mice exhibited 

increased rate of left ventricular (LV) rupture following myocardial infarction (MI).209  

 

3.2. Objective and Rationale 

 

TIMP4 exhibits tissue specific expression pattern with higher expression in heart and 

brain and it has been reported to be present intracellularly in rat cardiomyocyte.21 In an ex vivo 

rat model of I/R, TIMP4 has been found to be released from myocardium with loss of contractile 

proteins.21 TIMP4-/- mice have been reported to have more LV rupture without deteriorating LV 

function as compared with WT mice in a mouse model of MI.209 Tissue-specific expression and 

unique intracellular localization suggest a potential role of TIMP4 in  myocardial I/R. 

 

3.3. Methods  

 

3.3.1. Myocardial Ischemia-Reperfusion in vivo 

In vivo I/R was induced in 10-11week-old male WT and TIMP4-/- mice by temporary 

ligation of the left anterior descending artery (LAD ligation) according to protocol in described in 

section 2.2.1 

 

3.3.2. Isolated Heart Ischemia-Reperfusion (Ex vivo) 
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Male mice of either genotype, at 10-11 weeks of age, were subjected to ex vivo ischemia-

reperfusion on a Langendorff apparatus according to protocol mentioned in 2.2.2. 

 

3.3.3. Human Explanted Heart Tissue 

Cardiac tissues from patients with post-MI heart failure were collected from the explanted 

hearts at the time of cardiac transplantation as part of the Human Explanted Heart Program (HELP) 

at the Mazankowski Alberta Heart Institute (Edmonton, AB). Non-failing control hearts were 

obtained through the Human Organ Procurement and Exchange (HOPE) program (Edmonton, 

AB).  

 

3.3.4. Cardiac Function Analysis by Echocardiography 

Systolic and diastolic cardiac function were determined by non-invasive transthoracic 

echocardiography using a Vevo 770 high-resolution imaging system equipped with a 30-MHz 

transducer (RMV-707B; Visual Sonics, Toronto, ON, Canada) as before.61,204,206,299 The detail 

protocol is described in section 2.4.1. 

 

 3.3.5. Protein Analysis, Western Blotting, Gelatin Zymography, Gelatinase and MT1-

MMP Activity Assays 

Protein extraction, Western blots, gelatin zymography and total gelatinase activity 

(EnzCheck fluorescent-based activity assays, Molecular Probes) were measured as described 

before.204,206 MT1-MMP activity was measured using a specific MT1-MMP flurogenic substrate 

(Calbiochem) as described.61,321 The detailed protocol is mentioned in sections 2.13, 2.14, 2.15, 

2.16.2. and 2.16.3. 

 

3.3.6. In vitro Inhibitory Function of TIMPs against MT1-MMP, MMP2 and MMP9 

In vitro MMP inhibitory potential of TIMPs against MMP2, MMP9 and MT1-MMP was 

measured using fluorescence-based activity assay. Detail protocol is mentioned in 2.16.1. 

 

3.3.7. Protein Levels for MT1-MMP in the Membrane Fraction  
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Membrane fraction was extracted from sham, ischemic and remote tissue from WT and 

TIMP4-/- hearts as before.204,206 The detail protocol for MT1-MMP extraction is described in 

section 2.16.3. 

 

3.3.8.  RNA Expression Analysis 

Total RNA was extracted using Trizol Reagent (Invitrogen) and mRNA expression 

analysis was performed by TaqMan RT-PCR as before.204,322 HPRT (hypoxanthine-guanine 

phosphoribosyltransferase-1) was used as the internal control for mouse samples, and 18S for 

human samples. TaqMan primers and probes were used to measure the expression of IL-6, MCP1, 

TIMPs, MMPs, MT1-MMP, pro-col I-α1 and pro-col III-α1 as before.204,315 The detailed protocol 

for RNA extraction and TaqMan is described in section 2.11. 

 

3.3.9. Dihydroethidium, Neutrophil and TUNEL staining  

At 1 day post-I/R, DHE staining was performed on 20-µm thick myocardial cryosections 

as before,301 as mentioned in detail protocol sections 2.9.6. 

Myocardial injury was determined at 1 day post-I/R by assessing apoptosis in the ischemic 

and remote regions through in situ detection of DNA fragmentation using TUNEL (Terminal 

deoxynucleotidyl transferase mediated dUTP nick end labeling) assay kit (Invitrogen) according 

to manufacturer's instructions as before.299 The detailed protocol is described in 2.9.6. Neutrophil 

infiltration at 1 day post-I/R was assessed by immunostaining for neutrophils as described in 

sections 2.9.1.  

 

3.3.10. Histological Analysis 

Freshly-excised hearts were arrested in diastole in 1 M KCl, fixed in 10% buffered 

formalin, paraffin-embedded and processed for trichrome, picrosirius red (PSR) and wheat germ 

agglutinin (WGA) staining as before.299 Myocyte cross sectional areas and collagen content for 

WGA and PSR staining were quantified using Metamorph Basic software (version 7.7.0.0). The 

detailed protocol is described in 2.8 

 

3.3.11. Isolation and Culture of Adult Cardiac Fibroblasts (cFB) and Myocytes 

(cMyo) 
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cFB and cMyo were isolated from adult WT and TIMP4-/- mice as previously described.60, 

309-308 The detailed protocol is mentioned in sections 2.6 . 

 

3.4. RESULTS 

 

3.4.1 TIMP4 is Critical in Myocardial Recovery from I/R Injury In vivo 

In WT mice, TIMP4 protein and mRNA levels decreased in the ischemic myocardium at 1 

week post-I/R (Figure 3.4.1Ai-ii). Interestingly, myocardial tissue from patients with post-MI 

heart failure showed a similar decrease in TIMP4 protein and mRNA levels (Figure 3.4.1Bi-ii). 

To determine if this reduction in TIMP4 promotes the post-I/R pathology or if it is simply a by-

stander, we subjected TIMP4-deficient mice to in vivo myocardial I/R. At 1 week post-I/R, TIMP4-

/- mice, but not WT mice, exhibited systolic dysfunction as determined by reduced ejection fraction 

(Figure 3.4.1 Di) and elevated wall motion score index (Figure 3.4.1Dii). Diastolic dysfunction 

was more severe in TIMP4-/- mice as determined by a significantly greater increase in isovolumic 

relaxation time, deceleration time, E’-to-A’ ratio, and left atrial size (Figure 3.4.1 Diii-vi) 

compared with WT-I/R group. Sham-operated TIMP4-/- and WT mice showed similar cardiac 

systolic and diastolic function (Table 3.1). 
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Parameters WT-Sham WT-I/R TIMP4-/--sham TIMP4-/--I/R 

n 5 8 5 8 

HR (bpm) 442 ± 19 426 ± 24 453 ± 39 409 ± 16 

E-wave (mm/s) 755.7 ± 40.3 739.7 ± 35.0 735.9 ± 37.1 572.2 ± 35.6*# 

A-wave (mm/s) 573.3 ± 31.1 440.6 ± 45.3* 527.2 ± 36.3 378.5 ± 36.5*# 

E/A Ratio 1.38 ± 0.03 1.76 ± 0.10* 1.4 ± 0.03 1.5 ± 0.11 

E’(mm/s) 34.5 ± 2.1 32.6 ± 2.9 30.9 ± 2.7 21.5 ± 1.6*# 

A’ (mm/s) 27.5 ± 3.1 28.2 ± 2.3 23.3 ± 2.2 27.5 ± 2.5 

E’/A’ Ratio 1.28 ± 0.10 1.16 ± 0.10 1.28 ± 0.03 0.80 ± 0.02*# 

IVRT 323 11.6 ± 0.9 13.1 ± 1.1 11.6 ± 0.8 20.5 ± 2.6*# 

DT 323 24.6 ± 0.4 23.8 ± 1.2 25.1 ± 0.9 30.0 ± 1.4*# 

LA Size/BW 1.5 ± 0.1       1.7 ± 0.01 1.6 ± 0.1 2.1 ± 0.1*# 

WMSI 1.00 ± 0.00      1.00 ± 0.00 1.00 ± 0.00 1.10 ± 0.1 

LVEF (%) 65.2 ± 3.8 60.8 ± 1.9 65.6 ± 2.4 54.1 ± 3.6*# 

Systolic vol (µL) 16.9 ± 2.5 22.2 ± 2.3 15.3 ± 2.4 43.0 ± 3.9*# 

Diastolic vol (µL) 55.7 ± 4.5 61.8 ± 4.5 45.1 ± 2.3 98.9 ± 6.3*# 

LVID-D  3.9 ± 0.1 4.0 ± 0.1 3.6 ± 0.2 4.3 ± 0.1* 

LVID-S  2.3 ± 0.2 2.7 ± 0.1 2.2 ± 0.2 2.9 ± 0.1* 

LVPW-S  1.01 ± 0.04 1.09 ± 0.03 0.99 ± 0.03 1.22 ± 0.11* 

LVPW-D  0.72 ± 0.01       0.8 ± 0.02     0.6 ± 0.02 0.9 ± 0.1*# 
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Table 3.1: Echocardiographic assessment of systolic and diastolic function in WT and 

TIMP4-/- mice and corresponding shams at 4 weeks post-I/R. HR=Heart rate; E-wave=early 

transmitral peak velocity; A-wave=transmitral inflow velocity due to atrial contraction; E’=Early 

tissue Doppler velocity; A’=Tissue Doppler velocity due to atrial contraction. IVRT=Isovolumic 

relaxation time of LV; DT=Deceleration Time of E wave, LA=Left atrium; WMSI=Wall motion 

score index; LVEF=LV ejection fraction; LVID=LV internal diameter at the end of diastole 

(LVID-D) or systole (LVID-S); LVPW=LV posterior wall thickness at the end of systole (LVPW-

S) or diastole (LVPW-D). *p<0.05 compared with corresponding sham; #p<0.05 compared with 

WT-I/R. 
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Figure 3.4.1: TIMP4-deficiency suppresses cardiac function following ischemia-reperfusion 

in vivo. (A)TIMP4 protein (i, ii) and mRNA (iii) levels are reduced in ischemic myocardium of 

WT mice at 1 week post-I/R and in patients with ischemic cardiomyopathy (B) Representative 
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echocardiographic images (C) (transmitral Doppler) (i), tissue Doppler (ii) and M-mode recording 

(iii) from WT and TIMP4-/- mice at 1week post-sham or I/R. Averaged parameters of systolic 

function (D) (i-ii) and diastolic function (iii-vi) in WT and TIMP4-/- mice. n=6/sham and 10/I/R 

per genotype. *p<0.05 compared with corresponding sham; #p<0.05 compared with WT-I/R. 

 

3.4.2 Enhanced Myocardial Fibrosis and Hypertrophy in TIMP4-/- Mice Post-I/R 

We assessed the impact of TIMP4-deficiency on myocardial hypertrophy and fibrosis 

which are often associated with diastolic and systolic dysfunction. PSR-staining and fluorescence 

microscopy showed enhanced collagen content in the ischemic region of TIMP4-/- compared with 

WT hearts at 1 week post-I/R (Figure 3.4.2Ai-ii). In addition, mRNA expression of collagen type-

I was increased to a greater extent in TIMP4-/--I/R hearts (Figure 3.4.2Bi) while the elevation in 

collagen type III mRNA was similar between genotypes (Figure 3.4.2Bii). In addition, TIMP1 

levels were significantly increased in TIMP4-/--I/R hearts (Figure 3.4.2Biii), which has been 

strongly linked to myocardial fibrosis in patients as well as in animal models.208, 287 

Assessment of myocardial hypertrophy by cardiomyocyte cross-sectional area in WGA-

stained sections (Figure 3.4.2Ci-ii), and heart weight-to-tibial length ratio (Figure 3.4.2D) 

indicate greater myocardial hypertrophy in TIMP4-/- compared with WT mice at 1 week post-I/R, 

primarily in the ischemic myocardium (Figure 3.4.2Ci-ii). Therefore, the more severe diastolic 

dysfunction in TIMP4-/-I/R mice is associated with enhanced fibrosis and hypertrophy. 
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Figure 3.4.2: Enhanced myocardial fibrosis and hypertrophy in TIMP4-/- mice at 1week post-

I/R. (A) Representative Picrosirius red (PSR)-stained images (i) and averaged myocardial collagen 
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content (ii) in indicated groups at 1 week post-I/R (n=4 hearts/group/genotype; 4 

sections/region/heart). (B) mRNA expression levels of collagen type I (pro-Col Iα1) (i), collagen 

type III (pro-Col IIIα1) (ii), and TIMP1 (iii) (n=6-8/group/genotype). (C) i) representative images 

from Wheat Germ Agglutinin (WGA)-stained myocardial sections at 1-week post-sham or I/R. ii) 

Averaged cardiomyocyte cross-sectional area measured from WGA-stained sections (n=100 cells/ 

group/genotype). Heart weight-to-tibial length ratio in WT and TIMP4-/- mice 

(n=10/group/genotype). A.U.= arbitrary units; R.E.=relative expression. *p<0.05 compared with 

corresponding sham; #p<0.05 compared with corresponding region in WT-I/R.  

 

3.4.3 Excess Oxidative Stress and Inflammation in TIMP4-/- Hearts at 1 Day Post-I/R 

 

In identifying the early molecular and cellular events that lead to the observed diastolic 

dysfunction in TIMP4-/--I/R hearts, we found that at 1 day post-I/R, superoxide levels were 

markedly elevated in the ischemic region of TIMP4-/--I/R hearts, as determined by increased 

number of cells positively stained for dihydroethidium (Figure 3.4.3Ai-ii). Further, elevated 

neutrophil infiltration (Figure 3.4.3Bi-ii) and enhanced expression of inflammatory markers, 

interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP1) (Figure 3.4.3Ci-ii) were 

detected in the ischemic myocardium of TIMP4-/- compared with WT mice. Concomitantly, 

enhanced myocardial injury, determined by a larger number of apoptotic cells, was observed in 

TIMP4-/- ischemic myocardium (Figure 3.4.3Di-ii). The oxidative stress and inflammation 

subsided by 1 week post-I/R which is consistent with the transient nature of these events following 

injury.  

We investigated how these early events impact TIMP4 levels in myocardial cells using 

cultured adult cardiomyocyte (cMyo) and cardiofibroblast (cFB) under different conditions, 

hypoxia, ischemia, I/R and cytokine that were elevated in vivo (IL6, MCP1, MCP1+IL6) (Figures 

3.4.1 and 3.4.2A). Following hypoxia and I/R, TIMP4 mRNA increased in the cMYO (but not 

cFB), while exposure to IL6 or IL6+MCP1 increased TIMP4 mRNA in cFB. While ischemia 

triggered an increase in TIMP2 and TIMP3 levels in cMYO, it did not alter TIMP4 levels. Next, 

we asked how these findings correlate with early in vivo changes in TIMP4 levels post-I/R. 

Interestingly, we found that after 24 hours of I/R, TIMP4 mRNA levels are in fact elevated in the 

ischemic and non-ischemic myocardium (Figure 3.4.2B).   
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Figure 3.4.3: Excess oxidative stress and inflammation in TIMP4-/- hearts at 1-day post-I/R. 

