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ABSTRACT 

Heart disease is a leading cause of morbidity and mortality in the world 

with a growing prevalence in a variety of manifestations.  Many of the events that 

occur in the heart during the progression of disease have been explored to identify 

a causative mechanism to develop effective treatments and possibly a cure for 

heart disease.  There is a growing body of evidence demonstrating the necessity 

for adaptive remodeling of the extracellular matrix (ECM) for proper cardiac 

function in response to disease through balanced regulation of its structure. 

Cardiac ECM serves as a structural framework for the myocardium, and its 

integrity is maintained by the function of matrix metalloproteinases (MMPs) 

which are kept under control by their physiological inhibitors, Tissue Inhibitor of 

Metalloproteinases (TIMPs).  A balance between the MMPs and TIMPs is 

important for optimal degradation and replacement of the ECM either in 

physiological ECM turnover or in adverse ECM remodeling in disease. 

The research presented in this thesis consists of our investigation of the 

role of two highly expressed TIMPs in the heart, TIMP2 and TIMP3, in response 

to two common models of human heart disease.  Mice lacking TIMP2 or TIMP3 

were subjected to myocardial infarction, while the outcome of TIMP2 deficiency 

was also studied in response to cardiac pressure overload.  Myocardial infarction 

led to different outcomes in the TIMP2
-/-

 and TIMP3
-/-

 mice.  While TIMP3
-/-

 

mice exhibited elevated rates of left ventricular rupture incidence and severely 

compromised survival, as well as significant cardiac dysfunction, lack of TIMP2 

exacerbated cardiac function without compromising survival compared to parallel 



wildtype mice. Following pressure overload, TIMP2
-/-

 mice showed left 

ventricular dilation and dysfunction, hypertrophy and fibrosis which we found to 

be linked to impaired ECM-myocyte connection due to excess degradation of 

integrin-1 via excess activity of membrane-type 1 MMP (MT1-MMP). We have 

therefore identified important and distinct roles for these TIMPs in heart disease.           

The results presented in this thesis are important contributions to the study 

of the role of ECM remodeling in the adaptive cardiac response to injury, as 

demonstrated through a wide variety of physiological, histological, and molecular 

analyses of the development of heart disease in each model.  These findings 

provide novel evidence identifying distinct mechanisms or pattern of events 

associated with TIMP2 and TIMP3 that can alter the current understanding of the 

role of each TIMP in the development and progression of heart disease.  
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1.1.   Introduction overview 

Heart disease a leading cause of mortality in North America, and the 

ensuing development of irreversible heart failure is a considerable burden for the 

healthcare system to cope with.  The physical, psychological, social, and 

economic implications of inadequately managed heart disease are tremendous.  

According to the American Heart Association
1
, coronary heart disease causes 

approximately one of every six deaths, and one in nine death certificates 

mentioned heart failure.  The recent advancements of science and technology in 

the field of cardiovascular research, coupled with increasing cardiac-related 

morbidity and mortality, has demanded greater focus on uncovering the 

pathogenesis of heart disease for swift translation into the clinical setting.  The 

cardiovascular circuit is a complex system.  It is necessary to identify underlying 

mechanisms of heart disease in order to effectively incorporate novel therapies 

with existing options, which have historically been limited in their scope of 

preventing heart failure as mortality rates remain high
2
.  There is a necessity to 

investigate potential novel targets to optimize heart disease treatment.  Within the 

complexity of heart disease, preserving the integrity of the extracellular matrix 

(ECM) network for the structural foundation of the heart muscle presents an 

intriguing target for therapeutic interventions.   

 

1.2.   The fundamentals of cardiovascular physiology 

The cardiovascular system is composed of the heart as the central pump, 

and the peripheral vasculature responsible for systemic perfusion.  The heart is a 

four-chamber structure that can be divided into the right and left side.  The right 

atrium and ventricle work as a unit to deliver blood to the lungs via the pulmonary 

artery for gas exchange and oxygenation, where blood proceeds to travel to the 

left atrium from the lungs through the pulmonary veins.  It is in the pulmonary 

circuit that blood is reoxygenated and delivered back to the heart.  The blood 

entering the left atrium is emptied into the left ventricle during diastole in both a 
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passive and active manner.  The passive phase relies on left ventricle relaxation in 

order to maximally fill with blood followed by the ensuing active process 

involving atrial contraction to further empty the atrium, with both processes 

contributing to the left ventricle end-diastolic volume (LVEDV).  Diastole is 

immediately followed by systolic contraction, where upon a fraction of the total 

blood in the left ventricle is ejected from the left ventricle through the aorta to the 

systemic circulation, with this fraction designated as the ejection fraction (EF).  

As blood circulates through the network of peripheral vasculature, the extensive 

microvascular capillary bed permits filtration and absorption and is the start of 

venous return to the heart.     

 

1.3.   The complex machinery of the heart   

1.3.1.   Structure of the heart muscle 

The anatomy of the heart wall is composed of three distinguishable layers: 

the endocardium lining the heart chambers, the contracting muscular portion of 

the heart known as the myocardium, and the epicardium layer connecting to a 

fibrous pericardium surrounding the heart.  The right ventricle wall is thinner than 

the left ventricle (LV) wall and is more compliant due to the lower afterload 

exerted by the pulmonary system and therefore requires less stroke work
3
.  As 

with any muscle, the myocardium requires proper coronary circulation for 

delivery of nutrients and oxygen through a network of blood vessels originating at 

the aortic sinus off of the aortic root, and terminating in the coronary sinus 

emptying into the right atrium chamber, especially with increased physiological or 

pathological cardiovascular demands.  

1.3.2.   Cardiac cell types 

The different cell types within the myocardium interact with one other 

through mechanical, electrical, and chemical means to support and sustain cardiac 

function
4
.  The primary cell types that are found in the heart include the 
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cardiomyocytes, cardiac fibroblasts, endothelial cells, vascular smooth muscle 

cells, mast cells, and the recently identified cardiac stem cells
5, 6

.  Cardiomyocytes 

and fibroblasts are the most abundant cells in the heart together comprising 

approximately 80% of the total number of cells
7
, with the other cell types 

constituting a small fraction of the tissue composition.   

Cardiomyocytes wrapped by the endomysium connective tissue are 

composed of bundles of myofibrils which are long chains of contractile 

sarcomeres
8, 9

.  Computational models have depicted subendocardial and 

subepicardial muscle fibres of the ventricle arranged in counterdirectional helices, 

likely for the purpose of equal distribution of stress and strain on the heart wall
10

.  

There are also conductive cardiomyocytes
11

 which are components of the 

electrical conduction system through the atria and ventricle walls.  The sarcomere 

of the cardiomyocyte is the basic contractile unit of the heart.  It is composed of 

the thick myosin and thin actin filaments
12, 13

.  These myofilaments overlap with 

one another, and the cross-bridging generates force for the contraction of the 

myocyte.  This action is mediated by the calcium released from the sarcoplasmic 

reticulum which then binds to the troponin complex, specifically troponin C
14

 on 

the actin filament, subsequently removing the tropomyosin proteins from the actin 

molecule for exposure of myosin binding sites. The sarcomere is able to contract 

the myocyte as a unit as a result of its integral part in the cytoskeleton of the 

myocyte as it is connected through to the plasma membrane via the costamere 

unit.  Cardiac fibroblasts are the source of the ECM structural proteins, mitogens, 

growth factors for paracrine signaling, and have direct communication with 

myocytes through cadherins and connexins, as they lie dispersed around the 

myocytes in the endomysium sheath
15, 16

.  The endocardium lining the chambers 

consists of cells biologically similar to other endothelial cells, but 

embryologically distinct
17

.  Endocardial cells are found in the aortic and 

pulmonary trunks, form the heart septa, and both the atrioventricular and 

semilunar valves of the heart
18

.  The atrioventricular valves are located at the 

junction of the atrium and ventricle and are stabilized by the papillary muscles 

and the collagenous chordae tendinae to prevent prolapse. 
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There are various avenues for intercellular coupling among homogeneous 

or heterogeneous cells.  Adjacent cardiomyocytes are held together by an intricate 

interdigitated region of attachment called an intercalated disc.  Within the 

intercalated discs there exist three important junctions, or bridging structures.  

Neighbouring cardiomyocytes are mechanically coupled via the adherens 

junctions consisting of N-cadherins linked to the catenins, specifically β-catenin, 

connecting to the actin cytoskeleton of the cell via α-catenin
19-21

.  The second 

adhesion complex is the desmosomes, which is a group of cadherin adhesion 

proteins.  The cadherin and desmosome families are transmembrane proteins 

integrated into the cell membrane with an intracellular and extracellular portion of 

the complex.  Intercellular electrical coupling is accomplished through gap 

junctions, which is a transmembrane complex consisting of integral proteins 

connexin-40
22

, connexin-43
23

, and to a lesser extent connexin-45.  They allow 

movement of small molecules and ions especially important for communication 

after stretch-induced membrane depolarization
24

.   

 

1.4.   Overview of heart disease 

Heart disease can manifest itself in a variety of forms.  Any disturbance to 

the function of one region can have a global impact as the heart operates as a 

single unit. The diversity of heart diseases is a result of the many variables 

associated with heart functioning.  Cellular alterations can either be a cause or 

consequence of injury to the heart.  Heart diseases can develop from a plethora of 

etiologies, including genetic mutations, congenital malformation, valvular disease, 

cardiomyopathies, ischemic heart disease, and many others.  In 1996, the World 

Health Organization established that cardiomyopathies are defined as diseases of 

the myocardium associated with cardiac dysfunction.  They are classified as 

dilated cardiomyopathy, hypertrophic cardiomyopathy, restrictive 

cardiomyopathy, and arrhythmogenic right ventricular cardiomyopathy, with a 

separate list of “specific cardiomyopathies” associated with specific cardiac or 

systemic disorders which includes ischemia, hypertension, valvular, 
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inflammation, and metabolism among others
25

.  The limited scope of such a broad 

definition leaves room for debate
26, 27

.  Impairment of the LV resulting from 

cardiomyopathy is a serious complication as it will compromise systemic 

perfusion to the organs of the body.  The process in which the heart alters its size, 

shape, and function in response to stress is referred to as remodeling.  Cardiac 

remodeling is a multidimensional process
28

 that ultimately results in altered wall 

thickness (hypertrophy) and transformed chamber geometry (dilation), which 

loosely translates into a change in the architecture of the heart
28, 29

.  Ventricular 

remodeling is a consequential adaptive measure to protect the heart and preserve 

cardiac function after injury.  The degree of ventricular remodeling is contingent 

upon the extent of the injury involved in the disease.  Two types of heart diseases, 

myocardial infarction and pressure overload-induced cardiomyopathy, will be the 

focus of this thesis and will be discussed in further detail. 

1.4.1.   Myocardial infarction 

 Etiology of myocardial infarction 

Myocardial infarction (MI) is a cardiac event under the category of 

ischemic heart disease, and is commonly known as a heart attack.  It occurs due to 

the complete blockage of blood flow through a major coronary artery causing 

ischemia to the downstream ventricular muscle.  This leads to a scarcity of 

oxygen and nutrients delivered to this area.  The ventricular remodeling that 

occurs after MI is an elaborate process with profound effects on cardiac 

function
30

.      

An ensuing type of cell death that occurs in infarcted myocardium is 

known as necrosis.  The necrotic tissue becomes nonfunctional due to muscle 

death with subsequent replacement fibrosis, therefore losing its ability to contract.  

The severity and size of the infarction depends on the location of the occlusion 

and the area that is supplied by the occluded coronary artery.  A blockage to a 

major trunk of the coronary artery would restrict flow to a larger region in 

comparison to that of a smaller branch.  The heart could survive a coronary 
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occlusion due to the availability or establishment of a vast network of collateral 

arteries
31, 32

 to maintain flow to the unaffected myocardium to preserve function.   

   

Figure 1.1.  Left ventricular remodeling after myocardial infarction.  

 Cross-sections of the infarcted ventricle display the LV wall thinning and 

chamber dilation towards the apical region. Extracted from Gorman et al
33

. 

 

Cellular & molecular processes of myocardial infarction 

Myocardial ischemia triggers many cellular and molecular events 

including cell death, oxidative stress, and inflammation of the necrotic and 

neighbouring myocardial regions, angiogenesis, cardiomyocyte growth, and 

myocardial fibrosis 
34-37

.  The presence or absence of these may combine to 

gradually develop a pathological dilated LV with considerable wall thinning, 

which could lead to heart failure, or to cardiac rhythm abnormalities
38

 or infarct 

rupture resulting in sudden cardiac death
39

. 

Myocardial infarction: Ischemia-induced cellular necrosis 

 Ischemia following coronary artery occlusion generates a harsh 

environment for cardiomyocytes.  The interrupted supply of oxygen and nutrients 

to the region creates a prime condition for cell death and destruction, leading to 

cellular necrosis which is generally termed as myocardial infarction.  Necrosis can 
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have a drastic affect on the remodeling process as it is generally accepted that 

cardiomyocytes are postmitotic, or in other words terminally differentiated, 

therefore cannot be regenerated.  The principle events describing the process of 

necrosis involve adenosine triphosphate (ATP) depletion, elevated reactive 

oxygen species (ROS)-induced mitochondrial damage, the influx of calcium into 

the mitochondria and cytosol, increased cellular acidosis, increased lysosomal 

rupture with intracellular protease release, and the inflow of water into the cell 

leading to the swelling and rupture of the plasma membrane 
40-42

.  The potential to 

minimize the expansion of necrotic injury at the cellular level is apparent, as 

pharmacological and genetic inhibition of necrosis-inducing factors has been 

found to lessen the infarct size and improve cardiac function post-MI
43

.       

Myocardial infarction: Oxidative stress 

 There exists a variety of oxidative agents that generate stress to the 

cardiomyocytes, which can be harmful to many features of the cell, including the 

nucleic acids, the sarcomere, ion channels and transporters, and the 

mitochondria
44

.  Oxidative stress appears to have a causative or exacerbating role 

in many forms of heart diseases
45, 46

, and is therefore an important contributor to 

the development of heart failure
47

.  Oxidizing agents are molecules that oxidize 

other molecules, and in doing so withdraw electrons from the target molecule.  

These oxidizing agents generally fall into the families of ROS or reactive nitrogen 

species (RNS).  ROS are a family of reactive oxidizing agents that consists of 

oxygen.  These include the superoxide radical, peroxynitrite, hydroxyl radical, 

and hydrogen peroxide
48

.  RNS overlaps with peroxynitrite and additionally 

consists of the nitric oxide radical.  It is usually the concerted effect of ROS and 

RNS together that causes damage to the myocyte, such as in the generation of the 

powerful and unstable oxidant peroxynitrite from the reaction between superoxide 

and nitric oxide
49-51

.  Nitric oxide is generated from L-arginine catalyzed by 

inducible nitric oxide synthase (iNOS) in the ischemic myocardium and possibly 

from infiltrating inflammatory cells.  
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 Ischemia can damage the mitochondria, specifically the electron transport 

chain components
52

, which generates reactive oxidizing species
53

.  In addition to 

the electron transport chain in the mitochondria, other important cellular source of 

ROS
48, 54

 is the superoxide producing plasma membrane-bound enzyme complex 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which has been 

strongly implicated in the transition from hypertrophy to the development of heart 

failure
55-57

, and to a lesser extent a contribution from xanthine oxidase
58, 59

.  

Increased ROS has been found to activate matrix metalloproteinases (MMPs), 

which regulate extracellular matrix remodeling, and also initiating cellular 

necrosis post-MI by triggering calcium overload and increased permeability of the 

mitochondrial membrane (mitochondrial permeability transition)
60

.  To combat 

these oxidative agents, the cells possess endogenous antioxidants, most notably 

superoxide dismutase, glutathione peroxidise, and catalase, which in many cases 

have been found to be suppressed or downregulated in heart failure
61, 62

.  

Maintaining a balance between oxidants and antioxidants is important to limit the 

damage that may occur from disproportionate oxidative reactions above 

physiological levels.            

Myocardial infarction: Cardiac inflammation 

 MI results in the migration of monocytes, macrophages, and neutrophils 

responding to chemotactic factors in the infarct zone, initiating cytokine release 

and other molecular processes that localize the inflammatory response to the 

region of injury
37

.  The recruitment of immune cells to the injured site has a 

reparative role that includes clearing dead cells and matrix debris and depositing 

granulation tissue at the site of injury
63, 64

.  There is a delicate balance between the 

adaptive immune response and the adverse remodeling effects of prolonged 

inflammation in the cardiac response to disease
65

.  The immune cells that have 

consistently been found to play an important role in cardiac remodeling are the 

neutrophils, macrophages, lymphocytes, and mast cells
66

.   

Neutrophil granulocytes are highly abundant, phagocytic, and are a 

hallmark of acute inflammation in response to trauma.  Macrophages are 
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differentiated agranular monocytes and are the notable phagocytes, engulfing 

cellular necrotic debris
67

.  The elicitors of inflammation are diverse.  The pro-

inflammatory cytokines
68

 tumor necrosis factor alpha (TNFα), monocyte 

chemotactic protein-1 (MCP-1), and interleukins 1β, 6, and 8 (IL-1β, IL-6, and 

IL-8) are potent recruiters of immune cells to the region and are expressed by 

local cells, infiltrating immune cells, or through MMP processing.  Interventions 

to restrict the activity of these cytokines involve neutralizing antibodies, soluble 

receptors, receptor antagonists and protease inhibitors
69

.  Degraded ECM has been 

found to possess properties to serve as a chemoattractant for inflammatory cells at 

the injured region
70

.  Infiltrating immune cells produce and activate MMPs 
71, 72

, 

which are the ECM proteolytic enzymes.  Degraded ECM has a prominent role in 

inflammation, and therefore immune cell-mediated phagocytic clearance of matrix 

debris is necessary to arrest the inflammatory response.  These effects collectively 

complicate the delicate balance involved in adaptive inflammation, and show how 

its dysregulation can have long-term repercussions on remodeling due to the 

immediate acute harmful effects of the inflammatory response.         

Myocardial infarction: Fibrosis 

In the infarcted heart, there is a need to differentiate between the infarcted 

ischemic area and the functional non-ischemic region when assessing the ECM 

remodeling process that is occurring.  Fibrosis is generally defined as an excess 

increase in collagen content in the tissue.  Fibrosis has been divided into two 

classes: reactive interstitial fibrosis and reparative/replacement scar formation
73

.  

Replacement fibrosis appears at sites of cardiomyocyte necrosis to preserve the 

structural integrity of the myocardium
40

.  Tissue necrosis initiates a massive 

deposition of replacement fibrosis, likely due to targeted migration of fibroblasts 

to the necrotic region
74

.  Fibroblasts characterized from the infarct area of the 

mouse heart exhibit increased proliferation, increased migration, altered adhesion, 

and increased collagen synthesis capacity compared to fibroblasts from the 

control hearts
75

, likely due to cytokine-mediated chemotaxis
74, 76

.  There is 

certainly a spatial and temporal pattern to MMP proteolysis of the ECM as part of 
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the scar formation process
77

 by the degradation of damaged ECM in the early 

phase of scar formation.  There is a delicate balance between the removal of the 

damaged ECM due to ischemia and the construction of new ECM.  Suboptimal 

infarct remodeling can have profound effects on ventricular mechanics and can 

lead to LV rupture and death.  

Myocardial infarction: Angiogenesis 

The injury sustained in myocardial infarction is the result of impeded 

blood flow to a particular region of the myocardium, creating an ischemic 

environment where eventually an infarct will form in place of myocardial death.  

A protective mechanism in MI is myocardial angiogenesis to improve circulation 

to the infarct region and the neighboring tissue to ultimately reduce ischemic 

injury, restrict infarct expansion by preserving functional myocytes in the peri-

infarct region, and improve overall cardiac function. 

One approach of assessing the status of angiogenesis indirectly is to 

examine the expression of proangiogenic factors in the heart.  In a rat MI model, it 

has been found that there is a rapid and prolonged increase in vascular endothelial 

growth factor (VEGF) and both VEGF receptors, VEGFR1 and VEGFR2 (also 

known as fms related tyrosine kinase-1 and fetal liver kinase-1/kinase insert 

domain receptor, respectively) after onset of an ischemic episode, initially 

throughout the heart but overtime localizing to the border region of the developed 

infarct
78

.  Human heart tissue exposed to ischemia or infarction was biopsied and 

examined for early markers of angiogenesis, of which hypoxia-inducible factor 1 

alpha (HIF-1α) was elevated early
79

 supporting the rodent VEGF findings as HIF-

1α is a known transcription activator of VEGF expression
80

.   These findings 

suggest that in an ischemic state there is an intrinsic early response in the heart to 

promote angiogenesis.   

An early study administered exogenous VEGF daily through an indwelling 

catheter to the distal site of the left circumflex artery which was constricted in a 

canine model. They discovered enhanced collateral blood flow and an increase in 
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the density of larger intramyocardial vessels, not capillaries, and similar infarct 

size as controls
81

.  A later study demonstrated that intramyocardial injection of 

either HIF-1α or VEGF naked DNA immediately post-MI in a rat model in the 

left anterior free wall resulted in enhanced capillary density and regional blood 

flow that correlated with decreased infarct size
82

.  As an alternative to the 

transfection of naked DNA, another study examined in a pig model the 

transduction of VEGF using multiple-site injections of an adenoviral vector at 

three weeks post-circumflex artery constriction, and observed an increase in 

myocardial perfusion and function
83

.  A study using the adeno-associated viral 

vector immediately after left anterior descending coronary artery ligation in the rat 

model was also able to show effective infection of cardiomyocytes in vivo and an 

increase in new blood vessels around the infarcted myocardium region, although 

infarct size appeared the same compared to controls at two months of 

inoculation
84

.   Additionally, the clinical trial in 2003
85

 administering recombinant 

VEGF protein intramyocardially in patients with stable cardiac ischemia offered 

positive results after preliminary positive Phase I results
86, 87

, although efficacy of 

delivery and risk of angioma are concerns in the patient trials that need to be 

closely observed. 

There is a need to further assess the delivery strategies due to the 

perceived limitations of the intramyocardial (invasive approach and angioma 

formation risk) or intracoronary delivery (improbable complete delivery to the 

specific area of interest) of angiogenic factors
88

.  Another limiting factor is the 

inherent flaw of VEGF-based therapy as it has been associated with highly 

permeable vessels and risk of tissue edema as reviewed by Weis and Cheresh
89

.  

There is also evidence that the ischemia-induced coronary collateral growth is a 

function of nitric oxide-dependent VEGF activity
90

, thereby presenting the need to 

further investigate other potential important cofactors. The incorporation of 

cellular therapies, in particular mobilization of lineage-committed endothelial 

progenitor cells and their role in vasculogenesis and functional improvement 
91, 92

, 

is also a promising direction for therapy parallel to the angiogenesis approach of 
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expanding the capillary network by vascular endothelial cell proliferation and 

migration
93

.        

Experimental models of myocardial infarction 

 The surgical procedure that is traditionally used in the experimental 

animal model of myocardial infarction is the coronary artery occlusion 

procedure
94

.  This can be accomplished by mechanically clamping or ligating a 

coronary artery at a specific location to occlude the vessel, thereby preventing 

blood flow to the downstream region.  The most common site of ligation for left 

ventricular myocardial infarction is the left anterior descending artery, which is a 

prominent coronary artery that sustains a large region of the ventricle, or 

alternatively the circumflex artery particularly in the larger animal models
95

.  This 

method creates a prolonged ischemic environment, where chronic occlusion will 

result in myocardial death and infarct formation, versus acute ischemic injury.  

This procedure has been performed on a number of different animal species
96-101

.  

 

1.4.2.   Pressure overload cardiomyopathy 

 Etiology of pressure overload cardiomyopathy 

Cardiac pressure overload is generated by elevated ventricular afterload.   

This increase in afterload is the pressure against which the heart must work in 

order to eject blood from the ventricles.  In humans, increased afterload can result 

from two possible occurrences: increased resistance to outflow due to the 

incomplete opening of the semilunar valves, or from increased resistance to blood 

flow in the systemic or pulmonary arteries
102

.  A stenotic aortic semilunar valve 

creates an obstruction to ventricular ejection of blood as it cannot open fully.  The 

increased arterial resistance due to narrower and less compliant arteries requires 

the heart to work harder to pump blood against this resistance, such as in the state 

of chronic hypertension.  For either of these conditions, the degree of increased 

workload on the heart depends upon the extent of restricted passage against 



   

14 
 

normal cardiac ejection.  Increased afterload leading to amplified biomechanical 

stress is a common cause of left ventricular remodeling, which can lead to cardiac 

dysfunction and eventual heart failure
103

. 

 Cellular and molecular processes of pressure overload 

The pressure overloaded heart undergoes a compensatory phase followed 

by a decompensatory remodeling process
104

.  The compensatory phase entails a 

hypertrophic adaptation of the myocardium to generate greater force and preserve 

cardiac function against a persistently detrimental increased afterload.  Over time, 

it has been proposed that the gradual dilation of the ventricle and wall thinning 

under pressure alters the balance between ventricular wall stress, intraventricular 

pressure, ventricular radius, and ventricular wall thickness, parameters which are 

intrinsically related in the failing heart according to the Laplace Law
105

.  The 

subsequent decompensatory process as a result of prolonged exposure further 

alters the myocardium with a gradual decline of cardiac performance.  The major 

compensatory processes that occur are the growth of the cardiomyocytes, 

contractile regulation, creation of vessels to support the myocardial growth, and 

development of the ECM to support the increased workload of the heart.  

Pressure overload: Cardiomyocyte hypertrophy 

 The early understanding of cardiomyocyte growth was able to clearly 

define the difference between physiological and pathological hypertrophy
106

.  

Physiological hypertrophy was described as having normal or augmented 

contractile state in which the maximum rate of ATP hydrolysis by myosin and the 

maximum velocity of muscle shortening are either normal or elevated; whereas 

pathological hypertrophy was associated with depressed contractility without 

necessarily concordant heart failure, in which case the rate of myosin ATPase 

activity and the velocity of muscle shortening are decreased
106

.  More recently, 

physiological hypertrophy secondary to exercise has been described as having 

normal organization of cardiac structure, normal cardiac morphology, and normal 

or enhanced cardiac function
107, 108

.  Pathological hypertrophy associated with 
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disease has been summarized as developing fibrosis, apoptosis, dysfunction, 

upregulation of fetal genes, and increased mortality
107, 108

.  Pressure overload on 

the heart is a classic activator of hypertrophy due to the combination of 

mechanical cardiomyocyte stretch
109-111

 and neurohormonal activation
112, 113

.  The 

acute response to pressure overload is the development of concentric hypertrophy 

which involves parallel addition of sarcomeres increasing cardiomyocyte width, 

which in turn increases wall thickness
114

.  This results in the left ventricle 

maintaining its overall size with a smaller chamber volume.  The transition from 

early compensatory hypertrophy to the decompensatory dilation of the LV leading 

to heart failure was clearly evident and distinguishable in the hypertensive rat 

model
115

.   

There have been studies that challenge the “wall-stress” or “stress-

correction” theory that states cardiac hypertrophy is compensatory in diseases 

with increased workload
116-119

. It has been suggested that the hypertrophic growth 

contributes to the disease state by demonstrating preserved function in the absence 

of hypertrophy, therefore not the increased wall stress related to an absence of 

hypertrophy which was classically attributed to dysfunction 
120, 121

.  

Pressure overload: Fibrosis 

Myocardial fibrosis is a well known cause of diastolic dysfunction and 

diastolic heart failure
122-124

.  In heart failure there is an abnormally larger amount 

of collagen deposition in the interstitial space surrounding the failing yet 

functional cardiomyocytes.  Collagen mRNA expression has been found to be 

increased four-five fold in the failing heart compared to the nonfailing 

hypertensive heart in the rat model
125

, along with an increase in LV collagen 

concentration and interstitial fibrosis associated with increased passive muscle 

stiffness
126.  Collagen synthesis and deposition was also found to be elevated in 

patients with failing hypertensive heart, and was inversely correlated with EF
127

.  

The increased deposition of collagen within the functional myocardium can lead 

to restrictive ventricular filling, therefore diastolic dysfunction and in its severe 

form, diastolic failure
128

.  Cardiac levels of profibrotic angiotensin II
129, 130

 has 
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been found to be upregulated in patients with a failing heart
131

.  At the point of 

decompensating cardiac remodeling, there is also a considerable upregulation of 

extracellular matrix regulatory proteins
132, 133

, indicating that along with the 

increase in collagen the maladaptive upregulation of the major ECM remodeling 

components may contribute to the progression of heart failure.    

Pressure overload: Calcium homeostasis 

 Many of the physiological processes that maintain ion homeostasis in the 

myocardium, including sensory and ion transport mechanisms, become faulty 

with progression to heart failure
134

.  One critical ion of the many for which 

dysregulation has considerable pathological effects is calcium, as it is essential for 

myocyte excitation-contraction coupling.  The influx of extracellular calcium 

leading to calcium release from the vast store of the sarcoplasmic reticulum is an 

initiating process for sarcomeric myofilament cross-bridging and cellular 

contraction.  Two mechanisms that are pertinent to cardiac dysfunction from the 

systolic and diastolic failure perspectives are troponin C (TnC) calcium sensitivity 

and calcium handling by the sarcoplasmic reticulum, respectively.   

Sensitivity of TnC to calcium is important for myosin binding to actin 

myofilaments during cardiomyocyte contraction.  Calcium binding to TnC 

exposes the myosin binding site on actin by removal of the blocking tropomyosin.  

The stretch-induced loss of sensitivity that has been associated with heart disease 

impairs contractility of the myocyte, thereby impairing systolic performance
135

.  

The significance of TnC sensitivity for force generation is its relevance to the 

Frank-Starling mechanism and how this applies to the failing heart.  The other 

aspect of calcium homeostasis involves the release and reuptake of calcium from 

the sarcoplasmic reticulum, a process known as calcium handling.  Impaired 

calcium reuptake through the sarcoendoplasmic reticulum calcium ATPase-2a 

(SERCA2a) pump has been attributed to calcium overload and failure of 

ventricular relaxation
136

.  The resultant impaired relaxation affects diastolic 

filling, and is a major contributor to diastolic heart failure.  Calcium homeostasis 
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is a critical intracellular regulator of cardiac function, and is complementary to the 

various other remodeling processes occurring during heart failure.               

Pressure overload: Angiogenesis 

Cardiac microvascular angiogenesis is referred to as the creation of new 

vessels from existing vasculature.  Angiogenesis during cardiac enlargement is 

variable based upon age, model, and duration of hypertrophy
137

.  With pressure 

overload, the predicament with perfusion of the hypertrophied heart is at least 

three-fold: decreased coronary flow reserve (ratio of maximal flow to resting 

flow), increased muscle mass that requires nourishment, and the resultant 

decreased density of vessels
138

.  Although there is usually growth of vasculature, 

it rarely compensates for the magnitude of hypertrophy
137

.  Coronary flow has 

been demonstrated to be essential for functioning of the Akt kinase-induced 

hypertrophic heart as inhibition of angiogenesis impaired cardiac growth and 

functioning
139

.  Stimulating angiogenesis in disease conditions with reduced 

perfusion can improve function by delivering oxygen and nutrients, especially to 

hypertrophic myocytes such as in pressure overload.  

At the molecular level, the angiogenic factors that seem to have a 

prominent role in angiogenesis and vascular development are VEGF-A, platelet-

derived growth factor, and angiopoeitin-1 & -2, with their respective receptors. 

VEGF-A has been found to be essential for differentiation and migration of the 

vascular endothelium
140

 by binding to the VEGFR2  or with VEGFR1 receptor 

serving as a positive regulator of branching
141

 and negative regulator to prevent 

vascular overgrowth
142

 respectively.  Platelet-derived growth factor primes 

vascular smooth muscle cells and pericytes to release proangiogenic factors, 

which have been found to be important for the vessel maturation process on which 

VEGF-dependent angiogenesis relies
143

.  The angiopoeitins, Ang1 and Ang2, bind 

to their primary receptor Tie2 to stabilize mature vessels.  Loss of Ang1 did not 

reduce angiogenesis, but instead made the vasculature nonfunctional in wound 

healing
144

.  Ang2 was found to act as a competitive inhibitor of Ang1 at the Tie2 

receptor binding site
145, 146

.  
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The proteolytic actions of ECM regulatory proteins are important for the 

degradation and repair of the ECM for new vessel growth; however the findings 

of their role have been mixed
147-151

, supporting the notion that ECM remodeling 

has a complex role in the angiogenesis process.  Another element that may be 

involved in impaired vasculature in heart disease is the expression of the 

thrombospondin matricellular proteins, which are upregulated in tissue injury
152

.  

The TSPs are known angiogenic inhibitors in the tumour suppressor realm, 

through a variety of processes including promoting endothelial cell apoptosis, 

inhibition of endothelial cell migration, and impaired endothelial cell adhesion
153-

156
.   

Experimental models of cardiac pressure overload 

 The most common method of inducing pressure overload in the 

experimental animal model is through coarctation of the aorta, commonly known 

as aortic banding.  Aortic banding involves a surgical procedure to partially tie a 

suture or place a clip around the aorta of the animal to  coarct the aorta to a certain 

extent in order to develop a pressure gradient for the heart to work against, 

thereby increasing the afterload of the heart.  This is an effective model because it 

creates a cardiac pressure overload model with biomechanical stress localized to 

the heart.  The severity of the model is dependent on two factors:  the location and 

the degree of the constriction.  Aortic banding can be done at the transverse aorta 

(closest to the heart), the descending aorta, the abdominal aorta, or at the 

suprarenal region (farthest from the heart).  As pressure is maximum upon exiting 

the heart and dissipates as it travels through the vasculature, a similar constriction 

proximal to the heart would create a larger afterload on the heart compared to 

constriction further along the aorta.  Choosing the appropriate constriction site is 

important for achieving the target level of afterload on the heart with 

consideration for ease of access to the aorta segment.   

The increase in peripheral arterial resistance to blood flow, as it occurs in 

chronic hypertension, is another form of increased afterload.  Genetic models of 

hypertension include the commonly used spontaneously hypertensive rat and 
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Dahl-salt sensitive rat among a wide array of hypertensive rat models
157

.  

Alternatively, another model involves delivering pressor doses of vasopressor 

agents such as angiotensin II or phenylephrine to the animal for an extended 

number of weeks.  The pressor dose is the dose required to actively increase blood 

pressure in the animal.  A lower dosage that does not increase the blood pressure 

is called a subpressor dose which can still exert other effects, such as 

cardiomyocyte hypertrophy by angiotensin II.  These agents work through G 

protein- coupled receptors (GPCRs), with angiotensin II activating its AT1 

receptor, and phenylephrine activating α1-adrenergic receptors.  The agonist-

induced hypertension can also be used as a model of increased afterload or 

pressure overload. However, it is important to note that systemic hypertension can 

also affect other organs such as the brain, liver and kidneys, which can in turn 

influence the heart function.  

