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Abstract 

Tumor necrosis factor (TNF) is upregulated in a number of 

cardiomyopathies. This thesis investigates TNF in triggering the expression and 

activation of matrix metalloproteinases (MMPs) in pressure overload cardiac 

disease, and explores the role of superoxide.   

Cardiac pressure overload was generated in adult wild-type and TNF-/- 

mice by transverse aortic constriction. Isolated cardiomyocytes and 

cardiofibroblasts from neonatal mice ventricles were treated with recombinant 

TNF (rTNF), and MMP induction and activation were assessed, with and without 

apocynin (a NADPH-oxidase inhibitor). 

TNF-/- mice showed less superoxide production and MMP activation, 

compared to wild-type mice, following pressure overload. rTNF upregulated the 

production of NADPH-dependent superoxide in cardiomyocytes as early as 1 

hour (24 hours in cardiofibroblasts). rTNF also increased the expression of MMP-

9 and MMP-12 in cardiomyocytes more than in cardiofibroblasts, and MMP-8 

and MMP-13 more in cardiofibroblasts. This induction in both cardiac cell types 

was concomitant with superoxide production.  
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Chapter 1. Introduction 

1.1 Cardiac Diseases: Overview 

Despite the immense progress in research, cardiovascular diseases remain 

a major cause of morbidity and mortality around the world.1 The World Health 

Organization (WHO) reports that cardiovascular diseases contribute to the deaths 

of 17 million people of all ages each year.2 In developing countries, they cause 

twice as many deaths as HIV, malaria, and tuberculosis combined.3 The burden of 

cardiovascular diseases strike not only the developing countries but developed 

countries as well.4 In the US, according to the National Health and Nutrition 

Examination Survey, over 80 million American adults suffer from one or more 

types of cardiovascular disease,5 and in Canada, cardiovascular diseases 

contribute to 30% of all mortalities.6  

Cardiovascular disease is a general term that refers to a variety of different 

conditions affecting heart and blood vessels such as myocardial ischemia, 

pericardial and endocardial diseases, congenital heart defects, arrhythmia, 

hypertension and atherosclerosis.7 Since cardiac disease and remodeling can 

progress to heart failure if not treated, elucidation of the mechanisms underlying 

these conditions are important and can lead to new strategies for diagnosis, 

prevention, and/or treatment of cardiovascular diseases. This can, in turn, reduce 

the economic cost of long-term drug treatment and frequent hospitalization of 

patients.8 Nearly all medications currently used clinically for the treatment of 
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heart failure target the neurohormonal systems such as catecholaminergic and 

renin/angiotensin.9 Unfortunately, no treatment is available for maladaptive 

cardiac remodeling, which is characterized by a progressive degradation of 

extracellular matrix structure initiating an adverse remodeling process that leads 

to cardiac dilation dysfunction.10 Hence, determining the molecular pathways 

underlying cardiac remodeling remains a challenge for researchers.  

1.1.1 Cardiac hypertrophy and remodeling 

The heart is a dynamic organ with the ability to adjust to sustained 

increase in hemodynamic load as it occurs with chronic hypertension, valve 

stenosis, or in conditioned athletes with regulated cardiac output.11 Cardiac 

remodeling is best described as structural changes in one or more cardiac 

chambers,12 as well as dynamic changes in ventricular size and shape as a result of 

hemodynamic and metabolic insults to the heart.13 Left ventricular (LV) 

remodeling is a complex process in the pathogenesis of heart failure, and is 

characterized by cardiac hypertrophy and interstitial fibrosis.14 Cardiac 

hypertrophy is a fundamental adaptation of the heart to an increased 

hemodynamic overload. This adaptation is characterized by an increase in the size 

and protein content of cardiomyocytes.15 With little to no capacity for 

proliferation, an increase in cardiomyocyte size maintains pressure through 

normalization of wall stress. This relationship is governed by the Law of 

LaPlace:16 

j=pr/2h 
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where j=wall stress, p=ventricular pressure, r=internal radius of chamber, and 

h=thickness of LV chamber. Hypertrophy is categorized by its geometry, being 

either concentric or eccentric. Eccentric hypertrophy is characterized by an 

increase in ventricular wall thickness (h) accompanied by an increase in chamber 

size (r). This phenotype is created through addition of sarcomeres in series rather 

than in parallel (width), and has been associated with physiological growth as well 

as pathophysiological growth resulting from volume overload.17, 18 Concentric 

hypertrophy is characterized by an increase in ventricular wall thickness (h) 

accompanied by a decrease in internal chamber size (r). Specifically, 

cardiomyocytes increase more in width than in length through parallel sarcomere 

addition.17, 19 Concentric hypertrophy is considered pathological as it often 

develops into a decompensated state, characterized by systolic dysfunction and 

reduced left ventricular ejection fraction.20 This decompensated state is 

characterized by a decrease in wall thickness (h) and an increase in internal 

chamber size (r). 