(A) Representative images of dihydroethidium (DHE)-stained (i), and averaged quantification of 

DHE-positive cells (ii) in indicated groups in WT and TIMP4-/- mice (n=4 hearts/group/genotype). 

(B) representative images of neutrophil-stained sections (i), and averaged neutrophil count per 
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field in indicated groups (n=4 hearts/group/genotype) (ii) (C) mRNA expression of pro-

inflammatory markers, IL-6 (i) and MCP1 (ii) normalized to HPRT levels in WT and TIMP4-/- 

mice (n=4-6/group/genotype). (D) Representative images of TUNEL-stained hearts (i) and 

averaged quantification of TUNEL-positive cells (ii) in indicated groups. (n=4 

hearts/group/genotype; 4 sections/region/heart), Isc=ischemic, ND=not detected. * p<0.05 

compared with corresponding sham; #p<0.05 compared with corresponding region in WT-I/R. 

R.E.=Relative Expression; A.U.=Arbitrary Units. 

 

3.4.4 Absence of TIMP4 Inhibitory Function Elevates MT1-MMP Activity 

 

Since tissue proteolysis is one of the major contributors to overall cardiac remodeling, 

fibrosis and diastolic dysfunction, we measured the levels and the activity of a number of key 

matrix metalloproteinases (MMPs) and their inhibitors, TIMPs that could contribute to these 

events. At 1 week post-I/R, in vitro gelatine zymography showed elevated MMP2 (pro- and 

cleaved) levels in the ischemic myocardium of TIMP4-/--I/R mice (Figure 3.4.4Ai-iii), while the 

changes in MMP9 levels did not reach statistical significance (Figure 3.4.4Ai, iv). This was 

accompanied by increased mRNA expression for MMP2 but not MMP9, while MMPs -7, -8, -9, 

or -13 were not elevated in either group post-I/R (Figure 3.4.10Ai-iv). At 1 week post-I/R, mRNA 

expression and protein levels of MT1-MMP (Figure 3.4.10Av and 3.4.10 Bi), a membrane-bound 

MMP was markedly elevated in the ischemic and remote regions of TIMP4-/--I/R hearts. TIMP2 

and TIMP3 levels remained unaltered in both genotypes post-I/R (Figure 3.4.10Ci-ii). In vitro 

fluorescent-based activity assays were used to measure total gelatinase activity (reflective of 

MMP2 and MMP9 activities), and MT1-MMP activity in WT and TIMP4-/- myocardial tissue post-

I/R. While total gelatinase activity was not altered in either genotype post-I/R (Figure 3.4.4B), 

MT1-MMP activity was markedly elevated in the ischemic region of TIMP4-/--I/R compared with 

the parallel WT group (Figure 3.4.4C). This was consistent with the elevated MT1-MMP activity 

in the ischemic myocardium from patients (Figure 3.4.4D). 

Next, we compared the inhibitory function of TIMP4, compared with other TIMPs, against 

MT1-MMP, MMP2 and MMP9, the MMPs that were elevated in TIMP4-/--I/R hearts. In vitro 

assessment of the inhibitory function of the four TIMPs against MT1-MMP, MMP2 and MMP9 

showed that TIMP4 is as potent as TIMP3, and second to the inhibitory effects of TIMP2 against 
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MT1-MMP, whereas TIMP1 lacks inhibitory function against rMT1-MMP (Figure 3.4.4Di). All 

TIMPs inhibited rMMP2 and rMMP9 with similar potency. The rTIMPs used here are not 

glycosylated, and glycosylation could impact their MMP-inhibitory function, while full length 

MT1-MMP could interact differently with TIMPs compared with its catalytic domain used in this 

experiment. Based on our findings, it is plausible that the elevated TIMP1 levels in TIMP4-/--I/R 

hearts suppressed the activity of MMP2 and MMP9 (leading to unaltered total gelatinase activity), 

while MT1-MMP activity remained elevated.  

 

 

Figure 3.4.4: Elevated MT1-MMP activity in the ischemic myocardium of TIMP4-deficient 

mice at 1-week post-I/R. (A) (i) Representative gelatin zymography (i) and averaged band 
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intensity for pro-MMP2 (ii), cleaved MMP2 (iii) and MMP9 (iv) in indicated groups 

(n=4/group/genotype). Coomassie blue-stained gel was used as loading control. (B-D) Total 

gelatinase and MT1-MMP activity in indicated groups (n=7-8/group) MT1-MMP activity in 

human ischemic myocardium compared with control (n=5/control, 8/ischemic heart). (E) 

Inhibitory potential of recombinant TIMPs (rTIMP1, rTIMP2, rTIMP3 and rTIMP4) against MT1-

MMP (i) MMP2 (ii) and MMP9 (iii) Isc=ischemic; A.U.=Arbitrary Units; *p<0.05 compared with 

corresponding sham; #p<0.05 compared with corresponding region in WT-I/R. 

 

3.4.5. TIMP4 is Essential for Chronic Recovery from I/R Injury 

 

To investigate how TIMP4-deficiency influences the long term myocardial recovery from 

I/R injury, we followed up cardiac remodeling and function in WT and TIMP4-/- mice until 4 weeks 

post-I/R. Assessment of the hearts after 4 weeks of I/R showed a gross enlargement of TIMP4-/- 

hearts compared with WT hearts (Figure 3.4.5A), consistent with markedly increased heart 

weight-to-tibial length ratio (Figure 3.4.5B) in this group. Interestingly, by 4 weeks post-I/R, 

while the increase in myocyte cross-sectional area (Figure 3.4.5Ci-ii) and myocardial fibrosis 

(Figure 3.4.5D) became more pronounced in TIMP4-/--I/R hearts, the parallel WT-I/R group 

showed complete recovery from the I/R injury such that no hypertrophy or fibrosis were detected 

in these mice. Consistently, cardiac function in WT mice was comparable to the sham group at 4 

weeks post-I/R (Figure 3.4.6A, and Table 3.1). TIMP4-/- mice, on the other hand, exhibited 

suppressed systolic function and adverse remodeling evident by increased wall thickness and LV 

dilation (Figure 3.4.6Ai-iii); as well as exacerbated LV diastolic dysfunction as evident by a 

marked increase in IVRT, deceleration time (DT), LA size, and a decrease in E’-to-A’ ratio 

(Figure 3.4.6Aiv-vii). Intriguingly, the full recovery of the WT mice at 4 weeks post-I/R was 

associated with an increase in TIMP4 protein, to levels comparable to the sham group (Figure 

3.4.6Bi-ii), and a concomitant normalization of MT1-MMP activity in these WT hearts (Figure 

3.4.6C). MT1-MMP activity remained elevated in TIMP4-/--ischemic myocardium despite 

normalization of its protein levels (Figure 3.4.10 Bii), indicating the critical importance of TIMP4 

in regulating the activity of MT1-MMP. These data collectively highlight the critical role of 

TIMP4 in recovery from myocardial I/R injury. 
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Figure 3.4.5: Advanced myocardial hypertrophy, fibrosis and adverse remodeling in TIMP4-

/- mice by 4 weeks post-I/R. (A) Representative macroscopic images of trichrome stained hearts, 

(n= 4 hearts/group/genotype) (B) averaged heart weight-to-tibial length ratio in WT and TIMP4-/- 

mice at 4 weeks post-sham or I/R, (C) representative WGA-stained sections (i) and averaged 

myocyte cross-sectional area (CSA) from each genotype (ii), (D) representative PSR-stained 

sections (i) and averaged collagen content in indicated groups (ii) (n=4 hearts/group, 4 

sections/region/heart). Sh-Sham; Isc=ischemic; *p<0.05 compared with corresponding sham; 

#p<0.05 compared with corresponding regions in WT-I/R. 
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Figure 3.4.6: At 4 weeks post-I/R, TIMP4-deficient mice show exacerbated diastolic 

dysfunction and systolic dysfunction. (A) Averaged echocardiographic parameters for ejection 

fraction (i), LV posterior wall thickness (ii), LV diastolic volume (iii), isovolumic relaxation time 

(IVRT) (iv), deceleration time (DT) (v), left atrial size (vi), and E’-to-A’ ratio (vii) in WT and 

TIMP4-/- mice (n=5/sham/genotype; 8/IR/genotype). (B) Representative Western blot (i) and 

averaged TIMP4 protein levels (ii) in ischemic and remote myocardium from WT hearts at 4 weeks 

post-I/R (n=4/group). (C) MT1-MMP activity in indicated groups at 4 weeks post-I/R. *p<0.05 

compared with corresponding sham; #p<0.05 compared with WT-I/R. 
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3.4.6. Ex vivo ischemia-reperfusion resulted in similar post-ischemia recovery in 

TIMP4-/- and WT hearts. 

Using the isolated heart Langendorff perfusion system, WT and TIMP4-/- hearts were 

subjected to 20 minutes of global ischemia (after 15 minutes of stabilization), followed by 45 

minutes of reperfusion. The perfusion buffer did not contain EDTA to avoid the complications 

resulting from MMP-inhibitory function of this reagent. At baseline, WT and TIMP4-/- hearts 

showed comparable LV function, as assessed by LV developed pressure (LVDP), systolic pressure 

(LVPsys), LV diastolic pressures (LVPdias) and the rates of contraction and relaxation (±dP/dt) 

(Figures 3.4.7A-D). Following I/R, LVDP (Figure 3.4.7A) and the rates of contraction and 

relaxation (±dP/dt, Figure 3.4.7D) were suppressed similarly in both genotypes. This experiment 

was also performed with a longer ischemic period (30 min) and similar results were observed 

(Figure 3.4.11). Heart rate was sustained and comparable in WT and TIMP4-/- hearts throughout 

the protocol (Figure 3.4.7E). Flow rate before ischemia (2.72±.0.27 vs. 2.24 ±.0.20 mL/min) and 

during reperfusion (2.38±0.28 vs. 2.16±0.22 mL/min) were similar in WT and TIMP4-/- hearts, 

respectively. Consistent with similar LV function, myocyte damage post-I/R, as determined by 

creatine kinase levels in the coronary effluent, was not different between TIMP4-/- and WT hearts 

(Figure 3.4.7F). Therefore, TIMP4-deficient cardiomyocytes are not inherently more susceptible 

to acute ischemic injury.  
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Figure 3.4.7: TIMP4-deficiency does not impair cardiac recovery following acute ischemia-

reperfusion injury ex vivo. (A-D) Parameters of cardiac function after 20 minutes of ischemia 

and 45 minutes of reperfusion, (A)left ventricular developed pressure (LVDP), (B) LV end-

systolic pressure (LVESP), (C) LV end-diastolic pressure (LVEDP), (D) the rate of contraction 

and relaxation (±dP/dt), and (E) heart rate in WT and TIMP4-/- hearts (n=12/genotype). (F) 

Creatine kinase levels in the heart perfusate before ischemia (baseline) and at different times during 

reperfusion, n=7/genotype. *p<0.05 compared with corresponding baseline. 
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Figure 3.4.8: Expression of TIMPs in the cultured (wildtype) adult cardiomyocytes and 

fibroblasts in vitro under different conditions. (A) Hypoxia (24hours) (B) Ischemia (24hours) 

(C) Ischemia-Reperfusion (6hours/24 hours). *p<0.05 compared with control. n=2 independent 

cultures, 3 plates/group/experiments.  
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Figure 3.4.9: Expression of TIMPs with different treatments: (A) mRNA expression of TIMPs 

in cultured wildtype cardiomyocytes and fibroblasts treated with cytokines, interleukin-6, 

monocyte chemotactic protein-1 or both for 24 hours. *p<0.05 compared with saline- treated 

control group. (B) mRNA expression of TIMPs at 1day after I/R in vivo in sham, ischemic and 

remote myocardium. *p<0.05 compared with corresponding sham, #p<0.05 compared with 

corresponding WT group. 
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Figure 3.4.10: Recovery of WT and TIMP4-/- hearts from 30 minutes ischemia ex vivo: (A) 

Left ventricular developed pressure (LVDP mmHg). (B) Rate of contraction and relaxation 

(±dp/dt). (C) Heart rates were altered similarly in WT and TIMP4 deficient hearts after 30 minutes 

of ischemia, n=7-8/genotype. 
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Figure 3.4.11: TaqMan mRNA expression profile at 1-week post-I/R. (A) Averaged mRNA 

levels of MMP2 (i), MMP9 (ii), MMP7 (iii), MMP13 (iv), MT1-MMP (v) in indicated region after 

1 week of sham or I/R procedure. (B) MT1-MMP protein levels in membrane fraction of indicated 

groups at 1 week (i) and 4 weeks (ii) post-sham or I/R (C) Averaged mRNA expression for TIMP2 

(i), TIMP3 (ii) and TIMP4 (iii) at 1-week post-sham or I/R in indicated groups. *p<0.05 compared 

with corresponding sham; #p<0.05 compared with corresponding region in WT-I/R 

n=6/group/genotype. 

B) 
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3.5. Discussion 

 

Adverse remodeling of the myocardial ECM post-I/R can impact cardiac function. Excess 

degradation of the ECM by MMPs is kept under control by their inhibitors, TIMPs. In patients, 

MMP/TIMP balance is altered in different cardiomyopathies.135,320,324 Lack of TIMPs has been 

shown to impair cardiac response to pressure-overload207,209 and myocardial infarction in murine 

models.203,204,206,209 Among TIMPs, TIMP4 shows a tissue-specific expression pattern 

predominantly in the heart and brain,106 and is an effective biomarker for LV diastolic dysfunction 

in patients.325  

We found that while TIMP4 mRNA was elevated at 1 day post-I/R in WT myocardium, 

by 1 week post-I/R its protein and mRNA levels were reduced in the ischemic myocardium which 

corresponded to diastolic dysfunction and adverse remodeling. Similarly, ischemic (non-infarct) 

myocardium from MI patients showed decreased TIMP4 levels. Since lack of TIMP4 in our model 

led to a far more severe diastolic dysfunction and adverse structural remodeling post-I/R, we 

propose that the initial increase in TIMP4 levels early post-I/R is a compensatory attempt by the 

myocardium to overcome the I/R-induced injury, while a combination of acute and chronic events 

lead to the subsequent decline in TIMP4 levels, and structural and functional impairments by 1 

week post-I/R. Intriguingly, in WT mice, TIMP4 levels recovered by 4 weeks post-I/R which 

corresponded with normalization of MT1-MMP activity and amelioration of the cardiac 

dysfunction in these mice. While factors such as hypoxia158 and cytokines159 have been reported 

to regulate TIMP4 expression, our findings reveal that a combination of factors could underlie this 

process which will require further investigation to be unravelled.  

With longer ischemic periods (30 min) in vivo, WT mice additionally developed systolic 

dysfunction although less severe than that in TIMP4-/- mice. However, in order to investigate the 

adverse outcomes of diastolic dysfunction in the absence of systolic dysfunction, and to explore 

the underlying cellular and molecular mechanism of I/R injury in the absence of myocardial 

infarction which would ensue with longer ischemic periods, we performed the in vivo experiments 

with 20 minutes ischemia followed by reperfusion. 