 

1.5.   The extracellular matrix of the heart 

1.5.1.   Composition 

The ECM is a network of proteins that structurally stabilizes the 

myocardium and enables it to contract synchronously.  It is a dynamic structure 

that undergoes constant turnover, and its intact structure is essential for optimal 

cardiac structure and function.  The ECM includes a diverse assortment of 

proteins categorized as fibrillar or nonfibrillar proteins.  The fibrillar components 

of the ECM consists primarily of collagen I and III, with collagen I the 

predominant form.  Proteins such as collagen IV, laminin, fibronectin, aggrecans, 

versican, tenascins along with various proteoglycans
158

 constitute the diverse 

nonfibrillar portion of the ECM.  These nonfibrillar proteins form the “basement 

membrane” that interacts with other fibrillar proteins, ligand molecules, and 

cellular adhesion molecules.  These are the proteins with specific motifs which 

interact with the cardiac cells via the membrane-bound integrin proteins and other 

cell surface receptors which serve to transmit mechanical signals to the cytosolic 
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compartment for transduction to the sarcomere or nucleus.  Collagen also 

maintains alignment of myofibrils within the myocytes through an ECM-integrin-

cytoskeletal-myofibril connection
159, 160

.   

The ECM has been discovered to serve as a reservoir for growth factors 

and cytokines by containing binding sites for these molecules that can be released 

and activated upon degradation of the ECM, such as the potent procollagenic 

transforming growth factor (TGF)-β.  Even ECM fragments can possibly serve as 

growth factor receptor agonists via the EGF-like domains that some possess
161, 162

.  

Proteolysis of the ECM can also have an inflammatory effect on the heart.  

Degraded ECM has been found to act as a chemokine, attracting inflammatory 

cells and permitting increased immune cell infiltration as mentioned previously.  

Disruption of the ECM network structure due to excess proteolytic activities can 

lead to wall thinning and LV dilation, whereas accumulation of collagen results in 

fibrosis and decreased compliance (increased stiffness) of the myocardium. 

1.5.2.   Synthesis 

The fibroblasts are the primary cell type responsible for synthesizing the 

ECM components in the heart
163-167

, although there is evidence of an indirect 

mechanical
168

 as well as (small) direct contribution from myocytes
169

.  Synthesis 

of the ECM is a regulated process in response to signals from ECM alteration, 

availability of profibrotic growth factors such as TGF-β
170, 171

 and connective 

tissue growth factor
172

, and angiotensin II signaling
173, 174

.  The most abundant 

components of the ECM are the fibrillar collagens type I and III, as these proteins 

form the structural integrity of the heart with the added responsibility of absorbing 

tensile forces.  Enhanced collagen synthesis has been found under certain 

mechanical shear, tensile , or compressive loading
175

 and in various 

cardiovascular diseases
176, 177

.   

Collagen is initially produced in a procollagen form. In order for this to 

occur, individual alpha peptides undergo post-translation processing such as 

hydroxylation and glycosylation, after which three alpha peptides (two α1 and one 
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α2) bind together and twist into a triple helix procollagen molecule.  

Hydroxyproline is an essential component of collagen thought to be crucial to 

forming the helical shape and is highly abundant in collagen structure, while 

hydroxylysine  has been identified as the target of glycosylation.  Extracellular 

truncation of procollagen forms the lighter mature form known as tropocollagen. 

The cleaved procollagen amino (PINP and PIIINP) and carboxyl (PICP and 

PIIICP) terminal peptide ends have been used as biomarkers of collagen 

synthesis
178

.  Appropriately, there is also a biomarker for quantifying degradation 

of collagen, the carboxyl-terminal telopeptide of collagen type I (CITP)
178, 179

.  It 

is the polymer of tropocollagen formed with the assistance of extracellular 

enzymes such as lysyl oxidase which forms the structure known as the collagen 

fibril.  Other agents that can contribute to stabilization of the ECM are the 

matricellular proteins, extracellular proteins that are not directly involved in the 

structural functions of the ECM.   

The matricellular protein secreted protein acidic and rich in cysteine 

(SPARC; also known as osteonectin) is upregulated after cardiac injury and has 

been associated with ECM organization, collagen-binding, and potent regulation 

of growth factors
180

 while interacting closely with other ECM components.  

Although SPARC deficient mice were reported to have initial protection against 

post-MI cardiac dilation
181

, the early infarct rupture incidence and dysfunction 

suggests that SPARC is essential for cardiac ECM integrity
182

.  SPARC was 

found to have an unfavourable role in pressure overload, with the cross-linking of 

collagen fibrils impairing cardiac function
183

.  Similarly, the thrombospondin 

family of proteins are inconspicuous at baseline but increase expression with 

injury
152

, with thrombospondin-1 shown to be a major activator of the latent 

profibrotic growth factor TGF-β in vivo
184

, thereby contributing greatly to ECM 

synthesis
185, 186

.  Thrombopondin-1 also has been found to be vital for cardiac 

remodeling post-MI
187

.  
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1.5.3.   ECM-cardiomyocyte adhesion and communication   

Proper adhesion of the cardiomyocytes to an intact ECM is critical for 

optimal heart function.  The transmembrane proteins of the integrin family are 

essential receptors for cellular communication with the ECM.  The integrin 

heterodimer at the cell surface is composed of two isoforms, the α and β subunits.  

As reviewed by Ross & Borg
188

, there are a total of 18 α-subunits and 8 β-

subunits identified in mammals, of which 7 α-chains and one β-chain are 

predominantly expressed in cardiomyocytes.  The β1 subunit, specifically the β1D 

splice variant unique to striated muscles
189

, is most abundant in heterodimers 

present in the heart.  The integrin complex is involved in adhesion, 

mechanosensation, cytoskeletal alignment, and force transmission of the cell
188

.  

Cardiac-specific lack of β1D integrin displayed myocardial fibrosis and heart 

failure by six months of age
190

.  Integrins play a key role in the cardiac response 

to mechanical stress such as in chronic pressure overload, which results in 

upregulation of α1, α5, α7, and β1 integrins
191

, and where the lack of β1D integrin 

resulted in considerably greater mortality
190

.  The extracellular portion of the 

integrin complex binds to specific domains on the ECM proteins, in particular the 

basement membrane proteins such as laminin
192

, fibronectin
193

, collagen IV
194

, 

and also with the fibrillar collagens
195

.  The integrin heterodimer is a vital 

component of two major intracellular complexes, the focal adhesion complex and 

the costamere unit of the cell.   

The focal adhesion complex is a conglomeration of basement membrane 

components, the integrin heterodimer, and a kinase complex that collectively 

transmits mechanical stimulus to biochemical signaling (Fig 1.2.).  It serves as a 

key component of two major processes: force transmission and signal 

transduction for the initiation of gene transcription.  The former is accomplished 

through direct attachment to cytoskeletal actin via alpha-actinin linkage.  The 

focal adhesion complex primarily functions as a signaling cluster through an 

assembly of kinases which includes focal adhesion kinase (FAK), integrin-linked 

kinase, Src kinase, Ras kinase, Rho/ROCK kinase, Rac kinase
196-200

 and others 
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which act through the combination of autophosphorylation and downstream 

phosphorylation to trigger an intracellular activation cascade.  Integrins are also 

involved in the contraction of the cardiomyocytes through its incorporation in the 

costamere (Fig 1.2.), where it has direct interaction with intracellular cytoskeletal 

proteins and the sarcomere at the Z-disc
201-203

.  The integrins are linked to the 

sarcomeric actin filaments through the assistance of alpha-actinin molecules.  The 

focal adhesion complex and the costamere link with cytoskeletal elements such as 

vinculin, talin, paxillin, alpha-actinin, filamin, tensin, and others for cellular 

alignment with the ECM and neighbouring cells
204

. 

Cellular communication with the ECM also relies on the syndecan 

transmembrane proteins, in particular syndecan-1 and -4 in the heart, as it acts as 

a cofactor with integrins for connecting ECM proteins to the cytoskeleton
205

.  

Both integrins
190, 191

 and syndecan-4
206

 have essential roles for cardiac adaptation 

to pressure overload.  There is also the transmembrane dystroglycan complex that 

binds to the intracellular cytoskeletal actin filaments via the dystrophin protein.  

The extracellular domain of dystroglycan binds to the ECM, although it is 

generally found to be localized with laminin of the basement membrane
207

.  In 

addition to integrin signaling, the presence of the discoidin domain tyrosine-

kinase receptors in fibroblasts, with the cardiac-specific isoform discoidin domain 

tyrosine-kinase receptor-2, is a unique and important feature of these cells
208

. The 

principle ligand of these receptors is fibrillar collagen
209-211

, and can thereby act as 

an ECM sensor to modulate fibroblast proliferation and adjust synthesis of ECM 

components according to physiological or pathological signaling
212

.  This 

illustrates the complexity of cellular interaction with its surrounding matrix 

environment, and how delicate changes in the environment or adhesion capacity 

can alter alignment, compromise mechanotransduction, and disrupt intercellular 

communication.        

1.5.4.   ECM remodeling 

Adverse remodeling of the myocardial ECM is a result of an overall 

imbalance in its turnover, and is a key component of heart disease.  Excessive 
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disruption or accumulation of ECM proteins has large-scale functional 

ramifications.  The initial findings by Gross and Lapiere in the 1960’s identified a 

unique protease that they classified as a collagenase, as it was able to process 

collagen and likely other structural components
213

.  They elaborate that collagen 

in particular has an advantage over other proteins in that it is immune from attack 

from any commonly known proteolytic enzymes or cathepsins under 

physiological conditions.  ECM integrity is regulated by the proteolytic actions of 

the MMPs and their physiological inhibitors, the tissue inhibitors of 

metalloproteinases (TIMPs).  Other inhibitors of MMPs include α2-macroglobulin 

and reversion-inducing-cysteine-rich protein with kazal motifs (RECK).  The 

inhibitory capacity of α2-macroglobulin involves irreversibly inhibiting 

   

 

Figure 1.2.  Complexes involved in cardiomyocyte mechanotransduction. 

Membrane and cytosolic proteins involved in mechanosensation and transmitting 

mechanical force from the extracellular matrix through the cytoskeleton or 

through the signal transduction activation cascade.  Extracted from Guo et al
214

.  
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active MMPs followed by phagocytic elimination, and is mainly found in the 

plasma and liquid compartments with minimal tissue presence
162, 215, 216

.  RECK is 

a membrane-bound inhibitor of MMPs which is modestly expressed in the 

heart
162, 217

.  Since three-dimensional structures of the MMPs and TIMPs first 

were published in the mid-1990s and reviewed extensively
218-221

, an 

understanding of their structure and interaction has become achievable. 

 

1.6.   MMP and TIMP balance in heart disease 

1.6.1.   Matrix metalloproteinases 

Classification of MMPs 

The MMPs belong to the family of zinc-dependent endopeptidases known 

as metzincins which are responsible for the proteolysis and turnover of the ECM.  

The MMPs are proteolytic enzymes that predominantly degrade extracellular 

proteins.  The numbering and classification of MMPs is based loosely on their 

discovery sequence and substrate affinity respectively, with an additional category 

for the membrane anchored MMPs.  MMPs have been traditionally recognized as 

extracellular proteases, although there has been evidence to credit them with 

degradation of intracellular proteins such as titin, the sarcomeric myofilaments, 

and the mitochondria architecture
222-227

.  Of the 25 unique MMPs discovered to 

date
228, 229

, nine have been found to have a major role in cardiac ECM remodeling. 

To date, the cardiac multidomain MMPs are MMP1, MMP2, MMP3, MMP8, 

MMP9, MMP12, MMP13, MMP28 and MT1-MMP (membrane-type 1 matrix 

metalloproteinase).  The classification of these MMPs as collagenases (MMP1, 

MMP8, MMP13, and MT1-MMP) gelatinases (MMP2, and MMP9), stromelysins 

(MMP3), or elastases (MMP12) was based on initial findings of the preferred 

target substrate for each of these MMPs.  Later discoveries have uncovered that 

although MMP substrate specificity is present, a number of MMPs are capable of 

degrading a broad-spectrum of ECM as well as non-ECM proteins . 
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Figure 1.3.  Structure and classification of MMPs.   

Illustration of the various structural classes of MMPs with their constituent 

domains identified.  Extracted from Ra & Parks
230

.  

 

Structure of MMPs 

The MMPs are generally five-domain proteins, with the exception of the 

membrane-type class of MMPs (MT-MMPs) which includes an additional 

transmembrane segment, and MMP7 and MMP26 which do not possess the hinge 

or hemopexin domains
231, 232

.  The five domains as listed from amino (N)-

terminus to the carboxyl (C)-terminus are: the signal domain, the pro-domain, the 
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catalytic domain, the hinge region, and the hemopexin domain.  In the MT-

MMPs, the transmembrane domain is the end region at the C-terminus located 

partially in the cytosol of the cell as the rest of the protein is positioned 

extracellularly, while MMP7 and MMP26 end with the catalytic domain at the C-

terminus.  Each domain has a contributing role to the function of MMPs. The 

signal domain directs the MMP to cellular secretion to the extracellular 

environment.  The pro-domain and the catalytic domain are connected via a 

cysteine switch from the pro-domain which forms a bond with the zinc ion 

embedded at the catalytic site.  The hemopexin domain that is linked to the 

molecule via the hinge domain has been attributed to be involved in differential 

substrate affinity, stabilizing TIMP interaction, and is also implicated in proMMP 

binding to TIMPs
233

. 

In further detail, as reviewed by Bode
219, 220

, N-terminus of the protein 

begins with the approximately 20-residue signal domain with the adjacent 

approximately 80-residue pro-domain.  In addition to these, there is an extra 

region of approximately 11 residues after the pro-domain in the pro-membrane-

type MMPs (proMT-MMPs) identified as a furin recognition site.  MMPs are 

generally activated extracellularly after being secreted in their latent form through 

two primary steps: the bond disassociation between the cysteine residue of the 

pro-domain and the catalytic zinc of the catalytic domain, and also cleavage of the 

X99-Phe/Tyr100 activation cleavage peptide bond in the “rocker arm” linking the 

pro-domain with the catalytic domain.  The catalytic domain is approximately 170 

residues long, with the exception of the gelatinases (MMP2 and MMP9) which 

each contain a segment of approximately 175 residues of a triplet of collagen 

binding fibronectin-related type II modules.  Continuing towards the C-terminus 

of the protein, there is a 10-70 residue long proline-rich hinge domain linking the 

catalytic domain with the hemopexin which itself is approximately 195 residues 

long.  The hemopexin domain consists of four β-sheets around a central axis 

which actually takes the form of a propeller.  The additional transmembrane 

region of the MT-MMPs that enables membrane anchoring is approximately 75-

100 residues including the short cytoplasmic tail portion.  The type of 
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transmembrane domain can classify the MMP as a type I transmembrane-type 

MMP (MT1, 2, 3, 5- MMP), glycosylphosphatidylinositol-linked MMP (MT4, 6- 

MMP), or type II transmembrane-type MMP (MMP23). 

MMP pro-domain and catalytic domain interaction  

Many segments of the primary MMP structures are homologous among 

different MMPs, meaning that the residue sequence at specific sites is the same in 

all MMPs.  In the case of the pro-domain, there is the segment commonly known 

as the “switch” segment loop which is almost invariant with the residue sequence 

of Pro90-Arg91-Cys92-Gly-Val-Pro-Asp96, and the underlined residues identical 

among MMPs. This segment is identified as a ‘kink’ in the pro-domain which 

enters the active-site cleft of the catalytic domain, where it is the cysteine residue 

that interacts with the catalytic zinc and fixed water molecule.  Additionally, the 

side chains of the Arg91 and Asp96 residues of the switch segment forms a salt 

bridge on top of His228 residue of the catalytic domain, which is the third zinc-

ligand for His. 

The catalytic domain consists of two zinc ions; one is identified as the 

catalytic zinc, and the other as the structural zinc which along with MMP-

dependent two or three calcium ions, clamp the neighbouring S-loop which is 

thought to be involved in substrate and inhibitor binding.  The active site helix 

contains the first two His residues (His 218 and His222) which interact with the 

catalytic zinc and the “catalytic Glu219”.  These three histidine residues are 

collectively included in the 11-residue long “zinc binding consensus sequence” 

identified as H218-EXX-H222-XXGXX-H228.  Other major landmarks of the 

catalytic domain include: the end point of the active site helix is Gly225, followed 

by His228 and the MMP-invariant Ser 229.  There is also a “Met-turn”, which is a 

conserved sequence of Ala234-Leu-Met236-Tyr237 (although according to the 

sequence alignment it should be Ala-X-Met-X), and also the invariant Pro238-X-

Tyr240 sequence. 

 



   

29 
 

MMP activation 

MMPs can be regulated at three levels: gene expression, activation, and 

inhibition of the activated MMP.  MMPs are produced as inactive zymogens.  An 

abundant reserve of latent MMPs is ready to act upon activation
234, 235

 which may 

occur in response to serine proteases, oxidative stress
9
, or other MMPs and 

TIMPs
236-238

.  A major method of MMP activation that has been described 

involves the cleavage of the prodomain of the MMP and truncation of the 

molecule in a stepwise process
239, 240

, as exhibited in the activation of 

proMMP2
236

 and proMMP13
241

 through slightly different processes. This action 

removes the prodomain which is folded over the catalytic domain, thereby 

exposing the catalytic site for substrate degradation. It has been proposed that, 

unlike MMP activation which occurs in the extracellular space, another likely 

method that activates MT-MMPs is by furin proteases cleaving at the furin 

recognition site of MT-MMPs, mentioned previously, in the cytosolic 

compartment prior to localizing at the cell membrane
242

.  Additionally, there is 

strong evidence that one of the methods of intracellular MMP activation that can 

occur is via induced reactive oxygen species disrupting the covalent bond between 

the pro- and catalytic-domain, thereby exposing the catalytic site for intracellular 

proteolytic activity
243, 244

.  This process has been well described as the “cysteine 

switch” phenomenon involving the dissociation of the prodomain cysteine residue 

from the catalytic site of the adjacent catalytic domain
245

.  The exposure of the 

catalytic site is the fundamental process to activate an MMP.  Once activated, the 

primary physiological inhibitors of activated MMPs are the four TIMPs.  

1.6.2.   Tissue inhibitors of metalloproteinases 

TIMPs are a group of four physiological MMP inhibitors that are 21-30 

kDa proteins with 37-51% homology among the different TIMPs
246

.  They consist 

of twelve conserved cysteine residues that form six disulfide bonds which fold the 

protein into six loops and two domains
247

.  The N-terminus of the TIMPs is the 

inhibitory domain of the protein which reversibly inhibits activated MMPs
248

, and 

the C-terminus has been credited with proMMP binding and possibly other MMP-
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independent actions of TIMPs
249

.  The N-terminus of the molecule also possesses 

the fully conserved five-amino acid “VIRAK” sequence which spans amino acids 

18-22 in all TIMPs, which was first thought to have inhibitory functional 

significance, however later was found to be more involved structurally rather than 

any functional role
250

.  The TIMPs are generally secreted proteins to the ECM, 

although there is evidence of an intracellular inhibitory role for TIMPs
224, 251

.  The 

TIMPs are differentially expressed in the heart
252

, with TIMP2 and TIMP3 having 

the highest mRNA expression followed by TIMP1 and TIMP4 in the heart.  The 

last decade has brought a wealth of research to the forefront about the role of 

TIMPs in heart disease
162

, the prospective diagnostic application
179

, and 

therapeutic potential
253

. 

1.6.3.   TIMP inhibition of MMPs 

 TIMPs reversibly inhibit active MMPs by forming noncovalent 1:1 

stoichiometric complexes that are resistant to proteolytic degradation and heat 

denaturation
254

.  The N-terminus of the TIMP protein has the five residue 

sequence of Cys1-Pro5 which binds directly to the active site cleft in a substrate-

like manner.  Cys1 is located directly above the catalytic zinc of the catalytic 

domain and in essence replaces the water molecule thereby also interacting with 

the catalytic Glu219 via hydrogen bond through its α-amino group.  It has also 

been found that other portions of the N-terminus also may contribute to the 

intermolecular contact between the MMP and TIMP such as the sC-connector 

loop, sA-sB loop (in which the invariant VIRAK sequence is situated from 

residue 18-22 according to the sequence alignment
255

), and also disulfide 

bridging.  In contrast to the general broad-spectrum inhibition of MMPs by the 

TIMPs, one interesting property of TIMP1 is its inability to inhibit the class of 

MT-MMPs
256

.  Alteration of the N-terminus of TIMP1 by a single amino acid 

residue substitution rendered TIMP1 capable of inhibiting the MT-MMPs
257

, 

shedding light onto the role of sequence variation in TIMP functional diversity at 

either domain.    
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Figure 1.4.  Primary structure of TIMP1 and TIMP2.  

A, TIMP1 and TIMP2 (B) sequence.  Arrow indicates N- and C-terminus junction 

(loops 1-3 and 4-6 respectively).  The two boxed CHO represent the glycosylation 

sites of TIMP1 (A).  “*” indicates the all-TIMP conserved “VIRAK” sequence.  

Adapted from Douglas et al
221

. 

A) 

B) 
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Figure 1.5.  Primary structure of TIMP3 and TIMP4.  

A, TIMP3 and TIMP4 (B) sequence.  Arrow indicates N- and C-terminal junction 

(loops 1-3 and 4-6 respectively).  The boxed CHO represents the proposed 

glycosylation site in TIMP3 (A).  “*” indicates the all-TIMP conserved “VIRAK” 

sequence.  Adapted from Douglas et al
221

. 

A) 

B) 
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1.6.4.   MMPs in animal models of heart disease 

MMPs have been a focus of therapeutic intervention, as they have been 

implicated in heart disease through dysregulation of their proteolytic activity.  

MMPs are differentially expressed temporally and in response to different forms 

of heart disease.  In rats, an upregulation of MMP2, MMP9, MMP13, as well as 

MMP8 and MMP14 has been reported post-MI
258

 and in other MI animal 

models
259

, differential increases in MMP levels with pressure or volume overload 

in dogs
260

, and excessive MMP activity in the rat hypertensive failing heart
261, 262

, 

which coincides with the dysregulation in human dilated cardiomyopathy
132

 and 

in heart failure
159

.   

The studies that utilized genetically modified models best exemplify the 

causal role that the MMPs have in ECM remodeling and heart disease 

progression.  Targeted deletion of MMP2
263, 264

 or MMP9
148, 265, 266

 in mice 

resulted in an ameliorated condition post-MI compared to control animals as both 

showed improvement in cardiac function and ventricular dilation.  MMP2 

deficiency greatly improved survival despite a similar infarct size compared to 

WT MI controls through a reduction of the incidence of infarct rupture
263, 264

, 

which was also seen in one study with MMP9 deletion
266

.  The deletion of 

MMP2
267

 or MMP9
268

 in the context of cardiac pressure overload due to aortic 

banding also was found to attenuate cardiac remodeling and dysfunction.  In 

addition, cardiac-specific overexpression of MT1-MMP demonstrated adverse 

cardiac remodeling associated with dysregulated MMP activity, as poor survival, 

worsened function, and significant fibrosis were discovered post-MI in these 

mice
269

.           

1.6.5.   The role of TIMPs in animal models of heart disease 

TIMP1 

The use of TIMP-deficient mice to investigate the role of TIMPs in heart 

disease after genetic deletion began with TIMP1.  Mice with deletion of the gene 

for TIMP1 without any underlying conditions were found to have preserved 
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functional capacity with slight left ventricular dilation by 4 months of age
270

.  MI 

in TIMP1-deficient mice led to increased LVEDV and dilation compared to WT 

mice
271

, which was prevented with the use of a pharmacological MMP 

inhibitor
272

.  Additionally, adenoviral overexpression of TIMP1 in the peri-infarct 

region of the rat infarcted heart resulted in preserved systolic and diastolic cardiac 

function, preserved ventricular geometry, and reduced fibrosis compared to 

control rats
273

, along with abolished infarct rupture incidence after tail-vein 

adTIMP1 injection
266

.  TIMP1 also demonstrated a protective role in the cardiac 

response to pressure overload;  TIMP1 gene transfer into WT aortic-banded mice 

through tail-vein injection of TIMP1-overexpressing adenovirus (AdTIMP1), 

which considerably elevated plasma TIMP1 levels, showed minimal cardiac 

hypertrophy, fibrosis, or dilation at two weeks post-AB compared to control 

mice
268

.  However, tail vein adenoviral injection presents two limitations that are 

not addressed in these two papers,  the variable distribution of adenovirus and 

efficacy of myocardium uptake.  The tail vein injection has a very high likelihood 

of nonuniform infection of passing cells and tissues as it follows venous return to 

the heart and remains in the blood, and also insufficient infection of the desired 

area of the left ventricle myocardium prior to inducing MI.  As plasma 

concentration was the sole measurement of expression of the adenovirus, no 

evidence of increased tissue levels of TIMP1 was presented contrary to the study 

by Jayasankar on TIMP1
-/-

-MI
273

.         

TIMP2  

Previously, little work had been done to ascertain the in vivo role of 

TIMP2 in heart disease.  TIMP2 is highly expressed in the heart
252

.  Studies 

illustrating the MMP-dependent role of TIMP2 and the MMP-independent roles 

in vivo and in vitro are introduced in Section 1.7.  This thesis will present and 

discuss our research uncovering the in vivo role of TIMP2 in heart disease that 

was the focus of this thesis
274, 275

.  Subsequent to our paper demonstrating the 

critical role of TIMP2 post-MI
274

, Ramani et al. reported that adenoviral TIMP2 

overexpression in the peri-infarct region of the myocardium improved LV 
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dysfunction in only a couple of parameters compared to MI
276

, indicating a 

potential protective role for TIMP2 against myocardial infarction.  TIMP2 protein 

levels were confirmed to increase in MI myocardium after intramyocardial 

injection.        

TIMP3    

TIMP3
-/-

 mice exhibit dilated cardiomyopathy by 21 months of age
277

.  

Cardiac pressure overload in the TIMP3-deficient mice perpetuated into 

exacerbated LV dilation and dysfunction, with severe hypertrophy and fibrosis 

contributing to early heart failure and greater mortality
278

.  Combined inhibition 

of the proinflammatory cytokine TNF and MMP proteolysis was required for 

complete prevention of the TIMP3
-/-

 phenotype.  TIMP3
-/-

 mice were also 

vulnerable to severe remodeling after post-MI as this translated into increased 

mortality
279

.  The relatively high baseline expression level of TIMP3 in the heart 

compared to the other TIMPs
252

 signifies its importance and the potential for 

effective heart disease therapy.                 

TIMP4 

 TIMP4 historically has been referred to as the cardiac inhibitor of 

metalloproteinases (CIMP)
280

, likely due to restricted expression of TIMP4 to the 

heart, kidneys, pancreas, colon, testes, brain, and adipose
252, 281

 unlike the other 

TIMPs which are generally thought to have a broad expression pattern.  The 

TIMP4
-/-

 mouse has similar heart structure and function at 5 months of age 

compared to the WT mouse, however by 20 months of age there is impaired heart 

function in the TIMP4
-/-

 mouse accompanied by increased LV mass
282

.  The lack 

of TIMP4 in the pressure overloaded heart did not impact cardiac remodeling or 

function, whereas MI in the TIMP4-deficient mice was more susceptible to LV 

rupture albeit without any further deterioration of cardiac function compared to 

WT MI control mice
282

.  The mild phenotype exhibited with TIMP4 deficiency 

may be explained by the relatively low expression of the “heart TIMP” in the 

heart relative to the other TIMPs.     
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1.6.6.   Pharmacological inhibition of MMPs 

MMPs have been implicated in the adverse remodeling process in a 

variety of diseases such as cancer, arthritis, and heart disease.  The purpose of 

developing pharmacological exogenous MMP inhibitors (MMPi) was to reduce 

the activity of MMPs which would considerably exceed that of the endogenous 

TIMPs in disease, thereby restoring the balance between the degradation and 

inhibition aspects of ECM remodeling.  The scope of application was broad, as 

there was potential for cancer therapy by inhibiting tumour angiogenesis and 

cancer metastasis
283-285

, reducing degradation of cartilage in arthritis
286, 287

, as well 

as enabling adaptive reparative ECM remodeling in heart disease
288-290

.          

Development of a pharmacological MMPi was based on two approaches: 

zinc chelation and substrate mimicry for the substrate binding pockets of 

MMPs
291

.  The limiting factors in MMPi development are the effective dosage 

required and toxicology of the compound, which together determine the 

therapeutic index
263

.  One common side effect of MMPi treatment is 

musculoskeletal syndrome, characterized by joint pain and stiffness among others, 

which in most cases seems to be attributed to the collagenase-inhibitory 

characteristic of broad-spectrum MMP inhibition.  This has led many to reduce 

the dosage.  Others have instead looked at selective MMP inhibition as a possible 

alternative
149

, in which case the selectivity and specificity of inhibition for certain 

MMPs may be variant.  As hydroxamates in particular, but also carboxylates, are 

potent zinc chelators, their evolution into selective MMP inhibitors has been in 

part due to the growing body of MMP crystallographic studies for MMPi 

backbone design aimed at targeting the S1’ pocket of specific MMPs
291

. There 

have been at least 56 MMPi compounds devised to date
263

, with a majority of 

them discontinued and just a small group of them remaining in clinical 

development.  Periostat (Doxycycline Hyclate) is the only FDA-approved MMP 

inhibitor for use on periodontal disease
292

.  There has been a wide range of broad 

and selective MMP inhibitors used for animal models of cardiovascular disease, 

with only a short list of them including PD166793
293, 294

, PGE530742
295, 296

, 
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Doxycycline
297-299

, and ONO-4187
300

.  These have yielded positive, yet variable, 

effects in ameliorating heart disease in animal models.  The PREMIER 

(Prevention of Myocardial Infarction Early Remodeling) trial using PG116800
301

 

for patients with ST-segment elevated myocardial infarction did not prove to be 

successful, as it did not improve clinical outcomes  

 

1.7.   Tissue inhibitor of metalloproteinases-2 (TIMP2) 

Since the main focus of this thesis has been exploring the role of TIMP2 

and TIMP3 in heart disease, TIMP2 and TIMP3 will be discussed in more details 

in the following sections. 

1.7.1.   Discovery & structure of TIMP2 

TIMP2 was discovered in 1989 in the laboratory of William G. Stetler-

Stevenson
302

.  It was found after determining that it was a physiological inhibitor 

of the type IV collagenase, and was analogous structurally to the original TIMP 

(later named TIMP1).  TIMP2 is a 21kDa protein that is 194 amino acids in 

length, and has a precursor form that is 220 amino acid residues in length
303

, 

which is truncated into the mature form for secretion.  The protein lacks 

glycosylation sites, as does TIMP4, which is evident by the low molecular weight 

compared to the other TIMPs, but has not been found to affect the inhibitory 

capacity of TIMP2.  The TIMP2 gene is localized on human chromosome 

17q25
304

 and on mouse chromosome 11
305

. 

1.7.2.   The interaction between TIMP2 and MMPs 

The MMPs that have been found to be major targets for potent inhibition 

of TIMP2 include MMP2
306, 307

 and MT1-MMP
308

.  In addition to its inhibitory 

role of these MMPs, TIMP2 is capable of forming a complex with proMMP2
309, 

310
, which is required for the cell surface activation of proMMP2

236
.  TIMP2 is the 

only TIMP that is involved in both of these processes and does so in a dose-

dependent fashion. At higher concentrations TIMP2 inhibits MMP activity, 
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whereas at lower concentrations it activates proMMP2
311

.  Cell surface activation 

of MMP2 occurs through TIMP2 forming a trimolecular complex with proMMP2 

and MT1-MMP while an adjacent MT1-MMP cleaves the pro-domain of 

proMMP2
236, 312, 313

.  In other words, TIMP2 serves as an anchor for MT1-MMP 

to cleave and activate the proMMP2.  This is accomplished in a manner that is 

different from the typical inhibitory interaction between TIMP2 and MMP2.  In 

the inhibitory relationship, the cysteine residue at the TIMP2 N-terminus binds to 

the catalytic domain at the N-terminus of active MMP2.  The difference in the 

trimolecular complex formation is that the C-terminals of TIMP2 and proMMP2 

bind together, thereby in essence presenting the proMMP2 N-terminus pro-

domain to the adjacent membrane-bound MT1-MMP.  The contradicting roles of 

TIMP2 in MMP2 regulation render it difficult to predict the role of TIMP2 in 

heart disease.   

1.7.3.   MMP-independent functions of TIMP2  

TIMP2 regulates skeletal muscle integrin β1 expression 

TIMP2 has also been reported to regulate expression of integrin β1 in 

skeletal muscle, in both oxidative and glycolytic muscle, but to a greater extent in 

the latter
314

.  These findings suggest that TIMP2 colocalizes with the integrin β1 

at the costamere, and as such deficiency of TIMP2 greatly reduced integrin β1 

protein expression levels compromising neuromuscular junction development, for 

which the mechanism involved was not fully explored.  This role of TIMP2 was 

found to be independent of its MMP inhibitory capacity, as there was an 

unexpected reduction of MMP activity in the muscle of the TIMP2-deficient 

mice
314

. 

TIMP2 inhibits angiogenesis 

An important MMP-independent function of TIMP2 that could have 

considerable importance in cardiovascular disease is the inhibitory role on 

angiogenesis.  In addition to the well-established MMP-dependent anti-angiogenic 

capacity that it and other TIMPs possess through MMP inhibition
315, 316

, it has 
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been reported that TIMP2 in particular has a unique MMP-independent ability to 

inhibit angiogenesis through its indirect interaction with VEGFR2
317, 318

.  It has 

been discovered that the noninhibitory C-terminus of TIMP2 interacts with an 

α3β1 integrin complex at the endothelial cell surface
319

, which then through the 

release of phosphatases inactivates the adjacent VEGFR2 receptor, thereby 

diminishing endothelial cell proliferative capacity
317

.  Retroviral overexpression 

of TIMP2 in mammary tumor development interestingly showed downregulation 

of VEGF mRNA expression in vitro and in vivo
320

.  These processes combined 

illustrate a prominent role of TIMP2 in many diseases where vascular growth is 

implicated, in particular cancer and heart disease. 

TIMP2 promotes collagen synthesis 

Additionally, TIMP2 has exhibited a procollagenic affect through in vitro 

experiments using fibroblasts
321

, the principle generator of collagen in the heart.  

Overexpression of TIMP2 via adenoviral transduction in cultured fibroblast 

demonstrated an increase in collagen synthesis from these cells, in addition to 

increased proliferative capacity of the fibroblasts.  These findings provide insight 

into a complementary role that TIMP2 may have in ECM remodeling along with 

its inhibition of MMPs.    

