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Abstract 

Despite many decades of research and drug development, the diseases of the 

cardiovascular system remain a major health threat in the modern world. 

Hypertensive cardiac disease is a cardiovascular condition characterized by the 

co-occurrence of hypertension and pathological cardiac remodeling (hypertrophy 

and fibrosis).  

Causative factors of hypertensive cardiac disease range from environmental 

stress to metabolic morbidities. However, these detrimental factors have a 

common effector mechanism: the sustained activation of G protein-coupled 

receptors (GPCRs) due to pathological levels of cognate agonists which elevate 

systemic blood pressure and promote pathological cardiovascular remodeling. 

GPCR agonists can trigger the activation of metalloproteinases, including matrix 

metalloproteinases (MMPs) and a disintegrin and metalloproteinases (ADAMs). 

These metalloproteinases are multifunctional enzymes that transactivate many 

intracellular signaling pathways including those leading to hypertension and 

cardiac remodeling. Therefore, MMPs and ADAMs have been widely speculated 

to be potential treatment targets for hypertensive cardiac disease. 

In the current studies, we use angiotensin II and adrenoceptor ligands as 

prototypes of GPCR agonists to gain insights into mechanisms of hypertensive 

heart disease in rodent models. We determine various new roles played by 

MMP-2, MMP-7, ADAM-12 and ADAM-17. We demonstrate that:  
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1. MMP-7 mediates GPCR agonist-induced signaling with MMP-7 inhibition by 

pharmacological blockade, RNA interference or genetic knockout protecting 

against hypertensive cardiac remodeling. 

2. ADAM-17 also contributes to GPCR agonist-induced cardiac hypertrophy and 

fibrosis. These effects of ADAM-17 are signaledby ADAM-12, a major effector 

metalloproteinase in cardiac hypertrophy signaling. 

3. MMP-2 contributes to the development of GPCR agonist-induced hypertension 

such that partial blockade of MMP-2 by inhibitors and RNA interference 

attenuates angiotensin II-induced hypertension.   

4. MMP-2 protects against hypertensive cardiac remodeling. To explain the 

cardioprotection rendered by MMP-2, we evoke a novel mechanism of negative 

regulation of the sterol-regulatory element binding protein (SREBP)-2 / 

3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR) pathway of cardiac 

remodeling.   

These findings are a major contribution to our current understanding of the 

cardiovascular biology of metalloproteinases. Our data show the diverse roles of 

metalloproteinases in hypertensive cardiac disease and the potential and 

limitations of therapeutic approaches based on metalloproteinase inhibition for 

management of cardiovascular disease.   
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Chapter 1  

Introduction 

 

1.1Hypertension and hypertensive cardiovascular disease 

1.1.1 Hypertension 

1.1.1.1 Definition and classification of hypertension 

Hypertension, the condition of persistently elevated arterial blood pressure 

(Table 1-1), affects over 1 billion individuals worldwide and causes 

approximately 7.1 million deaths per year. Whereas blood pressure <120/80 

mmHg is considered as normal, the World Health Organization reports that 

systolic blood pressure of >115 mmHg is suboptimal and responsible for 62% of 

cerebrovascular disease and 49% of ischemic heart disease
1-3

. 

Primary (essential) hypertension, the form of hypertension which has no 

identifieable direct medical causes, affects account for 95% of the cases of 

hypertension. Less than 5% of the hypertension cases are caused by identifiable 

medical conditions such as tumors and kidney diseases and are known as 

secondary hypertension. 

1.1.1.2 Clinical complications of hypertension 

Hypertension is often termed as “silent killer” as it normally shows no 

significant early symptoms and 1/3 of the patient do not recognize their disease. 

However, hypertension is a predominant underlying factor for other clinical 

conditions, including renal diseases and other cardiovascular diseases. 

Sustained high blood pressure is often accompanied by the development of 

cardiac remodeling, including cardiac hypertrophy and fibrosis. Hypertension and 

cardiac remodeling also increase the risk of myocardial ischemia, cardiac 

dysfunction and heart failure. Moreover, sustained hypertension leads to the 

remodeling of vasculature, setting up the stage for the development of 
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atherosclerosis (hardening and thickening of vasculature), which is a main risk 

factor of coronary artery disease, myocardial ischemia and stroke
4
. For each 

increase of 20 mmHg (systolic) or 10 mmHg (diastolic) above 115/75 mmHg, the 

risk of other cardiovascular diseases increases by two fold
5
. 

Hypertension is also a risk factor of kidney injury and end stage kidney 

disease, often known as hypertensive nephropathy. These diseases are be related 

to the sustained activity of renin-angiotensin-aldosterone system (RAAS) and 

sympathetic nervous system, as well as the development of renal atherosclerosis. 

In the brain, sustained hypertension is also suggested to contribute to 

cognitive impairment and dementia, in addition to cerebrovascular stroke
6
. 

1.1.1.3 Impact and financial burdens of hypertension 

Over 40% of adults in the world are hypertensive and the prevalence of 

hypertension is increasing
3,7,8

. Hypertension is a substantial risk factor for renal 

disease and cardiovascular diseases including stroke, myocardial 

ischemia/infarction and congestive heart failure
1,3

. Together, cardiovascular 

disease is the world‟s leading cause of death and disability
3,7

, therefore 

minimizing the occurrence and severity of risk factors such as hypertension is 

essential. 

In addition to the tremendous health burden, hypertension also imposes 

substantial socioeconomic concerns. Between direct costs (pharmaceuticals, 

medical services, etc.) and indirect costs (loss of productivity, etc.), the annual 

cost of hypertension in the United States was $156 billion in 2011
9
. Therefore, the 

development of cost-effective and efficient therapeutic strategies is required for 

the treatment of hypertension. 

1.1.1.4 Diagnosis and measurement techniques  

The pressure of blood against the arterial wall (blood pressure) is mostly 

measured indirectly by monitoring the presence / absence of a pulse distal to an 
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occlusion site, instead of being directly measured by penetrating the arterial wall. 

In animal studies, one of the direct approaches to measuring blood pressure is 

radiotelemetry. A catheter is surgically placed within the femoral artery to directly 

measure the arterial blood pressure and transmit real-time blood pressure 

information in conscious, unrestrained animals
10

. 

In mouse and rat studies, indirect blood pressure measurement is achieved by 

pressure occlusion plethysmography, which works by monitoring reperfusion of 

blood to the tail with a pulse sensor after proximal occlusion
11

. An inflatable cuff 

(connected to a pump and a pressure gauge) is used to occlude the flood flow, 

resulting in the disappearance of the pulse signal (measured by a distally-placed 

pulse sensor). Then, the pressure of the occlusion cuff is slowly decreased. A 

pulse signal can be detected by the pulse sensor when the cuff pressure decreases 

to the systolic blood pressure. 

Similar principles apply in the clinical setting to measure blood pressure in 

humans. An occlusion cuff (sphygmomanometer) is placed on the upper arm and 

used to occlude blood flow to the forearm. During deflation (decrease of the cuff 

pressure), a stethoscope is placed in the cuff to listen for a pulse. The audible 

pulse is heard when the cuff pressure is equal to the systolic blood pressure. The 

audible pulse continues to be heard until the occlusion cuff pressure decreases to 

the diastolic blood pressure, at which point the sounds are dampened.  

1.1.1.5 Contributing factors and determinants of hypertension  

Several factors, such as age, gender, stress, genetic background and obesity, 

increase the risk of developing hypertension.  

Obesity is one of the most established risk factor of hypertension. In adults, 

obese individuals are 3.5-fold more likely than lean individuals to become 

hypertensive
12,13

 and over 60% of hypertensive individuals are obese. This has 

been explained through the chronic activation of the sympathetic nervous system 
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by adipocyte-derived hormones such as leptin, which promotes energy 

expenditure as well as systemic vasoconstriction and pathological cardiovascular 

remodeling
14

. Obese people also have increased levels of renin, aldosterone and 

angiotensin-converting enzyme (ACE), which all contribute to increased blood 

pressure
15

. In addition, lifestyle factors, including lack of exercise, high sodium 

intake, and excessive use of alcohol and tobacco products, are all associated to the 

development of hypertension as well as obesity
16

. 

Obesity predisposes patients to insulin resistance and type II diabetes with 

about 90% of type II diabetes being attributable to excess weight. Diabetes 

increases the risk of hypertension and cardiovascular disease. In USA, up to 75% 

of the adult patients of diabetes have hypertension
17

. Meanwhile, hypertension 

increases the risk of diabetes complications including retinopathy and 

nephropathy. Diabetes contributes to the development of hypertension by 

predisposing the development of vascular remodeling and atherosclerosis. Insulin 

resistance also triggers sympathetic nervous system activity, aldosterone secretion 

and sodium retention, contributing to the development of hypertension and 

cardiovascular remodeling. Indeed, anti-hypertensive drugs targeting 

Gprotein-coupled receptor (GPCR, described in 1.1.4) agonist systems such as 

ACE inhibitors, angiotensin receptor blockers and β-blockers are prescribed to 

treat and prevent cardiovascular complications (including microvascular 

complications of retinopathy) and progression of nephropathy in diabetic patients. 

Genetic and heritable factors including sex, endocrine and ethnicity also 

influence the incidence rates, progression and treatment response of hypertension. 

For example, the prevalence of hypertension is much higher in African Americans 

than in Caucasians
18

. More than 50 genes, such as those encoding 

angiotensinogen, mineralocorticoid receptor and sodium transport proteins, have 

been studied in association with hypertension. 
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Regardless of the cause of the hypertension, increased activities of 

renin-angiotensin-aldosterone system and sympathetic nervous system are 

important contributors of high blood pressure (described in 1.1.4). These systems 

release GPCR agonists, such as angiotensin II (Ang II) and catecholamines, which 

raise arterial blood pressure by increasing cardiac output and systemic vascular 

resistance, two direct determinant of blood pressure. The increase of cardiac 

output is due to increase in either stroke volume or heart rate, whereas the 

increase in systemic vascular resistance is determined by increase in vascular tone 

(state of constriction) of systemic resistance blood vessels, increase of blood 

viscosity and decrease in vascular compliance. 

1.1.1.6 Treatment strategies 

Currently guidelines to treat hypertension utilize one or more 

anti-hypertensive agents that function to reduce blood pressure by: 1) antagonism 

of pro-hypertensive GPCR agonist receptors, 2) inhibition of pro-hypertensive 

GPCR agonist synthesis, 3) blockade of calcium entrance or 4) reduction of 

salt/water retention.  

Life style modifications, including proper physical exercises, stress 

management, calorie restriction, low sodium intake and limited usage of tobacco 

and alcohol, are as efficient as antihypertensive drugs. They are often combined 

with other antihypertensive medications for the treatment of hypertension and are 

also recommended for the prevention of hypertension. 

Since the significance of renin-angiotensin-aldosterone system in the 

regulation of blood pressure, pharmaceutical therapies have been focused on the 

development of drugs that: i) inhibit Ang II synthesis (i.e. ramipril, an angiotensin 

converting enzyme inhibitor
19

), ii) antagonize Ang II receptors (i.e. losartan, a 

type I Ang II receptor, or AT1R antagonist
20

) and iii) accelerate Ang II 

degradation (i.e. exogenous administration of recombinant ACE-2
21

). Targeting 
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the Ang II pathway is an effective means of lowering blood pressure and is 

typically used as the initial pharmacological approaches in treating hypertension. 

In cases where hypertension remains (resistant hypertension), additional 

anti-hypertensive agents are used in combination until treatment goals are met
22

. 

Adrenoceptor antagonists are also good therapeutic candidates for 

anti-hypertensive therapy. alpha adrenergic antagonists (i.e. doxazosin
23

), Beta 

adrenergic antagonists (i.e. nebivolol
24

) and broad spectrum adrenergic 

antagonists (i.e. carvedilol
25

) can all be used to reduce blood pressure. However, 

these adrenergic antagonists are not specific to cardiovascular system. They have 

systemic side effects including fatigue, depression and impaired glucose 

tolerance
25

As such, adrenergic antagonists are mostly used in combination with 

other therapies in resistant hypertension, instead of being used as initial treatment 

lines of hypertension. 

Due to the significance of calcium in the regulation of smooth muscle and 

cardiac contraction (as discussed below), calcium channel blockers (i.e. vascular 

selective dihydropyridines and cardiac selective verapamil) are often used as 

anti-hypertensive drugs. By blocking Ca
2+

 entry into cytosol, calcium channel 

blockers decrease vasoconstriction, cardiac inotropy and heart rate and therefore 

reduce blood pressure. 

In addition to preventing systemic vasoconstriction, other approaches aim at 

decreasing salt and water retention in the kidney, which reduces blood volume and 

subsequently cardiac output and blood pressure. Thiazide diuretics (i.e. 

hydrochlorothiazide
26

) are typically used in combination with drugs targeting the 

renin-angiotensin-aldosterone system to treat hypertension. Thiazide diuretics 

function by inhibiting thiazide-sensitive Na
+
/Cl

- 
symporters in the distal tubule 

and thus decrease Na
+
 reabsorption and water retention. As a side effect of excess 

sodium in the kidney collecting ducts, upregulated Na
+
/K

+ 
antiporters activity 
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leads to increase in sodium/potassium exchange and results in hypokalemia (low 

blood potassium)
27

. Therefore, potassium supplements or hyperkalemic agents can 

be used in conjunction with thiazide diuretics to prevent its side effects
28

.  

In spite of the effectiveness of these antihypertensive drugs, over half of 

patients receiving treatment do not meet their treatment goals (of <140/90 mmHg 

for adults with hypertension and <130/80 mmHg for hypertension patients with 

diabetes or chronic renal disease)
1,14

. This is mostly due to the fact that the 

etiology of the hypertensive cardiac disease is complex (e.g., many GPCR 

agonists are involved) or unknown and that current treatment strategies are mainly 

based on the experience of doctors to choose a drug or drug combination until 

adequate blood pressure reduction and regression of cardiac remodeling are 

achieved. There is a strong demand for universal approaches that effectively lower 

blood pressure among the entire hypertensive population. 

 

1.1.2 Hypertensive cardiac remodeling 

 The development of hypertension is often accompanied by the remodeling of 

cardiac tissues, which is characterized by the development of cardiac hypertrophy 

and fibrosis. These remodeling processes, in the long term, can result in cardiac 

dysfunction and increased risk of heart failure, both of which need to be 

considered for the treatment of hypertension. 

1.1.2.1 Cardiac hypertrophy 

In hypertensive cardiac disease, hypertrophy of the heart is revealed as an 

increase of cardiac mass and thickening of left ventricular walls due to the 

enlargement of individual cardiomyocytes. This hypertrophy of ventricular 

cardiomyocytes is accompanied by the expression of fetal and developmental 

genes (e.g., β-myosin heavy chain (β-MHC), -skeletal actin, atrium natriuretic 

peptide (ANP) and brain-type natriuretic peptide (BNP)) that are normally not 



Chapter 1 

 

8 

 

highly expressed in the fully-differentiated adult ventricular cardiomyocyte
29

. 

Although cardiac function is properly maintained during early cardiac 

hypertrophy, long term cardiac hypertrophy can result in cardiac dysfunction and 

heart failure. 

1.1.2.2 Cardiac fibrosis 

Pathological cardiac hypertrophy is typically accompanied by an excessive 

accumulation of extracellular matrix (ECM) proteins (e.g., collagen type I and 

type III, fibronectin) in the interstitial and perivascular regions of the heart, a 

process termed cardiac fibrosis. The accumulation of ECM proteins, which are 

mainly expressed and secreted by cardiac fibroblasts, causes mechanical stiffness 

and diastolic dysfunction. Excessive ECM protein deposition between layers of 

cardiomyocytes further disrupts cardiac electric coupling and impairs cardiac 

contraction. Fibrosis of perivascular areas decreases oxygen and nutrient flow 

from blood to myocardium, contributing to pathological remodeling of the heart
30

. 

1.1.2.3 Contributing factors of hypertensive cardiac remodeling 

Development of hypertensive cardiac remodeling accompanies the 

development of hypertension. However, the mechanism of the development of 

hypertensive cardiac remodeling is still not completely understood. While 

hemodynamic overload in hypertension is suggested to induce the development 

cardiac hypertrophy and fibrosis, evidence has been shown that excessive GPCR 

signaling associated with hypertension is the mediator of hypertensive cardiac 

remodeling
31,32

. 

Cardiac hypertrophy can be a normal response to cardiovascular conditioning 

as occurs in athletes and enables the heart to pump more effectively
33

. Even the 

initial stage of cardiac hypertrophy in hypertension has been considered as 

adaptive to excess stress and to maintain proper cardiac function. However, 

prolonged hypertrophy results in cardiac dysfunction and heart failure. It has been 



Chapter 1 

 

9 

 

suggested that a major factor leading to cardiac dysfunction in subjects with 

hypertension is the excessive deposition of extracellular matrix proteins (cardiac 

fibrosis) that impairs cardiac contractility
34,35

. Although developing within similar 

time frames and caused by common GPCR agonists, cardiac fibrosis and 

hypertrophy can be pharmacologically separated. It has been demonstrated that 

administration of recombinant human bone morphogenic protein-7 to mice with 

transverse aortic constriction prevents cardiac fibrosis and improves cardiac 

function, despite the presence of cardiac hypertrophy
36

.  

1.1.2.4 Diagnosis and measurement techniques 

Echocardiography is the principal method to visualize anatomical features of 

the heart and to diagnosis cardiac hypertrophy in the clinic and in the laboratory. 

This ultrasound technique provides 2-dimensional imaging of the left ventricle 

and thus cardiac dimensions (posterior wall, ventricle chamber and 

interventricular septum). It also produces accurate assessment of the velocity of 

blood and cardiac tissue. Images taken at systole and diastole can then be used to 

calculate the thickness of ventricular walls, ventricle volume and ventricle mass 

and to access ventricle functions
37,38

. This information provides researchers and 

doctors with real-time data describing changes in vivo. Ex vivo, cardiac 

hypertrophy can also be measured by overall weight of the heart. Increases in left 

ventricle weight (determined by echocardiography) or whole heart weight 

(normalized by total body weight or tibia length) indicate the presence of cardiac 

hypertrophy. 

In the research laboratory, histological analysis of cardiac samples can also 

provide insight into the pathogenesis of hypertensive cardiac remodelling. 

Cardiomyocyte hypertrophy can be revealed by increase of cellular cross sectional 

area, which can be determined by staining sections with hematoxylin and eosin. 

Improved contrast of cellular borders can be visualized by fluorescence using 
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fluorescein-conjugated wheat germ agglutinin, a carbohydrate-binding leptin that 

recognizes N-acetylglucosamine residues of oligosaccharides on the plasma 

membrane
39,40

. For fibrosis, collagen deposition in heart samples can be 

visualized by staining heart sections with picrosirius red, a dye that binds 

extracellular collagen, therefore indicating the relative severity of cardiac fibrosis. 

The deposition of collagen in cardiac tissues can also be visualized by the blue or 

green colour in Masson‟s trichrome stain. 

At the molecular level, cardiac hypertrophy and fibrosis can be assessed in 

the laboratory by measuring expression of hypertrophy and fibrosis marker genes 

by qRT-PCR. In left ventricle samples, increased expression of the fetal genes 

alpha-skeletal actin, ANP, BNP and β-MHC are molecular markers of cardiac 

hypertrophy
41,42

. Meanwhile, increased expression of extracellular matrix proteins, 

such as collagen type I, collagen type III and fibronectin-1 indicates the 

development of cardiac fibrosis
42

. 

1.1.2.5 Treatment strategies 

As direct treatment to regress cardiac hypertrophy and fibrosis is limited, 

current treatment of hypertensive cardiac remodelling relies on the treatment of 

the underlying cause of the condition, i.e. hypertension. (i.e. ACE inhibitors, 

diuretics ect.)
43,44

. There are no drugs specifically targeting pathological cardiac 

remodeling available or clinically approved. In advanced cases of disease, surgical 

procedures and cardiac transplantation may be required to avoid lethal heart 

failure. 

 

1.1.3 Hypertensive vascular remodeling 

In addition to cardiac remodeling, hypertension is also accompanied by the 

remodeling of vasculature. There are two kinds of vascular remodeling: inward 

eutrophic remodeling (the outer and luminal diameters
 

are decreased, 
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media/lumen ratio is increased and cross-sectional
 
area of the media is unaltered) 

and hypertrophic remodeling (the media thickens toward the lumen, which 

increases media cross-sectional area and media/lumen ratio). Both are associated 

with vascular fibrosis (i.e., the accumulation of ECM protein in the arterial wall 

which are promoted by growth factors and cytokines, primarily transforming 

growth factor (TGF)-β), hypertrophic growth (i.e. enlargement of individual cells 

and proliferation of vascular smooth muscle cells (VSMCs) and apoptosis
45,46

.  

Pathological cardiac remodelling, including cardiac hypertrophy and fibrosis, 

contribute to myocardial stiffness, decreased cardiac output and increased risk of 

heart failure
47-49

. Hypertensive vascular remodeling increases vascular resistance 

(by impairing vasodilatation and enhancing vasoconstriction) and arterial stiffness, 

which together elevate arterial blood pressure as well as providing the conditions 

for vascular complications (i.e., atherosclerosis) and target organ damages (i.e., 

kidneys and brain) 
46,50-52

. All of these must be considered when devising 

anti-hypertensive strategies. 

 

1.1.4 G-protein-coupled receptor agonists in hypertension and cardiovascular 

remodeling 

Diverse conditions such as life style, stress, environmental and genetic factors 

and metabolic disorders all predispose to hypertension and hypertensive 

cardiovascular remodeling. This can be explained, at least in part, by the 

excessive production vasoconstrictive agonists, including Ang II, catecholamines 

(epinephrine and norepinepherine) and endothelins, in these conditions
19,20,53-56

. 

1.1.4.1 The renin-angiotensin-aldosterone system  

Ang II, the major agonist molecule of the renin-angiotensin-aldosterone 

system, is produced by the multi-step proteolytic cleavage of the circulating 

pro-peptide angiotensinogen, a 452 amino acid peptide produced and released by 
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the liver
57

. Renin, a proteolytic enzyme primarily produced in juxtaglomerular 

cells in the kidney, cleaves angiotensinogen and yields 10 amino acid angiotensin 

I (Ang I)
58,59

. Ang I then can be cleaved by circulating ACE (secreted primarily by 

lung, kidney and vascular endothelial cells) to remove two C-terminus residues to 

generate 8-amino acid Ang II
60,61

. Ang II can be further digested by enzyme 

ACE-2, which is mainly produced by endothelial cells in the heart and kidneys, to 

form angiotensin-(1-7), a far less vasoactive peptide
59

. In addition, ACE-2 can 

also cleave a single amino acid bond from Ang I, forming angiotensin-(1-9), 

which is also less active
59

.  

Ang II can act as a vasoconstrictive agonist in the systemic arterial 

vasculature by activation of AT1R, in addition to its cardiac inotropic effect and 

its function to stimulate water and salt re-absorption in the kidney. Ang II also 

stimulates the hypertrophic growth of cardiomyocytes and collagen synthesis of 

cardiac fibroblasts, contributing to the development of cardiac remodeling. In the 

adrenal gland, Ang II stimulates the synthesis of aldosterone, a mineralocorticoid 

hormone that acts on kidneys to increase water and salt retention
62

. This action of 

aldosterone increases plasma volume and contributes to blood pressure increase. 

Ang II also stimulates the activity of sympathetic nervous system, which also 

contributes to the increase of blood pressure and development of cardiovascular 

remodeling. 

Pathological overactivation of the renin-angiotensin-aldosterone system is a 

common hallmark of hypertensive disorders and has led to multiple 

anti-hypertensive therapeutic approaches targeting mediators of the angiotensin 

pathway. 

1.1.4.2 The sympathetic nervous system 

The sympathetic nervous system is part of the autonomic (involuntary) 

response system that reacts to environmental stress by initiating a “fight-or-flight” 
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response. Neuronal or hormonal stress signals the release of acetylcholine (Ach) 

from preganglionic neural fibres. Ach stimulates nicotinic Ach receptors
63

 on the 

postganglionic neurons, leading to the release of catecholamines (norepinephrine 

and epinephrine) to innervated target organs
64

. Additionally, preganglionic release 

of Ach in adrenal medulla stimulates postganglionic release of catecholamines 

from chromaffin cells into the bloodstream, where they act systemically
65

. 

Catecholamines activate adrenergic receptors which, in turn, induce 

vasoconstriction (mainly mediated by α-adrenoceptors), increase heart rate and 

inotropy (mainly by β-adrenoceptors) and stimulate cardiomyocyte hypertrophic 

growth. Enhanced sympathetic nervous activity also leads to increased renin 

release and, consequently, renin-angiotensin-aldosterone system activation. 

Excessive adrenergic stimulation is associated with early stages of human 

essential hypertension, offering an additional avenue for therapeutic 

intervention
66,67

. 

1.1.4.3 Endothelins  

Endothelins, including endothelin (ET)-1, -2 and -3, are a family of 

21-residue peptides mainly released from endothelium. ET-1, the predominant 

isoform expressed in vascular system, is the most potent vasoconstrictor. Several 

stimuli, including vasoactive hormones, growth factors and free radicals, trigger 

ET-1 expression and secretion. ET-1 are first generated as a precursor peptide 

(proET-1) that is cleaved to big ET-1 (mainly by furin) and then to the mature 

21-amino acid peptide (by endothelin-conveting enzyme) before its release from 

endothelial cells
68

. The overall action of endothelins is to increase blood pressure 

and vascular tone
68

. Endothelins can induce vasoconstriction by acting on their 

receptors (type A and type B endothelin receptor, or ETA and ETB respectively) in 

vascular smooth muscle cells. ETB is also expressed in endothelium and mediates 

the activation of nitric oxide synthase and formation of NO, a potent vasodilator. 
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In the heart, endothelins have positive inotropic effect to increase cardiac output, 

in addition to their pro-hypertrophic effect
69

. Meanwhile, endothelins increase 

renin-angiotensin-aldosterone system activity, by stimulating the release of ACE 

and aldosterone, and sympathetic nerves system activity. Currently, ET-1 receptor 

blockers have been suggested for the treatment of hypertension and heart failure. 

A non-selective ET-1 receptor antagonist, bosentan, has been approved clinically 

for the treatment of pulmonary hypertension. 

Despite the differences between Ang II, catecholamines and endothelins, 

these vasoconstrictive agonists all have cognate receptors coupled to 

heterotrimeric G proteins
70

. These GPCRs are connected to mechanisms that 

trigger and maintain contraction as well as hypertrophic and fibrotic processes in 

vasculature and the heart
71-73

. 

 

1.2 Cellular signaling pathways in GPCR-induced hypertension and 

cardiovascular remodeling 

The parallel development of cardiovascular hypertrophy and fibrosis with 

hypertension suggests overlapping mechanisms with common inducers and 

mediators. Among the common inducers of hypertension, cardiovascular 

hypertrophy and fibrosis are vasoconstrictive GPCR agonists such as 

catecholamines, endothelins and Ang II. These agonists can modulate vascular 

tone by stimulating traditional phospholipase C (PLC) pathway and adenylyl 

cyclase pathway, which triggers downstream signaling molecules such as Ca
2+

, 

mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K) 

and reactive oxygen species (ROS), although novel signalling mediators 

(including metalloproteinases) have been identified
56,74,75

. A brief overview of 

each pathway is described in 1.2.4.  

GPCRs are transmembrane proteins characterized by 7 transmembrane 
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domains. They are linked to heterotrimeric G proteins consisting of 3 subunits: 

G (active when bound to GTP and inactive when bound to GDP), G and G
76

. 

Among the receptors of vasoconstrictors, the type I Ang II receptor, the α1 

adrenoceptor (the prominent catecholamine receptor in the vascular system) and 

the endothelin receptors ETA and ETB are mainly coupled to Gqα proteins which 

activate PLC-. The 1-adrenoceptor (prominent cardiac catecholamine receptor) 

is coupled to Gsα protein that activates adenylyl cyclase. 

Agonists typically bind in the pocket formed by the transmembrane domains 

of GPCRs, leading to conformational changes of these receptors. These GPCRs 

then serve as guanine nucleotide exchange factors (GEFs) to trigger the activation 

of their coupled G proteins by promoting the exchange of GDP to GTP on Gα. 

The activated Gqα protein and Gsα protein then dissociate from the βγ subunits 

(Gβγ). Free Gqα and Gsα interact with and activate membrane-bound PLC-β and 

adenylyl cyclase, respectively, to trigger downstream signaling. In addition, 

PLC-β and adenylyl cyclase have GTPase-activating protein (GAP) activity to 

increase intrinsic GTPase activity of Gα, facilitating hydrolysis of bound GTP and 

subsequent deactivation and reassociation with Gβγ
77

. Free Gβγ released from the 

active G protein can also act as signal molecules triggering the PI3K pathway and 

the MAPK pathway as well as regulating Ca
2+

 homeostasis
78-82

.  

 

1.2.1 Regulation of contraction 

The elevation of systemic blood pressure by GPCR agonists is due to an 

increase in cardiac output (associated with augmented myocardial contraction) 

and peripheral resistance (associated with enhanced vascular tone).  

The contraction of VSMCs and subsequent vasoconstriction in response to 

GPCR agonists rely on the contractile proteins myosin (in the thick filament in the 

sarcomere) and actin (in the thin filament of the sarcomere). Phosphorylation of 
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myosin light chain (MLC) in the myosin globular head initiates the interaction 

between myosin and actin. This interaction leads to the activation of myosin 

ATPase (also in the myosin globular head) and hydrolysis of ATP, resulting in the 

cycling of the actin-myosin cross-bridge, subsequent VSMC contraction and 

vasoconstriction
83

. The phosphorylation state of MLC is primarily controlled by 

MLC kinases (which are activated by signaling proteins including Ca
2+

-activated 

calmodulin (CaM) and PKC) and MLC phosphatase. VSMC contraction is also 

controlled by other regulatory proteins, such as caldesmon. Caldesmon, which is 

activated by CaM, inhibits myosin ATPase activity and blocks binding between 

myosin and actin to prohibit VSMC contraction
84

.   

Similar to smooth muscle cells, the contraction of cardiomyocytes is also 

mainly regulated by the change in the intracellular concentration of Ca
2+

, [Ca
2+

]i. 

The increase in [Ca
2+

]i triggers the association of Ca
2+

 with troponin, a protein 

complex composed of three subunits: TnI (which binds actin in the thin filament), 

TnC (which binds Ca
2+

 to induce a conformational change of TnI) and TnT 

(which binds tropomyosin). Binding of Ca
2+

 to troponin triggers a conformational 

change in tropomyosin, exposing the myosin-binding sites on actin. Actin then 

can bind to the myosin heads of thick filaments, leading to the process of 

cross-bridge cycling (which requires the energy released by myosin ATPase in the 

myosin head) and cardiomyocyte contraction
85

. In addition, cardiomyocyte 

contraction is modulated by kinases and phosphatases that phosphorylate and 

dephosphorylate, respectively, troponin and tropomyosin, although the exact 

effects of their phosphorylation are not fully understood
86,87

 (Figure 1-1).  

 

1.2.2 Regulation of hypertrophic growth 

The development of hypertrophy, or cell enlargement, depends on an increase 

in protein synthesis. Although a potential decrease in protein degradation has been 
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suggested
88

, most studies on development of cardiac hypertrophy have focused on 

the increase in protein synthesis, at the levels of both transcription and translation 

(Figure 1-2). 

One of the effects triggered by GPCR agonists to promote the development of 

hypertrophy in cardiomyocytes and VSMCs is the increased activity of 

transcription factors, such as GATA-4, myocyte enhancer factor-2 (MEF-2), 

nuclear factor of activated T-cell (NFAT) and activation protein-1 (AP-1). These 

transcription factors are activated by signal molecules including MAPKs, Ca
2+

 

and calcineurin, which are activated downstream of GPCR. GPCR agonists also 

induce nuclear export of histone deacetylases (HDACs), facilitating chromosomal 

de-condensation to promote transcription
89,90

. Among the targets of these 

transcription factors are the genes coding for -skeletal actin and -MHC, which 

contribute to the changes in contractility of vascular smooth muscle and 

myocardium
91-93

. These genes, which are usually only expressed during fetal 

development, are induced in hypertrophic cells and are often considered markers 

of hypertrophy. 

 Increased translational activity also contributes to the development of 

hypertrophy. GPCR agonists promote protein translation by upregulating the 

synthesis and assembly of ribosomes as well as increasing the activity of 

eukaryotic translation initiation factors (e.g., eukaryotic translation initiation 

factor 4E (eIF4E)) and elongation factors (e.g., eukaryotic elongation factor 2 

(eEF-2)) in cardiomyocytes and VSMCs
94,95

. 

 

1.2.3 Regulation of fibrosis 

In the development of cardiac and vascular fibrosis, the excessive ECM 

protein synthesis depends on growth factors and cytokines (primarily TGF-β) 

which initiate signaling pathways invloving Smad transcription factors (Figure 
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1-2). The expression and secretion of TGF- are induced by stimulation with 

GPCR agonists both in vitro and in vivo
96-98

. In addition, GPCRs facilitate TGF- 

release by activating metalloproteinases, including MMP-2, MMP-9 and 

MT1-MMP, which can cleave and release active TGF-. MMP-2, MMP-3 and 

MMP-7 can also cleave decorin, a TGF- binding proteoglycan. Once TGF- is 

free from the extracellular milieu, it binds to its membrane receptors and triggers 

downstream signaling
99

. Experimentally, blocking or deleting TGF- inhibits 

GPCR agonist-induced development of cardiac and vascular fibrosis
71,97

. 

Incubation with TGF- induces the transition of cardiac and vascular 

fibroblasts into myofibroblasts, which are characterized by the expression of 

-smooth muscle actin and the increased release of ECM proteins, such as type I 

collagen, type III collagen and fibronectin. Specifically, TGF-β binds to the 

type-II TGF-β receptor (TRII), which recruits the type-I TGF-β receptor (TRI) 

and leads to TRI activation (by phosphorylation) to initiate downstream 

signaling. Active TRI, with the aid of the Smad anchor for receptor activation 

(SARA), recruits and phosphorylates the regulatory Smads (R-Smads), Smad-2 

and Smad-3. Phosphorylated R-Smads subsequently bind with the cooperative 

Smad (C-Smad), Smad-4, and translocate to the nucleus to initiate transcription of 

target genes including those encoding ECM proteins. In addition, this process is 

inhibited by inhibitory Smads (I-Smads), Smad-6 and Smad-7, which compete 

with R-Smads for interaction with receptors and Smad-4, as well as facilitate the 

ubiquitination and degradation of R-Smad and TGF-β receptors
100

(Figure 1-2).  

In addition to fibroblasts, Ang II can induce Smad signaling and ECM protein 

expression in VSMCs to mediate the development of fibrosis, which is dependent 

on extracellular signal-regulated kinases-1/2 (ERK-1/2) or p38 MAPK 

activity
101,102

. 
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1.2.4 Molecular signals downstream of GPCRs 

Stimulation of GPCRs by agonists (such as Ang II) leads to activation of their 

coupled Gq or Gs proteins, triggering multiple signaling pathways, including 

PLC-PKC, protein kinase A (PKA), MAPKs, PI3K-Akt and calcineurin-NFAT, to 

mediate VSMC and cardiomyocyte contraction and hypertrophic growth. These 

signaling pathways cross-talk to promote contraction (Figure 1-1), hypertrophy 

and fibrosis (Figure 1-2). As Figures 1-1 and 1-2 show, there is substantial 

overlap among pathways that signal contraction and those that signal remodeling.  

 1.2.4.1 The role of PLC- and downstream pathways in 

GPCR-regulated contraction and hypertrophy 

The members of the Gq protein family (including Gq, G11, G14 and 

G15/16) are characterized by their ability to activate PLC-
103

. In addition to Gq, 

G released from active heterotrimeric G proteins can also activate PLC-
104,105

. 

PLC- cleaves phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2 or PIP2) to form 

diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3)
106

, leading to the 

respective activation of PKC and the elevation of [Ca
2+

]i, which are major 

regulators of VSMC and cardiomyocyte contraction. Inhibition of PLC- activity 

blocks GPCR agonist-induced contraction in VSMCs and cardiomyocytes
107,108

. 

In addition, the significance of PLC- in the development of cardiac hypertrophy 

has been confirmed by the hypertrophic growth of neonatal cardiomyocytes 

overexpressing PLC-1b, one of the PLC- isoforms
109

. 

1.2.4.1.1 Ca
2+

 in GPCR-regulated contraction and hypertrophy 

Upon the activation of GPCRs, Gqα activates PLC-β, allowing it to hydrolyze 

the phosphodiester bond of PI(4,5)P2, one of the phospholipids in the plasma 

membrane. This process results in the formation of hydrophobic DAG and IP3, 

two potent second messengers. DAG remains in the plasma membrane and serves 

as activator of PKC, as discussed later. IP3 diffuses from the plasma membrane to 
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the sarcoplasmic reticulum (SR), where it binds to IP3 receptors (one of the Ca
2+

 

channels on SR membrane), leading to the release of Ca
2+

 from the SR and the 

elevation of [Ca
2+

]i. GPCR agonists also activate plasma membrane L-type Ca
2+

 

channels through Gβγ subunits to trigger extracellular calcium entry. This process 

is probably mediated by the ability of Gβγ to activate PI3K
110

. The increase in 

[Ca
2+

]i (from extracellular space and intracellular stores) can induce 

supplementary release of Ca
2+

 from the SR by activating ryanodine receptors 

(Ca
2+

-dependent Ca
2+

 channels on SR membrane), further elevating [Ca
2+

]i
111

.  

The Ca
2+

-binding protein CaM is one of the primary targets of elevated 

[Ca
2+

]i. Ca
2+

 binding triggers the conformational change and activation of CaM. 