Remodeling of the ventricular wall to a more dilated state marks the 

progression of cardiomyopathy to end-stage heart failure, which presently does 

not appear to be reversible by conventional pharmacological therapies.21 Thus, the 

development of novel strategies to specifically target the maladaptive features of 

left ventricular hypertrophy could provides a treatment for heart failure.  
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1.2 Left Ventricular Pressure Overload 

1.2.1 Overview 

Cardiac pressure overload occurs in response to excessive work load 

imposed on heart chambers by increased impedance to ejection.22 Atrial pressure 

overload occurs due to valvular diseases such as mitral stenosis brought about by 

rheumatic fever23 and affects the left atrium, whereas, the right atrium is affected 

by tricuspid stenosis, which can be caused by a tumor in the right atrium, a 

connective tissue disorder, or more rarely, a birth defect of the heart.24 The right 

ventricle suffers pressure overload mainly secondary to pulmonary 

hypertension,25 whereas, the causes of increased pressure overload on the left 

ventricle (LV) are systemic hypertension, obstruction in left ventricular blood 

flow as in coarctation of the aorta, or aortic stenosis.14 

The causes of left ventricular pressure overload contribute to a large 

portion of cardiac diseases. Hypertension causes 62% of stroke and 49% of heart 

attack incidents, the two leading causes of death worldwide,26 and is responsible 

for 7 million deaths each year.26 The estimated total number of human adults 

worldwide with hypertension is expected to be 1.56 billion by 2025.27 Aortic 

stenosis, defined as a narrowing of the aortic valve or the aorta, is the most 

dangerous of all valve lesions, and often leads to sudden death.28 Approximately 

2% of people over the age of 65, 3% of people over the age of 75, and 4% of 

people over the age of 85 have aortic stenosis disorder.  Patients with chronic 

heart failure due to aortic stenosis have a 2-year mortality rate of 50% if the aortic 
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valve is not replaced.29 The main causes of aortic stenosis include congenital birth 

defect of the aortic valve, progressive calcification, and to a lesser extent, scarring 

following rheumatic fever.30 Coarctation of the aorta most often occurs as an 

isolated defect in about 6 to 8% of all children with congenital heart disease.28  

1.2.2 Pressure overload-induced cardiac remodeling: Molecular 
mechanisms  

Left ventricular hypertrophy is the initial compensatory response to 

pressure overload. The increased wall thickness normalizes wall stress according 

to the Law of Laplace, and aims to sustain the pumping function of the LV. 

Nevertheless, prolonged hemodynamic stress leads to maladaptive changes and 

pathological hypertrophy and eventual dilation.11 

Cardiac response to left ventricular pressure overload involves complex 

molecular and cellular modifications.31 Mechanical stress is transmitted through 

the myocardial extracellular matrix (ECM) to cardiomyocytes resulting in 

increased cardiomyocyte growth and hypertrophy32, 33 as an adaptive response to 

the increased afterload and to maintain sufficient blood supply to the organs.34,35 

Cardiac hypertrophy has been reported to occur through upregulation of growth 

factors such as transforming growth factor beta36, 37 and hormonal factors such as 

angiotensin II.38 Increased activity of mitogen-activated protein kinase and protein 

kinase C isoforms have also been suggested to be involved in cardiomyocyte 

hypertrophy.39, 40 Protein kinase C activation stimulates MAPK signaling, 

primarily through activation of ERK1/2 signaling, and weakly through JNK.41, 42 

http://en.wikipedia.org/wiki/Transforming_growth_factor
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The importance of ERK signaling was reported since transgenic mice with 