1.7.4. TIMP2 in heart disease 

 TIMP2 was initially thought to be constitutively expressed
246

, although it 

has been found to be inducible in the myocardial tissue of patients with heart 

disease
322, 323

, as well as in animal models of heart disease
274, 275

.  It has been 

reported that TIMP2 myocardial protein levels are considerably increased in end-

stage heart disease
133

.  Other studies have reported an increase in myocardial 

TIMP2 protein levels in patients with aortic stenosis experiencing left ventricular 

pressure overload
323, 324

, and in heart failure after experimental pressure overload 

325
.  Ischemic cardiomyopathy resulted in no change in myocardial TIMP2 

levels
326

, but plasma TIMP2 levels was increased in patients with myocardial 

infarction
327

.  Patients with atrial fibrillation displayed an increase in TIMP2 



   

40 
 

levels as well
328

.  There appears to be a trend of increased TIMP2 levels in heart 

disease, which needs to be further explored to interpret the role of TIMP2 in ECM 

remodeling in disease, as patients with aortic stenosis showed high correlation 

between elevated TIMP2 level and increased degree of fibrosis
323

.  Additionally, 

the delayed pattern of the TIMP2 increase relative to early ECM proteolytic 

degradation also needs to be examined to understand the temporal relationship 

between MMPs and TIMPs during ECM remodeling. 

 

1.8.   Tissue inhibitor of metalloproteinases-3 (TIMP3) 

1.8.1.   Discovery & structure of TIMP3 

TIMP3 was first discovered in 1991 as a metalloendopeptidase found in 

chicken
329, 330

 which was homologous, yet unique, to the previously discovered 

TIMP and TIMP2 MMP inhibitors.  TIMP3 shares 43-49% amino acid sequence 

homology with the other three TIMPs as reviewed by Lambert et al.
246

.  TIMP3 

has a molecular mass of 21kDa protein, although in the glycosylated form
331

 it 

can increase to 27-29kDa, and in its mature form it is 188 amino acids in length.  

Gene mapping has identified the location of TIMP3 on human chromosome 

22q12.1-q13.2
332

 and on mouse chromosome 10
333

.  Of the four TIMPs, TIMP3 is 

also distinct from the other TIMPs based on what is currently known about its 

ECM binding capacity
334

.  TIMP3 has been found to possess two potential heparin 

binding sequences in the N-terminus domain, enabling tighter binding to sulfated 

glycosaminoglycans present in the ECM components
335

.  This suggests that 

TIMP3 may potentially modulate MMP activity in a more focal manner than the 

other TIMPs
336

.  

1.8.2.   The interaction between TIMP3 and MMPs 

TIMP3 is ubiquitously expressed and is a potent inhibitor of a wide variety 

of metalloproteinases.  With respect to its interaction with MMPs, in addition to 

the conventional targeting of the N-terminus catalytic domain of the activated 
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MMP, there has been examination of the potential interaction of TIMP3 with the 

inactive precursor pro-form of MMPs.  Comparable to how TIMP2 is capable of 

binding to proMMP2 as previously mentioned (Section 1.7.2.), and how TIMP1 is 

able to form a complex with proMMP9
337

, there is evidence that the C-terminus of 

TIMP3 is capable of binding to the hemopexin domain of both proMMP2 and 

proMMP9 in a similar fashion
338

.  The function of these complexes has not yet 

fully been explored, as there is no evidence that TIMP3 is involved in any cell 

surface processing of these gelatinases
339

, such as TIMP2.   

1.8.3.   Additional functions of TIMP3  

TIMP3 inhibition of ADAM17 independent 

 

In addition of inhibiting a broad-spectrum of MMPs, TIMP3 also inhibits 

another family of proteases, a disintegrin and metalloproteinases (ADAMs).  A 

ADAM17, also known as TACE (TNF-alpha converting enzyme) is a protease 

responsible for the shedding of membrane-bound TNFα by converting it into its 

soluble active form 
340

.  The action of ADAM17 has been found to be inhibited 

primarily by TIMP3 
341, 342

.  In human dilated cardiomyopathy, Satoh et al. found 

that both RNA and protein levels of both TACE and TNFα were positively 

correlated with left ventricular volume and negatively correlated with systolic 

function in the form of EF with more advanced dilated cardiomyopathy
343

.  In 

addition to ADAM17, TIMP3 is able to inhibit other ADAMs, most notably 

ADAM10
344

 and secreted soluble ADAM12
345

.   ADAM10 can also be inhibited 

by TIMP1
344

. 

TIMP3-mediated inhibition of angiogenesis 

It has been well-established that increased MMP activity is an important 

promoter of angiogenesis in a variety of physiological or pathological states
346, 347

.  

The inhibition of MMP activity that is provided by TIMPs is a principle regulator 

of the angiogenesis process.  However, it has been suggested that the traditional 

MMP-dependent regulation of angiogenesis may only be a partial aspect of the 

anti-angiogenesis capacity of TIMP3.  A novel mechanism has been proposed 
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whereby TIMP3 can inhibit angiogenesis independent of its MMP-inhibitory 

function but by directly competing with VEGF in binding to VEGFR2, thereby 

blocking downstream signaling
348

.  By blocking VEGF from binding to its critical 

receptor, TIMP3 essentially blocks the signaling to the endothelial cells that 

would trigger the angiogenic response. These findings, along with the classical 

MMP-inhibition, as well as other findings of TIMP3 inhibiting the actions of 

endothelial cells in vitro and their response to other growth factors in vivo
349

, 

suggests that TIMP3 likely has a multifaceted role as a potent anti-angiogenesis 

agent.            

TIMP3 promotes apoptosis 

 The investigation of the affects of TIMPs on different cell types led to the 

discovery that the TIMPs have the potential to influence cells in different ways.  

One of the observations from earlier work was that overexpressing TIMP3 led to 

increased apoptosis in vitro in a variety of different cell types.  Increased TIMP3 

level was found to trigger substantial apoptosis in cardiac fibroblasts
321

, vascular 

smooth muscle cells
350

, and various cancer cells.  This affect was not evident with 

TIMP1 or TIMP2.  One approach that was proposed was to identify structural 

differences of TIMP3 that could explain this unique property, and to also 

determine if the proapoptotic affect was related to its MMP-inhibitory capacity
351

.  

They identified that the apoptotic and inhibition functions are related to the N-

terminus and suggested that the apoptosis was possibly attributable to TIMP3’s 

ADAM17/TACE regulatory function, which is unique to TIMP3.  This was 

substantiated by another group identifying the conserved TNFα receptors 

remaining on the membrane in the presence of TIMP3 in human colon carcinoma 

cells as a mechanism of increased TNFα signaling and increased apoptosis of 

these cells
352

.  More investigations into this aspect of TIMP3 function needs to be 

performed in order to determine the relationship between TIMP3 and cell 

survival, as future work using TIMP3
-/-

 mice found increased apoptosis in the 

absence of TIMP3 in mammary gland epithelial cells in vivo supposedly 

attributable to increased MMP activity destabilizing surrounding ECM, thereby 
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creating an environment conducive to apoptosis
353

.  Many variables were 

identified as factors that need to be accounted for, such as cell type and 

concentration of TIMP3, so it indicates that there is no established conclusion of 

the role of TIMP3 in apoptosis.        

1.8.4. TIMP3 in heart disease 

TIMP3 has been found to be downregulated during ischemic heart disease 

and in patients with dilated cardiomyopathy 
326, 354

 at the transcript and protein 

levels.  Additionally, there is also evidence that this reduction in TIMP3 level in 

heart disease is sustained throughout the disease progression to the point of end-

stage congestive heart failure
355

.  These findings combined suggest that the 

reduction of TIMP3 may promote the transition from a compensated state to 

decompensated heart failure, and that its presence is in fact critical for proper 

cardiac response to disease.     

                      

1.9.   General hypotheses and thesis objectives  

General hypothesis 

 We hypothesized that TIMP2 and TIMP3 will affect cardiac response to 

disease differently. While lack of TIMP3 could impact extracelluar matrix 

remodeling and cell death, TIMP2 deficiency could prevent cell surface activation 

of MMP2 and thereby preserve the pathological ECM remodeling. In addition, 

based on the proposed anti-angiogenic functions of TIMP2 and TIMP3, lack of 

these TIMPs would improve the post-MI recovery and remodeling. 
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Rationale 

 The reasons for studying the role of TIMP2 and TIMP3 in different heart 

disease models are that these TIMPs show the highest mRNA expression levels in 

the mouse heart and it was important to determine if this resulted in a critical role 

for these TIMPs in the cardiac remodeling process.  In addition, there had been no 

reports on the role of TIMP2 in heart disease models, and the role of TIMP3 in a 

model of MI was not fully explored.  Meanwhile, the roles of TIMP1
268, 271, 272

 and 

TIMP4
282

 in both MI and in pressure overload cardiomyopathies has been 

reported.  In addition, the role of TIMP2 in cell surface activation of pro-MMP2, 

and the reported anti-angiogentic functions of TIMP2 and TIMP3, provided the 

basis for examining the role of these TIMPs in models of heart disease where 

MMP2 activation and angiogenesis are major contributing factors to disease 

progression. These factors rationalized the studies described in this thesis.  

   Objectives 

Given the multiple MMP-dependent and MMP-independent functions of 

TIMP2 and TIMP3 in the cardiovascular system and their high expression level in 

the heart, there is a strong possibility that they both play key roles in the cardiac 

response to disease.  The following chapters will present research pertaining to 

our exploration of the role of TIMP2 and TIMP3 in heart disease, specifically MI 

and pressure overload cardiomyopathies using the TIMP2
-/-

 and TIMP3
-/-

 mouse.  

We aimed to investigate the importance of ECM proteolytic regulation for 

preventing pathological left ventricle remodeling and attenuating the decline of 

cardiac function in heart disease.  Based on our findings and the reported changes 

of TIMP2 and TIMP3 levels in different diseases, ultimately we would like to 

identify the specific roles that TIMP2 and TIMP3 each have in heart disease and 

the conditions that dictate their necessity. 
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2.1.  Animal care 

WT, TIMP2-deficient (TIMP2
-/-

)
1
 and TIMP3-deficient (TIMP3

-/-
)
2
 mice 

are in C57BL/6 background (The Jackson Laboratory; Bar Harbor, MN, USA) 

and were housed in our animal facility at University of Alberta.  WT and either 

TIMP2
-/-

 or TIMP3
-/-

 mice were bred to generate WT, knockout, and heterozygous 

age-matched littermates. Mice were weaned at 3 weeks of age.  All animal 

experiments were carried out in accordance with Canadian Council on Animal 

Care Guidelines and regulations of Animal Policy and Welfare committee at 

University of Alberta (under the Animal Use Protocol numbers 555, 572, 609), as 

well as the Guide for the Care and Use of Laboratory Animals published by the 

US National Institute of Health. 

 

2.2.  Experimental animal disease models 

2.2.1. MI: left anterior descending coronary artery ligation  

Male 11-12 weeks old WT and TIMP2
-/-

 mice were subjected to MI induced by 

ligation of the left anterior descending artery (LAD)
3
.  Mice anesthetized with 1% 

isoflurane with 100% oxygen and intubated underwent left thoracotamy in the 

fifth intercostal space. The pericardium was opened to expose the left ventricle of 

the heart, and then the LAD was encircled and ligated under the tip of the left 

atrial appendage (Figure 2.1.A) using a 7-0 silk suture. Once the LAD ligation 

was complete, the muscle and skin was closed in layers with the use of a 6-0 silk 

suture and the mice were allowed to recover on a warming pad until they were 

fully awake. The sham-operated mice from each genotype underwent the exact 

same procedure but their LAD was not ligated. Sham-operated mice were used as 

baseline controls.  
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2.2.2. In vivo pressure overload by TAC 

Eight-week old male WT and TIMP2
-/-

 mice underwent transverse aortic 

constriction (TAC) to generate pressure overload
4
.  The mice were anesthetized 

with 1% isoflurane using 100% oxygen. A horizontal skin incision of 1 cm was 

made at the level of second intercostal space. A 6-0 silk suture was passed under 

the aortic arch. A bent 27-gauge needle was then placed next to the aortic arch and 

the suture was snugly tied around the needle and the aorta, between the 

brachiocephalic trunk (first branch) and the left carotid artery (second branch) 

(Figure 2.1.B). The needle was quickly removed allowing the suture to constrict 

the aorta to a fixed diameter. The incision was closed in layers and the mice were 

allowed to recover on a warming pad until they were fully awake. Mice received 

buprenorphine for the first 24 hours. The sham-operated animals underwent the 

same procedure without the constriction of aorta. 

 

Figure 2.1.  Experimental animal disease models.   

A) Experimental myocardial infarction model, the left anterior descending (LAD) 

coronary artery is ligated, thereby occluding the artery and preventing blood flow 

to the target myocardium.  B) Transverse aortic constriction (TAC) generates 

pressure overload on the heart by constricting the aorta which increases resistance 

against which the heart is required to work against.  

 

 

A) B) 
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2.3.  Pharmacological MMP inhibitor (MMPi) administration in vivo 

A broad-spectrum MMP inhibitor, PD-166793 (Pfizer Inc.), with the 

chemical name (S)-2-(4'-bromo-biphenyl-4-sulfonylamino)-3-methyl-butyric acid, 

was prepared by suspending in a 0.5% methylcellulose vehicle solution
5
, as it has 

been found to be soluble predominantly in DMSO or ethanol
6
.  TIMP3

-/-
-sham 

and MI mice received PD-166793 (30 mg·kg
−1

·day
−1

) by daily gavage that began 

2 days before MI and was continued for 2 days post-MI. For TAC studies, 

TIMP2
-/-

 mice received PD166793 (30 mg·kg
−1

·day
−1

) by daily gavage one day 

before TAC surgery and through the course of the study.  PD166793 is a broad-

spectrum MMP inhibitor, yet is selective as it is not known to inhibit other 

families of enzymes
6
.  

 

2.4.  Tissue collection 

2.4.1. Mortality and autopsy  

Autopsy was performed on each mouse found dead throughout the course 

of the study.  Survival was recorded as the total number of live animals from each 

genotype remaining each day after surgery, and plotted as a percentage of the total 

number of animals included in the study.  In the MI model, cardiac rupture was 

confirmed by the presence of blood clot in the pericardium or in the chest cavity, 

and rupture-induced mortality was specially recorded.  

2.4.2. Tissue collection 

2.4.2.1. MI mice 

At 1 day, 3 days, 1 week, or 4 weeks post-MI, surviving mice were 

anesthetized and the hearts were quickly excised, the atria and right ventricle were 

removed and discarded, the LV was dissected into infarct, peri-infarct, and non-

infarct regions, and then flash-frozen separately in liquid nitrogen and stored at -

80°C for further protein and RNA analyses.  In order to dissect the LV into the 



 

86 
 

three regions, after removal of the right ventricle and the atria, LV was opened by 

cutting longitudinally from the base to the apex along the septal wall.  The LV 

was laid flat and the infarct region at the apex was identified as whiter in color 

due to infarction. The infarct region was visible at 1 day post-MI and more 

evident at later time points.  This region was dissected first as a strip of tissue.  

Immediately following this, the peri-infarct region which we defined and 

consistently targeted as the 1-2mm region adjacent to the infarct region, was 

dissected and temporarily stored by flash-freezing, followed by storage of the 

previously isolated infarct region.  Lastly, the remaining tissue was stored as the 

non-infarct tissue.   

For histology and immunohistochemical analyses, whole hearts were 

arrested in diastole with 1 M KCl and then fixed in 10% neutral buffered 

formalin.  The purpose of this method is to arrest the heart in diastole in order to 

maintain the end-diastolic maximum dimensions of the ventricle for qualitative 

histological assessment of ventricle dilation and other chamber and ventricular 

wall properties.  The hearts were fixed in 10% formalin for a minimum of 48 

hours.  Using a sharp blade, the hearts were cut along a longitudinal axis and 

paraffin-embedded, and processed for histological analyses. 

Additionally, lung tissue was collected and wet and dry weights were 

recorded. After recording the wet weight, the lungs were allowed to dry for 48 

hours at room temperature, after which lung dry weight was recorded.  Lung 

water content was calculated as the difference between wet and dry lung weights.  

A greater difference between lung wet weight and dry weight meant a larger 

amount of water accumulation, indicating pulmonary edema.  For each mouse, we 

recorded the identification number, the genotype, time-point post-surgery of tissue 

collection, body weight, wet and dry lung weight, and tibial length (Table 2.1.)     

2.4.2.2. TAC mice 

At 2 weeks or 5 weeks post-TAC, sham and TAC mice from either 

genotype were sub-lethally anesthetized, the heart tissue was excised and either 
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flash-frozen in liquid nitrogen and stored in -80°C or formalin-fixed until use for 

molecular and histological experiments respectively.  The LV was isolated, 

weighed and frozen for molecular experiments.  For histology, the LV was cut in 

half using a blade along the transverse plane through the mid-ventricle region for 

a cross-sectional view of the LV.  The data recorded from these animals included 

body weight, heart weight, LV weight, lung weights, and the length of the tibia 

bone in the leg as a measure of body size which was used to normalize the heart 

and LV weights. 

 

 

 

 

 

 

Figure 2.2.  Tissue collection and imaging timeline.   

A, Tissue was collected at 1, 3, 7, and 28 days post-MI, with in vivo imaging 

conducted at 7 and 28 days.  B, At 2 and 5 weeks post-TAC, imaging was 

completed and was followed by tissue collection.       

 

 

A) 

B) 
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Table 2.1.  Mouse data collection form   

Date Genotype Time 

point 

BW HW LVW TL Lung 

Wwt. 

Lung 

Dwt. 

Notes 

          

 

BW= Body weight; HW= Heart weight; LVW= Left ventricle weight; TL Tibial 

length; Lung Wwt= Lung wet weight; Lung Dwt= Lung dry weight 

 

2.5.  In vivo cardiac structure and function assessment 

2.5.1. Echocardiography imaging 

In vivo systolic and diastolic cardiac functions were measured by  

noninvasive transthoracic echocardiography at 1 week and 4 weeks post-MI, or at 

2 weeks and 5 weeks post-TAC, using a Vevo 770 high-resolution imaging 

system equipped with a 30-MHz transducer (RMV- 707B; VisualSonics, Toronto, 

ON, Canada) as previously described
7
 and conducted

8, 9
.  Mice were placed on a 

heating pad and a nose cone with 0.75-1% isoflurane in 100% oxygen was 

applied. The temperature was maintained at 36.5°C to 37.5°C. Ultrasound gel was 

placed on the chest of the anesthetized mouse.  The ultrasound probe was placed 

in contact with the ultrasound gel and scanning was performed over 30 minutes.  

The temperature, heart rate, and blood pressure were constantly monitored during 

the ultrasound recording. 

M-mode images were obtained for measurements of left ventricle (LV) 

wall thickness (LVWT), and chamber sizes using such parameters as LV end-

diastolic diameter (LVEDD) and LV end-systolic diameter (LVESD).  Qualitative 

and quantitative measurements were made offline using analytic software 

(VisualSonics, Toronto, ON, Canada).  LV EF was calculated using the following 

equation:  
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EF(%) = [LVEDV-LDESV/LVEDV] x 100 

Specifically for post-MI function, the wall motion score index (WMSI) 

was calculated based on the American Society of Echocardiography 

recommended assessment of wall motion function of the 17-segment LV model 

whereby 1=normal wall motion, 2=hypokinetic segment, 3=akinetic segment, 

4=dyskinetic segment and 5=aneurysmal segment
10-12

. In the murine model, the 

use of WMSI and analysis of segmental wall motion abnormalities in the 

infarction models has been validated despite the small heart size and fast heart 

rate
10, 13, 14

.  The classical 16-segments (6 basal segments, 6 mid-ventricular 

segments and 4 apical segments) were assessed using the short axis views while 

the apical cap was evaluated based on the parasternal long-axis view. An increase 

in WMSI (>1) indicates suppressed LV systolic wall motion.  

 

 

 

Figure 2.3.  Echocardiogram imaging views for cardiac structure and 

function assessment.   

Two different imaging views were utilized, the long-axis or parasternal view (A), 

which presents the longitudinal view of the heart, and the short-axis view (B) 

displaying the cross-sectional cardiac features.   

A B 
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2.5.2. Transmitral doppler (TMD) 

Diastolic function was assessed using pulsed-wave Doppler imaging of the 

transmitral filling pattern with the early transmitral filling wave (E-wave) 

followed by the late filling wave due to atrial contraction (A-wave). Isovolumic 

relaxation time (IVRT) was calculated as the time from closure of the aortic valve 

to initiation of the E-wave. The deceleration time of the E-wave deceleration time 

(DT) was determined by measuring the time needed for the down-slope of the 

peak of the E-wave to reach the baseline while the rate of E-wave deceleration 

rate (EWDR) was calculated as the E-wave divided by the DT. 

 

 

 

Figure 2.4.  Representative image of the transmitral Doppler (TMD) imaging 

signal detecting diastolic transmitral flow velocity.   

The transmitral flow velocity signal pattern is generated from the blood flow 

velocity across the mitral valve (also known as the bicuspid or left atrioventricular 

valve) during diastolic ventricular filling.  It is useful in assessing the biphasic 

flow pattern of diastole, which is early flow and late flow.  A few of the pertinent 

parameters are displayed above: E-wave of the early filling phase, A-wave from 

atrial contraction, isovolumetric relaxation time (IVRT), and E-wave deceleration 

time (EWDT).   
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2.5.3. Tissue doppler imaging (TDI) 

Tissue Doppler imaging (TDI) is a novel and validated technique to assess 

systolic and diastolic function with a reduction in E’ and an elevation in E/E’ 

being considered valid markers of elevated LV filling pressure and diastolic 

dysfunction
8, 9

.  TDI was made at the inferolateral region in the radial short axis at 

the base of the LV with the assessment of early diastolic (E’) and late diastolic 

(A’) myocardial velocities, as well as for the assessment of peak systolic annular 

motion (S’). 

 

 

 

Figure 2.5.  Representative image of the tissue Doppler imaging (TDI) signal 

detecting myocardium motion.   

The TDI signal is generated from the ventricular myocardial tissue motion 

adjacent to the mitral valve annulus (a fibrous ring attached to the leaflets of the 

mitral valve) during systolic and diastolic ventricular action.  A few of the 

pertinent parameters are displayed above: E’-wave of the early filling phase, A’-

wave from atrial contraction, and peak systolic annular motion (S’).   
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2.5.4. ECG-gated kilohertz visualization (EKV) 

Electrocardiogram kilohertz-based visualization (EKV™) software 

analysis produced offline reconstruction for simulated 250 to 1,000 Hz static and 

cine loop images. This method that provides the highest temporal resolution 

versus typical two-dimensional B-mode imaging. Modified parasternal long axis 

EKV loops were also used to measure EF using Simpson’s method.  

 

2.6.  Morphological analysis 

2.6.1. Myocardium 

2.6.1.1. Masson’s trichrome stain 

Freshly excised hearts were arrested in diastole with 1M KCl, fixed in 

10% neutral buffered formalin, paraffin-embedded (Alberta Diabetes Institute 

Histology Core; University of Alberta, Edmonton, AB, Canada), and sectioned for 

Masson’s trichrome staining (University of Alberta Department of Laboratory 

Medicine and Pathology; Edmonton, AB, Canada).  All images were captured on 

a Leica DM4000B microscope using Infinity Capture software (Lumenera; 

Ottawa, ON, Canada).  Qualitative assessment of overall LV hypertrophy or 

chamber dilation was achievable by sectioning of the WT and TIMP2
-/-

 sham and 

disease mouse heart. 

Formalin-fixed, paraffin-embedded isolated left ventricles were cross-

sectioned (4µm) and processed with Masson’s trichrome stain for quantitative 

measurement of myocyte cross-sectional area (CSA) as an indicator of 

hypertrophy.  The CSA of myocytes was measured using a 40x objective and 

ImageJ software (National Institute of Health, NIH) for analysis.  CSA was 

determined by tracing the outline of the cross-sectioned myocytes and recording 

the area measured.  Measurements were converted from pixels to µm
2
 through 

calibration of the system, which was done with the use of a micrometer.  The 
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number of cells measured was 40-60 cells from each heart with a total of three 

hearts per group from each time-point.                       

2.6.1.2. Triphenyl tetrazolium chloride (TTC)  

Infarct size was measured at 1 week post-MI by perfusing the hearts at a 

constant pressure (60 mmHg) first with phosphate-buffered saline (PBS) to clear 

out the blood, then with 2% triphenyl tetrazolium chloride (Sigma-Aldrich, 

Oakville, ON, Canada) which stains the live cells red, while infarcted 

myocardium appears white. Cross sections were then sliced from apex to the base 

in 2mm sections. The infarct region per slice was measured using ImageJ software 

as surface area, and reported as percentage of total area of slices when combined. 

2.6.2. ECM structure 

2.6.2.1. Picrosirius red 

 Left ventricular cross-sections (4µm) were stained with Picrosirius red 

(PSR) to visualize collagen fibrosis in the heart (University of Alberta Department 

of Laboratory Medicine and Pathology; Edmonton, AB, Canada).  Sham, 2 weeks, 

5 weeks, and MMPi-treated TAC hearts were formalin-fixed and paraffin-

embedded for sectioning (Alberta Diabetes Institute Histology Core; University of 

Alberta, Edmonton, AB, Canada).  Slides were protected from light and stored at 

4°C.  Images were captured on a Leica DM4000B microscope using Infinity 

Capture software.     

2.6.2.2. Quantification of fibrillar collagen content 

Fibrillar collagen was quantified in the infarct and non-infarct 

myocardium of WT and TIMP2
-/-

 mice at 3 days post-MI using the QuickZyme 

Collagen Assay kit that recognizes only the fibrillar collagen (QuickZyme 

Biosciences, Netherlands).  Fibrillar collagen was extracted
15

 by homogenizing 

infarct or non-infarct heart tissues in 0.5M acetic acid and pepsin (1:10 

weight/tissue wet weight).  The homogenate was incubated overnight at 4°C on a 

roller table.  The next day the samples were centrifuged (14,000rpm for 10 
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minutes), the supernatant was collected and total protein was quantified using Bio 

Rad DC protein assay.  Samples (200μg) and collagen standard (0, 0.5, 1, 2, 4, 6, 

8, and 10 μg) were added to assigned wells in a 96-well plate.  Dilution buffer was 

added to each sample to a final volume of 140μL/wells.  Sirius Red dye solution 

was added to each well and mixed gently and thoroughly.  The plate was sealed 

and incubated on ice (to avoid degradation of the collagen fibres).  The samples 

were centrifuged (as in the 96-well plate) at 3000 x g at 4°C.  The collagen fibre 

(which is bound to Sirius Red dye) forms a pellet at the bottom of the well.  The 

pellets were washed three times with washing buffer.  Detection buffer was added 

to the pellets and mixed thoroughly and the signal was read at 540nm.  A standard 

curve was generated using the collagen standard samples (A540 against 

[collagen]), a best-fit linearized curve was generated and collagen content per well 

was calculated for the samples from the A540 values, and reported as μg fibrillar 

collagen/ 200μg total protein.  All steps were performed on ice (or at 4°C) to 

avoid degradation of the collagen fibres. 

2.6.2.3. Multiphoton and second harmonic generation imaging. 

Collagen fibers in unfixed and unstained heart tissue were visualized by 

using the novel second harmonic generation (SHG) and multiphoton excitation 

fluorescence (MPEF) microscopy imaging technique
16

.  The laser used for SHG 

as well as the MPEF signals was a mode-locked femto-second Ti:Sapphire 

Tsunami (Spectra-Physics, Mountain View, CA) synchronously pumped by a 

Millenia Xs J (Spectra-Physics) diode-pumped solid-state laser.  The Tsunami 

laser, consistently produced pulses of 100-fs width between 790 and 950 nm.  

Wavelength identification and selection was achieved by an IST laser spectrum 

analyzer (IST, Horseheads, NY) coupled to a TDS 210 oscilloscope (Tektronix, 

Beaverton, OR).  The laser output was attenuated using neutral density filters 

(New Focus, San Jose, CA) and the average power was consistently maintained 

below the damage threshold for the tissue.  The power attenuated laser was 

directed to a Leica AOBS RS scan head (4000 Hz) coupled with Leica upright 

microscope system (Heidelberg, Germany).  The laser beam was focused on the 



 

95 
 

specimen through an Olympus XLUMPlanFl 20X/0.95 NA water-immersion 

objective.  The backscattered SHG and MPEF emissions from the sample were 

collected through the objective lens. Leica Confocal Software TCS SP2 was used 

for the image acquisition.  Non-de-scanned detectors and spectral scanning mode 

both in the reflection geometry were used for capturing the 3-dimensional images 

as well as for the spectral signal characterizations respectively.  A broad range of 

infrared laser wavelength of excitation (800 to 900-nm) with a scan interval of 10 

nm was employed to detect the SHG signals, which peaked at an excitation 

wavelength of 880-nm.  In the Non-de-scanned photomultiplier tube (PMT) 

detectors (R6357, Hamamatsu, Shizuoka, Japan), a 700nm short pass filter 

(E700SP, Chroma Technology; Bellow Falls, VT, USA) was used to prevent the 

scattered IR laser radiation from reaching the detector, and a 455 DCXRU 

dichroic beam splitter was used to separate the SHG signal from the other 

endogenously fluorescent signals emitting from other tissue components.  All 

SHG and MPEF spectral data were generated using the de-scanned PMT detector 

(R6357, Hamamatsu) located inside the scan-head with a maximum confocal 

pinhole setting at 600 μm.  The gain and the offset of the photomultiplier tubes 

were adjusted for optimized detection using the color gradient to avoid pixel 

intensity saturation and background.  Images (8 bit) acquired at scan speed of 5 

sec per 512 X 512 pixels.  Three dimensional stack of images with optical section 

thickness of 0.7μM were captured from 120 μm thick tissue.  For each tissue 

volume, z-section images were compiled and the 3-dimensional image restoration 

was performed using Volocity software (Improvisions; UK).  

2.6.2.4. Scanning electron microscopy 

Scanning electron microscopy (SEM)
17

 was performed by manually 

slicing the LV into 2-3mm pieces and fixing them in 2.5% glutaraldehyde and 2% 

paraformaldehyde in 0.1 M PBS for 48 hrs at room temperature.  Samples were 

washed in 0.1M PBS (3X15 min), followed by quick distilled water rinse. 

Dehydration was carried out by a series of ethanol washes.  Hexamethyldisilazane 

(HMDS) was used (instead of critical point drying) for tissue preparation.  
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Samples were air dried overnight, mounted on SEM stubs, sputter coated with 

Au/Pd, and imaged using Phillips Scanning Electron Microscope (FEI Company, 

Model: XL30). 

 

2.7. Immunohistochemistry (IHC) 

2.7.1. Integrin-β1 immunostaining 

Fluorescent staining for integrin-β1 was performed on OCT-frozen tissue 

as described
18

.  Transverse sections (20 µm) were direct mounted onto gelatin 

coated slides, and after being hydrated and blocked, sections were incubated with 

rabbit α-human integrin β1 primary antibody (1:500, AB 1952; Millipore; 

Billerica, MA, USA), and Cy3-conjugated goat α-rabbit IgG secondary antibody 

(1:500, Jackson ImmunoResearch, West Grove, PA, USA). Slides were cover 

slipped with Citifluor (Electron Microscopy Sciences; Hatfield, PA, USA), 

immunoreactivity was visualized with a Nikon Eclipse C1confocal microscope 

(MicroVideo Instruments; Avon, MA, USA), and images were acquired with 

identical settings for all samples. Specificity of labeling was verified by exclusion 

of primary antibody and use of control IgG. 

2.7.2. Immunostaining for neutrophils and macrophages 

Hearts were fixed in 10% buffered formalin for 48 hours followed by 80% 

ethanol. Paraffin sections (4 μm thick) were de-waxed in 5 changes of xylenes and 

brought down to water through graded alcohols. For neutrophil staining, sections 

were then pretreated with 1% pepsin in 0.01N HCl at pH 2.0 for 15 minutes at 

37°C. Endogenous biotin activities were blocked using an avidin-biotin blocking 

kit (Lab Vision). Sections were then blocked with 10% normal rabbit serum 

(Vector Labs) for 10 minutes before incubating with the rat anti mouse 

neutrophils antibody (Serotec: MCA771GA) overnight at 1/600 dilution. After 

washing well in Tris-base saline (TBS), staining was finished with 30 minutes 

each of a biotinylated rabbit anti-rat IgG linking antibody followed by alkaline 
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phosphatase streptavidin (Vector Labs: SA-5100). Color development was 

performed using a freshly prepared solution of Vector Red from an alkaline 

phosphatise substrate kit (Vector Labs.: SK-5100). After washing well in tap 

water, sections were counterstained lightly with Mayer’s hematoxylin solution. 

Sections were then dehydrated in alcohols, cleared in xylenes and mounted in 

Permount (Fisher). 

For macrophage staining (Mac 3), sections were heat-retrieved using Tris- 

ethylenediaminetetraacetic acid (EDTA) buffer at pH 9.0. Endogenous biotin 

activities were blocked using an avidin-biotin blocking kit (Lab Vision). Sections 

were then blocked with 10% normal rabbit serum (Vector Labs) for 10 minutes 

before incubating with the rat anti- mouse F4/80 antibody (Serotec: 

cat#MCA497GA, clone CI:A3-1) at 1/50 or rat anti-mouse Mac-3 antibody (BD 

Pharmingen: cat#550292, clone M3/84) at 1/50  overnight. After washing well in 

TBS, staining was finished with 30 minutes each of a biotinylated rabbit anti-rat 

IgG linking antibody (Vector Labs) followed by horseradish peroxidise (HRP)-

conjugated streptavidin labeling reagent (ID Labs). Color development was 

performed using a freshly prepared solution of Nova Red (Vector Labs). After 

washing well in tap water, sections were counterstained lightly with Mayer’s 

hematoxylin solution. Finally, sections were dehydrated in alcohols, cleared in 

xylenes and mounted in Permount (Fisher). 