In VSMCs, activated CaM is able to bind to and activate MLC kinase, which 

mediates contraction as described in 1.2.1
83

. In cardiomyocytes, elevated [Ca
2+

]i 

triggers the association of Ca
2+

 with troponin, which allosterically modulates 

tropomyosin, exposing the myosin binding sites of thin filaments. This permits 

subsequent cross-bridge cycling and cardiomyocyte contraction
85

. In addition to 

its role in the regulation of contraction, activated CaM also promotes hypertrophic 

growth in cardiomyocytes and VSMCs through the activation of the 

calcineurin-NFAT pathway and nuclear export of HDACs
89,112

. 

1.2.4.1.2 PKC in GPCR-regulated contraction and hypertrophy 

The activation of PLC-β and the subsequent release of DAG and IP3 triggered 

by Gq protein-coupled receptor agonists also induce the activation of PKCs. The 

mammalian PKC family has 11 members that can be classified into conventional 

PKCs (cPKCs; -α, -βI, -βII, -γ, which require both Ca
2+

 and DAG for activation), 

novel PKCs (nPKCs; -δ, -ε, -ε, -ζ, which only require DAG for activation) and 

atypical PKCs (aPKCs; -δ, -, -, which cannot be activated by DAG). 

The elevation of [Ca
2+

]i in response to GPCR activation results in the binding 

of Ca
2+

 to cPKCs in the cytoplasm, triggering cPKCs‟ structural changes and 
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translocation from the cytoplasm to the inner face of the plasma membrane. On 

the other hand, DAG remaining in the plasma membrane cooperates with 

phosphatidylserine (PS) to interact with and activate membrane-bound PKCs, 

including both cPKCs and nPKCs
113

.  

PKCs, which are serine/threonine protein kinases, can activate the small G 

protein RAS-GTPase which in turn initiates downstream signaling pathways 

including the MEK-ERK pathway and the PI3K pathway, signaling the 

development of cardiovascular hypertrophy
114-118

. Experimentally, the 

overexpression of PKC-, -, -, or - triggers ERK and/or PI3K activation and 

hypertrophic growth in cultured cardiomyocytes and VSMCs as well as in the 

hearts of transgenic mice
119-122

.  

PKCs regulate smooth muscle and myocardial contraction through their 

ability to: 1) activate MAPKs, such as ERK-1/2, which subsequently 

phosphorylate the thin filament-associated protein caldesmon, reversing its 

inhibition of myosin ATPase activity and increasing actin-myosin interaction 

(cross-bridge cycling)
84

, 2) phosphorylate calponin, another thin 

filament-associated protein, to disrupt its ability to block cross-bridge cycling
123

, 

3) phosphorylate Thr38 on PKC-potentiated inhibitory protein of 17 kDa (CPI-17), 

which in turn inhibits MLC phosphatase, increasing MLC phosphorylation and 

smooth muscle contraction
124

. 

Apart from PKC, DAG activates protein kinase D (PKD, also known as 

PKC), a serine/threonine protein kinase family that can also be activated by PKC 

phosphorylation
125

. Among the targets of PKD are HDACs, whose 

phosphorylation leads to their nuclear export, permitting pro-hypertrophic gene 

expression
126,127

. PKD can upregulate Ras activity and MEK/ERK signaling by 

phosphorylating the Ras-binding protein, Ras and Rab interacter-1 (RIN-1)
128

. 

The inhibition of PKD blocks HDAC nuclear export and the development of 
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cardiomyocyte hypertrophy in vivo and in vitro
127,129

. 

1.2.4.2 The role of PKA and downstream pathways in GPCR-regulated 

contraction and hypertrophy 

Stimulation of Gs protein by GPCR agonists leads to the activation of 

adenylyl cyclase, which generates cAMP from ATP and activates PKA. PKA is 

composed of two regulatory subunits and two catalytic subunits. cAMP binds to 

the regulatory subunits, leading to the release of the active catalytic subunits. One 

of the primary targets of active PKA are the L-type Ca
2+

 channels on the plasma 

membrane, resulting in an influx of extracellular Ca
2+

 to induce an increase in 

[Ca
2+

]i, promoting the contraction of VSMCs and cardiomyocytes as well as their 

hypertrophic growth (through the activation of CaM). PKA also phosphorylates 

the small G protein Rap, which in turn activates B-Raf to trigger the MEK-ERK 

pathway
130

. 

Experimentally, cardiac overexpression of 1-adrenoceptor, which is usually 

coupled to Gs proteins, initially increases heart contractility in transgenic mice, 

but eventually results in progressive cardiomyocyte hypertrophy and fibrosis
131

. 

Cardiac overexpression of the catalytic subunit of PKA also induces the 

development of dilated cardiomyopathy associated with cardiomyocyte 

hypertrophy and fibrosis, supporting the pro-hypertrophic role of Gs 

protein-coupled receptors and their downstream signaling
132

. 

Other targets of PKA include transcription factors such as cAMP-response 

element binding protein (CREB) and cAMP-dependent transcription factor-1 

(ATF-1). PKA, in addition to other kinases including ERK and CaM-dependent 

kinase, phosphorylates CREB on Ser133 and triggers its transcriptional activity. 

The target genes of CREB include those coding for the -adrenoceptor, TGF- 

and ANP, which are involved in the regulation of hypertrophic growth in 

cardiomyocytes. Stimulation by GPCR agonists induces the activation of CREB, 



Chapter 1 

 

23 

 

the expression of its target genes and cardiomyocyte hypertrophy
133,134

. Moreover, 

the inhibition of CREB prevents Ang II-induced hypertrophy in VSMCs
135

.  

In addition to PKA, another target protein of cAMP is the exchange protein 

directly activated by cAMP (Epac), a small G protein GEF. The classic target of 

Epac is Rap, which can activate B-Raf to trigger MEK/ERK signaling
130

. Epac 

has been reported to mediate β-adrenergic receptor-induced cardiomyocyte 

hypertrophy involving the activation of Ras, Rac and calcineurin
136,137

.   

1.2.4.3 Signaling pathways from GPCRs to transcription and translation 

Downstream of PLC, PKC and PKA, the induction of hypertrophy in VSMCs 

and cardiomyocytes by GPCR agonists is mainly mediated by their ability to 

stimulate signal pathways that regulate transcription and translation, including 

Raf-MEK-ERK and PI3k-Akt signaling pathways.  

1.2.4.3.1 The Raf-MEK-ERK pathway 

ERK-1 and -2, also known as p42- and p44-MAPKs, are members of the 

MAPK family of serine/threonine protein kinases and are major regulators of 

hypertrophic growth of VSMCs and cardiomyocytes. Their activation requires 

phosphorylation on threonine and tyrosine residues by the upstream MAPK 

kinases, MEK-1/2, which are phosphorylated and activated by Raf MAPK kinase 

kinase.  

The significance of the Raf-MEK-ERK pathway in the development of 

cardiac hypertrophy has been demonstrated by the development of significant 

cardiac hypertrophy in mice with cardiac-specific overexpression of MEK-1
138

. In 

addition, mice expressing cardiac-specific dominant negative Raf-1 are resistant 

to the development of cardiac hypertrophy induced by transverse aortic 

constriction
139

.  

Upon stimulation by GPCR agonists, the activation of PKC through Gq-PLC 

signaling leads to the activation of small GTPase Ras, although the mechanism is 
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not fully understood
114-116

. PKC can phosphorylate and inhibit Ras GAP to 

maintain the activity of Ras
140

. Activated Ras (i.e., in GTP-bound state) recruits 

Raf protein (through Raf‟s Ras interaction domain) to the membrane and 

facilitates its phosphorylation on Ser338 and Tyr341, resulting in the full 

activation of Raf. PKC can also activate Raf independently of Ras
141

. Additionally, 

cAMP generated downstream of Gs activation can activate B-Raf, one of the Raf 

isoforms expressed in the heart, through both PKA-dependent and -independent 

pathways. The serine/threonine protein kinase, Raf phosphorylates and activates 

MEK-1/2, which subsequently activate ERK-1/2
142

. Activated ERK-1/2 can 

phosphorylate and trigger transcription factors including c-myc, c-fos, Elk-1, 

GATA-4 and CREB to mediate gene transcription and cardiomyocyte 

hypertrophy
143

. The MEK-ERK pathway also regulates translation downstream of 

GPCR activation. In adult cardiomyocytes, phenylephrine (an -adrenoreceptor 

agonist) and endothelin-1 can induce an increase in protein synthesis by activating 

ribosomal protein S6 kinase 1 (S6K-1) and by inducing the release of eIF4E from 

its inhibitory binding partner eIF4E-binding protein-1 (4EBP-1). These 

pro-hypertrophic processes can be blocked by inhibitors of MEK or Ras, 

suggesting that the MEK-ERK pathway also engages translation to mediate 

GPCR-induced hypertrophy
144

.  

Another target of ERK is MAPK-activated protein kinase 1 (MAPKAP-K1 or 

p90 ribosome protein S6 kinase (p90RSK)), which can phosphorylate ribosome 

S6 protein to promote ribosomal activity and translation. p90RSK also promotes 

transcription by phosphorylating and activating transcription factors like CREB 

and c-fos. Activation of p90RSK has been reported to mediate cardiomyocyte 

hypertrophy in vivo and in vitro
145,146

.  

The MEK-ERK pathway may also regulate the contraction of VSMCs. For 

example, ERK-1/2 can phosphorylate caldesmon, reverse its inhibition of myosin 
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ATPase activity and increase actin-myosin interaction and subsequent VSMC 

contraction
84

. 

1.2.4.3.2 The PI3K-Akt pathway 

Since its discovery in the 1988, PI3K has been found to be involved in 

diverse cell processes including cell proliferation, differentiation and survival, 

mainly through the activation of its downstream serine/threonine protein kinase 

Akt (also known as protein kinase B (PKB))
147

.  

Activation of Ras downstream of GPCR-PLC-PKC can lead to the activation 

of class I PI3K (composed of a catalytic 110 kDa subunit and a regulatory 85 kDa 

or 55 kDa subunit), whose catalytic subunit contains a Ras-binding domain
117

. 

Moreover, free Gβγ, upon GPCR activation, is able to activate class IB PI3K 

(probably through their direct interaction)
78

. Activated PI3K converts plasma 

membrane lipid PI(4,5)P2 into phosphatidylinositol 3,4,5-trisphosphate 

(PI(3,4,5)P3) by phosphorylation. This results in the recruitment of Akt and 

3-phosphoinositide-dependent protein kinase 1 (PDK-1) to the cell membrane 

through the interaction between their pleckstrin-homology (PH) domains and 

PI(3,4,5)P3. The forced colocalization of Akt and PDK-1 leads to the 

phosphorylation (on Thr308 and Ser473) and activation of Akt by PDK-1
148

.  

In transgenic mice, PI3K or Akt overexpression induces the development of 

cardiac hypertrophy
149,150

. Expression of a dominant negative form of PI3K 

results in smaller hearts compared to the wild-type mice
149,151

. Meanwhile, Akt 

overexpression induces VSMC hypertrophy and Akt inhibition blocks Ang 

II-induced VSMC hypertrophy in vitro
152

. These results confirm the significance 

of the PI3K-Akt pathway in the development of GPCR agonist-induced 

hypertrophy.  

One of the ways that Akt contributes to the development of hypertrophy is via 

the activation of another protein kinase, mammalian target of rapamycin 
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(mTOR)
94

. Inhibition of mTOR by rapamycin attenuates pathological cardiac 

hypertrophy and reverses myocardial dysfunction induced by cardiac Akt-1 

overexpression
153,154

. Akt leads to mTOR activation through the phosphorylation 

of tuberous sclerosis protein 2 (TSC-2 or tuberin). Phosphorylation attenuates 

TSC-2‟s GAP activity towards small G protein Rheb, thus maintaining Rheb 

activity. Rheb can then bind to the N-terminal lobe of the catalytic domain of 

mTOR and activate mTOR
155

. Downstream of mTOR are p70/85 S6K-1 and 

p54/56 S6K-2. When activated by mTOR via phosphorylation, S6K-1/2 

phosphorylate and activate ribosomal S6 protein, which subsequently stimulates 

translation of the 5‟-terminal oligopyrimidine tract (5‟-TOP) mRNAs (including 

the mRNAs of translation factors and most ribosomal proteins), promoting the 

synthesis of ribosomes, translation and subsequent hypertrophic growth of 

cardiomyocytes and VSMCs
94,156,157

. mTOR also stimulates translation by 

activating translation initiation factor eIF4E and translation elongation factor 

eEF-2. mTOR: 1) phosphorylates eIF4E-binding protein 4EBP-1, leading to the 

release of eIF4E and enabling it to bind 5‟-capped mRNA; and 2) phosphorylates 

eEF-2 kinase, inhibiting its ability to phosphorylate and de-activate eEF-2
156

. In 

addition to Akt, ERK-1/2 also phosphorylate and inhibit TSC-2 to activate mTOR, 

indicating there is cross-talk between the PI3K-Akt pathway and the MEK-ERK 

pathway and supporting the pro-hypertrophic effect of the MEK-ERK 

signaling
158

. 

Activation of Akt via PI3K signaling also promotes cardiac hypertrophy 

through the phosphorylation and deactivation of glycogen synthase kinase 3β 

(GSK-3β). Apart from its role in metabolism, active GSK-3β phosphorylates and 

inhibits translation initiation factor eIF2B to block translation. The inhibition of 

GSK-3β by Akt facilitates translation by activating eIF2B and promotes 

transcription by activating transcription factors involved in hypertrophic growth, 



Chapter 1 

 

27 

 

such as c-Myc, GATA-4 and NFAT
94,159

. In addition, ERK is reported to interact 

with GSK-3 to prime GSK-3 for inactivation
160

. 

PI3K has also been reported to activate membrane L-type Ca
2+

 channels to 

promote Ca
2+

 entry into the myocardium and smooth muscle to mediate their 

contraction
110,161,162

. In addition, PI3K inhibition reduces VSMC contraction and 

that cardiac specific expression of PI3K or Akt initially increases myocardial 

contractility, suggesting the possible involvement of the PI3K-Akt pathway in the 

regulation of vasoconstriction and myocardial contraction
149,163

.  

1.2.4.4 GPCR signaling through reactive oxygen species 

Elevated levels of ROS, such as hydrogen peroxide and superoxide, damage 

proteins, DNA and membrane lipids via oxidation and other modifications 

(including oxidation of sulfhydryl groups, reduction of disulfide bonds, adduction 

of residues to metal ions, cross-linking and fragmentation). These damages lead to 

energetic deficit and cell death and contribute to the progression towards heart 

failure
164

. At lower levels, ROS can exert more subtle effects by regulating the 

activity of diverse intracellular molecules and pathways, such as the MAPK and 

PI3K pathways, mainly through their ability to activate kinases and inhibit 

tyrosine phosphatases
165,166

. These subtle effects may be more significant in the 

regulation of contraction and hypertrophic growth in cardiomyocytes and 

VSMCs
167

. Stimulation by GPCR agonists like Ang II can induce increased 

intracellular ROS levels to mediate contraction and hypertrophic growth in 

VSMCs and cardiomyocytes. Furthermore, treatment with antioxidants (such as 

butylated hydroxyanisole, vitamin E, and catalase) prevents the development of 

GPCR agonist-induced vasoconstriction and cardiovascular hypertrophy
56,168-170

.  

The cellular sources of ROS include mitochondria, NADPH oxidase, 

xanthine oxidase and nitric oxide synthase. The main sites of mitochondrial ROS 

generation are complex I (NADH dehydrogenase) and complex III (coenzyme Q: 
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cytochrome c oxidoreductase) of the electron transport chain, where single 

electrons are transferred to oxygen molecules (O2) to generate superoxide radicals 

(O2
-) as byproducts of respiration. Most studies suggest that mitochondrial ROS 

are important in models of heart failure and myocardial ischaemia-reperfusion, 

but less so in the process of contraction and hypertrophy
171-173

. Rather, NADPH 

oxidase, a membrane-associated protein complex which transfers electrons from 

NADPH to O2 to generate superoxides, is considered to be the main source of 

ROS in acute response to GPCR activation
167,174

.  

Generated O2
- can be converted into H2O2 molecules (which are more stable 

and diffusible than radicals like O2
- and thus serve as better signal molecules) and 

hydroxyl radicals HO (which are highly reactive damaging molecules)
175

. O2
- 

can also react with nitric oxide to generate peroxynitrite (ONOO
-
). This 

scavenging of nitric oxide, a vasodilator, contributes to the suppression of 

vasodilation and thus, the development of hypertension. ONOO
-
, meanwhile, 

induces protein oxidation and nitration, mitochondrial membrane 

permeabilization and loss of mitochondrial function
176,177

. In addition, ROS 

generated by NADPH oxidase can further promote ROS production from nitric 

oxide synthase, xanthine oxidase and mitochondria as well as NADPH oxidase 

itself
178-181

.  

Stimulation by GPCR agonists like Ang II induces expression of NADPH 

oxidase subunits and promotes the assembly of NADPH oxidase complex on the 

plasma membrane, leading to its activation and subsequent ROS production in 

cardiomyocytes and VSMCs
182-185

. GPCR agonists also induce NADPH oxidase 

activation and ROS generation, which are mediated by PKC phosphorylation of 

p47phox, one of the subunits of NADPH oxidase required for its activation
186,187

. 

Treating VSMCs with phorbol-12-myristate-13-acetate (PMA, also known as 

12-O-tetradecanoylphorbol-13-acetate or TPA), a DAG analogue that 
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constitutively activates PKCs, induces an increase in intracellular ROS level. This 

increase can be blocked by the inhibition of PKC or NADPH oxidase, but not by 

inhibition of other ROS-generating enzymes including xanthine oxidase, nitric 

oxide synthase and the mitochondrial electron transport chain
188

.  

Another pathway that mediates the activation of NADPH oxidase is the 

PI3K-Akt pathway. Akt phosphorylates p47phox on S304 and S328 to support 

NADPH oxidase activation
189

. PI3K also mediates the activation of small G 

protein Rac, one of the regulator of NADPH oxidase, facilitating the recruitment 

of cytoplasmic components of the NADPH oxidase complex to the membrane
190

. 

Expression of constitutively active Rac increases basal and Ang II-induced levels 

of ROS, whereas inhibition of Rac activity can decrease Ang II–induced ROS 

production and VSMC contraction as well as Ang II-induced cardiomyocyte 

hypertrophy
184,191,192

. PI(3,4,5)P3 produced by PI3K activates Rac-specific GEFs, 

such as Vav and SWAP-70
193,194

, which trigger the activation of Rac. Deletion of 

PI3K- blocks Rac activation, ROS production and hypertension induced by Ang 

II stimulation in vivo
195

.  

The effects of ROS in signaling depend on their ability to inhibit protein 

tyrosine phosphatases (PTP) and to activate kinases (through the oxidation of 

cysteine residues)
165

. In neonatal cardiomyocytes, treatment with H2O2 can induce 

the activation of MAPKs including ERK-1/2
196,197

. ROS can activate Ras by 

modifying its cys-118 and increasing its GTP/GDP exchange activity 
198

. 

Activation of Ras in turn leads to the activation of the MEK-ERK and the 

PI3K-Akt pathways, which promote contraction and hypertrophic growth in 

VSMCs and cardiomyocytes. Additionally, ROS can trigger the activation of Akt 

in several cell types such as VSMCs and fibroblasts
197,199

. Ang II-induced Akt 

activation can be inhibited by exposure to antioxidants or by overexpressing 

catalase, the enzyme catalyzing the decomposition of H2O2 to water and 
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oxygen
199

.  

ROS also stimulate contraction and hypertrophic growth through the 

regulation of [Ca
2+

]i. ROS can oxidize a cysteine residue on the ryanodine 

receptor to increase Ca
2+

-dependent Ca
2+

 release from the SR
200

. Meanwhile, 

NADPH oxidase-derived ROS are reported to mediate endothelin-1 and Ang 

II-induced activation of L-type Ca
2+

 channels
201,202

.  

In the hypertrophic heart, accumulation of ROS-damaged proteins, membrane 

lipids and DNA (including mitochondrial DNA) results in assembly defects and 

dysfunction of enzymes, including the mitochondrial respiration chain complexes 

which are essential for ATP generation. These defects also result in membrane 

potential abnormality, mitochondrial replication inhibition and can induce 

apoptosis signals to mediate death of cardiomyocytes. Furthermore, the increase 

in the level of ROS also mediates the proliferation of cardiac fibroblasts as well as 

TGF- expression and secretion, promoting the deposition of ECM proteins and 

thus the development of fibrosis
203

. These pro-apoptotic and pro-fibrotic effects 

all contribute to the loss of heart contractility and the development of heart failure 

in the long term
204

.  

 

1.3 Metalloproteinases and transactivation pathways 

1.3.1 Metalloproteinases 

Metalloproteinases are a class of proteases belonging to the metzincin 

superfamily which are named for the presence of the conserved Met residue and 

zinc ion at the active site. This class of enzymes includes the matrix 

metalloproteinases (MMP) and the disintegrin metalloproteinases (ADAMs)
205,206

. 

The first metalloproteinase (MMP-1) was identified in 1960s as the enzyme 

degrading collagen triplex and contributing to the tail resorption of tadpole 

metamorphosis. Metalloproteinases are known for their role in the degradation of 
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extracellular matrix proteins such as collagens and gelatin. However, over the past 

20 years, our knowledge of the molecular functions of metalloproteinases has 

expanded. Now, metalloproteinases are known to act not only as ECM degrading 

enzymes but also as mediators in cell signaling pathways. Recent studies have 

further shown that metalloproteinases can cleave and modulate many substrates 

such as apoptotic ligands, cytokines, chemokines and growth factors. Tthese 

substrates are then released from their membrane-bound proforms (a process 

known as “shedding”), allowing them to “transactivate” respective receptors and 

induce downstream signaling
207-210

. Recent studies have also suggested that 

metalloproteinases can cleave membrane receptors such as insulin receptors, 

β2-adrenoceptors and lead to their inactivation
211,212

. Therefore, these enzymes 

not only regulate normal tissue remodeling, but also the processes such as cell 

growth and proliferation, migration, apoptosis and angiogenesis.  

1.3.1.1 MMPs 

MMP family contain 23 members in human and mouse (Table 1-2). They 

have similar structures that comprise of prodomain, catalytic domain and 

hemopexin-like domain. Although MMPs in general share structural and 

functional characteristics, they can be further sub-classified according to their 

substrate specificity and domain structure: collagenases (which can degrade 

collagen triple helix), gelatinases (which contain additional collagen-binding type 

II repeats of fibornectin and can cleave gelatin, denatured collagen), stromelysins 

(which can cleave broad spectrums of extracellular matrix proteins but not 

triple-helical fibrillar collagen), matrilysin (which lack the hemopexin-like 

domain) and membrane type-MMPs (MT-MMPs, which contain transmembrane 

domain or glycosylphosphatidylinositol anchor). Although most MMPs are 

thought to be secreted, intracellular function of MMPs has been reported
213,214

. 
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1.3.1.1.1 MMP-2 

MMP-2, also known as gelatinase A or 72 kDa gelatinase, is ubiquitously 

expressed in most tissues. It is one of the mostly studied MMP because of its 

constitutive expression, its dominant role in injury repair and diseases as well as 

ease of detection using gelatin zymography. The substrates of MMP-2 include 

type I, IV, V, VII and X collagens, gelatin, elastin, fibronectin and laminin. 

Physiologically, in coordination with other MMPs, MMP-2 regulates normal 

tissue remodeling events such as embryonic development, angiogenesis, ovulation, 

mammary gland involution and wound healing. MMP2 also triggers osteoblastic 

bone formation and inhibits osteoclastic bone resorption
215

. Increased expression 

of MMP-2, along with MMP-9 (gelatinase B, 92 kDa gelatinase), is often 

observed in invasive and tumorigenic cancer
216

. It also promotes tumor progress 

by 1) cleaving ECM, 2) cleaving and activating growth factors and, 3) promoting 

angiogenesis. In cardiovascular system, acute release of MMP-2 during 

reperfusion after ischemia contributes to cardiac mechanical dysfunction and 

inhibition of MMP-2 improved the recovery of mechanical function during 

reperfusion
217

. Increased level of circulating MMP-2 is suggested to be the marker 

of heart failure. MMP-2 levels above the mean serum level are associated with 

poor prognosis and mortality of patients with chronic heart failure
218

. Oxidative 

stress activates cardiac MMP-2 to cleave sarcomeric proteins (titin, troponin I and 

myosin light chain-1) which can impair cardiomyocyte contractility
213,219,220

. 

1.3.1.1.2 MMP-7 

MMP-7, also known as matrilysin I, is the smallest member of MMP family. 

It does not have the hemopexin-like domain which is involved in protein 

interaction and determines the substrate specificity of MMPs. Therefore, MMP-7 

has a broad spectrum of substrates, including aggrecan, fibronectin, elastin and 

type IV collagen. MMP-7 is highly expressed in the intestine and cleaves and 
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activates α-defensin in intestinal mucosa, thus involved in innate immune 

defense
221

. In the cardiovascular system, MMP-7 has recently been reported to be 

the major inducing factor of endothelial dysfunction
222,223

. MMP-7 promotes 

GPCR agonist-induced vasoconstriction through the cleavage of heparin-binding 

epidermal growth factor (EGF)-like growth factor (HB-EGF) and activation of 

epidermal growth factor receptor (EGFR)
56

. 

1.3.1.2 ADAMs 

The human ADAMs family has 21 members and 13 of them exhibit 

proteinase activity (Table 1-3). The typical ADAM is composed of prodomain, 

catalytic domain, disintegrin domain, cysteine rich domain, EGF-like domain, 

transmembrane domain and cytoplasmic domain. Although all ADAMs are 

expressed as membrane proteins, some ADAMs, such as ADAM-9, ADAM-12 

and ADAM-19, have splicing isoforms lacking transmembrane and cytoplasmic 

domains, thus forming the secreted ADAMs
224-226

. 

1.3.1.2.1 ADAM-12 

ADAM-12, also known as meltrin 1, is highly expressed in placenta. It is 

also expressed in other organs including heart and skeletal muscle. ADAM-12 is 

expressed as two splicing isoforms in human: the transmembrane ADAM-12L 

and secreted ADAM-12S, although ADAM-12S has not been observed in 

rodents
225

. ADAM-12 is able to cleave insulin-like growth factor (IGF)-binding 

protein (IGFBP) 3 and 5, which increases concentrations of bioavailable IGF and 

is important for foetal growth during pregnancy
227

. The expression of ADAM-12 

is also highly elevated in tumors and is considered as a prognosis marker for 

human bladder cancer and breast cancer, although its exact role is not clear
228

. In 

the heart, ADAM-12 is able to cleave and release (shed) membrane-bound 

HB-EGF, contributing to the development of cardiac hypertrophy
229

. ADAM-12 
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also interacts with TGF- receptor type II and increase the TGF- signaling and 

probably fibrosis
230

. 

1.3.1.2.2 ADAM-17 

ADAM-17 is also known as TNF-α-converting enzyme (TACE). Although 

ADAM-17 is a membrane metalloproteinase, only 10% of the total protein is 

found on the plasma membrane on the cell surface. The majority of mature, 

endogenous ADAM17 possessing metalloproteinase activity is localised in the 

endoplasmic reticulum (ER) and trans-Golgi network, suggesting possible 

intracellular functions
231

. As its name suggests, one of the targets of ADAM-17 is 

membrane-bond pro-TNF-α. The cleavage results in the release of active 

TNF-α
232

. ADAM-17 can also cleave and activate growth factors like TGF-α, 

which activate EGFR and mediate chronic kidney disease
233

. In vasculature, 

ADAM-17 is able to activate EGFR and mediate the proliferation and 

hypertrophic growth of vascular smooth muscle cells, contributing to the 

development of vascular remodeling
234,235

. ADAM-17 also serves as α-secretase 

of amyloid precursor protein, generating soluble non-amyloidogenic fragment and 

preventing the development of Alzheimer‟s disease
236

. 

1.3.1.3 Activation and regulation of metalloproteinases 

All metalloproteinases are expressed as inactive pro-proteins which require 

activation to exhibit their enzymatic activity. Metalloproteinases are also 

regulated by a variety of other mechanisms including transcriptional regulation, 

posttranslational modifications (e.g. phosphorylation) and protein-protein 

interactions
237-240

.  

All metaloproteinases are synthesized as inactive zymogens with an 

N-terminal inhibitory prodomain. This prodomain blocks the catalytic zinc ion 

(via cysteine-switch mechanism, a cysteine residue in the “PKVCGY” binds to 

the zinc ion) and separates substrates from active site. Activation of 
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metalloproteinases requires cleavage of the propeptide, oxidative stress or other 

conformational perturbations to disrupt the interaction of the cysteine residue with 

the zinc ion and to expose the active site
237

. The proteinases involved in the 

prodomain removal include furin, plasmin and other metalloproteinases. For 

example, MMP-3 can cleave and activate MMP-1, MMP-7, MMP-8 MMP-9 and 

MMP-13
241,242

. Similarly, MMP-7 activates MMP-1, MMP-2, MMP-8 and 

MMP-9 whereas MMP-10 activates MMP-7, MMP-8 and MMP-9
242

. In addition, 

pro-MMP-2 has been shown to be activated by MT1-MMP (MMP-14) after 

binding with tissue inhibitor of metalloproteinases (TIMP)-2
243,244

.  

The activation of metalloproteinase also occurs without the cleavage of the 

prodomain. Oxidation of the inhibitory cysteine residue by ROS can break the 

cysteine-switch and expose the active site. Artificially, mercury-containing 

compounds such as 4-aminophenylmercuric acetate (APMA) or detergent such as 

sodium dodecyl sulphate (SDS) can also disrupt the cysteine-switch, allowing 

activation of the metalloproteinase without cleavage of the prodomain
245

.  

Metalloproteinases are also regulated at the transcriptional level
239

. The 

promoters of most MMPs and ADAMs contain binding sites for transcription 

factors such as AP-1, activating transcription factor-2 (ATF-2), and NF-B
246-251

. 

These transcription factors can be activated by MAPK and c-Jun N-terminal 

kinases (JNK) pathways which are triggered by growth factors (i.e. EGF), 

cytokines (i.e. transforming growth factor beta, TGF-β) and GPCR agonists
246,252

. 

PMA, which mimics DAG and constitutively activates PKC, induces the 

expressing of metalloproteinases, suggesting PKC pathway also regulates 

metalloproteinase expression
253

. 

Several ADAMs contain potential phosphorylation sites for serine-threonine 

protein kinases and tyrosine protein kinases. ADAM-17 has been shown to be 

activated by ERK through phosphorylation at Thr735, which is required for its 
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maturation and trafficking
254

. Similarly, human MMP-2 activity is affected by 

phosphorylation at 5 different sites
240

. 

Metalloproteinase activation might also be mediated through 

protein-proteininteractions. PACSIN-3 and eve-1, two docking proteins that 

contain Src homology 3 (SH3) domains to interact with the proline-rich domain of 

ADAMs, are able to enhance ADAM-12 activation induced by PMA, suggesting 

their role downstream of GPCR-induced PKC-mediated ADAM activation
255,256

. 

Consistently, knockdown of PACSIN-3 or eve-1 inhibits ADAM-12 activation 

and subsequent HB-EGF shedding induced by either PMA or Ang II. 

Another aspect of metalloproteinase regulation arises from their interactions 

with the TIMPs, which reversibly interact with metalloproteinases and inhibit 

their proteolytic activities in a 1:1 stoichiometric ratio
257

. TIMPs are 21-30 kDa 

small proteins with 4 identified isoforms (TIMP-1, 2, 3 and 4). All known MMPs 

and most of the ADAMs (with the exceptions of ADAM-8, 9 and 19) are inhibited 

by at least one of the four TIMPs
258

. In addition, TIMP-2 can form a complex 

involving MMP-2 and MT1-MMP
244

. In this complex, TIMP-2 interacts with 

MT1-MMP and recruits pro-MMP-2 for proteolytic activation by MT1-MMP. 

Therefore TIMP-2 is involved in the activation as well as inhibition of MMP-2. 

1.3.1.4 Pathological roles and therapeutic inhibition of 

metalloproteinases 

Due to their ability to degrade cartilage extracellular matrix (mainly 

composed of proteoglycans and collagens), metalloproteinases are believed to be 

the main player in the development of two major joint diseases: osteoarthritis and 

rheumatoid arthritis
259

. Metalloproteinases have also been shown to be involved in 

other diseases including neurodegenerative disease, cardiovascular disease and 

cancer
228,229,234-236

.  
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Due to the strong upregulation and significance of metalloproteinases in 

these pathological conditions, metalloproteinases have been studied as potential 

therapeutic targets. However, despite numerous trials targeting metalloproteinases 

clinically, only one metalloproteinase inhibitor (doxycycline, a member of the 

tetracycline antibiotics group) is approved for clinical use (for periodontitis). 

Tetracyclines, initially identified as antibiotics, were found to inhibit 

metalloproteinase activity at sub-antimicrobial doses in 1983
260

. Since then, 

tetracyclines, including chemically modified tetracyclines (CMTs, whose 

antimicrobial activity is removed but metalloproteinase inhibitory activity is 

retained), have been studied for their metalloproteinase inhibitory activity in 

different disease models including diseases of the cardiovascular system
261-263

. 

Other metalloproteinase inhibitors, including GM6001, batimastat and marimastat 

have also proven effective in experimental disease models. However, success has 

been limited in the clinical trials
264-268

. The synthetic MMP inhibitor PG-116800 

failed to improve any clinical outcomes and showed no reduction in myocardial 

infarction-induced ventricular remodeling in post-myocardial infarction patients, 

despite effective in preclinical animal studies
269

. Coronary artery disease patients 

receiving doxycycline for 6 month showed decreased plasma levels of high 

sensitivity C-reactive protein, interleukin-6 and pro-MMP-9 levels, but were not 

protected from cardiovascular death or myocardial infarction
270

. The lack of 

success in targeting metalloproteinases clinically is at least partially attributable to 

the presence of adverse side effects including musculoskeletal syndromeand the 

lack of specificity of these metalloproteinase inhibitors
257,271

. Therefore, many 

studies are now focusing on the design of more selective metalloproteinase 

inhibitors, including natural products and their derivatives as well as low 

molecular weight synthetic compounds incorporating different Zn
2+

-binding 

groups
272,273

. 
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1.3.2 Transactivation pathway involving metalloproteinases 

In the last twenty years, studies have uncovered that stimulation by GPCR 

agonists can also lead to the activation of receptors of growth factors and 

cytokines to enhance vascular smooth muscle contraction and promote 

hypertrophic growth in both vascular smooth muscle and the heart
55,56,229,234

. This 

“transactivation” process, first described in 1996, demonstrated that activation of 

GPCRs leads to the phosphorylation of the EGFR and subsequent MAPK 

activation and c-Fos expression
274

. The significance of the transactivation process 

has been demonstrated in tumor cells, neurons, cardiomyocytes and VSMCs. 

Further studies suggested that the transactivation process is mediated at least in 

some cases, by MMPs and ADAMs
55,56,229,233,234,275

. These metalloproteinases, 

when activated, cleave and release (shed) growth factors (e.g., HB-EGF) and 

cytokines (e.g., TNF-α), leading to the activation of their receptors and 

downstream signaling involving MAPKs, PI3K-Akt and ROS. Studies using 

animal models have shown that non-specific inhibition of metalloproteinases can 

attenuate the development of systemic and pulmonary hypertension, cardiac 

hypertrophy and vascular remodeling, confirming the significance of 

metalloproteinases in these cardiovascular diseases
266,276-278

. 

1.3.2.1 Agonist-induced activation of metalloproteinases 

Several studies have demonstrated that stimulation by GPCR agonists induces 

the activation of metalloproteinases (including MMPs and ADAMs), mediating 

vasoconstriction as well as the development of hypertension and cardiovascular 

hypertrophy
55,56,229,234

.  

PKC may be a key mediator of the GPCR agonist-induced activation of 

metalloproteinases. Treatment with the phorbol ester PMA can induce PKC 

activation and promote the shedding ability of metalloproteinases such as 
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ADAM-17
248,249

. In ADAM-17
-/-

 fibroblasts, TGF- and neuregulin shedding 

induced by PMA is absent
279

. PMA-induced neuregulin release is also lost in 

ADAM-19 deficient fibroblasts
280

, and PMA-triggered HB-EGF shedding is 

impaired in ADAM-12 deficient cardiomyocytes
229

. Additionally, activation of the 

Ras-Raf-MEK-ERK pathways by GPCR agonists has been reported to activate 

metalloproteinases and subsequent HB-EGF shedding independent of PKC
275

.  

The mechanisms of GPCR agonist-induced metalloproteinase activation is at 

both the transcriptional and post-translational level. At the transcriptional level, 

GPCR activation induced by agonists such as Ang II and catecholamines increases 

the transcription of MMPs including MMP-1, -2, -7, -9 and -14 and ADAMs like 

ADAM-12
56,229,281,282

. Activation of PKC by PMA stimulation induces the 

expression of MMPs, suggesting PKC may mediate GPCR agonist-induced MMP 

expression
248,283

. GPCR agonist-induced activation of ERK-1/2 signaling and 

subsequent activation of transcription factors like AP-1 (consisting of c-Fos and 

c-Jun, whose expression and activity are triggered by ERK) may also contribute to 

the activation of metalloproteinases, since the cis element of AP-1 has been found 

in the promoters of almost all MMPs and some ADAMs
248-251

. Additionally, 

activation of NFAT has been reported to mediate upregulation of MMP-2 and 

MMP-9 in cardiac myocytes
284

.  