cardiac-restricted overexpression of active MEK1 showed specific activation of 

ERK1/2 in the heart.43 These mice developed concentric hypertrophy with no sign 

of interstitial cell fibrosis. In another study, increased p38 MAPK activity was 

reported during the development of left ventricular hypertrophy in vivo in 

hypertensive rats.44 

Cardiac hypertrophy and heart failure are also associated with altered 

intracellular Ca2+ signaling.45 The sarcoplasmic reticulum exhibits increased Ca2+ -

uptake and release during the early stage of cardiac hypertrophy due to pressure 

overload.45 Studies have shown that α-adrenergic receptor stimulation leads to 

phospholipase-C activation, resulting in the divergent activation of two signaling 

networks, one of which involves diacylglycerol-mediated activation of protein 

kinase C,46 and the other involving the formation of inositol phosphates and 

release of calcium from intracellular sarcoplasmic calcium stores.46 Both arms of 

the pathway have been implicated in hypertrophic regulation. In any case, 

persistent pressure overload leads to adverse ventricular remodeling, which is 

frequently associated with an increased rate of cardiomyocyte apoptosis, reduced 

contractile function, and increased collagen deposition,47 leading to increased left 

ventricular wall stiffness and reduced compliance, and ultimately heart failure.48 

Moreover, pathological hypertrophy is also accompanied by the re-expression of a 

fetal gene program, which includes upregulation of atrial natriuretic factor, α-

skeletal actin and ß-myosin heavy chain genes.49 
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Over the last 20 years, studies have revealed the activation and 

involvement of the immune system and inflammatory mediators in cardiac 

diseases.50-56 Tumor necrosis factor-α (TNFα) plays a substantial role in cardiac 

remodeling in various cardiac diseases.48, 53, 57 Levels of circulating TNFα were 

found to be elevated in patients with pressure overload, secondary to aortic 

stenosis.58 Transgenic mice lacking TNFα were found to have a preserved cardiac 

function and develop less cardiac hypertrophy, dilation, and failure, compared to 

wild-type mice in response to pressure overload.48, 59 Pressure overloaded 

cardiomyopathy is also associated with increased levels of ECM-degrading 

proteins and matrix metalloproteinases (MMPs). Cardiac MMP-9 activity was 

reported to be increased in wild-type mice subjected to aortic banding,48 and a 

robust increase in the cardiac levels of MMP-2 and MMP-9 were observed in 

spontaneously hypertensive rats with heart failure, compared with wild-type rats. 

Another molecular mechanism that is activated in response to pressure overload is 

superoxide production, which can further contribute to cardiac dysfunction and 

heart failure.60 Although increases in TNFα, MMPs, and superoxides have been 

reported in pressure-overload cardiomyopathy, a direct link between these three 

molecular pathways has not been demonstrated in the myocardium. Our study 

aimed to determine a relation between these three factors in pressure-overload 

cardiac disease. 
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1.3 Tumor Necrosis Factor-alpha (TNFα) 

1.3.1 Overview 

Tumor necrosis factor-alpha (TNFα) is a proinflammatory cytokine that 

was first isolated in an attempt to identify factors responsible for necrosis of 

sarcomas that were thought to be toxic for malignant cells.61 TNFα is a major 

regulator of inflammatory responses and works through activating chemokines.62 

TNFα is comprised of 212 amino acids and was originally believed to be 

produced only by macrophages, lymphocytes, and neutrophils in response to 

inflammatory stimuli.63, 64 Further studies revealed that TNF-α can also be 

produced by other cell types such as fibroblasts,65 smooth muscle cells,66 

cardiomyocytes,67, 68 epithelial cells,69 and many other cell types. TNFβ, on the 

other hand, was found to be secreted by lymphocytes, hence, it was named 

‘lymphotoxin’. For the rest of this thesis, TNFα is referred to as TNF.  

TNF is produced as a transmembrane protein (26 kDa), which is 

proteolytically cleaved by TACE (tumor necrosis alpha converting enzyme) also 

known as disintegrin and metalloproteinase-17 (ADAM-17),70 into a circulating 

soluble form (17 kDa).71 Activated TACE can be inhibited by TIMP-3.72 In 

addition to TNF shedding,73, 74 TACE also cleaves and releases TNF receptors75 

(TNF-R1 and TNF-R2) as well as other surface molecules such as transforming 

growth factor-alpha76 and vascular adhesion molecule-177. TNF receptors are 

expressed by almost all nucleated cells.78 The cytotoxic deleterious effects on the 

heart caused by TNF are mediated via TNF-R156 (discussed in detail in Section 

http://en.wikipedia.org/wiki/Amino_acid


9 

 

1.3.2). On the contrary, TNF-R2 appears to have protective functions, especially 

in the myocardium.78, 79 

1.3.2 TNF signaling transduction pathways 

TNF signaling has been implicated in many cardiac diseases. TNF acts by 

binding to its receptors, TNF-R1 (p55) and TNF-R2 (p75), on the cell surface. 