 

2.8.  RNA expression analysis 

2.8.1. RNA extraction and purification 

RNA was extracted using Trizol (Invitrogen; Burlington, ON, Canada), 

followed by reverse transcription to generate cDNA for TaqMan Realtime 

polymerase chain reaction (RT-PCR) for mRNA expression analysis
17, 19

.  The 

RNA extraction protocol involved homogenization of the tissue sample in 500µL 

of Trizol reagent (Invitrogen; Burlingtion, ON, Canada) in an RNAase-free 1.5mL 

microcentrifuge tube.  The homogenized tissue was kept at room temperature for 
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five minutes, and following centrifugation at 12,000 x g at 4°C for 10 minutes the 

supernatant was transferred to another RNAase-free microtube.  The pellet was 

resuspended in another 500µL of Trizol, with homogenization and centrifuge 

repeated according to the preceding step.  The two collections of supernatant were 

combined and 200µL of chloroform was added using a glass pipette as it is a 

strong solvent.  The tubes were vigorously shaken manually for 15 seconds and 

then incubated at room temperature for three minutes.  The samples were 

centrifuged at 12,000 x g at 4°C for 15 minutes, which separated the contents into 

three distinct layers.  The RNA-containing upper colorless aqueous phase was 

carefully transferred to a new RNAase-free centrifuge tube, with the interphase 

and pink organic phenol phases discarded.  Subsequently, 500µL of 2-propanol 

(isopropanol) was added to each tube and gently inverted several times, after 

which the tubes were incubated at -20°C overnight.  On the following day, the 

sample was centrifuged at 12,000 x g at 4°C for 10 minutes, after discarding the 

supernatant, 1mL of 75% ethanol (prepared from 100% ethanol and RNAase-free 

water) was added to the pellet.  After dislodging the pellet by gently pipetting, the 

sample was centrifuged at 7,500 x g at 4°C for five minutes.  The supernatant was 

removed, the pellet was air-dried for 10 minutes, and the RNA pellet was then 

resuspended in 12µL of RNAase-free water for quantification using the Nanodrop 

1000 spectrophotometer (Nanodrop; Willmington, DE, USA).     

2.8.2. Taqman RT-PCR  

The RNA samples were reverse-transcribed to generate complementary 

DNA (cDNA) .  For each gene, a standard curve was generated using known 

concentrations of mouse brain cDNA (0.625, 9 1.25, 2.5, 5, 10 and 20μg) 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 

(integral to ABI7900 real-time machine) fits the CT values for the experimental 

samples in this formula and generates values for cDNA levels.  Subsequently, 

these values are normalized by our internal controls, 18S (ribosomal RNA) or 
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HPRT (hypoxanthine-guanine phosphoribosyltransferase-1) which has been 

shown to be an appropriate housekeeping gene for myocardial tissue
20

, and the 

values are expressed as relative expression (R.E.).  All samples were run in 

triplicates in 384 well plates. 

Table 2.2.  Taqman primers and probe sequences. 

Gene Primer/ 

Probe 

Sequence 

TIMP1 Forward: 

Reverse: 

Probe: 

5'-CAT GGA AAG CCT CTG TGG ATA TG-3' 

5'-AAG CTG CAG GCA CTG ATG TG-3' 

5'-FAM-CTC ATC ACG GGC CGC CTA AGG 

AAC-TAM RA-3' 

TIMP2 Forward: 

Reverse: 

Probe: 

5'-CCA GAA GAA GAG CCT GAA CCA-3' 

5'-GTC CAT CCA GAG GCA CTC ATC-3' 

5'-FAM-ACT CGCT GTC CCA TGA TCC CTT GC-

TAM RA-3' 

TIMP3 Forward: 

Reverse: 

Probe: 

5'-GGC CTC AAT TAC CGC TAC CA-3' 

5'-CTG ATA GCC AGG GTA CCC AAA A-3' 

5'-FAM-TGC TAC TAC TTG CCT TGT TTT GTG 

ACC TCC A-TAM RA-3' 

TIMP4 Forward: 

Reverse: 

Probe: 

5'-TGC AGA GGG AGA GCC TGA A-3' 

5'-GGT ACA TGG CAC TGC ATA GCA-3' 

5'-FAM-CCA CCA GAA CTG TGG CTG CCA AAT 

C-TAMRA-3' 

MMP2 Forward: 

Reverse: 

Probe: 

5’-AAC TAC GAT GAT GAC CGG AAG TG-3’ 

5’-TGG CAT GGC CGA ACT CA-3’ 

5’-FAM-TCT GTC CTG ACC AAG GAT ATA GCC 

TAT TCC TCG-TAM RA-3’ 

MMP8 Forward: 

Reverse: 

5’- GAT TCA GAA GAA ACG TGG ACT CAA-3’ 

5’- CAT CAA GGC ACC AGG ATC AGT -3’ 
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Probe: 5’-FAM-CAT GAA TTT GGA CAT TCT TTG GGA-

CTC TCT CAC-TAM RA-3’ 

MMP9 Forward: 

Reverse: 

Probe: 

5’-CGA ACT TCG ACA CTG ACA AGA AGT -3’ 

5’- GCA CGC TGG AAT GAT CTA AGC-3’ 

5’-FAM-TCT GTC CAG ACC AAG GGT ACA GCC 

TGT TC-TAM RA-3’ 

MMP13 Forward: 

Reverse: 

Probe: 

5’-GGG CTC TGA ATG GTT ATG ACA TTC -3’ 

5’-AGC GCT CAG TCT CTT CAC CTC TT -3’ 

5’-FAM-AAG GTT ATC CCA GAA AAA TAT CTG 

ACC TGG GAT TC-TAM RA-3’ 

MT1-MMP Forward: 

Reverse: 

Probe: 

5’- AGG AGA CAG AGG TGA TCA TCA TTG -3’ 

5’- GTC CCA TGG CGT CTG AAG A -3’ 

5’-FAM-CCT GCC GGT ACT ACT GCT GCT CCT 

G-TAM RA-3’ 

BNP Forward: 

Reverse: 

Probe: 

5'-CTG CTG GAG CTG ATA AGA GA-3' 

5'-TGC CCA AAG CAG CTT GAG AT-3' 

5'-FAM-CTC AAG GCA GCA CCC TCC GGG-

TAMRA-3' 

β-MHC Forward: 

Reverse: 

Probe: 

5'-GTGCCAAGGGCCTGAATGAG-3' 

5'-GCAAAGGCTCCAGGTCTGA-3' 

5'-ATCTTGTGCTACCCAGCTCTAA-3' 

α- SkMA Forward: 

Reverse: 

Probe: 

5'-CAGCCGGCGCCTGTT-3' 

5'-CCACAGGGCTTTGTTTGAAAA-3' 

5'-FAM-

TTGACGTGTACATAGATTGACTCGTTTTACCTC

ATTTTG- TAMRA-3' 

pro-

collagen I-

α1 

Forward: 

Reverse: 

Probe: 

5’-CTTCACCTACAGCACCCTTGTG-3’ 

5’-TGACTGTCTTGCCCCAAGTTC-3’ 

 

5’-FAM-CTGCACGAGTCACACC-TAMRA-3’ 
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pro-

collagen III-

α1 type II 

Forward: 

Reverse: 

Probe: 

5’- TGTCCTTTGCGATGACATAATCTG-3’ 

5’- AATGGGATCTCTGGGTTGGG-3’ 

5’-FAM- ATGAGGAGCCACTAGACT-TAMRA-3’ 

Integrin-β1  Mm01253230_m1 

(premixed primers/probe) 

18S  Kit from Applied Biosystems (ABI; Carlsbad, CA, 

USA) 

HPRT Forward: 

Reverse: 

Probe: 

5'-AGC TTG CTG GTG AAA AGG AC-3' 

5'-CAA CTT GCG CTC ATC TTA GG-3' 

5'-FAM-CAA CAA AGT CTG GCC TGT ATC CAA 

C-TAM RA-3' 

 

2.9.  Protein analysis 

2.9.1. Tissue protein extraction 

Total protein was extracted from frozen tissue by gentle manual 

homogenization in EDTA-free RIPA buffer (Table 2.3. for western blot; Table 

2.4. for zymography) including protease inhibitor (Table 2.5.; Calbiochem, San 

Diego, CA, USA) and phosphatase inhibitor cocktails (Table 2.6.;. Sigma-

Aldrich, Oakville, ON, Canada) (Table 2.7. Calbiochem, San Diego, CA, USA).  

The homogenized tissue was kept on ice for one hour with one minute intervals of 

high-speed vortex every 15 minutes.  The sample was centrifuged at 14,000 x g 

for 12 minutes and the protein-containing supernatant transferred to a new tube.  

Protein content concentration was determined using the Bio-Rad DC protein assay 

(Bio-Rad; Missisauga, ON, Canada) using a clear flat-bottom 96-well plate and a 

spectrophotometric plate-reader at 750nm. Protein extracted using Cytobuster 

Protein Extraction Buffer (Novagen, Madison, WI, USA) followed the same 

process, with the exception of the extraction buffer used. 
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Table 2.3.  RIPA protein extraction buffer pH 7.4 in ddH2O - Western blot 

RIPA Protein extraction buffer pH 7.4- Western blot  

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 N/A 50 mM 

2 Sodium chloride (NaCl) 58.44 N/A 120 mM 

3 EDTA 372.24 N/A 1 mM 

4 Triton X-100 (detergent) 624.00 N/A 1% 

 

Table 2.4.  RIPA Protein extraction buffer pH 7.4 in ddH2O - Zymography 

RIPA Protein extraction buffer pH 7.4- Zymography 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 N/A 50 mM 

2 Sodium chloride (NaCl) 58.44 N/A 150 mM 

3 Triton X-100 (detergent) 624.00 N/A 1% 

4 SDS (detergent) 288.38 N/A 0.1% 

5 NP40 (detergent) N/A N/A 1% 

6 Sodium deoxycholate 

(detergent) 

414.55 N/A 1% 

 

Table 2.5.  Protease inhibitor cocktail 

Protease inhibitor cocktail III, EDTA-free (Calbiochem; cat# 539134) 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 AEBSF, hydrochloride 239.50 100x 1x 

2 Aprotinin 6512.00 100x 1x 

3 Bestatin 308.37 100x 1x 

4 E-64 357.40 100x 1x 

5 Leupeptin 475.59 100x 1x 

6 Pepstatin A 685.89 100x 1x 
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Table 2.6.  Phosphatase inhibitor cocktail- Tyr, acidic, & alkaline 

phosphatases 

Phosphatase inhibitor cocktail 2- Tyr, acidic, & alkaline (Sigma; pdt# 5726) 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Sodium-orthovanadate 183.91 100x 1x 

2 Sodium-molybdate 241.95 100x 1x 

3 Sodium-tartrate 230.08 100x 1x 

4 Imidazole 68.08 100x 1x 

 

Table 2.7.  Phosphatase inhibitor cocktail- Ser/Thr & alkaline phosphatases 

Phosphatase inhibitor cocktail IV- Ser/Thr & alkaline (Calbiochem; cat# 524628) 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 (-)-p-Bromotetramisole 

oxalate 

373.22 100x 1x 

2 Cantharidin 196.20 100x 1x 

3 Calyculin A 1009.20 100x 1x 

 

 

Membrane fraction was extracted from sham, infarct, peri- and non-infarct 

myocardial tissue. Frozen tissue was homogenized in RIPA buffer (Table 2.8.), 

and protease inhibitor (Table 2.5. Calbiochem, San Diego, CA, USA) and 

phosphatase inhibitors (Table 2.6. Sigma-Aldrich, Oakville, ON, Canada; Table 

2.7. Calbiochem, San Diego, CA, USA) cocktails. The homogenized tissue was 

kept on ice for one hour with one minute intervals of high-speed vortex every 15 

minutes, which was subsequently centrifuged at 2,900 x g for 20 minutes. The 

supernatant containing the cytosolic and membrane proteins was transferred to a 

new ultracentrifuge tube. The pellet containing the nuclear protein was discarded. 

The supernatant containing the cytosolic and membrane proteins was centrifuged 

at 29,000 x g for 45 minutes. This high speed centrifugation separated the 

cytosolic protein (supernatant) from the membrane protein (pellet). The pellet was 
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resuspended in 50μL RIPA buffer containing detergents (Table 2.9.) and 

centrifuged at 15,000 x g for 20 minutes. This supernatant was stored at -80°C as 

the membrane fraction. 

 

Table 2.8.  RIPA Protein extraction buffer pH 7.4 in ddH2O – 

Cytosol+Membrane protein fraction 

RIPA Protein extraction buffer pH 7.4- Cytosol-Membrane fraction  

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 N/A 50 mM 

2 Sodium chloride (NaCl) 58.44 N/A 150 mM 

3 EDTA 372.24 N/A 1 mM 

4 Dithiothreitol (DTT) 154.25 100 mM 1 mM 

5 Phenylmethylsulfonyl 

fluoride (PMSF) 

174.19 100 mM 1 mM 

 

Table 2.9.  RIPA Protein extraction buffer pH 7.4 in ddH2O –Membrane 

protein fraction 

RIPA Protein extraction buffer pH 7.4- Membrane fraction 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 N/A 50 mM 

2 Sodium chloride (NaCl) 58.44 N/A 150 mM 

3 EDTA 372.24 N/A 1 mM 

4 Dithiothreitol (DTT) 154.25 100 mM 1 mM 

5 PMSF 174.19 100 mM 1 mM 

6 NP40 (detergent) N/A N/A 1% 

7 Sodium deoxycholate 

(detergent) 

414.55 2.5% 0.25% 
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2.9.2. Western blot 

The sodium dodecyl sulphate-based polyacrylamide (SDS) gel was used 

for transfer of loaded protein onto a polyvinylidene fluoride (PVDF) membrane 

for binding of an antibody to a specific epitope on the protein of interest that 

resides on the membrane. Each sample to be loaded per well was prepared by 

combining the volume for 40µg of sample protein with the appropriate volume of 

2x protein loading buffer (Table 2.10.) and PBS (Table 2.11.), boiled for 5 

minutes to denature the protein, and traveled through the gel via electrophoresis 

(at 100V; Bio Rad; Mississauga, ON, Canada) in the presence of a electrophoresis 

running buffer solution (Table 2.12.) , and through electrophoresis was transferred 

onto the PVDF membrane for blotting using a transfer buffer solution (Table 

2.13). After transfer, the membrane was blocked with 5% skim milk for two hours 

at room temperature and primary antibody was applied overnight as a specific 

dilution ranging from 1:100 to 1:5000 in 5% skim milk depending on the antibody 

and the protein of interest.  The membrane was washed 3x15 minutes with TBS 

(Table 2.14.) with 0.1% Tween (TBST), followed by the application of the 

appropriate species-based horse radish peroxidase (HRP) linked-secondary 

antibody in 5% skim milk at a dilution of 1:5000 for two hours at room 

temperature which binds to the primary antibody.  After another 3x15 minutes 

washing of the membrane with TBST, Enhanced Chemiluminescence (ECL; GE 

Amersham; Baie d’Urfe, QC, Canada) was applied to the membrane according to 

manufacturer’s instructions for 5 minutes which binds specifically to the HRP 

segment on the secondary antibody.  An image of the membrane was taken by 

either developing x-ray film (Fuji Medical X-Ray Film Super Rx; Fujifilm) which 

was exposed to the chemiluminescent membrane, or by imaging the 

chemiluminescent membrane using a luminescent image analyzer housing a 

chemiluminescence-sensitive camera (GE ImageQuant LAS 4000; GE).  The 

PVDF membrane was then stripped with a mild stripping buffer (Table 2.15.) for 

30 min at 55
o
C for subsequent immunoblotting of the membrane.  For all western 

blots, the Coomassie-stained gel (2% Coomassie blue, 25% methanol, 10% acetic 

acid) or the Ponceau-stained membrane (0.1% Ponceau S (w/v) in 1% acetic acid) 
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were used as the loading controls.  Coomassie blue is a permanent stain that is 

applied to the gel after transfer to qualitatively assess the loading of the gel with 

the assumption of proper transfer.  Ponceau stain is red in color and can be 

applied to the membrane immediately after transfer as it is a reversible staining 

procedure of the final product, which is the membrane. Upon washing the 

membrane with TBST after imaging the Ponceau staining, it is ready to continue 

the process of the blocking of the membrane.   

 

Table 2.10.  Sample loading buffer pH 6.8 in ddH2O - Western blot  

Sample loading buffer pH 6.8- Western blot 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 130 mM  65 mM 

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 2.11.  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) Conc.stock Conc.final 

1 Sodium chloride (NaCl) 58.44 1370 mM  137mM 

2 Potassium chloride (KCl) 74.55 27 mM  2.7 mM 

3 Sodium phosphate dibasic 

(Na2HPO4) 

141.96 100 mM  10 mM 

4 Potassium phosphate 

monobasic (KH2PO4) 

136.09 18 mM 1.8 mM 
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Table 2.12.  Running buffer pH 8.3 in ddH2O 

Running buffer pH 8.3 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 250 mM  25 mM 

2 Glycine 75.07 1920 mM  192 mM 

3 Sodium dodecyl sulfate 

(SDS) 

288.38 10% 1% 

 

Table 2.13.  Transfer buffer pH 8.3 in ddH2O 

Transfer buffer pH 8.3 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris- HCl 121.14 200 mM 20 mM 

2 Glycine 75.07 1500 mM 150 mM 

3 Methanol 32.04 N/A 20% 

 

Table 2.14.  Tris-buffered Saline (TBS) pH 8.0 in ddH2O 

Tris-buffered Saline (TBS) pH 8.0 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Sodium chloride (NaCl) 58.44 1250 mM 125 mM 

2 Tris-HCl 121.14 250 mM 25 mM 

 

Table 2.15.  Western blot Membrane Stripping buffer pH 6.8 in ddH2O 

Western blot Membrane Stripping buffer pH 6.8 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 1000 mM (pH 6.8) 62.5 mM 

2 SDS 288.38 20% 2% 

3 β-mercaptoethanol 78.13 14300mM 100mM 
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Western blot analyses were performed on a 10% polyacrylamide gel to 

detect protein levels of TIMP1 (26 kDa; 1:500 dilution, monoclonal rat anti-

mouse; R&D Systems; Minneapolis, MN, USA), TIMP2 (21 kDa; 1:1000 

dilution, monoclonal mouse anti-mouse; Abcam; Cambridge, MA, USA), TIMP3 

(30 kDa; 1:1000 dilution, monoclonal rabbit anti-mouse; Santa Cruz; Santa Cruz, 

CA, USA) and TIMP4 (26 kDa; 1:1000 dilution, monoclonal rabbit anti-mouse; 

Novus Biologicals; Oakville, ON, Canada) 
9, 21

.  An 8% gel was used for higher 

molecular weight proteins, generally 70 kDa and larger, such as integrin β1D (116 

kDa; 1:500 dilution, monoclonal rabbit anti-mouse; Millipore; Billerica, MA, 

USA)
22

, phospho-FAK (125 kDa; Tyr397; 1:500 dilution, monoclonal rabbit anti-

mouse; Millipore; Billerica, MA, USA) total FAK (125 kDa; 1:1000 dilution, 

monoclonal rabbit anti-mouse Santa Cruz; Santa Cruz, CA, USA), and SPARC 

(42 kDa; 1:500 dilution, monoclonal rat anti-mouse; R&D Systems; Minneapolis, 

MN, USA).   

Western blot analysis for MT1-MMP was performed on the membrane 

protein fractions using a MT1-MMP antibody (65 kDa; 1:1000 dilution polyclonal 

rabbit anti-mouse; SantaCruz, Santa Cruz, CA, USA) using a 10% acrylamide gel, 

and after blocking with 5% skim milk the membrane was blotted for toll-like 

receptor 4 (TLR-4) (1:500 dilution monoclonal rabbit anti-mouse; Santa Cruz, 

Santa Cruz, CA, USA), and subsequently for caspase-3 (1:3000 dilution 

monoclonal rabbit anti-mouse; Cell Signaling; Davers, MA, USA).  

2.9.3. Gelatin zymography 

Gelatin zymography was performed to detect pro- and cleaved active 

MMP2 and MMP9.  Protein was extracted as previously mentioned using an 

EDTA-free RIPA buffer as EDTA is a known metal-ion chelator, which would 

interfere with MMP activity.  Preparation of the polyacrylamide gel included 

adding gelatin to the mixture at a final concentration of 2 mg/mL.  Each sample to 

be loaded per well was prepared by combining the volume for 50µg of sample 

protein with the appropriate volume of nondenaturing loading dye (Table 2.16) 

and PBS (Table 2.11.). 
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Table 2.16. Sample loading buffer pH 6.8 in ddH2O - Zymography  

Sample loading buffer pH 6.8- Zymography 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 125 mM 62.5 mM 

2 Glycerol 92.09 20% 10% 

3 SDS 288.38 4% 2% 

4 Bromophenol Blue 669.96 0.02% 0.01% 

   

After electrophoresis of 40µg-contaning sample protein mixture per well, 

the gelatin-based polyacrylamide gel was washed in Triton-X 3 x 20 minutes.  

The gel was then washed 3x10 minutes in incubation substrate buffer (Table 

2.17).  The gelatin zymography gel was incubated in the incubation substrate 

buffer for 24 hours at 37°C, after which the buffer was replaced with fresh 

substrate buffer.  Following another 24 hours of incubation (a total of 48 hours), 

the gel was stained with Coomassie Blue (2% Coomassie Blue; Table 2.18.) 

overnight for visualization of white or clear bands on a dark blue background.  A 

destaining solution was used to clear any residual stain from the gel (Table 2.19.)  

The remaining 10µg-containing portion of the protein mixture that was not loaded 

for the zymography was run on a 10% polyacrylamide gel and Coomassie-Blue 

stained and used as a loading and protein dilution control.     

 

Table 2.17.  Substrate buffer in ddH2O - Zymography 

Substrate buffer- Zymography 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Tris-HCl 121.14 2000 mM 50 mM 

2 Calcium chloride 

(CaCl2)•2H2O 

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% 
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Table 2.18  Polyacrylamide Gel Staining solution in ddH2O 

Polyacrylamide Gel Staining solution 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Coomassie blue 854.00 N/A 2% 

2 Methanol 32.04 N/A 25% 

3 Acetic acid 60.05 N/A 10% 

 

Table 2.19.  Polyacrylamide Gel Destaining solution in ddH2O 

Polyacrylamide Gel Destaining solution 

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Methanol 32.04 N/A 30% 

2 Acetic acid 60.05 N/A 1% 

 

 

2.9.4. Qualitative analysis of protein levels 

 Quantification of the protein bands on either the western blot or 

zymography was achieved using densitometry analysis software (ImageJ; NIH).  

ImageJ allowed for 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 the histograms were individually obtained and represented the 

density of the band.  The value obtained for each band was an arbitrary value; 

hence this value was normalized first to the density obtained from the relevant 

band on the loading control.  After normalization to the loading control, the 

density was further normalized to one specific sample, either the WT sham 

protein band or to a specified control band (ie. the 64kDa cleaved MMP2 band of 

the HT1080 positive control for the zymography). HT1080 is a fibrosarcoma cell 

line which produce high levels of MMPs, in particular MMP2 and MMP9.  This 

presented a relative value of protein present in each loaded sample.  
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2.10.  ECM-myocyte adhesion 

2.10.1. In vitro ECM-myocyte adhesion assay 

Adhesion of adult cardiomyocytes to ECM proteins were assessed by 

using an in situ CytoSelect Cell Adhesion Assay (ECM Array, Colorimetric 

Format, Cell Biolabs; Burlington, ON, Canada) according the manufacturer’s 

instructions
4
. Using Collagenase, Type 2 (Worthington Biochemical; Lakewood, 

NJ, USA) recommended for heart, cardiomyocytes were isolated from mice of 

either genotype at 2 weeks after sham or TAC–operation and were plated (20,000 

cells/well) in wells coated with different ECM proteins, specifically laminin, 

fibronectin, collagen I, collagen IV, fibrin, and BSA as control. After 1hr of 

incubation (2% CO2, 37
o
C), cells were washed with PBS to remove the 

nonadherent cells prior to adding Cell Stain solution. The excess staining solution 

was washed with PBS, and extraction solution was added to redissolve the dye. 

The solution was transferred to a fresh plate and optical density (OD) was 

recorded at 560 nm. 

2.11.  MMP enzyme in vitro activity assay 

2.11.1. MMP activity assay 

Total gelatinase and collagenase activities were measured using EnzChek 

fluorescent-based gelatinase/collagenase activity assay kit (Invitrogen; 

Burlingtion, ON, Canada) according to the manufacturer’s instructions, and 

proteins were extracted using Cytobuster Protein Extraction Buffer. The assay 

involves in vitro analysis of gelatinase/collagenase activity using the extracted 

protein sample.  The fluorescein isothiocyanate (FITC) conjugate-substrate 

(gelatin or collagen) was added to each well, after which 100µg of protein sample 

was added to each well.  The assay was incubated at room temperature and 

fluorescence intensity from degraded substrate was measured after six hours on a 

fluorescence microplate reader at absorption at 495nm and fluorescence emission 

at 515nm.  The slope of the curve indicates the rate of fluorescence, which is an 

indication of the amount of MMP enzyme available.  A steeper slope would 
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represent a greater amount of active enzyme, thereby generating a greater rate of 

increase in fluorescence over time.       

2.11.2. MT1-MMP specific activity assay 

Activity of MT1-MMP was measured in the membrane fraction of the 

myocardium using the Amersham Biotrak activity assay (RPN2637, GE 

Healthcare), an antibody based assay that ensures measurement of MT1-MMP-

specific activity.  According to manufacturer’s instructions, samples and standards 

were incubated in microplates coated with MT1-MMP antibody overnight, the 

wells were then washed and an MT1-MMP substrate provided with the assay (S-

2444 peptide substrate, GE Healthcare) was added to the wells and incubated at 

37°C for 6 hours, and absorbance optical density values were read at 405nm using 

a spectrophotometric plate-reader. MT1-MMP activity was blocked with 5ng/mL 

of recombinant TIMP2 (rTIMP2) but not rTIMP1 (R&D System; Minneapolis, 

MN, USA). 

A variation of this assay was used for post-TAC analysis of MT1-MMP 

activity measurement
23, 24

 using a specific MT1-MMP fluorogenic substrate 

(catalog #444258, Calbiochem,  San Diego, CA, USA).  LV myocardial protein 

extracts using Cytobuster Extraction buffer (100µg), or alternatively a cacodylic 

acid-based extraction buffer (Table 2.20.) that has been shown to be effective and 

commonly used
25, 26

, were incubated along with the MT1-MMP substrate at 37
o
C, 

and excitation/emission (328/400nm, Spectramax M5 microplate reader) were 

recorded over 5 hours. The negative controls did not include the MT1-MMP 

substrate or protein extract. Fluorescence readings were converted to MT1-MMP 

activity by using a recombinant active MT1-MMP construct (MT1-MMP 

Catalytic Domain, catalog #475935, Calbiochem, San Diego, CA, USA) as a 

standard curve in a parallel set of reactions. Concentrations of MT1-MMP 

catalytic domain for the standard curve included 12.5, 25, 50, 100, 200, and 400 

ng/mL. The formula for the conversion of the optical density reading indicating 

the magnitude of fluorescence to the concentration of MT1-MMP present in the 

test sample was derived from the standard curve linear relationship between 
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fluorescence and the known concentrations of the MT1-MMP catalytic domain 

construct standards.  An alternate protein extraction method that has been shown 

to be effective for MMP activity assays purposes consists of using  

Table 2.20.  Protein extraction buffer pH 5.0 in ddH2O - MMP activity assay   

Protein extraction buffer pH 5.0- MMP activity assay  

 Chemical name M.W. (g/mol) Conc.stock Conc.final 

1 Cacodylic acid  138.01 N/A 10mM 

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-100 624.00 N/A 0.1% 

 

2.12.  Statistical analyses  

All statistical analyses were performed using the SPSS Statistics software 

(version 19; IBM; Chicago, Ill).  Reported averaged values are presented as the 

mean ± standard error of the mean (SEM). Statistical significance is recognized at 

p<0.05.  Post-MI, mortality and rupture incidents were compared using the 

Kaplan–Meier curves and the log rank test for statistical significance in the 

survival distribution. As there were generally two factors involved, comparisons 

between the sham, infarct, peri-infarct, and non-infarct tissues of the two 

genotypes were performed using the two-way analysis of variance (ANOVA) 

followed by Student–Neuman–Keuls test for multiple comparison testing.  

Comparisons were made between the WT and TIMP2
-/-

 sham, 2 week-TAC, and 5 

week-TAC groups also using the two-way ANOVA. Normal distribution of data 

sets to perform ANOVA was determined using the Shapiro-Wilk test for 

normality, after which we then performed the statistical analyses as noted above.  

Further analysis of data sets required use of Student’s t-test.  The appropriate 

symbols to indicate significance are included in the graph as part of the analysis 

where applicable, with description in the respective figure legend.  
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3.1.  Introduction 

Coronary artery disease is the most common cause of heart failure and 

remains a major cause of morbidity and mortality worldwide
1
.  MI leads to a 

region and time-dependent adverse myocardial remodeling resulting in ventricular 

dilation, dysfunction, and infarct rupture that can result in sudden cardiac death 

and/or heart failure
2-4

.  Free wall myocardial rupture is a fatal complication of 

acute MI and is associated with a high mortality
5, 6

.  Impaired remodeling of the 

ECM is a critical contributor to postinfarction dilation, dysfunction, and 

myocardial rupture
7, 8

. ECM integrity is maintained by a balance in the function of 

MMPs, which degrade ECM proteins, and their physiological inhibitors, the 

TIMPs. Altered plasma profiles of MMPs/TIMPs correlate with adverse post-MI 

ventricular remodeling in patients
9
.  MMPs have been shown to play a key role in 

post-MI LV rupture in animal models
10, 11

, as well as in patients who died of LV 

rupture
12

.  Among the TIMPs, TIMP3 is ECM bound, is highly expressed in the 

heart
13

, can inhibit a broad spectrum of metalloproteinases, and is downregulated 

in the ischemic myocardium of animals
14

, as well as in patients with ischemic 

heart failure
15

.  TIMP3 deficiency severely compromises cardiac response to 

pressure overload, resulting in the early development of dilated cardiomyopathy
16

 

and excess myocardial fibrosis
17

, as well as accelerated adverse LV remodeling 

post-MI
18

.  

   

3.2.  Objectives 

Myocardial remodeling following infarction is a complex process 

orchestrated by a number of cellular and extracellular events
4, 19

.  Hence, 

identifying the early events that lead to activation of multiple factors in mediating 

adverse cardiac response to MI can provide new potential therapies to lessen the 

resulting complications.  For this we examined the remodeling process in 

specified regions of the LV myocardium at an early timepoint with great 

relevance to the expected phenotype and which has only been briefly explored 
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previously.  TIMP3 is highly expressed in the heart, and is markedly 

downregulated in patients with ischemic cardiomyopathy
15

.  We therefore 

examined the time- and region-dependent role of TIMP3 in the cardiac response 

to MI.   

 

3.3.  Methods 

3.3.1. LAD coronary artery ligation 

 Mice that were 11-12 weeks old were anesthetized and underwent surgical 

LAD ligation according to protocol in Chapter 2.2.1 to generate a state of 

ischemia leading to myocardial infarction.  Sham-operated mice were used as 

controls.  Mice were allowed to recover and monitored as described in Chapter 

2.4.1.     

3.3.2. In vivo imaging and analysis 

 Echocardiography was conducted to examine parameters pertaining to MI 

analysis as described in Chapter 2.5.1.  TMD (Chapter 2.5.2), TDI (Chapter 

2.5.3), and EKV (Chapter 2.5.4) modes were also utilized for complete in vivo 

analysis of cardiac function. 

3.3.3. Molecular and cellular analysis 

 Sham and post-MI tissue was collected as described in Chapter 2.4.2.1., 

and processed for molecular (RNA in Chapter 2.8., protein in Chapter 2.9., and 

MMP activity in Chapter 2.11.1.), histological (neutrophils staining in Chapter 

2.7.2), and morphological (left ventricle morphology in Chapter 2.6.1.1., infarct 

size in Chapter 2.6.1.2., and collagen organization in Chapter 2.6.2.3.) analysis.   
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3.3.4. In vivo MMPi treatment of MI 

A broad-spectrum MMPi, PD-166793 (Pfizer Inc.) was administered by 

daily gavage as described in Chapter 2.3.  PD-166793 treatment (30 

mg·kg
−1

·day
−1

) of the TIMP3
-/-

 MI mice began 2 days before MI and was 

continued until 2 days post-MI.  

 

 

Figure 3.1.  Pharmacological MMPi administration in experimental MI.   

Pharmacological MMPi PD166793 (Pfizer) was delivered through daily gavage 

(30mg/kg•day) to TIMP3
-/-

 mice starting 2 days prior to MI, and was continued 

until two days post-MI in order to examine the effect of early MMP inhibition in 

post-MI cardiac remodeling in the TIMP3
-/-

 mice.        
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3.4.  Results  

3.4.1. Myocardial infarction alters TIMP levels in a region and time-

dependent fashion  

The mRNA (Figure 3.4.) and protein levels (Figure 3.2. and Figure 3.3) 

were measured for all TIMPs in the infarct, peri-infarct and non-infarct regions of 

WT mice at 3 days (Figure 3.2.) and 1 week post-MI (Figure 3.3.). At 3 days post-

MI, TIMP1 protein levels were significantly increased in the infarct and peri-

infarct myocardium, while its levels in the non-infarct region was additionally 

increased by 1 week post-MI. TIMP2 levels were decreased in the peri- and non-

infarct myocardium at both time points. TIMP3 and TIMP4 levels were markedly 

reduced in the infarct region at both time points, while TIMP3 levels were also 

reduced in the peri- and non-infarct regions at 3 days post-MI. Changes in the 

mRNA levels (Figure 3.4.), however, did not directly correspond to the alterations 

in protein levels, as also reported previously
20, 21

. For instance, at 1 week post-MI, 

TIMP3 mRNA levels were elevated in the infarct region, but unaltered in the peri-

infarct and infarct regions, while its protein levels remained markedly reduced in 

the infarct and peri-infarct areas. This could represent a compensatory response to 

the loss of the TIMP3 protein, and/or the TIMP3 mRNA synthesized by 

infiltrating fibroblasts.  

Among all TIMPs, TIMP3 showed a marked reduction in all regions of 

myocardium early post-MI, with the greatest reduction in the infarct followed by 

peri- and non-infarct regions, suggesting a region and time sensitive loss of 

TIMP3 protein during the early cardiac response to MI. Next, we examined if 

TIMP3 deficiency impacted the alterations in TIMP levels post-MI (Figures 3.2. 

and 3.3.). Compared to WT mice, TIMP3
-/-

 mice showed a markedly smaller 

increase in TIMP levels in the peri-infarct area at 3 days and in all regions at 1 

week post-MI, but greater TIMP2 and TIMP4 protein levels in the infarct area at 3 

days post-MI, which persisted for TIMP4 at 1week post-MI (Figures 3.2. and 

3.3.). 
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Figure 3.2. TIMP levels are altered in response to MI.  

Representative western blots (A), and averaged protein levels (B.i-iv) for TIMP1, 

TIMP2, TIMP3 and TIMP4 in sham (sh), infarct (I), peri-infarct (PI), and non-

infarct (NI) myocardium of WT and TIMP3
-/-

 mice at 3 days post-MI. 

(n=4/group/genotype). Coomassie blue was used as internal control. A.U.= 

Arbitrary Units. Values are presented as mean ± SEM. *p<0.05 compared to 

sham, ‡p<0.05 compared to WT using two-way ANOVA analysis. 
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Figure 3.3. Differential protein levels of TIMPs following MI. 