At the post-translation level, the activation of metalloproteinases by PKCs or 

MAPKs downstream of GPCRs may be mediated via phosphorylation. PKC 

interacts with ADAM-9 and ADAM-12 and mediate PMA-induced HB-EGF 

shedding
229,285

. ADAM-17 is activated by ERK through phosphorylation at 

Thr735, which is required for its maturation and trafficking
254

. Meanwhile, the 

activation of ADAM-17 induced by PKC is inhibited by overexpressing PTP-H1, 

a protein tyrosine phosphatase that is able to interact with ADAM-17 through its 

PDZ domain, suggesting a role for tyrosine phosphorylation in ADAM 
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activation
286

. Increased levels of ROS downstream of GPCRs can also lead to the 

activation of metalloproteinases. PMA-induced activation of ADAM-17 is 

reported to be mediated by ROS generation in monocytic cells
287

. In COS7 cells, 

ADAM-17 activation downstream of AT1R is reported to signal through Ca
2+

 and 

ROS
288

.  

1.3.2.2 Transactivation of membrane receptors by metalloproteinases and 

resulting downstream signaling 

Membrane receptor transactivation by metalloproteinases is important in the 

regulation of the contraction and hypertrophic growth of VSMCs and 

cardiomyocytes. One of the first metalloproteinases identified to mediate 

hypertensive cardiac disease is ADAM-12, which was found to mediate GPCR 

agonist-induced cardiac hypertrophy by shedding HB-EGF and transactivating 

EGFR
229

. In later studies, ADAM-17 was also shown to mediate VSMC 

hypertrophy and hyperplasia growth
234

. Previous studies from our lab suggest that 

MMP-7 may transactivate the EGFR to maintain GPCR agonist-induced 

vasoconstriction of small arteries and promote hypertension and cardiac 

hypertrophy
56,289 

.  

Activated MMPs and ADAMs, downstream of GPCR agonist stimulation, 

can shed several growth factors and cytokines from their latent proteins located on 

the plasma membrane (e.g., HB-EGF, TNF-α)
229,290

. They can also release some 

growth factors and cytokines from the ECM as well as from their inhibitory 

binding proteins (e.g., TGF-β, IGF)
84,291-293

. These cytokines and growth factors 

then bind to their respective receptors to trigger downstream pathways such as 

MEK-ERK and PI3K-Akt to mediate contraction and hypertrophy. 

1.3.2.2.1 The EGF receptor family 

ErbB family receptors, including the EGFR (ErbB-1), ErbB-3 and ErbB-4, 

are the most studied membrane receptors that are transactivated by GPCR 
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agonists. These receptors are single transmembrane receptors which have 

intracellular protein tyrosine kinase (PTK) activity
294,295

. The significance of the 

ErbB family receptors in hypertrophy has been demonstrated by the induction of 

hypertrophic growth of cardiomyocytes in response to stimulation by their ligands 

in vitro
296,297

. EGFR ligands are also known to induce vasoconstriction in vivo and 

ex vivo
298,299

. In addition, inhibition of the EGFR blocks the development of Ang 

II-induced hypertension and cardiac hypertrophy
300

. The ligands of the ErbB 

family receptorsinclude EGF, TGF-α, HB-EGF, amphiregulin and epiregulin (all 

prefer binding to the EGFR) as well as neuregulins (prefer binding to ErbB3 and 

ErbB4). Most of these ligands can be shed by metalloproteinases.
229,280,285,290,301

.  

The binding of ligands to the extracellular ligand-binding domains of ErbB 

family receptors leads to their homo- or hetero-dimerization, triggering their 

intracellular PTK activity
302

. This results in the trans-phosphorylation of multiple 

tyrosines on the C-terminus, which is catalyzed by the PTK sub-domains in the 

receptor dimer. These phospho-tyrosine residues serve as the docking sites for the 

binding of effector proteins, such as proteins containing SH2 domains or 

phospho-tyrosine binding (PTB) domains.  

Activation of the ErbB family receptors triggers signaling through the 

MEK-ERK pathway. In brief, adaptor proteins such as growth factor 

receptor-bound protein 2 (GRB-2) or Shc bind to the phospho-tyrosine residues of 

ErbB family receptors, via their SH2 and/or PTB domains
303,304

. The PTK activity 

of these receptors also phosphorylates the Shc docking protein, enabling it to bind 

to GRB-2 or other adaptor proteins. GRB-2 then recruits the Sos protein to the 

plasma membrane via the interaction between two SH3 domains on the 

N-terminus of GRB-2 and the proline-rich domain of Sos. Sos then serves as a 

GEF to activate Ras and downstream Raf-MEK-ERK signaling. 

The activation of Ras downstream of ErbB receptors also leads to the 
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activation of PI3K through the interaction between Ras and the regulatory subunit 

of PI3K. Moreover, the phospho-tyrosine residues of active ErbB family receptors 

can interact with the SH2 domain of the regulatory subunit of PI3K, recruiting 

PI3K to the plasma membrane
304

. This binding allows PI3K to interact with its 

substrate PI(4,5)P2 in the plasma membrane and convert it into PI(3,4,5)P3, which 

activates Akt and initiates downstream signaling through mTOR and GSK-3, as 

described above.  

The activation of ErbB family receptors can also trigger the activation of 

NADPH oxidase to induce the production of ROS
305,306

. ErbB-triggered NADPH 

oxidase activation may involve PI3K, which mediates the activation of the 

NADPH oxidase through Rac. The induction in ROS and downstream signaling, 

as well as the direct activation of the PI3K-mTOR pathway and the MEK-ERK 

pathway downstream of ErbB receptor transactivation, promote the contraction 

and hypertrophy of VSMCs and cardiomyocytes. 

1.3.2.2.2 Other growth factor receptors 

Apart from the EGFR, transactivation of the platelet-derived growth factor 

(PDGF) receptor and the IGF receptor by GPCR agonists has also been 

reported
307-309

. Their activation triggers downstream signaling through pathways 

including the MEK-ERK pathway and the PI3K pathway via their own PTK 

activity, or via their interaction with and activation of the EGFR family 

receptors
310,311

. IGF alone is able to induce hypertrophic growth in cultured 

cardiomyocytes
312,313

. Mice overexpressing PDGF develop significant cardiac 

hypertrophy
314

, supporting the pro-hypertrophic role of these receptors and their 

ligands. Although direct evidence of the shedding of IGF and PDGF by 

metalloproteinases in the cardiovascular system is limited, metalloproteinases 

including MMP-3, MMP-9, ADAM-9 and ADAM-12 have been reported to 

cleave IGFBPs and release active IGF
291-293

. PDGF-C and PDGF-D, new 
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members of PDGF family, are reported to be activated by protease cleavage 

extracellularly
315-317

.  

1.3.2.2.3 Cytokines and their receptors 

GPCR agonist-induced activation of metalloproteinases could also lead to the 

release of cytokines such as TGF- and TNF- to mediate the development of 

hypertension and cardiovascular hypertrophy and fibrosis. 

TGF-, whose expression is promoted in response to GPCR agonists, has 

been primarily recognized for its role in the activation of Smad signaling and the 

development of fibrosis (as described above). Recent studies have also shown that 

TGF- mediates the development of cardiac hypertrophy. It has been reported that 

treatment with TGF-1 can induce hypertrophy in cultured cardiomyocytes and 

that transgenic mice overexpressing TGF-1 develop significant cardiac 

hypertrophy
318,319

. In addition, TGF-1 deficient mice are protected from cardiac 

hypertrophy induced by Ang II infusion
71

. 

Several metalloproteinases have been suggested to activate TGF-. MMP-2, 

MMP-3 and MMP-7 can cleave the ECM proteoglycan decorin, which sequesters 

TGF- in the extracellular milieu away from its cell surface receptors
99

. In 

cultured cells, MMP-2 and MMP-9 have been reported to cleave and release 

active TGF- from its latent form
320,321

.  

The role of TGF- in hypertrophic growth has been proposed to be mediated 

through TGF-β activated kinase-1 (TAK-1), a member of the MAPKKK family. 

The activation of TAK-1 is triggered by the direct interaction between TRII and 

TAK-1, or via the activation of PKCs
318,322

. TAK-1 in turn phosphorylates MKK-3 

and MKK-6, which then phosphorylate and activate p38 MAPK 
323

. p38 activates 

the transcription factors activating transcription factor-2 (ATF-2) and ATF-6
324,325

. 

ATF-2 promotes transcription of β-MHC, which has negative inotropic effects, 

mediating the development of cardiac hypertrophy and subsequent heart 
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failure
326,327

. 

TNF- is another cytokine which is activated by metalloproteinase cleavage 

and mediates the development of hypertension and cardiovascular 

hypertrophy.Treatment with TNF- induces hypertrophy in cultured adult 

cardiomyocytes
328

. Cardiac overexpression of TNF- in mice triggers the 

development of cardiac hypertrophy while TNF- knockout mice show attenuated 

Ang II-induced hypertension and cardiac hypertrophy
329,330

. The release of TNF- 

by metalloproteinases is mainly mediated by ADAM-17 (TACE), as its name 

suggests
331

. Moreover, several other metalloproteinases, including MMP-7 and 

ADAM-10, can also cleave and release active TNF- in vivo and in vitro
332-334

. 

The development of cardiac hypertrophy in response to TNF- may be mediated 

through the activation of Akt and ROS since expression of dominant negative Akt 

or use of antioxidants prevents the TNF--induced hypertrophic response
170,335,336

. 

1.3.2.2.4 Cleavage and modulation of receptors  

Receptor cleavage by metalloproteianses is a novel concept that vastly 

expands the mechanisms of MMP and ADAM action. In addition to shedding 

growth factors and cytokines, MMPs and ADAMs can cleave cell surface 

receptors including those of growth factors, cytokines and GPCR agonists 

implicated in cardiovascular function and disease. ADAM-10 can cleave ErbB-2 

to promote its ligand-independent activation which has been shown to lead to 

proliferation of breast cancer cells
337

. In spontaneously hypertensive rats, an 

established animal model of human essential hypertension, increased 

metalloproteinase activity results in the cleavage and inactivation of vascular 

endothelial growth factor receptor-2 (VEGFR-2) (which in turn causes endothelial 

apoptosis and capillary rarefaction), 2-adrenoceptor (which mediates vascular 

smooth muscle relaxation to reduce peripheral resistance), insulin receptor (which 

leads to the increase of blood glucose level and insulin resistance) and neutrophil 
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formyl peptide receptor (which inhibits leukocyte pseudopod retraction and thus 

elevates microvascular resistance) contributing to the development of 

hypertension and cardiac remodeling
211,212,338,339

.   

In cardiovasculature, previous studies from our lab demonstrate that MMP-7 

can transactivate EGFR to mediate GPCR-induced vasoconstriction
56

. MMP-2 has 

been shown to mediate cardiac dysfunction
217,219,220

. ADAM-12 and ADAM-17 

can transactivate EGFR to mediate cardiac hypertrophy and VSMC hypertrophy 

respectively
229,234

. However, the exact significance of these metalloproteinases in 

the development of hypertension and cardiac remodeling is still unclear. A better 

understanding of their mechanisms in animal models of hypertensive cardiac 

disease is crucial for the successful translation of MMP-targeted therapeutics to 

human hypertension and cardiac remodeling. 

 

1.4 HMGCR, the rate-limiting enzyme in cholesterol biosynthesis 

Cholesterol is a 27-carbon tetracyclic molecule which is essential for 

eukaryotic cell membrane fluidity and permeability as well as membrane protein 

functions. It also has other roles including serving as precursors for steroids and 

hormones. Therefore, cholesterol homeostasis is critical for normal growth and 

development. Disorders of cholesterol metabolism can lead to the development of 

diseases. The accumulation of cholesterol, particularly low-density lipoprotein 

(LDL)-cholesterol, in circulation is known as hypercholesterolemia and increases 

the risk of atherosclerosis, coronary artery disease and stroke
340

. Defects in 

cholesterol synthesis are associated with developmental malformations
341,342

. 

ATP-binding cassette (ABC) transporters family proteins mediate the delivery of 

cholesterol and phospholipids to apolipoproteins. Defects in ABCA1 lead to the 

development of Tangier disease, which induces cholesterol ester accumulation in 

macrophages and is also associated with increased susceptibility to atherosclerosis. 
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Defects in ABCG5 and ABCG9 result in the development of sitosterolaemia 

(increased plasma levels of plant sterols such as sitosterol), which is associated 

with tendon and tuberous xanthomas as well as arthritis and atherosclerosis
343

.  

Mammalian cells obtain cholesterol either from blood stream (through 

receptor-mediated endocytosis of low-density lipoprotein (LDL)) or through de 

novo synthesis from acetyl-CoA. One of the most important enzymes of 

cholesterol synthesis is the rate limiting enzyme, 

3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase (HMGCR), which 

irreversibly converts HMG-CoA into mevalonate.  

 

1.4.1 Structure and Function 

HMGCR is an ER protein with an N-terminal transmembrane domain 

(consisting of 8 transmembrane segments) and a C-terminal catalytic domain in 

the cytoplasm
344

. The catalytic domain forms a dimer to comprise the active 

enzyme and each monomer contributes catalytic residues to form the active site
345

. 

Statins, the widely-used competitive inhibitors of HMGCR, directly bind to 

HMGCR active site and compete with HMG-CoA to inhibit HMGCR activity
346

. 

In addition to its role in cholesterol synthesis, HMGCR is also involved in the 

regulation of signaling pathways. Isopentenyl pyrophosphate, an intermediate 

product of cholesterol synthesis pathway, is the precursor of farnesyl 

pyrophosphate (which can be further converted into cholesterol) and 

geranylgeranyl pyrophosphate, two isoprenoids
347

. Farnesyl pyrophosphate and 

geranylgeranyl pyrophosphate are used in protein prenylation and are covalently 

attached to C-terminus of target proteins, thus regulating target protein 

localization, trafficking and activation. The target proteins include small GTPases 

such as Rho, Ras and Rac, which are involved in cardiovascular remodeling
348

. 

Farnesyl pyrophosphate also serves as the precursor of dolichol phosphate, 
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and coenzyme Q (ubiquinone). In the process N-glycosylation, dolichol 

pyrophosphate functions as a membrane anchor for the assembly of the 

oligosaccharide precursor, which is next transferred to the aspargine of  target 

proteins such as EGFR
349

. Coenzyme Q is an integral component of the 

mitochondrial respiratory chain. It receives electrons from complex I (from 

NADH) and complex II (from succinate) and transfers the electron to complex III 

where the electron is transported to cytochrome C. Coenzyme Q is also present in 

low concentrations in plasma and in cell membranes where it, in its reduced form 

(known as ubiquinol), functions as an antioxidant. Ubiquinol donates a hydrogen 

atom to carbon- and oxygen-centered radicals generated during lipid peroxidation, 

thereby decreasing oxidative damage to lipids, proteins, and DNA. This forms an 

ubisemiquinone, the semi-reduced form of coenzyme Q, which dismutates to 

ubiquinol and ubiquinone
350

. Coenzyme Q deficiency results in defects in 

mitochondrial respiratory chain and increased superoxide production in 

mitochondria
351

. Deficiency of coenzyme Q has thus been related to the 

development of hypertension, cardiomyopathy and heart failure
352

. Although 

having no direct vasodilation or hypotensive effect, administration of coenzyme Q 

can improve endothelium function and attenuate the severity of hypertension, 

cardiac remodeling and cardiac failure
352-355

. Therefore, coenzyme Q has been 

suggested to be an adjunct to standard therapies in these cardiovascular diseases 

where oxidative stress is a factor
355

.  

 

1.4.2 Regulation of HMGCR 

HMGCR is mainly regulated by sterol-mediated feedback inhibition at 

transcription level by the transcription factor sterol-regulatory element binding 

protein (SREBP)-2
356

. SREBP-2 is also an ER transmembrane protein and forms a 

hairpin orientation with both N- and C-termini in the cytosol. Its N-terminal 
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domain is a transcription factor of the helix-loop-helix leucine zipper family. Its 

C-terminus binds to the N-terminus of another ER membrane protein SREBP-2 

cleavage activating protein (Scap).  

A delicate switch-like control of SREBP-2 transport triggered by small 

changes in ER cholesterol regulates intracellular cholesterol synthesis. When 

excessive cholesterol accumulates (the ER membrane cholesterol content is above 

5 mol%), cholesterol binds with Scap to promote its interaction with another ER 

membrane protein, insulin-induced gene (Insig) and retain the SREBP-2 / Scap 

complex in the ER membrane. When cholesterol is depleted (ER cholesterol is 

lower than 5 mol%), the SREBP-2 / Scap complex is transferred to Golgi 

apparatus in COP II vesicles. Then, SREBP-2 is sequentially cleaved by site-1 

protease (S1P, which cleaves the luminal loop) and site-2 protease (S2P, which 

cleaves the N-terminal domain) to release the N-terminal transcription factor
357

. 

This N-terminal transcription factor then translocates to the nucleus and binds to 

the sterol response element (SRE) sequences to activate transcription of HMGCR 

and other genes involved in cholesterol supply, promoting cholesterol uptake and 

synthesis
358

. 

One of the targets of SREBP-2 is LDL receptor (LDLR), the membrane 

receptor mediating endocytosis of cholesterol enriched LDL. LDLR is a 

single-time transmembrane protein with its N-terminal LDL-binding extracellular 

domain and C-terminal intracellular domain. Bound to LDL, LDLR is internalized 

by clathrin-mediated endocytosis and transferred to endosome. Then, the 

cholesterol ester in LDL is hydrolyzed to release free cholesterol and LDLR is 

recycled back to plasma membrane
359,360

. Thus, the activity of SREBP-2 

upregulates the transcription HMGCR and LDLR, both of which contribute to the 

increase of intracellular cholesterol levels. An excess of cholesterol inhibits 

SREBP-2 activation, triggering an „end-product negative feedback‟ that maintains 
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cellular sterol hemostasis. In accordance with this negative feedback, SREBP-2 

activity also transcriptionally upregulates the expression of Insig1, which hinders 

SREBP-2 activation and promotes HMGCR ubiquitination and degradation
358,361

. 

The SREBP-2 pathway is also regulated by a positive feedback in which 

SREBP-2 upregulates its own activation. Proprotein convertase subtilisin/kexin 

type 9 (PCSK-9) is a protease transcriptionally activated by SREBP-2. In addition 

to its serine protease activity, PCSK-9 binds to the extracellular domain of LDLR 

and triggers the internalization and lysosome degradation of LDLR. Thus, 

PCSK-9 decreases LDLR bio-availability and downregulates cholesterol uptake. 

The decrease of intracellular cholesterol in turn activates the SREBP-2 pathway to 

increase cholesterol synthesis and uptake
362

 (Figure 1-3). 

 

1.4.3. HMGCR in diseases 

Excessive cholesterol in the circulation or hypercholesterolemia results in 

significant human morbidity and mortality. Statins, the competitive inhibitors of 

HMGCR, have been widely used to reduce cholesterol levels for the prevention 

and treatment cholesterol-related diseases, including hypercholesterolemia and 

subsequent development of unstable atherosclerotic plaques on the lumen of 

arteries. Plaque rupture is strongly linked to ischemic heart attacks and cerebral 

strokes.  

The first statin (mevastatin) was initially isolated and identified as secondary 

metabolites of fungi
363

. All statins, either natural or synthetic, mimic the 

3-hydroxy-3-methyglutarate moiety of HMG-CoA. Thus, statins bind to the active 

site of HMGCR, inhibiting its activity and cholesterol synthesis
346,364

. In addition, 

this inhibitory effect stimulates the activation of SREBP-2 pathway, promoting 

the expression of LDLR. Increased LDLR level in turn enhances the clearance of 

plasma cholesterol levels through the uptake of LDL, thus lowering the risk of 
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atherosclerosis, ischemic heart attack and stroke 
365

. 

Recent studies have suggested that, in addition to their role in cholesterol 

clearance, statins also have pleiotropic effects: The blockade of mevalonate 

synthesis inhibits isoprenoids production and subsequent activation of signaling 

pathways downstream of Ras, Rho and Rac 
366

. Statins have been shown to 

increase vascular endothelial function in atherosclerosis by upregulating eNOS 

expression through the inhibition of Rho to increase eNOS mRNA stability
367-369

 

and can inhibit the proliferation of VSMC
369,370

. Statins also attenuate the 

hypertrophy of cardiomyocytes by inhibiting Rac and NADPH oxidase activation, 

in both cultured cardiomyocytes and in rats models with Ang II- or pressure 

overload-induced cardiac hypertrophy
371,372

. Statins also inhibit the proliferation 

and migration of cardiac fibroblasts, their transformation into myofibroblasts and 

their expression of ECM proteins, thus preventing the development of cardiac 

fibrosis
373-376

. In addition, statins can inhibit the secretion of MMP-1, -2, -3 and -9 

in VSMC, suggesting a regulation of metalloproteinase by HMGCR
377,378

.  

In addition to its inhibition of HMGCR activity and mevalonate synthesis, 

statins have been shown to bind to an allosteric site of β2 integrin leukocyte 

function antigen-1. This interaction inhibits leukocyte function 

antigen-1-mediated adhesion and costimulation of lymphocyte, thus suppressing 

the inflammatory response in a mouse model of peritonitis
379

. 

 

1.5 Hypothesis 

 Excessive stimulation of GPCR agonists induces the development of 

hypertension and cardiac remodeling, which accompanies the differential 

upregulation of metalloproteinases including MMP-2, MMP-7, ADAM-12 and 

ADAM-17. Previous studies have suggested that these metalloproteinases are 

involved in the development of hypertensive cardiac disease.  
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I hypothesize: 

Pathologically high levels of GPCR agonists trigger the development of 

hypertension and cardiac remodeling, in part, through the upregulation of 4 

metalloproteinases: MMP-2, MMP-7, ADAM-12 and ADAM-17. Therefore, the 

inhibition of these metalloproteinases by pharmacological, RNA interference or 

genetic means should influence the progression, development and severity of 

hypertensive cardiac disease. 
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Table 1-1 Classification of adult blood pressure 

 

 

Classification Systolic blood pressure 

(mmHg) 

Diastolic blood pressure 

(mmHg) 

Normal <120 and <80 

Prehypertension 120-139 or 80-89 

Stage 1 hypertension 140-159 or 90-99 

Stage 2 hypertension ≥160 or ≥100 

 

Modified from: Chobanian AV, et al., The seventh report of the Joint National 

Committee on Prevention, Detection, Evaluation and Treatment of High Blood 

Pressure, 2003
1
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Table 1-2 Human MMPs 

 

 

Name Human gene locus Knockout mice phenotype

MMP-1 (Collagenase-1) 11q22

Reduced body size; reduced neovascularization; decreased 

primary ductal invasion in the mammary gland; reduced lung 

saccular development.

MMP-2 (Gelatinase A, 72kDa gelatinase) 16q22

Altered structure of neuromuscular junctions; reduced purse 

stringing during wound healing; altered secondary branching 

morphogenesis in the mammary gland.

MMP-3 (Stromelysin-1) 11q22
Abnormalities of the immune system as well as minor 

structural abnormalities in the neuromuscular junction

MMP-7 (Matrilysin) 11q22
Innate immunity defects; decreased re-epithelialization after 

lung injury.

MMP-8 (Collagenase-2) 11q22
Increased skin tumours; resistance to tumour necrosis factor 

(TNF)-induced lethal hepatitis.

MMP-9 (Gelatinase B, 92kDa gelatinase) 20q13

Bone-development defects; defective neuronal remyelination 

after nerve injury; delayed healing of bone fractures; 

impaired vascular remodelling; impaired angiogenesis.

MMP-10 (Stromelysin-2) 11q22
Increased inflammation and increased mortality in response 

to infection or wounding.

MMP-11 (Stromelysin-3) 22q11 Delayed mammary tumorigenesis.

MMP-12 (Macrophage elatase) 11q22
Diminished recovery from spinal cord crush; increased 

angiogenesis due to decreased angiostatin.

MMP-13 (Collagenase-3) 11q22
Bone remodelling defects; reduced hepatic fibrosis; 

increased collagen accumulation in atherosclerotic plaques.

MMP-14 (MT1-MMP) 14q11

Skeletal remodelling defects; angiogenesis defects; inhibition 

of tooth eruption and root elongation; defects in lung and 

submandibular gland.

MMP-15 (MT2-MMP) 16q22 Fertile and viable with no overt phenotype.

MMP-16 (MT3-MMP) 8q22 Fertile and viable with reduced skeletal growth

MMP-17 (MT4-MMP) 12q24 Fertile and viable with subtle renal developmental defects

MMP-19 12q13 Obesity.

MMP-20 (Enamelysin) 11q22 Defects in tooth enamel.

MMP-21 (XMMP) 10q26

MMP-23B (MMP-22) 1p36

MMP-24 (MT5-MMP) 20q11 Abnormal response to sciatic nerve injury.

MMP-25 (MT6-MMP) 16p12

MMP-26 (Matrilysin-1) 11p15

MMP-27 11q22

MMP-28 (Epilysin) 17q12 Increased inflammatory response.
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Table 1-3 Human ADAMs 

 

 

 

Name Human gene locus Proteolytic activty Knockout mice phenotype

Decysin 8p21 +

ADAM2 (Fertilin-β) 8p11 - Viable, males have severely reduced fertility

ADAM-7 8p21 -

ADAM-8 (MS2) 10q26 + Fertile and viable with no overt phenotype.

ADAM-9 (Meltrin-γ) 8p11 + Fertile and viable with no overt phenotype.

ADAM-10 15q21 +
Embryonic lethal at E9.5; multiple defects in several 

developing organs.

ADAM-11 (Kuzbanian) 17q21 -

Fertile and viable,  impaired hippocampus-dependent 

spatial learning and cerebellum-dependent motor 

coordination

ADAM-12 (Meltrin-α) 10q26 +
partial postnatal lethality, decreased brown fat, and 

impaired formation of neck and interscapular muscles

ADAM-15 (Metargidin) 1q21 +
Fertile and viable with no overt phenotype; decreased 

neovascularization in proliferative retinopathy.

ADAM-17 (TACE) 2p25 + Perinatally lethal; Multiple defects in several organs.

ADAM-18 8p11 - Enhanced motor coordination

ADAM-19 (Meltrin-β) 5q33 + Perinatally lethal; Multiple heart defects.

ADAM-20 14q24 +

ADAM-21 14q24 + Fertile and viable with no overt phenotype.

ADAM-22 7q21 -
Die before weaning, marked hypomyelination of the 

peripheral nerves 

ADAM-23 2q33 - Die at p14, delayed lung development

ADAM-28 8p21 +

ADAM-29 4q34 -

ADAM-30 1p11 -

ADAM-32 8p11 +

ADAM-33 20p13 + Fertile and viable with no overt phenotype.
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Figure 1-1 Major signal transduction pathways linking GPCR agonists to 

contractile processes. 

AC: adenylyl cyclase. 

CaM: calmodulin. 

DAG: 1,2-diacylglycerol. 

ERK: extracellular signal-regulated kinases. 

GPCR: G protein-coupled receptor. 

GRB-2: growth factor receptor-bound protein 2. 

GSK-3: glycogen synthase kinase-3. 

IP3: inositol 1,4,5-triphosphate. 

MEK: mitogen-activated protein kinase kinase. 

MP: metalloproteinase. 

PDK-1: phosphoinositide-dependent protein kinase 1. 

PI3K: phosphatidylinositol 3-kinase. 

PIP2: phosphatidylinositol (4,5)-bisphosphate. 

PIP3: phosphatidylinositol (3,4,5)-bisphosphate. 

PKA: cAMP-dependent protein kinase. 

PKC: protein kinase C. 

PKD: protein kinase D. 

PLC-: phopholipase C isoform . 

ROS: reactive oxygen species. 

Sos: son of sevenless 
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Figure 1-2 Major signal transduction pathways in GPCR agonist-induced 

hypertrophy and fibrosis. 

4EBP-1: eIF4E binding protein-1. 

AC: adenylyl cyclase. 

AP-1: activator protein 1. 

CaN: calcineurin. 

CREB: cAMP response element binding protein. 

DAG: 1,2-diacylglycerol. 

eEF-2: eukaryotic translation elongation factor 2. 

eEF2K: eEF2 kinase. 

eIF4E: eukaryotic translation initiation factor 4E. 

eIF2B: eukaryotic translation initiation factor 2B. 

ERK: extracellular signal-regulated kinases. 

GPCR: G protein-coupled receptor. 

GRB-2: growth factor receptor-bound protein 2. 

GSK-3: glycogen synthase kinase-3. 

HDAC: histone deacetylase. 

IP3: inositol 1,4,5-triphosphate. 

MEK: mitogen-activated protein kinase kinase. 

MP: metalloproteinase. 

mTOR: mammalian target of rapamycin. 

NFAT: nuclear factor of activated T-cell. 

PDK-1: phosphoinositide-dependent protein kinase 1. 

PI3K: phosphatidylinositol 3-kinase. 

PIP2: phosphatidylinositol (4,5)-bisphosphate. 

PIP3: phosphatidylinositol (3,4,5)-bisphosphate. 

PKA: cAMP-dependent protein kinase. 

PKC: protein kinase C. 

PKD: protein kinase D. 

PLC-: phopholipase C isoform . 

ROS: reactive oxygen species. 

S6K: ribosomal protein S6 kinase. 

Sos: son of sevenless 

TSC-2: Tuberous sclerosis protein 2. 

 

  



Chapter 1 

 

58 

 

  

  



Chapter 1 

 

59 

 

Figure 1-3 Regulation of the SREBP-2 / HMGCR pathway.  
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Chapter 2 

MMP-7 and ADAM-12 define a signalling axis in agonist-induced 

hypertension and cardiac hypertrophy   

The data presented in this chapter is published in the following journal article: 

Wang X, Chow FL, Oka T, Hao L, Lopez-Campistrous A, Kelly S, Cooper S, 

Odenbach J, Finegan B, Schulz R, Kassiri Z, Lopaschuk G, Fernandez-Patron C. 

MMP-7 and ADAM-12 define a signaling axis in agonist-induced hypertension 

and cardiac hypertrophy. Circulation. 2009 May 12;119(18):2480-9 
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2.1 Introduction 

 Hypertension, often termed “the silent killer”, is a systemic condition 

characterized by persistently elevated arterial blood pressure and is typically 

associated with cardiovascular hypertrophy
1
. Over 25% of the adult population in 

developed countries is hypertensive and, therefore, at risk of heart disease, 

peripheral vascular disease, end-stage renal disease and cerebrovascular stroke. 

The pathogenesis of most hypertensive disorders is complex. Genetic, immune and 

environmental factors all predispose individuals to hypertension. A difficulty faced 

by physicians when deciding on a therapeutic strategy is that, typically, the cause(s) 

of the hypertension is unknown. Thus, treatment of hypertension remains rather 

empirical with physicians choosing among many antihypertensive medications 

until a drug or drug-combination is identified that effectively lowers the blood 

pressure in the patient. Of those individuals treated, 65% do not meet treatment 

goals
2
. Therefore, treatment strategies are needed which: i) are preventative, ii) can 

stop pathological hypertrophy processes or induce the regression of pre-existing 

cardiac hypertrophy and iii) are efficacious in hypertensive disorders with multiple 

or unknown cause(s).  

Recently, we proposed an approach to treat hypertension by blocking 

mediators commonly shared by many vasoconstrictors and significantly activated 

only in response to excessive agonist-stimulation
3
. The major vasoconstrictor 

systems discovered to date (catecholamines, endothelins and angiotensin II) all use 

Gq protein-coupled receptors (GqPCRs) as their cognate receptors. GqPCRs act 

through the activation of the classical phospholipase C / protein kinase C pathway 

and downstream matrix metalloproteinases (such as MMP-2, MMP-7 and MMP-9) 

and disintegrin metalloproteinases (such as ADAM-12 and 

ADAM-17/TACE/tumor necrosis factor- convertase)
4-7

. Agonist-induced 

activation of these metalloproteinases is a rapid, post-transcriptional event 
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mediated by protein kinase C, reactive oxygen species and other metalloproteinases 

(such as membrane type MMPs)
4,8,9

. Opening of the “cysteine switch” activates the 

pro-metalloproteinase, which sometimes results in autolysis
9
. Once activated, 

metalloproteinases cleave a host of common substrates including extracellular 

matrix proteins (e.g., collagens), pro-inflammatory mediators (e.g., TNF-α) and 

growth factors (e.g., TGF-α, HB-EGF). Thus, an overabundance of 

vasoconstrictive agonists (as occurs in hypertensive disorders) results in the 

activation of metalloproteinases, which next cleave and release (shed) substrates 

that signal through mitogen-activated protein kinases to transcriptionally activate 

immediate-early genes and reactivate fetal genes, including hypertrophy markers
10

. 

This mechanism may signal multiple processes including vascular smooth muscle 

and cardiomyocyte tone, cardiovascular hypertrophy and tissue injury
5,6,11

.  

The similar activation profile, substrates and signalling pathways of many 

metalloproteinases including MMP-7, MMP-2, ADAM-12 and 

ADAM-17/TACE
5-7,11-13

 suggests a redundancy of their functions in vivo. 

However, the specific roles played by metalloproteinases, the hierarchical 

relationships that may coordinate their functions in vivo, and the therapeutic 

potential of these relationships remain poorly understood.  

To start addressing these long-standing questions we have focused on 

MMP-7. Our findings suggest the existence of hierarchical and agonist-dependent 

relationships between MMP-7 and ADAM-12, suggesting a novel central role of 

MMP-7 in agonist-signalling of multiple cardiovascular processes including 

hypertension and hypertrophy.  

 

2.2 Materials and methods 

Animals Animal studies were conducted under the protocol approved by 

University of Alberta Animal Care and Use Committee. All animals were male and 
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housed at the Animal Facility of the University of Alberta until use. MMP-7
-/-

 mice 

and age-matched C57BL/6 (wild type) littermates (12 week old) were purchased 

from The Jackson Laboratory (Bar Harbor, Maine). The MMP-7
-/-

 mice were 

generated by disrupting the MMP-7 gene through the insertion of a neomycin 

resistance cassette into the fragment spanning exon 3 and 4
14

. Hypertensive (22 

week old) spontaneously hypertensive rats (SHR) were purchased from Charles 

River Laboratories Inc. (Wilmington, MA).  

Acute hypertension models  To induce acute hypertension in otherwise 

normotensive animals, we injected intraperitoneally (i.p.), as previously reported
15

 

one of the following pro-hypertensive agents
16

: norepinephrine or phenylephrine, 

angiotensin II or L-nitroarginine methyl ester (L-NAME) (Sigma-Aldrich, Canada)  

in 100 L PBS. To study the significance of MMPs for the development of acute 

hypertension, these agents were co-administered with doxycycline (Sigma-Aldrich, 

90 mg/kg, i.p.), which pharmacologically inhibits MMPs
17-19

.  

Chronic hypertension models We studied 3 models of chronic hypertension:  

1) Angiotensin II-induced hypertension: Mice were infused Ang II (1.4 mg/kg/day) 

through ALZETosmotic minipumps (DURECT Corporation, Cupertino, CA) 

implanted subcutaneously on the back of the animals.  

2) Norepinephrine-induced hypertension: Mice were injected norepinephrine (1.5 

mg/kg, i.p.) once or twice daily for 9 days, as previously reported
15

.  

3) Spontaneously hypertensive rats. 

Knockdown of MMP-7 in mice using antisense oligodeoxynucleotides 

Previously validated, commercially available, MMP-7 antisense and scrambled 

(inactive) oligodeoxynucleotides were synthesized by Integrated DNA 

Technologies (Toronto, Ontario)
20-22

. MMP-7 antisense sequence: 

5‟-GTATATGATACGATC-3‟. Scrambled sequence: 

5‟-GTATTAGTATCGAAC-3‟. These antisense oligos and their dose were 
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previously reported to produce a knock-down of MMP-7 expression that lasts for at 

least 40 days in mouse
22

. To produce a sustained inhibition of MMP-7 expression in 

mice, we infused these antisense or scrambled oligodeoxynucleotides (1.31 

mol/kg/d, i.e., 0.6 mg/kg/d) or PBS for 14 days through osmotic minipumps 

subcutaneously implanted on the back right side of the mice.  

Knocdown of MMP-7 using siRNA A mouse model of MMP-7 expression 

knock-down was generated using a siRNA designed as to overlap with the mRNA 

sequence targeted by the MMP-7 specific antisense oligodeoxynucleotides (for 

siRNA designs, please see Figure 2-6). MMP-7 siRNAwere synthesized by 

Sigma-Aldrich. The first two nucleotides of each oligo were 2‟-O methylated to 

increase siRNA stability. The siRNAs were dissolved in PBS prior to use, a dose 

previously validated
23

.    

siRNA studies in mice As with oligodeoxynucleotides, the siRNAs (30 nmol/kg/d, 

i.e., 0.4 mg/kg/d) or PBS were infused for 14 days into mice through 

subquetaneously-implanted osmotic minipumps.  

siRNA studies in rats The siRNAs (9 nmol/kg/d, i.e., 0.12 mg/kg/d) or PBS were 

infused for 14 days into SHR through subquetaneously-implanted osmotic 

minipumps.   

Systolic blood pressure measurement Systolic blood pressure of conscious 

animals was measured indirectly using a commercially available computerized tail 

cuff plethysmography system (Kent Scientific Corporation, Torrington, CT).  

Vascular tone studies in microperfusion bioassay system Mouse mesenteric 

arteries were dissected and microperfused as described earlier
6,24

 using a Danish 

MyoTechnology arteriograph system (Aarhus, Denmark). This microperfusion 

system facilitates the study of vascular reactivity to luminal infusions of drugs as 

well as to drugs added to the bath (adventitia side). The bioassay closely mimics the 

in vivo situation in which adrenergic agonists are administered i.p. and enter the 
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systemic circulation to act on the luminal side of arteries. The arteries were 

perfused at constant temperature (37C) and flow rate (2 L/min) with standard 

HEPES-PSS (142 mM sodium chloride, 4.7 mM potassium chloride, 1.17 mM 

magnesium sulfate, 1.56 mM calcium chloride, 1.18 mM potassium phosphate, 10 

mM HEPES, 5.5 mM glucose, pH 7.4). In experiments involving the luminal 

administration of drugs, small volumes (5 L) of drugs were injected into the 

perfusion line towards the artery. Changes in arterial outer diameter in response to 

drugs were monitored using a video camera and processed using VediView 

software (Danish MyoTechnology). The injection of drugs in the line towards the 

artery, without introducing flow rate change-related artifacts, was facilitated by an 

HPLC injection valve (Rheodyne Model 9725I, Mandel Scientific Co., ON, 

Canada).     