The inhibitory function of TIMP4 against MT1-MMP underlies the adverse myocardial 

remodeling and LV dysfunction in these mice. Consistent with our findings, reduced TIMP4 levels 

in the ischemic porcine myocardium correlated with elevated MT1-MMP levels and activity.321, 
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326 MT1-MMP is anchored to the cell membrane, unlike other MMPs that are secreted to the 

extracellular space, therefore capable of coordinating the extracellular signals with cellular 

responses. In addition to its proteolytic function, the cytosolic tail of MT1-MMP has been reported 

to induce signaling pathways such as ERK.327 which can contribute to myocardial I/R injury.300 

MT1-MMP over-expression triggered myocardial fibrosis and adverse myocardial remodeling 

with poor outcomes post-MI,328 Moreover, MT1-MMP can activate the latent TGF and trigger 

tissue fibrosis,232,328-329 can activate a number of pro-MMPs, such as MMP2113 and MMP13,330 

and has been associated with oxidative stress in the myocardium331 and ROS production.332  

In TIMP4-deficient mice TIMP1, but not TIMP2 or TIMP3, was markedly elevated post-

I/R. TIMP1 has been strongly linked to fibrosis in multiple organs,287,333-334 as well as to 

myocardial diastolic dysfunction in different cardiomyopathies.335-336 As such, the elevated TIMP1 

in TIMP4-/--I/R hearts is consistent with enhanced myocardial fibrosis and the diastolic 

dysfunction in these mice. In addition, TIMP1 is the only TIMP that does not inhibit the 

membrane-type MMPs (MT-MMPs) as shown in this study and by others,337 and therefore unable 

to compensate for the lack of TIMP4 in inhibiting MT1-MMP post-I/R. TIMP4-deficiency did not 

impact the myocardial recovery following acute I/R ex vivo, indicating that TIMP4-deficiency does 

not increase the susceptibility of cardiomyocyte to acute I/R injury. Therefore, the observed 

dysfunction and remodeling in TIMP4-/--I/R mice in vivo is primarily through the cellular and 

molecular events, and the subsequent chronic myocardial and ECM remodeling. 

The findings from this study demonstrate that TIMP4 is a critical factor in myocardial 

recovery from I/R injury and variations in myocardial TIMP4 is likely a critical determinant of 

disease progression. The post-I/R reduction in TIMP4 levels indeed mediates the subsequent 

diastolic dysfunction which over time culminates in a more severe diastolic dysfunction with 

systolic dysfunction.  

 

3.6. Conclusion 

 

TIMP4 is one of the four TIMPs that regulates the extracellular matrix. TIMP4 is unique 

among TIMPs shows highest expression in the heart than other organs. Myocardial ischemic injury 

is either unpredictable (during heart attack) or inevitable (in the operating room) and can cause 

perturbations of the myocardial extracellular matrix. Also, it is now understood that patients with 
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ischemic cardiomyopathy have normal preserved ejection fraction but diastolic function are 

compromised.338, 339 Therefore, in order to improve diastolic properties of myocardium and 

improve extracellular matrix functions, TIMP4 delivery during ischemic cardiomyopathy could 

serve as a potential therapy. 

  



 

96 
 

 

 

 

 

 

 

CHAPTER 4 

 

THERAPEUTIC POTENTIAL OF TIMPs 

IN MYOCARDIAL INFARCTION 

 

  



 

97 
 

MYOCARDIAL REPLENISHMENT OF TIMP3 FOLLOWING MYOCARDIAL 

INFARCTION EXERTS BENEFICIAL EFFECTS THROUGH PROMOTING 

ANGIOGENESIS AND SUPPRESSING EARLY PROTEOLYSIS 

 

 

Abhijit Takawale1,3, Pu Zhang1,3, Abul Azad2, Wang Wang1,3, Xiuhua Wang1,3, Allan G. 

Murray2, Zamaneh Kassiri1,3 

 

1Department of Physiology, 2Department of Medicine, Faculty of Medicine and Dentistry, 

3Mazankowski Alberta Heart Institute, University of Alberta, Edmonton, AB, Canada. 

 

 

Contributions:  

AT: Generated hypothesis, experimental design, analyzed functional data using echocardiography, 

performed all immunostaining experiments for inflammatory cells, CD31, Lectin staining, WGA 

+ Phalloidin co-staining, Picrosirius red staining, planned surgeries, cared for and monitored 

animals, collected tissues post-surgeries at different time points, extracted proteins for WBs and 

activity assays. AT had primary role in interpreting results, writing manuscript, and preparing 

figures. 

PZ: Performed the angiogenesis experiments (3D spherical sprouting assay) using human 

umbilical vein (HUVEC) and coronary (HCEAC) cell lines, captured images at different time 

points for angiogenesis, Performed immunoprecipitation experiment for TIMP3 and VEGFR2. 

AA: Helped with setting up in vitro angiogenesis assay. 

WW: Helped in lectin injection for in vivo angiogenesis experiments. 

XW: Performed LAD ligation surgeries and intramyocardial adenovirus injections, performed WB 

for hTIMP3, and the gelatinase activity assay. 

AGM: Provided HUVEC cell line and input for in vitro angiogenesis studies. 

ZK: Supervisor of AT, Overall project planning and corresponding author.  



 

98 
 

A version of this manuscript has been submitted to American Journal of Physiology-Heart 

and Circulatory Physiology. This chapter has been modified from manuscript submitted to AJP 

Heart Circ. Physiology.   

  



 

99 
 

4.1. Introduction 

Coronary artery disease and ischemic cardiomyopathy are the major cause of systolic heart 

failure, and among the leading causes of morbidity and mortality worldwide. 3, 340-341 Myocardial 

infarction occurs secondary to interruption of coronary blood flow, resulting in loss of a significant 

number of cardiomyocytes which subsequently triggers a series of adverse events such as 

degradation of the existing myocardial extracellular matrix (ECM), inflammation, scar formation 

and expansion, left ventricular (LV) dilation, dysfunction and eventually heart failure. Due to 

advances in medical and surgical technology and the increased access to medical care, an 

increasing number of patients survive the heart attack, but later develop heart failure due to the 

subsequent adverse remodeling of the heart. Therefore, novel therapies to prevent adverse 

remodeling of the heart post-MI are necessary to prevent occurrence of heart failure. 

While numerous factors contribute to post-MI remodeling, infarct expansion appears to be 

central to this process, and it is associated with continuous adverse turnover of the ECM in the 

myocardium surrounding the initial infarct site (peri-infarct region), resulting in LV wall thinning, 

loss of structural support and LV dilation. A family of enzymes that mediate ECM turnover are 

matrix metalloproteinases (MMPs) whose activity is kept in check by their physiological 

inhibitors, tissue inhibitor of metalloproteinases (TIMPs). 135 An imbalance in the MMP-TIMP 

axis can disrupt ECM integrity in disease. 79, 274 A correlation between plasma MMP and TIMP 

profiles and LV remodeling has been reported in patients post-MI.342 Activation of MMPs early 

post-MI has been shown to be a critical contributor to post-MI LV remodeling in animal models 

203, 204, 206 and in post-MI rupture in patients.343  However, a clinical trial of MMP inhibitor 

treatment in MI patients did not show beneficial effects 278 although that clinical trial was not 

without limitations.344 Therefore, new therapeutic approaches needed to control post-MI 

remodeling in heart failure patients. 

 

4.2. Objective and Rationale  

 

In the mouse model of myocardial infarction, TIMP3 deficiency causes exacerbation of 

systolic as well as diastolic dysfunction206 while TIMP4 deficiency results in increased LV rupture 

rate.209 Among the four TIMPs, TIMP3 is highly expressed in the heart. Its levels decrease 

markedly shortly post-MI in animal models 206 and in heart failure patients with ischemic 
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cardiomyopathy.284 TIMP3 deficiency results in dilated cardiomyopathy with aging 205, 

exacerbates LV dilation and dysfunction, and increases rate of LV rupture post-MI. 206,345. TIMP4 

is highly expressed in the heart than other organs106 and it is beneficial for myocardial post-I/R 

recovery. Post-MI remodeling of the LV is spatiotemporal, hence local delivery or targeting of 

potential players in this process could prove to be beneficial.346-347 Therefore, we studied 

therapeutic potential of TIMP3 and TIMP4 in post-MI remodeling using a adenovirus-mediated 

gene delivery approach. 

 

4.3. Methods 

 

4.3.1. Experimental animals and in vivo model of myocardial infarction 

 

WT male mice of 8-10 weeks of age were subjected to myocardial infarction by permanent 

left anterior descending artery (LAD) ligation as before.204,303  Following LAD ligation, adenovirus 

containing human TIMP3 (Ad-hTIMP3) and human TIMP4 (Ad-hTIMP4) and control adenovirus 

(Ad-null) were injected in peri-infarct regions at five different spots (5.54 ×107, 5µl/spot) as 

described in sections 2.2.5 above. 

At 3 days, 1 week and 4 weeks post-MI, hearts were excised and flash frozen in OCT 

medium or were fixed in 10% formalin and processed for immunohistochemical analyses or 

separated into infarct, peri-infarct and non-infarct regions and flash frozen for molecular work.  

 

4.3.2 Cardiac function assessment 

Cardiac systolic, and diastolic function and structure were assessed by noninvasive 

transthoracic echocardiography as described using Vevo 3100.303-304 Modified parasternal long 

axis EKV analyses using Simpson’s method were used to measure EF, FS, systolic and diastolic 

volume. Detailed methods are described in section 2.4.1. 

 

4.3.3 Histochemical and immunostaining analysis 

Hearts were arrested in diastole using 1M KCl, and fixed in 10% formalin, paraffin 

embedded and processed for trichrome and PSR staining as mentioned before.204, 206, 304  For infarct 

size assessment, 5 µm sections were stained with WGA and phalloidin as described in section 

2.8.2. At 3 days post-MI, hearts were collected in OCT medium and stained for neutrophil and 
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macrophages to assess inflammation using Ly6 (Serotac, MCA771GA) and CD68 (Serotac, 

MCA1957GA) as markers, respectively as described in sections 2.9.1. 

 

4.3.4 Lectin immunofluorescence assay, CD31 and Ki67 staining 

Microvascular density was assessed in Ad-null, and Ad-hTIMP3, groups using lectin 

immunofluorescence assay (FL1081, Vector labs) and CD31 staining (BD bioscience, BD550274) 

299, 303 as described in sections above 2.10.5. CD31 and Ki67staining were performed to assess 

coronary endothelial cells and endothelial proliferation on OCT sections as described above 

sections 2.9.4., 2.9.5. 

 

4.3.5 In vitro angiogenesis assay 

Concentration-response relationship for recombinant TIMP3 (rTIMP3) was studied using 

human umbilical (HUVEC) and human coronary artery endothelial cells (HCAEC). The detailed 

methods are described in sections 2.7 above.  

 

4.3.6 Immunoprecipitation for VEGFR2 and TIMP3  

The immunoprecipitation of VEGFR2 and different concentrations of TIMP3 from 

endothelial cells was performed as described in sections 2.10.2. 

 

4.3. Results 

 

4.4.1 Adenoviral delivery of hTIMP3 but not hTIMP4 improved heart function at 1 

week post-MI  

We first examined how TIMP levels are altered early post-MI. Western blotting for the 

four TIMPs showed that within 24 hours of LAD ligation, TIMP1 and TIMP2 protein levels 

increased, whereas TIMP3 levels decreased markedly in the infarct and peri-infarct myocardium, 

while TIMP4 levels decreased primarily in the infarct area (Figure 4.4.1). Given the drastic 

reduction of TIMP3 within 24 hours of MI, we investigated if preventing this early reduction could 

improve post-MI remodeling and cardiac function. TIMP3 was replenished in the peri-infarct 

myocardium by intramyocardial injection of replication-deficient adenovirus that express human 

TIMP3 (hTIMP3), while a blank adenovirus construct (Ad-Null) was used as parallel control. This 
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increased the TIMP3 protein levels in the infarct and peri-infarct regions (Figure 4.4.1B; antibody 

recognizes both human and mouse TIMP3), and mRNA for human TIMP3 was detected in the 

infarct, peri and non-infarcted myocardium (Figure 4.4.1C).  

After 1 week of MI, Ad-hTIMP3-injected group showed a smaller infarct expansion 

compared with the Ad-Null hearts (Figure 4.4.2A.). In Ad-Null group, myocardial infarction 

resulted in LV systolic dysfunction (reduced ejection fraction, fractional shortening, increased 

WMSI), LV dilation (increased LV systolic and diastolic volume and diameter), and enlarged left 

atrial size (Figure. 4.4.2C, Table 4.1). Ad-hTIMP3 injections (5.5 x107 pfu/heart) partially 

preserved LV function and contractility (EF, WMSI), ameliorated LV dilation (LV volume and 

diameter), reduced LA enlargement, and improved some parameters of diastolic function (E- and 

E’-waves) (Figure. 4.4.2 C, Table 1). Consistent with these findings, mRNA expression of cardiac 

disease markers, β-myosin heavy chain (-MHC), brain natriuretic peptide (BNP) and α-skeletal 

actin (-SKA) were markedly elevated in Ad-Null-MI compared with the sham group, whereas 

this rise was hampered in Ad-hTIMP3-MI hearts particularly in the peri-infarct myocardium 

(Figure 4.4.2D). 
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Figure 4.4.1: Protein levels for tissue inhibitors of matrix metalloproteinases (TIMPs) post-

MI. (A) Protein levels of TIMPs 1-day following myocardial infarction (infarct, peri-infarct and 

non-infarct regions) or sham operation. Coomassie blue-stained gel visualizes total protein as 

loading control. (B) Representative Western blots showing TIMP3 protein levels in the infarct, 

peri- and non-infarct regions in Ad-null and Ad-hTIMP3-injected hearts compared with sham 

(2days post-MI). The TIMP3 antibody recognizes mouse and human proteins. (C)  mRNA levels 

for human TIMP3 in the indicated groups (n=5/group). ND=not detectable. Averaged data 

represent mean± SEM. *p<0.05 compared with the corresponding region in Ad-Null group. 