Representative western blots (A), and averaged protein levels (B.i-iv) for TIMP1, 

TIMP2, TIMP3 and TIMP4 in sham (sh), infarct (I), peri-infarct (PI), and non-

infarct (NI) myocardium of WT and TIMP3
-/-

 mice at 1 week post-MI. 

(n=4/group/genotype). Coomassie blue was used as internal control. A.U.= 

Arbitrary Units. Values are presented as mean ± SEM. *p<0.05 compared to 

sham, ‡p<0.05 compared to WT using two-way ANOVA analysis. 
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Figure 3.4.  Expression of TIMPs is altered differentially between WT and 

TIMP3
-/-

 mice post-MI.  

mRNA expression of TIMP1, TIMP2, TIMP3 and TIMP4 in sham, infarct (I), 

peri-infarct (PI) and non-infarct (NI) regions of WT and TIMP3
-/-

 heart at 3 days 

(A) and 1 week post-MI (B).  R.E.=Relative Expression, MI=myocardial 

infarction. Presented values are Mean ± SEM.  *p<0.05 compared to sham, 

‡p<0.05 compared to WT using two-way ANOVA analysis.  
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3.4.2. Suppressed post-MI survival in TIMP3
-/-

 mice due to excess LV 

rupture  

To determine if the reduction in TIMP3 post-MI underlies the disease 

progression, and if the early rise in TIMP2 and TIMP4 in the infarct myocardium 

of TIMP3
-/- 

mice compensate for the absence of TIMP3, we examined the cardiac 

response of TIMP3-deficient to MI compared to age-matched WT mice over 4 

weeks. TIMP3
-/-

 mice showed a significantly decreased rate of survival compared 

to WT mice over 4 weeks post-MI (Figure 3.5.A). Autopsy results revealed that 

majority of the mice had died due to LV rupture that lead to hemopericardium 

and/or hemothorax. Left ventricular rupture occurred in 81% of TIMP3
-/-

 mice at 

3-7 days post-MI compared to 32% in WT mice (Figure 3.5.B). Gross histological 

analysis of WT and TIMP3
-/-

 hearts at 3 days, 1 week and 4 weeks post-MI 

showed greater LV dilation and larger infarct expansion in the TIMP3
-/-

 mice 

(Figure 3.6.A). Our findings further demonstrate that the increased TIMP2 and 

TIMP4 protein in the infarct area was not sufficient to compensate for the absence 

of TIMP3 and to improve the rate of post-MI rupture. Further analysis of the 

infarct size showed that despite comparable initial infarct sizes at 1 day post-MI,   

TIMP3
-/- 

mice developed a 25% greater infarct expansion compared to WT mice 

by 1 week post-MI (Fig. 3.6.B). 

3.4.3. TIMP3-deficiency leads to greater LV dilation, exacerbated systolic 

and diastolic dysfunction post-MI associated with aberrant ECM remodeling   

Echocardiographic imaging at 1 week (Table 3.1.) and 4 weeks post-MI (Table 

3.2.) revealed markedly greater LV dilation, and  lower EF indicating marked 

suppression in systolic function in TIMP3
-/-

 compared to WT mice. WMSI is a 

validated method of evaluating regional LV wall motion abnormalities and 

correlates with the degree of adverse ventricular remodeling post-MI
20, 22, 23

.  A 

WMSI value of 1 indicates intact LV wall motion and contractility, as found in 

sham-operated mice. At 1 week post-MI, TIMP3
-/-

 hearts showed significantly 

higher WMSI indicating more severe adverse regional remodeling in the 

ventricles compared to WT mice, due primarily to worsening of mid-ventricular  
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Figure 3.5.  Severely compromised rate of survival post-MI in the absence of 

TIMP3.  

Rate of total survival (A) and cumulative rate of rupture incidence (B) in WT 

(solid line, n=35) and TIMP3
-/-

 mice (dashed line, n=50) over 4 weeks following 

MI. 
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Table 3.1. Echocardiographic parameters show more severe structural and 

functional deterioration in TIMP3
-/-

 compared to WT mice at 1 week post-

MI.  

 

 

HR= Heart Rate; LVEDV= LV End-Diastolic Pressure; LVESV= LV End-

Systolic Volume; LVPWTd= LV posterior wall thickness in diastole;  EF= 

Ejection Fraction; WMSI= Wall motion score index; E’/A’= ratio of early tissue 

Doppler velocity (E’) to tissue Doppler velocity due to atrial contraction (A’); LA 

size= left atrium size; IVRT= isovolumetric relaxation time (of the LV); DT= 

deceleration time of the E-wave . *p<0.05 compared to corresponding sham-

operated group; Values are presented as mean±SEM; ‡ p<0.05 compared with 

WT-MI group using two-way ANOVA analysis. 
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Table 3.2. Echocardiographic parameters show greater structural and 

functional deterioration in TIMP3
-/-

 compared to WT mice at 4 week after 

MI. 

  

 

 

HR= Heart Rate; LVEDV= LV End-Diastolic Pressure; LVESV= LV End-

Systolic Volume; LVPWTd= LV posterior wall thickness in diastole;  EF= 

Ejection Fraction; WMSI= Wall motion score index; E’/A’= ratio of early tissue 

Doppler velocity (E’) to tissue Doppler velocity due to atrial contraction (A’); LA 

size= left atrium size; IVRT= isovolumetric relaxation time (of the LV); DT= 

deceleration time of the E-wave . *p<0.05 compared to corresponding sham-

operated group; Values are presented as mean±SEM; ‡ p<0.05 compared with 

WT-MI group using two-way ANOVA analysis.  
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and apical wall motion.  TDI further revealed that mice lacking TIMP3 developed 

a more severe diastolic dysfunction as indicated by markedly lower ratio of E’-

wave to A’-wave, larger left atrium, elevated LV isovolumetric relaxation time 

and increased deceleration time which indicate impaired relaxation (Table 3.1. 

and Table 3.2.).  These results demonstrate that loss of TIMP3 leads to greater LV 

dilation and worsening of LV wall motion, systolic and diastolic dysfunction 

following MI. 

TIMP3 is a potent inhibitor of a number of MMPs that degrade the ECM 

structural proteins. In addition, the severe LV dilation in TIMP3
-/-

 mice indicates 

structural instability that could result from disrupted ECM structure. We assessed 

ECM structure in the infarct and non-infarct myocardium of WT and TIMP3
-/-

 

mice at 3 days post-MI by second harmonic generation imaging of unfixed and 

unstained hearts as before
20

. We found that TIMP3-deficient mice exhibited lower 

density and greater disarray of collagen fibers in the infarct area compared to WT 

hearts (Figure 3.7.B), while expression of procollagen type I and procollagen type 

III were comparable between the genotypes (Fig. 3.7.Ci-ii) suggesting that excess 

MMP activity and collagen degradation in TIMP3
-/-

 mice.   

3.4.4. Early post-MI proteolysis is markedly elevated in the TIMP3
-/-

 mice 

MMPs have been linked to LV dilation, rupture and inflammation post-MI
10-12, 24

. 

We therefore performed gelatin zymography to determine the levels of MMP2 

and MMP9, the two MMPs that have been associated with LV rupture post-MI
11, 

24
. We assessed the total proteolytic activity in the infarct, peri-infarct and non-

infarct myocardial tissue by using gelatinase and collagenase activity assays from 

EnzChek. At 1 day post-MI, MMP9 and active MMP2 were detectable in the 

infarct and peri-infarct regions of TIMP3
-/-

 but not WT hearts (Figure 3.8.A & 

3.8.B). Consistently, total gelatinase (Figure 3.8.C.i) and collagenase activities 

(Figure 3.8.C.ii) were significantly greater in TIMP3
-/- 

compared to WT 

myocardium. Interestingly, by 3 days post-MI, gelatin zymography showed 

elevated MMP9 and active MMP2 only in the non-infarct myocardium of  

TIMP3
-/-

 compared to WT hearts (Figure 3.9.A. and 3.9.B.).
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Figure 3.6.  Lack of TIMP3 results in increased left ventricular dilation and 

infarct expansion post-MI.  

A) Gross morphology of WT and TIMP3
-/-

 hearts following sham operation or 3 

days, 1 week and 4 weeks after MI. B) Representative TTC-stained WT and 

TIMP3
-/-

 hearts (i), and averaged infarct size (ii, n=8/genotype) at 1 week post-

MI. LV=left ventricle. *p<0.05 compared to WT using Student’s T-test analysis.  
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Figure 3.7. Lack of TIMP3 results in aberrant degradation of the fibrillar 

structure of the extracellular matrix. 

A) SHG (red) (i) and MPEF (green) imaging (ii) were used to visualize the 

collagen fibers and endogenous autofluorescence, respectively. iii) Superimposed 

SHG and MPEF images. B) Representative images showing the density and 

organization of the collagen fibers in the infarct and non-infarct myocardium of 

WT and TIMP3
-/- 

mice at 3 days post-MI. Scale bar=80μm. C) Taqman mRNA 

expression of procollagen type I (i) and procollagen type III (ii) in WT and 

TIMP3
-/-

 mice at 3 days post-MI, n=5/group, *p<0.05 compared to sham, ‡p<0.05 

compared to WT-MI using two-way ANOVA analysis. 
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Figure 3.8. TIMP3 deficiency triggers a rapid and transient increase in MMP 

levels and activity 1 day post-MI 

Representative gelatin zymography (A) and averaged band intensities for MMP9, 

proMMP2 and active MMP2 (B), total gelatinase activity (C-i) and total 

collagenase activity (C-ii) in WT and TIMP3
-/-

 hearts at 1 day post-MI. sh=sham, 

inf=infarct, peri=peri-infarct, non=non-infarct. A.U.=Arbitrary Units, 

R.E.=Relative Expression, F.L.U.=Fluorescent Light Unit,  n=6/group/genotype. 

*p<0.05 compared to sham, ‡p<0.05 compared to WT using two-way ANOVA 

analysis.  
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Total gelatinase activity (Figure 3.9.C.i), but not collagenase activity 

(Figure 3.9.C.ii), was higher in the peri-infarct TIMP3
-/-

 myocardium. A similar 

pattern was observed at 1 week post-MI (Figure 3.10). These data indicate that 

myocardial infarction results in time and region-specific alterations including a 

very early rise in MMP activities, which could be a key determinant of the 

subsequent LV remodeling and dysfunction. 

3.4.5. Increased rate of LV rupture in TIMP3
-/-

-MI mice is associated with 

heightened inflammation  

Myocardial infarction triggers a rapid inflammatory response that involves 

the influx of leukocytes in the infarct and peri-infarct regions of the 

myocardium
25, 26

. Among the leukocytes, neutrophils are the first responders
24

, 

and neutrophil influx in the infarct area of myocardium has been linked to LV 

rupture post-MI
27, 28

. TIMP3 deficiency has been shown to result in increased 

inflammation in other disease models
29, 30

. Staining for neutrophils revealed a 

significantly greater population of these cells in the infarct and peri-infarct regions 

of TIMP3
-/-

 compared to WT hearts at 3 days post-MI (Figure 3.11).  In addition, 

expression of inflammatory MMPs was increased in these hearts. MMP8 mRNA 

levels were significantly higher in all regions, and MMP12 in the infarct area of 

TIMP3
-/-

 hearts (Figure 3.12.A.i and 3.12.A.ii). The severe inflammation and 

expression of inflammatory MMPs in TIMP3-deficient mice at 3 days post-MI 

coincides with the peak of LV rupture post-MI. In addition, MT1-MMP, a major 

collagenase in the heart was significantly elevated in TIMP3
-/-

 myocardium 

(Figure 3.12.A.iii). 

3.4.6. Early inhibition of MMPs blunts the adverse outcomes of TIMP3-

deficiency  

Next, we aimed to determine if the early rise in total MMP activities is in fact the 

underlying mechanism for the more severe LV remodeling, dysfunction and 

rupture in TIMP3
-/-

 mice. We treated TIMP3
-/-

 mice with PD166793, a broad-
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Figure 3.9. Lack of TIMP3 sustains an early increase in MMP levels and 

activity at 3 days following MI. 

Representative gelatin zymography (A) and averaged band intensities for MMP9, 

proMMP2 and active MMP2 (B), total gelatinase activity (C-i) and total 

collagenase activity (C-ii) in WT and TIMP3
-/-

 hearts at 3 day post-MI. sh=sham, 

inf=infarct, peri=peri-infarct, non=non-infarct. A.U.=Arbitrary Units, 

R.E.=Relative Expression, F.L.U.=Fluorescent Light Unit,  n=6/group/genotype. 

*p<0.05 compared to sham, ‡p<0.05 compared to WT using two-way ANOVA 

analysis.  
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Figure 3.10.  TIMP3 deficiency exhibits a diminished difference in MMP 

levels and activity by 1 week after MI. 

Representative gelatin zymography (A) and averaged band intensities for MMP9, 

proMMP2 and active MMP2 (B), total gelatinase activity (C-i) and total 

collagenase activity (C-ii) in WT and TIMP3
-/-

 hearts at 1 week post-MI. 

sh=sham, inf=infarct, peri=peri-infarct, non=non-infarct. A.U.=Arbitrary Units, 

R.E.=Relative Expression, F.L.U.=Fluorescent Light Unit,  n=6/group/genotype. 

*p<0.05 compared to sham, ‡p<0.05 compared to WT using two-way ANOVA 

analysis.  
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Figure 3.11. Enhanced neutrophil infiltration in the TIMP3-deficient infarct 

and peri-infarct myocardium at 3 days post-MI.  

A) Immunostaining for mouse neutrophils in WT and TIMP3
-/-

 hearts after sham 

or MI (red). Scale bar=100μm. Inset shows a lower magnification, Scale bar=200 

μm. B) Averaged neutrophil counts in sham, infarct, peri-infarct and non-infarct 

myocardium in WT and TIMP3
-/-

 mice. Neutrophil counts were performed on 6 

fields/cross-section, 3 cross-sections/ heart, and 5 hearts/genotype. *p<0.05 

compared to sham, ‡p<0.05 compared to WT using two-way ANOVA analysis.  
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Figure 3.12. Enhanced collagenase expression levels in the TIMP3-deficient 

infarct and peri-infarct myocardium at 3 days post-MI.  

 Expression levels of inflammatory MMPs, MMP8 (i) and MMP12 (ii), and 

collagenase MT1-MMP (iii) in WT and TIMP3
-/-

 hearts, n=6/group/ genotype. 

*p<0.05 compared to sham, ‡p<0.05 compared to WT using two-way ANOVA 

analysis.  
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Figure 3.13. Early treatment with an MMP inhibitor (PD166793) improved 

post-MI survival in TIMP3
-/-

 mice.  

Total survival (A) and cumulative rate of LV rupture (B) in sham-WT/TIMP3
-/-

(n=10/genotype), WT-MI (n=35), TIMP3
-/-

-MI (n=50), and TIMP3
-/-

-MI+MMPi 

(n=20) groups. C) Infarct size at 1 week post-MI for WT (n=8), TIMP3
-/- 

(n=8) 

and TIMP3
-/-

+MMPi (n=6) groups.  ‡ p<0.05 compared to WT-MI, † p<0.05 

compared to TIMP3
-/-

-MI using one-way ANOVA analysis, § p<0.05 compared to 

TIMP3
-/-

-MI using Kaplan-Meier curve and log rank test.  
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Figure 3.14. Early MMP inhibition markedly improved LV dilation and 

systolic dysfunction in TIMP3
-/-

 mice post-MI.  

Representative parasternal long axis view (A) from sham of either genotype, WT-

MI, TIMP3
-/-

-MI and TIMP3
-/-

-MI hearts with MMPi treatment at 1 week post-

MI. B) Averaged left ventricular end-diastolic volume (LVEDV) (i), ejection 

fraction (EF) (ii), and wall motion score index (WMSI) (iii) in sham-operated 

(n=5/group), WT-MI, TIMP3
-/-

-MI and TIMP3
-/-

-MI+MMPi groups (n=8/group). 

*p<0.05 compared to sham, ‡p<0.05 compared to WT-MI, † p<0.05 compared to 

TIMP3
-/-

-MI using one-way ANOVA analysis.  
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Figure 3.15. Early MMP inhibition exhibits subtle improvement in LV 

diastolic function in TIMP3
-/-

 mice after MI.  

Representative tissue Doppler images (A) from sham of either genotype, WT-MI, 

TIMP3
-/-

-MI and TIMP3
-/-

-MI hearts with MMPi treatment at 1 week post-MI. B) 

Averaged diastolic parameters, E’/A’ ratio (i), deceleration time of the E-wave 

(DT) (ii), and isovolumetric relaxation time of LV (IVRT) (iii) in sham-operated 

(n=5/group), WT-MI, TIMP3
-/-

-MI and TIMP3
-/-

-MI+MMPi groups (n=8/group). 

*p<0.05 compared to sham, ‡p<0.05 compared to WT-MI, † p<0.05 compared to 

TIMP3
-/-

-MI using one-way ANOVA analysis.  
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spectrum MMP-inhibitor that does not inhibit ADAM17/TACE
31

, 2 days prior to 

and 2 days after induction of MI (Figure 3.1.). This treatment significantly 

improved total survival (Figure 3.13.A.) and the rate of LV rupture incidence 

(Figure 3.13.B) in TIMP3
-/-

 mice. In addition, this early MMPi-treatment 

decreased the infarct expansion (Figure 3.13.C), reduced LV dilation (Figure 

3.14.A. and 3.14.B.i), improved the systolic dysfunction as indicated by increased 

EF (Figure 3.14.B.ii) and lowered WMSI (Figure 3.14.B.iii), and improved 

diastolic dysfunction as shown by increased E’/A’ ratio (Figure 3.15.B.i) in 

TIMP3
-/-

 mice. This experiment illustrates that MMP activation very early post-

MI is a key determinant of the subsequent outcome, and that the beneficial effects 

of MMP inhibition outlasts the treatment.  

 

3.5.  Discussion 

3.5.1. Early MMP activity precedes the deleterious outcomes of TIMP3 

deficiency  

TIMP3-deficient mice have been reported to develop accelerated remodeling 

following MI
18

, however, the molecular analyses in this study was performed at or 

after 1week post-MI. We and others
20, 28, 32, 33

 have found that post-MI LV rupture 

peaks at 3 days with no incident of LV rupture after 7 days post-MI.  In light of 

these mortality findings, the interest to look at the molecular mechanisms of 

cardiac rupture has directed us to investigate earlier timepoints, as early as one 

day post-MI.  In parallel with the increased mortality, there was a noticeable 

difference in total gelatinase MMP activity at 3 days post-MI, which was even 

less evident by 1week post-MI, indicating that a major determining phase may 

have been missed. The rapid presence of a variety of active MMP species, along 

with correlating inflammation associated with MMP regulation, in this case 

notably neutrophils, has also been implicated in this process with the early phase 

involved in the destabilization of the ECM.  The protective effects of MMPi 

treatment early post-MI in TIMP3
-/-

 mice indicates that the early rise in MMP 
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activities post-MI is a major determinant of subsequent LV remodeling and 

dysfunction.  These data provide a thorough analysis of the early molecular events 

that lead to deteriorated cardiac remodeling, morphometry and dysfunction by 1 

week post-MI. 

3.5.2. The imbalance between MMPs and TIMP3 creates a vulnerable 

destabilized environment for further ECM degradation, inflammation, and 

rupture  

In patients with myocardial infarction, the adverse ventricular remodeling 

has been linked to an imbalance in MMP/TIMP activity
9
.  This is supported by the 

presence of increased inflammation in the infarct and peri-infarct regions, 

predisposing this area to rapid turnover at the risk of an excess of MMP activity, 

which was clearly evident at 1 day.  We used second harmonic generation 

imaging on unfixed and unstained heart tissue to visualize the ECM fibrillar 

structure. The advantage of this technique is that it excludes the tissue alterations 

resulting from manipulations such as fixing or staining.  The markedly greater rate 

of LV rupture in TIMP3-deficient mice is associated with a greater infarct 

expansion in these mice, which is consistent with a recent report that infarct size 

determines the risk of LV rupture post-MI
28

.  

3.5.3. Time and regional-specific MMP activities  

We examined the time- and region-specific MMP activities and found that 

MMP9 and MMP2 levels, as well as total collagenase and gelatinase activities, 

were elevated in the infarct and peri-infarct regions by 1 day post-MI in TIMP3
-/-

 

mice. This is also consistent with reports showing that MMP9 increases early 

post-MI in patients
34

 and in experimental models
35

. An increase in MMP activities 

and collagen degradation within hours of MI also has been reported in rat hearts
36

. 

Tian et al. reported increased MMP2 activity in TIMP3
-/-

 mice at 1week post-

MI
18

, whereas we found the rise in MMP2 activity only at 1 day post-MI but not 

at later time points. Tian et al.’s finding is most likely because it was measured in 

the whole LV and the region-dependent (infarct, peri-infarct vs. non-infarct) 
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alterations in MMP2 activation were not taken into consideration. A region-

specific MMP expression and TIMP downregulation in sheep heart post-MI has 

also been reported
37

. Mice lacking MMP2 are protected against LV rupture
11

, 

while mice overexpressing MMP2 develop LV dilation and dysfunction
38

.  The 

early increase in proteolytic activities in the infarct and peri-infarct regions could 

explain the greater rate of LV rupture in TIMP3
-/-

 mice, while the increased MMP 

levels and proteolytic activity in the non-infarct myocardium could explain the 

exacerbated LV dilation and dysfunction in these mice compared to the parallel 

WT group. 

3.5.4. Conclusions 

In this study we examine the early molecular events post-MI and 

demonstrate a region- and time-specific function for TIMP3 in cardiac recovery 

from MI.  We further demonstrate that LAD-ligation triggers early 

downregulation of TIMP3 in WT mice, and that TIMP3-deficient mice show a 

very early increase in MMP activities post-MI, aberrant degradation of ECM 

fibrillar structure and enhanced inflammation, leading to exacerbated LV dilation, 

systolic and diastolic dysfunction at 1 week and 4 weeks post-MI.  Our data 

demonstrate that the initial rise in proteolytic activities early post-MI is a 

triggering factor for subsequent LV adverse remodeling and LV rupture.  Hence, 

timing of treatments to improve cardiac response to MI may be critical in 

producing favorable outcome.  We provide evidence that the MMP-inhibitory 

function of TIMP3 is critical during early stages of recovery from myocardial 

infarction. Since TIMP3 levels are significantly reduced in the hearts of patients 

with ischemic cardiomyopathy, overexpressing or supplementing TIMP3 in 

myocardial ischemic injury may prove to be a promising therapeutic approach. 
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4.1.  Introduction 

MI results in adverse remodeling of the myocardium including the ECM.
1
  

The ECM is a dynamic structure which undergoes constant turnover, and its intact 

structure is essential for optimal cardiac structure and function. TIMPs play a 

critical role in regulating the activity of the ECM-degrading enzymes, the 

MMPs.
2, 3

  In patients with ischemic or idiopathic dilated cardiomyopathy, 

myocardial protein levels of TIMP2 remained unaltered,
4, 5

 or increased in end-

stage dilated cardiomyopathy patients,
6
 while plasma analyses revealed a rise in 

TIMP2 levels in late stages of MI.
7
 TIMP2 is unique among TIMPs since in 

addition to inhibiting a number of MMPs, it mediates MMP2 activation.  MMP2 

has been linked to a number of cardiomyopathies.
3, 8, 9

 Given this 

multidimensional biochemical function of TIMP2 (an activator and an inhibitor of 

MMPs), the impact of altered TIMP2 levels in disease is quite unpredictable. 

 In this study, we are the first to directly examine the role of TIMP2 in 

cardiac response to MI by subjecting mice lacking TIMP2 and age-matched WT 

mice to MI using the LAD artery ligation model. TIMP2 deficiency markedly 

exacerbated LV dilation and systolic dysfunction compared to WT mice. TIMP2
-/-

 

hearts exhibited excess degradation of the ECM collagen fibres due to enhanced 

activity of collagenases, particularly MT1-MMP. Activation of proMMP2 was 

completely abrogated in TIMP2
-/-

 hearts. Collectively, the MMP-inhibitory 

function of TIMP2, but not its MMP-activating function, is critical in cardiac 

response to MI. 

 

4.2.  Objectives 

The importance of TIMPs in post-MI remodeling has been studied in 

detail, with studies examining the role of TIMP1
10

, TIMP3
11, 12

, and TIMP4
13

 in 

MI using the TIMP-knockout mouse.  No previous work examining the role of 

TIMP2 through the use of the TIMP2
-/-

 mouse is present.  In light of its general 

high cardiac expression level relative to the other TIMPs, the objective of this 
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study is to investigate TIMP2 involvement in the cardiac response to MI.  We will 

achieve this by utilizing the LAD ligation experimental MI model in the 

background of the TIMP2
-/-

 mouse to determine the extent and mechanism of 

ECM remodeling in the absence of TIMP2 compared to WT mice.  The opposing 

actions of MMP inhibition and MMP2 activation by TIMP2 in the setting of MI 

makes it difficult to predict if TIMP2 has a protective or unfavourable role in 

disease progression, which needs to be clarified to determine the therapeutic 

potential of TIMP2.           

 

4.3.  Methods 

4.3.1. LAD coronary artery ligation 

 At 11-12 weeks of age, mice were anesthetized and underwent surgical 

LAD ligation according to protocol in Section 2.2.1 to generate an ischemic state.  

Sham-operated mice were used as controls.  Mice were allowed to recover and 

monitored as described in Section 2.4.1.     

4.3.2. In vivo imaging and analysis 

 Echocardiography was conducted to examine parameters pertaining to MI 

analysis as described in Section 2.5.1.  TMD (Section 2.5.2), TDI (Section 2.5.3), 

and EKV (Section 2.5.4) modes were also utilized for complete in vivo analysis of 

cardiac function. 

4.3.3. Molecular and cellular analysis 

 Sham and post-MI tissue was collected as described in Section 2.4.2., and 

processed for molecular (collagen in Section 2.6.2.2., RNA in Section 2.8., 

protein in section 2.9., and MMP activity in Section 2.11.), histological 

(neutrophils and macrophages in Section 2.7.2), and morphological (left ventricle 

morphology in Section 2.6.1.1., infarct size in Section 2.6.1.2., and collagen 

organization in Section 2.6.2.3.) analysis.   
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4.4.  Results  

4.4.1. MI alters TIMPs differently in WT versus TIMP2
-/-

 mice 

 We first examined if MI affects TIMP2 mRNA and protein levels in WT 

hearts. TIMP2 mRNA levels showed a significant and transient decrease in the 

infarct area at 3 days (Figure 4.1.Ai) followed by a marked increase at 1 week 

post-MI (Figure 4.1.Aii). Timp2 mRNA levels also increased in the peri- and non-

infarct regions (Figure 4.1.Ai-Aii). TIMP2 protein levels, however, showed a 

persistent and significant reduction in infarct, peri- and non-infarct regions at 3 

days and 1 week post-MI compared to sham-operated hearts (Figure 4.1.B). This 

dissociation between mRNA and protein levels suggests a post-transcriptional 

regulation of myocardial TIMP2 protein levels in response to MI. In addition, the 

rise in Timp2 mRNA could be a compensatory attempt by the tissue to replace the 

loss of TIMP2 protein. These data raised the question of whether this altered 

TIMP2 levels could improve or adversely impact the cardiac recovery following 

MI. 

 Before investigating how TIMP2 deficiency impacts cardiac response to 

MI, we examined if TIMP2-deficient myocardium exhibits upregulation of other 

TIMPs which could compensate for its absence.  TIMP1 levels were significantly 

higher, but TIMP3 and TIMP4 levels remain unaltered, compared to WT (Figure 

4.2.Bi-Biv), except for a significantly higher TIMP4 protein level in the TIMP2
-/-

- 
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Figure 4.1. TIMP2 mRNA and protein levels in WT mice following MI. 

 A, TIMP2 mRNA levels in the infarct, peri-infarct and non-infarct myocardium 

compared to sham at 3 days (i) and 1 week (ii) post-MI (n=6/group/genotype). B, 

Representative western blot (left) and quantified protein levels (right) show 

TIMP2 protein levels in the sham heart compared to the infarct, peri-infarct, and 

non-infarct regions at 3 days and 1 week post-MI. Representative blots are shown 

on the left, and quantified protein levels are shown on the right 

(n=4/group/genotype). R.E= Relative Expression, A.U. Arbitrary Units. *p<0.05 

compared to sham using one-way ANOVA analysis. 
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Figure 4.2. RNA and protein levels of TIMPs in WT and TIMP2
-/-

myocardium post-MI.  

A, Relative mRNA expression levels of TIMPs 1, 3, and 4 at 3 days (i-iii) and 1 

week (iv-vi) post-MI in the infarct (inf), peri-infarct (peri), and non-infarct (non) 

myocardium (n=6/group/genotype). B, Representative Western blots at 3 days (i) 

and 1 week (iii) and protein quantification of TIMPs at 3 days (ii) and 1 week (iv) 

post-MI (n=4/group/genotype). Coomassie blue used as loading control. A.U., 

arbitrary units; I, infarct; N, non-infarct; P, peri-infarct; R.E., relative expression; 

S, sham. *P<0.05 compared to corresponding sham; ‡P<0.05 compared to WT 

using two-way ANOVA analysis. 
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peri- infarct myocardium at 1 week post-MI (Figure 4.2.Bii and Biv). The 

increase in TIMP1 (and the smaller increase in TIMP4) in TIMP2
-/-

-MI hearts 

could compensate for the absence of TIMP2. 

4.4.2. TIMP2 deficiency increases severity of disease following MI 

Following MI, WT and TIMP2
-/-

 mice exhibited a similar rate of survival 

(51% vs 48%) (Figure 4.3.A). Autopsy examination revealed a comparable rate of 

left ventricular rupture between the two genotypes post-MI (41% in WT and 39% 

in TIMP2
-/-

) (Figure 4.3.B). Despite the similar survival rates, gross histological 

analysis of the hearts revealed a larger LV chamber size (Figure 4.4.A) and infarct 

size (Figure 4.4.B) in TIMP2
-/-

 compared to WT mice at 1 week post-MI. This 

indicates greater infarct expansion in TIMP2
-/-

 mice since the initial infarct size 

generated by ligation of the LAD was comparable between genotypes (46±5% in 

WT and 49±5% in TIMP2
-/-

, measured at 1 day post-MI, P=0.1, n=6/genotype). In 

addition, brain natriuretic peptide (BNP), a disease marker known to correlate 

with the degree of LV wall stress,
14, 15

 was more significantly elevated in the 

infarct and peri-infarct regions of TIMP2
-/-

 hearts after 3 days, and in peri- and 

non-infarct regions at 1 week post-MI compared to the corresponding regions in 

WT-MI hearts (Figure 4.5.Ai-Aii). Lung water content, also a marker of severity 

of post-MI LV dysfunction, measured as the difference between wet and dry lung 

weights, was significantly higher in TIMP2
-/-

 compared to WT mice at 1 week 

post-MI (Figure 4.5.B). These data collectively suggest that TIMP2 deficiency 

enhances the pathological cardiac response to MI. 

4.4.3. TIMP2-deficient mice exhibit greater ventricular dilation and 

worsening of systolic function after MI 

 We evaluated cardiac function by echocardiography at 1week and 4 weeks 

post-MI in WT and TIMP2
-/-

 mice. Sham-operated mice from either genotype 

served as baseline controls. All parameters representing cardiac structure and 

function were  
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Figure 4.3. TIMP2 deficiency does not affect survival post-MI. 

 Total survival (A) and cumulative rupture incident (B) in WT (solid line, n=49) 

and TIMP2
-/-

 (dashed line, n=56) mice post-MI.  
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Figure 4.4. TIMP2 deficiency leads to exacerbated left ventricular 

remodeling post-MI. 

A, Four-chamber view of trichrome-stained fixed hearts from WT and TIMP2
-/-

 

mice at 1 week post-sham or post-MI. B, Representative images of TTC-stained 

heart slices, and averaged infarct size in WT and TIMP2
-/-

 mice at 1week post-MI 

(n=6/genotype). *p<0.05 compared to sham using Student’s T-test analysis.  
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Figure 4.5. TIMP2 deficiency leads to more severe heart disease post-MI. 

A, Brain natriuretic peptide (BNP) levels, a marker of disease progression, in 

sham, infarct (inf), peri-infarct (peri) and non-infarct (non) myocardium of WT 

and TIMP2
-/-

 hearts at 3 days (i) and 1 week (ii) post-MI. B, Lung water content 

(wet weight – dry weight) in WT and TIMP2
-/-

 mice at 1 week after sham or MI 

(n=5/group/genotype). R.E= Relative Expression. *p<0.05 compared to 

corresponding sham, ‡ p<0.05 compared to WT using two-way ANOVA analysis. 
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comparable between sham-operated TIMP2
-/-

 and WT mice (Figure 4.6., Figure 

4.7., and Table 4.1.). Representative parasternal long axis images from sham and 

post-MI hearts show a greater LV chamber dilation in TIMP2
-/-

-MI compared to 

WT-MI heart (Figure 4.6.A).  LVEDV and LVESV were significantly larger in 

TIMP2
-/-

 compared to WT mice (Figures 4.6.Bi-Bii), while the reduction in EF 

was significantly greater in TIMP2
-/-

 compared to WT mice (Figure 4.6.Biii).  The 

LV dilation and dysfunction deteriorated more progressively in TIMP2
-/-

 mice by 

4 weeks post-MI (Table 4.1.).  

WMSI is a novel and validated way of evaluating regional LV wall motion 

abnormalities post-MI. It incorporates wall motion of the infarct, peri- and non-

infarct regions and contractility and represents the degree of adverse ventricular 

remodeling post-MI.
16

 Sham-operated hearts have a WMSI of 1 indicating intact 

LV wall motion and contractility. An increase in WMSI (>1) indicates suppressed 

LV wall motion. TIMP2
-/-

 hearts had significantly greater wall motion 

abnormalities at1 week post-MI compared to WT-MI mice (Figure 4.7.Ci), 

attributable primarily to worsening of midventricular and apical wall motion 

which extended into the basal anterior/anterolateral segments in the TIMP2
-/-

-MI 

hearts (Figure 4.7.Cii). Tissue Doppler images from sham and post-MI hearts 

illustrate a marked reduction of systolic annular velocity (S’), a sensitive measure 

of systolic function, in the TIMP2
-/-

-MI compared to WT-MI heart (Figure 4.7.B).  

Overall, TIMP2 deficiency resulted in exacerbated LV dilation, greater wall 

abnormalities and systolic dysfunction following MI. 

4.4.4. TIMP2 deficiency leads to aberrant ECM degradation after MI  

 To determine the underlying mechanism of the adverse remodeling and 

dysfunction in TIMP2
-/-

-MI mice, we first examined if absence of TIMP2 impacts 

the remodeling of myocardial ECM following MI. We chose an early time point 

of 3 days post-MI to examine the ECM structure in order to determine the early 

factors that lead to the exacerbated LV dilation and dysfunction in TIMP2
-/-

 mice  
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Figure 4.6. TIMP2
-/-

 hearts display increased LV dilation and dysfunction at 

1 week post-MI.  