Echocardiography In vivo assessment of anatomical structures and hemodynamic 

function in mice was conducted by echocardiography. The animals were first 

anaesthetized with 2.0 % Isoflurane, and their cardiac function was subsequently 

analyzed using a Vevo 770 high-resolution imaging system (ON, Canada). Three 

consecutive heartbeats of each frame were analyzed to measure the wall thickness 

and end-diastolic (EDD) and end-systolic (ESD) internal dimensions of the left 

ventricle (LV). Echocardiographic corrected LV mass (in mg) was calculated as: 

1.05 x 0.8 x [(LVID;d + LVPW;d + IVS;d)
3
 – (LVID;d)

3
] on diastole (d). In the 

formula, ID is internal diameter (in mm), PW is the posterior wall dimension (in 

mm) and IVS is the interventricular septum dimension (in mm).   

Sample Preparation Animal organs were washed in isotonic saline buffer, rinsed 

and weighed (Denver Instruments model APX-60, Colorado, USA). Proteins were 

extracted in 25 mM Tris, 62.5 mM NaCl, 1.25 mM PMSF, 62.5 mM 

Glycerol-2-phosphate, 12.5 mM sodium pyrophosphate, 125 µM NaF, 6.25 µg/ml 

leupeptine, 312.5 µM sodium orthovanadate, 12.5% glycerol, pH 7.4, 
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supplemented with 5% SDS and 1% Triton X-100. To determine the protein 

content, the extracts were separated by 12% SDS-PAGE followed by densitometric 

analysis of Coomassie blue stained bands. Equal protein loads (approximately 50 

g/well) were subsequently subjected to zymography or western analysis.   

Substrate zymography To determine MMP-7 and MMP-2 levels, lysates were 

subjected to electrophoresis on SDS-PAGE gels co-polymerized with casein (2.5 

mg/mL) or gelatin (2 mg/mL), two well characterized substrates of MMP-7 and 

MMP-2, respectively. Following electrophoresis, the gel was washed with 2.5% 

Triton X-100 for 3 x 20 min. Activity was shown by incubating the gel for 16 hrs at 

37C in enzyme assay buffer (25 mM Tris, 5 mM CaCl2, 142 mM NaCl, 0.5 mM 

NaN3, pH 7.6) supplemented with 1 mM benzamidine and then the gel was stained 

with Coomassie blue.    

Western immunoblotting The extracted proteins were separated using 

SDS-PAGE gels. The proteins were transferred to nitrocellulose membrane 

(BioRad) and blocked in 5% milk or 5% BSA. Blots were incubated with antibody 

against MMP-7 (1:250) (Calbiochem, Santa Cruz), ADAM12 (1:1000) (Chemicon) 

or phopho-ERK1/2 (1:1000) (Sigma-Aldrich), followed by incubation in 

corresponding secondary antibodies. 

Cryosectioning Hearts and aortas from SHR treated with PBS, or MMP-7 siRNA 

(n=3) were embedded in Tissue-Tek (Sakura), frozen in dry ice and stored at -70 

ºC. Sections were cut by a Leica microtome and left at room temperature overnight 

to dehydrate prior to fixation. 

H+E Stain Protocol and Nuclei Count Cryosections of SHR hearts were fixed in 

acetone for 5 minutes and allowed to dry. Slides were then re-hydrated in 

progressively decreasing concentrations of ethanol (100%, 90%, 80%, 50% ethanol 

then H20). The slides were then stained with Gill‟s hematoxylin for 5 minutes and 

washed with warm tap water. The slides were washed twice in 95% ethanol and 
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stained in 0.5% eosin Y for 5 minutes. After staining, the slides were washed three 

times in 95% ethanol, two times in 100% ethanol, once in propanol followed by two 

5 minute immersions in xylene. Slides were then mounted with mounting media 

and covered by a coverslip. The number of nuclei per unit area was determined 

from pictures of H+E stained longitudinal cardiac myocytes. Pictures were taken by 

a DCM500 digital camera on a Kyowa Medlux-12 light microscope at 400x 

magnification and viewed in ScopePhoto. The total nuclei number of each picture 

was calculated by adding the nuclei count of each grid section.   

Immunofluorescence Cryosections of SHR aortae were fixed with acetone and 

then blocked with 2.5% BSA in TBS-T (20 mM Tris-HCl, 137 mM NaCl, 0.1% 

Tween-20, pH 7.6) for 30 min. Slides were then incubated with goat anti-MMP-7 

antibodies (Santa Cruz Biotechnology) (1:500 dilution each in TBS-T with 2.5% 

BSA) for 1 hr and washed with TBS-T and 2.5% BSA in TBS-T. Finally the aortas 

were incubated in Cy3 conjugated rabbit anti-goat (Sigma Chemical) and 

fluorescein conjugated donkey anti-rabbit antibodies (Amersham Life Sciences) 

(1:500 dilution in TBS-T with 2.5% BSA) for 1 hr. The slides were washed with 

TBS-T and 2.5% BSA in TBS-T before mounted with DAPI-containing 

VectaShield mounting medium and viewed at 200x magnification by a Zeiss 

Axiovert 200M fluorescence. 

Interferon γ Measurement The level of interferon γ (IFN γ) in siRNA treated 

mice or SHR was measured using VeriKine
TM

 Mouse IFN Gamma ELISA kit (PBL 

biomedical laboratories).  

Genotype analysis MMP-7 gene knock-out was confirmed by genotype analysis of 

MMP-7
-/-

 vs. wild type C57BL/6 mice. For the amplification of the MMP-7 gene, 

specific primers were designed based on Mus musculus genomic sequence and 

synthesized by Sigma-Proligo. The sequence of the upstream primer was 

(5‟-AGACAGCTTCCCCTTTGATG -3‟). The sequences of the downstream 
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primers were: (5‟-CTGCGTCCTCACCATCAGT-3‟) for wild-type genotyping 

and (5‟-GCTATCAGGACATAGCGTTGG-3‟) for MMP-7
-/-

 genotyping 

following the recommended protocol (Jackson Lab). A 12 μL PCR reaction was 

performed which included 2 μL genomic DNA, 1 μL 10x High Fidelity PCR Buffer 

(600 mM Tris-SO4, pH 8.9, 180 mM Ammonium Sulfate), 1 μL each gene-specific 

primers 0.2 mM dNTPs, 2 mM MgSO4, and 0.3 unit of Platinum Taq High Fidelity 

(Invitrogen). The PCR was performed for 25 cycles with temperature at 94 °C for 

30 s, 68 °C for 1 min, and 72 °C for 1 min on Mastercycler ep (Eppendorf AG). 

PCR products were assessed on a 1% agarose/Tris-Acetate-EDTA gel, stained with 

ethidium bromide and visualised with UV light. 

RNA expression analysis by TaqMan RT PCR Total RNA was extracted from 

flash-frozen organs using Trizol, and cDNA was generated from 1 µg RNA by 

using a random hexamer. Expression analysis of the genes was performed by 

TaqMan RT-PCR using ABI 7900 sequence detection system. 18S rRNA was used 

as an endogenous control as described previously
25

.  

Data analysis Results were analyzed using one-way ANOVA (between multiple 

groups) or t-test (between two groups) (Jandel SigmaStat 3.5 statistical software). 

In the echocardiography studies, between-group comparisons of the means were 

performed by one-way ANOVA followed by Scheffe‟s F correction for multiple 

comparisons of the means.   

 

2.3 Results  

MMP-7 as a mediator in pharmacologically induced acute hypertension  

To trigger an acute hypertensive response in otherwise normotensive 

Sprague Dawley rats and C57BL/6 mice, we injected intraperitoneally either PBS 

(vehicle) or: i) -adrenergic agonists (phenylephrine and norepinephrine), ii) 

angiotensin II or iii) L-nitroarginine methyl ester (L-NAME), that elevates blood 
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pressure by blocking basal nitric oxide-dependent vasodilation, thus unmasking 

secondary vasoconstrictor mechanisms
26,27

 (Figure 2-1 and 2-2).  

The involvement of MMPs in these experiments was suggested by effects of 

doxycycline, a broad-spectrum pharmacological inhibitor of MMP activity
28

. 

Doxycycline (60-120 mg/kg, i.p.) blocked the acute hypertensive responses to 

-adrenergic agonists, angiotensin II and L-NAME in rats (Figure 2-1) and mice 

(Figure 2-2A). HPLC analyses indicated that doxycycline (90 mg/kg, i.p.) resulted 

in plasma concentrations between 10
-4

 and 10
-5

 M, at 1 and 4 hrs after i.p. injection, 

respectively. These doxycycline concentrations are sufficient to relax small rat 

mesenteric arteries in isolation
6
. When we examined arteries collected at a time 

point that coincided with the maximum elevation in systolic blood pressure induced 

by phenylephrine, angiotensin II or L-NAME (i.e., 4, 1 or 0.5 hrs, respectively), the 

level of vascular MMP-7, but not MMP-2, was elevated. The increase in MMP-7 

was in all cases blocked by the co-administration of doxycycline (Figure 2-1).  

We verified the link between MMP-7 expression and systemic blood 

pressure regulation in studies summarized in Figure 2-2A-C. In these studies, we 

examined C57BL/6 mice in which the MMP-7 gene was disrupted by a neomycin 

resistance cassette to render them MMP-7
-/-

. We also studied wild type C57BL/6 

mice receiving MMP-7-specific antisense oligodeoxynucleotides (0.6 mg/kg/d) or 

scrambled (inactive) oligodeoxynucleotides (0.6 mg/kg/d) or PBS for 14 days 

(through subcutaneous osmotic minipumps). The antisense sequence chosen for 

this study was previously validated in vivo and has anti-cancer activity through the 

long-lasting knock-down of MMP-7
22

. Antisense treatment resulted in a systemic 

down-regulation of MMP-7 expression in various organs including aorta, heart and 

small intestine (where MMP-7 is normally expressed at very high levels
29

) (Figure 

2-3).  
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Interestingly, resting systolic blood pressure was not significantly affected 

by MMP-7 antisense oligodeoxynucleotides or MMP-7 gene knock-out (Figure 

2-2D).  However, mice that received MMP-7 antisense oligodeoxynucleotides 

displayed decreased acute hypertensive responses to norepinephrine, angiotensin II 

and L-NAME (vs. PBS and vs. scrambled oligodeoxynucleotides) (Figure 2-2B, 

E-G). Similarly, MMP-7
-/-

 mice showed attenuated acute responses to angiotensin 

II and norepinephrine (Figure 2-2C). Moreover, MMP-7
-/-

 mice (but not wild type 

mice) were resistant to chronic hypertension induced by repeated norepinephrine 

administration (Figure 2-4A). Isolated microperfused small mesenteric arteries 

from MMP-7
-/-

 mice constricted less (vs. wild type mice) in response to luminally 

delivered boluses of the -adrenergic agonist, phenylephrine (0, 5 or 50 pmol per 

bolus) (Figure 2-4B).  

Together, these in vivo and in vitro functional data strongly suggested that 

vasoconstrictors induce hypertension, at least in part, through the 

post-transcriptional activation of MMP-7.  

MMP-7 as a mediator of hypertension and cardiac hypertrophy in 

spontaneously hypertensive rats 

We next examined whether blocking MMP-7 expression would decrease 

the systolic blood pressure of spontaneously hypertensive rats (SHR), a genetic 

model where hypertension is caused by multiple mechanisms including endothelial 

dysfunction and upregulated activities of catecholamines (i.e., sympathetic system) 

and angiotensin II
30-32

. 

Figure 2-5 illustrates results obtained in already-hypertensive 22 weeks old 

SHR when we targeted the MMP-7 gene by RNA interference using a small 

interference RNA (siRNA) against the same mRNA sequence targeted by the 

MMP-7 antisense oligodeoxynucleotides (for an alignment of the sequences, please 

see Figure 2-6). MMP-7 siRNA treatment significantly decreased the systolic 
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blood pressure, producing an attenuation of the hypertension that lasted beyond the 

window of siRNA delivery (Figure 2-5A). The anti-hypertensive effects of 

MMP-7 siRNA treatment were associated with a significant decrease in MMP-7 in 

resistance arteries (Figure 2-5B). Interestingly, MMP-7 siRNA treatment stopped 

the progression of cardiac hypertrophy (Figure 2-7A, B and Table 2-1) in 

association with a down-regulation of myocardial MMP-7 (Figure 2-7C). 

Comparative gross pathology further revealed that treatment with MMP-7 siRNA 

resulted in approximately 50% reduction in cardiac hypertrophy vs.SHR given PBS 

and vs. untreated normotensive age-matched WKY rats: HW/BW (WKY) = 

3.400.01 mg/g, HW/BW (SHR + MMP-7 siRNA) = 3.990.05 mg/g, 

HW/BW(SHR+PBS) = 4.430.09 mg/g; n = 3 for WKY, n = 4 for both: SHR + 

PBS and SHR + MMP-7 siRNA.  

We excluded a major contribution of the inflammatory response in these 

anti-hypertensive and anti-hypertrophy effects of MMP-7 siRNA since we did not 

observe significantly elevated interferon  levels in plasma or in the left ventricle of 

the rats (Figure 2-8, SHR). 

The MMP-7/ADAM-12 signalling axis  

Administration of MMP-7 siRNA (0.4 mg/kg/d) for 14 days resulted in a 

significant down-regulation in myocardial MMP-7 mRNA levels in mice (Figure 

2-9A). Interestingly, MMP-7 siRNA inhibited ADAM-12 transcription (Figure 

2-9B) but had otherwise insignificant effects on other genes including alpha 

skeletal actin, TACE, TIMP-2 and MMP-9 (Figure 2-9C, D) or on interferon  

levels (Figure 2-8). Like the MMP-7 siRNA, MMP-7 gene knock-out resulted in 

decreased levels of myocardial ADAM-12 mRNA (but normal levels of TACE) 

(Figure 2-9E). Mice that received MMP-7 siRNA displayed no morphometric or 

echocardiograhic abnormalities (Table 2-2).   
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Mice receiving angiotensin II (1.4 mg/kg/d for 10 days) displayed 

hypertension and left ventricular hypertrophy (Figure 2-9F, G and Table 

2-2).Continuous angiotensin II infusion inhibited MMP-7 transcription (Figure 

2-9A) but increased transcription of ADAM-12 and hypertrophy marker genes 

(-myosin heavy chain, brain natriuretic peptide, and -skeletal actin) (Figure 

2-9B, C). Pre-treatment with MMP-7 siRNA attenuated angiotensin II-induced 

hypertension (as expected from studies in Figures 2-1 to 2-5), inhibited the 

angiotensin II-induced overexpression of both ADAM-12 and hypertrophy marker 

genes (Figures 2-9B, C) and prevented left ventricular hypertrophy (Figure 2-9F, 

G and Table 2-2). Supporting these observations, MMP-7
-/-

 mice (but not 

age-matched wild type mice) exhibited resistance to hypertension (Figure 2-4A), 

cardiac hypertrophy (Figure 2-10A) and to the transactivation of cardiac growth 

factor receptors, which are purported mediators of agonist-activated ADAM-12
5
 

(Figure 2-10B).   

 

2.4 Discussion 

 This investigation has resulted in three interrelated discoveries: 1) Our 

findings suggest for the first time that agonist-signalling of both hypertension and 

cardiac hypertrophy depends on MMP-7 gene expression and activity. 2) We 

revealed a novel transcriptional link between MMP-7 and ADAM-12, the major 

disintegrin metalloproteinase implicated in the development of cardiac 

hypertrophy. 3) We show that disrupting the MMP-7 / ADAM-12 axis at the level 

of MMP-7 protects from development of both cardiac hypertrophy and 

hypertension in simple models (such as mice infused angiotensin II) as well as in a 

complex model (spontaneously hypertensive rats). Thus, targeting the 

MMP-7.ADAM-12 axis (e.g., at the level of MMP-7) could have general 

therapeutic potential in multiple hypertensive disorders caused by multiple or 
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unknown agonists.  

Prior to this study, many characterizations of MMP-7 in vivo related to 

cancer
33

 or the innate immune response
29

 with the exception of a few recent studies 

including one showing a novel interaction between MMP-7 and connexin-43 in 

cardiac failure
34

. Our laboratory had proposed a role for MMP-7 in agonist-induced 

vasoconstriction of isolated arteries, based on broad-spectrum pharmacological 

inhibitor data
6
. However, none of our previous studies could establish its mediator 

role in agonist-induced hypertension nor its involvement in cardiac hypertrophy, a 

process that invariably develops subsequently to sustained vasoconstrictive 

agonist-stimulation.  Prior to this research, MMP-7 and ADAM-12 had been 

studied separatedly
5-7,11-13

. However, these separate studies suggested their 

involvement in cardiovascular hypertrophy processes through a common pathway. 

Accordingly, high levels of vasoconstrictor agonists (as occurs in hypertensive 

disorders) would enhance their activity, through post-transcriptional pathways. 

Next, the activated MMP-7 and ADAM-12 would cleave and release substrates 

including growth factors and inflammatory mediators (such as HB-EGF, TGF- 

and TNF-). These mediators then trigger the mitogen-activated protein kinase 

cascade to promote cardiovascular hypertrophy through the transcriptional 

activation of immediate-early genes and fetal genes, often referred to as 

hypertrophy marker genes
5-7,11-13

 (Figure 2-11, module #1).  

The data suggest that MMP-7 and ADAM-12 are connected in 

agonist-induced post-transcriptional and transcriptional events which may 

ultimately result in the development of hypertension and cardiovascular 

hypertrophy. We have further revealed novel hierarchical relationships between 

these metalloproteinases and observed that these relationships are dynamic as they 

differ under basal conditions (Figure 2-11, module #2) vs. agonist-stimulation 

(Figure 2-11, module #3). Under basal conditions, MMP-7 transcriptionally 
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controls the expression of ADAM-12 and downstream hypertrophy marker genes. 

However, under sustained agonist-stimulation, the MMP-7 mRNA levels and, 

thereby, the contribution of MMP-7 to signalling may decrease; while the 

expression and, thereby, the contribution of ADAM-12 to signalling may increase. 

We thus propose that: i) MMP-7 may mediate the early post-transcriptional events 

by which vasoconstrictor agonists trigger an acute elevation of blood pressure (in 

the short-term) and the development of cardiovascular hypertrophy (which is a 

long-term process). ii) Under sustained agonist-stimulation, the overexpression of 

ADAM-12 may act to inhibit MMP-7 transcription (in a negative feed-back loop) 

while increasing transcription of hypertrophy marker genes. iii) The inhibition of 

MMP-7 transcription by sustained agonist-stimulation may represent a novel 

physiological compensatory mechanism to counter hypertension and hypertrophy 

processes.   

The therapeutic potential of disrupting the MMP-7 / ADAM-12 axis at the 

level of MMP-7 was evidenced by studies in both mice with agonist-induced 

hypertension and in spontaneously hypertensive rats, a model where hypertension 

has multiple or poorly understood causes
30-32

. Our data clearly showed that 

blocking MMP-7 expression could be valuable for attenuating hypertension as well 

as preventing the development of cardiac hypertrophy.  

Limitations and future studies 

While quantitative RT-PCR provided a reliable, highly sensitive and 

quantitative tool, metalloproteinase quantitation by other complementary means 

remains challenging for various reasons: i) MMP-7 and ADAM-12 genes have very 

low expression (particularly in the left ventricle), ii) commercial antibodies to these 

proteins have poor sensitivity or cross-react with many bands on western 

immunoblotting, hampering their unambiguous quantitation iii) activity-based 
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determinations are potentially non-specific and may favour the detection of the 

more active forms of these metalloproteinases, thus introducing a quantitation bias.  

That vasoconstrictors signal through mutually regulated metalloproteinases 

(and not just through isolated metalloproteinases) is a novel observation that 

integrates and substantially expands previous research
5-7

. This notion is in complete 

agreement with a previous investigation that detected a differential involvement of 

multiple metalloproteinases in various forms of cardiomyopathy including 

hypertrophic obstructive cardiomyopathy and dilated cardiopathy in humans
35

. 

Future studies should further dissect the dynamics of the metalloproteinase 

networks that may operate in various models of hypertension and cardiac 

hypertrophy and in different stages of the development of the disease. Such studies 

might enable the design of general treatments for hypertensive disorders with 

complex or unknown etiology such as pre-eclampsia, that complicates 5% of all 

pregnancies worldwide
36

 and essential hypertension, which affects 25% of the adult 

population in developed countries
1
.   

Clinical Perspective 

Excessive stimulation of Gq protein-coupled receptors (GqPCRs) by cognate 

vasoconstrictor agonists induces a variety of cardiovascular processes including 

hypertension and hypertrophy. Here, we observed that matrix metalloproteinase-7 

(MMP-7) and a disintegrin and metalloproteinase-12 (ADAM-12) may form a 

novel signalling axis in these processes. We suggest further that targeting the 

MMP-7.ADAM-12 axis (e.g., at the level of MMP-7) using RNA 

interference-based approaches could have general therapeutic potential in multiple 

hypertensive disorders caused by multiple or unknown agonists. 
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Figure 2-1 MMP-7 as a mediator in rat models of acute hypertension. 

Left panels: Time course of systolic blood pressure of Sprague Dawley rats 

administered: angiotensin II (Ang II, 1.5 mg/kg, i.p.) either alone or together with 

the broad-spectrum MMP blocker, doxycycline (Dox, 90 mg/kg, i.p.).  

Right panels: Representative zymograms showing the effects of vasoconstrictors 

on vascular MMP-7 and MMP-2 in vivo (n =4-5 rats in each study group). Sprague 

Dawley rats were administered with angiotensin II (1.5 mg/kg, i.p.) either alone or 

together with doxycycline (90 mg/kg, i.p.). 

Vehicle was sterile phosphate buffered saline solution (PBS).  

(*): p < 0.05 vs. PBS.  

(+): p < 0.05 vs. agonist + Dox  

Results are means ± SEM (standard error of the mean) of 4-5 rats in each study 

group.   

 

(These data are obtained by Fung Lan Chow) 
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Figure 2-2 Resistance to acute hypertension in mice lacking active MMP-7.  

A, Time course of systolic blood pressure on wild type mice administered 

norepinephrine (NE, 1.5 mg/kg, i.p.) alone or together with doxycycline (Dox, 90 

mg/kg, i.p.). (*):   p < 0.05 vs. untreated mice..   

B, Protection from norepinephrine-induced acute hypertension in mice treated with 

MMP-7 antisense oligodeoxynucleotides (0.6 mg/kg/d for 14 days) vs. mice 

administered scrambled antisense oligodeoxynucleotides (0.6 mg/kg/d for 14 

days). (*): p < 0.05 vs. untreated mice. 

C, Protection from norepinephrine-induced acute hypertension in MMP-7
-/-

 mice.  

(*): p < 0.05 vs. untreated wild type mice. 

D, Effects of MMP-7 knock-down and MMP-7 gene knock-out on the resting blood 

pressure of mice. Left panel: Resting blood pressure of mice treated with MMP-7 

antisense vs. scrambled oligodeoxynucleotides for 14 days. Blood pressure at day 

15. Right panel: Resting blood pressure of MMP-7
-/-

 mice vs. age-matched wild 

type mice.  

E-G, Top panels: Time course of systolic blood pressure effects of norepinephrine 

(NE, 1.5 mg/kg, i.p.), angiotensin II (Ang II, 1.5 mg/kg, i.p.) or 

L-nitroargininemethylester (L-NAME, 15 mg/kg, i.p.) in mice treated with MMP-7 

antisense oligodeoxynucleotides (MMP-7 antisense, 0.6 mg/kg/d for 14 days) vs. 

mice given PBS (PBS). E-G, Bottom panels: Quantitative analysis of the 

dose-response for each vasoconstrictor. (*): p < 0.05 vs. untreated mice.  Results 

are means ± SEM of 4-5 mice in each study group.  
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Figure 2-3 Knockdown of MMP-7 by antisense oligodeoxynulceotides.  

Representative casein zymograms of MMP-7 in indicated organs showing 

systemic MMP-7 knock-down in mice administered commercially available 

antisense oligodeoxynucleotides vs. mice administered vehicle (PBS) or 

scrambled oligodeoxynucleotides for 14 days. (*): p < 0.05. Results are means ± 

SEM of 4 mice in each group.  
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Figure 2-4 Resistance to chronic hypertension in MMP-7
-/- 

mice.  

A, MMP-7
-/-

 and age-matched wild type mice were injected with NE (1.5 mg/kg, 

i.p.) once or twice daily for 9 days. Systolic blood pressure was measured on day 10 

(i.e., 24 hr after the last injection of NE). (*): p < 0.05 vs. baseline. Results are 

means ± SEM of 4-5 mice in each study group.  

B, Attenuation of 1-adrenergic contractile responses in isolated small mesenteric 

arteries from MMP-7
-/-

 vs. wild type mice. Representative traces of contractile 

response of small mesenteric arteries from wild type mice and MMP-7
-/- 

mice to 

increasing doses of the 1-adrenergic agonist, phenylephrine. Small mesenteric 

arteries from mice were mounted on a microperfusion arteriograph (perfusion flow 

rate of 1 L/min). To induce contraction of the arteries, the indicated amounts of 

phenylephrine (PE, in 5 L) were injected in the line towards the artery. Unlike 

wild type mice, the MMP-7
-/- 

mice had attenuated responses to PE (5 pmol).  

Traces are representative of 3 mice in each study group. 
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Figure 2-5 MMP-7 as a mediator of hypertension in spontaneously 

hypertensive rats. 

A, Time course of the systolic blood pressure of already-hypertensive SHR treated 

with PBS or siRNA to MMP-7 (n = 4).  

Treatment #1: The rats were infused with either MMP-7 siRNA or PBS through 

minipumps for 14 days.   

Treatment #2: On day 23, treatment was restarted by implanting new minipumps 

containing either MMP-7 siRNA or PBS.   

No treatment: Period between treatments, i.e., between day 15 and day 23 showing 

that protection lasted beyond the 14-day-window of siRNA delivery by the osmotic 

minipumps. 

B, Quantitative analysis indicates that, in small (resistance) mesenteric arteries, 

MMP-7 expression was knocked-down by siRNAs to MMP-7, as determined using 

substrate zymography.  

(*): p < 0.05 vs. PBS group. Results are means ± SEM of 3-4 rats in each group.  
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Figure 2-6 Targeted sequences on MMP-7 using siRNAs and antisense 

oligodeoxynucleotides. 

Depicted are the domain structure of MMP-7 protein and the cDNA sequences 

targeted by the siRNA and antisense oligodeoxynucleotides.   
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Figure 2-7 MMP-7 as a mediator of cardiac hypertrophy in spontaneously 

hypertensive rats. 

A, Cardiac hypertrophy in SHR treated with siRNA or PBS. While the ratio of 

corrected left ventricle mass (corr. LV mass) to body weight (BW) increased over 

time in untreated rats, this ratio did not increase in rats that received siRNA. Time 

axis indicates when M-mode echocardiography analysis was conducted.  

B, Gross pathology analysis (conducted on day 41) indicated a significantly 

decreased heart weight (HW) to body weight (BW) ratio.  

C, Quantitative analysis and representative traces of zymography and western 

immunoblotting indicating knock-down of MMP-7 expression. Zymography on 

casein gels was relatively selective for MMP-7 active form (25 kDa). Western blots 

show all immunoreactive bands detected using commercially available antibodies 

to MMP-7. 

(*): p < 0.05 vs. PBS group. Results are means ± SEM of 3-4 rats in each group.  
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Figure 2-8 Assessment of off-target effects of siRNA.  

Interferon γ (IFN-) levels in spontaneously hypertensive rats (SHR) and mice 

treated with MMP-7 siRNA or PBS. The rats were subjected to the treatment 

protocol illustrated in Figure 4; data at day 41. The mice were treated for 14 days 

and euthanized on day 16. IFN  levels were measured in indicated organs by 

ELISA. (*): p < 0.05. Results are means ± SEM of 4 animals in each group.  
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Figure 2-9 Transcriptional relationships between MMP-7, ADAM-12 and 

hypertrophy marker genes define novel signalling pathways under basal 

conditions vs. sustained agonist-stimulation. 

A-D, Quantitative analysis of mRNA expression levels of indicated genes. Mice 

were administered either PBS or MMP-7 siRNA (0.4 mg/kg/d for 14 days) through 

a 1
st
 osmotic minipump followed by the administration of either PBS (i.e., basal 

conditions) or angiotensin II (1.4 mg/kg/d, for 10 days i.e., from day 5 to day 15 –

i.e., sustained agonist-stimulation), through a 2
nd

 osmotic minipump. The mice 

were euthanized on day 16 and mRNA levels were measured in left ventricle by 

quantitative RT-PCR using TaqMan probes. 

A, B, Analysis of MMP-7 and ADAM-12 expression. 

C, Analysis of hypertrophy marker genes: β myosin heavy chain (bMHC), brain 

natriuretic peptide (BNP), and  skeletal actin (alpha-sk-actin). Mice were 

administered either PBS or MMP-7 siRNA (0.4 mg/kg/d for 14 days) through a 1
st
 

osmotic minipump followed by the administration of either PBS (i.e., basal 

conditions) or angiotensin II (1.4 mg/kg/d, for 10 days i.e., from day 5 to day 15 –

i.e., sustained agonist-stimulation), through a 2
nd

 osmotic minipump. The mice 

were euthanized on day 16 and mRNA levels were measured in left ventricle by 

quantitative RT-PCR using TaqMan probes. 

D, Examples of genes whose mRNA expression levels were unaltered by the 

administration of siRNA to MMP-7. TACE: TNF- convertase (also known as 

ADAM-17). TIMP-2: tissue inhibitor of metalloproteinases-2. MMP-9: Matrix 

metalloproteinase-9. Mice were administered either PBS (i.e., basal conditions) or 

MMP-7 siRNA (0.4 mg/kg/d for 14 days). The mice were euthanized on day 16 and 

mRNA levels were measured in left ventricle by quantitative RT-PCR using 

TaqMan probes. 

E, Quantitative analysis of mRNA expression levels of TACE and ADAM-12 

genes in MMP-7
-/-

 mice vs. age-matched wild type mice.   

F, Pre-treatment with MMP-7 siRNA prior to angiotensin II infusion significantly 

attenuated angiotensin II-induced hypertension in mice. The mice received a 1
st
 

minipump delivering either vehicle (PBS) or siRNA (0.4 mg/kg/d for 14 days). On 

day 5, the mice were implanted with a 2
nd

 minipump loaded with either PBS or 

angiotensin II (Ang II, 1.4 mg/kg/d).   

G, Pre-treatment with MMP-7 siRNA prevents Ang II-induced left ventricular 

hypertrophy. Left panel: Ratio of corrected left ventricle mass (corr. LV mass; 

measured by M-mode echocardiography) to body weight (BW). Echocardiographic 

analysis conducted 10 days after implantation of a 2
nd

 osmotic minipump (i.e., on 

day 15). Right panel: Heart weight (HW) to body weight (BW) ratio. The mice 

were euthanized on day 16.  

(*): p < 0.05 vs. PBS. (+): p < 0.05 vs. (PBS + Ang II). Results are means ± SEM of 

4 mice in each study group.   
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Figure 2-10 MMP-7
-/- 

mice are protected from norepinephrine-induced 

cardiac PDGFR activation and hypertrophy. 

A, Left panel: Quantitative analysis of the corrected left ventricular mass of 

MMP-7
-/- 

mice and age-matched wild type mice challenged with norepinephrine 

(NE, 1.5 mg/kg/d) once or twice daily for 9 days. Right panel: Representative 

echocardiographic M-mode tracings of the left ventricle. IVS: intraventricular 

septum. LVID: left ventricular internal dimension. LVPW: Left ventricular 

posterior wall.  (*): p < 0.05 vs. baseline. Results are means ± SEM of 4-5 mice per 

group.  

B, Western blot analysis showing the phosphorylation of the cardiac platelet 

derived growth factor receptor (PDGFR) β in the heart of wild type mice vs. 

MMP-7
-/-  

mice injected twice daily with norepinephrine (NE) for 9 days and 

euthanized on day 12. Results are expressed as mean ± SEM of 4 mice in each study 

group.  
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Figure 2-11 Proposed modules and network structure of the metalloproteinase 

signalling pathways.  

The diagram can explain the apparent functional redundancy of multiple 

metalloproteinases in the signalling of hypertension and hypertrophy processes.  

Module #1 derives from previous work by many groups
5-7,11-13

. The activation of 

vasoconstrictive GqPCRs by cognate agonists post-transcriptionally induces the 

activity of metalloproteinases, such as MMP-7 and ADAM-12. The activated 

metalloproteinases next transactivate growth factor receptor signalling to trigger 

the mitogene activated protein kinase (MAPK) cascade. Module #2 illustrates 

transcriptional relationships between MMP-7 and ADAM-12 under basal 

conditions, which is fully supported by the qRT-PCR data (Figure 2-6). Module #3 

is an interpretation that can explain how and why sustained GqPCR 

agonist-stimulation increases signalling through ADAM-12 while decreasing 

signalling through MMP-7. Accordingly, the high expression of ADAM-12 

observed under sustained agonist-stimulation acts in a negative feed-back to inhibit 

MMP-7 transcription (Figure 2-6). The integration of the three modules can 

explain the complexity of metalloproteinase signalling during development of 

hypertension and hypertrophy processes. Accordingly, sustained 

agonist-stimulation regulates the development and progression of hypertension and 

hypertrophy processes through post-transcriptional (short-term) and transcriptional 

(long-term) mechanisms involving metalloproteinases, such as MMP-7 and 

ADAM-12
5-7,11-13

. The early signalling events by which vasoconstrictors trigger 

acute hypertension depend on MMP-7 but, over time, signalling becomes 

increasingly dependent on expression of other metalloproteinases including 

ADAM-12. Inhibition of MMP-7 transcription by ADAM-12 may be a 

compensatory mechanism to counter the development of hypertension and 

hypertrophy processes. 
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Chapter 3 

TACE is key regulator of agonist-induced cardiac hypertrophy 

and fibrosis  

The data presented in this chapter is published in the following journal article: 

Wang X, Oka T, Chow FL, Cooper S, Odenbach J, Lopaschuk G, Kassiri Z, 

Fernandez-Patron C. TACE is a key regulator of agonist-induced cardiac 

hypertrophy. Hypertension. 2009 Sep;54(3):575-82.  
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zymography, western immunoblotting and proteolytic activity assays, 

immunofluorescent staining, data analysis and data interpretation, contributed to 

the construction of the hypothesis, drafted the first version of the manuscript 

together with my supervisor and revised the manuscript.  
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3.1 Introduction 

 Cardiac remodelling is a major hallmark of hypertensive disorders and is 

associated with development of cardiac hypertrophy (i.e., an increase in cell size 

of individual cardiomyocytes), which causes thickening of the myocardium. 

Although initially compensatory, sustained hypertrophic growth is pathological, 

in part, because of its association with the development of fibrosis (i.e., increased 

synthesis and deposition of extracellular matrix proteins), which disrupts the 

normal
 
structure and contractile properties of the myocardium

1
. Pathological 

cardiac remodelling is thus detrimental for cardiac function and  may cause 

cardiac dysfunction, myocardial stiffness and increased risk of heart failure, 

sudden death and stroke
2-5

. However, it remains unclear how and why such 

apparently distinct processes as cardiac hypertrophy and fibrosis develop with 

hypertension and if pressure overload in hypertension is causal.  

Our laboratory is investigating the general hypothesis that cardiac 

remodelling may be associated with hypertension simply because high blood 

pressure, hypertrophy and fibrosis share common inducers, which signal through 

largely overlapping pathways. Among the common inducers of high blood 

pressure, hypertrophy and fibrosis are vasoconstrictive agonists such as 

catecholamines, endothelins, and angiotensin II
6-9

. These agonists all act on Gq 

protein-coupled receptors (GqPCRs), which in turn activate the classical 

phospholipase C / protein kinase C pathway and reactive oxygen species, leading 

to the activation of downstream matrix metalloproteinases (MMPs) and “a 

disintegrin and metalloproteinases” (ADAMs). Among them, ADAM-12 and 

ADAM-17 (TACE or tumor necrosis factor- converting enzyme) are perhaps the 

best studied in the cardiovascular and endocrine systems
7-12

. ADAM-12 and 

TACE are synthesized and stored in the rough endoplasmic reticulum until they 

mature in a late Golgi
 

compartment. Their maturation following 
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agonist-stimulation involves the removal of the pro-domain from
 
the precursor 

protein. The activated metalloproteinases from both MMP and ADAM families 

are able to cleave a host of common substrates including extracellular matrix 

(ECM) proteins (e.g., collagens), pro-inflammatory mediators (e.g., TNF-α) and 

growth factors (e.g., TGF-α, HB-EGF) to signal through their receptors and 

downstream mitogen-activated protein kinases (MAPKs), which transcriptionally 

activate the expression of immediate-early and fetal genes, including hypertrophy 

markers
13

. There is increasing evidence that different metalloproteinases including 

MMP-2, MMP-7, ADAM-12 and TACE may thus mediate tissue remodelling as 

well as injury in both cardiovascular and renal systems
7,9,12,14-18

. 

The similar agonist-activation profile, substrates and signalling pathways 

of some of the growth factor sheddases such as ADAM-12 and TACE suggest a 

redundancy of their functions in vivo, particularly in signalling of cardiovascular 

growth processes
7-9,12,19,20

. ADAM-12 has previously been directly implicated in 

cardiac hypertrophy
7
. However, the involvement of TACE in cardiac hypertrophy 

has been suggested
9,10

 but not yet demonstrated in vivo. Although TACE is a key 

mediator of angiotensin II-induced renal injury and fibrosis
9,10,21

, it is unknown 

whether TACE  mediates the development of agonist-induced cardiac fibrosis. 