 

A) 
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Figure 4.4.2:TIMP3 but not TIMP4 replenishment improves LV structure and function at 

1-week post-MI.  (A) Representative trichrome stained cross sections of hearts from sham, Ad-

Null-MI, Ad-hTIMP3-MI, Ad-hTIMP4-MI groups. (B) Representative B-mode images from 

sham, Ad-null-MI, Ad-hTIMP3-MI and Ad-hTIMP4-MI group at 1-week post-sham/MI. (C) 

Averaged parameters for cardiac function, ejection fraction (i), Wall Motion Score Index (WMSI, 

(ii), and cardiac structure, LV systolic volume (iii), LV internal diameter during diastole (LVIDd, 

(iv) and left atrial size (v) assessed using echocardiography (n=8/sham, 15/Ad-Null-MI, 18/Ad-

hTIMP3-MI/ Ad-hTIMP4-MI). (D) Disease markers β-myosin heavy chain (β-MHC), brain 

natriuretic peptide (BNP) and α-skeletal actin (α-SKA) in indicated groups and regions (n=6/sham; 

8-10/Ad-Null-MI and Ad-TIMP3-MI). Averaged data represents mean ±SEM. *p<0.05 compared 

with sham, § p<0.05 compared with the corresponding region in the Ad-null-MI group. 
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Table 4.1: Echocardiographic parameters of cardiac function and structure in mice. 1 week following sham-operation or following 

myocardial infarction, receiving Ad-Null or Ad-hTIMP3 at a low dose (5.5x107 pfu/heart) or a high dose (5.5x108 pfu/mL)

Parameters Sham Ad-null-MI Ad-hTIMP3MI  Ad-null -MI Ad-hTIMP3-MI 

  Low dose  High dose  

n 7 15 18 8 8 

HR (bpm) 450 ± 21 426 ± 24 453 ± 39 497± 13 445±21 

E-wave (mm/s) 658.6± 58.2 451.8±29.2 587.1±16.2 * 310.6±19.8 397.3±44.1* 

E’(mm/s) 33.3± 5.2 14.3±1.1 20.0±2.1 * 12.4±2.2 12.5±2.9 

E/E’ 28.0±1.6 33.3±2.8 34.5±3.1 29.9±5.3 38.5±7.9* 

A’ (mm/s) 25.7±4.5  19.6± 1.8 20.93±1.3 19.1±1.0 17.4±2.4 

IVRT (ms) 11.8± 0.7 23.5 ±1.4 20.4±0.9 18.9±2.1 18.1±1.9 

DT (ms) 12.2± 3.6 25.4±2.1 24.01±2.4 16.6±0.9 17.5±1.2 § 

LVEF (%) 59.7± 2.0 25.4± 2.2 35.4± 2.5 * 21.4±4.7 26.3±4.4 § 

LA size 1.8±0.10 2.8±0.10 1.7±0.08 * 2.61±0.13 2.16±0.14 § 

WMSI 1.00±0.00 2.1±0.06 1.7±0.08 * 2.23±0.07 2.21±0.11§ 

LV Systolic Vol (µL) 21.5± 1.3 85.1±6.7 51.7± 5.4 * 98.9±13.7 88.2±11.6 § 

LV Diastolic Vol. (µL) 52.8± 2.9 112.9±7.0 77.0± 6.2 * 117.3±13.5 117.9±9.9 § 

LVID-D (mm) 3.9± 0.1 5.2±0.1 4.64±0.2 * 5.44±0.2 5.33±0.4 

LVID-S (mm) 2.77± 0.2 4.5±0.1 3.55±0.3* 5.17±0.3 4.9±0.4 § 

LVPW-S (mm) 1.05± 0.01 0.84±0.01 1.10± 0.06 * 0.76±0.08 0.89±0.18 

LVPW-D (mm) 0.67±0.06 0.71±0.03 0.82±0.03 0.66±0.05 0.70±0.11 
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HR-Heart rate; E-wave= early transmitral inflow velocity; E’= Early tissue Doppler velocity; A’= Tissue Doppler velocity due to atrial 

contraction. E/E’=Ratio of early transmitral inflow velocity to early tissue Doppler velocity, LVEF= Left ventricular ejection fraction; 

IVRT=Isovolumic relaxation time; DT=deceleration time; WMSI= wall motion score index; LVID-D= LV internal diameter at the end 

of diastole; LVID-S= LV internal diameter at the end of systole; LVPW-S= LV posterior wall thickness at the end of systole; LVPW-

D= LV posterior wall thickness at the end of diastole. *p<0.05 compared with corresponding Ad-Null group. § p<0.05 compared with 

corresponding low dose group. 
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4.4.2 Ad-hTIMP3 delivery partially preserves the infarcted myocardium  

Next, we assessed how TIMP3 replenishment affected the infarct tissue remodeling at 1-

week post-MI. We used picrosirius red (PSR) staining to visualize the fibrotic scar and fibrillar 

collagen deposition, Wheat Germ Agglutinin (WGA) and phalloidin co-staining to identify viable 

cardiomyocytes (Figure 4.4.3). Compared with the Ad-Null-injected hearts, thinning of the 

infarcted myocardium was less in Ad-hTIMP3-injected hearts (Figure 4.4.3. A, low 

magnification), exhibiting less collagen deposition and more preserved peri-cellular collagen 

arrangements (Figure 4.4.3A). Similarly, less collagen deposition was observed in the peri-infarct 

region in hTIMP3-injected hearts (Figure 4.4.3A). To determine if this reduced ECM remodeling 

was associated with preserved myocyte viability, we used WGA and phalloidin co-staining to 

visualize cell membrane and contractile proteins in viable cardiomyocytes, respectively. We found 

a higher density of viable cardiomyocytes in the infarct and peri-infarct regions in Ad-hTIMP3-

injected hearts at 1-week post-MI (Figure 4.4.3B). These results indicate that TIMP3 

replenishment partially preserves the ECM and myocardial remodeling post-MI.  
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Figure 4.4.3: Ad-hTIMP3 delivery improves post-MI remodeling at 1-week post-MI. (A) 

PSR-stained images of the infarct (at two different magnifications) and peri-infarct regions in Ad-

Null- or Ad-hTIMP3-injected hearts at 1-week post-MI. (B) Cardiomyocyte membrane and actin 

visualized by wheat Germ Agglutinin (WGA, red) and FITC-labeled phalloidin (green), 

respectively, in infarct, peri-infarct and non-infarct regions of Ad-Null or Ad-TIMP3-injected 

hearts at 1-week post-MI. 

 

4.4.3. Injection of hTIMP3 at physiological level suppresses early proteinase activity, and 

promotes angiogenesis but did not alter inflammation post-MI 

TIMP3 is best known as a broad-spectrum MMP inhibitor 135. We found that TIMP3 levels 

are markedly reduced in the infarct and peri-infarcted myocardium early post-MI (Fig. 1A) which 

coincides with a significant rise in total proteinase (gelatinase and collagenase) activities early 

post-MI (Figure. 4.3.4A). Replenishment of TIMP3 suppressed this early rise in total gelatinase 

and collagenase activities in Ad-TIMP3-MI compared with Ad-Null-MI group (Figure 4.3.4B). 

 

 

Figure 4.4.4: Ad-hTIMP3 delivery significantly reduced proteolytic activities early post-MI. 

Total (A)gelatinase (n=5-6/group) and (B) collagenase activities (n=5-6/group) (Enzcheck 

fluorescent-based assay) in sham, Ad-null (inf, peri and non-infarct) and Ad-hTIMP3 (inf, peri-

infarct and non-infarct) groups at 2 days post-MI. *p<0.05 compared with sham, § p<0.05 

compared with the corresponding region in the Ad-null-MI group. 
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Angiogenesis and inflammation are critical in post-MI repair and remodeling. Reduced 

angiogenesis due to decreased coronary density and impaired collateral network can impair LV 

function and promote structural deterioration. 348-349 Since we observed a greater number of viable 

myocytes in the infarct region of Ad-hTIMP3-MI compared with Ad-Null-MI group (Figure 

4.4.5), we investigated if this could be associated with preserved cardiac micro vessel density or 

formation of new collateral coronaries. In vivo injection of FITC-labeled lectin (Figure 4.4.5) and 

CD31 staining of fixed hearts to visualize endothelial cells (Figure 4.4.3.B) showed a higher 

density of coronaries in the infarct and peri-infarct regions of Ad-hTIMP3 compared with Ad-Null 

hearts at 1 week post-MI (Figure 4.4.5.B). At 3 days post-MI, during the early stages of 

angiogenesis and neovascularization, co-staining for Ki67 (marker of cell proliferation) and CD31 

(endothelial cells) revealed a higher number of replicating endothelial cells in the infarct and peri-

infarct regions of Ad-hTIMP3-injected compared with Ad-Null-injected hearts at 3 days post-MI 

(Figure 4.4.5.B) while by 1 week post-MI endothelial proliferation in the infarct regions was 

quiescent in both groups (data not shown). These data collectively suggest that TIMP3 

replenishment can promote angiogenesis and preserve the cardiac microvasculature early post-MI. 

Inflammation is another early response and a determinant of tissue repair and remodeling 

post-MI. Staining for neutrophils (Ly6; Figure 4.4.5C) and macrophages (CD68; Figure 4.4.5.C) 

at 3 days post-MI, the peak of inflammatory response, showed that TIMP3injection to 

physiological level did not alter the severity of the inflammatory response and similar abundance 

of neutrophils and macrophages were detected in the infarct and peri-infarct regions of both groups  

(Figure 4.4.6) 

  



 

110 
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Figure 4.4.5: Ad-hTIMP3 promoted angiogenesis and endothelial proliferation post-MI. 

(A) Representative images (i) and averaged quantification (ii) of in situ assessment of vascular 

density in indicated regions of Ad-Null- and Ad-hTIMP3-injected hearts at 1 week post-MI. (B) 

Coronary microvasculature density further confirmed by immuno-staining for CD31 and 

fluorescence microscopy in the indicated myocardial region of Ad-null- and Ad-hTIMP3-injected 

hearts at 1 week post-MI. (C) Representative images (i) and averaged quantification (ii) of co-

staining for CD31 (endothelial cells) and Ki67 (marker of proliferation) at 3 days post-MI in 

indicated groups and myocardial regions. Averaged data represents Mean±SEM. n=4-5 

hearts/group, 12-20 images/heart. *p<0.05 compared with the corresponding region Ad-Null-MI 

group. 
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Figure 4.4.6: Adenoviral delivery of hTIMP3 did not alter inflammation post-MI infarction. 

Immunofluorescent staining for neutrophils (Ly6 antibody) (A), and macrophages (CD68 

antibody) (B) at 3 days post-MI in the indicated regions for each group. 

 

4.4.4. TIMP3 promotes angiogenesis in vitro in a biphasic and concentration-dependent 

manner 

To examine the pro-angiogenic effects of TIMP3 directly, we used an established in vitro 

model of angiogenesis using human endothelial cells and the 3-dimentional spheroid assay to 

investigate how TIMP3 affects endothelial sprout formation as before 312. Treatment of human 

coronary artery endothelial cells (HCAEC; Figure. 4.4.7.A) and human umbilical vein endothelial 

cells (HUVEC; Figure 4.4.7 B) showed a bi-phasic angiogenic response to an increasing 

concentration of recombinant TIMP3 (rTIMP3). At lower concentrations, rTIMP3 enhanced the 

number (Figure 4.4.7Aii) and the length of endothelial sprouts (Figure 4.4.7Aiii) peaking at 100 

ng/mL rTIMP3. However, a higher concentration of rTIMP3 showed a negative impact on sprout 

formation at 1000 ng/mL in HCAEC (Figure 4.4.7.A) and HUVEC (Figure 4.4.7.B).  

It has been reported that TIMP3 exerts anti-angiogenic effects by binding to and blocking 

VEGFR2 350. Hence, we examined if rTIMP3 binds to VEGFR2 at any of the concentrations that 

we used in our in vitro study. Co-immunoprecipitation experiments revealed a concentration-

dependent interaction between TIMP3 and VEGFR2, with a marked interaction at the highest 

rTIMP3 concentration (1000 ng/mL) which corresponded to the anti-angiogenic (reduced length 

and number of sprouts) in endothelial cells (Figure 4.4.7C). Therefore, TIMP3 promotes 

endothelial sprouting at lower concentrations, but can have anti-angiogenic effects when present 

in excess.  
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Figure 4.4.7: TIMP3 promotes angiogensis in a concentration dependent manner. (A) i) 

Representative images of 3D endothelial sprouting spheroid assay in human coronary artery 

endothelial cells (HCEAC) or human umbilical vein endothelial cells (HUVEC) (Bi) in response 

to increasing concentrations of recombinant TIMP3. (A-B) Averaged number of sprouts (ii) and 

sprout length (iii), n=15-20 spheroid/group. (C) Co-immunoprecipitation for TIMP3 and 

VEGFR2 from HUVEC for different concentrations of rTIMP3 and the immunoblot for TIMP3 

showing even loading in all groups. Averaged data represents Mean ±SEM. *p<0.05 compared 

with baseline. 

 

4.4.5: Intramyocardial injection of a higher dose of Ad-hTIMP3 exacerbated post-MI LV 

remodeling and dysfunction 

Since we observed that the impact of TIMP3 on angiogenesis is biphasic in a concentration-

dependent manner with anti-angiogenic effects at excess levels, we investigated if this observation 

would apply to post-MI remodeling in vivo. A 10-fold higher dose of Ad-hTIMP3 (5.54 ×108 

pfu/heart) was injected in the peri-infarct myocardium post-MI, and LV structure and function was 

assessed after 1 week. We found that this higher dose of Ad-hTIMP3 resulted in no improvement 

in cardiac function (ejection fraction, WMSI), structure (LV systolic or diastolic volume and 

diameters) or LA size at 1 week post-MI compared with the parallel high dose Ad-Null injected 

hearts. compared with the parallel high dose Ad-Null injected hearts (Figure 4.4.8.A). PSR 

staining revealed similar thinning of the infarct area and collagen deposition in high dose Ad-
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hTIMP3 and Ad-Null injected groups indicating no beneficial impact following overexpression of 

TIMP3 at a higher dose (Figure 4.4.8.B).  

 

 

 

Figure 4.4.8: Overexpression of hTIMP3 adversely affects post-MI recovery. (A) Averaged 

cardiac function parameters in mice receiving a high dose of Ad-hTIMP3/Null (overexpression) 

compared with sham, and lower dose of Ad-hTIMP3/Null (replenishment) assessed by 
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echocardiography at 1 week post-MI: Ejection fraction, wall motion score index (WMSI), systolic 

LV volume, and diastolic LV. n= 8/group. (B) PSR-staining showing the remodeling in the infarct 

and peri-infarct regions after 1 week of TIMP3 overexpression (at high dose).  Averaged data 

represents mean ± SEM. *p<0.05 compared with corresponding Ad-Null, § p<0.05 compared with 

the corresponding low dose Ad-hTIMP3/Null (replenishment). The data from sham and 

replenishment group are also shown in Figure 2, and therefore are presented here faded grey. 

 

4.5. Discussion 

 

Myocardial remodeling following MI is a complex process. It involves a number of cellular 

and extracellular events that collectively lead to altered LV architecture and impaired function. 

Infarct expansion results from continuous adverse ECM remodeling and myocyte loss leading to 

weakened structural support, LV wall thinning and dilation. The MMP-TIMP balance is essential 

in regulating ECM turnover and overall integrity, while MMPs and TIMPs can also have ECM-

independent functions.60,283,351-352 MMP levels and activities peak shortly (1day) after the onset of 

MI and are an important contributor to initial ECM degradation, infarct formation and expansion 

206, 274. Collateral coronary neovascularization or angiogenesis is another factor that can promote 

cardiomyocyte survival and limit infarct expansion.353-354 In this study, we observed that between 

hTIMP3 and hTIMP4, intramyocardial delivery of hTIMP4 did not exert significant beneficial 

effect while hTIMP3 improved cardiac function at 1-week post-MI. We found that TIMP3 

replenishment suppresses the early rise in proteinase activities and promotes angiogenesis post-MI 

thereby improving heart function and structure.  