A, Representative parasternal long axis view from WT and TIMP2/ hearts after 

sham or 1 week post-MI. B, Averaged echocardiography parameters showing LV 

end-diastolic volume (LVEDV) (i), LV end-systolic volume (LVESV) (ii), and 

ejection fraction (EF) (iii). *p<0.05 compared to corresponding sham, ‡p<0.05 

compared to WT using two-way ANOVA analysis. 
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Figure 4.7. TIMP2
-/-

 hearts display impaired LV systolic function at 1 week 

post-MI.  

A, Representative tissue Doppler images from WT and TIMP2
-/-

 hearts after sham 

or 1 week post-MI. B, Averaged echocardiography parameter annular systolic 

velocity (S’). C, LV Wall Motion Score Index (WMSI) (iii) and regional Wall 

Motion Scores (iv) in WT and TIMP2
-/-

 mice at 1 week post-MI. *p<0.05 

compared to corresponding sham, ‡p<0.05 compared to WT using two-way 

ANOVA analysis. 
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Table 4.1. Echocardiography parameters in vivo at 4 weeks post-MI.  

 WT-Sham WT-MI 
TIMP2

-/-
-

Sham  
TIMP2

-/-
-MI 

N 8 10 8 10 

HR (bpm) 501±15 492±22 512±21 501±16 

LVEDV (μL) 99.5±6.7 171.6±16.1 101.5±7.2 198±15.1*# 

LVESV (μL) 19.2±2.3 34.5±3.9* 20.1±3.1 46.9±3.2*# 

SV (μL) 19.9±1.8 15.1±2.7* 19.1±2.4 10.6.±2.3*# 

EF (%) 60.7±4.9 41.8±5.3* 62.4±6.8 27.1±6.2*# 

 

HR=Heart Rate; LVESV=LV End Systolic Volume; LVESP=LV End Systolic 

Pressure; SV=stroke volume; EF=Ejection Fraction. Values are presented as 

mean±SEM; *p<0.05 compared to corresponding sham-operated group; #p<0.05 

compared with WT-MI group using two-way ANOVA analysis.  

 

at later time points. We used and SHG/MPEF microscopy to visualize the fibrillar 

structure of the ECM in unfixed and unstained hearts. Highly ordered fibrillar 

collagens (Type I, II, III) produce SHG signals which can be visualized in fresh 

tissue without the need for exogenous labeling.
17-19

 Other cell types and structures 

within the tissue generate MPEF because of their autofluorescence characteristics. 

The SHG emission spectrum (Figure 4.8.Ai) shows a strong signal manifested by 

a narrow peak at 440nm, exactly half of the pumping wavelength of 880 nm. This 

is consistent with the SHG being a frequency doubling optical process, in which 

photons interacting with anisotropic materials are effectively combined to form 

new photons with twice the energy.
17

 The autofluorescence signal from the other 
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tissue components (e.g. different cells and vessels) was found to be very broad 

extending across the visible spectrum (Figure 4.8.Aii). Representative SHG 

images showing the myocardial fibrillar collagen matrix (red) overlaid with the 

MPEF images of autofluorescence (green) component are shown in Figure 4.8.A. 

The structural arrangements of the collagen fibres and the fibrillar 

densities in sham-operated hearts from either genotype were comparable (Figure 

4.8.B). However, by 3 days post-MI, the fibrillar structure of the ECM showed 

markedly reduced density and disarray in the infarct region, and to a lesser degree 

in the non-infarct region (Figure 4.8.B, top row). Interestingly, in TIMP2
-/-

-MI 

hearts exhibited strikingly more excessive degradation and disarray of the 

collagen fibers in the infarct as well as the non-infarct myocardium compared to 

WT-MI hearts (Figure 4.8.B, bottom row). The stronger autofluorescence in the 

infarct areas is likely due to accumulated necrotic cells, lipofuscin, and blood-

derived pigments.
20

  Quantification of the fibrillar collagen revealed lower 

fibrillar collagen content in the infarct and non-infarct myocardium of both 

genotypes, whereas the reductions were significantly greater in TIMP2
-/-

-MI 

hearts (Figure 4.8.C).  These data indicate that TIMP2 deficiency leads to more 

severe degradation and adverse remodeling of the myocardial ECM structure 

following MI.  

4.4.5. Exacerbated ventricular dilation and dysfunction in TIMP2
-/-

-MI mice 

associated with heightened inflammation 

Infiltration of inflammatory cells such as neutrophils and macrophages is an early 

tissue response to MI which contributes to the subsequent tissue remodeling and 

disease progression.
21

  Staining for neutrophils and macrophages revealed a 

markedly higher number of these inflammatory cells in the TIMP2-deficient 

infarct and peri-infarct myocardium at 3 day and 1 week post-MI (Figure 4.9.Ai-  
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Figure 4.8. Excess degradation of the extracellular matrix fibrillar collagen 

in TIMP2
-/-

 hearts post-MI  

A, Second harmonic generation (SHG) (i) and multiphoton excitation 

fluorescence (MPEF) imaging (ii) were used to capture images of collagen fibers 

and endogenous autofluorescence, respectively. iii) Superimposed SHG and 

MPEF images. B, Representative images showing the density and arrangement of 

collagen fibres of the ECM in sham, infarct and non-infarct regions of WT and 

TIMP2
-/-

 hearts. Scale bar=80µm. C, Fibrillar collagen content in WT and  

TIMP2
-/-

 hearts. n=6/group/genotype. *p<0.05 compared to corresponding sham, 

‡p<0.05 compared to WT using two-way ANOVA analysis. 
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Figure 4.9. Increased inflammation in the TIMP2
-/-

 hearts following MI.  

A, Neutrophil and macrophage staining at 3 days (i) and 1 week post-MI (ii) in 

the infarct and peri-infarct regions of WT and TIMP2
-/-

 hearts. B, Expression of 

inflammatory markers, interleukin-6 (IL6) and monocyte chemotactic protein -1 

(MCP1), in the infarct (inf) and peri-infarct (peri) regions of WT and TIMP2
-/-

 

myocardium at 3 days (i) and 1 week post-MI (ii). Arrows point to positively 

stained neutrophils or macrophages. Scale bar=100μm. *p<0.05 compared to 

corresponding sham group, ‡ p<0.05 compared to WT using two-way ANOVA 

analysis.  
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Aii). At 1 week post-MI, the number of neutrophils and macrophages were 

noticeably reduced in both genotypes compared to 3 days post-MI (Figure 4.9.A).  

To further assess the extent of inflammation, we measured the expression of the 

inflammatory markers interleukin-6 and monocyte chemotactic protein-1 in these 

hearts.  TIMP2
-/-

 hearts showed a significantly greater increase in interleukin-6 

and monocyte chemotactic protein-1 in the infarct and peri-infarct regions at 3 

days post-MI (Figure 4.9.Bi), which persisted in the infarct regions at 1 week 

post-MI (Figure 4.9.Bii). 

4.4.6. MMP2 activation is abrogated in TIMP2-deficient myocardium  

 Next, we investigated the molecular mechanism for the enhanced ECM 

degradation in TIMP2-deficient hearts post-MI. TIMP2 can activate or inhibit 

MMP2 in a dose-dependent manner.
22

 As such, we first examined if TIMP2-

deficiency influenced activation of MMP2 in the myocardium. MMP2 is produced 

as a proenzyme (72kDa) which then undergoes cell surface activation and is 

cleaved to its active (62 kDa) form.
23, 24

 At 3 days post-MI, WT and TIMP2
-/-

 

hearts exhibited a similar increase in proMMP2 (72kDa) levels (Figure 4.10.A 

and 4.10.C). However, unlike WT hearts that showed a significant increase in 

cleaved MMP2 levels (62kDa), no cleaved MMP2 was detected in the TIMP2
-/-

 

myocardium (Figure 4.10.A and 4.10.D).  MMP9 levels increased significantly in 

both groups, with a markedly greater increase in TIMP2
-/-

-MI hearts (Figure 

4.10.A, 4.10.B).  Expression analyses for MMP9 and MMP2 showed that the 

mRNA levels of these MMPs remained generally unaltered in both genotypes, 

except for a significant increase in MMP9 in the infarct region of TIMP2
-/-

 hearts. 

Hence, the rise in protein levels of these gelatinases as detected by zymography 

occurred through post-transcriptional regulations. A limitation of the gelatin 

zymography is that it does not reflect the interaction between the MMPs and 

TIMPs. We measured total gelatinase activity (using the EnzChek activity assay) 

and found it to be comparable between the two genotypes in all regions of the 

myocardium (Figure 4.10.F). 

 



 

 

  168 

 

 

Figure 4.10.  Lack of MMP2 activation, elevated MMP9 and unaltered 

gelatinase activity in TIMP2
-/-

 hearts at 3 days post-MI.  

A, Representative gelatin zymography showing MMP9, proMMP2 and cleaved 

MMP2 in sham, infarct, peri- and non-infarct myocardium of WT and TIMP2
-/-

 

hearts at 3 days post-MI. B-D, Averaged band intensity of MMP9, proMMP2 and 

cleaved MMP2 (normalized to the positive control) (n=5/group/genotype). E, 

mRNA expression of MMP9 and MMP2 in sham, infarct, peri- and non-infarct 

myocardium (n=8/group/genotype). F, Total gelatinase activity measured by 

fluorescence-based in vitro activity assay (n=6/group/genotype). N.D=Not 

Detectable, R.E= Relative Expression, RFU=Relative Fluorescent Units. *p<0.05 

compared to corresponding sham, ‡ p<0.05 compared to WT using two-way 

ANOVA analysis.  

 At 1 week post-MI, MMP9 protein levels were significantly reduced in 

WT myocardium, but remained elevated in TIMP2
-/-

 infarct and peri-infarct 
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regions and significantly greater than in WT-MI hearts (Figure 4.11.A and 

4.11.B). Pro-and active MMP2 levels were strikingly elevated in the infarct and 

peri-infarct areas of WT-MI hearts, whereas no active MMP2 was detected in 

TIMP2
-/-

 hearts (Figure 4.11.A and 4.11.C). Taqman RT-PCR showed a 

significant reduction in MMP9 mRNA levels in WT myocardium, but significant 

increase in the TIMP2
-/-

-infarct region (Figure 4.11.E). MMP2 mRNA levels 

increased significantly and similarly in both genotypes at 1 week post-MI (Figure 

4.11.E). We measure total gelatinase activity (using the EnzChek activity assay) 

and found a comparable increase in both genotypes post-MI (Figure 4.11.F). 

These data collectively indicate that the greater increase in MMP9 levels in 

TIMP2
-/-

-MI hearts is counter-balanced by the lack of MMP2 activation in these 

hearts resulting in a similar overall increase in gelatinase activity in TIMP2
-/-

 

compared to WT hearts post-MI. These data provide the first in vivo evidence that 

TIMP2 is a critical molecule essential for MMP2 activation in the myocardium. 

4.4.7. Collagenases are elevated in TIMP2
-/-

-MI hearts 

 Since the similar levels of gelatinase activities between TIMP2
-/-

 and WT 

myocardium could not explain the excess ECM degradation in the former group, 

we examined the activity of other MMPs. A number of collagenases have been 

shown to contribute to progression of heart disease.
3, 9

 We found that total 

collagenase activity increased to a significantly greater level in TIMP2
-/-

 hearts at 

3 days (Figure 4.12.A) and 1 week post-MI (Figure 4.12.B) compared to WT. 

Expression analyses of a number of MMPs that contribute to the collagenase 

activity, showed that compared to WT hearts, MMP8 was increased more 

significantly in the peri-infarct, MMP13 in the peri- and non-infarct, and MT1-

MMP in the infarct and peri-infarct regions of TIMP2
-/-

 hearts at 3 days post-MI 

(Figure 4.12.Ci-Ciii). At 1 week post-MI, while expression of MMP8 decreased in 

WT hearts, it increased even further in TIMP2
-/-

 hearts (Figure 4.12.Di). In 

addition, MMP13 was significantly greater in all regions, and MT1- MMP 
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Figure 4.11. Lack of MMP2 activation, elevated MMP9 and unaltered 

gelatinase activity in TIMP2-deficient hearts at 1 week post-MI. 

A, Representative gelatin zymography showing MMP9, proMMP2 and cleaved 

MMP2 in sham, infarct, peri- and non-infarct myocardium of WT and TIMP2
-/-

 

hearts at 1 week post-MI. B-D, Averaged band intensity of MMP9, proMMP2 and 

cleaved MMP2 (normalized to the positive control) (n=4/group/genotype). E, 

mRNA expression of MMP9 and MMP2 in sham, infarct, peri- and non-infarct 

myocardium (n=8/group/genotype). F, Total gelatinase activity measured by 

fluorescent-based in vitro activity assay (n=6/group/genotype). N.D= Not 

Detectable, R.E= Relative Expression, RFU=Relative Fluorescent Units.  *p<0.05 

compared to corresponding sham, ‡p<0.05 compared to WT using two-way 

ANOVA analysis.  
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Figure 4.12.  Enhanced activity and expression of collagenases in the   

TIMP2
-/-

 and WT hearts post-MI. 

A-B, Total collagenase activity in sham, infarct,  peri-infarct, and non-infarct 

myocardium of WT and TIMP2
-/-

 MI mice at 3 days (A) and 1 week post-MI (B). 

C-D, mRNA expression of collagenases, MMP8 (i), MMP13 (ii) and MT1-MMP 

(iii) in WT and TIMP2
-/-

 hearts at 3 days (C) and 1 week (D) post-MI 

(n=6/group/genotype). RFU=Relative Fluorescent Units, R.E= Relative 

Expression. *p<0.05 compared to corresponding sham, ‡p<0.05 compared to WT 

using two-way ANOVA analysis. 
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in the infarct and non-infarct regions of TIMP2
-/-

-MI hearts (Figure 4.12.Dii-Diii). 

Therefore, this marked elevation in expression and activity of collagenases in 

TIMP2-deficient hearts post-MI, could explain the aberrant degradation of the 

ECM collagen fibers and adverse LV remodeling in these mice.  

4.4.8. MT1-MMP activity is significantly enhanced in the membrane fraction 

of TIMP2
-/-

 hearts  

 MT1-MMP was one of the collagenases that was upregulated in TIMP2-

MI myocardium, and is potently inhibited by TIMP2.
22

 MT1-MMP is a 

membrane-bound MMP, and as such we examined levels and activity of this 

protease in the membrane fractions of the myocardium. We confirmed the purity 

of the membrane protein fractionation by blotting for a membrane protein, Toll-

like receptor-4 (TLR4) as a positive control, and a cytoplasmic protein, caspase 3 

as a negative control (Figure 4.13.). Coomassie blue staining was used as the 

loading control. Western blot analysis showed significantly higher MT1-MMP 

levels in the infarct and peri-infarct regions of TIMP2
-/-

 myocardial tissue at 3 

days (Figure 4.13.Ai) and 1 week post-MI (Figure 4.13.Aii). 

 We hypothesized that in the absence of TIMP2, activity of MT1-MMP 

would be more greatly increased. Using the antibody-based Biotrak activity assay 

which measures the activity specific to MT1-MMP without disrupting the MMP-

TIMP interactions, we found that MI resulted in a rise in MT1-MMP activity in 

WT as well as TIMP2
-/-

 hearts (Figure 4.13.B). However, this rise was 

significantly greater in the peri- and non-infarct regions of TIMP2
-/-

 hearts at 3 

days (Figure 4.13.Bi), and in the infarct and peri-infarct regions at 1 week (Figure 

4.13.Bii) post-MI. We further confirmed that the detected activity is specific to 

MT1-MMP by demonstrating that recombinant TIMP2 (rTIMP2) completely 

blocked this activity to negligible levels, whereas rTIMP1 which is known to not 

inhibit MT-MMPs,
25

 did not affect the MT-MMP activities (Figure 4.13.B). 

 We further investigated if the marked elevation in MT1-MMP activity in 

TIMP2
-/-

-MI hearts was associated with degradation of other ECM components in 
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Figure 4.13.  MT1-MMP levels and activity are significantly elevated in the 

membrane fraction of TIMP2
-/-

-MI hearts.  

A) Representative western blot for MT1-MMP (63kDa) in the membrane fraction 

WT and TIMP2
-/-

 myocardium at 3 days (i) and 1 week (ii) post-MI. Toll-like 

receptor-4 (TLR4) and caspase-3 used as markers for quality control of subcelluar 

protein fractionation. Averaged protein levels are shown in bar graphs on the right 

(n=4/group/genotype). B) Activity of MT1-MMP on membrane fractions of WT 

and TIMP2
-/-

 hearts at 3 days (i) and 1 week (ii) post-MI  (n=6/group/genotype) .  

A.U.=Arbitrary Units, rTIMP1=recombinant TIMP1; rTIMP2=recombinant 

TIMP2. *p<0.05 compared to corresponding sham, ‡p<0.05 compared to WT 

using two-way ANOVA analysis.  
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Figure 4.14.  TIMP2
-/-

-MI hearts show enhanced degradation of notable 

MT1-MMP-target laminin.  

A, Laminin staining at 3 days post-MI of WT and TIMP2
-/-

 sham, infarct, and 

non-infarcted myocardium. Scale bar=50µm  

  

addition to collagen fibers (Figure 4.8). Immunostaining for laminin, another well 

known substrate for MT1-MMP action,
26, 27

 showed a noticeable reduction in 

staining intensity in the infarct and non-infarct myocardium of TIMP2
-/-

 compared 

to WT hearts at 3 days post-MI (Figure 4.14). 

 

4.5.  Discussion 

4.5.1. TIMP2
-/-

 mice exhibit pathological post-MI remodeling despite the lack 

of proMMP2 activation  

TIMP2 and MT1-MMP are involved in cell surface activation of 

proMMP2 through formation of a trimolecular complex, MT1-

MMP/TIMP2/proMMP2.
23, 24

 MMP2 is a gelatinase and collagenase
28

 that has 

been linked to a number of cardiomyopathies.
3, 8, 9

 TIMP2 deficiency abolished 

MMP2 activation which was markedly increased in WT-MI infarct and peri-

infarct myocardium. Our study clearly demonstrates that presence of TIMP2 is 
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absolutely essential for the cell surface activation of proMMP2 in the heart. Given 

the reported contribution of MMP2 in different cardiomyopathies,
3, 8, 9, 29-32

  the 

exacerbated LV dilation and dysfunction in TIMP2
-/-

-MI mice despite the lack of 

MMP2 activation is quite intriguing. Interestingly, increased MMP2 activation 

has been reported to underlie post-MI LV rupture,
33

 and consistent with its lack of 

activation in TIMP2
-/-

-MI hearts, we did not observe an elevated rate of LV 

rupture in these mice despite their severe remodeling and dysfunction compared 

to WT hearts post-MI. 

 4.5.2. Increased ECM degradation post-MI is associated with increased 

collagenase activity in the TIMP2
-/-

 mice    

Using the novel imaging technique of SHG/MPEF microscopy, we 

detected aberrant ECM remodeling characterized by lower density and enhanced 

disarray of the collagen fibres in the infarct and non-infarct regions of the  

TIMP2
-/-

-MI hearts. The advantage of SHG over other imaging techniques is that 

it utilizes minimally manipulated tissue (unfixed and unstained), hence providing 

a more physiological presentation of the collagen fibre quality and arrangements. 

We also performed immunohistochemistry for laminin and found excess 

degradation of this ECM component in TIMP2
-/-

-MI hearts. The aberrant 

degradation of the ECM structure was brought about by significantly enhanced 

collagenase activity in TIMP2
-/-

-MI hearts driven largely by increased MT1-MMP 

activity. 

4.5.3. TIMP2 inhibition of MT1-MMP is a critical regulator of post-MI 

remodeling 

TIMP2 deficiency significantly deteriorated cardiac architecture and 

function following MI. We identified MT1-MMP as the primary protease whose 

activity is significantly augmented in the absence of TIMP2.  The marked increase 

in MT1-MMP activity in TIMP2
-/-

-MI hearts resulted from the increased protein 

levels as well as the absence of the inhibitory function of TIMP2 which potently 

inhibits MT1-MMP.
22, 34

  In addition, MT1-MMP can mediate activation of other 

proMMPs, such as MMP13 (collagenase-3)
35, 36

 which is also a potent collagenase 
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with broad substrate specificity, thereby amplifying the collagen degradation 

process. We used the BioTrak MT1-MMP specific activity assay to demonstrate 

the elevated activity of MT1-MMP in TIMP2-deficient myocardium, which was 

inhibited by rhTIMP2 but not by rhTIMP1, further demonstrating the TIMP2-

dependence of this increased activity.  Our study provides evidence that TIMP2 

can regulate the activity of MT1-MMP, and can thereby serve as a therapeutic 

agent in heart disease. 

4.5.4. Conclusions 

This study is the first to demonstrate that TIMP2 is a key molecule in 

cardiac recovery from MI, and that the MMP-inhibitory function of TIMP2 is 

more critical than its MMP2-activating role in determining the fate of the 

myocardium in heart disease. Hence, TIMP2 replenishment in diseased 

myocardium could provide a potential therapy in reducing or preventing disease 

progression. 
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5.1.  Introduction 

Increased afterload leading to excess biomechanical stress is a common 

cause of LV remodeling which leads to cardiac dysfunction and eventually heart 

failure.
1, 2

 Adverse remodeling of the myocardial ECM, brought about by 

dysregulation in its turnover, is a key component of pressure overload-induced 

cardiomyopathy. This results in excess degradation and disruption of the ECM 

network structure, or accumulation of ECM proteins and formation of fibrotic 

lesions. Myocardial fibrosis is also a well-known cause of diastolic dysfunction 

and diastolic heart failure.
3-7

  An imbalance in the function of MMPs and TIMPs 

occurs in heart disease leading to adverse ECM remodeling and TIMPs are 

emerging as critical regulators of this process.
8-13

 

Among the four TIMPs,
14

 TIMP2 has the unique property of activating 

MMP2 through formation of a trimolecular complex with proMMP2 and MT1-

MMP. This function of TIMP2 is in addition to its ability to inhibit a number of 

MMPs. TIMP2 levels are increased in the hearts of patients with aortic valvular 

stenosis
15

 and patients with pressure overloaded cardiomyopathy.
16

 However, 

whether this rise in TIMP2 is a compensatory attempt by the heart to inhibit the 

elevated MMP activities, or it further contributes to disease progression by 

promoting activation of MMP2, remains to be determined. We investigated the 

role of TIMP2 in cardiac response to a pressure overload model of heart failure. 

Loss of TIMP2 resulted in adverse remodeling of the ECM and precipitous heart 

failure, while MMP inhibition prevented these unfavourable outcomes. 

 

5.2.  Objectives 

The objective of this study is to investigate the role of TIMP2 in the 

cardiac response to pressure overload through the use of the TAC model in 

TIMP2-deficient mice to determine the extent and mechanism of cardiac 

remodeling in the absence of TIMP2 compared to WT.  The aortic constriction 

will create a representative model of pressure overload, with increased afterload 
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against which the heart will work.  Examining the remodeling process and 

mechanisms involved in the absence of TIMP2 will allow us to clarify whether 

TIMP2 has a protective or detrimental role in the heart subjected to an increase in 

biomechanical stress, thereby enabling us to determine a viable therapeutic 

approach to TIMP2-dependent regulation of ECM remodeling.  

 

5.3.  Methods 

5.3.1. TAC procedure 

At 8-10 weeks of age, mice were anesthetized and underwent transverse 

aortic constriction according to protocol in Section 2.2.2.  Sham-operated mice 

were used as controls.  Mice were allowed to recover and monitored as described 

in Section 2.4.1.  MMPi was administered following the regimen described in 

Section 2.3.      

5.3.2. In vivo imaging and analysis 

Echocardiography was conducted to examine parameters pertaining to 

pressure overload analysis as described in Section 2.5.1, along with TMD 

(Section 2.5.2) and TDI (Section 2.5.3) for complete in vivo analysis of cardiac 

function. 

5.3.3. Molecular and cellular analysis 

Sham and post-TAC tissue was collected as described in Section 2.4.2., 

and processed for molecular (RNA in Section 2.8., protein in Section 2.9., and 

MMP activity in Section 2.11.), cellular (ECM-cell adhesion in Section 2.10.1.), 

histological (collagen in Section 2.6.2.1., and integrin-β1 in Section 2.7.1,), and 

morphological (LV morphology in Section 2.6.1.1., and collagen organization 

2.6.2.4.) analysis.   
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5.4.  Results  

5.4.1. TIMP2-deficient mice exhibit more severe pressure overloaded 

cardiomyopathy  

We first investigated how cardiac TIMPs change in response to pressure 

overload (TAC). We found that while TIMP1, TIMP3 and TIMP4 remained 

unaltered, TIMP2 protein levels increased significantly after 2 weeks (Figure 

5.1.Ai-Aii) and 5 weeks (Figure 5.2.Ai-Aii) of TAC. To determine the precise 

role of TIMP2 in pressure overload-induced heart disease, we subjected mice 

lacking TIMP2 to pressure overload by TAC. After 2 weeks and 5 weeks,  

TIMP2
-/-

-TAC hearts were larger than the parallel WT-TAC hearts (Figure 5.3.Ai) 

with greater myocardial hypertrophy as determined by larger LV weight-to-tibial 

length ratio (Figure 5.3.Aii) and cardiomyocyte cross-sectional area (Figure 

5.3.Bi-ii) compared to WT-TAC group. TIMP2
-/-

-TAC hearts also exhibited 

exacerbated adverse pathological remodeling as detected by a larger increase in 

mRNA expression of molecular markers of cardiac disease, brain natriuretic 

peptide, -myosin heavy chain, and -skeletal actin (Figure 5.4.Ai-Aiii). These 

results show that TIMP2 is upregulated in a pressure overload state, and that loss 

of TIMP2 exacerbates the adverse pathological myocardial remodeling.  
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Figure 5.1. Pressure overload impacts each TIMP differently at 2 weeks after 

TAC.  

A, Representative Western blot (i) and averaged protein quantification (ii) of 

TIMP1, TIMP2, TIMP3 and TIMP4 after 2 weeks of sham-operation or post-

TAC. TAC=transverse aortic constriction. A.U.= arbitrary units. n=6/group. 

*p<0.05 compared to sham using Student’s T-test analysis.  
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Figure 5.2. Pressure overload differentially impacts each TIMP at 5weeks 

post-TAC.   

A, Representative Western blot (i) and averaged protein quantification (ii) of 

TIMP1, TIMP2, TIMP3 and TIMP4 after 5 weeks of sham-operation or post-

TAC. TAC=transverse aortic constriction. A.U.= arbitrary units. n=6/group. 

*p<0.05 compared to sham using Student’s T-test analysis.  
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Figure 5.3.  TIMP2-deficient mice display more severe cardiomyopathy 

following pressure overload.  

A, Representative transverse cross-sections of trichrome-stained hearts (i) and LV 

weight-to-tibial length ratio (LVW/TL) (ii) of WT and TIMP2
-/-

 hearts after sham, 

2 weeks or 5 weeks of TAC. B, Representative images of cardiomyocyte cross-

sections (i), and averaged myocyte cross-sectional area (MCSA) (n=100 

myocytes/group) (ii) from each group. A.U.=arbitrary units.  *p<0.05 compared to 

sham, ‡ p<0.05 compared to WT-TAC using two-way ANOVA analysis.  
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Figure 5.4.  TIMP2
-/-

 mice exhibit more severe heart disease in response to 

pressure overload. 

 A, mRNA expression of molecular markers of heart disease, brain natriuretic 

peptide (BNP) (i), beta-myosin heavy chain (β-MHC) (ii) and alpha-skeletal actin 

(α-Sk.Actin) (iii) in WT and TIMP2
-/-

 hearts after sham or TAC (n=6/group). B, 

Lung water content (wet weight – dry weight) in WT and TIMP2
-/- 

mice after 

sham or after 2 weeks or 5 weeks of TAC.  n=8/group/genotype. R.E.=relative 

expression, *p<0.05 compared to sham, ‡ p<0.05 compared to WT-TAC using 

two-way ANOVA analysis 

 

5.4.2. TIMP2-deficient mice exhibit exacerbated LV dysfunction post-TAC 

 Echocardiographic analysis of cardiac function revealed accelerated LV 

dilation and systolic dysfunction in TIMP2
-/-

-TAC mice at 2 weeks post-TAC as  
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evident from B-mode (Figure 5.5.Ai) and M-mode images (Figure 5.5.Aii) 

showing reduced EF, greater LV end-diastolic diameter, and reduced velocity of 

circumferential shortening compared to WT-TAC mice (Figure 5.5.Bi-Biii). The 

E /E’ ratio, a measure LV filling pressure, was markedly elevated in TIMP2
-/-

-

TAC mice (Figure 5.6.A, Bi and Table 5.1.). The left atrium was enlarged by 2-

fold in TIMP2
-/-

-TAC hearts (Figure 5.6.Bii, Table 5.1.) further indicating 

worsened systolic dysfunction in these mice. The systolic dysfunction in TIMP2
-/-

-TAC mice exacerbated further by 5 weeks compared to the parallel WT-TAC 

group resulting in further elevation in E/E’ and a restricted transmitral filling 

pattern. These deteriorations in cardiac function and elevated LV filling pressure 

lead to pulmonary edema in TIMP2
-/-

 compared to WT mice post-TAC (Figure 

5.4.B). Systolic and diastolic parameters were comparable in sham-operated WT 

and TIMP2
-/-

 mice. These data indicate that TIMP2 is essential for an optimal 

adaptive functional response to increased biomechanical stress in the heart. 

5.4.3. Lack of TIMP2 leads to excess myocardial fibrosis  

  Pressure overload triggered interstitial fibrosis in TIMP2
-/-

, but not in WT 

mice, which became more severe and more prevalent by 5 weeks (Figure 5.7.A). 

The more severe fibrosis in TIMP2
-/-

-TAC hearts was not due to increased 

expression of collagen type-I or type-III, the predominant components of fibrillar 

ECM, which were elevated similarly in both genotypes (Figure 5.7.Bi-Bii). We 

found that levels of SPARC, a protein that mediates extracellular stabilization of 

collagen fibres,
17, 18

 were significantly elevated in TIMP2
-/-

-TAC compared to 

WT-TAC hearts (Figure 5.7.Di-Dii). In addition, the greater myocardial fibrosis 

in TIMP2
-/-

-TAC hearts was associated with higher expression of TIMP1, a well-

known marker of fibrosis,
19-21

 which increased progressively and to a markedly 

greater extent in TIMP2
-/-

 compared to WT hearts post-TAC (Figure 5.7.C). 

Interestingly, an increase in TIMP1 levels was not observed at the protein level 

(Figure 5.1. and 5.2.) which indicates dissociation between transcription and  
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Figure 5.5.  Exacerbated cardiac dysfunction in TIMP2
-/-

 mice at 2 weeks 

post-TAC.  

Echocardiographic images showing representative B-mode (A-i) and M-mode (A-

ii) images from WT and TIMP2
-/-

 mice at 2 weeks post-TAC or sham. B, 

Averaged parameters of cardiac contractility, ejection fraction (EF) (i), LV end-

diastolic diameter (LVEDD) (ii), and velocity of circumferential fibre shortening 

(VcFC) (iii). (n=6/sham, 8-9/TAC). *p<0.05 compared to sham, ‡ p<0.05 

compared to WT-TAC using two-way ANOVA analysis.  
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Figure 5.6.  More severe cardiac dysfunction in TIMP2
-/-

 mice at 2 weeks 

post-TAC. 

A, Echocardiographic images showing representative Transmitral Valve (i), and 

Tissue Doppler images (ii). B, Averaged E-to-E’ wave ratio (i), left atrial (LA) 

size (ii), and E-wave to A-wave ratio (iii). (n=6/sham, 8-9/TAC). *p<0.05 

compared to sham, ‡ p<0.05 compared to WT-TAC using two-way ANOVA 

analysis.  
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Table 5.1.   Echocardiographic assessment of systolic and diastolic function in 

WT and TIMP2
-/-

 mice after sham, 2 weeks or 5 weeks after transverse aortic 

constriction (TAC), and after MMPi-treatment at 2 weeks and 5 weeks post-

TAC.  

 WT  TIMP2
-/-

  TIMP2
-/-

 + MMPi  

 Sham  2wk-TAC  5wk-TAC  Sham  2wk-TAC  5wk-TAC  2wk-TAC  5wk-TAC  

n  6  9  9  6  9  6  10  8  

HR  

(bpm)  
483±12  469±10  472±16  472±14  465±21  467±20  488±14  471±11  

LVEDD  

(mm)  
3.74±0.08  3.78±0.05  4.09±0.09  3.81±0.07  4.10±0.10

*‡
  4.59±0.06

*‡
  3.90±0.05  4.03±0.17

§
  

LVESD 

(mm)  
2.57±0.06  2.64±0.07  3.19±0.13

*
  2.56±0.06  3.09±0.09

*‡
  3.81±0.07

*‡
  2.74±0.05

§
  2.94±0.18

§
  

LVFS (%)  31.3±1.9  30.2±1.4  22±1.8
*
  32.8±1.9  24.6±1.0

*‡
  17±2.2

*‡
  29.7±1.6  27.1±2.4  

LVEF (%)  60.2±3.0  57.1±1.9  47.5±2.5
*
  62.8±2.6  50.1±1.7

*‡
  31.5±4.1

*‡
  57.2±1.3

§
  53.0±3.6  

VCFc 

(circ/s)  
6.15±0.17  5.79±0.21  4.47±0.27

*
  6.43±0.41  3.70±0.12

*‡
  2.16±0.24

*‡
  5.38±0.28

§
  4.78±0.46

§
  

LVPWT 

(mm)  
0.66±0.05  0.86±0.03*  0.83±0.02

*
  0.65±0.05  0.87±0.03

*
  0.95±0.05

*
  0.75±0.02

§
  0.86±0.04  

E-wave 

(mm/s)  
749.3±28.4  755.6±24.1  708.1±25.6  761.4±23.5  770.5±38.2  821.8±48.1

*‡
  780.2±37.6

§
  715.6±44.2

§
  

A-wave 

(mm/s)  
429.8±15.2  409.8±18.3  444.6±11.5  443.5±24.3  421.2±45.6  207.1±81.5

*‡
  494.5±18.3

§
  458.2±51.3

§
  

E/A ratio  1.74±0.11  1.84±0.18  1.59±0.12
*
  1.74±0.12  1.82±0.26  3.97±0.28

*‡
  1.62±0.11

§
  1.54±0.13

§
  

DT (ms)  28.3±1.4  26.8±2.0  26.0±1.8  25.8±1.6  26.5±3.5  25.8±5.6  23.2±0.7
§
  29.0± 2.2  

EWDR 

(mm/s
2
)  

26.5±2.1  28.2±2.3  27.2±2.0  29.4±3.2  29.1±2.8  31.8±4.8
*‡

  33.6±2.6
§
  24.71±2.4

§
  

E′ (mm/s)  24.1±2.1  25.8±1.6  23.2±1.8  28.6±2.8  20.0±2.3
*‡

  15.4±5.4
*‡

  25.9±1.8
§
  25.0±3.4

§
  

E/E′ ratio  31.1±3.3  29.3±2.8  30.5±3.2  26.6±2.4  38.5±3.6
*‡

  53.4±4.7
*‡

  30.1±1.9  28.6±2.2
§
  

LA Size 

(mm)  
1.66±0.19  2.14±0.24  2.50±0.20

*
  1.81±0.06  2.89±0.37

*‡
  2.99±0.21

*‡
  2.14±0.09

§
  2.22±0.12

§
  

 

LVEDD= LV end diastolic diameter; LVESD=LV end systolic diameter; 

LVFS=LV fractional shortening; LVEF=LV ejection fraction; VCFc= Velocity of 

circumferential shortening corrected for heart rate; LVPWT=LV Posterior wall 

thickness. E-wave= early transmitral inflow velocity; A-wave=transmitral inflow 

velocity due to atrial contraction; DT=E-wave deceleration time; EWDR=E-wave 

deceleration rate (E-wave/DT); E′=early tissue Doppler velocity; LA=Left 

atrium.* p<0.05 compared to sham, ‡ p<0.05 compared to WT-TAC. § p<0.5 

compared to  TIMP2
-/-

-TAC using two-way ANOVA analysis.  
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Figure 5.7.  TIMP2 deficiency results in excess fibrosis post-TAC. 