If TACE plays a role in the development of cardiac hypertrophy and 

fibrosis, it would be important to determine whether, and if so how, TACE and 

ADAM-12 coordinate each other‟s expression and functional redundancy. Would 

their relationships follow a hierarchical pattern? Would such hierarchical 

relationships be of significance for the mechanisms and treatment of pathological 

cardiac remodelling?  

 Here, we address these important questions by focusing on the role of 

TACE in the development of agonist-induced cardiac hypertrophy and fibrosis 
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processes. Our findings establish a novel central role of TACE in signalling of 

both processes, upstream of MMP-2 and ADAM-12.  

 

3.2 Materials and methods 

Animals Animal studies were conducted under the protocol approved by 

University of Alberta Animal Care and Use Committee. All animals were male and 

housed at the Animal Facility of the University of Alberta until use. C57BL/6 mice 

(12 or 20-week old) were purchased from The Jackson Laboratory (Bar Harbor, 

ME). Already-hypertensive (22-week old) spontaneously hypertensive rats (SHR) 

were purchased from Charles River Laboratories Inc. (Wilmington, MA). All 

animals were anesthetised by 3% isoflurane through inhalation before and during 

the surgical procedures.  

Unless specifically indicated, 4 animals were used in each group in the experiments 

Knockdown of TACE using siRNA The animal (mouse and rat) model of TACE 

expression knock-down was generated using a previously validated TACE 

siRNA
10

  (for siRNA design, please see Figure 1) synthesized by Sigma-Aldrich 

(Paris). Luciferase siRNA (antisense: 5‟-GUAUCUCUUCAUAGCCUUAdTdT) 

was used as control. The first two nucleotides of each strand were 2‟-O methylated 

to increase siRNA stability. The siRNAs were dissolved in PBS prior to use.    

siRNA studies in rats siRNAs (9 nmol/kg/d, i.e., 0.12 mg/kg/d) or PBS were 

infused for 14 days into spontaneously hypertensive rats (SHR) through 

subcutaneously implanted ALZET osmotic minipumps (DURECT Corporation, 

Cupertino, CA) in the back of the animals.   

siRNA studies in mice siRNAs (30 nmol/kg/d, i.e., 0.4 mg/kg/d) or PBS were 

infused for 14 days into C57BL/6J mice through subcutaneously implanted osmotic 

minipumps.  
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Another group of mice received siRNA (15g/mouse, i.e., 0.45mg/kg) or PBS by 

injection via jugular vein. The injection was conducted every 5 days to maintain the 

knockdown effects. 

Mouse model of angiotensin II-induced hypertension Male C57BL/6 mice were 

infused with angiotensin II (1.4 mg/kg/d) through subcutaneously implanted 

osmotic minipumps implanted on the backs for 12 days.  

Systolic blood pressure measurement Systolic blood pressure of conscious 

animals was measured indirectly using a commercially available computerized tail 

cuff plethysmography system (Kent Scientific Corporation, Torrington, CT). All 

animals were trained by being placed into the restrainer for 2-3 times before there 

blood pressure was measured.  

Echocardiography In vivo assessment of anatomical structures and hemodynamic 

function in mice was conducted by echocardiography. The animals were first 

anaesthetized with 2.0% Isoflurane, and their cardiac function was subsequently 

analyzed using a Vevo 770 high-resolution imaging system (ON, Canada). Three 

consecutive heartbeats of each frame were analyzed to measure the wall thickness 

and end-diastolic (EDD) and end-systolic (ESD) internal dimensions of the left 

ventricle (LV). Echocardiographic corrected LV mass (in mg) was calculated as: 

1.05 x 0.8 x [(LVID;d + LVPW;d + IVS;d)
3
 – (LVID;d)

3
] on diastole (d). In the 

formula, ID is internal diameter (in mm), PW is the posterior wall dimension (in 

mm) and IVS is the interventricular septum dimension (in mm).   

Sample preparation Animal organs were washed in isotonic saline buffer, rinsed 

and weighed. Protein extraction was done in 25 mM Tris, 62.5 mM NaCl, 1.25 mM 

PMSF, 62.5 mM Glycerol-2-phosphate, 12.5 mM sodium pyrophosphate, 125 µM 

NaF, 6.25 µg/ml leupeptine, 312.5 µM sodium orthovanadate, 12.5% glycerol, pH 

7.4, supplemented with 5% SDS and 1% Triton X-100. To determine the protein 

content, the extracts were separated by 12% SDS-PAGE followed by densitometric 
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analysis of Coomassie blue stained bands. Equal protein loads (approximately 50 

g/well) were subsequently subjected to zymography or western analysis.   

Substrate zymography To determine MMP-2 levels by quantitative substrate 

zymography, lysates were subjected to electrophoresis on SDS-PAGE gels 

co-polymerized with gelatin (2 mg/mL), respectively. Following electrophoresis, 

the gel was washed with 2.5% Triton X-100 for 3 x 20 min. Activity was 

developed by incubating the gel for 16 hrs at 37C in enzyme assay buffer (25 

mM Tris, 5 mM CaCl2, 142 mM NaCl, 0.5 mM NaN3, pH 7.6) supplemented with 

1 mM benzamidine and then the gel was stained with Coomassie blue.    

Western immunoblotting The extracted proteins were separated using 

SDS-PAGE gels. The proteins were transferred to nitrocellulose membrane 

(BioRad) and blocked in 5% milk or 5% BSA. Blots were incubated with 

antibody against TACE (1:250) (Santa Cruz), p-ERK-1/2 (1:1000) 

(Sigma-Aldrich), ERK-1/2 (1/1000) (Cell Signaling), MMP-2 (1/500) 

(Calbiochem) followed by incubation in corresponding secondary antibodies. 

TACE proteolytic activity assay TACE activity was determined using a 

fluorogenic TACE substrate IV Abz-LAQAVRSSSR-Dpa (Calbiochem). The 

substrate is cleaved by TACE at the Ala-Val amide bond. The reaction was 

monitored by using light of 320 nm for excitation and a 420 nm filter to detect 

flourescence emitted by the substrate following cleavage by TACE. To further 

ensure selectivity, the assay was conducted in the absence and presence of a TACE 

pharmacological inhibitor (TAPI-2) and results were corrected by subtracting the 

TAPI-2 resistant activity (~40% across all samples). Equal amount of protein was 

used as determined by Bradford assay. 

Cryosectioning Hearts and aortas from SHR treated with PBS, or TACE siRNA 

were embedded in Tissue-Tek (Sakura), frozen in dry ice and stored at -70 ºC. 
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Sections were cut with a Leica microtome and left at room temperature overnight to 

dehydrate prior to fixation with cold acetone. 

Immunofluorescence Slides with 6μm thick sections of frozen mouse hearts were 

stained with commercially available antibodies for actin (Sigma) and TACE (Santa 

Cruz) diluted 1:250. Slides were imaged using a spinning disk laser confocal 

microscope (Confocal Imagine Core facility, University of Alberta) and analyzed 

with Improvision Velocity® software. 

WGA-FITC staining and cardiomyocytes cross-sectional area quantification 

Slides with 10 m thick sections of frozen mouse hearts.  Slides were washed in 

PBS-T and incubated for 2 hrs in 50 g/mL Wheat Germ Albumin (WGA) 

conjugated with FITC (Invitrogen) and DAPI solution then washed again in PBS-T 

and mounted with a coverslip.  Confocal microscope images were taken with a 

spinning disk laser confocal microscope (Confocal Imagine Core facility, 

University of Alberta) and analyzed with ImageQuant 5.1 to determine 

cardiomyocyte cross-sectional area (>100 cells per heart were counted). 

Collagen staining with picrosirius red Slides with 10 m thick mouse heart 

frozen sections were brought back to water and stained for 1 hr in PSR staining 

solution (1 g/L Direct Red 80 in saturated picric acid solution), washed in acidified 

water and dehydrated.  Slides were photographed by a DCM500 camera digital 

camera on a Kyowa Medlux-12 light microscope and viewed using ScopePhoto 

(NonLinear Dynamics).  Area covered by collagen was determined by converting 

the image to a grayscale image showing measurement of red versus blue+green 

colour in Adobe Photoshop and then using ImageQuant 5.1 to measure the area of 

Picrosirius red staining. 

Interferon-γ Measurement The level of interferon γ (IFN γ) in siRNA treated 

mice or SHR was measured using VeriKine
TM

 Mouse IFN-γ sandwich ELISA kit 

(Ebiosciences) as per manufactures instructions.  
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RNA expression analysis by TaqMan RT-PCR Total RNA was extracted from 

flash-frozen organs using Trizol (Invitrogen), and cDNA was generated from 1 µg 

RNA using the random hexamer. Expression analysis of the genes was performed 

by TaqMan RT-PCR using ABI 7900 sequence detection system. 18S rRNA was 

used as an endogenous control as described previously
22

.  

Data analysis Results were analyzed using one-way ANOVA (between multiple 

groups) or t-test (between two groups) (Jandel SigmaStat 3.5 statistical software). 

In the echocardiography studies, between-group comparisons of the means were 

performed by one-way ANOVA followed by Scheffe‟s F correction for multiple 

comparisons of the means.   

 

3.3 Results  

TACE mediates cardiac hypertrophy in genetically hypertensive rats 

We examined whether blocking TACE expression in already-hypertensive 

22-week old spontaneously hypertensive rats (SHR) would affect systolic blood 

pressure and/or development of cardiac hypertrophy. To inhibit TACE gene 

expression we chose an RNA interference-based approach using a previously 

validated siRNA
10

 with the exception that we introduced a chemical modification 

(2‟-O-methylation) on the 5‟ end of the double stranded RNA molecule to 

enhance its resistance to nucleases in vivo (Figure 3-1). The administration of 

TACE siRNA for 30 days through a subcutaneous osmotic minipump (protocol 

depicted in Figure 3-2A) effectively stopped the progression of cardiac 

hypertrophy as evidenced by M-mode echocardiography and gross pathology 

studies (Figure 3-2B, C and Table 3-1). In addition, the cross-sectional width of 

cardiomyocytes was decreased on average by 38% in SHR receiving TACE 

siRNA vs. SHR receiving vehicle (PBS) (n=3 rats in each study group, p<0.05 by 

t-test), confirming the anti-hypertrophic effects of TACE siRNA.  
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Rats receiving TACE siRNA had significantly lower TACE 

immunoreactivity (Figures 3-2D) and TACE proteolytic activity (100.00±6.52% 

(PBS) vs. 58.35±4.00% (TACE siRNA), p=0.006 by t-test n=3), MMP-2 activity 

(Figure 3-2D), and ERK-1/2 phosphorylation (Figure 3-3), compared with rats 

receiving an unrelated RNA or vehicle (PBS). These data indicated that the TACE 

siRNA effectively decreases TACE expression and activity as well as TACE 

downstream signalling. 

However, treatment with TACE siRNA did not decrease the blood 

pressure in the SHR model (Figure 3-4A) despite TACE siRNA causing a 

significant inhibition of TACE proteolytic activity in resistance arteries of the rats 

(Figure 3-4B).  

Taken together, these observations provide strong in vivo evidence that 

TACE expression regulates development of cardiac hypertrophy, but TACE may 

not play a major role in regulation of blood pressure in hypertension. 

TACE and ADAM-12 form a novel signalling axis in vivo 

 To further clarify how TACE knock-down impacts the development of 

cardiac hypertrophy we conducted functional studies, quantitative RT-PCR and 

activity determinations in mice where TACE was knocked-down by in vivo RNA 

interference. 

Administration of TACE siRNA (0.4 mg/kg/d) through subcutaneous 

osmotic minipumps for 14 days in mice resulted in a significant down-regulation 

in myocardial TACE mRNA levels (Figure 3-5A) and proteolytic activity 

(Figure 3-5B). 

To substantiate the effects of TACE siRNA, we conducted a small 

additional study (n=2 mice per group) using a different route of siRNA 

administration (ie, intravenous). Mice were injected with TACE siRNA (15 g 

every five days) into their jugular vein, a method that was shown to effectively 
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knockdown the expression of cardiac target proteins
23

. TACE expression was 

decreased by 305 % in mice that received TACE siRNA by intravenous 

injection, vs. mice that received PBS.  

Mice that received TACE siRNA did not display any echocardiographic 

abnormalities (Table 3-2).  

 Interestingly, knock-down of TACE resulted in the down-regulation of 

MMP-2 mRNA levels (Figure 3-5C) and activity (Figure 3-5D) as well as in 

ADAM-12 gene expression (Figure 3-5E). However, the siRNA had otherwise 

insignificant effects on other genes including MMP-9 (n=4 mice, p=0.488 by 

t-test), tissue inhibitor of metalloproteinases (TIMP)-3 – an endogenous inhibitor 

of TACE
20

 (n=4 mice, p=0.223 by t-test) and interferon- (n=4 mice, p=0.45 by 

t-test). The unchanged level of interferon- demonstrated that the small 

RNA-induced innate immune response
24

was not activated. This further suggested 

that the observed down-regulation of MMP-2 or ADAM-12 was caused by a 

decrease in TACE expression, rather than a non-specific effect of the TACE 

siRNA.  

As expected, the blood pressure of mice receiving angiotensin II through 

osmotic minipumps (1.4 mg/kg/d for 10 days) was significantly elevated vs. mice 

receiving PBS {BP (PBS + Ang II) = 1881 mmHg, BP(PBS) = 1332 mmHg, 

p<0.001 by t-test, n=4 mice per study group}. Mice receiving either TACE siRNA 

or luciferase (Luc) siRNA (0.4 mg/kg/d) by osmotic minipumps also developed 

hypertension upon infusion of angiotensin II for 10 days {BP(TACE siRNA + 

Ang II) = 16713 mmHg, BP(Luc siRNA + Ang II) = 1802 mmHg, n = 4 mice 

per group)}. Similarly, after 10 days of angiotensin II infusion, blood pressure 

was elevated in mice receiving PBS, TACE siRNA or Luc siRNA by jugular vein 

injection {BP(Ang II) = 1794 mmHg, BP(TACE siRNA + Ang II) = 1733 

mmHg, BP(Luc siRNA + Ang II) = 1793 mmHg, n=3-4 mice per study group}. 
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Interestingly, in mice that received TACE siRNA by intravenous injection (but 

not in those that received TACE siRNA by osmotic minipumps) there seemed to 

be a delay in the on-set of the hypertension. Indeed, after 5 days of angiotensin II 

infusion, blood pressure was higher in mice that received either PBS or Luc 

siRNA by intravenous injection vs. those that received TACE siRNA {BP(PBS + 

Ang II) = 1503 mmHg , BP(Luc siRNA + Ang II) = 1649 mmHg, BP(TACE 

siRNA + Ang II) = 12211 mmHg, n=3-4 mice per study group}.  

Mice that received angiotensin II (1.4 mg/kg/d) for 12 days displayed 

elevated expression and proteolytic activity of TACE, MMP-2 and ADAM-12 

(Figures 3-5, 3-6) as well as left ventricular hypertrophy (Table 3-2 and Figures 

3-7A, B, 38, B, 3-9A, C) which was associated with an overexpression of 

myocardial hypertrophy marker genes (brain natriuretic peptide, and α-skeletal 

actin and β-myosin heavy chain) (Figures 3-7C, 3-8C, 3-9B).  

Cardiac fibrosis, the increased deposition of extracellular matrix proteins 

in myocardium that is typically associated with pathological cardiac hypertrophy, 

was also induced by angiotensin II as shown by the increased expression of the 

extracellular matrix proteins, collagen types I and III and fibronectin (Figures 

3-7D, 3-8D, 3-9D, E) 

Pre-treatment with TACE siRNA through osmotic minipumps decreased 

cardiac TACE levels and activity (Figure 3-5A, B) and protected the mice from 

angiotensin II-induced left ventricular hypertrophy (Table 3-2 and Figure 3-7A, 

B) and cardiac fibrosis (Figure 3-7D). The protective effect of TACE siRNA was 

associated with the normalization of the expression of MMP-2, ADAM-12 

(Figure 3-5C-E), hypertrophy marker genes (Figure 3-7C) and ECM proteins 

(Figure 3-7D).   

Unlike TACE siRNA, the treatment of mice with a siRNA against 

luciferase did not protect from angiotensin II-induced left ventricular hypertrophy 
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and fibrosis, as evidenced by M-mode echocardiography, gross pathology studies 

and RT-PCR analysis of molecular markers of hypertrophy and fibrosis (Figure 

3-8).  

Further excluding a role of the administration route in the protective 

effects of TACE siRNA, in mice receiving siRNA by jugular vein injection, 

TACE siRNA also blocked the angiotensin II-induced expression of TACE 

(Figure 3-6A), MMP-2 (Figure 3-6B) and ADAM-12 (Figure 3-6C). TACE 

siRNA, but not luciferase siRNA, prevented angiotensin II-induced cardiac 

hypertrophy, as indicated by gross pathology (Figure 3-9A), cardiomyocyte 

cross-sectional area (Figure 3-9c) and expression of hypertrophic markers 

(Figure 3-9B). Additionally, knockdown of TACE by siRNA also protected mice 

from angiotensin II-induced cardiac fibrosis, as determined by cardiac interstitial 

collagen staining with picrosirius red (Figure 3-9D) and expression of collagen I 

(Figure 3-9E).  

These findings are the first evidence that the down-regulation of TACE 

expression may prevent the transcription of metalloproteinases such as MMP-2 

and ADAM-12 and downstream hypertrophy markers, which together could act as 

effectors of TACE in agonist-induced cardiac hypertrophy.    

 

3.4 Discussion 

This investigation has resulted in several novel observations: To our 

knowledge our findings suggest for the first time in vivo that agonist-induced 

cardiac hypertrophy and fibrosis is signalled through ADAM-17/TACE, and 

decreasing TACE activity by RNA interference protects from cardiac hypertrophy 

and fibrosis in models of hypertension. Furthermore, our data suggest that TACE 

may act by promoting the transcription of metalloproteinases (such as MMP-2 and 

ADAM-12) and downstream genes of so-called molecular markers of hypertrophy 
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and fibrosis. Together, these pathways likely act as effectors of cardiac 

remodelling, downstream of ADAM-17/TACE. Moreover, the findings indicate 

that targeting TACE disrupts signalling through MMP-2 and ADAM-12, which 

could have generic therapeutic value for therapeutic management of cardiac 

hypertrophy and fibrosis, two processes that invariably develop subsequently to 

sustained vasoconstrictive agonist-stimulation
5
. 

The data gathered in this research suggest that the protective effects of 

TACE siRNA in agonist-induced cardiac hypertrophy (in angiotensin II-infused 

mice as well as SHR models) were primarily due to the down-regulation of 

TACE. In all the models, the degree of TACE knock-down, albeit modest, was 

significant - approximately 40% from baseline measured by either 

immunoreactivity or proteolytic activity and 25% as measured by qRT-PCR. 

Potential off-target effects such as signalling through the Toll-like receptor / 

interferon- pathway
24

 may not be a major mechanism of protective effects of 

TACE siRNA because: 1) Administration of a siRNA to a non-mammalian gene 

(luciferase), by two different routes of administration (i.e., infusion through 

minipump and injection via jugular vein) had no protective effect on angiotensin 

II-induced hypertension, cardiac hypertrophy and fibrosis. 2) No upregulation of 

interferon- was observed - these in vivo findings are in agreement with a recent 

report using the same siRNA sequence on myoblast cultures
10

.   

TACE siRNA had no long-term protective effect on hypertension in 

neither SHR nor angiotensin II-infused mice. However, we cannot exclude that 

TACE siRNA treatment could have a short-term or transient protective effect, that 

was nonetheless insufficient to prevent the development of hypertension in both 

SHR and angiotensin II-infused mice. Due to the complexity of the effects of 

TACE inhibition on transcription of multiple genes, dedicated studies are 

warranted to further dissect the mechanism of the short-term roles of TACE in 
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regulation of blood pressure of hypertension. However, our long-term data are 

consistent with previous research showing that the pharmacological inhibition of 

TACE (with TAPI-2) does not decrease systolic blood pressure in angiotensin 

II-infused mice
12

. Our long-term data are also in agreement with previous 

research showing that pharmacological blockade (with KB-R7785) of ADAM-12 

(which we found to be downstream of TACE) does not protect mice from 

agonist-induced hypertension
7
.  

Previous studies have found that TACE, ADAM-12 and MMP-2 are all 

upregulated in human hypertrophic cardiomyopathy
16,21

, and that ADAM-12 may 

mediate agonist-induced cardiac hypertrophy
7
.  Recently, a novel role for 

ADAM-12 was reported in facilitating activation of transforming growth factor- 

signalling through Smads, which is the main pathway mediating the development 

of agonist-induced fibrosis. This action of ADAM-12 is mediated via 

protein-protein interactions, independent of ADAM-12 protease activity
25

.  

Similarly, MMP-2 has been shown to promote myocardial hypertrophy and 

interstitial fibrosis through activation and release of transforming growth factor- 

26
, thus facilitating Smad signalling

11
. Previous work also showed that TACE 

knock-down by RNA interference blocks mechanotransduction-induced 

myogenesis in cultured myoblasts
10

, and that primary cultured aortic vascular 

smooth muscle cells expressing dominant negative mutant of TACE do not 

develop hypertrophy in response to angiotensin II
9
. Although the potential 

involvement of TACE in cardiac hypertrophy and fibrosis is suggested by 

previous research
9,10,21

, TACE involvement in these processes has not been 

demonstrated in vivo. 

 This study has identified novel and significant effects of TACE siRNA 

on both cardiac hypertrophy and fibrosis in vivo. Our observations provide the 

first in vivo evidence that TACE expression regulates development of cardiac 
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hypertrophy and fibrosis and, as such, substantially expand previous research. 

Taking our findings together with previous investigations, we suggest that an 

overabundance of vasoconstrictive agonists (as occurs in hypertensive disorders) 

could post-transcriptionally enhance the activity of multiple metalloproteinases 

such as TACE and ADAM-12, which next signal through a common pathway. 

Accordingly, the activated metalloproteinases may act by shedding growth factors 

and cytokines (such as HB-EGF, TGF- and TNF-) to promote the transcription 

of immediate-early, fetal as well as extracellular matrix genes, which are key 

mediators of hypertrophy and fibrosis processes
7-9,12,19,20

 (Figure 3-10).  

Despite extensive research
7-9,12,19,20

, an interaction between the pathways 

of TACE, ADAM-12 and MMP-2 has never been identified. Therefore, a novel 

finding of this research has been the observations that baseline gene expression 

levels of TACE and ADAM-12 are transcriptionally connected, although further 

research is necessary to dissect the transcriptional pathways linking these 

metalloproteinases. Together with previously reported agonist-induced 

post-transcriptional signalling events
7-9,12,19,20

, the TACE/ADAM-12 signalling 

axis may regulate the development and progression of hypertrophy and fibrosis 

which are hallmarks of agonist-induced cardiovascular remodelling (Figure 

3-10).  

Furthermore, it is possible that metalloproteinases form a highly regulated 

signalling network (as opposed to acting in isolation). Certain metalloproteinases 

(such as TACE) may act like primary mediators of cardiovascular (hypertrophic) 

growth as well as fibrosis processes whereas other metalloproteinases (such as 

MMP-2 and ADAM-12) are downstream effectors. Interestingly, we recently 

found that MMP-7 may exert a transcriptional regulation of ADAM-12 in cardiac 

hypertrophy, similar to that demonstrated here for TACE
27

.  

 



Chapter 3 

 

151 

 

Perspectives 

These current findings have therapeutic potential in hypertensive heart 

disease. Our data suggest that TACE, MMP-2 and ADAM-12 may define a novel 

signalling axis in agonist-induced cardiac hypertrophy and fibrosis processes, and 

that these processes can be disrupted by targeting TACE. This notion is supported 

by our studies both in mice with agonist-induced cardiac hypertrophy and in SHR, 

a model where cardiac hypertrophy is likely signalled by multiple agonists
28-30

. 

Together with previous studies on MMP-2 and ADAM-12, it may be possible to 

counter different hypertensive cardiac diseases and complications thereof by 

targeting one or more nodes in the emerging network of interconnected 

metalloproteinases which includes TACE, MMP-7, MMP-2 and ADAM-12.  

Future studies should investigate the emerging notion of metalloproteinase 

networks as mediators of agonist-induced cardiovascular hypertrophy and fibrosis 

processes and the dynamics of this network, in various models and stages of 

hypertension and cardiac remodelling.  
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Figure 3-1 Domain structure of TACE protein and cDNA sequences (mice 

and rats) targeted by the siRNA.  
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Figure 3-2 Effects of TACE knock-down on development of cardiac 

hypertrophy in spontaneously hypertensive rats. 

A, Treatment protocol: Treatment #1: The rats were infused with either TACE 

siRNA or PBS through minipumps for 14 days.  Treatment #2: On day 23, 

treatment was restarted by implanting new minipumps containing either TACE 

siRNA or PBS.  No treatment: Period between treatments, i.e., between day 15 

and day 23. 

B, Decreased cardiac hypertrophy in SHR treated with TACE siRNA. The ratio of 

corrected left ventricle mass (corr. LV mass, determined by M-mode 

echocardiography) to body weight (BW) increased over time in PBS-treated rats, 

but not in rats receiving TACE siRNA.  

C, Decrease in heart weight (HW) to body weight (BW) ratio (analysis conducted 

on day 41) in SHR treated with siRNA vs. PBS.  

D, Demonstration of the knock-down of myocardial TACE by TACE siRNA as 

determined by western immunoblot (110 kDa) and the decrease in myocardial 

MMP-2 by TACE siRNA as determined by gelatin-zymography. Signals were 

quantified by densitometry and normalized to SDS-PAGE gel loading controls.  

 (*): p < 0.05 vs. PBS group. Results are means ± SEM of n=4 rats in each group.  
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Figure 3-3 Knockdown of TACE decreases cardiac ERK phosphorylation. 

Western blot of phosphorylated ERK (p-ERK)-1/2 and total ERK-1/2 in the left 

ventricle of SHR treated with TACE siRNA vs. SHR treated with vehicle (PBS). 

Quantitative analysis of the ratio between p-ERK-1 and ERK-1 showed decreased 

phosphorylation level of ERK in the left ventricle of SHR treated with TACE 

siRNA. (*): p < 0.05 vs. PBS. Results are means ± SEM of n=4 rats in each study 

group.  
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Figure 3-4 Effects of TACE knock-down on blood pressure of spontaneously 

hypertensive rats. 

A, Time course of the systolic blood pressure of already-hypertensive SHR 

treated with either TACE siRNA or vehicle (PBS).  

B, Demonstration of vascular TACE knock-down. Quantitative analysis indicates 

that, in small (resistance) mesenteric arteries, TACE proteolytic activity was 

significantly knocked-down by siRNAs to TACE, as determined by a 

commercially available fluorogenic peptide cleavage assay. 

(*): p < 0.05 vs. PBS group. Results are means ± SEM of n=4 rats in each group.  
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Figure 3-5 TACE, MMP-2 and ADAM-12 genes define a novel 

metalloproteinase signalling network. 

Quantitative analysis of gene expression (i.e., mRNA levels) for: (A, B): TACE, 

(C, D): MMP-2, (E): ADAM-12. Mice (12-week old) were administered either 

PBS or TACE siRNA (0.4 mg/kg/d for 14 days) through a 1
st
 osmotic minipump 

followed by the administration of either PBS or angiotensin II (Ang II, 1.4 

mg/kg/d, for 12 days i.e., from day 5 to day 16), through a 2
nd

 osmotic minipump. 

The mice were euthanized on day 16.  

Expression: mRNA levels were measured in left ventricle by quantitative TaqMan 

RT-PCR and normalized by 18S rRNA. 

Activity: TACE proteolytic activity was determined using a commercially 

available fluorogenic peptide. MMP-2 activity was measured by gelatin 

zymography. ADAM-12 antibodies were not sensitive enough to allow a reliable 

quantification of ADAM-12 in the left ventricle of mice. 

 (*): p < 0.05 vs. PBS. (+): p < 0.05 vs. (PBS + Ang II).  Results are means ± 

SEM of n=4 mice in each study group.  
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Figure 3-6 Knockdown of cardiac TACE in response to jugular vein injection 

of TACE siRNA. 

siRNA (15 g) or PBS was injection into mice via their jugular veins (on day 0, 

day 5 and day 10), angiotensin II (Ang II, 1.4 mg/kg/d) was delivered through a 

subcutaneously implanted osmotic minipump (from day 5 to day 16). The mice 

were euthanized on day 16.  

A, Top panel TACE siRNA inhibited the increase in cardiac TACE expression 

induced by Ang II infusion as detected by immunofluorescence of TACE-FITC in 

representative left ventricle frozen sections (6 μm) surrounding cardiac arteries 

(indicated by arrows). Immunofluorescence of actin-Texas Red (TR) was also 

shown. 

Bottom panel TACE siRNA reduced the increase in cardiac TACE activity 

induced by angiotensin II infusion as detected by TACE activity assay using a 

commercially available flourogenic TACE substrate.  

B, C, Decrease in TACE expression also inhibited the increased expression of 

MMP-2 (B, detected by western blot) and ADAM-12 (C, measured by 

quantitative RT-PCR) in left ventricle induced by the angiotensin II infusion. 

(*): p < 0.05 vs. PBS group. (+): p < 0.05 vs. (PBS + Ang II) group. 

Results are means ± SEM of n=2-4 mice for each study group.  
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Figure 3-7 Evidence of the mediator role of TACE in agonist-induced cardiac 

hypertrophy. 

A, Pre-treatment with TACE siRNA prevented angiotensin II (Ang II)-induced 

left ventricular hypertrophy as evidenced by the ratio of corrected left ventricle 

mass (corr. LV mass) to body weight (BW) (left panel) detected by M-mode 

echocardiography. Representative M-mode echocardiographic tracings of left 

ventricles (right panel) are also shown. (IVS: intraventricular septum. LVID: left 

ventricular internal dimension. LVPW: Left ventricular posterior wall. See Table 

2 for quantification) 

Mice (12-week old) were administered either PBS or TACE siRNA (0.4 mg/kg/d 

for 14 days) through a 1
st
 osmotic minipump followed by the administration of 

either PBS or angiotensin II (1.4 mg/kg/d, for 12 days i.e., from day 5 to day 16), 

through a 2
nd

 osmotic minipump. Echocardiographic analysis was conducted 11 

days after implantation of a 2
nd

 osmotic minipump (i.e., on day 15). The mice 

were euthanized on day 16.  

B, Pre-treatment with TACE siRNA prevents Ang II-induced left ventricular 

hypertrophy as evidenced by the ratio of heart weight (HW) to body weight (BW). 

C, Pre-treatment with TACE siRNA prevents Ang II-induced increase in 

expression of hypertrophy markers in left ventricles: brain natriuretic peptide 

(BNP), -skeletal actin, and β-myosin heavy chain (β-MHC). mRNA levels were 

measured by quantitative TaqMan RT-PCR and normalized to 18S rRNA. 

D, Pre-treatment with TACE siRNA prevents Ang II-induced increase in 

expression of ECM proteins in left ventricles: collagen type I, collagen type III 

and fibronectin. mRNA levels were measured by quantitative TaqMan RT-PCR, 

normalized to 18S rRNA and expressed as percent of PBS group. 

 (*): p < 0.05 vs. PBS. (+): p < 0.05 vs. (PBS + Ang II).  Results are means ± 

SEM of n=4 mice in each study group.   
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Figure 3-8 Luciferase siRNA has no effect on Ang II-induced cardiac 

hypertrophy and fibrosis. 

Pre-treatment with luciferase (Luc) siRNA did not reduce angiotensin II (Ang 

II)-induced left ventricular hypertrophy, as evidenced by: 

A, Ratio of corrected left ventricle mass (corr. LV mass, determined by M-mode 

echocardiography) to body weight (BW). 

B, Ratio of heart weight (HW) to body weight (gross pathology analysis).  

C, D, Expression of hypertrophy markers (C) and ECM proteins (D), as 

determined by quantitative RT-PCR using TaqMan probes. BNP: brain natriuretic 

peptide, β-MHC: β-myosin heavy chain. 

20-week old mice were implanted with a subcutaneous osmotic minipump 

delivering Luc siRNA (0.4 mg/kg/d for 14 days) or sham operated, followed by 

the administration of either Ang II (1.4 mg/kg/d, for 12 days i.e., from day 5 to 

day 16) through a 2
nd

 osmotic minipump. M-mode echocardiography was 

conducted 11 days after implantation of a 2
nd

 osmotic minipump (i.e., on day 15). 

Mice were euthanized on day 16. Hearts were weighed out and left ventricle 

samples were analyzed by RT-PCR. (*): p < 0.05 vs. sham group.  

Results are means ± SEM of n=3-4 mice in each study group. 
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Figure 3-9 Knockdown of TACE blocked cardiac hypertrophy and fibrosis 

induced by angiotensin II infusion. 

siRNA (15 g) or PBS was injection into mice via their jugular veins (on day 0, 

day 6 and day 10), angiotensin II (Ang II, 1.4 mg/kg/d) was delivered through a 

subcutaneously implanted osmotic minipump (from day 5 to day 15). The mice 

were euthanized on day 15.  

A-C, Pre-treatment with TACE siRNA, but not luciferase (Luc) siRNA or PBS, 

prevented Ang II-induced left ventricular hypertrophy as evidenced by the ratio of 

heart weight (HW) to body weight (BW) (A), expression of hypertrophy markers: 

brain natriuretic peptide (BNP), α-skeletal actin and β-myosin heavy chain 

(β-MHC) (B, measured by quantitative RT-PCR) and size of cardiomyocytes (C), 

detected by average area of cardiomyocytes cross-section following WGA-FITC 

staining, >100 cells per heart were counted). 

D, E, Pre-treatment with TACE siRNA, but not PBS, prevented Ang 

II-induced-cardiac fibrosis, as evidenced by the picrosirius red staining (D) and 

type I collagen expression (E, measured by quantitative RT-PCR). 

(*): p < 0.05 vs. PBS group. (+): p < 0.05 vs. (PBS + Ang II) group. 

Results are means ± SEM of n=2-4 mice for each study group.  
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Figure 3-10 Proposed model of TACE regulation of hypertrophy and fibrosis. 

Previous work by many groups
7,9,12,19,20

 has demonstrated that vasoconstrictive 

GqPCR agonists trigger the post-transcriptional activation of multiple 

metalloproteinases, including TACE, MMP-2 and ADAM-12. The activated 

metalloproteinases next transactivate growth factor receptor and downstream 

MAPKs including ERK-1/2. Findings from this research indicate that 

metalloproteinases may establish novel transcriptional relationships among each 

other. Agonist-induced transcriptional pathways mediated by TACE may link 

sustained GqPCR stimulation to gene expression of other metalloproteinases 

including MMP-2 and ADAM-12 and developmental genes and extracellular 

matrix proteins. Cardiovascular hypertrophy and fibrosis processes may be 

signaled by a metalloproteinase network involving short-term (post-transcriptional) 

and long-term (transcriptional) mechanisms. The current model could explain, at 

least in part, the apparent functional redundancy and the concurrence of multiple 

metalloproteinases from the ADAM and MMP families in signaling of 

cardiovascular hypertrophy and fibrosis processes. 
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Chapter 4 

MMP-2 Mediates Angiotensin II-induced Hypertension under the 

transcriptional control of MMP-7 and TACE 

The data presented in this chapter is published in the following journal article: 

Odenbach J, Wang X, Cooper S, Chow FL, Oka T, Lopaschuk G, Kassiri Z, 

Fernandez-Patron C. MMP-2 mediates angiotensin II-induced hypertension under 

the transcriptional control of MMP-7 and TACE. Hypertension. 2011 

Jan;57(1):123-30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contribution: Designed siRNAs to MMP-2, MMP-7 and TACE, conducted animal 

studies, performed qRT-PCR, zymography assays, data analysis and data 

interpretation, contributed to the construction of the hypothesis, drafted the 

manuscript together with Jeffery Odenbach and our supervisor and revised the 

manuscript.  
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4.1 Introduction 

Hypertension is a systemic condition characterized by persistently elevated 

arterial blood pressure and the concurrent development of pathological cardiac 

remodelling due to the development of cellular hypertrophy and fibrosis
1-3

. 

Pathological cardiac remodelling leads to myocardial stiffness, decreased cardiac 

output and increased risk of heart failure
4,5

.  

The parallel development of cardiac hypertrophy and fibrosis with 

hypertension suggests overlapping mechanisms with common inducers and 

mediators. Among the common inducers of hypertension, cardiac hypertrophy and 

fibrosis are vasoconstrictive Gq protein-coupled receptor (GqPCR) agonists such 

as catecholamines, endothelins, and angiotensin II (Ang II). Common downstream 

mediators of GqPCR agonists include the matrix metalloproteinases (such as 

MMP-2 and MMP-7) and “a disintegrin and metalloproteinases” (such as 

ADAM-17 / TACE -tumour necrosis factor- converting enzyme). These 

metalloproteinases can, in turn, regulate vascular tone and cardiac remodelling by 

cleavage of vasoactive peptides, growth factor shedding and degradation of 

extracellular matrix (ECM) protein components
6-13

. 

We have suggested that MMPs and ADAMs are transcriptionally 

networked to mediate pro-hypertensive, pro-hypertrophic and pro-fibrotic 

signalling in response to GqPCR agonists. However, the exact roles of individual 

metalloproteinases in the development of cardiovascular disease remain unclear. Of 

these metalloproteinases, MMP-2 has been shown to regulate vascular function by 

cleavage of vasoactive peptides (such as big endothelin, calcitonin-gene related 

peptide and adrenomedullin
11-13

) and cell signalling receptors (such as vascular 

endothelial growth factor and insulin receptors
16-18

).  