Soluble TNF preferentially binds to TNF-R1 due to its 30-fold higher dissociated 

rate from TNF-R2.80 Hence, TNF-R1 is considered as the main receptor for 

soluble TNF, though it does not exclude TNF-R2.81 Binding of the trimeric TNF 

to TNF-R1 and TNF-R2 induces a conformational change in the receptors leading 

to the dissociation of the inhibitory protein SODD (silencer of death domain) 

from the intracellular death domain and recruitment of several signaling proteins 

to the cytoplasmic domains of the receptors. Both TNF receptors can send 

survival and death signals to cells.82 Binding of TNF to its two receptors, TNF-R1 

and TNF-R2, results in recruitment of signal transducers that activate three 

effectors. Through complex signaling cascades and networks, these effectors lead 

to the activation of two transcription factors, activation protein-1 and nuclear 

factor-kappaB (NF-κB).83 Initially, TRADD (TNF Receptor-Associated Death 

Domain) protein, binds to TNF-R2 and serves as a platform to recruit additional 

mediators.84 TRADD recruits RAIDD (RIP-Associated ICH-1/CED-3-

homologous protein with a Death Domain), MADD (MAPK-Activating Death 

Domain), and RIP (Receptor-Interacting Protein).85 This event triggers 

phosphorylation of downstream signal transducers including mitogen activated 
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protein kinase (MAPK) kinase (MEK) and inhibitor of κB (IκB) kinase (IKK),86 

which, in turn, induces phosphorylation of MKK including c-Jun-NH2 terminal 

kinase (JNK) and the phosphorylational degradation of inhibitor of NF-κB (IκB). 

AP-1 proteins, activated by phosphorylated MAPK and NF-κB subunits (e.g., 

p50, p65) liberated from the IκB-NF-κB complex, would be subsequently 

translocalized into nuclei for DNA binding to modulate inflammatory effector 

gene expression including early-response cytokines (e.g., interleukin-1β), 

chemokines (e.g., macrophage inflammatory protein-2) and adhesion molecules 

(e.g., intercellular adhesion molecule-1).87, 88 

TNF can activate another pathway involved in death signaling.89 FADD 

(Fas-Associated Death Domain) binds to TRADD.90 Binding of TRADD and 

FADD to TNF-R1 leads to the recruitment, oligomerization, and activation of 

caspase-8. Activated caspase-8 subsequently initiates a proteolytic cascade that 

includes other Caspases (caspases-3, 6, and 7) and ultimately induces apoptosis 

through DNA fragmentation and cytolysis. Furthermore, studies have shown that 

caspase-8 can proteolytically cleave RIP in its intermediate domain, resulting in 

an inhibition of NF-κB activity and enhanced TNF-induced apoptosis.91 TNF-

induced cell death plays a less significant role compared to its major function in 

the inflammatory process as death inducing capability is often masked by the anti-

apoptotic effects of NF-κB.92 

Interestingly, TNF-R2 is also the receptor for lymphotoxin or TNFβ. 

TNFβ is produced by activated lymphocytes and can be cytotoxic to many tumor 
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and other cells. In neutrophils, endothelial cells, and osteoclasts, TNFβ leads to 

increased expression of myocin heavy chain and adhesion molecules.93 As most 

information regarding TNF signaling is derived from TNF-R1, the role of TNF-

R2 is not fully understood, though it is suggested that TNF signaling, mediated 

via the TNF-R2 receptor, is protective in the myocardium.79 

 

Figure 1.1: TNF signaling pathway through the TNF-R1 receptor. TNF can activate 
three different pathways: MAPK, NF-κB, and apoptosis. 