Picrosirius red staining of collagen (A), mRNA expression levels of procollagen 

I-1 (B-i) and procollagen III-1 (B-ii) of WT and TIMP2
-/-

 hearts post-sham or 

TAC (n=6/group/genotype). C, mRNA expression levels of TIMP1 in WT and 

TIMP2
-/-

 hearts post-TAC. D, Representative Western blot (i) and averaged 

protein levels (ii) for SPARC (secreted protein acidic and rich in cysteine) in WT 

and TIMP2
-/-

 hearts post-sham and post-TAC (n=4-6/group/genotype). *p<0.05 

compared to sham, ‡ p<0.05 compared to WT-TAC using two-way ANOVA 

analysis. 
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translation of this molecule. Hence, the increased myocardial fibrosis in TIMP2
-/-

-

TAC hearts is due to post-translational stabilization of collagen fibres rather than 

increased collagen production. 

 Detailed analysis of the ECM structure by scanning electron microscopy 

revealed a great degree of organization of the fibrillar ECM network in sham-

operated hearts (Figure 5.8.Ai and Aiv). By 2 weeks post-TAC, this fibrillar 

arrangement started to become distorted in the WT hearts (Figure 5.8.Aii-iii), 

whereas TIMP2-TAC hearts showed a very severe and nonuniform 

disorganization of the ECM. While degraded ECM was detected in some areas 

(Figure 5.8.Av), other areas showed severe thickening of the ECM fibrillar 

structure (Figure 5.8.Avi). Clearly, loss of TIMP2 leads to both quantitative and 

qualitative alterations in the ECM network structure. 

5.4.4. Collagenase activity is augmented in TIMP2
-/-

-TAC hearts 

 Consistent with the critical role of TIMP2 in conversion of proMMP2 to 

active MMP2,
22

 we found elevated levels of active MMP2 (64kDa) in WT, but 

not in TIMP2
-/-

 hearts post-TAC (Figure 5.9.Ai and Aiv), while MMP9 levels 

increased similarly in both genotypes (Figure 5.9.Ai-Aii).  Further, total 

collagenase activity was greater in TIMP2
-/-

-TAC compared to WT-TAC hearts 

(Figure 5.10.A). Activity of MT1-MMP, a membrane-type MMP and a major 

collagenase that is potently inhibited by TIMP2,
12, 23, 24

 was markedly greater in 

TIMP2
-/-

-TAC compared to WT-TAC at 2 weeks post-TAC (Figure 5.10.B), 

although MT1-MMP protein levels remained unaltered at this time (Figure 

5.10.Ci-Cii). These results show that TIMP2 is a critical negative regulator of 

collagenase activity, particularly MT1-MMP activity in the heart in a pressure 

overload state. 

5.4.5. Cell-ECM adhesion is impaired in TIMP2
-/-

-TAC hearts 

 The severe LV dilation and reduced systolic function with increased 

collagenase activity in TIMP2
-/-

-TAC mice lead us to investigate if TIMP2 

deficiency impacts the cell-ECM interaction. The cardiomyocyte-ECM  
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Figure 5.8.  Lack of TIMP2 results in nonuniform ECM remodeling post-

TAC. 

A, Scanning Electron Microscopy showing the ECM structure in WT (i-iii) and 

TIMP2
-/-

 (iv-vi) hearts 2 weeks post-sham or TAC. 
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Figure 5.9.  TIMP2
-/-

 mice show an absence of MMP2 activation.  

A, Gelatine zymography (i), band intensity for MMP9 (ii), proMMP2 (iii) and 

active MMP2 (iv) in WT and TIMP2
-/-

 hearts at 2 weeks post-sham or TAC. Total 

collagenase activity (B) and specific MT1-MMP activity (C) in WT and TIMP2
-/-

 

hearts post-TAC/sham. Coomassie blue staining was used as loading control. 

n=6/group/genotype. *p<0.05 compared to sham, ‡ p<0.05 compared to WT-TAC 

using two-way ANOVA analysis.  
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Figure 5.10.  TIMP2
-/-

 mice exhibited elevated collagenase activity.  

A, Total collagenase activity and specific MT1-MMP activity (B) in WT and 

TIMP2
-/-

 hearts 2 weeks post-TAC/sham.  C, Representative Western blot (i) and 

averaged MT1-MMP protein levels (ii) on membrane protein fraction from WT 

and TIMP2
-/-

 mice after sham or TAC.  Ponceau red staining was used as loading 

control.  n=4/sham, 6/TAC/genotype. AU=arbitrary units. *p<0.05 compared to 

sham, ‡ p<0.05 compared to WT-TAC using two-way ANOVA analysis.  
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Figure 5.11.   Myocyte-ECM interaction via integrin-β1 is diminished in 

TIMP2
-/-

 mice following pressure overload.  

A, Immunostaining and confocal imaging for integrin β1D at 2 weeks post-

sham/TAC (n=4 group/genotype). B, Representative Western blot (i), averaged 

protein levels (ii), and mRNA expression levels of integrin β1D (C) in WT and 

TIMP2
-/-

 hearts at 2 weeks post-sham/TAC (n=6/group). *p<0.05 compared to 

sham, ‡ p<0.05 compared to WT-TAC using two-way ANOVA analysis.  
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Figure 5.12.   Reduced integrin-β1 expression in TIMP2
-/-

 mice following 

pressure overload impairs mechanosignaling and myocyte-ECM adhesion. 

A, Representative Western blots for phospho-FAK, total FAK (i) and averaged p-

FAK (ii) and total FAK (iii) protein levels (n=9/group). B, In vitro cell-ECM 

adhesion assay showing the adhesion of cardiomyocytes from WT and TIMP2
-/-

 

hearts post-sham/TAC to laminin (i), fibronectin (ii) or collagen type-I (iii) (n=3 

hearts/group). *p<0.05 compared to sham, ‡ p<0.05 compared to WT-TAC using 

two-way ANOVA analysis.  
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connections are primarily mediated by integrins.
25-27

 Immunostaining (Figure 

5.11.A) and western blot analysis on the membrane protein fraction (Figure 

5.11.Bi-Bii) showed elevated integrin 1D levels post-TAC in WT, but not in 

TIMP2
-/-

 hearts, whereas its mRNA levels increased similarly between the two 

genotypes (Figure 5.11.C). Integrins act as biomechanical sensors and convert 

mechanical stress, to biochemical signals.
27, 28

 One of the well-known intracellular 

signalling pathways activated by integrin β1 is phosphorylation of focal adhesion 

kinase (FAK).
29-31

 Consistent with reduced integrin 1 levels in the TIMP2
-/-

-TAC 

cardiomyocyte membranes, p-FAK levels were significantly lower in these hearts 

compared to WT-TAC hearts (Figure 5.12.Ai-Aii). In vitro cell-adhesion assay 

further revealed that while cardiomyocytes from either genotype post-TAC 

showed similar impairment in adhesion to collagen type I, there was a greater 

impairment of cell adhesion to laminin and fibronectin by TIMP2
-/-

-TAC 

cardiomyocytes (Figure 5.12.B). This indicates that loss of TIMP2 leads to 

selective loss of integrin 1D resulting in reduced FAK phosphorylation, and 

thereby compromising cardiomyocyte adhesion to the ECM.  

5.4.6. Inhibition of MMPs ameliorated myocardial hypertrophy and fibrosis, 

and LV dysfunction in TIMP2
-/-

-TAC mice 

 In order to examine if absence of TIMP2 and the resulting uncontrolled 

proteolytic activities underlie the worsened LV dilation and dysfunction following 

pressure overload in these mice, we treated TIMP2
-/-

-TAC mice with an MMPi, 

PD166793, which has also been demonstrated to efficiently inhibit the membrane 

type MMP, MT1-MMP.
32, 33

 Total collagenase activity (Figure 5.13.A) and MT1-

MMP activity (Figure 5.13.B) were markedly reduced in MMPi-treated TIMP2
-/-

-

TAC hearts up to 5 weeks post-TAC.  This suppression of MMP activity was 

accompanied by lack of LV hypertrophy (Figure 5.14.Ai-ii) and interstitial 

fibrosis (Figure 5.14.B). In addition, at 5 weeks post-TAC, MMPi-treated  

TIMP2
-/-

 mice showed no systolic dysfunction as indicated by preserved LV 

contractility (EF and VcFc) and lack of LV dilation (LVEDD) (Figure 5.15. Ai-

Aiv), as well as a marked reduction in LV filling pressure estimated by E/E’ ratio, 
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normalized LA size and restoration of a normal transmitral filling pattern (Figure 

5.16.Ai-Av).  As such, early and persistent suppression of the increased MMP 

activity in the TIMP2-null setting rescued the pathological cardiac remodeling 

and systolic dysfunction 

 

 

 

 

Figure 5.13.   MMPi-treatment of TIMP2
-/-

-TAC mice effectively reduced 

protease activities. 

Total collagenase (A), and specific MT1-MMP activities (B) in TIMP2
-/-

-MMPi 

hearts at 2 weeks and 5 weeks post-TAC (n=6).  The data from 2 weeks post-TAC 

are repeated in light grey color to allow for comparison with the MMPi-treated 

groups. *p<0.05 compared to sham, ‡ p<0.05 compared to WT-TAC. § p<0.05 

compared to TIMP2
-/-

-TAC using two-way ANOVA analysis.  
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Figure 5.14.  MMPi-treatment of TIMP2
-/-

-TAC mice lead to reduced 

myocardial hypertrophy and fibrosis.  

A, Transverse cross-sectional images of hearts (i), and heart weight-to-tibial 

length ratio (ii) in TIMP2
-/-

-MMPi compared to other groups. B, Picrosirius Red 

staining showing lack of fibrosis in TIMP2
-/-

-MMPi hearts at 5 weeks post-TAC. 

The data from 2 weeks post-TAC are repeated in light grey color to allow for 

comparison with the MMPi-treated groups. *p<0.05 compared to sham, ‡ p<0.05 

compared to WT-TAC.  § p<0.05 compared to TIMP2
-/-

-TAC using two-way 

ANOVA analysis.  
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Figure 5.15.   The severe cardiac dysfunction and dilation in TIMP2
-/-

-TAC 

mice was blocked with MMP-inhibition in vivo.  

A, Representative M-mode images (i) and averaged parameters of cardiac systolic 

function, ejection fraction (EF) (ii), LV end-diastolic diameter (LVEDD) (iii) and 

velocity of circumferential shortening (VCFc) (iv) in TIMP2
-/-

 mice treated with 

MMPi at 2 weeks and 5 weeks post-TAC compared to WT and untreated TIMP2
-/-

 

mice (n=6/sham, 8-12/TAC). *p<0.05 compared to sham, ‡ p<0.05 compared to 

WT-TAC. § p<0.05 compared to TIMP2
-/-

-TAC. The data from 2 weeks post-

TAC are repeated in light grey color to allow for comparison with the MMPi-

treated groups using two-way ANOVA analysis.  
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Figure 5.16.  MMP-inhibition ameliorated the cardiac diastolic dysfunction 

in TIMP2
-/-

-TAC mice in vivo.  

A, Transmitral valve (i) and Tissue Doppler images (ii) , and averaged parameters 

of LV filling and LA size (iii-v) in TIMP2
-/-

 mice treated with MMPi at 2 weeks 

and 5 weeks post-TAC compared to WT and untreated TIMP2
-/-

 mice (n=6/sham, 

8-12/TAC). *p<0.05 compared to sham, ‡ p<0.05 compared to WT-TAC. § 

p<0.05 compared to TIMP2
-/-

-TAC. The data from 2 weeks post-TAC are 

repeated in light grey color to allow for comparison with the MMPi-treated 

groups using two-way ANOVA analysis.  
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5.5.  Discussion 

5.5.1. Increased MT1-MMP activity is linked to pathological cardiac fibrosis 

in TIMP2
-/-

 mice post-TAC  

The worsened LV dilation and dysfunction in TIMP2
-/-

 mice following 

pressure overload was accompanied by a greater increase in total collagenase 

activity, and particularly MT1-MMP compared to parallel WT hearts.  The 

important inhibitory function of TIMP2 against MT1-MMP has been reported in 

myocardial infarction.
12

  MT1-MMP has also been linked to fibrosis, one of the 

characteristics of pressure overload cardiomyopathy,
3, 34

 as cardiac-specific 

overexpression of MT1-MMP led to myocardial fibrosis.
32, 35

 MT1-MMP also 

promotes invasion of fibroblasts, the collagen-producing cells, through its focal 

collagenolytic activity necessary for supporting tissue invasion.
36

 We found that 

TIMP2
-/-

-TAC mice exhibit excess myocardial fibrosis, associated with elevated 

SPARC levels resulting in stabilization of the collagen fibres, rather than 

increased collagen production. MT1-MMP has been shown to trigger myocardial 

fibrosis by increasing the expression of collagens.
32, 35

  Our study provides 

evidence for a novel profibrotic role for MT1-MMP through post-translational 

stabilization of the collagen fibres rather than increased production of collagens. 

5.5.2. MMP inhibition of upregulated collagenase activity ameliorated the 

negative outcomes of TIMP2 deficiency 

We further demonstrate that inhibition of the upregulated MMPs  

including MT1-MMP,
9, 11, 37

 ameliorated the myocardial fibrosis and hypertrophy 

which culminated in a marked improvement in the systolic dysfunction in  

TIMP2
-/-

-TAC mice. Hence, the negative outcomes of TIMP2 deficiency are in 

fact due to lack of its MMP-inhibitory function and the resulting uncontrolled 

proteolytic activities in disease. As such, the rise in TIMP2 levels following 

pressure overload, as also observed in patients,
15, 16

 is likely an adaptive response 

to  dampen  the elevated proteolytic activities that occur in heart disease. 
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5.5.3. TIMP2
-/-

 -TAC hearts exhibit a loss of integrin-β1D and ECM adhesion 

from increased degradation by MT1-MMP 

The biomechanical stress exerted on the heart is transmitted to the ECM. 

Integrins are cell surface receptors that mediate the cell-ECM adhesion and 

convert the extracellular biomechanical stress to intracellular biochemical 

signalling. Integrin β1D levels increase during the compensatory phase of cardiac 

response to pressure overload.
26, 38

 In contrast, in TIMP2
-/-

 hearts, protein levels of 

integrin β1D did not increase following pressure overload despite a comparable 

increase in integrin β1D mRNA levels. Consistently, TIMP2
-/-

-TAC 

cardiomyocytes showed impaired adhesion to fibronectin, a basement membrane 

protein that cross-links with the integrins, and to laminin, the molecule that 

connects the ECM to the integrins. TIMP2 has been reported to regulate integrin 

1 expression in skeletal muscle.
39

 Although we found that TIMP2 deficiency did 

not alter integrin 1 mRNA expression in the heart post-TAC, the reduced 

integrin 1 protein levels suggest its proteolytic degradation in TIMP2
-/-

-TAC 

hearts which correlates with the higher collagenase and MT1-MMP activities in 

these hearts.  

MT1-MMP is a strong candidate among MMPs to mediate degradation of 

the integrin structure since it colocalizes to the cell membrane in proximity to the 

ECM-binding integrins,
26, 40, 41

 , although contribution of other MMPs such as 

MMP13 cannot be entirely excluded.  Consistent with our finding of exacerbated 

cardiac hypertrophy and fibrosis in TIMP2
-/-

-TAC mice, cardiac specific deletion 

of integrin 1 resulted in cardiac fibrosis and heart failure, as well as intolerance 

to pressure overload,
42

 while loss of FAK signaling in the heart lead to worsening 

of hypertrophy and fibrosis following pressure overload.
43

 The impaired 

cardiomyocyte-ECM connections due to reduced levels of integrin-β1D in the 

TIMP2
-/-

-TAC mice exacerbate the dilated cardiomyopathy in these mice. Our 

study provides a novel role for TIMP2 in the link between cardiomyocyte-ECM 

interaction and post-translational regulation of integrin-1 in the heart.   
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5.5.4. Conclusions 

Our study provides a novel insight into the role of TIMP2 in pressure 

overloaded cardiomyopathy, and the molecular mechanisms for fibrosis, ECM 

integrity and cardiomyocyte-ECM interaction. In addition, this study completes 

the analysis of the role of each TIMP in cardiac recovery from pressure overload. 

Unlike TIMP1
44

 and TIMP4
45

 which do not impact cardiac response to pressure 

overload, TIMP3-deficiency severely exacerbates this process.
9, 21

 Hence, TIMP2 

and TIMP3 have emerged as key players in pressure overloaded cardiomyopathy, 

although they each function through a different mechanism. Confirmation of these 

findings in patients is essential in order to address the interspecies differences, and 

it could lead to implementing therapeutic approaches to replenish TIMP2 and/or 

TIMP3 to improve the outcomes in cardiac response to biomechanical stress.    
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Determining the interactions involved in cardiac ECM turnover during the 

process of cardiac remodeling has been proven to be a focal point of 

understanding the progression of heart disease.  The identification and 

characterization of the MMPs and TIMPs as regulators of the ECM balance has 

encouraged deeper investigation into the ECM regulatory process.  My interest to 

study the complexity of ECM remodeling in response to myocardial infarction in 

comparison to cardiac pressure overload-induced cardiomyopathies was focused 

on determining the role of two independent, highly expressed TIMPs, TIMP2 and 

TIMP3 which possess different and unique properties, in these disease models and 

identifying the relationship between ECM remodeling and the observed functional 

outcome.   

 

6.1. Summary of important findings 

With TIMP3 deficiency, we observed increased mortality predominantly 

due to LV rupture starting at 3 days post-MI, and a larger infarct size at 1 week in 

the surviving mice.  We found the collagen network in disarray in the infarct 

region likely contributing to the worsened dilation and increased rupture 

incidence.  There was an early increase in MMP2 and MMP9 levels throughout 

the TIMP3
-/-

 myocardium at 1 day post-MI with increased gelatinase and 

collagenase activity, primarily in the infarct and peri-infarct regions. Furthermore, 

there was a considerable increase in neutrophil infiltration in the TIMP3
-/-

 infarct 

and peri-infarct regions at 3 days, with a concomitant increase in inflammation-

associated MMP expression.  MMPi administration improved survival and 

reduced rupture incidence to levels greater than in the WT, as well as preserving 

systolic and diastolic function which was exacerbated in the TIMP3
-/-

 mice at 1 

week post-MI.   

The lack of TIMP2 in myocardial infarction and in pressure overload 

cardiomyopathy provided us with distinct yet overlapping patterns of TIMP2-

dependent remodeling, with both studies demonstrating that the presence of 
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TIMP2 is required for adaptive cardiac response to disease.  Loss of TIMP2 in the 

setting of myocardial infarction displayed worsened cardiac dysfunction and 

dilation post-MI, with an increase in infarct expansion with similar incidence of 

infarct rupture compared to WT mice.  TIMP2
-/-

 MI-hearts exhibited reduced and 

disordered collagen matrix structure in all regions compared to the WT heart, 

along with increased inflammatory cell infiltration.  The absence of cleaved-

MMP2 in the TIMP2
-/-

 hearts and comparable total gelatinase activity in both 

genotypes was offset by increased mRNA expression of the critical cardiac 

collagenases (MMP8, MMP13, and MT1-MMP), with greater collagenase activity 

in the TIMP2
-/-

 mice determined to be a result of a significant contribution by 

MT1-MMP activity and possibly the other collagenases.   

The pressure overloaded heart in the absence of TIMP2 also displayed 

exacerbated dysfunction and dilation, with increased hypertrophy compared to 

WT-TAC hearts at 2 weeks.  Upon closer examination, we observed considerable 

fibrosis throughout the myocardium in a nonuniform pattern.  There was a lack of 

proMMP2 activation which is consistent with the MI model and an increase in 

total collagenase and MT1-MMP-specific activity.  In addition to altered ECM 

structure, we found a loss of integrin-β1D at the cell membrane in the TIMP2
-/-

-

TAC myocardium which was accompanied by reduced downstream signaling and 

impaired cardiomyocyte adhesion to matrix substrates in vitro.  Pharmacological 

MMPi administration starting at one-day prior to TAC and continued to end-point 

dampened the adverse dilation and hypertrophy, and preserved cardiac function to 

WT-TAC levels which was sustained until 5 weeks post-TAC.    

   

6.2. Distinct TIMP-dependent remodeling patterns are evident in MI versus 

cardiac pressure overloaded hearts  

MI triggers alterations in the structure and composition of the myocardial 

ECM that eventually leads to adverse myocardial remodeling. The remodeling 

process begins with degradation of the existing ECM, loss of normal collagen 
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struts, and reduced cross-linking within the ischemic region very early post-MI
1, 2

.  

Among the TIMPs, TIMP2 and its role in development and progression of 

cardiomyopathy has been the least studied. Since TIMP2 has two opposing 

functions, as an activator and an inhibitor of MMPs, it is uncertain how a change 

in TIMP2 levels will impact the tissue response to MI or pressure overload.  The 

role of TIMP3, although its impact has been partially characterized previously in 

an experimental MI model
3
, remains unexplored with regards to identifying the 

critical mechanisms leading to the early functional decline and increased LV 

rupture associated with its loss. The findings from our study shed light on the 

immediate onset of the remodeling process regulated by TIMP3 inhibition, and its 

critical contribution to disease progression.   

Excess biomechanical stress, secondary to hypertension or aortic valve 

stenosis, remains an important cause of systolic and diastolic failure
4
.  The 

mechanical stress exerted on the heart by pressure overload is transmitted to the 

extracellular matrix and the cell-ECM connections.  Hence, the integrity of the 

ECM and its interaction with the cardiomyocytes is critical in optimal cardiac 

response to pressure overload.  We found that TIMP2-deficient mice exhibit 

severe dysfunction with significant myocardial remodeling, hypertrophy and 

fibrosis, which was detected in WT hearts post-TAC to a much lesser degree. 

Cardiac pressure overload did not impact cardiac remodeling or dysfunction in 

mice lacking TIMP1
5
 or TIMP4

6
, but lead to precipitous dilated cardiomyopathy 

and early heart failure in TIMP3-deficient mice
7, 8

.  These findings collectively 

indicate a distinct key role for TIMP2 and TIMP3 as critical TIMPs in the cardiac 

response to biomechanical stress. 

A direct comparison between the post-infarct activation of MMPs with 

that following pressure overload cannot be made since myocardial infarction is 

rapid onset (ischemia and necrosis of the LV tissue is induced by ligation of the 

supplying coronary artery), whereas pressure overload imposes a gradual pressure 

burden on the left ventricle. As such, myocardial infarction triggers a rapid 

(within hours)
9
 and transient induction of a number of MMPs, primarily those 
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produced by inflammatory markers, MMP8, MMP9 and MMP12, as well as other 

collagenases, MMP2 and MT1-MMP. On the other hand, molecular changes 

induced by pressure overload occur gradually (days)
10

 and will persist through the 

development of disease. 

 

6.3. Diverse maladaptive cellular responses lead to the loss of myocardial 

contractility in the TIMP2- and TIMP3-deficient mice in the disease heart  

Injury to the myocardium results in a number of cellular transformations 

that can lead to local or overall structural damage.  Following MI, myocardial 

necrosis in the ischemic area resulted in the thinning of the ventricular wall and 

scar formation.  The initial infarct size was found to be comparable between the 

TIMP2
-/-

, TIMP3
-/-

 and the WT mice indicating that LAD-ligation affected the 

same downstream myocardial area in all strains. However, the greater infarct size 

expansion seen in the TIMP2
-/-

 and TIMP3
-/-

 mice compared to the WT mice 

correlated with increased dilation of the LV.  The causal factors behind this 

expansion are likely diverse, ranging from malformed and destabilized interstitial 

environment, increased susceptibility of peri-infarct myocyte necrosis, 

inflammation, and vascular impairment as inferences.  The increased dilation 

altered the hemodynamics of the LV with respect to ventricular volume and 

pressure, thereby further compromising the optimal relationship between these 

two parameters for both systolic and diastolic function.  

Preserving adhesion of the viable myocardium with the ECM has been 

found to be important to maintain proper myocardial function in a synchronous 

fashion
11

.  Irrespective of the abnormality, whether it is ECM disruption or a 

myocardium-anchoring defect, the end result is the inability for myocytes to 

attach to their surrounding environment for structural or communication purposes.  

This was evident in the TIMP2
-/-

-TAC model with the loss of integrin-β1. 

Integrins are the cell surface mediators for myocyte communication and 

attachment with the ECM.  The β1D integrin isoform has been found to respond 
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rapidly to changes to the myocardium, notably in the event of mechanical stress 

from pressure overload
11

, especially relevant as it is an abundant and unique 

isoform of the β1 family subclass found specifically in striated muscle such as in 

cardiac and skeletal muscle
12

.  In addition to responding positively during 

pressure overload, it has been determined that this integrin is very much essential 

for proper cardiac response to mechanical stress, as these conditional knockout 

mice did not adapt well when subjected to TAC
13

.  The concept of a disrupted 

myocyte-matrix interface network resulting in myocyte rearrangement and 

misalignment, or slippage, is not unique and has been found to be relevant to heart 

disease and development of heart failure
14-19

.  Myocyte slippage is a factor 

considered to be involved in the impairment of systolic function
14, 20

, and also a 

contributor to dilation as myocytes slide out of their original location and over one 

another thereby elongating ventricle dimensions
21

.    

The greater dilation that is observed in the TIMP2
-/-

-TAC hearts compared 

to WT is intriguing as this dilation was accompanied by an enhanced myocardial 

hypertrophy as determined by greater LV weight relative to tibial length and also 

an increase in myocyte CSA.  The classical concept of early hypertrophy serving 

as an adaptive response to cardiac stress has been challenged while examining the 

outcome of TIMP2 deficiency in the pressure overloaded heart, adding to the 

debate about its beneficial value.  The presence of a more severe hypertrophic 

myocardium at 2 weeks post-TAC in the TIMP2
-/-

 mice is correlated with reduced 

functional capacity of these hearts.  This is not purely a result of the increased 

hypertrophy, as there are other alterations of the myocardium and ECM that we 

propose are collectively detrimental to cardiac function, but it is interesting to see 

that the hypertrophy observed could not compensate for these alterations and may 

possibly be contributing to the decline.  One of the major improvements after 

MMPi administration was the normalization of hypertrophy in the TIMP2
-/-

-TAC 

hearts with preserved function, indicating that hypertrophy may be directly linked 

to ECM changes and related intracellular signaling, or possibly as an indirect 

response to the functional decline as a result of adverse ECM remodeling leading 

to improper myocardium functioning triggering hypertrophy to compensate.   
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6.4. The role of MMPs and TIMPs in matrix remodeling (disruption and 

fibrosis) is a complex process  

ECM remodeling typically involves a two part process, the degradation of 

existing ECM and the reassembly with new matrix components thereafter, 

generally classified as ECM turnover
22, 23

.  The actions of MMPs and TIMPs in 

ECM remodeling for a long time were thought to be clear and well established.  

The canonical theory is that MMPs are the proteolytic enzymes that degrade ECM 

components leading to the reduction of ECM content, and that TIMPs prevent this 

process thereby allowing for ECM accumulation.  The imbalance of these actions 

was thought to be the decisive step in pathological ECM remodeling in disease.  

However, our studies have revealed that the process of ECM remodeling in 

disease is more complex and in fact multidimensional, with temporal and 

condition-dependent aspects.  

The classic paradigm was apparent in our myocardial infarction model, 

especially pertaining to the actions attributable to the unregulated overall MMP 

activity in TIMP3
-/-

-MI hearts and upregulation of total collagenase and MT1-

MMP activities in the TIMP2
-/-

 hearts post-MI.  The degradation of the ECM was 

evident in the infarct and peri-infarct regions as visualized through SHG imaging 

in the TIMP2- and TIMP3-deficient myocardium.  A loss of ECM structure was 

also detected very early in the TIMP3
-/-

 heart post-TAC
8
 within hours or even a 

week post-TAC.  The contradiction to this classical notion is evident in pressure 

overload-induced aberrant ECM remodeling in the TIMP2
-/-

 heart with dispersed 

areas of fibrotic lesions situated among degraded regions, which was also seen at 

later stages in the TIMP3
-/-

 TAC, associated with TGF-β involvement
24

.  A 

fundamental event leading to fibrosis, aside from altered synthesis, was proposed 

to be a shift in the balance towards TIMP inhibition of MMP activity (TIMPs >> 

MMPs)
25

.  This is interesting in light of the different TIMPs typically showing 

distinct and sometimes opposing expression patterns in response to disease
26, 27

.  It 

is important to note that in certain stages of a particular disease, such as post-MI
28

 

and hypertensive heart failure
29

, there can be a parallel increase in both MMP and 
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TIMP levels with the inhibitory effect from TIMPs on MMPs being superior to 

the MMPs’ proteolytic activity leading to a net reduction in proteolytic activity, 

without an actual reduction in MMP levels.  In the MI models, MMP2-deletion 

resulted in less incidence of rupture post-MI
30

, and along with others we have 

shown that TIMP3
-/- 

mice experience greater cardiac infarct rupture
31, 32

 

supporting the notion that inhibition of MMP activity can protect against the 

degradation and instability in the newly forming infarct.  However, it has been 

reported that MT1-MMP overexpression resulted in increased fibrosis in all 

myocardial regions post-MI
33

, MMP9
-/-

mice display less collagen in the infarcted 

region post-MI
34

, and MMP2 deficiency ameliorates TAC-induced interstitial 

fibrosis found in WT mice
35

.  These reports collectively suggest that upregulated 

MMP levels have the potential to act contrary to the general belief, and to 

promote collagen accumulation, thereby indicating a role for TIMPs in preventing 

fibrosis.     

The activation of profibrotic factors could play a considerable role in ECM 

remodeling and pathology.  Ventricular stiffness is dependent on fibrillar collagen 

content and cross-linking
36

, and prevention of the cross-linking process has been 

found to alleviate ventricular stiffness at baseline pharmacologically
37

 and in 

cardiac pressure overload
38

.  Angiotensin II (AngII) has been well-documented to 

stimulate fibroblasts to trigger collagen synthesis
39, 40

, as well as induce regulators 

of ECM structure
41-43

.  Factors such as TGF-β, and fibroblast growth factor can 

stimulate fibroblast activity, which have been found to be released and/or 

activated through increased MMP activity
33, 44, 45

 leading to increased expression 

and synthesis of ECM components.  Without a difference in procollagen Iα or IIIα 

mRNA expression between TIMP2
-/-

 or TIMP3
-/-

-MI or TAC hearts in 

comparison to their WT counterpart, we found lower density and disrupted 

collagen structure in the TIMP2
-/-

-MI and TIMP3
-/-

-MI, and a nonuniform ECM 

assembly in the TIMP2
-/-

-TAC with areas of considerable fibrosis in response to 

pressure overload.  These ECM conditions show that collagen expression and 

synthesis are only partially responsible for ECM integrity, and that the post-

translational modifications by increased MMP degradation or alternatively 
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strengthening of the ECM have a strong influence on the ECM stability.  The loss 

of ECM structural integrity seen in both TIMP2
-/-

-MI and TIMP3
-/-

-MI can be 

linked to the increased MMP activity, whereas we found the fibrosis in the 

absence of TIMP2 in the pressure overloaded heart to be linked to increased 

SPARC and matricellular processing for collagen post-translational 

modification
38

, which we have found to be considerably increased post-TAC in 

the TIMP2
-/-

 hearts.   

 

6.5. TIMP2 and TIMP3 exert differential effects post-MI 

TIMPs are critical in the outcome of ECM turnover and remodeling in 

health and in disease
27, 46

.  MMP activities post-MI have been demonstrated to be 

differentially regulated by TIMP2 and TIMP3.  According to our findings, the 

loss of TIMP2 results in a significantly greater upregulation of collagenase 

activity compared to sham-operated controls and WT-MI mice, whereas absence 

of TIMP3 resulted in an early and greater increase in both gelatinase and 

collagenase activities at 1 day post-MI , which was also observed with TIMP3 

deficiency post-TAC
8
.  The similar increase in gelatinase activity between WT 

and TIMP2
-/-

-MI hearts may be attributable to the balance between the loss of 

activated MMP2 and the concomitant increase in MMP9 levels compared to WT-

MI, in contrast to the increase in levels of both gelatinases (MMP2 and MMP9) 

seen in the TIMP3
-/-

-MI myocardium.  TIMP3 also regulates collagenase 

activities, possibly due to tight regulation of MMP2 which has been found to 

possess collagenase behavior
47

 and possibly MT1-MMP, a potent membrane-

bound collagenase
48, 49

.  To summarize, TIMP2 deficiency results in the lack of 

MMP2 activation, as opposed to increased MMP2 activation within 1 day post-MI 

in TIMP3
-/-

 mice.  MMP2 has been reported to be a key factor in post-MI LV 

rupture
30

, and as such could partly explain the differential impact of TIMP2 

deficiency and TIMP3 deficiency in post-MI rupture incidence.    
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  TIMP2 and TIMP3 appear to also display differential spatial expression 

patterns, particularly in response to disease.  In contrast to the WT-MI where we 

found a drastic loss of TIMP3 protein levels in the ischemic myocardium 

compared to healthy control myocardium, we found the opposite expression 

pattern of TIMP2 protein levels throughout the WT-MI regions.  Notably, there 

was a relatively greater TIMP2 level in the WT-infarcted myocardial region with 

a decline further remote from the ischemic zone post-MI, and an overall 

upregulation of myocardial TIMP2 levels in response to pressure overload.  We 

interpret the loss of TIMP3 in the infarct region of the LV post-MI as a major 

cause of instability in this region, as TIMP3
-/-

-mice exhibited increased infarct 

ECM degradation and rupture incidence indicating a prominent role for TIMP3 in 

infarct stability and proper scar formation.  TIMP2-deficient mice exhibit 

comparable LV rupture incidence compared to the WT mice despite the far more 

severe LV dilation and dysfunction, similar to the resultant loss of function in the 

TIMP3
-/-

 mice.  In addition, TIMP2 upregulation in the infarct area of TIMP3-

deficient hearts was not sufficient to decrease the rate of LV rupture in these mice. 