Traditionally, TIMPs are believed to be anti-angiogenic through inhibiting MMPs and 

preventing ECM degradation to accommodate neovascularization. In addition, a study by Qi et 

al350. reported that TIMP3 is anti-angiogenic through binding to VEGFR2 and preventing its 

interaction with its ligand, VEGF (vascular endothelial growth factor).350 However, we found that 

the impact of TIMP3 on angiogenesis is biphasic in a dose-dependent manner. TIMP3 promotes 

endothelial cell sprouting at lower concentrations, but not at higher concentrations (>100 ng/mL). 

In the study by Qi et al. 350 TIMP3 was used at very high concentrations (>1000 ng/mL) which are 

well beyond the physiological levels of TIMP3. We similarly observed that very high levels of 

TIMP3 have adverse effects on angiogenesis in vitro, and in post-MI recovery in vivo. This 
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highlights the importance of achieving a physiological balance in TIMP3 levels as a therapeutic 

approach rather than an uncontrolled overexpression of this protein. 

 

4.6. Conclusion 

 

Injection of hTIMP3 to physiological level post-MI could provide beneficial effects by 

preventing early proteolysis and promoting angiogenesis post-MI while overexpression of TIMP3 

beyond physiological concentration will exacerbate post-MI remodeling by inhibiting 

angiogenesis.   
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CHAPTER 5 

 

ROLE OF TIMP1 IN CARDIAC FIBROSIS 
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5.1. Introduction 

 

Heart disease continues to be a major cause of morbidity and mortality worldwide. 

According to a recent report from American Heart Association, death due to cardiovascular 

diseases accounts for 1 in every 3 deaths in North America.340 Fibrosis is a common feature of 

various cardiomyopathies including dilated and hypertrophic cardiomyopathy, and myocardial 

infarction, although the type of fibrosis differs in these diseases. Myocardial fibrosis in 

hypertrophic and dilated cardiomyopathy is ‘reactive fibrosis’, whereas fibrosis in myocardial 

infarction is ‘reparative fibrosis’ as it replaces the lost cardiomyocytes secondary to ischemia79. 

Reparative fibrosis in the infarcted myocardium is mediated by inflammatory cell influx355, and 

transformation of fibroblasts to myofibroblasts251,356 that rapidly populate the affected area, 

produce and deposit extracellular matrix (ECM), and form a fibrotic scar. The mechanism 

underlying reactive fibrosis is less explored as it occurs in the absence of cell (cardiomyocyte) 

loss. Fibrosis, regardless of its initiating cause, unfavourably alters cardiac structure and function, 

and can lead to heart failure.101,357 Understanding the molecular mechanism underlying fibrosis is 

essential in developing effective therapies for heart failure patients.198,358  

Fibrosis is the result of adverse remodeling and excess deposition of the ECM, primarily 

the fibrillar collagens type I and type III. Tissue inhibitors of metalloproteinases (TIMPs) maintain 

the homeostatic balance of myocardial ECM by inhibiting the activated matrix metalloproteinases 

(MMPs). Among the four TIMPs, TIMP2, TIMP3 and TIMP4 have been shown to contribute to 

myocardial fibrosis through different mechanisms12,61,208,209,359, however the role of TIMP1 in this 

process has been less explored. 

 

5.2. Objective and Rationale 

 

TIMP1 is a well-known MMP inhibitor that can inhibit a number of MMPs except the 

membrane-bound MMPs (MT-MMPs).79 Elevated tissue and plasma TIMP1 levels have been 

correlated with myocardial fibrosis and diastolic dysfunction286,288,360, and TIMP1 has been used 

as a biomarker for fibrosis in patients and in animal models of heart disease.361-362 Despite the 

consistent link between TIMP1 and fibrosis, it remains unknown whether TIMP1 directly 

promotes tissue fibrosis or if its rise is simply a by-stander alteration in this process. We 

investigated the role of TIMP1 in myocardial fibrosis in hypertrophic and dilated 
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cardiomyopathies, and whether its function is mediated through an MMP-dependent or MMP-

independent mechanism.  

 

5.3. Methods 

 

5.3.1 Experimental animals and surgical procedures:  

WT and TIMP1-deficient male mice (TIMP1-/-) in C57BL/6 background, were subjected 

to pressure-overload by transverse aortic constriction or Ang II infusion as described in above 

sections 2.2.4 and 2.2.3 respectively. 

At the indicated time-points in section 2.4, Figure D, hearts were excised, frozen in OCT 

medium, or formalin-fixed and processed for immunohistochemical analyses. Alternatively, hearts 

were excised and flash-frozen for molecular analyses. 

 

5.3.2. Cardiac function assessment  

Heart structure and function were assessed in sham and post- /TAC hearts non-invasively 

by transthoracic echocardiography using Vevo 3100 high resolution imaging system equipped with 

a 30-MHz transducer (Visual Sonics) as described in section 2.4.1. and cardiac function were 

assessed by PV loop as described in section 2.4.2. 

 

5.3.3. Human explanted heart tissue 

Heart tissues from heart failure patients were procured at the time of cardiac transplantation 

as described in detail above in section 2.3. 

 

5.3.4. Histological and immunohistochemical staining and imaging 

Freshly excised hearts were arrested in diastole (1M KCl) and fixed in 10% formalin, 

paraffin embedded and processed for trichrome, picrosirius red (PSR) as described above in 

section 2.8.1 and 2.8.2. and wheat glutamine staining (WGA) 2.8.3.12, 60 OCT-frozen 5µm sections 

were used for immunostaining for CD63, integrinβ1. scleraxis and co-immunostaining of CD63 

and integrinβ1 as described in above sections 2.9.2 and 2.9.3  

 

5.3.5. Proximity ligation assay 
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Proximity ligation assay 296 detects a proximity of 40 nm or less between two molecules. 

PLA was performed on formalin-fixed heart sections, or on cultured adult cardiac fibroblasts, to 

detect physical proximity of integrinβ1 and CD63 using Duo link in situ fluorescence Sigma kit 

and PLA probes for mouse (DUO92004) and secondary, rabbit (DUO92002) as described detail 

in section 2.12. 

 

5.3.6. RNA extraction and expression analysis 

Total RNA was extracted from frozen heart tissues using Trizol reagent (Invitrogen) and 

mRNA expression analysis was performed by TaqMan RT-PCR as described in section 2.11. 

 

5.3.7. Protein extraction, activity assay, Western blot, gelatin zymography and co-

immunoprecipitation  

Total protein was extracted and nuclear and cytosolic fractions were extracted as described 

in detail in sections 2.13.1 and 2.13.2. Fluorescent-based activity assays were performed using 

fluorescent-tagged gelatin (Enzcheck, Molecular Probes) to measure total gelatinase activity as 

described in sections 2.16.2. Protein quantification was performed as described in section 2.13 and 

then Western blots were performed as described in details above sections 2.14. For gelatin 

zymography, the detailed protocol described in sections 2.15 was used. 

For co-immunoprecipitation (co-IP) experiments, protein extracts were prepared by 

homogenizing LV tissue (or 1X106 fibroblasts) in 300 μL of IP lysis buffer (Thermo Scientific) 

and co-immunoprecipitation was performed as described in detail in section 2.10. 1. 

 

5.3.8. Adult cardiac fibroblast (cFB) isolation and culture  

Adult cFB were isolated from WT and TIMP1-/- mice as described in sections details above 

2.6. Cells were then harvested for co-IP experiments, or fixed in 4% paraformaldehyde (PFA) for 

immunostaining and PLA assay12,60. These experiments were performed using protocol described 

in sections 2.5, 2.9.2, 2.10.1 and 2.12.  
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5.4. Results 

 

5.4.1. Angiotensin II-mediated fibrosis is suppressed in TIMP1-deficient mice and not 

reversed by MMPi treatment 

Ang II infusion triggered a significant increase in interstitial and perivascular fibrosis in 

WT mice, however, this fibrotic response was markedly suppressed in mice lacking TIMP1 

(Figure 5.1Ai-ii). A broad-spectrum MMP inhibitor (PD166793) did not increase myocardial 

fibrosis in TIMP1-/- mice, indicating that the reduced fibrosis in this group is not due too elevated 

MMP activities in the absence of TIMP1 (Figure. 5.4.1Ai-ii).  

Measurement of mRNA expression for collagen type I and collagen type III, the two main 

fibrillar collagens in the heart, showed a significant Ang II-induced rise in WT but not in TIMP1-

/- mice (Figure. 5.4.1B). Total gelatinase activity increased significantly but similarly in both 

genotypes following Ang II infusion (Figure 5.4.1C). Gelatin zymography showed comparable 

levels of MMP2 and MMP9 in both genotypes (Figure 5.4.1D). In addition, Ang II-induced 

myocardial hypertrophy assessed by heart weight-to-tibial length ratio, expression of molecular 

markers, atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and α-skeletal actin, 

were comparable between the two genotypes (Figure 5.4.8 Bi-iii). Ang II infusion also induced a 

marked increase in TIMP1 mRNA in WT mice, while mRNA expression of other TIMPs was 

comparable between the two genotypes (Figure 5.4.8Ci-iv). These data indicate that TIMP1-

deficiency suppress the Ang II-mediated myocardial fibrosis but not hypertrophy, and this 

occurred independent of MMP mediated ECM degradation. 

 
  

 

 

 

 

 

 

 

 

 

5.4.2. TIMP1-deficiency suppresses myocardial fibrosis following biomechanical 

stress by reducing collagen mRNA expression 

We examined if the impact of TIMP1-deficiency on myocardial fibrosis applies to other 

models of heart disease. After 2 weeks of cardiac pressure-overload (TAC), significant interstitial 

and peri-vascular fibrosis was detected in WT mice, whereas this response was markedly 

suppressed in TIMP1-/- mice (Figure 5.4.2Ai-ii). Similar to the Ang II model, mRNA expression 

of collagen type I and type III were markedly elevated in WT mice post-TAC but not in TIMP1-

deficient mice (Figure 5.4.2B), while the rise in total gelatinase activity was similar in both 

genotypes (Figure 5.4.2C). Post-TAC myocardial hypertrophy was comparable between 
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genotypes (Figure 5.4.8). mRNA expression of TIMP1 increased in WT mice post-TAC, while 

mRNA expression of other TIMPs remained comparable between the two genotypes 

(Figure.5.4.9). 

 

 

Figure 5.4.1: Angiotensin II-induced fibrosis is suppressed in TIMP1-deficient mice and not 

reversed by MMPi treatment. (A) (i) Representative Trichrome and PSR-stained images from 

WT and TIMP1-/- mice after 2 weeks of receiving saline, Ang II or AngII+MMP inhibitor (MMPi, 

PD166793) (4-5 hearts/group/genotype) (ii) Myocardial collagen content in indicated groups 

(n=10-15 images/heart; 4-5 hearts/group). (B) mRNA expression of pro-collagen Ia1 and pro-

collagen IIIa1 in indicated groups (n=5-7/group). Total gelatinase activity (n=4-5/group) (C), and 

gelatin zymography (D) in indicated groups. Averaged data represent Mean±SEM. A.U.=Arbitrary 
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Units; R.E.=Relative Expression. *p<0.05 compared with corresponding saline group, §p<0.05 

compared with corresponding WT group.  
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Figure 5.4.2: TIMP1-deficiency suppresses cardiac fibrosis following cardiac pressure- 

overload. (A) Representative Trichrome and PSR stained images (5 hearts/group/genotype) (i), 

and myocardial collagen content (ii) in WT and TIMP1-/- mice after 2 weeks of cardiac pressure- 

overload induced by TAC. (B) mRNA expression of pro-collagen Ia1 and pro-collagen IIIa1 in 

indicated groups. (C) Total gelatinase activity (n=5-6/group/genotype) in indicated groups. A. 

U.=Arbitrary Units; R.E.=Relative Expression. *p<0.05 compared with corresponding sham 

group, §p<0.05 compared with corresponding WT group. 

 

5.4.3. TIMP1 mediates the association between CD63 and integrinβ1 in mouse 

myocardium following pressure-overload and in adult cardiac fibroblasts. 

CD63 is the only known cell surface receptor for TIMP1.363 TIMP1 has been reported to 

mediate CD63 interaction with integrin in regulating chemotaxis in neural crest cells.364 We 

investigated if TIMP1 could use a similar mechanism to modulate collagen expression in the heart. 

Co-immunoprecipitation experiments revealed a strong interaction between CD63 and integrinβ1 

in the WT myocardium post-TAC, however, this interaction was significantly suppressed in 

TIMP1-/--TAC hearts (Figure 5.4.3Ai-ii). Consistently, proximity ligation assay (Figure 5.4.3B) 

and co-immunostaining (Figure 5.4.3C) further confirmed a significantly greater increase in co-

localization of CD63 and integrinβ1 following pressure-overload in WT compared with TIMP1-

deficient mice.  

Fibroblasts (FBs) are key players in ECM remodeling as they are the main cell source for 

production of fibrillary collagens and other ECM proteins. Therefore, we investigated if the 

observed TIMP1-mediated CD63-integrinβ1 interaction occurs in cardiac fibroblasts. In cultured 

adult cardiac fibroblasts from WT and TIMP1-/-mice, treatment with profibrotic agents Ang II or 

TGFβ1 increased the interaction between CD63 and integrinβ1 in WT, but not in TIMP1-/- 

fibroblasts as determined by co-immunoprecipitation (Figure 5.4.4 A), proximity ligation assay 

(Figure 5.4.4 B), and co-immunostaining for these two molecules (Figure 5.4.4C). These data 

collectively support the notion that TIMP1 is required for the CD63-integrinβ1 interaction.  
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Figure 5.4.3: TIMP1 is required for CD63-integrinβ1 interaction following pressure- 

overload. (A) Co-immunoprecipitation of integrinβ1 and CD63 in WT and TIMP1-/- hearts after 
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sham or TAC. (n= 4-5 /group/genotype) (B) Proximity ligation assay shows increased interaction 

between integrinβ1 and CD63 following TAC in WT but to a lesser extent in TIMP1-/- hearts (n=3 

hearts/group/genotype). (C) representative co-immunostaining images for integrinβ1 and CD63 

and surface plot showing pixel intensity for immunofluorescent staining and colocalization of 

CD63 and integrinβ1 (yellow) in WT and TIMP1-/- hearts post-sham/TAC. A.U.=Arbitrary Units; 

N.D.=not detected; IP=immunoprecipitation; IB=immunoblot. *p<0.05 compared with 

corresponding sham group, § p<0.05 compared with corresponding WT group. 
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Figure 5.4.4: TIMP1 mediates the association between integrinβ1 and CD63 in adult cardiac 

fibroblast in response to pro-fibrotic stimuli (A) Representative immunoblots and quantification 

for co-immunoprecipitation of CD63 and integrinβ1 in cFBs from WT and TIMP1-/- hearts treated 

with Ang II or TGFβ1. (n=4-5/group/genotype) (B) Proximity ligation assay shows physical 

proximity (<40 nm) of integrinβ1 and CD63 in WT but not in TIMP1-/- cFBs. (C) Co-staining for 

integrinβ1 and CD63 in cFBs from WT and TIMP1-/- hearts (3-4 heats/group/genotype) (i), and 

surface plots of the overlay immunofluorescent images representing the intensity profile of 

individual pixels, and colocalization of CD63 and integrinβ1 (yellow) (ii). Pierson correlation 

coefficient is indicated in surface plots. Averaged data represent Mean ± SEM. A. U=Arbitrary 

Units. IP=immunoprecipitation; IB=immunoblot. *p<0.05 vs. corresponding saline group, 

§p<0.05 vs. corresponding WT group. 
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5.4.4. TIMP1-mediated CD63-integrinβ1 interaction correlates with myocardial 

fibrosis in patients with dilated cardiomyopathy. 