Here, we hypothesize that, being a major gelatinase in cardiac and vascular tissue, 

MMP-2 is likely to play a key role in cardiovascular homeostasis. To examine the 
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role of MMP-2 in the development of agonist-induced cardiovascular disease, we 

used a mouse model of Ang II-induced hypertension and complementary 

approaches targeting MMP-2 by pharmacological inhibition and RNA interference 

(RNAi). We report that MMP-2 mediates Ang II-induced hypertension and is 

transcriptionally controlled by two other metalloproteinases, MMP-7 and TACE. 

 

4.2 Materials and methods 

Materials All siRNAs were synthesized by Sigma-Aldrich (Paris, France) and 

dissolved in PBS prior to use. The first two nucleotides of each strand were 2‟-O 

methylated and the final two nucleotides were deoxy nucleotides to increase siRNA 

stability. Sequences of siRNAs are shown in Table 1 are were used as previously 

described
19,20

. MMP-2 inhibitors (MMP-2i I / MMP-2i III) and Ang II were 

obtained from Calbiochem (Gibbstown, NJ, USA). Phenylephrine was obtained 

from Sigma (Oakville, ON, Canada). 

Cell Culture A7R5 rat aorta smooth muscle cells (ATCC, Manassas, VA, USA) 

were cultured in Dulbecco‟s modified eagle medium supplemented with 10% FBS 

at 37ºC and 5% CO2. Cells were passaged using 0.05% trypsin-EDTA solution and 

seeded in 6 well plates. Cells were transfected with siRNA using DharmaFECT 2 

transfection reagent as per manufacturer‟s protocol (Thermo Scientific, Rockford, 

IL, USA). Briefly, serum-starved cells were treated with a pre-mixed solution 100 

nmol/L siRNA and 0.4% DharmaFECT 2 transfection reagent in serum-free media 

for 24 hours and MMP-2 activity was measured by gelatin zymography in 

conditioned media and cell lysates. 

Animals Animal studies were conducted under the protocol approved by 

University of Alberta Animal Care and Use Committee. All animals were housed at 

the Animal Facility of the University of Alberta until use. Male C57BL/6 mice and 

Sprague Dawley Rats were purchased from The Jackson Laboratory (Bar Harbor, 
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ME, USA). All animals were anesthetised using 2.0% Isoflurane by inhalation 

before and during surgical procedures. MMP-2 inhibitor I was given orally at a per 

diem dose of 40 mg/kg/d. Angiotensin II (1.4 mg/kg/d) and siRNA (0.4 mg/kg/d) 

were delivered by subcutaneously implanted ALZET osmotic minipumps 

(DURECT Corporation, Cupertino, CA, USA) on the posterior midsection, as 

described in previous chapters. Control mice received minipumps containing PBS 

(vehicle), a sham operation or were left intact. All animals were euthanized by 

pentobarbital overdose using Euthanyl (Bimeda-MTC, Cambridge, ON, Canada). 

Blood pressure measurement Systolic blood pressure was measured indirectly 

using computerized tail cuff plethysmography system (Kent Scientific Corporation, 

Torrington, CT, USA). Conscious mice were maintained at 32-35ºC using a heating 

pad and restrained during measurements. Averages of 10 inflation/deflation cycles 

were conducted to obtain mean systolic blood pressure. 

Echocardiography In vivo assessment of anatomical structures and hemodynamic 

function in mice was conducted by M-mode echocardiography. The animals were 

first anaesthetized with 2.0% Isoflurane and their cardiac function was 

subsequently analyzed using a Vevo 770 high-resolution imaging system 

(Visualsonics, Toronto, ON, Canada). Three consecutive heartbeats of each frame 

were analyzed to measure the wall thickness and end-diastolic internal dimension 

(EDD) and end-systolic internal dimension (ESD) of the left ventricle (LV). 

Echocardiographic corrected LV mass (in mg) was calculated as: 1.05 x 0.8 x 

[(LVID;d + LVPW;d + IVS;d)
3
 – (LVID;d)

3
] on diastole (d). ID- internal diameter 

(in mm). PW- posterior wall thickness (in mm). IVS- interventricular septum 

thickness (in mm).   

Cryosectioning Mouse hearts were embedded in Tissue-Tek (Sakura, Torrance, 

CA, USA), frozen on dry ice and stored at -70 ºC. Sections (10 m) were cut on a 

Leica microtome and fixed with ice-cold acetone.  
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WGA-FITC staining and cardiomyocytes cross-sectional area quantification 

Sections of heart were washed in PBS-T and incubated for 2 hrs in 50 g/mL wheat 

germ agglutinin-fluorescein isothiocyanate (WGA-FITC, Invitrogen, Burlington, 

ON, Canada), washed and mounted.  Confocal microscope images were taken 

with a spinning disk laser confocal microscope (Confocal Imagine Core facility, 

University of Alberta) and cardiomyocyte cross-sectional area was determined by 

averaging the sizes of at least 100 cells per section. 

Collagen staining with picrosirius red Sections of heart were brought back to 

water and stained for 1 hr in picrosirius red staining solution (1 g/L Direct Red 80 in 

saturated picric acid solution), washed in acidified water and dehydrated.  Slides 

were photographed using a DCM500 camera and ScopePhoto software (Madell 

Technology, Beijing, China). 

Homogenization Heart and aorta were washed in isotonic saline buffer, rinsed and 

weighed. Protein extraction was done in 50 mM Tris, 50 mM NaCl, 1.25 mM 

PMSF, 62.5 mM Glycerol-2-phosphate, 12.5 mM sodium pyrophosphate, 125 µM 

NaF, 6.25 µg/ml leupeptine, 312.5 µM sodium orthovanadate, 12.5% glycerol, 1% 

SDS, 0.1% Triton X-100 at pH 7.4. To determine the protein content, homogenates 

were separated by 10% SDS-PAGE followed by densitometric analysis of 

Coomassie blue stained bands. Equal protein loads were loaded for subsequent 

gelatin zymography analysis.  

Gelatin zymography MMP-2 enzymatic activity was determined in heart and 

aorta homogenates using gelatin zymography. Homogenates were subjected to 

electrophoresis on SDS-PAGE gels co-polymerized with gelatin (2 mg/mL). 

Following electrophoresis, gels were washed thrice with 2.5% Triton X-100 for 

20 min. Enzymatic reaction was carried out for 16 hrs at 37C in enzyme assay 

buffer (25 mM Tris, 5 mM CaCl2, 142 mM NaCl, 0.5 mM NaN3, pH 7.6) and gels 



Chapter 4 

 

186 

 

were stained with coomassie blue. Enzymatic activity was visualized as clear 

bands against a blue background in the gel. 

RNA expression analysis by TaqMan RT PCR Total RNA was extracted from 

flash-frozen heart using Trizol reagent (Invitrogen, Burlington, ON, Canada) and 

cDNA was generated from 1 µg RNA using a random hexamer. Expression 

analysis of the reported genes was performed by TaqMan RT-PCR using ABI 7900 

sequence detection system (Applied Biosystems, Carlsbad, CA, USA). 18S rRNA 

was used as an internal standard as previously described
21

. 

Microperfusion arteriography Mesenteric arteries of adult Sprague Dawley Rats 

(6-month old, male) were dissected and mounted on a Danish MyoTechnology 

arteriograph system (Aarhus, Denmark). Arteries were perfused at constant 

temperature (37°C) and flow rate (2 μL/min) with standard HEPES-PSS (142 mM 

sodium chloride, 4.7 mM potassium chloride, 1.17 mM magnesium sulfate, 1.56 

mM calcium chloride, 1.18 mM potassium phosphate, 10 mM HEPES, 5.5 mM 

glucose, pH 7.4). Phenylephrine (10 μmol/L) was added to the bath (adventitia 

side) to constrict arteries for 5 min. Following constriction, MMP-2 inhibitor III 

(100 μmol/L) or DMSO (1%) was added to the bath for an additional 5 min. 

Changes in arterial diameter were recorded using Vediview acquisition software 

(Danish MyoTechnology, Aarhus, Denmark).  

Statistical analysis Results were analyzed using one-way ANOVA (between 

multiple groups) or t-test (between two groups) (Jandel SigmaStat 3.5 statistical 

software). In the echocardiography studies, between-group comparisons of the 

means were performed by one-way ANOVA followed by Scheffe‟s F correction for 

multiple comparisons between means. All data are reported as means +/- SEM. 
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4.3 Results 

MMP-2 is upregulated in Ang II-induced hypertension, cardiac hypertrophy 

and fibrosis 

Ang II infusion (1.4 mg/kg/d, Figure 4-1A) resulted in a time-dependent 

elevation in blood pressure (Figure 4-1B) as well as development of left ventricular 

hypertrophy and fibrosis over 16 days. Hypertrophy was confirmed by increased 

left ventricle mass (by M-mode echocardiography, Figure 4-1C), heart weight to 

body weight ratio (Figure 4-2A), cardiomyocyte cross sectional area (WGA-FITC 

staining, Figure 4-2B) and expression of the hypertrophy marker genes α-skeletal 

actin (a-sk-actin) and brain natriuretic peptide (BNP) by qRT-PCR (Figure 4-1D). 

Similarly, development of cardiac fibrosis was demonstrated by increased collagen 

deposition (picrosirius red staining, Figure 4-1E) and expression of the fibrosis 

marker genes collagen types I and III (Col I, Col III, respectively) and fibronectin-1 

(Fn-1) by qRT-PCR (Figure 4-1F). Analysis of MMP-2 mRNA (by qRT-PCR, 

Figure 4-3A, B) and enzymatic activity (by gelatin zymography, Figure 4-3C, D) 

of heart and aorta homogenates revealed that MMP-2 was upregulated during Ang 

II infusion. In contrast to MMP-2, Ang II downregulated another major gelatinase, 

MMP-9. We therefore hypothesized that upregulation of MMP-2 may be a 

contributing factor in Ang II-induced cardiovascular disease.  

MMP-2 selectively mediates hypertension, but not cardiac hypertrophy or 

fibrosis 

Studies in isolated mesenteric arteries. Previous evidence indicates that 

MMP inhibition is a possible approach to decrease blood pressure by modulating 

vascular tone
8,14,22

. Our group has shown that broad-spectrum MMP inhibitors such 

as doxycycline, phenanthroline and GM 6001 induce a dose-dependent relaxation 

of microperfused small mesenteric arteries constricted with phenylephrine
23

. The 

cyclic peptide inhibitor, CTT, which inhibits gelatinases (MMP-2 and MMP-9), 
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also produces similar results
11,12

. Here, we confirm these results using a 

biphenylsulfonamido-hydroxamate inhibitor selective for MMP-2 (MMP-2 

inhibitor III, Calbiochem) in isolated small rat mesenteric arteries mounted on a 

microperfusion arteriograph. Treatment with MMP-2 inhibitor III (100 µmol/L), 

but not vehicle (DMSO, 1%), caused relaxation of arteries pre-constricted with 10 

µmol/L phenylephrine (Figure 4-4). Taken together with our earlier studies, these 

results strongly suggest that agonists engage MMP-2 to maintain arterial tone. 

Studies of hypertension, cardiac hypertrophy and fibrosis in mice receiving 

Ang II. To determine whether targeting MMP-2 could attenuate Ang II-induced 

cardiovascular disease in vivo, mice receiving Ang II were treated with either a 

pharmacological inhibitor or small interference RNA (siRNA) against MMP-2. 

Pharmacological inhibition of MMP-2 using the lipid analogue MMP-2 

inhibitor I (Calbiochem) given orally at a daily dose of 40 mg/kg/d (beginning the 

day before Ang II infusion) attenuated Ang II-induced hypertension over a 12 day 

time course (Figure 4-5A).  

Despite the protective effects of MMP-2 inhibition on blood pressure, no 

protection from either cardiac hypertrophy (by M-mode echocardiography, 

qRT-PCR analysis of hypertrophy marker genes, heart weight to body weight ratio 

and cellular cross sectional area, Figures 4-5B, 4-6) or fibrosis (by picrosirius red 

staining and qRT-PCR analysis of fibrosis marker genes, Figure 4-5C) was 

observed. These results indicate that MMP-2 mediates Ang II-induced 

hypertension, but not cardiac hypertrophy or fibrosis. 

Supplemental studies were conducted to validate these pharmacological results. 

We used an RNA interference approach with a siRNA (Table 4-1) shown to knock 

down MMP-2 in cultures of aortic smooth muscle cells (Figure 4-7). To determine 

if the effects of Ang II could be prevented by targeting MMP-2, we designed an 

experiment where MMP-2 siRNA treatment (0.4 mg/kg/d) started 5 days prior to 
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Ang II infusion (pre-treatment protocol, Figure 4-8A).To assess if the effects of 

Ang II could be reversed in already-hypertensive mice, we designed a rescue 

experiment where MMP-2 siRNA treatment started 5 days after Ang II infusion 

began (rescue protocol, Figure 4-8B). In both protocols, MMP-2 siRNA attenuated 

the Ang II-induced upregulation of cardiac and aortic MMP-2 enzymatic activity 

(Figure 4-8A, B). We also examined MMP-2 at two distal sites (i.e., the kidney and 

liver). In these organs, MMP-2 was not upregulated by Ang II and we were unable 

to detect any attenuation of MMP-2 activity using siRNA (Figure 4-8C, D). 

Moreover, in both protocols, administration of MMP-2 siRNA also decreased the 

severity of Ang II-induced hypertension (Figure 4-8E, F). MMP-2 siRNA 

treatment did not attenuate the development of cardiac hypertrophy or fibrosis by 

either protocol (pre-treatment, Figure 4-8G, I, K or rescue, Figure 4-8H, J, L). 

Therefore, MMP-2 siRNA had similar anti-hypertensive (but not anti-hypertrophic 

or anti-fibrotic) effects whether given before or after hypertension was initiated 

(pre-treatment or rescue protocols, respectively). 

Confirming the target-specific effects of MMP-2 siRNA, siRNA against the 

non-mammalian gene Luciferase did not prevent Ang II-induced hypertension or 

MMP-2 upregulation (Figure 4-9). 

MMP-7 and TACE mediate Ang II-induced MMP-2 upregulation 

We next investigated how and why Ang II induces MMP-2 upregulation 

with a focus on metalloproteinases upstream of MMP-2. Previously, we showed 

that TACE is a key mediator in cardiac hypertrophy and fibrosis and that 

knockdown of TACE partially attenuates Ang-II induced MMP-2 upregulation. We 

have also shown that MMP-7 is involved in early stages of agonist-induced 

hypertension, but whether this role of MMP-7 is dependent on MMP-2 remains 

unclear
14,15

. We therefore revisited the effects of siRNAs targeting MMP-7 and 
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TACE either individually or together on expression of MMP-2 using validated 

siRNAs and treatment protocols.  

In mice receiving MMP-7 siRNA, TACE siRNA or both siRNAs together, 

the upregulation of MMP-2 by Ang II was prevented at both the mRNA (Figure 

4-10A, B) and enzymatic activity (Figure 4-11) levels. Similar to the results 

obtained by targeting MMP-2 directly, simultaneous knockdown of MMP-7 and 

TACE attenuated Ang II-induced hypertension (Figure 4-12A, B). In contrast to 

siRNA against MMP-2, siRNAs against MMP-7 and TACE attenuated the 

development of cardiac hypertrophy (by echocardiography and qRT-PCR analysis 

of hypertrophy marker genes, Figure 4-12C) and fibrosis (by picrosirius red 

staining of heart sections and qRT-PCR analysis of fibrosis marker genes, Figure 

4-12D). These findings indicate that Ang II upregulates MMP-2 through MMP-7 

and TACE. 

 

4.4 Discussion  

This research provides new evidence that agonist-induced cardiovascular 

disease is signalled by multiple, non-redundant metalloproteinases that play unique 

physiological roles. We demonstrate that MMP-2 inhibition (by pharmacological 

means) and gene knockdown (by RNA interference) attenuate Ang II-induced 

hypertension. However, these manipulations did not prevent any of the following 

pro-hypertrophic and pro-fibrotic responses: i) increases in left ventricle mass, ii) 

increases in cardiomyocyte cross sectional area, iii) increases in collagen 

deposition or, iv) increases in expression of hypertrophy and fibrosis marker genes. 

Importantly, we observed a novel transcriptional regulation of MMP-2 by two other 

metalloproteinases, MMP-7 and TACE. Paradoxically, while direct blockade of 

MMP-2 only attenuated Ang II-induced hypertension, indirect blockade of MMP-2 

(by knocking down MMP-7 and TACE) attenuated Ang II-induced hypertension as 
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well as the development of cardiac hypertrophy and fibrosis. These findings 

suggest a signaling bifurcation where Ang II-induced hypertension diverges from 

development of cardiac hypertrophy and fibrosis. Therefore, we propose a model 

where Ang II signals through MMP-7 and TACE to induce: i) hypertension 

mediated by MMP-2 and, ii) cardiac hypertrophy and fibrosis independent of 

MMP-2 (Figure 4-13). 

 Pathological cardiac remodelling is a clinically significant complication in 

hypertensive disorders. However, the causal relationship between hypertension and 

cardiac remodelling is poorly understood. In models of hypertension, the 

development of hypertensive cardiac remodelling is thought to be caused by: i) 

excessive systemic agonists (as done in this study) and, ii) hemodynamic pressure 

overload on the heart (as done in transverse aortic constriction, TAC)
24-26

. Strong 

evidence indicates that endogenous agonist production is required for 

TAC-induced remodelling. Indeed, cardiac hypertrophy is attenuated by blockade 

of Ang II production (ie., ACE inhibitors, ramipril
27

) or receptor antagonism (ie., 

AT1R antagonist, losartan
28

). Further supporting this claim, hypertrophic growth 

can be induced in cultured cardiomyocytes stimulated by GqPCR agonists in the 

absence of pressure overload
29,30

. Therefore, these data suggest that endogenous 

agonist signaling is necessary and sufficient for the development of hypertensive 

cardiac remodelling. We propose that agonist-induced cardiovascular disease 

depends on metalloproteinases, which regulate the expression of genes involved in 

pathological cardiac remodelling (e.g., brain natriuretic peptide, alpha-skeletal 

actin, beta-myosin heavy chain, fibronectin-1 and collagen types I and III), as well 

as the expression of MMP-2. Moreover, our data show that targeting MMP-2 

effectively uncouples Ang II-induced hypertension from the development of 

cardiac hypertrophy and fibrosis. If agonist signaling is sustained, pathological 

cardiac remodelling can proceed in the absence of hypertension.  
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 Our data strongly suggest that targeting MMP-2 attenuates Ang II-induced 

hypertension, without affecting the development of cardiac hypertrophy or fibrosis. 

Although we were able to attenuate Ang II-induced hypertension by targeting 

MMP-2, we cannot exclude the possibility that the residual increase in blood 

pressure of these mice contributed to the development of cardiac hypertrophy and 

fibrosis. However, mice challenged with Ang II and mice challenged with Ang II 

and MMP-2 inhibitor/siRNA developed cardiac hypertrophy and fibrosis to the 

same extent, suggesting that agonist signaling, and not residual hypertension, was 

ultimately responsible for cardiac remodelling in these mice. 

 Despite the detrimental effects of cardiac remodelling in Ang II-induced 

hypertension, other instances of cardiac hypertrophy exist in nature which can be 

beneficial to the heart (e.g., the heart of a well-trained athlete
31

). A major factor 

leading to cardiac failure in subjects with hypertension is the excessive deposition 

of extracellular matrix proteins (cardiac fibrosis) that impairs cardiac contractility. 

This process of hypertension-associated cardiac fibrosis occurs in parallel to the 

hypertrophy process. However, despite developing within similar time frames and 

having common agonists, cardiac fibrosis and hypertrophy can be 

pharmacologically separated. Zeisberg et al.
32

 have demonstrated that 

administration of recombinant human bone morphogenic protein-7 to mice with 

aortic constriction prevents cardiac fibrosis and improves cardiac function, despite 

the presence of cardiac hypertrophy. Our study suggests that sustained stimulation 

by agonists, such as Ang II, leads to pathological cardiac remodelling characterized 

by increased myocardial stiffness through temporally overlapping pro-hypertrophic 

and pro-fibrotic mechanisms, neither of which can be attenuated by targeting 

MMP-2. 

 Although we provide new insight into the regulation of MMP-2 gene 

transcription by MMP-7 and TACE, the pathways by which MMP-2 regulates 
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vascular tone are complex and arise from a multitude of MMP-2 proteolysis 

substrates. Previous studies have suggested that MMP-2 can cleave vasoactive 

peptides (such as big endothelin, calcitonin gene related peptide and 

adrenomedullin)
11-13

 as well as extracellular receptors (such as vascular endothelial 

growth factor receptor-2, and insulin receptor)
16,18

. Future research should establish 

the specific contribution of these MMP-2 signaling mechanisms in agonist-induced 

hypertension.  

A fascinating question in regards to development of hypertensive cardiac 

disease is the role played by organs distal to the heart such as the kidneys
33

. Based 

on our studies, we believe that elevated levels of pro-hypertensive agonists are 

ultimately causal of the development of hypertensive cardiac disease. In addition to 

acting directly on the heart and vasculature, agonists such as Ang II can stimulate 

secondary messaging systems (e.g., the sympathetic nervous system) by acting at 

sites distal to the heart. These secondary messaging systems can contribute to the 

development of cardiac remodelling (by acting on the heart) and hypertension (by 

acting on the vasculature where they could stimulate MMP-2 dependent 

vasoconstriction)
34

.  

Interestingly, we did not observe any induction of MMP-2 in the kidney. 

Similar to our findings, MMP-2 is not elevated in the renal medulla of the 

spontaneous hypertensive rat, whereas MMP-7 is
35

. There is also evidence that 

TACE plays a role in chronic renal disease induced by Ang II
9
. Based on these 

findings, renal MMP-7 and TACE may be effectors of Ang II, but might not act by 

upregulating MMP-2 in the kidney.  

The concept that MMP-7 and TACE are upstream regulators of MMP-2 in 

Ang II-induced cardiovascular disease is supported by several unrelated lines of 

research. MMP-7 regulates MMP-2 activation in vitro (by direct proteolysis) and in 

myeloma cells to facilitate bone destruction and tumour spreading
36,37

. MMP-7 and 
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TACE may also facilitate MMP-2 activation by releasing TNF-α to 

transcriptionally upregulate MT1-MMP
38

. Further, MMP-7 and TACE can shed 

growth factor receptor ligands such as HB-EGF
39

 which have been involved in the 

transcriptional upregulation of MMP-2
40

. 

Clinical Perspective 

 Pathological cardiac remodelling occurs concurrently with the development of 

hypertension and must be considered when devising therapeutic strategies to treat 

hypertension. Our findings indicate that metalloproteinases are signaling mediators 

and candidate therapeutic targets in hypertensive cardiac remodelling. 

Metalloproteinases could also be therapeutic targets in other diseases where they 

are strongly upregulated such as chronic renal disease, pre-eclampsia and 

cancer
9,41

. Paradoxically, metalloproteinase inhibitors have had very little clinical 

success in the cancer field. Secondary effects such as the development of 

musculoskeletal syndrome have further hindered the development of 

metalloproteinase-based therapeutics
42,43

.  

Although targeting MMP-2 shows promise to lower high blood pressure, 

our inability to prevent the development of cardiac hypertrophy and fibrosis by 

blocking MMP-2 (both pharmacologically and through RNA interference) 

indicates the need for comprehensive therapeutic strategies. One such strategy is 

suggested by novel findings made in this research. Targeting MMP-2 together with 

metalloproteinases upstream of MMP-2 (such as MMP-7 and TACE) should lower 

blood pressure with the added therapeutic benefits of preventing the development 

of cardiac hypertrophy and fibrosis. Further research is warranted to determine the 

biological roles and therapeutic potential of specific metalloproteinases in 

hypertensive cardiac disease. 
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Table 4-1 Nucleotide sequences of siRNAs used in experiments.  

Gene siRNA oligonucleotide sequences 

MMP-2 Sense:        5‟-mCmAUACAGGAUCAUUGGUUAdTdT 

Antisense:  5‟-mUmAACCAAUGAUCCUGUAUGdTdT 

MMP-7 Sense:        5‟-mCmCUACAGAAUUGUAUCCUAdTdT 

Antisense:  5‟-mUmAGGAUACAAUUCUGUAGGdTdG 

TACE Sense:        5‟-mGmAGAAGCUUGAUUCUUUGCdTdT 

Antisense:  5‟-mGmCAAAGAAUCAAGCUUCUCdAdA 

Luciferase Sense:        5‟-mUmAAGGCUAUGAAGAGAUACdTdT 

Antisense:  5‟-mGmUAUCUCUUCAUAGCCUUAdTdT 

“m” denotes O-methylation of following nucleotide. “d” indicates 

deoxynucleotide. 
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Figure 4-1 Development of hypertension, cardiac hypertrophy and fibrosis 

induced by Ang II. 

A) Experimental protocol of Ang II delivery (1.4 mg/kg/d) in male C57BL/6 mice 

by subcutaneous osmotic minipumps. B) Time course of systolic blood pressure in 

control mice and mice treated with Ang II. Echocardiographic analysis of left 

ventricle weight to body weight ratio (C), qRT-PCR analysis of hypertrophy 

marker genes (D), histological analysis of heart sections (10 µm) stained with 

picrosirius red (E) and qRT-PCR analysis of fibrosis marker genes (F) in mice 

receiving Ang II for the times indicated. Scale bar indicates 250 µm. n=4 mice for 

each time point. * indicates p<0.05 vs. day 0. 
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Figure 4-2 Ang II induces the development of cardiac hypertrophy.  

Quantification of increases in A) heart weight/body weight ratio and B) 

cardiomyocyte cross sectional area (WGA-FITC staining) in the development of 

cardiac hypertrophy in mice receiving Ang II (1.4 mg/kg/d) by subcutaneous 

osmotic minipumps. Scale bar indicates 100 µm. n=4 mice for each time point. * 

indicates p<0.05 vs. day 0. 
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Figure 4-3 Ang II upregulates MMP-2 expression and enzymatic activity. 

A, B) qRT-PCR analysis of MMPs in left ventricle samples over a time course of 

Ang II treatment (1.4 mg/kg/d). Gelatin Zymography analysis of MMP-2 

enzymatic activity in left ventricle (C) and Aorta (D) samples from mice treated 

with Ang II over a 16 day time course. Quantification of band intensity normalized 

to loading control shown in lower panels. n=4 mice for time point. * indicates 

p<0.05 vs day 0.  
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Figure 4-4 MMP-2 is involved in the maintenance of agonist-induced arterial 

constriction. 

Small rat mesenteric arteries were isolated and mounted on a microperfusion 

arteriograph system. Top panel- Light micrograph images of arteries at baseline (0 

min), constricted with phenylephrine (PE, 10 µmol/L, 5 min), treated with either 

MMP-2 inhibitor III (100 µmol/L) or vehicle (1% DMSO, 10 min) and washed in 

triplicate (washout, 15 min). Bottom panel- Quantitative analysis of artery inner 

diameter from acquired images. Images are representative of triplicate trials. Scale 

bar indicates 100 µm. * indicates p<0.05 vs baseline. 

(These data were obtained by Jeffrey Odenbach) 
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Figure 4-5 MMP-2 mediates Ang II-induced hypertension but not cardiac 

hypertrophy or fibrosis. 

A) Upper panel- Experimental treatment protocol of mice with MMP-2 inhibitor I 

(MMP-2i, 40 mg/kg/d) and Ang II (1.4 mg/kg/d) by daily oral administration and 

subcutaneous osmotic minipumps, respectively. Lower panel- Tail cuff 

plethysmography analysis of systolic blood pressure in mice treated as per above 

protocol. B) Echocardiographic analysis of left ventricle mass normalized to body 

weight (left panel) and qRT-PCR analysis of hypertrophy marker genes (right 

panel) in left ventricle samples. C) Collagen staining of heart sections (10 µm) 

stained with picrosirius red (left panel) and qRT-PCR analysis of fibrosis markers 

(right panel) in left ventricle samples. Scale bar indicates 250 µm. n=4 mice for 

each group. * indicates p<0.05 vs. control. ‡ Indicates p<0.05 vs Ang II. 

(These data were obtained by Jeffrey Odenbach) 
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Figure 4-6 MMP-2 is not involved in the development of Ang II induced 

cardiac hypertrophy.  

A) Heart weight to body weight ratios of mice treated with MMP-2 inhibitor I (40 

mg/kg/d) beginning 1 day prior to Ang II infusion (1.4 mg/kg/d) for 12 days. B) 

Histological analysis of heart sections (10 µm) stained with WGA-FITC (upper 

panel) to quantify average cellular cross sectional area (lower panel). Scale bar 

indicates 100 µm. n=4 mice for each group. * indicates p<0.05 vs. control. ‡ 

Indicates p<0.05 vs Ang II. 

(These data were obtained by Jeffrey Odenbach) 
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Figure 4-7 Validation of MMP-2 siRNA in cultured A7R5 cells. 

Serum starved A7r5 cell were transfected with MMP-2 siRNA (100 nmol/L) using 

DharmaFECT-2 transfection reagent. Conditioned medium and cell lysate were 

collected 24 hours after transfection. Representative images of conditioned media 

(upper panel) and cell lysates (middle panel) subjected to gelatin zymography. 

Equal loading was confirmed by SDS-PAGE (lower panel). All experiments were 

performed in triplicate. 

 

(These data were obtained by Jeffrey Odenbach) 
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Figure 4-8 MMP-2 siRNA attenuates Ang II-induced hypertension but not 

cardiac hypertrophy or fibrosis. 

 A-D) Upper panels-Treatment protocols of mice receiving MMP-2 siRNA (0.4 

mg/kg/d) given either 5 days before (pre-treatment protocol, A) or after (rescue 

protocol, B) Ang II (1.4 mg/kg/d). lower panels- Representative images of aorta (A, 

B), heart(A, B), kidney (C, D) and liver (C, D) homogenates subjected to gelatin 

zymography. E, F) Tail cuff plethysmography analysis of systolic blood pressure 

of mice subjected to pre-treatment (E) or rescue (F) protocols. G, H) 

Echocardiographic analysis of left ventricle mass normalized to body weight 

(upper panels) and qRT-PCR analysis of hypertrophy markers (lower panels) in left 

ventricle samples of mice subjected to pre-treatment (G) or rescue (H) protocols. I, 

J) Heart weight to body weight ratios (upper panels) and histological analysis of 

heart sections (10 µm) stained with WGA-FITC to demonstrate cellular cross 

sectional area (lower panels) of mice subjected to to pre-treatment (I) or rescue (J) 

protocols. K, L) Collagen staining of heart sections (10 µm) stained with 

picrosirius red (upper panels) and qRT-PCR analysis of fibrosis markers (lower 

panels) in left ventricle samples of mice subjected to the pre-treatment (K) or 

rescue (L) protocols. Scale bar indicates 100 µm (WGA-FITC sections) or 250 µm 

(picrosirius red sections). n=3-4 mice for each group. * indicates p<0.05 vs. 

control. ‡ Indicates p<0.05 vs Ang II. 

 

(These data were obtained by Jeffrey Odenbach) 
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Figure 4-9 Luciferase siRNA does not attenuate Ang II-induced hypertension, 

cardiac hypertrophy or fibrosis. 

A) Experimental protocol for mice treated with Luciferase siRNA (0.4 mg/kg/d) 

and Ang II (1.4 mg/kg/d) by subcutaneous osmotic minipumps. B) Time course of 

systolic blood pressure in control mice, mice treated with Ang II or mice treated 

with Ang II and luciferase siRNA. C) Cardiac hypertrophy as assessed by 

echocardiographic analysis of left ventricle weight to body weight ratio (upper left 

panel), gross pathology of heart weight to body weight ratio (upper middle panel), 

qRT-PCR analysis of hypertrophy marker genes (upper right panel) and 

histological analysis of heart sections (10 µm) stained with WGA-FITC to quantify 

average cellular cross-sectional area (lower panels). D) Fibrosis was assessed by 

histological analysis of heart sections (10 µm) stained with picrosirius red to 

determine collagen deposition (left panel) and qRT-PCR analysis of fibrosis 

marker genes (right panel). E) qRT-PCR (left panel) and gelatin zymography (right 

panel) analysis of gelatinase expression and activity in cardiac homogenates. Scale 

bars indicate 100 µm (WGA-FITC micrographs) or 250 µm (Picrosirius red 

micrographs). n=4 mice for each group. * indicates p<0.05 vs. control group. 
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Figure 4-10 MMP-7 and TACE mediate the upregulation of MMP-2 induced 

by Ang II.  

A) Experimental protocol of mice treated with MMP-7 siRNA, TACE siRNA or 

both (0.4 mg/kg/d) 5 days prior to Ang II (1.4 mg/kg/d) by subcutaneous osmotic 

minipumps. B) qRT-PCR analysis of MMP-2 mRNA levels in left ventricle 

samples from mice treated as per experimental protocol. n=4 mice for each group. * 

indicates p<0.05 vs. control. ‡ Indicates p<0.05 vs Ang II. 
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Figure 4-11 MMP-7 and TACE mediate Ang II-induced MMP-2 

upregulation.  

Gelatin zymography analysis of cardiac homogenates from mice treated with or 

without Ang II (1.4 mg/kg/d) or siRNAs against both MMP-7 and TACE (0.4 

mg/kg/d). Images are representative of 4 mice from each group. 
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Figure 4-12 Simultaneous targeting of MMP-7 and TACE attenuates Ang 

II-induced hypertension, hypertrophy and fibrosis. 

A) Experimental protocol of mice treated with MMP-7 siRNA, TACE siRNA or 

both (0.4 mg/kg/d) 5 days prior to Ang II (1.4 mg/kg/d) by subcutaneous osmotic 

minipump. B) Tail cuff plethysmography analysis of systolic blood pressure in 

mice subjected to the above protocol. Assessment of cardiac hypertrophy in mice 

subjected to the above protocol as measured by left ventricle mass to body weight 

ratio (M-mode echocardiography, C) and qRT-PCR analysis of hypertrophy 

marker genes (D). Assessment of cardiac fibrosis in mice subjected to the above 

protocol as measured by picrosirius red (collagen deposition, E) and qRT-PCR 

analysis of fibrosis marker genes (F). Scale bar indicates 250 µm. n=4 mice for 

each group. * indicates p<0.05 vs. control. ‡ Indicates p<0.05 vs Ang II. 
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Figure 4-13 Proposed model of metalloproteinase signaling in Ang II-induced 

cardiovascular disease.  

Ang II induces hypertension, cardiac and fibrosis which can be prevented by 

blockade of MMP-7 and TACE. A bifurcation in signaling exists downstream of 

MMP-7 and TACE where Ang II-induced hypertrophy and fibrosis occur 

independently of MMP-2 gene induction and the development of hypertension. 
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Chapter 5  

Matrix metalloproteinase-2 is cardioprotective through a novel 

negative regulation of the SREBP-2 / HMGCR transcriptional 

pathway  
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5.1 Introduction 

Hypertrophic cardiomyopathy is a major cause of morbidity and mortality 

in industrialized countries
1-3

. This condition can be caused by sustained 

hypertension as well as metabolic comorbidities such as diabetes, hyperlipidemia 

and hypercholesterolemia
1-3

. A common effector mechanism of these detrimental 

factors is a sustained elevation of the systemic levels of G protein-coupled 

receptor (GPCR) agonists including angiotensin (Ang) II
4,5

. These agonists elicit 

intracellular signaling of „remodeling‟ (hypertrophy and fibrosis) processes in the 

heart, at least in part, through triggering an excessive transcriptional upregulation 

and activation of cardiac matrix metalloproteinases (MMPs).  

Purportedly, MMPs act mainly through the proteolysis of substrates such 

as extracellular matrix proteins and growth factors to modulate the development 

of left ventricular (LV) hypertrophy and fibrosis. The ensuing LV remodeling can 

progress to cardiac dysfunction and, ultimately, heart failure
6,7

. Therefore, MMPs 

are attractive therapeutic targets to treat LV remodeling and dysfunction. 

However, understanding their precise mechanisms in animal models of human 

disease is crucial for the successful translation of MMP-targeted therapeutics to 

specific clinical contexts.  

A major mechanism of LV remodeling and dysfunction depends on the 

activity of a ubiquitous enzyme, 3-hydroxy-3-methylglutaryl-coenzyme A 

(HMG-CoA) reductase (HMGCR)
8,9

. HMGCR catalyzes the conversion of 

HMG-CoA to mevalonate
10

, which is the rate-limiting step in a series of 

enzymatic conversions that transform HMG-CoA to 5-carbon, 15-carbon and 

20-carbon activated isoprenoids such as: isopentenyl pyrophosphate, farnesyl 

pyrophosphate and geranylgeranyl pyrophosphate. Both farnesyl pyrophosphate 

and geranylgeranyl pyrophosphate are used in protein prenylation that 

post-translationally modify intracellular signaling mediators with a CAAX motif 
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(C denotes cysteine, A denotes any aliphatic amino acid and X may be any amino 

acid) in their carboxyl terminus. Notable CAAX motif proteins include small 

GTPases of the Ras superfamily, which switch „on‟ or „off‟ intracellular signaling 

of hypertrophy, fibrosis and oxidative stress in response to GPCR agonists
11

. 

Alternatively, farnesyl pyrophosphate can be converted to molecules that support 

cellular growth such as dolichyl phosphate (used for N-glycosylation of growth 

factor receptors such as insulin-like growth factor receptor) and cholesterol 

(precursor of steroid hormones and cell membrane component). 

HMGCR is strongly regulated at the transcriptional level by 

sterol-regulatory element binding protein (SREBP)-2
12

. In addition, SREBP-2 

regulates the transcriptions of low-density lipoprotein (LDL) receptor (LDLR), 

which mediates LDL-cholesterol uptake
12

, and pro-protein convertase 

subtilisin/kexin type 9 (PCSK9) 
13,14

. Binding of PCSK9 to LDLR induces LDLR 

degradation, which limits LDL-cholesterol uptake
13,14

.  