These findings indicate that while TIMP2 deficiency primarily affected the 

remodeling and function of the non-infarct myocardium, the lack of TIMP3 

exerted a global effect influencing the infarct as well as the non-infarct 

myocardium.   

 

6.6. MMP2 activity has a variable role in ECM remodeling during heart 

disease  

TIMP2 is highly expressed in the heart and its levels are upregulated in 

patients with pressure overload cardiomyopathy
25, 50

.  TIMP2 plays a dual role as 

an activator of proMMP2
51, 52

, as well as an inhibitor of a number of MMPs
53

. We 

have determined that TIMP2 is essential for cell surface activation of proMMP2 

in the myocardium.  TIMP3 has a broad-spectrum MMP inhibitory role which 

includes MMP2 inhibition.  However, in contrast to TIMP2, TIMP3 is uniquely 

inhibitory to the cell surface activation process of proMMP2
54

.  Consistently, we 
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observed an increase in MMP2 activation to the cleaved-form in the TIMP3
-/-

-MI 

myocardium.  MMP2 has been traditionally classified as a gelatinase, with recent 

evidence demonstrating  collagenase properties
47, 55, 56

 and it has been linked to a 

number of cardiomyopathies
8, 57, 58

.  The variability in establishing and attributing 

a clear level of importance to MMP2 in the ECM remodeling process stems from 

some inconsistencies between its presence and the resultant ECM remodeling 

occurring during heart disease in these experimental models.        

MMP2 is a known type IV collagenase
55

, but it has been found to possess 

potential triple helicase capacity to degrade collagen type I
47, 59

.  Classically 

known to degrade denatured type I
60

, which is commonly referred to as gelatin, 

this ability to participate in type I collagenolysis contributes to its total 

collagenase activity.  Additionally, MMP2 has been considered to act 

synergistically to increase the collagenolytic activity of MT1-MMP
61

.  With 

respect to the cell surface activation of proMMP2, despite a significant increase in 

the activity of MT1-MMP, no cleavage of proMMP2 to its 64kDa form was 

detected in the TIMP2
-/-

 myocardium in vivo. Biochemical studies have shown 

that proMMP2 can be activated by MT2- and MT3-MMP in a TIMP2-

independent fashion
62

.   

MMP2 has also been shown to trigger fibrosis through releasing the ECM-

bound latent TGF- thereby inducing collagen synthesis
7, 63

.  Consistent with this 

finding, cardiac overexpression of active MMP2 leads to severe myocardial 

fibrosis, along with hypertrophy and impaired systolic function, with an additional 

increase in myocyte fragmentation and the recruitment of other MMPs
64

.  The 

effect of MMP2-deletion in minimizing injury and ameliorating disease 

progression has been well documented
30, 35, 65, 66

, although there seems to be 

evidence that MMP2-deletion may infact potentially exacerbate inflammation-

based diseases
67, 68

, adding to the complexity and variability of predicting the role 

of MMP2.  MI
69

 and the pressure overloaded heart
35

 have both shown 

preservation of cardiac morphology and function in the absence of MMP2, 
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indicating that its presence may be injurious as opposed to adaptive in response to 

disease.   

Experimental models of both TIMP2
-/-

- and TIMP3
-/-

-MI exhibit 

precipitous decline in function as a result of considerably enhanced ECM 

remodeling, however the polar opposite effects of MMP2 activation that we 

observed creates confusion regarding the importance of this MMP in the observed 

phenotypes.  The fact that the increased presence or complete absence of MMP2 

can result in similar functional outcomes is intriguing, clearly indicating that 

although there is a lack of activated MMP2 in the TIMP2
-/-

 model, the absence of 

TIMP2 creates a considerable void in the regulation of other MMPs in the 

remodeling process which compensate for the abolished MMP2, such as increased 

MT1-MMP activity. The confounding dilemma in establishing the role of MMP2 

stems from having to take into account the compensatory upregulation of other 

MMPs due to its own upregulation or by its removal from the overall proteolytic 

balance, as both scenarios are possible.  One must consider the context of MMP2 

activity, as there are demonstrated intracellular MMP2 processes that can 

contribute to cardiac dysfunction
70, 71

 due to intracellular MMP2 activation from 

increased oxidative agents present in pressure overload
72

 or MI
73

, or by 

intracellular MMP2 phosphorylation regulating its activity
74

.  There are also 

temporal patterns of expression and the essential duties in ECM turnover that 

need to be taken into consideration when assessing its overall impact in 

remodeling and the prospect of limiting its activity. 

 

6.7. MT1-MMP is a critical regulatory factor in cardiac ECM remodeling 

MT1-MMP is a potent collagenase
75, 76

, which also targets other ECM 

components such as fibronectin
77, 78

, laminin
77, 79

, and proteoglycans
80, 81

.  In fact, 

transmembrane-deletion mutant (soluble) MT1-MMP also possesses potent 

proteolytic activity towards a large number of ECM molecules
82

.  A unique role 

of MT1-MMP is that it is involved in the activation of proMMP2 through the 
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formation of a trimolecular complex with TIMP2
51

.  MT1-MMP has also 

demonstrated the capacity to activate proMMP13 at the cell surface
83, 84

, thereby 

further contributing to the proteolytic activities in a tissue, although MT1-MMP 

has a much greater triple-helical peptidase activity than other interstitial 

collagenases such as  MMP1 or MMP13
85, 86

.  A direct interaction between 

TIMP2 and the catalytic domain of MT1-MMP indicates that TIMP2 could act as 

a highly specific inhibitor of MT1-MMP
87

; however it is important to note that 

TIMP3 has also been found to exhibit effective inhibition of MT1-MMP
48

, 

possibly at a lesser extent
49

.   

The absence of TIMP2 in our experimental MI and pressure overload 

models have shown a greater increase in MT1-MMP mRNA, protein, and activity 

compared to parallel WT mice, which correlates with our finding of increased 

total collagenase activity in the absence of TIMP2.  We were able to prevent this 

elevated proteolysis by using a pharmacological MMP inhibitor that reduced both 

activity and mRNA expression, thereby significantly protecting the heart from 

extensive adverse ventricular remodeling exhibited in the untreated mice.  This 

illustrates the significant contribution that MT1-MMP has in total collagenase 

activity in the heart, and the importance of sufficient inhibitory control for 

preserving adequate ventricular form and function. Although the pharmacological 

inhibitor that we used (PD166793) is not a specific inhibitor of MT1-MMP, it has 

been shown to also inhibit this membrane-bound MMP
88

. Of course, a more 

targeted inhibition of MT1-MMP would have been ideal, however in the absence 

of a specific pharmacological inhibitor and since MT1-MMP-deficient mice die 

shortly after birth due to a loss of viability as a result of severe developmental 

abnormalities
89

, our options were limited.  To date, MT1-MMP cardiac-specific 

overexpression in mice has been examined in various contexts such as in aging
90

 

and in disease
33

.  Other approaches, such as the utilization of cre-lox technology 

for cardiac-specific conditional deletion of MT1-MMP would serve as a suitable 

alternative.   
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In mice lacking TIMP3 we examined mRNA expression levels of various 

MMPs post-MI and similarly discovered an increase in MT1-MMP mRNA 

expression that is consistent with earlier findings in pressure overloaded TIMP3
-/-

 

hearts
8
.  Recently, it has been reported that MT1-MMP overexpression results in 

severe cardiomyopathy
76

.  MT1-MMP is elevated in fibroblasts from patients with 

cardiomyopathies and has been shown to contribute to heart disease
91

.  These 

findings indicate that both TIMP2 and TIMP3 may collectively regulate this 

highly dynamic protease, which under disease states has been found to be 

upregulated, greatly influential, and may contribute to fibrosis post-MI
33

.  As 

such, an increase in MT1-MMP activity is inevitably associated with elevated 

MMP2 activation, unless when TIMP2 is lacking. Hence, the TIMP2
-/-

 mice 

provide an exciting model to examine the outcomes of MT1-MMP activation in 

the absence of MMP2 activation, with further work required to distinguish the 

role of MT1-MMP with the loss of TIMP3. 

In addition to its role in cardiac ECM remodeling, MT1-MMP has 

demonstrated a significant role in angiogenesis in both a vascular ECM-

dependent
92

 and -independent
93

 fashion.  A characteristic of MT1-MMP that is 

relevant to both endothelial cells and cardiomyocytes is its localization with 

membrane integrin complexes.  As we have demonstrated in the TIMP2-deficient 

mice, there is a strong likelihood of the increased MT1-MMP activity being 

responsible for the proteolytic processing of adjacent cell surface integrins in the 

TIMP2
-/-

-TAC heart. The importance of integrins in cellular adhesion and 

communication is well-established; the interaction between MT1-MMP and 

integrins on various cell types in the absence of TIMP2- or TIMP3-specific 

regulation will allow us to discriminate how MMPs-TIMPs regulate myocardial 

cell adhesion or conversely endothelial cell migration. 
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6.8. Inflammation is an important catalyst of ECM remodeling post-MI 

There is a delicate balance between inflammation and ECM remodeling 

(Chapter 1.4.1).  The upregulation of MMP9 in the TIMP2- and TIMP3-deficient 

MI hearts are consistent with the more severe inflammation in these hearts as 

MMP9 levels are often used as markers of severity of inflammation in different 

inflammatory diseases including sepsis
94

.  Fragments of ECM proteins can attract 

inflammatory cells
95

, and initial degradation of collagen fibers has been shown to 

precede inflammation post-MI
58

.  Degradation products of collagen type I, such as 

the Pro-Gly-Pro (PGP) peptide that is produced by MMP9
96

 and MMP8
97

, can 

serve as neutrophil chemoattractants in vivo
98

.  In addition, TIMP3 has been 

reported to constrain neutrophil influx in the lung through inhibiting MMPs
99

.  

Hence, the severe inflammation in TIMP2
-/-

 and TIMP3
-/-

 myocardium further 

indicates excess damage to the ECM structural components in these mice post-MI 

and likely attracts further infiltration.  

The heightened inflammation itself in these MI hearts compared to WT-

MI could also explain the significantly higher levels of MMP8 and MMP9, the 

two MMPs that are produced by neutrophils, which can in turn facilitate 

neutrophil migration
97

. Recent studies have shown that a high neutrophil count is 

correlated with a higher incidence of adverse cardiac events in patients with acute 

MI
100

 and that the neutrophil-to-lymphocyte ratio serves as an independent 

predictor of cardiac death in patients with stable coronary artery disease
101

.  

Inflammatory cells can produce a number of MMPs (including MMP8, MMP9, 

and MMP12) that will further mediate ECM degradation and overall adverse 

tissue remodeling
102-104

. The greater neutrophil infiltration in the TIMP-deficient 

hearts is consistent with elevated levels of MMP8, MMP9, and MMP12 in these 

hearts.  Inflammation and elevated MMP9 levels have also been linked to LV 

rupture in patients and in animal models
105-107

. In addition, mice lacking MMP9 

are protected against LV rupture post-MI
105

 and exhibit improved LV dilation and 

dysfunction post-MI
34

, suggesting that the increase in MMP9 in mice lacking 

TIMP2 or TIMP3 post-MI leaves it susceptible to unfavourable outcomes. 
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Further evidence indicating the need to regulate inflammation was 

reported with the overexpression of an NFκB-inhibitor to antagonize the 

proinflammatory signaling in the rat-MI model, which reduced MMP expression 

and increased TIMP expression and was linked to preventing dilation and 

preserving function post-MI
108

.  This correlates with the concept of an inherent 

protection by TIMPs in the heart and the importance of adequate containment of 

upregulated MMPs, as well as corroborating the potential detrimental effects of 

excessive inflammation post-MI.  

 

6.9.  MMP dysregulation is a significant culprit in the adverse cardiac 

remodeling after injury, and therefore needs to be strategically neutralized  

The TIMP3
-/-

-MI and TIMP2
-/-

-TAC studies examined the beneficial 

effects of early pharmacological MMPi treatment, which would supplement our 

understanding of the complexity of balancing the ECM remodeling process.  

Continuous MMPi treatment attenuated the adverse LV remodeling in mice
109

 and 

in pigs
88

 following MI.  In addition to the TIMP2
-/-

-TAC study in which we 

administered continuous MMPi starting from one day pretreatment before TAC, 

we demonstrate that the beneficial effects of MMPi treatment during the first 2 

days post-MI, following 2 days pretreatment, persist to prevent adverse LV 

remodeling, infarct expansion, and LV rupture up to 1 week post-MI. Targeting 

the early rise in MMP activities post-MI is particularly important, since we have 

demonstrated that levels of TIMPs (TIMP2, TIMP3, and TIMP4) are also reduced 

early post-MI. In addition, this could also explain the unsuccessful outcome of the 

PREMIER trial, where STEMI patients received PG-116800, an MMPi, 48–72 h 

after the onset of MI
110

.  There exist inherent difficulties with the implementation 

of MMP inhibitors as exhibited by recent unsuccessful trials such as the 

PREMIER trial. Perhaps an earlier treatment window could have been more 

beneficial.   
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We realize that pre-treatment with MMPi poses limitations in clinical 

applications. However, the aim of this study is the ‘proof of concept’ to 

demonstrate that the very early rise in MMP activities is what drives the later LV 

adverse remodeling and dysfunction.  The previous reports on MMP inhibition 

post-MI
88, 109

 employed continuous MMPi-treatment during the course of the 

study. Contrary to this approach, in our study we stopped the MMPi treatment 2 

days after MI, and evaluated the cardiac architecture and function at 1 week after 

MI. Our study presents important information about the beneficial effects of early 

MMP inhibition lasting beyond the time of treatment if applied appropriately.  

 

6.10. Study Limitations 

6.10.1. The TIMP-deficient mice are whole-body knockouts 

Although TIMP2 deletion has no effects on viability or fertility of the 

mice in the C57BL/6 background
111

, there have been reports of developmental 

motor deficits in the TIMP2
-/-

 mice that are evident within the first two postnatal 

weeks, and are not as apparent by one month
112

.  However we have not found any 

baseline defects in cardiovascular structure or function in mice lacking TIMP2 or 

TIMP3 at the young age. The use of TIMP-knockout mice has been feasible and 

effective for the purposes of these studies.  Due to our study of the direct effects 

on the heart from cardiac-directed procedures, LAD-ligation or aortic constriction, 

we are not overly concerned about extraneous factors.  These concerns are further 

mitigated by the use of these mice at an early age (8-12 weeks), as certain heart 

defects are unlikely to develop and become apparent by this time, which we have 

examined with baseline cardiac function and molecular studies between the WT 

and TIMP2
-/-

- or TIMP3
-/-

-mice.  As we are working with these mice at a 

timepoint well before the age of two-years where TIMP3
-/-

 mice have been 

reported to exhibit dilated cardiomyopathy
113

, we assume that these long-term 

changes do not affect our study.  Alternatives to total-body knockout mice would 

include using a conditional TIMP-knockout with cardiac-specific TIMP-deletion 
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with an additional inducible feature to trigger TIMP-deletion prior to, upon, or 

after induction of cardiac injury.  A TIMP2 or TIMP3 gene knockdown method 

would suppress expression of the respective TIMP, or the investigation of the 

heterozygous TIMP mouse expressing partial protein levels could also be 

informative to a certain degree.   

Lack of TIMP2 as well as TIMP3 resulted in enhanced inflammation post-

MI.  Since inflammatory cells originate from the bone marrow, a whole body 

knockout mouse will not allow us to differentiate between the cardiac-specific 

events versus the invasive properties of the bone marrow cells in mediating the 

inflammatory response. To directly address this point, bone-marrow 

transplantation can introduce bone marrow of a desired genotype into a mouse 

that has a different genotype in the rest of its body, especially the cells of the 

heart.  Therefore, there are two sources of influence, the mouse and its tissues, 

and secondly the bone marrow.  Using a WT and a TIMP
-/-

knockout mouse, a 

clear in vivo understanding through a full study can be done by manipulating the 

combinations of which variable possess what genotype to ascertain the role of the 

of the protein of interest with respect to its cellular host.   

 The contribution from each source is difficult to ascertain as both sources 

(the heart tissue and the bone marrow) possess the same genotype, whereas now 

all tissues, including the heart, possess a genotype different from that of the bone 

marrow that produces the inflammatory cells. This would allow isolation of a 

single source of MMPs and TIMPs . As such, a chimera possessing the heart 

tissue or marrow of a WT background will need to have the other material from a 

knockout, and marrow transplantation is more feasible than that of an organ. 

6.10.2. Experimental disease model 

Advancement from cells in culture as a test system to the use of 

genetically modified animal and disease models in vivo, with the incorporation of 

cellular research, has changed the way research is conducted and applied.  The 

mouse in vivo models of heart disease are acceptable models with many 
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fundamental advantages such as short gestation period and greater litter size 

compared to larger mammals.  An additional advantage of the mouse models is 

the genetic-manipulation of the sequenced mouse genome to delete or to 

incorporate exogenous genetic material to create a variety of genetically-modified 

mice.  To briefly summarize our surgical methods, for MI we ligated the LAD 

coronary artery which is the major coronary vessel supplying the myocardium of 

the LV.  Pressure overload was induced by constricting the aorta at its transverse 

segment.  The concern that arises from using the mouse model for this type of 

invasive and extensive procedure is the degree of injury and resulting pathology.  

The severity of disease produced in the mouse may be at a much larger extent 

than generally experienced by man, or even other species in experimental models 

due to the extent of insult on a relatively small organ compared to the heart size in 

other animals.  Complete transmural MI in the mouse MI model is typically 

created from the LAD ligation procedure, and aortic constriction typically 

achieves relatively high pressure gradients against which the heart works against.  

There is general concern whether the results from the mouse model and other 

small animals can be translated to the clinical setting.  The severity of injury and 

resultant morbidity and mortality are an extreme example to delineate the 

processes underlying the pathology and requires further examination of the 

proposed mechanisms.    

6.10.3. Oxidative stress and intracellular MMP regulation 

One aspect of MMP regulation that has been briefly addressed, but may be 

significant in our analysis of MMPs and TIMPs regulating ECM remodeling are 

the intracellular activation and activities of MMPs
71, 114

.  The canonical theory 

about MMPs is that they are secreted in precursor zymogen form for activation 

through a range of processes, either through other proteases
115

, other MMPs 

involved in the activation process
83

, or through the involvement of specific 

TIMPs
111

.  Of all of the MMPs, MT1-MMP was found to be activated 

intracellularly through the actions of the protease furin
116, 117

 in the cytoplasm 

prior to establishing its transmembrane position.  It has been proposed that 
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intracellular MMP activation through any one of a number of causes may lead to 

the degradation of various intracellular targets including mechanical or structural 

proteins
66, 118

.  Various oxidative species have been determined to be involved as a 

primary agents for this intracellular activation
114, 119

 and cellular damage, such as 

peroxynitrite
120

 or hydroxyl radical
121

, and also need to be assessed based on their 

source, whether it is from xanthine oxidase, NADPH oxidase
122

, or mitochondrial 

damage
73, 123

 as examples.  The exposure of the catalytic site of the MMP enables 

proteolytic activity from the MMP.  Our lab has reported that superoxide is a 

mediator of the transient induction of MMPs from cardiomyocytes from acute 

TNF treatment
124

.  Two considerations that arise from this are that intracellular 

activation may be contributing to the phenotype through a mechanism of 

intracellular degradation that we are not accounting for, and secondly, the MMP 

activities (collagenase and gelatinase) that we report in these mice could partially 

be originating from intracellular sources. 

6.10.4. Demographics and care of the mice 

The main attributes of the mice and their living environment that impact 

our objective to create conditions that are representative of actual heart disease are 

the age of the mice, their sex, and their diet and conditions under which the mice 

are cared for.  The age of the subject provides a variable that has both advantages 

and disadvantages that will influence the focus of the study.  It has been found 

that there exists an age-dependent pattern of ECM remodeling
125

 that may in itself 

contribute to the remodeling process in response to MI, thereby potentially either 

negating or amplifying the innate response.  There is a reasonable argument that 

can be made that heart disease has a greater likelihood of occurring in the aging 

population as opposed to younger individuals, therefore assessing older animals 

would be more representative.  By using younger animals our objective was to 

focus on changes that occur due to our specific genetic and surgical manipulations 

to identify specific ECM remodeling patterns and mechanisms of heart disease, 

not to observe a broader impact with confounding factors such as age-related 

ECM regulatory changes and age-associated cardiac functional and structural 



 

234 
 

alterations
126

.  Our exclusive use of male mice as subjects was to similarly 

delineate the mechanisms of heart disease development independent of 

confounding factors unique to females, in particular hormonal influence.  Lastly, 

the conditions under which our mice were cared for were pristine prior to and 

post-surgery, as is the case with most scientific research in an optimal laboratory 

setting.  Although this is to eliminate confounding factors, it represents a lifestyle 

that may not be conducive to typical heart disease incidence, thereby omitting 

highly influential behavioural variables, although our specific and accurate 

simulation of heart disease for a large part should offset this issue. 

6.10.5. In vivo assessment of cardiac function in mice 

Assessing cardiac function in anesthetized animals has its inherent 

limitations, such as the potential direct or indirect effects that the anesthetic may 

have on cardiac function while the animal is in this state of anesthesia.  The main 

purpose of using anesthesia is to sedate and immobilize the animal, thereby 

obtaining resting measurements with minimal difficulty.  There is evidence the 

type of anesthetic agent used can have differential effects on cardiac function in 

mice
127

 or rats
128

, with the direct influence on the heart rate of the animal 

seemingly a predominant cause of this alteration.  The use of low levels of 

isoflurane (0.75-1% in 100% oxygen) limits the effects, as isoflurane has also 

been found to be the more reproducible in repeat studies compared to other 

agents
127

, indicating a higher degree of reliability.  The alternative methods of in 

vivo cardiac functional imaging would be to attempt this on conscious animals, 

which would limit data collection as it would not allow the user to capture precise 

images for analysis, or to use invasive hemodynamics that despite its high level of 

precision and accuracy also experiences the issues of anesthesia and additionally 

is a terminal process which would not allow for any time-course studies of a 

particular animal.  Overall, the methods used in the studies presented in this thesis 

for in vivo assessment of cardiac function in mice are the most optimal and 

feasible of options.         
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6.10.6. In vitro assays for measuring MMP activation and activity 

Two methods of MMP analyses that are commonly used are the gelatin-

based zymography and the in vitro MMP activity assays.  Each method presents 

limitations to accomplishing its intended goal.  The gelatin zymography is used to 

analyze the levels of the gelatinases MMP2 and MMP9 present in the tissue 

sample by electrophoresis through a gelatin-based polyacrylamide gel, with the 

degradation of gelatin by commonly known gelatinases (MMP2 and MMP9) 

creating gelatin-free bands that appear clear (or white) upon staining of the gel 

with coomassie blue.  This technique cannot be used to evaluate the activity of 

MMP2 or MMP9 (based on the size of the clear bands in the gel).  This is because 

through the process of protein extraction and electrophoresis, the MMP-TIMP 

interaction is disrupted, thereby the contribution of TIMPs in inhibiting the 

activity of these MMPs is not reflected on the gelatin zymography gel.  

Additionally, the 72kDa form of MMP2 that appears on the gel can either be an 

inactive precursor of the cleaved activated form, or an activated molecule through 

the exposure of the catalytic site in the absence of the truncation process.  In the 

gelatin zymography, this 72kDa molecule will be activated through the denaturing 

effect of SDS present in the gel, thereby not allowing for differentiation of 

inactive pro-MMP2 (or pro-MMP9) and activated forms of these MMPs.  As 

such, all the data obtained from gelatin zymographies are herein presented to 

indicate levels of MMP2 and MMP9, and conversion of pro-MMP2 to its cleaved 

form which is mediated by TIMP2 (and MT1-MMP). 

The in vitro MMP activity assay is a fluorescent substrate-based assay that 

relies on measurement of the release of fluorescence from the degradation of the 

fluorescent-tagged collagen or gelatin substrates by collagenases or gelatinases 

present in protein extracts.  The protein extraction buffer used for this assay 

contains milder detergents (compared to the RIPA buffer used for gelatin 

zymography) and is meant to maintain the TIMP-MMP interaction.  Although 

there is no definitive way to confirm if this interaction is indeed preserved, we 

have found that by using RIPA extraction buffer (or any other SDS-containing 
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extraction buffer) in this assay, we were not able to obtain the typical curves that 

are indicative of enzymatic activity.  Having said that, whether 100% of the 

protein-protein interactions remain intact remains unknown.             

   

6.11. Future Directions 

6.11.1. Role of TIMPs in angiogenesis  

  MI and pressure overload induced hypertrophy both create conditions 

where the existing viable vasculature is most probably insufficient to supply the 

working myocardium enough to sustain cardiac function, requiring the initiation 

of angiogenesis.  Largely through the application of genetic MMP-modification in 

mice, MMPs have been implicated in promoting angiogenesis in a variety of 

settings, most notably in cancer
129

 and ischemia
130

, in mostly a proangiogenic 

capacity except with some variability with regard to the actions of MMP9
131-133

.  

MMPs have been found to be directly involved in the development of 

angiogenesis, through the processes of proteolysis of existing basement-

membrane ECM and the synthesis of new matrix components
134, 135

.  Moreover, 

additional roles of MMPs include increasing availability of growth factors and 

cytokines, and enabling mobilization and migration of various cell types
136

.  

TIMP2 and TIMP3 have both been shown to inhibit a broad-spectrum of MMPs, 

which would consequently impair angiogenesis.  There is also the possibility that 

MMP activity may result in the regression and loss of vasculature under certain 

conditions, especially pertaining to MT1-MMP
137

.  Determining the extent of 

MMP-dependence of the anti-angiogenic properties of TIMPs, and differentiating 

between the roles of each TIMP in this process would be beneficial to 

understanding the balance between MMPs and TIMPs in establishing adaptive 

vasculature in response to disease and under what conditions it is optimal.  

Additionally, aside from the ability of TIMPs to inhibit MMPs, there have been 

novel findings that TIMPs can affect the downstream signaling from the 

proangiogenic VEGFR2 growth factor receptor independent of its MMP-
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inhibitory capacity, through TIMP2 interaction with the endothelial cell 

membrane-bound adjacent α3β1 integrin complex
138

 or TIMP3 interacting directly 

with the VEGFR2 receptor
139

.  The use of TIMP-deficient mice to determine the 

different roles of TIMPs in angiogenesis is an effective and unexplored approach, 

especially through the application of in vitro, ex vivo, and in vivo analyses.  

6.11.2. TIMP3/TACE/TNFα axis in myocardial infarction 

The role of TNFα in heart disease has been investigated through the use of 

TNFα-deficient mouse models of MI
140

 and pressure overload
141

 to demonstrate 

an injurious role attributed to this cytokine leading to adverse cardiac remodeling.  

The deletion of TNFα improved the outcomes in these disease models, suggesting 

that the investigation of upstream regulators of TNFα may serve as potential 

therapeutic targets.  The activation of TNFα via TACE /ADAM17 has been 

described earlier, and in addition to inhibiting a large number of MMPs, TIMP3 

also inhibits TACE, which is responsible for the cell surface shedding of TNF and 

activation of its downstream signaling
142, 143

.  Our lab has reported that the 

activation of the TNF pathway induces a number of MMPs in cardiomyocytes 

within 1 h of treatment
124

, and is therefore a pathway that would benefit from 

further exploration.  In the pressure overloaded heart, it has been determined that 

TNFα-ablation can rescue the phenotype observed in the TIMP3-deficient heart 

post-TAC
8
, and in combination with pharmacological MMP inhibition complete 

rescue can be achieved.  A recent report has found contradicting results 

suggesting a beneficial effect of TNFα in the pressure overloaded heart related to 

placental growth factor, based on the establishment of an adaptive inflammatory 

response through the TIMP3-TACE axis
144

.  The duality of the roles of TNF 

receptor 1 (TNFR1) and receptor 2 (TNFR2) to serve as injurious and protective 

signaling mediators, respectively, as well as serving as a possible TACE targets, 

further requires investigation of the role of TIMP3 in the cytokine regulation, 

inflammation, and ultimately cell fate related to myocardial infarction.  TNF 

receptors are critical mediators of the immune response
145

 and are considered to 

be regulated by TACE in its ectodomain sheddase capacity
146

.   
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In addition to monitoring TIMP3 and TNFα, examination of TACE can be 

accomplished through the use of TACE cardiac-specific knockout mice using cre-

lox technology, as TACE whole-body knockouts (TACE
-/-

) die at birth
147

 with 

adverse fetal cardiac development and modeling
148

.  A limitation of investigating 

the TIMP3-TACE interaction in myocardial infarction is of the broad spectrum of 

actions by TACE, as TNFα activation is only one aspect of its role.  By using 

cardiac-specific TACE knockout mice, in essence we can simulate a TIMP3-

overexpression environment to understand ultimately how TIMP3 is involves in 

this cytokine system, and the extent of its contribution.  Looking immediately 

downstream from TIMP3 is an effective approach because it allows for 

observation of mechanisms that balance changes in TNFα activation and TNFR 

involvement.  Investigating the interaction between TIMP3 and TACE, also the 

noncanonical aspects of TACE’s TNFα regulation may be worth exploring.     

6.11.3. TIMP replenishment  

An alternative approach that needs to be investigated and propelled 

forward involves establishing balanced ECM remodeling via the introduction of 

TIMPs, in particular TIMP2 and TIMP3, to the myocardium either independently 

or in a concerted fashion.  The perceived problems with introducing TIMPs was 

initially based on ineffective experimental delivery methods and also that the 

TIMP protein has a short half-life within the myocardium and would not have the 

desired prolonged effect.  Adenoviral-based gene expression is a possible avenue, 

however with immunological risks associated with it.  Ideally, a cell-based 

treatment targeted at overexpressing specific factors is likely the most desirable 

approach, as stem cells themselves would be more readily accepted into the 

cellular environment, along with the potential intrinsic reparative benefits 

associated with them.  Currently, studies attempting to combine both gene-

transfer and cell-therapy to generate TIMP-overexpressing stem cells have 

exhibited positive results
149

, although more research is necessary as there have 

been only preliminary results with inadequate controls utilized to clearly delineate 

therapeutic benefits attributable to the specific treatment.       
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6.11.4. Studies on females 

The studies completed for this thesis all included the exclusive use of male 

C57BL/6 mice to examine heart disease in WT and TIMP2- or TIMP3-deficient 

mice.  The purpose of this was to identify the underlying mechanisms of heart 

disease development pertaining to the effect of TIMP-deficiency, which likely 

would have been altered in female patients in a hormone-dependent manner; 

hence female mice were not used.  There is considerable literature that supports 

the theory that male and female rodents respond differently to heart disease
150, 151

, 

likely due to the protective effects of estrogen in disease
152, 153

 and conditionally 

with replacement therapy in aging
154, 155

.  There is also evidence of a gender-

specific differential expression pattern for genes associated with hypertrophy and 

collagen synthesis in aortic stenosis patients experiencing cardiac pressure 

overload
156

, with higher collagen I along with a distinct hypertrophy pattern 

combining to have a significant effect on ventricular dimensions.  As ECM 

turnover has demonstrated to be susceptible to sex-dependent factors, it would be 

informative and useful to clarify these mechanisms to protect women from 

deleterious cardiac remodeling.  The impact of the proteolytic balance with 

respect to TIMP regulation in female mice should be investigated in parallel with 

male subjects and also in the context of age-related hormonal changes. 

 

6.12. Challenges for clinical translation 

The translation of preclinical discoveries to clinical application is a great 

challenge, especially when considering work with smaller animals.  The minor 

variation in cardiovascular physiology among different species allows for careful 

comparison of molecular or cellular processes between animal models and the 

patient.  Despite prevailing skepticism of the true translational potential and 

disconnect between the scientific and clinical communities, there remains 

anticipation that the next great finding will hold the key to treating and possibly 

reversing heart disease or heart failure.  Great strides have been made to add to the 
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traditionally accepted therapies that exist for heart disease, but the recent scientific 

discoveries will not come to fruition for many years to come.  Additionally, there 

is likely not one cure-all for heart disease, particularly heart failure when 

addressing the disease from a systolic or diastolic dysfunction perspective with 

each having its unique characteristic processes.  The attempts to develop an 

effective therapy have varied from reliable upstream targets
157, 158

 to novel highly 

specific downstream targets
159

 to determine the most successful approach.      

ECM and MMP regulation have been strongly considered as therapeutic 

targets for intervention
160-162

.  The problem that arises is that there does not exist 

one absolute universal pattern of ECM remodeling that covers all heart diseases as 

the ECM structure is highly dynamic and dependent on a variety of conditions, 

with excess ECM degradation typically linked to myocardium-ECM disconnect 

leading to systolic dysfunction, whereas diastolic dysfunction is associated with 

the development of interstitial fibrosis within the myocardium impairing passive 

relaxation.  Diastolic dysfunction has been identified as an important and 

independent prognostic marker of adverse outcome in patients with heart 

disease
163, 164

.  The requirement for a successful ECM-based therapy would be to 

establish the most favorable balance for ECM remodeling in an injury-specific 

context using commonalities in remodeling patterns in order to stabilize and adapt 

the ECM to preserve optimal function.   

 

6.13. Conclusions 

The findings reported in this thesis present the complexity and relative 

unpredictability that underlies a significant aberrant shift in the balance of the 

cardiac ECM proteolysis system comprised primarily of the MMPs and TIMPs.  

In these studies, the removal of two specific TIMPs, namely TIMP2 and TIMP3, 

was to determine the causal role of these TIMPs in the cardiac response to injury 

or stress.  We found that TIMP2 and TIMP3 play distinct roles in the cardiac 

response to MI versus pressure overload. TIMP2 and TIMP3 in the heart 
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significantly regulate MMP activity, which if left unchecked has demonstrated the 

capacity to drastically impair cellular adaptive processes, alter ventricular 

morphology, and inevitably exacerbate cardiac function.  In addition, TIMP2 

serves a critical role in sustaining the myocyte-ECM interaction by preventing 

integrin degradation by MT1-MMP.  The study of ECM biology related to heart 

disease is a growing field with rapid progress made in the last decade pertaining 

to the MMP-TIMP balance.  The therapeutic potential of preserving and possibly 

enhancing ECM viability is evident and needs to be further explored to augment 

current clinical interventions.    
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