Since TIMP1 has been consistently linked to myocardial fibrosis in patients with dilated 

cardiomyopathy (DCM)286, 360, we investigated if TIMP1-mediated CD63-integrinβ1 interaction is 

also present in the human myocardium from DCM patients. As anticipated, DCM hearts exhibited 

marked fibrosis compared with non-failing control hearts as evident by PSR and trichrome-stained 

sections (Figure 5.4.5 Ai-ii).  

We performed co-IP on the membrane and the cytosolic protein fractions of the human 

myocardial specimens, and found a strikingly higher CD63-integrinβ1 interaction in the DCM 

membrane protein fraction (but not cytosolic fraction) compared with the non-failing control hearts 

(Figure 5.4.5 Bi), along with greater TIMP1 protein levels in this group (Figure 5.4.5 Biii).  
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Figure 5.4.5: Myocardial fibrosis in patients with dilated cardiomyopathy correlates with 

TIMP1-mediated interaction between CD63 and integrinβ1. (A) Representative images of 

Trichrome-stained (i), and PSR-stained (ii) sections from non-failing control and fibrotic human 

hearts. (B) (i) Co-immunoprecipitation of CD63 and integrinβ1 in the membrane fraction, but not 

the cytosolic fraction of the myocardium, (ii) Immunoblotting for CD63 confirms even loading for 

all samples in membrane and cytosolic fractions, (iii) TIMP1 immuno-blot showing higher levels 

in fibrotic hearts. IP=immunoprecipitation; IB=immunoblot; DCM=dilated cardiomyopathy. 

 

5.4.5 TIMP1 activates a signaling pathway that involves activation and nuclear translocation 

of Smad2/3 and β-catenin. 

 

Next, we investigated the downstream signaling pathway that could lead to induction of 

mRNA expression of collagen, and subsequently tissue fibrosis. Smad2/3 is a pro-fibrotic 

transcription factor that is activated in response to various pro-fibrosis stimuli.79 Consistent with 

the greater degree of fibrosis in WT-TAC hearts, phospho-to-total Smad 2/3 ratio was significantly 

higher in WT compared with TIMP1-/- hearts post-TAC (Figure 5.4.6A). It has also been reported 

that phospho-Smad2/3 can associate with phosphorylated β-catenin (Y654)365 or scleraxis366 prior 

to its nuclear localization. β-catenin is associated with cadherin and other transmembrane proteins 

that can interact with CD63.367-368 Immunoblotting for phosphor-β-catenin and phosphor-Smad 2/3 

on the nuclear and cytosolic protein fractions from WT and TIMP1-/- hearts showed a markedly 

greater level of nuclear translocation for phospho-Smad2/3 and phospho-β-catenin following 

pressure-overload in WT but not in TIMP1-/- mice (Figure 5.4.6B).  

Assessment of contribution of scleraxis showed that in myocardial specimens from DCM 

patients, scleraxis levels were markedly higher compared with non-failing control hearts (Figure 

5.4.10A). Following TAC, scleraxis levels increased more in WT compared with TIMP1-/- hearts 

(Figure 5.4.10, C). However, nuclear translocation of scleraxis was not altered with TIMP1-

deficiency (Figure 5.4.10), suggesting that scleraxis may not be a key player in TIMP1-mediated 

collagen synthesis. Purities of the nuclear and non-nuclear protein fractions in these experiments 

were confirmed by immunoblotting for histone (nuclear) and caspase 3 (cytoplasm) proteins 

(Figure. 5.4.11).  
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Figure 5.4.6: Absence of TIMP1 suppresses activation of β-catenin, nuclear translocation of 

p-Smad 2/3 and p-β-catenin. (A) Immunoblot for phospho- and total-Smad 2/3, and averaged 

phopho-to-total Smad 2/3 ratio in complete heart homogenate (n=5-6/group/genotype). (B) 

Immunoblots on nuclear and cytosolic protein fractions for phospho- and total Smad2/3, phospho- 

and total β-catenin in indicated groups. Loading control is coomassie blue-stained gel from 

corresponding blot. A.U.=Arbitrary Units; * p<0.05 vs. corresponding sham group; § p<0.5 vs. 

corresponding WT group. 

 

5.4.6. TIMP1-deficiency imposes long term beneficial effects following cardiac pressure- 

overload 

We investigated if the suppressed fibrosis in TIMP1-deficient mice exerts protective (or 

deleterious) effects over long term following cardiac pressure-overload. The suppressed 

myocardial fibrosis in TIMP1-/- mice persisted up to 9 weeks post-TAC (Figure 5.4.7A), while 
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these mice also exhibited ameliorated cardiomyopathy compared with WT-TAC mice. Myocardial 

hypertrophy, measured by heart weight-to-tibial length (Figure 5.4.7B), myocyte cross-sectional 

area (Figure 5.4.7C), and disease markers (α-skeletal actin, β-myosin heavy chain, and brain 

natriuretic peptide) (Figure 5.4.8D), and pulmonary edema, a measure of heart failure (Figure 

5.4.8E), were significantly lower in TIMP1-/--TAC compared with WT-TAC mice.  

Assessment of cardiac structure and function by non-invasive echocardiography showed 

that biomechanical stress (TAC) led to a significant reduction in LV ejection fraction (i), marked 

LV dilation (ii, iii), and left atrial enlargement which is a marker of LV diastolic dysfunction and 

heart failure (iv) in WT mice (Table 5.1; Figure. 5.4.8A). TIMP1-deficiency, however, 

ameliorated the decrease in ejection fraction, the LV dilation, and improved the parameters of 

diastolic dysfunction, E/E’ ratio and left atrial enlargement (Figure 5.4.8Ai-iv). Invasive 

hemodynamic measurements further demonstrated improved cardiac function in TIMP1-/--TAC 

mice as evident by a left-ward shift in the PV loop compared with WT-TAC mice (Figure 5.4.8Bi), 

and the lack of elevated LV end-diastolic volume (Figure 5.4.8C). Consistent with the reduced 

diastolic dysfunction in TIMP1-/- mice, LV stiffness (end diastolic pressure-volume slope) was 

enhanced in WT-TAC but not in TIMP1-/--TAC mice. These data collectively indicate that absence 

of TIMP1 prevented decompensation and heart failure following pressure-overload. 
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Figure 5.4.7: TIMP1-deficiency ameliorates myocardial fibrosis and hypertrophy long-term 

post-TAC. (A) Representative PSR stained images (i) and myocardial collagen content (ii) for 

WT and TIMP1-/- mice at 9 weeks of sham or TAC (n=3-4 hearts/group/genotype). (B) Transverse 

cross sectional images of whole hearts (i), and heart weight-to-tibial length ratio (HW/TL) (ii). (C) 

reprsentative wheat germ aglutinin (WGA)-stained images (i) and averaged myocyte cross- 

sectional area  (ii) in WT and TIMP1-/- mice at 9 weeks post-sham/TAC. (D) mRNA expression 

of markers of heart disease, α-skeletal actin, β-myosin heavy chain, and brain natriuretic peptide. 

(E) Lung water content (edema) in WT and TIMP1-/-  mice post-sham/TAC. A.U.=Arbitrary Units. 

R.E.= Relative Expression *p<0.05 compared with corresponding sham group, § p<0.05 compared 

with corresponding WT group. 
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Figure 5.4.8: TIMP1-deficiency lessens cardiac dysfunction and dilation following long-term 

pressure-overload (9 weeks post-TAC). (A) Representative M-mode images from WT and 

TIMP1-/- mice for sham and 9 weeks post-TAC. (B) Echocardiographic parameters showing 

ejection fraction, left ventricular end-diastolic (LVIDd) and end-systolic diameter (LVIDs), left 

atrial, and diameter-to-body weight ratio (LA/BW) in WT and TIMP1-/- mice following sham 

(n=9) or TAC (n=10-12/group/genotype).  Hemodynamic parameters showing the Pressure-
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Volume loops (C), left ventricular end diastolic volume (n=5-7/group/genotype) (D), and LV 

myocardial stiffness as assessed by EDPVR (end-diastolic pressure-volume relationship (E) in 

indicated groups (n=6-10/group/genotype) Averaged data represent mean ± SEM.*p<0.05 

compared with corresponding saline group, §p<0.05 compared with corresponding WT group. 

 

 

Figure 5.4.9: Hypertrophy and TIMPs expression at 2 weeks post-Ang II (A) Heart weight-

to-tibial length ratio (HW/TL) (B) mRNA expression of disease markers: ANP (i), BNP(ii) and α-

ske-actin (iii) between WT and TIMP1-/- Sham and post-Ang II infusion (n=6-8/group). (C) mRNA 

expression levels for TIMPs in response to Ang II infusion in WT and TIMP1-/- mice. n=5-

6/group/genotype. Data represent Mean±S.E.M. *p<0.05 compared with corresponding saline or 

sham. 
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Table 5.1: Echocardiographic parameters from WT and TIMP1 deficient mice at 2, 5 and 9 weeks post-TAC and 

corresponding sham mice. 

 

 WT  

Sham 

 

 

WT  

TAC 

 

 

TIMP1-/-

Sham 

 TIMP1-/- 

TAC 

 

  2 wks 5 wks 9 wks  2 wks 5 wks 9 wks 

 

n 

 

10 

 

10 

 

13 

 

12 

 

10 

 

15 

 

13 

 

10 

HR (bpm) 466±14 

 

493±18 485±15 470±4 465±16 466±8 472±12 475±18 

 

E wave 

(mm/s) 

753.42±46.25 677.80±65.45 747.54±50.69 561.76±51.07

* 

750.28±41.14 720.56±55.93 682.45±34.54 649.69±20.49
§ 

A wave 

(mm/s) 

457.71±33.75 412.67±59.38 383.46±75.79 265.14±40.31

* 

565.65±30.37 348.01±44.08

* 

375.23±57.37 410.13±45.91
§ 

E’(mm/s) 29.71±3.71 24.07±2.11 19.17±1.41* 16.55±1.34* 25.95±1.96 19.60±2.30 18.14±1.88 21.51 ±1.71§ 

A’ (mm/s) 23.62±2.61 26.99±2.96 25.36±1.98 17.71±1.86* 22.11 ±1.85 20.68±2.70 19.52±1.84 21.51±2.47§ 

E’/A’ Ratio 

E/E’ 

1.24±0.04 

25.87±1.98 

0.93±0.06 

32.54±4.78 

0.78±0.04* 

40.19±3.94* 

0.99±0.08 

36.12±4.20* 

1.94±0.04 

25.86 ± 2.23 

0.94±0.07 

34.16±5.99 

0.95±0.04 

33.64±5.46  

1.07 ±0.08 

25.06 ± 1.94§ 

LVEF (%) 57.04±3.21 50.87±3.75 38.58±2.81* 36.29±1.26* 57.53±1.96 54.22±2.21 43.75±3.35 50.86±2.68§ 

ET (ms) 48.51±1.29 53.95±1.78* 54.06±1.25* 53.99±1.41* 47.66±0.90 49.59±1.63 50.72±1.68 51.17±1.82 

         

LVID-D  3.95±0.11 3.97±0.13 4.54±0.14 4.67±0.04* 4.05±0.10 3.72±0.07 4.37±0.09 4.22±0.04 

LVID-S  2.85±0.15 2.95±0.16 3.70±0.17 3.86±0.06* 2.84±0.11 2.59±0.09 3.43±0.15 3.24±0.13 

LVPW-S  0.97±0.05 1.21±0.07* 1.12±0.04 1.05±0.02 1.03±0.03 1.06±0.03 1.17±0.05 1.17±0.06 

LVPW-D  0.63±0.03 0.95±0.05* 0.90±0.05* 0.83±0.01 0.73±0.03 0.75±0.02 0.93±0.04* 0.90±0.04 
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Table 5.1: Echocardiographic assessment of systolic and diastolic function in WT and TIMP1-

/- mice following sham or 2, 5 and 9 weeks of pressure-overload (TAC). HR-Heart rate; E-

wave= early transmitral inflow velocity; A-wave= transmitral inflow velocity due to atrial 

contraction; E’= Early tissue Doppler velocity; A’= Tissue Doppler velocity due to atrial 

contraction. E’/A’= Ratio of early Doppler velocity to the tissue Doppler velocity due to atrial 

contraction; E/E’=Ratio of early transmitral inflow velocity to early tissue doppler velocity, 

LVEF= Left ventricular ejection fraction; ET=Ejection time, LVID-D= Left ventricular internal 

diameter at the end of diastole; LVID-S= Left ventricular internal diameter at the end of systole; 

LVPW-S= Left ventricular posterior wall thickness at the end of systole; LVPW-D= Left 

ventricular posterior wall thickness at the end of diastole. * p<0.05 compared with corresponding 

sham; § p<0.05 compared with the corresponding WT group.  

 

 
 

Figure 5.4.10: Hypertrophy and TIMPs expression at 2 weeks post-TAC. (A) Heart 

weight/Tibial length (HW/TL) (n= 10-12/group/genotype). (B) mRNA expression levels for 
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TIMPs in WT and TIMP1-/- mice from sham and 2 weeks post-TAC (n= 5-6/group). (C) (i) Heart 

weight/tibial Length (HW/TL) (ii) Pulmonary edema (Lung wet-dry weight) (n= 10-12/group) (iii) 

BNP mRNA expression as hypertropic marker from in WT and TIMP1-/- mice from sham and 5 

weeks post-TAC (n=5-6/group/genotype). (D) mRNA expression levels for TIMPs in WT and 

TIMP1-/- mice from sham and 5 weeks post-TAC (n=5-6/group/genotype). Data represent mean ± 

S.E.M. *p<0.05 compared with corresponding saline or sham.  
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Figure 5.4.11: Scleraxis immunostaining for Scleraxis from myocardial specimens from 

patients with dilated cardiomyopathy and non-failing control hearts. (A) mRNA expression 

and post-TAC mRNA as well as proteins levels from WT and TIMP1-/- mice (2 weeks post-TAC) 

(B) Representative images of immunostaining for scleraxis in myocardial specimens from patients 

with dilated cardiomyopathy and non-failing control hearts. mRNA expression, immunostaining 

for scleraxis (SCX).  (C) Scleraxis protein levels in the nuclear and cytosolic protein fractions from 

WT and TIMP1-/- mice post-sham/TAC. Loading control is coomassie blue-stained gel of the 

corresponding immunoblot. A.U.= Arbitrary units. * p<0.05 vs. corresponding sham group; § 

p<0.5 vs. corresponding WT group. 

 

 

Figure 5.4.12: Assessment of purity of nuclear and non-nuclear protein fractionations. WBs 

for nuclear specific proteins (Histones) and cytosol specific proteins (Caspase-3).  