The SREBP pathway is negatively regulated by intracellular sterols (both 

cholesterol and oxysterols)
15,16

. Insulin induced gene (Insig) proteins and SREBP 

cleavage activating protein (SCAP) are key elements of the feedback inhibition of 

the SREBP pathway triggered by sterols. Whereas cholesterol binds to SCAP and 

causes it to bind to Insigs, oxysterols bind to Insigs causing them to bind to SCAP. 

As a result, sterols prevent the activation of SREBPs to their nuclear form, thus 

inhibiting SREBP transcriptional activity and thereby cholesterol biosynthesis.  

Thus, the intracellular levels of sterols provide a negative feedback for the 

SREBP-2 pathway. 

Here, we report novel cardioprotective actions of MMP-2 which are 

mediated through a negative regulation of the SREBP-2 pathway in the heart.  
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5.2 Materials and methods 

Animal models Animal studies were conducted under the protocol approved by 

University of Alberta Animal Care and Use Committee. All animals were fed a 

regular chow and housed at the Animal Facility of the University of Alberta. Male 

C57BL/6 mice were purchased from Charles River (Wilmington, MA, USA). 

MMP-7 KO mice were purchased from The Jackson Laboratory (Bar Harbor, ME, 

USA). MMP-2 KO mice were bred and housed at the University of Alberta. The 

mice (11-14 week old) were anesthetised by 2.0% isoflurane inhalation and 

ALZET osmotic minipumps (DURECT Corporation, Cupertino, CA, USA) 

delivering either PBS or Ang II (0.14, 1.4 or 2.0 mg/kg/d, EMD Millipore, 

Billerica, MA, USA) were implanted subcutaneously on the posterior midsection. 

All mice were euthanized using sodium pentobarbital (65 mg/kg).  

Recombinant adenovirus construct MMP-2-expressing adenovirus was 

generated using AdEasy™ system (Agilent Technology, Mississauga, Canada). 

pOTB7 plasmid containing human MMP-2 gene was obtained from ATCC 

(Manassas, VA, USA). The MMP-2 gene was excised from the plasmid by XhoI 

and EcoRI digestion, followed by mung bean nuclease digestion to generate blunt 

ends. The gene was inserted into adenoviral shuttle vector pAdTrack-CMV EcoRV 

site, and the orientation of the gene was confirmed by restriction endonuclease 

digestion. The generated pAdTack-CMV-MMP-2 plasmid was linearized by PmeI 

digestion and cotransformed into E. coli BJ5183 with adenoviral backbone 

plasmid, pAdEasy-1. pAdTack-CMV-MMP-2 can be integrated into pAdEasy-1 by 

homologous recombination. Recombinants were selected for kanamycin resistance 

and recombination was confirmed by restriction endonuclease analysis. Finally, the 

linearized recombinant plasmid (by PacI) was transfected into HEK293 cells to 

generate mature MMP-2 expressing adenovirus (AdMMP-2).  
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In vivo overexpression of MMP-2 MMP-2-expressing adenovirus (AdMMP-2, 

10
8
 pfu in 100 μL PBS) or control (green fluorescent protein (GFP)-expressing) 

adenovirus (AdGFP, 10
8
 pfu in 100 μL PBS) were injected via tail vein. Ang 

II-delivering (0.14 mg/kg/d, 2 weeks) minipumps were implanted 3 days after 

adenovirus injection. Mice were euthanized 2 weeks after minipump implantation. 

Cell Culture Mouse c1c7 hepatoma cells expressing LDLR (LDLR-positive) were 

cultured in α-modification Minimum Essential Medium (αMEM,Thermo Fisher 

Scientific, Nepean, ON) supplemented with 10% fetal bovine serum (FBS). To 

overexpress MMP-2, the cells were transduced with AdMMP-2 or control AdGFP 

(3 pfu/cell). To study how MMP-2 affected the time course of SREBP-2 and 

HMGCR expression, the cells were cultured in complete media  and collected at 

0, 24 48 or 72 hours after transduction with AdMMP-2 or AdGFP.  To study the 

effects of MMP-2 overexpression on PCSK9-induced LDLR degradation, the 

cells transduced with AdMMP-2 or AdGFP were incubated in αMEM with 1% 

bovine serum albumin overnight before adding recombinant human (rh) PCSK9 

(Creative Biomart, NY, USA) or vehicle. To study whether MMP-2 catalytic 

activity was required for protection, the cells were incubated with the 40 μmol/L 

MMP-2 inhibitor III (EMD Millipore) for 1 hour before adding rhPCSK9. 

In vitro reactions rhMMP-2 (EMD Millipore), PCSK9 and LDLR extracellular 

domain were incubated in enzyme assay buffer (25 mmol/L Tris, 5 mmol/L CaCl2, 

150 mmol/L NaCl, pH 7.4) at 37 ºC for 3 hours in the presence or absence of the 

MMP inhibitor, 1,10-phenanthroline (Sigma-Aldrich, Oakville, ON, Canada). 

Reactions were collected and subjected to SDS-PAGE, BN-PAGE, gelatin 

zymography and immunoblot. 

Blood pressure measurement Systolic blood pressure was measured indirectly 

using a computerized tail cuff plethysmography system (Kent Scientific 

Corporation, Torrington, CT, USA). Conscious mice were maintained at 32-35ºC 
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using a heating pad and restrained during measurements. Averages of 10 

inflation/deflation cycles were conducted to obtain mean systolic blood pressure. 

Echocardiography In vivo assessment of anatomical structures and hemodynamic 

function in mice was conducted by M-mode echocardiography. The animals were 

first anaesthetized with 2.0% isoflurane and their cardiac function was 

subsequently analyzed using a Vevo 770 high-resolution imaging system 

(Visualsonics, Toronto, ON, Canada). Analysis of the mitral valve annulus was 

performed using tissue Doppler imaging.  

HMGCR inhibition using lovastatin Lovastatin (54 or 108 mg/kg/d, BioVision, 

San Francisco, CA, USA) or vehicle (soybean oil) was delivered daily by gavage 

feeding. Ang II-delivering (2.0 mg/kg/d for 2 weeks) minipumps were implanted 3 

days after initiation of lovastatin administration. The mice were euthanized 2 weeks 

after minipump implantation for endpoint analysis. 

Homogenization Heart and other organs were washed in isotonic saline buffer, 

rinsed and weighed. Protein extraction was done in 20 mmol/L Tris (pH 8.0), 150 

mmol/L NaCl, 10% glycerol, 1% SDS, 0.1% Triton X-100 and protease inhibitor 

cocktail (Roche, Mannheim, Germany). To determine the protein content, 

homogenates were separated by 10% SDS-PAGE followed by densitometric 

analysis of Coomassie Brilliant Blue-stained bands. Equal protein quantities were 

loaded for subsequent gelatin zymography and immunoblotting.  

Gelatin zymography MMP-2 enzymatic activity was determined using gelatin 

zymography. Organ homogenates, cell extracts or in vitro reactions were subjected 

to electrophoresis on SDS-PAGE or BN-PAGE gels co-polymerized with gelatin (2 

mg/mL). Following electrophoresis, gels were washed three times with 2.5% Triton 

X-100 for 20 min. Enzymatic reaction was carried out for 16 hours at 37C in 

enzyme assay buffer (25 mmol/L Tris, 5 mmol/L CaCl2, 150 mmol/L NaCl, 0.5 

mmol/L NaN3, pH 7.4) and gels were stained with Coomassie Brilliant Blue. 
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Enzymatic activity was visualized as clear bands against a blue background in the 

gel. 

Blue native (BN)-PAGE Gels were cast with equally-sized, discrete layers of 6% 

and 12% acrylamide. For gelatin zymography, gels were embedded with 2 mg/mL 

gelatin. Electrophoresis was performed at room temperature using Hoefer SE260 

(Hoefer, Holliston, MA, USA) with a water cooling system. For immunoblotting, 

the BN-PAGE gel was incubated in SDS-PAGE running buffer supplemented with 

1% 2-mercaptoethanol for 10 minutes before transfer to a nitrocellulose membrane. 

Protein immunoblotting The expression of specific proteins was determined by 

immunoblotting (Western blot). Organ homogenates, cell extracts or in vitro 

reactions were separated by SDS-PAGE or BN-PAGE and transferred to a 

nitrocellulose membrane. The membrane was probed with primary antibodies 

against MMP-2 (EMD Millipore), HMGCR (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA), SREBP-2, LDLR (Abcam, Cambridge, MA, USA) and GAPDH 

(Santa Cruz Biotechnology) and corresponding secondary antibodies (GE 

Healthcare, Buckinghamshire, UK), before being detected using ECL western 

blotting detection reagent (GE Healthcare). 

In-gel microwave-assisted acid hydrolysis (MAAH) and its combination with 

liquid chromatography (LC)-electronspray ionization (ESI) MS/MS for 

PCSK9 sequence mapping The gel bands of rhPCSK9 prodomain and its cleavage 

fragment were cut out and washed twice with 1 mL of water for 5 min. Next, the gel 

bands were cut into small pieces and dehydrated using 500 µL of acetonitrile (ACN) 

for 5 min twice. Dry gel pieces were desiccated using Speedvac (Thermo Fisher 

Scientific, Nepean, ON) for 15 min. 120 µL of 12 mmol/L dithiotreitol (DTT) and 

40 µL of trifluoroacetic acid (TFA) were added to the vial containing the dried gel 

pieces. The vial was immersed in a water bath and placed in a domestic 1200 W 

(2450 MHz) microwave oven. The irradiation time was 10 min. The generated 

peptide mixture was extracted using 300 µL of 85% ACN / 0.1% TFA solution 

twice, and desiccated using Speedvac. Reduction and alkylation of the peptide 
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mixture was performed by using 20 µL of DTT (90 mmol/L) for 1 hour at 37 °C and 

50 µL of iodoacetamide (200 mmol/L) for 1 hour at room temperature. The peptide 

mixture was then desalted. LC-MS/MS analysis of the peptide mixtures and 

database search were performed as described previously with minor changes
17

. 

RNA expression analysis by TaqMan qRT-PCR Total RNA was extracted from 

flash-frozen organs using Trizol reagent (Invitrogen, Burlington, ON, Canada) and 

cDNA was generated from 2 µg RNA using a random hexamer (Invitrogen). 

Expression analysis of the reported genes was performed by TaqMan qRT-PCR 

using ABI 7900 sequence detection system (Applied Biosystems, Carlsbad, CA, 

USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an 

internal standard. 

Histological analysis Mice hearts were fixed in 10% neutral-buffered formalin 

overnight and embedded in paraffin. 4 µm-thick sections were cut and stained with 

a modified Lillie‟s variant of Masson‟s trichrome stain
18

. Briefly, sections were 

deparaffinised, mordanted overnight in Bouin‟s solution (Sigma-Aldrich), stained 

successively with fresh Weigert‟s hematoxylin, Biebrich scarlet-acid fuchsin (0.9% 

Biebrich scarlet, 0.1% acid fuchsin, 1% acetic acid), 2.5% phosphomolybdic – 

2.5% phosphotungstic acid and aniline blue (2.4% aniline blue, 2% acetic acid ) 

solutions (all from Sigma-Aldrich). Each staining step was performed for 5 minutes 

and followed by washes in running tap water and / or distilled water. After brief 

rinsing in 1% acetic acid (3 minutes), sections were dehydrated to xylene, mounted 

using Permount (Thermo Fisher Scientific) and visualized using a Leica 

microscope (Leica Microsystems Inc., Concord, ON).   

Statistical analysis Results were analyzed using one-way ANOVA (between 

multiple groups) or t-test (between two groups) (Jandel SigmaPlot 11 software). All 

data are reported as means +/- SEM. 
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5.3 Results 

MMP-2 expression correlates with Ang II-induced cardiac hypertrophy and 

diastolic dysfunction 

As expected, in wild type (WT) mice, sustained Ang II (0-2.0 mg/kg/d) 

infusion caused a time- and dose-dependent systemic hypertension
19

 and cardiac 

hypertrophy (as evidenced by the relative increase in the heart weight to either 

body weight or tibia length, Figures 5-1A, B and 5-2). These events were 

associated with upregulation of MMP-2 in the LV
19

 (Figure 5-3). Cardiac fibrosis 

in this model was both interstitial and perivascular with significantly elevated 

markers of hypertrophy and fibrosis (Figures 5-4, 5-5). The hypertrophy and 

fibrosis induced by the maximum Ang II dose tested (2.0 mg/kg/d) were fully 

prevented by the HMGCR inhibitor lovastatin (Figure 5-1B). Overall, these data 

are consistent with previous research and confirm the mediator role of HMGCR in 

Ang II-induced cardiac disease
9,20-22

. 

MMP-2 and HMGCR are functionally linked in cardiac disease 

We have also observed an early but transient increase in the levels of 

HMGCR mRNA (Figure 5-8B) and a more sustained elevation of MMP-2 

(Figure 5-3) in response to Ang II. Moreover, we observed that, after MMP-2 

levels peak, at week 2 on Ang II (Figure 5-3), there was no further increase in 

cardiac hypertrophy (Figure 5-1A).  

These observations led us to test the hypothesis that MMP-2 and HMGCR 

are functionally related in the process of cardiac hypertrophy. To determine 

whether MMP-2 expression influences the time course and severity of Ang 

II-induced cardiac disease, we conducted studies with MMP-2 KO mice, which 

we compared with age-matched WT mice. Interestingly, MMP-2 KO predisposed 

to early onset of cardiac hypertrophy with perivascular fibrosis (Figures 5-1A, C, 

5-2, 5-4 and 5-5).  In MMP-2 KO mice, we also observed a marked decrease in 
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the ratio between the mitral E‟ and A‟ waves (reflecting the peak velocity of the 

mitral valve annulus during early and late LV filling, respectively), indicating a 

higher propensity to diastolic dysfunction in MMP-2 KO mice (Figure 5-6). 

Of note, MMP-2 KO mice had significantly increased baseline levels of 

cardiac SREBP-2 mRNA (Figures 5-7A and 5-8A) and protein (by 2.6 ± 

0.12-fold vs. WT mice, n = 3-4 / group, p<0.05). In accordance, levels of 

HMGCR mRNA (Figures 5-7B and 5-8B) and protein (Figure 5-7C) were 

elevated as well. Isolated MMP-2 KO cardiomyocytes recapitulated this 

phenotype (Figure 5-9).   

MMP-2-dependent negative regulation of HMGCR protects against 

pathological cardiac hypertrophy and fibrosis 

Treatment with lovastatin dose-dependently prevented Ang II-induced 

cardiac hypertrophy in MMP-2 KO mice as well as in WT mice (Figure 5-1B, C), 

thus confirming the key contribution of HMGCR to Ang II-induced cardiac 

disease. However, MMP-2 KO mice required a two-fold higher dose for disease 

prevention, consistent with their higher HMGCR levels. At the molecular level, 

lovastatin attenuated the elevation of hypertrophy and fibrosis marker genes with 

the sole exception of fibronectin 1 (Figure 5-5).  

To exclude the potential effect of hypertension in disease causation and 

mediation in MMP-2 KO mice, we examined mice under a subpressor Ang II 

regimen (0.14 mg/kg/d for 2 weeks). MMP-2 KO mice responded to the 

subpressor Ang II regimen with ~10% increase in heart weight. Contrary to 

MMP-2 gene KO, transduction of WT mice with adenovirus to overexpress 

MMP-2 resulted in decreased baseline expression of cardiac HMGCR and no 

increase in heart weight in response to Ang II (Figure 5-10).  

MMP-2 and cholesterol in negative regulation of the SREBP-2 pathway. 
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Although cardiac SREBP-2 and HMGCR baseline levels were elevated in 

MMP-2 KO vs. WT mice, cardiac cholesterol levels were similar in both groups 

(Figure 5-7).  

Infusing Ang II transiently elevated HMGCR immunoreactivity in MMP-2 

KO mice, with HMGCR immunoreactivity peaking on week 2 (Figure 5-7C) as 

Ang II-induced hypertrophy was established (Figure 5-1). The elevation in 

HMGCR immunoreactivity induced by Ang II was associated with an increase in 

cardiac cholesterol (Figures 5-7D, 5-8D) and a corresponding mRNA decrease in 

SREBP-2, HMGCR, LDLR (Figure 5-8).  

To determine whether MMP-2 deficiency affects the negative regulation 

of the cardiac SREBP-2 pathway by cholesterol, we examined the levels of SCAP, 

Insig 1 and 2 in MMP-2 KO mice whose diet was supplemented with 0.15% 

cholesterol (vs. 0.015% cholesterol in normal chow). High levels of Insig 1 and 2 

in MMP-2 KO mice indicated an abundance of intracellular sterol sensors, 

although SCAP was no different in MMP-2 KO and WT mice (Figure 5-11). 

Feeding cholesterol strongly suppressed the otherwise high expression of 

SREBP-2, HMGCR and Insigs in MMP-2 KO mice (Figure 5-11). Therefore, 

MMP-2 KO mice can sense cholesterol as well as WT mice.  

Therefore, MMP-2 deficiency induces the expression and activation of 

baseline cardiac SREBP-2 as well as downstream HMGCR transcription. 

However, hormonal stimulation by Ang II further facilitates the translation of 

HMGCR mRNA into protein, thereby, significantly increasing cardiac cholesterol 

levels (Figures 5-7D, 5-8D). This transient increase in cholesterol acts to inhibit 

the SREBP-2 pathway, which explains why the mRNA levels of SREBP-2 and its 

target genes are time-dependently decreased by Ang II (Figure 5-8A-C). 

MMP-7 is not a negative regulator of the SREBP-2 / HMGCR pathway 
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We next examined whether the negative regulation of the SREBP-2 

pathway exhibited by MMP-2 was shared by other MMPs. We studied if lack of 

MMP-7 (also known as matrilysin-1), a “prototypical” minimal-domain MMP, 

would upregulate the cardiac SREBP-2 / HMGCR pathway as well. In contrast to 

the characteristically high levels of cardiac SREBP-2 and HMGCR found in 

MMP-2 KO mice, MMP-7 KO mice had levels of both genes comparable to those 

of WT mice (Figure 5-7A, B). Therefore, negative regulation of the SREBP-2 

pathway by MMP-2 is rather unique in that it is not shared at least by MMP-7.  

Since MMP-7 is a minimal MMP that shares many substrates with MMP-2 

and other MMPs
23

, this finding suggested that MMP-2 acts through either a very 

unique substrate or a proteolysis independent mechanism. 

Cardioprotection by MMP-2 results from inhibition of the SREBP-2 / 

HMGCRADAM-12 pathway of cardiac remodeling 

This research shows that MMP-2 is cardioprotective and its absence 

promotes cardiac hypertrophy through the HMGCR pathway. We previously 

showed that MMP-7 is pro-hypertrophic through upregulation of an „a disintegrin 

and metalloproteinase-12‟ (ADAM-12)-dependent hypertrophy pathway (Figure 

5-12A). Interestingly, unlike MMP-7 KO mice, MMP-2 KO mice had 

significantly higher baseline and Ang II-induced levels of cardiac ADAM-12 vs. 

WT mice (Figure 5-12B). The elevation of ADAM-12 induced by Ang II was 

fully prevented by lovastatin. Therefore, the negative regulation of the SREBP-2 / 

HMGCR pathway by MMP-2 prevents ADAM-12-dependent pathway of 

pathological cardiac remodeling. 

A molecular mechanism by which MMP-2 negatively regulates the SREBP-2 

pathway 

Intracellular sterols are major regulators of the SREBP-2 pathway. Thus, 

the upregulation of the SREBP-2 / HMGCR pathway in MMP-2 deficient mice 
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could be due to decreased cholesterol synthesis or a defect in cholesterol uptake. 

We hypothesized that lack of MMP-2 inhibits normal cholesterol uptake.  

Cultured c1c7 cells transduced with an adenoviral construct 

overexpressing MMP-2 had decreased mRNA expression of SREBP-2 and 

HMGCR (Figure 5-13A-C) confirming that MMP-2 negatively regulates the 

SREBP-2 pathway in cultured cells as well as in live mice.   

A positive feedback for the SREBP-2 pathway depends on plasma PCSK9, 

a circulating LDLR ligand, which binds to the LDLR extracellular domain and 

re-routes the LDLR from the recycling pathway to lysosomes where the LDLR is 

degraded
13,14

. Interestingly, in cells that stably expressed LDLR, the 

overexpression of human MMP-2 inhibited PCSK9-induced degradation of the 

LDLR (Figure 5-13D).  

rhMMP-2 concentration-dependently and readily cleaved the prodomain 

of PCSK9 at the Ala(14)/Leu(15) bond (Figure 5-14A, B and Table 5-1). 

SDS-PAGE band-shift studies using a chemical crosslinker BS3, a 

homobifunctional amine-to-amine crosslinker from the family of 

bis(sulfosuccinimidyl)suberates, suggested that MMP-2 may form a complex with 

PCSK9 (Figure 5-14C). These data suggested that human MMP-2 binds to 

human PCSK9 resulting in the release and cleavage of the prodomain of PCSK9 

by MMP-2. Interestingly, cleavage of PCSK9 prodomain by MMP-2 did not 

affect PCSK9‟s ability to induce LDLR degradation in cells (Figure 5-15). 

Further analysis of in vitro reaction mixtures by blue native (BN)-PAGE 

confirmed that PCSK9 indeed binds to MMP-2 as well as the LDLR extracellular 

domain (Figure 5-13E). Data from the chemical crosslinker and LDLR 

degradation assays suggested that MMP-2 binds to PCSK9 and may protect the 

LDLR even in the presence of a MMP-2 inhibitor (Figure 5-16). Therefore, 
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protection of the LDLR by cellular MMP-2 may not require MMP-2 dependent 

proteolysis of substrates. 

In vivo studies further supported the notion that MMP-2 expression 

protects the LDLR from degradation. In the LVs of both untreated and Ang 

II-treated MMP-2 KO mice, LDLR protein levels were decreased vs. WT (Figure 

5-13F) even at baseline, where LDLR mRNA levels were elevated for MMP-2 

KO mice (Figure 5-4B), and despite the similar plasma levels of PCSK9 in 

MMP-2 KO and WT mice as determined by ELISA (PCSK9 (WT) = 0.439 ± 0.23 

ng/mL; PCSK9 (MMP-2 KO) = 0.453 ± 0.122 ng/mL, n = 3/group, p=0.96).  

 

5.4 Discussion 

We have identified novel cardioprotective actions of MMP-2 that are 

mediated by negative regulation of the SREBP-2 / HMGCRADAM-12 pathway 

in the heart. We further suggest that MMP-2 acts by protecting the LDLR from 

degradation via a non-proteolytic mechanism. The proposed pathways are 

illustrated in Figure 5-17.  

Although MMPs have long been implicated in the modulation of cardiac 

remodeling, most studies including ours
19,24-27

 have centered on the proteolytic 

cleavage of substrates such as extracellular matrix proteins, growth factors and 

receptors
28

. Upregulation of MMPs has often been considered a requirement for 

disease progression. However, here we observed that MMP-2 deficiency 

predisposes to cardiac hypertrophy, fibrosis and diastolic dysfunction. Moreover, 

we found that MMP-2 KO mice have surprisingly high baseline mRNA levels of 

cardiac SREBP-2, a major transcription factor for HMGCR and LDLR genes. 

These data functionally links MMP-2 to cholesterol synthesis and uptake. 

Therefore, MMP-2 is robustly upregulated during the first stages of Ang 

II-induced cardiac disease and protects the heart through a novel negative 
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regulation of the cardiac SREBP-2 pathway. Given the ubiquitous expression of 

MMP-2 and the fundamental significance of the SREBP-2 pathway in normal 

physiology and the development of disease, our findings unmask a novel 

biological activity of MMP-2 with basic as well as clinical significance. 

The combined results from our integrative physiology, cell biological and 

biochemical studies indicate that resident MMP-2 (but not MMP-2 in circulation) 

protects the plasma membrane-expressed LDLR from degradation. We propose 

that, by increasing LDLR bioavailability, MMP-2 facilitates LDL-cholesterol 

uptake which, in turn, inhibits the SREBP-2 pathway
12

. Indeed, MMP-2 KO (but 

not MMP-7 KO) mice had strongly elevated cardiac mRNA levels of SREBP-2 

and downstream genes such as HMGCR, LDLR and Insigs (vs. WT mice). Thus, 

lack of MMP-2 results in a phenotype of, at least mild, cardiac cholesterol 

starvation when mice are fed normal chow (that contains 0.015% cholesterol). 

This phenotype, however, is reversed by cholesterol supplementation using a 

10-fold enriched diet (i.e. 0.15% cholesterol).  

Immunoreactivity for cardiac LDLR protein was dramatically weak in 

MMP-2 KO mice. Why were LDLR protein levels low in MMP-2 KO hearts? The 

cell biological studies revealed that MMP-2 can protect the LDLR from 

degradation induced by PCSK9. Interestingly, we found similar protection in the 

presence of MMP-2 inhibitors indicating that MMP-2 proteolytic activity is not 

required to protect the LDLR. Chemical cross-linking in combination with 

BN-PAGE for separation of protein complexes showed that MMP-2 binds PCSK9 

and recombinant LDLR extracellular domain. We suggest that cell-surface 

expressed MMP-2 can recruit PCSK9 from the circulation to the plasma 

membrane and thus protects the LDLR from degradation (Figure 5-17). Whether 

other MMPs interact with PCSK9 in a similar fashion warrants investigation. 
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Our data suggest that pro-hypertrophic stimuli such as Ang II impact on 

cardiac SREBP-2 / HMGCR pathway. Ang II stimulates the translation of the 

relatively high HMGCR mRNA levels in MMP-2 KO into correspondingly high 

HMGCR protein levels. This increase in HMGCR protein causes an increase in 

cardiac cholesterol levels, which coincides with the establishment of cardiac 

hypertrophy. As cholesterol levels peak (ie., week 2 on Ang II infusion), the 

characteristically high mRNA levels of SREBP-2 and HMGCR in MMP-2 KO 

mice start to decline, confirming the SREBP-2 / HMGCR pathway in MMP-2 KO 

mice is still subject to negative feedback by one of its products: cholesterol. The 

pharmacological HMGCR inhibition by lovastatin prevented the induction of 

hypertrophy and fibrosis marker genes in both MMP-2 KO and WT mice. These 

data confirmed that active HMGCR is required for LV remodeling
9,20-22

. MMP-2 

KO mice had reduced responsiveness to treatment with lovastatin as indicated by 

the HW/BW ratio and developed more cardiac hypertrophy. Therefore, HMGCR 

overexpression caused by MMP-2 deficiency predisposes to cardiac disease.  

Excessive HMGCR expression and activity lead to increased synthesis of 

isoprenoids and cholesterol. Previous studies have demonstrated that Ang II 

induces the development of cardiac hypertrophy through isoprenylation of Rac1 

and Rho, indicating the pro-hypertrophic potential of isoprenoids
9,22

. Rho 

regulates the hypertrophic process by activating downstream signaling molecules 

such as mitogen-activated protein kinases (MAPKs). Rac1 mediates cardiac 

hypertrophy through activation of nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase and superoxide production. However, in these studies, the 

involvement of cholesterol in cardiac hypertrophy was discarded on the basis that 

LDL-cholesterol levels were not decreased by statin treatment
9,22,29

. 

Although high levels of cholesterol in the circulation have long been 

appreciated as a risk factor for atherosclerosis and coronary artery disease, the 
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role of cholesterol in the development of cardiac hypertrophy and fibrosis is not 

fully understood. In rat cardiomyocytes, cholesterol uptake by LDLR is low and 

HMGCR activity has been suggested to account for the intracellular cholesterol 

levels
30

. However, cardiomyocytes may acquire cholesterol from the circulation 

through LDLR-independent pathways
31

. Suggesting cholesterol is important in the 

development of cardiac hypertrophy, recent metabolites profile studies using mass 

spectrometry-based analysis combined with high-temperature gas 

chromatographic show an 7-fold increase in cholesterol levels in hypertrophic 

cardiac tissues
32

. Our study here shows that, in hypertrophic hearts, cholesterol to 

protein ratio was unchanged in wild type mice while it increased in MMP-2 KO 

mice. Supporting the notion that cholesterol is an essential component of the 

hypertrophy process, hypercholesterolemia in pig models is associated with 

expression of cardiac hypertrophy markers, which are upregulated downstream of 

cardiac mTOR
33

. Further, in cultured cardiomyocytes, exposure to cholesterol 

results in an increase in intracellular cholesterol levels and the development of 

hypertrophy due to the activation of PI3K-Akt pathway
34

. These studies, together 

with our results, suggest that cholesterol is indeed necessary for the development 

of cardiac hypertrophy. 

Our data show MMP-2 negatively regulates the SREBP-2 / HMGCR 

pathways to prevent ADAM-12 signaling of pathological cardiac remodeling. We 

further show that cardioprotection by MMP-2 is not shared by MMP-7. Indeed, 

we confirmed that MMP-7 KO mice are less prone to cardiac remodeling when 

compared to MMP-2 KO or WT mice, in line with our earlier studies
24

. Unlike 

MMP-2 KO mice, MMP-7 KO mice had baseline levels of SREBP-2 and 

HMGCR comparable to those of WT mice. Therefore, the different actions of 

MMP-7 and MMP-2 in cardiac disease can be explained, at least in part, by their 
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different regulation of HMGCR, and thereby, their different effects on the 

ADAM-12-dependent pathways of cardiac hypertrophy and fibrosis.  

Clinical significance  

An immediate clinical implication of our findings is that therapeutic 

agents targeting MMPs in the context of cardiovascular and non-cardiovascular 

conditions could be detrimental for heart function if these compounds were to 

decrease cardiac MMP-2 levels. This is important since MMPs remain attractive 

therapeutic targets in the context of cardiovascular conditions (e.g., 

atherosclerosis, ischemia reperfusion, hypertrophic heart disease in hypertension 

and post-myocardial infarction) as well as in non-cardiovascular disorders (cancer, 

rheumatoid arthritis and inflammation)
35-41

.  

Our findings can also help explain the results of human studies showing 

that MMP-2 expression is negatively correlated with the susceptibility to 

hypertensive heart disease. Functional genetic polymorphisms which increase 

MMP-2 gene expression protect against cardiac remodeling including increases in 

end-diastolic diameter and LV mass index in hypertensive subjects
42

. A rare 

panethnic genetic disease of deficiency in human MMP-2 enzyme activity affects 

some Saudi Arabian, Indian and Turkish families
43

. This condition presents with 

congenital heart disease including atrial and ventricular septal defects and gum 

hypertrophy, in addition to a syndrome of multicentric osteolysis with nodulosis 

and arthropathy. Recent human studies have also revealed that increased plasma 

MMP-2 levels, as part of a multibiomarkers‟ panel, can predict the presence of 

diastolic heart failure
44

. An imbalance in the ratio of MMPs to their tissue 

inhibitors in favor of decreased extracellular matrix degradation (such as 

decreased MMP-2 and MMP-13 or increased levels of tissue inhibitors of 

metalloproteinases (TIMPs)) is associated with LV hypertrophy and diastolic 
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dysfunction in humans
45

. These observations support the notion of 

cardioprotection by MMP-2 with our findings providing a possible explanation.  

In addition to regulating cardiac function, MMP-2 may have yet-unknown 

roles in lipid homeostasis. Supporting this notion, a single nucleotide 

polymorphism in the MMP-2 gene was linked to obesity in Korean population
46

.  

Conclusions  

MMP-2 is cardioprotective by acting as a novel negative regulator of the 

SREBP-2 / HMGCR transcriptional pathway which, in turn, controls 

ADAM-12-dependent pathological cardiac remodeling. Given the 

pathophysiological importance and ubiquitous expression of both MMP-2 and the 

SREBP-2 pathway, we suggest that MMP-2 (and perhaps other 

metalloproteinases) could be playing important yet unknown roles in lipid 

homeostasis and cellular signaling in cardiac as well as non-cardiac tissues. 

Importantly, the data suggest that caution should be exercised before 

implementing therapeutic strategies targeting MMP-2, since MMP-2 deficiency 

could predispose to cardiac dysfunction. 
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Figure 5-1 MMP-2 deficiency exacerbates Ang II-induced cardiac 

hypertrophy in a time- and dose-dependent manner. 

Differences in time course (A) and dose-dependence of cardiac hypertrophy 

induced by Ang II in WT (B) vs. MMP-2 KO mice (C), as determined by heart 

weight (HW) to body weight (BW) ratios.  

HMGCR inhibition by lovastatin dose-dependently prevented the development of 

cardiac hypertrophy. 

Lovastatin gavage was started 3 days before the Ang II minipumps were 

implanted. Dosage was based on a previous study
47

. 

Time axis refers to time on Ang II.  

*: p<0.05 vs. WT day 0 or no treatment.  

+: p<0.05 vs. MMP-2 KO day 0 or no treatment.  

‡: p<0.05 vs. WT for the same day or treatment.  

†: p<0.05 Ang II + Lovastatin vs. Ang II (2.0 mg/kg/d). 

n=3-27 mice / group. 
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Figure 5-2 MMP-2 KO exacerbates Ang II-induced cardiac hypertrophy: 

heart weight to tibia length ratio.  

Time course of Ang II-induced cardiac hypertrophy in MMP-2 KO vs. WT mice 

as determined by the heart weight to tibia length ratio (HW/TL).  

*: p<0.05 vs. WT time 0. 

+: p <0.05 vs. MMP-2 KO time 0. 

‡: p <0.05 vs. WT for the same time point. 

n=3-19 mice / group. 
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Figure 5-3 Time and dose-dependence of Ang II-induced LV MMP-2 

expression in the mice. 

Time- (A) and dose-dependent (B) elevation of MMP-2 mRNA levels induced by 

Ang II infusion (4 weeks at 1.4 mg/kg/d or 2 weeks at 0-2.0 mg/kg/d, 

respectively) in WT mice. HMGCR inhibition by lovastatin (54 mg/kg/d) 

prevented the increase in MMP-2 mRNA levels (B).  

Lovastatin gavage was started 3 days before the Ang II minipumps were 

implanted. 

Time axis refers to time on Ang II.  

*: p<0.05 vs. WT day 0 or no treatment.  

†: p<0.05 Ang II + Lovastatin vs. Ang II (2.0 mg/kg/d). 

n=3-30 mice / group. 
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Figure 5-4 Analysis of Ang II-induced LV hypertrophy and fibrosis in 

MMP-2 KO vs. WT mice: Time-dependence.  

A: Representative photomicrographs of Masson‟s trichrome-stained sections of 

hearts from experimental animals indicating Ang II (1.4 mg/kg/d, for 4 

weeks)-induced interstitial and perivascular collagen deposition (red: muscle 

fibers; blue: collagen).  

B-E: Time course of mRNA levels of hypertrophy markers (α-skeletal actin (B) 

and brain natriuretic peptide (BNP) (C)) and fibrosis markers (collagen III (D) 

and fibronectin 1 (E)) in WT vs. MMP-2 KO mice treated with Ang II (1.4 

mg/kg/d).  

*: p<0.05 vs. WT day 0. 

+: p<0.05 vs. MMP-2 KO day 0.  

‡: p<0.05 vs. WT for the same day.  

n= 3-10 mice / group. 
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Figure 5-5 Analysis of Ang II-induced LV hypertrophy and fibrosis in 

MMP-2 KO vs. WT mice: Dose-dependence.  

A-D: Ang II dose-dependently increased mRNA levels of hypertrophy marker 

(α-skeletal actin (A)) and fibrosis markers (collagen I (B), collagen III (C) and 

fibronectin 1 (D)) in WT mice vs. MMP-2 KO mice treated with Ang II (0-2 

mg/kg/d, for 2 weeks). HMGCR inhibition by lovastatin (54 mg/kg/d) prevented 

the Ang II-induced increases in marker mRNA levels. 

*: p<0.05 vs. WT no treatment. 

+: p<0.05 vs. MMP-2 KO no treatment.  

‡: p<0.05 vs. WT for the same treatment.  

†: p<0.05 Ang II + Lovastatin vs. Ang II (2.0 mg/kg/d). 

n= 3-10 mice / group. 
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Figure 5-6 Echocardiographic analysis indicates a propensity to diastolic 

dysfunction in MMP-2 KO vs. WT mice. 

Ang II administration (1.4 mg/kg/d for 4 weeks) induces a more pronounced 

decrease in the ratio between peak mitral valve tissue velocity during early (E‟ 

wave) and late (A‟ wave) LV filling.  

*: p <0.05 vs. WT no treatment. 

+: p <0.05 vs. MMP-2 KO no treatment.  

n=3-19 mice / group. 
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Figure 5-7 Negative regulation of the SREBP-2 / HMGCR pathway by 

MMP-2. 

A, B: qRT-PCR analysis of baseline LV mRNA levels of SREBP-2 (A) and 

HMGCR (B) indicates that lack of MMP-2, but not MMP-7, upregulates the 

SREBP-2 / HMGCR pathway. 

C: Western blot confirms increased protein levels of LV HMGCR in MMP-2 KO 

vs. WT mice with Ang II infusion (1.4 mg/kg/d, for 2 weeks). 

D: Ang II (1.4 mg/kg/d, for 2 weeks) increased the levels of LV cholesterol, 

indicating elevated HMGCR activity, in MMP-2 KO vs. WT mice.  

*: p<0.05 vs. WT no treatment.  

+: p<0.05 vs. MMP-2 KO no treatment.  

‡: p<0.05 vs. WT with Ang II.  

n= 3-10 mice / group. 
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Figure 5-8 Ang II induces changes in the cardiac SREBP-2 pathway. 

A-C: Time course of mRNA levels of LV SREBP-2 (A), HMGCR (B) and LDLR 

(C) in WT vs. MMP-2 KO mice with Ang II infusion (1.4 mg/kg/d). 

D: Time course of cardiac cholesterol levels in WT vs. MMP-2 KO mice with Ang 

II infusion (1.4 mg/kg/d). 