 

5.5. Discussion 

 

TIMP1 has been reported as disease biomarker for tissue fibrosis. Lack of TIMP1 resulted 

significant decrease in myocardial collagen content with Ang-II infusion and post-TAC while WT 

mice showed consistent increase in cardiac fibrosis indicating TIMP1 is critical in mediating 

cardiac fibrosis. TIMP1 deficiency further regulated de novo collagen transcription post-Ang-II or 

TAC as TIMP1 deficiency caused a significant reduction of collagen I and collagen II mRNA 

levels. TIMP1 inhibits MMPs such as MMP2, MMP9 but does not inhibit MT1-MMP12. MMP-

dependent function of TIMP1 has been reported in a MI model where TIMP1 deficiency with 

MMP inhibitor treatment improved heart function.203  

Interestingly, we observed TIMP1 mediated cardiac fibrosis in a MMP-independent 

manner as gelatinase activity was altered similarly between WT and TIMP1-/- mice with Ang-II 
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infusion or post-TAC. Also, broad spectrum MMP inhibitor treatment resulted in similar cardiac 

fibrosis at 2-weeks post-Ang-II.  

TIMP1 has been reported to as a receptor for CD63369-370 and it is important for mediating 

interaction between integrinβ1 and CD63 in hepatic stellate cells thereby acts as a pro-fibrotic in 

liver fibrosis model371. In cardiac fibroblasts, post-TAC and dilated cardiomyopathy patient’s 

samples, we observed that TIMP1 mediates interaction between integrinβ1 and CD63. Moreover, 

TIMP1 deficiency resulted in significant reduction of nuclear translocation of p-β-catenin and p-

SMAD2/3 thereby less collagen transcription. This suggests that TIMP1-mediated interaction 

between integrinβ1 and CD63 further activates nuclear translocation of p-β-catenin and p-

SMAD2/3 thereby regulating de novo collagen transcription. 

TIMP1 deficiency at 9 weeks post-TAC resulted in significantly less cardiac hypertrophy 

and fibrosis. Also, TIMP1-deficient mice post-TAC showed improved heart function with higher 

ejection fraction, reduced LA size, and less LV dilation as compared with WT mice measured with 

echocardiography and less LV dilation as end diastolic volume significantly less at 9 weeks post-

TAC. These observations indicate- that absence of TIMP1 prevents LV decompensation thereby 

improves heart function. 

 

5.6. Conclusions  

 

Findings in this study demonstrate that the rise in TIMP1 levels observed with myocardial 

fibrosis is not a compensatory mechansism to reduce MMP activities, but rather TIMP1 is involved 

in directly inducing collagen synthesis by fibroblasts. TIMP1 is a well-known MMP inhibitor, but 

here we report that its MMP-independent function is key to induce de novo collagen synthesis and 

in triggering reactive fibrosis in the heart, through mediating an interaction between integrinβ1 

and CD63 in cardiac fibroblasts. Therefore, TIMP1 is unique among TIMPs since it is the only 

TIMP whose loss reduced myocardial (reparative) fibrosis, and as such, anti-TIMP1 therapy could 

be beneficial in limiting cardiac fibrosis and progression to heart failure in patients with non-

ischemic cardiomyopathies.  
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CHAPTER 6 

DISCUSSION 
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6.1. Important findings 

 

6.1.1. TIMP4 is essential for post-I/R myocardial recovery: In vivo I/R (20min 

ischemia, 1week reperfusion) in TIMP4-/- mice resulted in more severe systolic and diastolic 

dysfunction with enhanced inflammation, oxidative stress (1d post-I/R), hypertrophy and 

interstitial fibrosis (1wk). Following an initial increase in TIMP4 (1d post-I/R), TIMP4 mRNA 

and protein decreased in the ischemic myocardium from WT mice by 1 week post-I/R, and in 

tissue samples from patients with myocardial infarction, which positively correlated with enhanced 

activity of membrane-bound MMP, MT1-MMP. By 4weeks post-I/R, TIMP4-deficient mice, 

however, showed exacerbated diastolic dysfunction, sustained elevation of MT1-MMP activity 

and worsened myocardial hypertrophy and fibrosis, whereas WT mice showed no cardiac 

dysfunction, elevated TIMP4 levels (to baseline) and normalized MT1-MMP activity.  

 

6.1.2. Intramyocardial injection of hTIMP3 post-MI promotes angiogenesis in a dose-

dependent manner: Intramyocardial delivery of hTIMP3 but not hTIMP4 using adenovirus 

delivery improved heart function, preserved infarct area and resulted in more viable myocytes as 

compared with the Ad-null control group at 1-week post-MI. Interestingly, hTIMP3 delivery 

showed increased coronary density and promoted endothelial proliferation as compared with  the 

Ad-null group, which was contrary to the traditional belief of the anti-angiogenic role of TIMPs. 

The angiogenic response of recombinant TIMP3 to HCEAC and HUVEC was concentration 

dependent, as higher concentrations of rTIMP3 antagonized VEGFR2, thereby preventing 

angiogenesis and inhibiting endothelial proliferation. Similar findings were observed with 

overexpression of hTIMP3 in a myocardial infarction model as hTIMP3 resulted in exacerbation 

of heart dysfunction and increased infarct size with less viable myocytes as compared with Ad-

null mice. These findings suggest that hTIMP3 exerts beneficial effects by promoting angiogenesis 

at an efficacy dose, while at a higher dose of hTIMP3, these beneficial effects were abolished due 

to inhibition of angiogenesis.  

 

6.1.3. TIMP1 promotes cardiac fibrosis in an MMP-independent manner: TIMP1 

triggers myocardial fibrosis independent of its MMP-inhibitory function, and by mediating an 

association between CD63 and integrinβ1, initiating activation and nuclear translocation of 
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Smad2/3 and β-catenin, leading to de-novo collagen synthesis. This observation was confirmed 

using TIMP1-deficient mice subjected to two models of myocardial fibrosis (in vivo), adult cardiac 

fibroblasts (in vitro), and fibrotic myocardium from patients with dilated cardiomyopathy. TIMP1-

deficiency reduced myocardial fibrosis and ameliorated diastolic dysfunction following long-term 

pressure-overload. This novel MMP-independent function of TIMP1 in promoting myocardial 

fibrosis will be valuable in developing anti-fibrosis therapy.  

 

6.2. TIMPs have differential and divergent roles in heart diseases 

 

Adverse ECM remodeling is a heterogeneous process where the loss of the normal ECM 

structure and function is accompanied by ECM accumulation, which altogether results in impaired 

LV function 12, 372. ECM proteins have been shown to have different roles depending on the type 

of cardiac injury.61, 204, 373 Interestingly, recent studies have demonstrated that TIMPs have various 

novel functions beyond the traditional MMP-inhibitory roles.60 Conclusions from our studies are 

that TIMP1, TIMP3 and TIMP4 have differential roles in heart failure depending on cardiac injury. 

(i) TIMP4 is critical for post-I/R myocardial recovery as its mRNA and protein levels are 

reduced in patients and mouse myocardium post-I/R.  The beneficial effects of TIMP4 post-I/R 

injury are due to its MT1-MMP inhibitory potential, as TIMP4 deficiency post-I/R caused 

exacerbation of systolic and diastolic dysfunction, as well as myocardial fibrosis with increased 

MT1-MMI activity as compared with parallel WT mice. Four weeks after post-I/R, complete 

recovery in WT mice and normal cardiac function correlated with elevated TIMP4 levels to 

baseline and normalized MT1-MMP activity. TIMP4 deficiency however, resulted in exacerbated 

systolic dysfunction, worsened ECM remodeling and sustained MT1-MMP activity that indicated 

how the MT1-MMP inhibitory potential of TIMP4 is important for its beneficial role in I/R injury. 

Acute I/R, ex vivo (20 minutes or 30 minutes ischemia, 45 minutes reperfusion) resulted in 

comparable cardiac dysfunction in WT and TIMP4-/- mice. TIMP4-deficiency does not increase 

susceptibility to acute I/R injury (ex vivo), as it resulted in comparable recovery with WT mice 

post-I/R in an ex vivo cardiac injury model.  

(ii) TIMP1 promotes cardiac fibrosis in an MMP-independent manner by mediating 

interaction between integrinβ1 and CD63 in cardiac fibroblasts, dilated cardiomyopathy patients 

and pressure-overload model. Absence of TIMP1 caused significantly less interaction between 
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integrinβ1 and CD63 and resulted in improved cardiac function thereby prevented decompensation 

of heart in response to pressure-overload cardiomyopathy.  

(iii) TIMP3 and TIMP4 levels are reduced post-MI during earlier time-points.204 We 

observed that TIMP3, but not TIMP4, exerts beneficial effects in a dose dependent manner. 

Interestingly, adenovirus delivery of hTIMP3 at therapeutic concentrations improved cardiac 

function, preserved infarct area, resulted in more viable myocytes and promoted angiogenesis, 

endothelial cell proliferation, while higher concentrations of TIMP3 exacerbated cardiac function 

and worsened LV remodeling with less viable myocytes as compared to therapeutic TIMP3 

concentrations.  

 

6.3 TIMP4 deficiency resulted in advanced myocardial remodeling post-I/R 

 

Cardiac repair after I/R injury consists of a complex series of events with initial 

inflammation and infiltration of immune cells that serve to digest and clear damaged tissue, 

followed by a reparative phase with resolution of inflammation, fibroblast proliferation and scar 

formation that ultimately results in reparative fibrosis. We observed that lack of TIMP4 triggered 

initial events of I/R injury, such as increased oxidative stress and infiltration of neutrophils with 

more necrosis of cardiac cells at 1 day-post-I/R, which altogether contributed to exacerbation of 

I/R injury at 1 week. TIMP4 deficiency regulated collagen transcription at 1 week post-I/R as 

higher mRNA levels of collagen-I and collagen-III were observed in TIMP4-/-compared with WT 

mice. Similarly, at 1 week post-I/R, TIMP4 deficiency resulted in exacerbated cardiac fibrosis as 

damaged or necrotic myocytes were replaced by fibrous collagens. By 4 weeks post-I/R, this 

fibrosis was exacerbated in TIMP4-/- mice but not in WT mice. This decreased fibrosis observed 

in WT mice at 4 weeks could be due to the presence of TIMP4 as its levels were increased at 1 

month post-I/R.  These findings suggest that TIMP4 deficiency results in exacerbation of post-I/R 

events and thereby resulted in advanced myocardial remodeling. 

During ischemic cardiomyopathy, activated MMPs are released from infiltrated 

neutrophils that damage the cardiomyocytes and degrade the ECM proteins leading to LV dilation 

and heart failure.197,374-376 TIMPs are physiological inhibitors of MMPs in the tissue compartments 

and inhibit the activated MMPs. Each TIMP has unique properties and inhibits MMPs with 

different specificity and affinity. 12,135 Our data from in vitro activity assay for rTIMPs against 
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rMMPs showed that each TIMP inhibits MMP with different specificities, as TIMP2 is the most 

potent inhibitor of MT1-MMP followed by TIMP4. At 1 week post-I/R, TIMP4-/- mice showed 

increased MT1-MMP mRNA, protein and activity in the ischemic regions, suggesting MMP 

dependent function of TIMP4 could offer beneficial effects post-I/R. Similar findings were 

observed in ischemic cardiomyopathy patients and WT mice where significant reduction of TIMP4 

in the ischemic areas post-I/R caused consistent increase in MT1-MMP activity. Therefore, the 

MT1-MMP inhibitory function of TIMP4 is important for its beneficial role in post-I/R injury. 

Similarly, it has been reported previously that MT1-MMP can activate the latent TGFβ to trigger 

cardiac fibrosis and its overexpression post-MI resulted in poor outcomes326,377-378 and TIMP4 

expression was significantly higher in MT1-MMP heterozygous mice post-I/R.203 These findings 

suggest that TIMP4 could be beneficial in recovery from I/R injury by reducing advanced 

myocardial remodeling due to its MT1-MMP inhibitory potential.   

6.4. TIMP4 is beneficial for post-I/R recovery of heart function  

Post-I/R cardiac dysfunction results in an increase in size of surviving myocytes, 

myocardial remodeling that suppresses LV systolic and diastolic function, thereby causing heart 

failure. TIMP4 deficiency results in adverse myocardial remodeling with gross enlargement of the 

hearts, myocytes and significantly higher LV weight to tibia length ratio as compared with WT 

mice at week post-I/R. This adverse myocardial remodeling with cardiac hypertrophy causes 

compromised heart function with exacerbation of  systolic dysfunction as determined by reduced 

ejection fraction and severe diastolic dysfunction with a significantly greater increase in 

isovolumic relaxation time, deceleration time, E’-to-A’ ratio, and LA size as compared with WT 

mice at 1-week post-I/R. Interestingly, WT mice showed complete recovery of heart function with 

no cardiac hypertrophy and no fibrosis with increased TIMP4 levels and reduced MT1-MMP 

activity. However,  on the other hand TIMP4-/- mice consistently showed more cardiac fibrosis, 

hypertrophy and exhibited suppressed systolic function as evident in increased wall thickness and 

LV dilation,  as well as exacerbated LV severe diastolic dysfunction as evident in  a marked 

increase in IVRT, deceleration time 379, LA size, and a decrease in E’-to-A’ ratio and consistently 

higher MT1-MMP activity. The beneficial role of TIMP4  in post-I/R injury could be due to its 

MT1-MMP inhibitory function as the cytosolic tail of MT1-MMP has been reported to induce 
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signaling pathways such as ERK,327 which can contribute to myocardial I/R injury and has been 

reported to activate TGFβ, thereby promoting cardiac fibrosis.  

6.5. TIMP4 is important for post-I/R recovery in vivo but not ex vivo.  

 

TIMP4 shows a tissue-specific pattern with higher expression in the heart and brain380. It 

has also been reported to be present intracellularly in rat cardiomyocytes285 that were  released 

from the myocardium during post-ischemic reperfusion, resulting in proteolysis of MMPs leading 

to myocardial stunning and hibernation.285 TIMP4, besides inhibiting MMP2, has been suggested 

to have anti-inflammatory effects in the myocardium.381 TIMP4-deficient mice showed more 

infiltration of neutrophils and  increased superoxide anion production, which resulted in more cell 

death at 1 day post-I/R in vivo as compared with WT, which acted as stimulus for exacerbation of 

the heart function at 1 week post-I/R. On the other hand, an ex vivo Langendorff’s model of I/R 

injury, which is primarily a model of myocyte cell death, resulted in comparable recovery of heart 

function between WT and TIMP4-/- mice with I/R injury (20 minutes & 30 minutes ischemia-45 

minutes reperfusion) at a constant flow rate. Similarly, creatine kinase levels in perfusate at 

different time points after reperfusion were similar, indicating that myocyte cell death was altered 

similarly with ex vivo I/R injury and the role of TIMP4 would be beneficial in systemic circulation 

rather than at myocyte levels only. 

 

6.6. TIMP3 has a novel role of promoting angiogenesis rather than its traditional anti-

angiogenic role.  

Traditionally, MMPs has been reported to have an anti-angiogenic role by degrading 

basement membrane proteins, thereby opening up vessels while TIMPs, by inhibiting MMPs, 

inhibits this angiogenesis process.382-384 The antiangiogenic role of TIMP3 is reported in a chick 

embryo model where higher concentrations of TIMP3 (>1µM) antagonized VEGFR2 and inhibited 

angiogenesis.350 Interestingly, in vivo lectin injections and CD31 staining at 1 week post-MI 

showed more coronary vessels with Ad-hTIMP3 injection as compared with Ad-null control, 

indicating hTIMP3 promotes angiogenesis in the infarct and peri-infarct region, and preserving 

more viable myocytes in the hTIMP3 group as compared with Ad-null. At an earlier phase of post-
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MI remodeling, hTIMP3 promoted more endothelial proliferation but did not affect inflammation. 

Our culture data using venous (HUVEC) and coronary (HCAEC) endothelial cells show biphasic 

response of rTIMP3 with VEGF treatment. rTIMP3 at lower concentrations promoted more 

sprouting and increase in sprout number, indicating more endothelial proliferation, whereas a 

higher concentration of rTIMP3 inhibited endothelial proliferation and angiogenesis. The binding 

between rTIMP3 and VEGFR2 measured with immunoprecipitation was concentration-dependent 

as higher concentrations of TIMP3 showed higher binding to VEGFR2. This could explain our 

finding in HUVEC and HCEAC as biphasic angiogenic response of rTIMP3.  

 

6.7. Intramyocardial Injection of hTIMP3 to physiological level provides therapeutic 

alternative for post-MI remodeling 

 

Advanced myocardial remodeling post-MI is a complex process involving a number of 

cellular and extracellular events. Therefore, controlling the progression of myocardial remodeling 

is critical to develop new therapies and reduce post-MI morbidity and mortality. The gene delivery 

approach has been tried to develop therapeutic alternatives for post-MI.385-387 Adenovirus delivery 

of hTIMP4 did not improve cardiac function, but adenovirus delivery of hTIMP3 significantly 

lessened LV dilation with reduction of systolic and diastolic volume with improvement in cardiac 

function as compared with Ad-null control at 1 week post-MI. This improved cardiac function 

with hTIMP3 post-MI is associated with a significant reduction of LV myocardial remodeling and 

less infarct area, indicating the preservation of more myocardial muscle. WGA and phalloidin 

staining showed that hTIMP3 injections to the heart preserved more myocardial muscle mass, as 

well as more viable myocytes in infarct and per-infarct area as compared with the Ad-Null group. 

Interestingly, intramyocardial injections of a higher Ad-hTIMP3 dose showed exacerbation of 

cardiac function. This higher dose of Ad-hTIMP3 caused severe LV dilation and suppressed 

cardiac function at 1 week and 4 weeks post-MI. Similarly, a high Ad-hTIMP3 resulted in adverse 

myocardial remodeling and less viable myocytes in infarct and peri-infarct regions, suggesting that 

a higher dose of hTIMP3 does not provide a beneficial effect, but instead results in exacerbation 

of cardiac dysfunction and adverse remodeling. This finding is consistent with HUVEC and 

HCEAC culture data, thereby confirming that Ad-hTIMP3 has a dose-dependent effect for post-

MI recovery, as a lower dose of hTIMP3 provides beneficial effects such as improved cardiac 
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function, angiogenesis, reduced remodeling and more viable myocytes, whereas these effects were 

abolished at a higher h-TIMP3 dose. Therefore, adenoviral delivery of hTIMP3 post-MI exerts 

dose-dependent effects as a lower dose promotes angiogenesis, thereby reducing advanced 

remodeling and improving cardiac function, while higher concentrations of Ad-hTIMP3 abolish 

these beneficial effects of hTIMP3. Therefore, replenishment of reduced TIMP3 to a normal 

physiological level with post-MI could provide an effective therapeutic approach rather than 

overexpressing TIMP3 for post-MI remodeling. 

 

6.8. TIMP1 mediated cardiac fibrosis is MMP-independent 

MMP-independent function of TIMP1 and other TIMPs have been reported in different 

cell types.305, 388 TIMP1 can promote proliferation of oligodendrocytes.389 The MMP independent 

function of TIMP1 have been studied using cancer cell lines. TIMP1 showed growth promoting390, 

391 and anti-apoptic potential392 in breast and Burkett’s lymphoma cell lines, respectively. In a 

model of MI, TIMP1-deficient mice exhibit a greater rise in MMP activity and exacerbated cardiac 

dysfunction compared with parallel WT mice, and treatment with an MMP-inhibitor improves the 

cardiac dysfunction in TIMP1-/--MI mice.203, 393 Following MI, MMP activity peaks shortly after 

the onset of MI and drives the remodeling of the infarcted myocardium206, whereas the rise of 

MMP activities following pressure-overload occurs gradually so that its impact on tissue 

remodeling may not be as stark as in post-MI. Therefore, the function of TIMP1 in cardiac response 

to MI appears to occur primarily through its MMP-inhibitory function. However, following a 

pressure-overload or Ang II infusion, lack of TIMP1 did not result in an additional rise in MMP 

activity, and consistently, MMPi-treatment did not reverse the suppressed myocardial fibrosis in 

TIMP1-/- mice, thus indicating that TIMP1 mediates fibrosis in a MMP independent manner rather 

than a MMP-dependent as observed in MI model.  

 

6.9. TIMP1 mediates interaction between integrinβ1 and CD63 thereby promoting de novo 

collagen synthesis  

Studies in fibroblasts have shown that TIMP1 can bind to membrane receptor CD63 and 

activate ERKs 146 144, protein kinase B (Akt) and related intracellular pathways in an MMP-

independent fashion. TIMP1 can regulate cardiac fibroblast proliferation in vitro, maintain 
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immune homeostasis and prevent endothelial cell migration. Integrinβ1 in cardiac fibroblast has 

been shown to contribute to heart failure,394 as its levels rise in response to pro-fibrotic factors 

triggering collagen expression.395-396 Contribution of fibroblast integrins to fibrosis has also been 

reported in other organs.397 CD63 is a membrane protein present on the cell surface of various cell 

types, and while it is abundant on endosomes and lysosomes398, it is well-recognized for its 

lysosome-independent function.379 CD63 is the only known cell surface receptor for TIMP1.363 In 

stellate cells in the liver, binding of TIMP1 to the CD63/integrinβ1 complex promotes cell 

migration371, while this interaction inhibits tumor growth through activating the FAK and PI3K 

signalling pathways399-400,363, and regulating chemotaxis in neural crest cells364. We observed a 

novel function of TIMP1 in the induction of collagen synthesis and fibrosis in the heart by 

mediating the interaction between CD63 and integrinβ1 in cardiac fibroblasts, leading to 

subsequent activation and nuclear translocation of Smad2/3 and β-catenin, and induction of 

collagen mRNA expression. Scleraxis is another transcription factor that has been reported to work 

synergistically with Smad2/3 to trigger fibrosis.366, 401 While scleraxis levels were increased in the 

fibrotic myocardium, scleraxis  was not altered with TIMP1-deficicney, indicating that scleraxis 

is not a key player in TIMP1-mediated induction of collagen synthesis and fibrosis.   

 

6.10. TIMP1 deficiency prevents decompensation of LV and improves heart function 

TIMP1 does not exhibit a beneficial effect in cardiac fibrosis in response to pressure- 

overload or Ang II infusion. TIMP1 promotes cardiac fibrosis in an MMP-independent manner as 

a TIMP deficiency resulted in significantly less myocardial remodeling with suppressed cardiac 

fibrosis and myocyte hypertrophy and reduced heart weight to tibial length ratio as compared with 

parallel WT mice in a pressure-overload model. TIMP1 deficiency prevented decompensation of 

LV with less dilation as evidenced by LV systolic and diastolic internal diameters and improved 

systolic as well as diastolic function with improves ejection fraction and LA size as compared with 

parallel WT mice in pressure-overload model. Also, TIMP1 deficiency improved dilation as post-

TAC PV loop analysis showed significantly less EDV and EDPVR as compared with parallel WT 

mice. These findings indicate that TIMP1 promotes fibrosis, since its deficiency resulted in 

improvement in heart function, less myocardial hypertrophy and fibrosis.  
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6.11. Tissue Inhibitors of Matrix Metalloproteinases (TIMPs) does not necessarily provide 

beneficial effects. 

 

TIMPs are tissue inhibitors of MMPs that degrade ECM proteins and contribute to 

myocardial remodeling, hypertrophy in heart failure. The current understanding that TIMPs are 

MMP inhibitors that could have beneficial effects in the remodeling process, has been proven some 

of the TIMPs. For example, TIMP1, TIMP2 and TIMP3 deficiency resulted in excessive MMP 

activities post-MI and results in heart failure and pharmacological inhibition of MMPs by synthetic 

MMP inhibitors prevents  post-MI heart failure in these mice.203, 204, 206 Interestingly, these 

beneficial effects of TIMPs in heart disease are not only limited  their MMP-dependent role. As 

well, the MMP-independent role of TIMP2 and TIMP3 has been reported to have beneficial effects 

in response to Ang-II infusion.60 The research findings presented in this thesis identify novel roles 

of TIMPs. We observed that each TIMP is unique in its function depending on cardiac injury and 

that TIMPs do not have always beneficial effects in heart failure. Furthermore, its function is not 

necessarily dependent on its MMP inhibitory function.  

TIMP4 could be beneficial in patients with ischemic cardiomyopathy with reduced 

myocardial TIMP4 levels. These beneficial function of TIMP4 are due to its MT-MMP inhibitory 

potential, which is elevated in post-I/R injury and contribute to myocardial remodeling. Also, 

during the earlier events of I/R injury, TIMP4 could exert beneficial effects by controlling 

inflammation and oxidative stress and thereby limiting future myocardial I/R injury. 

Injection of hTIMP3 to bring its normal physiological level, but not hTIMP4, could offer 

beneficial effects, but only at therapeutic concentration at efficacy levels. Our data suggest that the 

efficacy dose of TIMP3 promotes angiogenesis and improves cardiac function post-MI as well as 

HUVEC and HCEAC, while a higher dose of TIMP3 results in exacerbation of cardiac function 

post-MI, antagonizes VEGFR2 and inhibits angiogenesis in HUVEC and HCEAC. This finding 

suggests that the beneficial role TIMP3 plays for post-MI therapy is dose-dependent, and higher 

concentrations of TIMP3 could not offer a beneficial role for post-MI therapy.  

Inhibition of TIMP1 for anti-fibrotic therapy does not produce beneficial effects, as its 

levels are consistently elevated in cardiac fibrosis and it is used as a biomarker of cardiac fibrosis. 

We observed a lack of TIMP1 results in suppressed cardiac fibrosis and prevents decompensation 

of the LV, thereby improving heart function and suggesting that TIMP1 promotes cardiac fibrosis. 
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Our findings in animal models and dilated cardiomyopathy patients indicate that this pro-fibrotic 

function of TIMP1 is MMP independent and it mediates interaction between CD63 and integrinβ1 

in fibroblasts and nuclear translocation of SMAD2/3 and β-catenin, thereby regulating collagen 

transcription. Therefore, novel MMP-independent function of TIMP1 in promoting myocardial 

fibrosis will be valuable in developing anti-fibrosis therapy.  

 

 

 

 

 

 

 

 

 

 

 



 

152 
 

 

 

CHAPTER 7 

 

LIMITATIONS AND FUTURE SCOPE 
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7.1. Limitations 

 

7.1.1. Disease model for heart failure 

Various heart disease models provide a valuable resource for identification of novel 

therapeutic targets and testing novel approaches for heart failure treatment.402-403 Mouse models 

are widely accepted for heart failure studies as these models offer advantages such as the 

availability of genetically modified mice and greater litter size helps to study underlying 

mechanisms of heart failure. In our studies, we used well-accepted surgical animal models of heart 

failure commonly observed in humans, and findings from these studies provide mechanistic 

insights and add to the literature regarding the role of TIMPs in heart failure. However, severity of 

diseases produced and degree of injuries produced using mouse models are different from heart 

failure in humans. Therefore, further studies are needed using larger animal models of heart failure 

such as pig models which resembles closely human cardiac physiology.  

 

7.1.2. Adenovirus delivery and recognizing human TIMPs in heart 

The gene therapy approach involves encapsulation of a therapeutic gene of interest to guide it to 

the target cell. The target gene is delivered into the body using a viral vector, its internalization 

and transport of the administered gene to the nucleus and expression of the gene. Adenovirus is a 

commonly-used vector for gene therapy with demonstrated evidence in a clinical trial.404 

Adenovirus expresses the therapeutic gene and the protein product transiently for up to 2-3 weeks. 

Also, adenovirus delivers genes efficiently to a wide variety of cells including dividing and 

quiescent. This offers an advantage for in vitro cell-based work, but in vivo delivery genes using 

adenovirus needs the virus to be GFP tagged in order to detect gene delivery. We have used the 

adenovirus mediated gene delivery approach and recognizing hTIMPs in vivo is challenging 

because there is no specific antibody available to detect hTIMP3 and hTIMP4 and adenovirus 

transfects to different cell types.  Therefore, studies using adeno associated virus using GFP tag 

can be performed to study long term therapeutic effects of TIMPs  
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7.2. Future directions  

7.2.1. Expression of TIMPs in cardiac diseases  

We found that TIMP1, TIMP3 and TIMP4 have differential roles in cardiac diseases. TIMPs 

have been reported to have a number of MMP-independent and divergent roles in heart diseases. 

The studies described in this thesis report various differential roles in heart failure. We still have 

not been able to address the question of what regulates TIMPs expression in response to each 

cardiac injury. Therefore, further studies using cell culture models and different stimulus are 

required to answer this question. For example, expression of TIMPs in endothelial cells can be 

studied using shear stress as the stimulus which can modulate angiogenesis. 

7.2.2. Role of TIMPs in macrophage polarization  

Monocyte adherence to the ECM initiates its conversion to macrophages and stimulates 

expression of cytokines (mainly TNFα, M-CSF, TGFα and TGFβ, IL1) which further contribute 

to macrophage survival, cardiac fibrosis, chemoattractants. Macrophage activation is a 

heterogeneous process that results in generation of different classes of cells with diverse 

immunological function. There are two different macrophage activation patterns: Classical (M1) 

/Pro-inflammatory and alternative (M2)/Anti-inflammatory which show different cell marker 

expression patterns. M1 macrophages express CCl3, INFγ, IL1β, IL6 and TNF-α and contribute 

to ECM destruction while M2 macrophages express Arg1, CD163, MRC1, TGFβ, Ym1 thereby 

contributing to ECM accumulation.200, 249 TIMP3 deficient mice in response to Ang-II or MI 

showed significantly higher infiltration of macrophages and further ECM remodeling.60, 206 

Similarly, TIMP2 deficiency resulted in higher macrophage infiltration post-MI or TAC which 

further caused MT1-MMP activation and ECM remodeling.61, 204 These studies suggest that TIMPs 

regulate pro-inflammatory phenotype of macrophages but further investigations are needed for the 

role of TIMPs in macrophage activation and the shift in macrophage activation to M1 or M2 

pathways. 405 
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