*: p<0.05 vs. WT day 0.  

+: p<0.05 vs. MMP-2 KO day 0.  

‡: p<0.05 vs. WT for the same day.  

n=3-10 mice / group. 
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Figure 5-9 Negative regulation of the SREBP-2 / HMGCR pathway by 

MMP-2 in mouse cardiomyocytes.  

qRT-PCR analysis of mRNA levels of MMP-2, SREBP-2 , HMGCR and LDLR 

from primary LV cardiomyocytes indicates elevated expression of SREBP-2, 

HMGCR and LDLR in the absence of MMP-2.  

*: p <0.05 vs. WT.  

n=3. 
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Figure 5-10 MMP-2 negatively regulates HMGCR and lack of MMP-2 

predisposes to cardiac hypertrophy: Analysis of in vivo loss-of-function vs. 

gain-of-function models for a subpressor regimen of Ang II. 

A: qRT-PCR analysis of LV HMGCR mRNA levels for WT vs. MMP-2 KO mice.  

*: p<0.05 vs. WT.  

Insets: Representative traces of cardiac MMP-2 as determined by gelatin 

zymography. 

B: qRT-PCR analysis of LV HMGCR mRNA levels for WT mice transduced with 

MMP-2-overexpressing (AdMMP-2) vs. control (AdGFP) adenovirus. 

*: p<0.05 vs. AdGFP.  

Insets: Representative traces of cardiac MMP-2 as determined by gelatin 

zymography. 

C: HW/BW for WT vs. MMP-2 KO mice and AdMMP-2 vs. AdGFP mice with or 

without infusion of a subpressor regimen of Ang II (0.14 mg/kg/d) for for 2 

weeks. 

*: p<0.05 vs. MMP-KO with no Ang II. 

n= 3-4 mice / group. 
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Figure 5-11 Negative regulation of the SREBP-2 / HMGCR pathway by 

cholesterol in MMP-2 KO and WT mice. 

Mice were fed chow supplemented with 0.15% cholesterol for 2.5 days. qRT-PCR 

analysis of mRNA levels of  SREBP-2, HMGCR, Insig 1, Insig 2 and SCAP 

indicates that inhibition of the SREBP-2 / HMGCR pathway by cholesterol is 

intact in MMP-2 KO mice.  

*: p<0.05 vs. WT no treatment.  

+: p<0.05 vs. MMP-2 KO no treatment.  

‡: p<0.05 vs. WT with Ang II.  

n= 3-10 mice / group. 
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Figure 5-12 Contrasting effects of MMP-2 and MMP-7 in regulation of 

ADAM-12 in cardiac hypertrophy.  

A: Cardiac hypertrophy induced by Ang II (1.4 mg/kg/d for 2 weeks) was 

exacerbated in MMP-2 KO mice, but less severe in MMP-7 KO mice vs. WT 

mice. 

B: Cardiac ADAM-12 mRNA levels were increased in MMP-2 KO mice, but 

decreased in MMP-7 KO mice vs. WT mice with or without Ang II infusion (1.4 

mg/kg/d for 2 weeks). HMGCR inhibition by lovastatin treatment (54 mg/kg/d) 

prevented the induction of cardiac ADAM-12 mRNA by Ang II, as determined by 

qRT-PCR.  

*: p<0.05 vs. WT.  

+: p<0.05 vs. MMP-2 KO. 

‡: p<0.05 vs. WT + Ang II.  

n=4-10 mice / group. 
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Figure 5-13 MMP-2 negatively regulates the SREBP-2 / HMGCR axis: 

Mechanistic studies in cultured cells, in vitro biochemical studies and in vivo 

validation. 

A-C: MMP-2 controls the mRNA levels of SREBP-2 and HMGCR in 

LDLR-positive (c1c7) cells. LDLR-positive cells were seeded in complete 

medium with 10% FBS in 24-well plates. 70% confluent cells were transduced 

with either AdGFP or AdMMP-2 and collected at indicated time points. MMP-2 

activity was measured by gelatin zymography(A). mRNA levels of MMP-2 (B), 

SREBP-2, HMGCR, LDLR, Insig 1 and Insig 2  (C) were measured by 

qRT-PCR.   

*: p<0.05 vs. AdGFP (at time = 0 hours).  

+: p<0.05 vs. AdGFP at the same time point. 

n = 4 for each group and time point.  

D: MMP-2 protects the LDLR from PCSK9-induced degradation. LDLR-positive 

cells were seeded in complete medium with 10% FBS in 24-well plates.70% 

confluent cells were transduced with either AdGFP or AdMMP-2. 24 hours later, 

the medium was replaced by serum-free medium. After overnight (16 hours) 

incubation, rhPCSK9 (3.5 µg/well) or vehicle (water) was added. 4 hours later, the 

cells were collected, lysed and lysates were subjected to Western blot with LDLR 

antibodies. 

The LDLR Western blot traces are representative.  

*: p<0.05 vs. AdGFP (vehicle). 

n = 3-9 experiments for each PCSK9 amount. 

E: Top: BN-PAGE analysis indicates that rhMMP-2 forms protein complexes with 

rhPCSK9 and hLDLR extracellular domain (molar ratio 1:18:3). The proteins 

were incubated for 3 hours at 37Cand reaction mixtures were resolved by 

BN-PAGE. Western blot analysis revealed complex-specific shifts in rhPCSK9 

mobility vs. uncomplexed rhPCSK9. Middle: BN-PAGE/gelatin zymography (to 

detect uncomplexed rhMMP-2) reveals inhibition of gelatinolytic activity when 

rhMMP-2 is in complex with rhPCSK9. Bottom: SDS-PAGE/gelatin zymography 

shows total MMP-2 gelatinolytic activity. The streaks in the last two lanes of the 

SDS-PAGE gelatin zymography indicate a strong interaction between rhPCSK9 

and rhMMP-2. 

F:  In vivo validation of LDLR protection by MMP-2. LDLR Western blot 

indicates decreased protein levels of LDLR in the LV of MMP-2 KO vs. WT 

mice.  

 Mice were infused with either PBS or Ang II (1.4 mg/kg/d) for 4 weeks.  

*: p<0.05 vs. WT for the same day. 

n= 3-10 mice / group.  
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Figure 5-14 MMP-2 interacts with PCSK9 and cleaves PCSK9 prodomain.  

A: rhMMP-2 and rhPCSK9 were incubated at indicated molar ratios with or 

without the MMP-2 inhibitor (1,10-phenanthroline, 100 μmol/L) for 3 hours. The 

reaction mixtures were resolved by SDS-PAGE. 

B: The MMP-2 cleavage site of human PCSK9 prodomain was determined by 

in-gel MAAH combined with LC-ESI tandem mass spectrometric sequencing 

(Table 5-1 shows peptide sequences). 

C: rhPCSK9 (4 μg) was incubated with rhpro-MMP-2 or rhMMP-2 

(PCSK9:pro-MMP-2 = 2 :1 or PCSK9:MMP-2 = 4:1; mol:mol) for 3 hours, with or 

without 1,10-phenanthroline. Each reaction mix was then divided into two halves, 

which received either chemical crosslinker BS3 (5mmol/L) or vehicle (water) for 

30 min. The data suggest that MMP-2 binds to PCSK9 and releases as well as 

subsequently cleaves PCSK9‟s prodomain. Indeed, as shown in the figure, in 

native PCSK9, the PCSK9‟s prodomain is attached to PCSK9‟s catalytic domain. 

The prodomain can be resolved by denaturing SDS-PAGE and migrates at an 

apparent molecular weight of 18 kDa. As expected, this is prevented by addition 

of BS3 crosslinker. When either rhMMP-2 or rhpro-MMP-2 (which is partly 

active) was added to PCSK9, PCSK9‟s prodomain was cleaved but the crosslinker 

failed to prevent that PCSK9‟s prodomain and its cleavage fragment migrated at 

their expected molecular weights on SDS-PAGE. Therefore, a domain in MMP-2 

interacts with PCSK9‟s catalytic domain as well as cleaves PCSK9‟s prodomain. 

However, the interaction between PCSK9 catalytic domain and MMP-2 persists in 

the presence of an MMP-2 inhibitor (that indeed prevented PCSK9‟s prodomain 

cleavage).  
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Figure 5-15 The proteolytic action of MMP-2 alone does not affect the ability 

of PCSK9 to induce LDLR degradation.  

A: The experiment was designed at a molar ratio (PCSK9:MMP-2 = 100:1; 

mol:mol) aiming  to achieve >80% of PCSK9 prodomain cleavage with less than 1% 

of the PCSK9 catalytic domain being available for complex formation with MMP-2. 

Pre-incubation of rhPCSK9 with rhMMP-2 in vitro at 37 ºC for 5 hours selectively 

cleaved PCSK9 prodomain but not catalytic domain as confirmed by SDS-PAGE.  

B: The reaction mixture was then added to cells transfected with either empty 

plasmid (LDLR-negative) or plasmid expressing LDLR (LDLR-positive). The 

cells were collected 4 hours later. LDLR protein was detected by Western blot. 
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Figure 5-16 Functional evidence that a non-proteolytic action of MMP-2 

protects LDLR from degradation.  

LDLR positive cells were transduced with either AdGFP or AdMMP-2 to 

overexpress MMP-2. 24 hours later, the medium was replaced by media without 

serum. After overnight (16 hours) incubation, the pharmacological MMP-2 

inhibitor III (40 μmol/L) or vehicle was added to the cells. 1 hour later, rhPCSK9 

was added to the cells. 4 hours later, the cells were collected, lysed and lysates 

were subjected to western blot with LDLR antibodies. Similar levels of LDLR 

protection by MMP-2 were observed in the presence and absence of MMP-2 

inhibitor III indicating that MMP-2 proteolytic activity is not required for LDLR 

protection by MMP-2. 

*: p <0.05 vs. AdGFP (vehicle). 

n=3-4 / group 
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Figure 5-17 Proposed mechanism whereby MMP-2 negatively regulates the 

SREBP-2 / HMGCR pathway and protects against cardiac remodeling.  

MMP-2 forms a multiprotein complex with PCSK9 and the LDLR extracellular 

domain at the plasma membrane. Complex formation prevents LDLR degradation. 

The resultant protection of LDLR promotes LDL-cholesterol uptake, which 

downregulates the SREBP-2 transcriptional pathway and HMGCR expression 

(top). Therefore, MMP-2 protects against HMGCR-dependent cardiac 

hypertrophy and fibrosis. Sustained stimulation with Ang II overrides the 

protection rendered by MMP-2 by increasing HMGCR protein levels. The 

elevated HMGCR activity produces more cholesterol and isoprenoids, which 

contribute to cardiac hypertrophy and fibrosis (bottom). 
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Chapter 6  

Discussion and Conclusions 

 

Our studies have discovered previously unknown mechanisms by which 

metalloproteinases contribute to the development and progression of hypertensive 

cardiac disease, a major disorder that predisposes to heart failure and death.  

In humans, hypertrophic cardiac disease presents with a multifactorial 

etiology, which makes the elucidation of the disease pathways challenging. 

Interestingly, many factors involved in causation of hypertrophic heart disease 

(stress, obesity, diabetes, renal dysfunction) are linked to the production of 

pathologically high levels of vasoconstrictive GPCR agonists such as Ang II and 

catecholamines (e.g., norepinephrine)
1-6

. Moreover, these GPCR agonists signal 

through highly overlapping pathways. Therefore, the identification and functional 

characterization of common signaling events downstream of multiple GPCR 

agonists should enhance our understanding and clinical management of 

hypertensive cardiac disease even when the etiology is complex or unknown. 

Here, we used Ang II and adrenoceptor ligands as prototypes of GPCR agonist 

to gain insight into mechanisms of hypertensive cardiac disease in rodent models. 

In line with the reports of other investigators
5,7,8

, we show that metalloproteinases 

are common downstream mediators of GPCR agonists.  

The notion that hypertensive cardiac disease is mediated by GPCR 

agonist-activated metalloproteinases is still relatively novel and its recognition has 

only grown in importance over the past decade. For instance, there are attempts to 

develop personalized therapeutic approaches for hypertensive cardiac disease 

patients through targeting specific metalloproteinases directly in the heart of the 

patient
9
.  
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These developments, which are centered on targeting metalloproteinases, 

contrast with and complement current therapeutic approaches which were derived 

from the notion that cardiovascular signaling was “Ca
2+

-centric”. 

In fact, for many years, the cardiovascular effects of GPCR agonists were 

interpreted as a direct consequence of Ca
2+

 release from intracellular stores and 

Ca
2+

 uptake from the extracellular milieu. Induction of Ca
2+

 signaling by agonists 

can successfully explain how agonists evoke contractile responses in the 

cardiovascular system. 

However, as shown in papers from our group, to explain the maintenance of 

contraction over prolonged periods of agonist stimulation or the mitogenic effects 

induced by agonists, it is necessary to consider additional pathways such as those 

mediated by GPCR agonist-activated metalloproteinases
6,10

. These 

metalloproteinases include the members of the MMP and ADAM families studied 

in this thesis (i.e. MMP-2, MMP-7, ADAM12 and ADAM-17).  

Originally thought to only degrade components of the ECM during the 

long-term process of tissue remodeling, MMP and ADAM family members also 

cleave and regulate many non-ECM substrates in an acute fashion. Excessive 

GPCR signaling thus translates into pathological metalloproteinase cleavage of 

ECM and non-ECM substrates, including cell surface receptors and ligands of 

receptors
11-13

. 

Previous studies from our lab demonstrated that, MMP-7 is important in 

GPCR agonist-induced vasoconstriction
6
. MMP-7 can shed ligands of the EGFR 

such as HB-EGF which next transactivate EGFR-dependent intracellular signaling 

of vascular tone and cardiovascular hypertrophy. Indeed, studies described in this 

thesis have, for the first time, found that MMP-7 is a mediator in the development 

of GPCR agonist-induced hypertension and cardiac hypertrophy.  

Previous research revealed that two disintegrin metalloproteinases, 
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ADAM-12 and ADAM-17, are also involved in signaling of hypertrophy in 

cardiaomyocytes and vascular smooth muscle cells through the transactivation of 

the EGFR
7,8

. However, there has been a paucity of in vivo studies on ADAM-17. 

Our studies demonstrate, for the first time in vivo, that GPCR agonist-induced 

cardiac remodeling is signaled through ADAM-17. We further show that 

ADAM-17 acts, at least in part, by upregulating the expression of ADAM-12, a 

major effector metalloproteinases
7
.  

Although MMP-2 was shown to cleave vasoactive peptides such as big 

endothelin-1
14

, its role in hypertension and cardiac hypertrophy was never defined. 

Our studies show that MMP-2 mediates GPCR-induced vasoconstriction and 

hypertension. Our studies also indicate that GPCR agonists upregulate MMP-2 

expression in the heart as a cardioprotective mechanism against hypertensive 

cardiac remodeling effects. This is clearly evidenced by our observation that the 

MMP-2 gene knockout mice are predisposed to Ang II-induced pathological 

cardiac remodeling. Moreover, we have found that MMP-2 protects the heart 

against hypertensive cardiac remodeling through a novel mechanism involving the 

inhibition of hypertrophy signaling by SREBP-2 and HMGCR, the rate-limiting 

enzyme in the cholesterol biosynthesis pathway. Mice lacking MMP-2 express 

high levels of SREBP-2 mRNA and HMGCR mRNA which, in response to Ang II, 

are translated into correspondingly high levels of HMGCR protein. The 

consequent increase in HMGCR activity causes a transient but significant increase 

in cardiac cholesterol and intensifies the development of Ang II-induced cardiac 

hypertrophy. 

Our studies further expose the integration and mutual regulation of 

metalloproteinase-dependent pathways in signaling of cardiovascular disease. We 

show that GPCR agonists signal through both MMP-7 and ADAM-17 to induce: 1) 

hypertension (which is mediated by MMP-2 under transcriptional control of 



Chapter 6 

 

302 

 

MMP-7 and ADAM-17) and, 2) cardiac remodeling (which is mediated by 

ADAM-12 and opposed by MMP-2) (Figure 6-1).   

 

6.1 Mutual regulation of metalloproteinases in the development of 

hypertension and cardiac remodeling 

In the mouse model of Ang II-induced hypertension and cardiac remodeling, 

early activation of MMP-7 and ADAM-17 appears to be necessary for subsequent 

upregulation of MMP-2 and ADAM-12 transcription. Indeed, partial inhibition of 

the expression of MMP-7 and ADAM-17 individually or together prevents the 

upregulation of MMP-2 by Ang II in terms of both mRNA levels and enzymatic 

activity. This in turn attenuates the severity of Ang II-induced hypertension, a 

process mediated by MMP-7 (in its early stages) and MMP-2 (once hypertension 

is established).  

Ang II induces an upregulation of ADAM-12 that mediates hypertrophic 

processes in the heart. Inhibition of MMP-7 and ADAM-17 in mice (by gene 

knock-out, siRNA or pharmacological inhibition), prevent Ang II-induced 

ADAM-12 overexpression as well as cardiac hypertrophy. Therefore, agonist 

activation of constitutively expressed metalloproteinases such as MMP-7 and 

ADAM-17 induces transcription of metalloproteinases, such as MMP-2 and 

ADAM-12, probably through EGFR transactivation and MAPK signaling
15

. The 

resulting feed-forward loop allows constitutively expressed metalloproteinases to 

mediate de novo production of metalloproteinases. 

The interaction and regulation between metalloproteinases has been observed 

in previous studies. For example, MMP-3 can cleave and activate MMP-1, 

MMP-7, MMP-8 MMP-9 and MMP-13
16,17

. MMP-7 proteolytically activates 

MMP-8 (alone with MMP-1, MMP-2 and MMP-9) but not MMP-13
18

. 

Pro-MMP-8 accumulation in the absence of MMP-7 leads to decreased 
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pro-MMP-13 levels, perhaps to maintain baseline collagenolytic levels. This 

interaction between MMP-8 and MMP-13 does not induce the remodeling of 

mouse left ventricle, suggesting MMP-8 and MMP-13 may play redundant roles
18

. 

In addition to activation, metalloproteinases can also cleave and inactivate other 

metalloproteinases. For instance, MT1-MMP has recently been reported to 

proteolytically cleave ADAM-9 and ADAM15 and lead to their inactivation
19,20

. 

Therefore, metalloproteinases do not act independent from each other. Rather, 

they interact and regulate each other to mediate various physiological and 

pathological processes, including the development of hypertension and cardiac 

hypertrophy.  

 

6.2 Differential metalloproteinase expression leads to varying physiological 

roles in hypertensive cardiac remodeling and other conditions 

The roles played by metalloproteinases in hypertension and cardiac 

remodeling are an area of intense investigation and the scientific literature still 

contains some inconsistencies. There are reports of increased, decreased or no 

differences in levels of plasma MMP-9 in human hypertension
21-24

. There are 

discrepancies about the levels of MMP-2 in hypertension
21,25

. Our studies here 

suggest that different metalloproteinases are differentially expressed at different 

stages of hypertension and cardiac remodeling.  

MMP-7 is ubiquitously expressed, albeit in small quantities, in various 

systems including the immune system and the cardiovascular system. These 

features may help MMP-7 act as a signaling mediator downstream of many 

agonists. However, its role might be limited to strict time windows, such as the 

early stages of agonist signaling. Indeed, following the administration of Ang II to 

mice, vascular (aortic) MMP-7 (but not MMP-2) is acutely activated (within one 

hour). Lack of acute detectable activation of MMP-2 indicates that basal MMP-2 
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may be engaged in agonist-induced processes. We also show that broad spectrum 

blockade of MMPs (using doxycycline) as well as a 

biphenylsulfonamido-hydroxamate inhibitor selective for MMP-2 (MMP-2 

inhibitor III, Calbiochem) relaxes phenylephrine pre-constricted small mesenteric 

arteries. Therefore, agonist-induced vasoconstriction may depend at least in part 

on MMP-7 acute activation as well as on MMP-2 basal activity. Interestingly, 

previous studies using MMP-9 knock-out mouse models indicate that MMP-9 

plays a key role in the early stages of hypertensive vascular disease
26

. The onset 

of Ang II-induced hypertension was found to be accompanied by increased 

MMP-9 activity in conductance vessels. The absence of MMP-9 activity resulted 

in vessel stiffness and increased pulse pressure. Therefore, MMP-9 activity is 

associated with a beneficial role early on in hypertension by preserving vessel 

compliance and alleviating blood pressure increase. 

We have found that several days after Ang II infusion, cardiac MMP-7 and 

MMP-9 mRNA levels tend to decrease. By contrast, the cardiac mRNA levels of 

MMP-2 and ADAM-12 are strongly upregulated. MMP-2 activity is also elevated 

in arteries. These processes probably amplify as well as sustain GPCR 

agonist-induced signaling over time.  

In the setting of established hypertension, the regulation of MMP promoter 

activity is likely to depend on both mechanical and hormonal stimuli. Recent 

work suggests that vascular (aortic) metalloproteinase promoters may be 

differently responsive to single and collective mechanical (wall tension, up to 100 

mmHg) and hormonal (Ang II) stimuli
27

. Increased tension was found to enhance 

MT1-MMP promoter activity, but did not have an additional effect on Ang 

II-induced MT1-MMP promoter activation. Elevated tension plus Ang II 

administration had an additive effect on MMP-2 promoter activation, while 

MMP-9 promoter activity decreased. Therefore, exposure to a biological stimulus 
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such as Ang II in the presence of high vessel-wall tension can modulate MMP 

promoter activation. In vivo, the combined action of mechanical and hormonal 

stimuli likely regulates the activity of individual metalloproteianases which, in 

turn, regulate the expression and activity of (as well as being subject to mutual 

regulation by) other metalloproteinases. 

Varying physiological and pathological roles of metalloproteinases been 

reported in other conditions and diseases. Differential upregulation of MMP-2 and 

MMP-9 may have both pathogenic and protective effects during the development 

and progression of Alport syndrome, a progressive hereditary kidney disease 

leading to glomeruli damage and kidney failure
28

. Preservation of the integrity of 

the glomerular basement membrane and the extracellular matrix by inhibiting 

MMP-2 and MMP-9 before the onset of proteinuria leads to significant disease 

protection. However, if this window of opportunity is missed, MMP-inhibition in 

later stages of Alport disease causes accelerated glomerular and interstitial fibrosis. 

In addition, the expression patterns of MMP-2, MMP-3 and MMP-9 in the kidney 

glomerulus are linked in a compensatory manner, as shown by studies of genetic 

knock-out mouse models. Similarly, differential actions and expression profiles of 

MMP-2 and MMP-9 have been implicated in platelet aggregation as well as in the 

response to injury in the carotid artery
29,30

.  

As expected, complex interactions characterize the biology of 

metalloproteinases in cardiovascular as well as non-cardiovascular settings 

including the nervous system and immune system. In the setting of neuropathic 

pain, a condition of constant pain in the absence of a stimulus resulting from 

damage to the nervous system
31

, MMP-9 is both necessary and sufficient for 

producing the neuropathic pain syndrome whereas MMP-2 expression is 

necessary to maintain neuropathic pain
32

. Even though MMP-9 is active in the 

early stages with MMP-2 activity increasing at later time points, both MMP-9 and 
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MMP-2 act through cleavage of interleukin-1b. Similarly, MMP-2 and MMP-9 

play complex and multiphasic roles after acute stroke and brain damage
33

. 

Although these MMPs mediate neurovascular injury, they have also been involved 

in neuroplasticity and stroke recovery. As in other models that involve MMPs, 

spatial and temporal regulation remains to be defined so as to allow targeting of 

acute MMPs to ameliorate neurovascular pathophysiology without interfering 

with brain tissue repair
33

. 

Emerging evidence links immune system responses induced by pathogens to 

MMP gene expression. For instance, acute Pseudomonas aeruginosa pulmonary 

infection results in the induction of both MMP-7 and MMP-10
34

. Analysis of gene 

expression changes in Pseudomonas aeruginosa infected tracheal epithelial cell 

cultures identified 2091 MMP-7-dependent and 1628 MMP-10-dependent genes 

that were differentially expressed. MMPs control distinct gene expression 

programs (as shown through key node analysis) involved in proliferation, cell 

death, immune responses and signal transduction, among other host defense 

processes. Because MMP-7 functions to promote inflammation, and MMP-10 acts 

to restrain inflammation, it appears that MMPs could play unique roles in 

epithelial responses to Pseudomonas aeruginosa infection
34

. These data from a 

non-cardiovascular disease model further suggest that the expression and activity 

of single metalloproteinases can have profound effects on the expression of many 

other genes. 

 

6.3 Opposite roles of MMP-2 and ADAM-12 in cardiac remodeling 

Although cardiac MMP-2 and ADAM-12 are both upregulated downstream 

of MMP-7 and ADAM-17 in agonist-induced cardiac remodeling, they may have 

opposite roles in the development of the disease. ADAM-12 mediates the 

development of cardiac remodeling via its ability to shed HB-EGF and 
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transactivate EGFR. Inhibition of ADAM-12 can block the development of 

cardiac remodeling
7
. ADAM-12 has also been reported to interact with TGF-β 

receptor and facilitate the downstream Smad signaling, the main pathway 

mediating cardiac fibrosis
35

.  

In contrast to ADAM-12, partial inhibition of MMP-2, by a selective 

pharmacological inhibitor or RNA interference, has little effects on the 

development of cardiac remodeling, despite attenuating the severity of GPCR 

agonist-induced hypertension. However, complete knockout of MMP-2 

predispose to severe Ang II-induced cardiac remodeling in mice. Therefore, 

MMP-2 can be pro-hypertensive, and yet also cardioprotective.    

The role of MMP-2 in cardiac remodeling is still unclear. Acute expression 

and release of MMP-2 during reperfusion after ischemia have been suggested to 

contribute to cardiac mechanical dysfunction and inhibition of MMP-2 improves 

the recovery of mechanical function during reperfusion
36

. In cardiomyocytes, 

MMP-2 has also been reported to cleave contractile proteins such as troponin I 

and Titin and thus contribute to the development of cardiac dysfunction and heart 

failure
37,38

. Cardiac overexpression of MMP-2 induces cardiac contractile 

dysfunction
39

. Meanwhile, increased level of circulating MMP-2 is suggested to 

be the marker of heart failure and MMP-2 values above the mean serum level are 

associated with poor prognosis for mortality of patients with chronic heart 

failure
40

. Targeted deletion of MMP-2 ameliorates pressure overload-induced 

cardiac hypertrophy and attenuates cardiac remodeling after myocardiac 

infarction
41

. 

However, MMP-2 deletion has been reported to reduce survival and 

exacerbate cardiac dysfunction in cytokine-induced cardiomyopathy
42

. Genetic 

polymorphisms which increase MMP-2 gene expression protect against cardiac 

remodeling including increases in end-diastolic diameter and LV mass index in 
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hypertensive subjects
43

. Decreased levels of MMP-2 and MMP-13 have also been 

reported to associate with the development of hypertensive cardiac hypertrophy
44

. 

Our studies, for the first time, suggest that MMP-2 negatively regulates the 

SREBP-2 / HMGCR pathway in the heart and thus protects from GPCR 

agonist-induced cardiac remodeling. Therefore, MMP-2 has multiple roles the 

development of hypertensive cardiac remodeling: 1) It functions as ECM protease 

to modify ECM composition and structure; 2) It transactivates extracellular 

receptors to mediate cardiac hypertrophy and fibrosis; 3) It inhibits the SREBP-2 / 

HMGCR pathway which promotes cardiac remodeling.   

 

6.4 Limitations and future directions 

Our studies used animal models to demonstrate the significance of MMP-2, 

MMP-7, ADAM-12 and ADAM-17 in the development of GPCR agonist-induced 

hypertension and cardiac remodeling. We demonstrate that MMP-2 mediates 

GPCR agonist-induced vasoconstriction and hypertension. MMP-2 can cleave and 

activate vasoactive peptides such as big endothelin-1 and adrenomedullin, 

contributing to the development of hypertension
14,45

. Further studies are required 

to establish the contribution of these mechanisms to the development of 

hypertension. 

We also show that MMP-7 and ADAM-17 are upstream regulators of the 

expression and activity of MMP-2 and ADAM-12. One likely mechanism is the 

proteolytic shedding of the proinflammatory cytokine TNF-α
46,47

. MMP-7 and 

ADAM-17 can also shed growth factors such as EGF, which induces MMP-2 

transcription
48

. However, the specific pathways linking MMP-7, ADAM-17 and 

MMP-2, ADAM-12 in hypertensive cardiac remodeling require elucidation. 

Studies are also needed to further dissect the metalloproteinase networks that 

operate in various models of hypertension and cardiac remodeling and in different 
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stages of the disease. 

We show that MMP-2 expression negatively regulates the SREBP-2 / 

HMGCR pathway to protect from GPCR agonist-induced cardiac remodeling and 

suggest that MMP-2 acts by complexing with PCSK9 to protect the LDLR from 

PCSK9-induced degradation. However, MMP-2 has a broad spectrum of 

substrates and binding partners. Future studies should clarify whether other 

mechanisms are involved in the regulation of the SREBP-2 / HMGCR pathway by 

MMP-2 and whether other metalloproteinases can also regulate this pathway.  

HMGCR mediates the development of cardiac hypertrophy through 1) 

increasing cholesterol synthesis and 2) activation NADPH oxidase and MAPKs 

via isoprenoid-mediated activation of small GTPases. In our model of 

agonist-induced cardiac remodeling in MMP-2 KO mice, we do not examine 

which mechanism is essential for the development of agonist-induced cardiac 

remodeling. Determination of isoprenoids and isoprenylated GTPases would help 

us better define the mechanisms of MMP-2 and HMGCR in hypertension and 

cardiac remodeling. 

Due to the significance of GPCR agonists in the development of hypertensive 

cardiac remodeling, our studies used GPCR agonist-induced hypertensive cardiac 

remodeling animal models. To confirm the general validity of our findings, in 

some studies, we further used spontaneously hypertensive rats, which are a 

genetic model where hypertension is characterized by upregulation of 

catecholamines (i.e. sympathetic nervous system activity) and Ang II, in addition 

to oxidative stress
49

. A limitation of the current studies is that we did not examine 

other factors (e.g., obesity, diabetes, high salt diet or renal dysfunction) which are 

well known to cause hypertensive cardiac disease. In the future, this limitation 

could be addressed by extending the characterization of metalloproteinases to 

other animal models such as the deoxycorticosterone acetate-salt induced 
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hypertension model, 2-kidney 1-clip model, obesity-induced hypertension model 

and transaortic constriction-induced cardiac remodeling model
50-53

.  

Gene function can be studied by gain-of-function and/or loss-of-function 

approaches, two independent but complimentary ways, to determine the role of an 

individual gene in biological processes
54

. Our studies mainly utilized 

loss-of-function studies, including gene knockout, RNA interference and 

inhibition of activity by pharmacological means, to investigate the role of MMPs 

and ADAMs in the development of hypertensive cardiac remodeling. Further, 

each of these approaches has disadvantages. For instance, gene knockout effect 

can be compromised by compensatory gene expression; RNA interference and 

pharmacological inhibitors can both cause unintended off-target effects. Future 

studies involving gain-of-function approaches should further our current 

understanding of the biology of metalloproteinases in hypertensive cardiac 

disease. 

To knockdown the expression of target metalloproteinases including 

MMP-2, MMP-7 and TACE, we used the tools of antisense oligodeoxynucleotides 

and siRNA. The antisense oligodeoxynucleotides are single-strand 

oligodeoxynucleotides (normally 15-20 nucleotides in length) which can bind to 

target mRNAs through Watson-Crick base pairing. This interaction induces RNase 

H-dependent degradation, translational arrest or alternative splicing of the target 

mRNA
55,56

. The siRNA are double-stranded oligoribonucleotides composed of a 

sense (passenger) strand and an antisense (guide) strand. For effective gene 

silencing by siRNA, there is a requirement for the siRNA strands to be at least 21 

nucleotides in length
57

. When the siRNA molecule interacts with the Argonaute 

protein in the RNA-induced silencing complex, the sense strand is degraded. The 

antisense strand is used to guide the degradation of target mRNA sequences 

complementary to the seed region (nucleotides 2-7) of the antisense strand
58,59

. 
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Both antisense oligodeoxynucleotides and siRNA are large polyanionic 

molecules and cannot efficiently cross the plasma membranes. In vitro, antisense 

oligodeoxynucleotides and siRNA are normally delivered by electroporation or 

lipophilic transfection reagent. In vivo, siRNA are often delivered using 

nanoparticles, liposomes, peptides and cholesterols to increase the efficiency of 

delivery
60,61

. However, intravenous injection of naked siRNA to mice can 

effectively deliver siRNA to the heart, lung and kidney and inhibit the expression of 

target genes
53,62,63

.  

Delivery of antisense oligodeoxynucleotides and siRNA can induce 

off-target effects. Antisense oligodeoxynucleotides and siRNA can activate 

Toll-like receptors on immune cells (such as monocytes), triggering the induction 

of cytokines, such as interferons and interleukins, to downregulate gene 

expression
58,64,65

. siRNA also lead to inhibition of non-target genes through the 

imperfect binding between the seed region of siRNA and non-target mRNA, 

leading to the degradation or translational arrest of these non-target mRNA
58

.  

In our studies, we delivered antisense oligodeoxynucleotides and siRNA by 

subcutaneously-implanted osmotic minipump or intravenous injection. The dosage 

of siRNA has been shown to effectively downregulate the cardiac expression of 

target genes
53

. The sequence of the antisense oligodeoxynucleotides and siRNA 

against MMP-7 and TACE have been validated by previous studies
66,67

. 

2‟-O-metheylation was used to increase the stability of siRNA
68

. We also used 

scrambled oligodeoxynucleotides and siRNA against luciferase, which have no 

target mRNA in mammalian animals, as negative controls. The antisense 

oligodeoxynucleotides and siRNA against MMP-2, MMP-7 and TACE, but not the 

scrambled oligodeoxynucleotides or luciferase siRNA, inhibited the expression of 

target genes in the heart and aorta. The siRNA did not change the expression of 
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non-target genes (such as MMP-9 and TIMPs) and did not induce an increase of 

interferon-γ, suggesting the off-target effects of siRNA are not induced. 

The efficiency of siRNA-based gene silencing in vivo is variable and the 

available techniques are insuficiently robust for clinical application
69

. Naked 

siRNA has also been shown to successfully downregulate target gene expression 

in vivo53,70
. Indeed, in our animal experiments, siRNAs were delivered without 

transfection agent and inhibition of target gene expression was demonstrated. It is 

possible that factors such as arterial pressure and contractile movement in the 

cardiovascular system increases the flux of siRNAs across membranes into cells. 

We speculate that, once in the circulation, naked siRNAs might complex with 

components of the circulation such as lipids which would then act as 

transmembrane carriers. Because of the potential for clinical translation, 

understanding how naked siRNAs enter cells in vivo and the development of 

robust delivery systems remain areas of intensive research worldwide
60,71

. 

However, in our in vivo studies, we did not determine whether these 

oligodeoxynucleotides and siRNA were delivered into cardiomyocytes or any other 

cells. Rather, we limited our studies to measuring changes in cardiac gene 

expression in response to the specific siRNA. These studies could have been 

supplemented with the use of siRNA with a fluorescent label that could be used to 

indicate both: i) the targeted organ and cells and ii) the efficiency of siRNA 

delivery. Other control oligonucleotides such as C911 siRNA (which is the same 

siRNA except that bases 9 through 11 are the complement of the original siRNA) 

would be complementary to scrambled oligodeoxynucleotides and luciferase 

siRNA as the negative controls
72

. In addition, our studies did not cover the entirety 

of possible off-target effects of oligodeoxynucleotides and siRNA. Broad-spectrum 

examination of cytokine levels and non-target gene expression could help establish 
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the targeted knockdown of MMP-7, TACE and MMP-2 by the chosen siRNA 

sequences as opposed to resulting from  off-target effects. 

 

6.5 Conclusions 

In conclusion, we studied the different roles of metalloproteinases, including 

MMP-2, MMP-7, ADAM-12 and ADAM-17, in the development of hypertension 

and cardiac remodeling. Our studies showed that:  

1. MMP-7 mediates GPCR agonist-induced hypertensive cardiac remodeling. 

MMP-7 inhibition by pharmacological blockade, RNA interference or genetic 

knockout protects against hypertensive cardiac remodeling. 

2. Acting in parallel to MMP-7, ADAM-17 contributes to GPCR 

agonist-induced cardiac hypertrophy and fibrosis. These effects of ADAM-17 are 

signaled, at least in part, by ADAM-12, a major effector metalloproteinases in 

cardiac hypertrophy signaling. 

3. MMP-2 contributes to the development of agonist-induced hypertension 

such that partial blockade of MMP-2 by pharmacological means and RNA 

interference attenuates Ang II-induced hypertension.   

4. Complete lack of MMP-2 predisposes to GPCR agonist-induced cardiac 

remodeling, as observed in MMP-2 knockout mice. MMP-2 is cardiopretective 

against hypertensive cardiac remodeling by negatively regulating the SREBP-2 / 

HMGCR pathway, which signals cardiac remodeling.  

These findings are a major contribution to our current understanding of the 

cardiovascular biology of metalloproteinases and show the diversity of the roles 

metalloproteinases play in the cardiovascular system. Metalloproteinases remain 

attractive therapeutic targets in the context of cardiovascular conditions (e.g., 

atherosclerosis, ischemia reperfusion, hypertrophic heart disease in hypertension 

and post-myocardial infarction) as well as in non-cardiovascular disorders (cancer, 
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arthritis and inflammation)
73-78

. Since metalloproteinases have different functions 

in different stages of disease development and progression, caution should be 

exercised when designing therapeutic strategies targeting metalloproteinases for 

the treatment of cardiovascular and non-cardiovascular diseases.  
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Figure 6-1 Postulated model of metalloproteinase signaling in GPCR 

agonist-induced hypertension and cardiac remodeling. 
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