The abbreviations in the diagrams are as follows: TNF (tumor necrosis factor), TNF-R1 
(tumor necrosis factor receptor-1), TRADD (TNF Receptor-Associated Death Domain), 
FADD (Fas-Associated Death Domain), RAIDD (RIP-Associated ICH-1/CED-3-
homologous protein with a Death Domain), MADD (MAPK-Activating Death Domain), 
RIP (Receptor-Interacting Protein), TRAF2 (TNF receptor-associated factor-2), MEKK 
(mitogen activated protein kinase kinase), ERK (extracellular signal-regulated kinase), 
JNK (c-Jun-NH2 terminal kinase), IKK (inhibitor of κB kinase), NIK (NF-κB inducing 
kinase), IKB (inhibitor of NF-κB), NF-κB (nuclear factor-kappaB), and AP-1(activator 
protein-1). 
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1.3.3 Role of TNF in cardiac diseases 

TNF exerts a series of unfavorable effects in the heart such as the 

progression of left ventricular dysfunction, left ventricular remodeling,94 

pulmonary edema,95 increased cardiac myocyte apoptosis,96 abnormalities in 

myocardial metabolism,97 cachexia,98 the uncoupling of β-receptor from adenylate 

cyclase99 and a triggering of platelet activation.100 TNF signaling mostly involves 

intracellular signaling by NF-κB.101 

TNF has been implicated in the pathogenesis of myocarditis, ischemic 

heart disease, and cardiac dysfunction.102-104 Circulating levels of TNF were found 

to be increased in patients with chronic heart failure,53 and transgenic mice 

overexpressing TNF, developed progressive left ventricular wall thinning and 

dilation accompanied by increased cardiomyocyte apoptosis.105 Moreover, it was 

found that the plasma TNF levels increased significantly in patients post 

myocardial infarction.106 In an animal study, rats receiving etanercept, a soluble 

dimerized TNF receptor that inhibits TNF, experienced reduced leukocyte 

infiltration and extracellular matrix turnover and preserved cardiac function.107 

The impact of TNF on various cardiovascular diseases opens up 

opportunities for its use as a disease biomarker and a therapeutic agent.108 TNF 

antagonists (e.g., infliximab, etanercept, and adalimumab) work thorough 

inhibiting the interaction between soluble TNF and its receptors (TNF-R1 and 

TNF-R2).109 In a clinical study involving 2,048 patients with moderate-to-severe 
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congestive heart failure, patients were randomized to placebo or three different 

doses of etanercept, a highly specific anti-TNF blocking agent. The primary 

endpoint was the clinical benefit at 24-weeks, where no statistically significant 

difference was seen in cardiac function compared to the placebo group. In spite of 

the disappointing results of using anti-TNF as a therapeutic agent in patients with 

heart failure, the negative results do not necessarily argue against the cytokine 

hypothesis, but instead, reflect the complexity of the cytokine network, and 

underscore the challenges in developing treatments for heart disease. The lack of 

success with anti-TNF therapy110, 111 may be attributable to application of the drug 

at a late stage of the disease, after TNF has already exerted its effects in disease 

progression at an earlier point, by triggering a number of signaling pathways. 

Hence, inhibiting TNF at the late stage of cardiac disease did not have any 

beneficial outcomes. 

1.3.4 TNF in pressure-overload cardiac disease 

Pressure overload is accompanied by a number of cardiac cellular and 

molecular changes that lead to myocardial remodeling and subsequent ventricular 

dysfunction. Cytokine signaling, involving TNF,48 interleukin-6,112 and their 

downstream effectors, was found to play a crucial role in the heart in response to 

pressure-overload. TNF was shown to be elevated in patients with cardiac 

pressure overload due to aortic stenosis,58 and in animal models of pressure 

overload59 and mechanical stress.113 Enough evidence exists in the literature to 

support the function of TNF as a regulatory factor in the pathogenesis of cardiac 
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remodeling. TNF overexpression in mice results in heart failure,114 cardiac 

hypertrophy,115 and dilation,116 while mice lacking TNF are less sensitive to 

hypertrophic signals, compared to the wild-type group, when subjected to 

mechanical stress.48 

1.4 Matrix Metalloproteinases (MMPs) 

1.4.1 MMPs, TIMPs, and the extracellular matrix (ECM): Overview 

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases 

that play a central role in tissue homeostasis and remodeling, and are responsible 

for degradation and turnover of the extracellular matrix (ECM).117 By cleaving 

ECM substrates, MMPs stimulate matrix turnover and remodeling associated with 

wound healing, embryonic development, and bone growth. MMPs also regulate 

the bioavailability of important signaling molecules by causing the release of 

growth factors and cytokines sequestered in the ECM or attached to plasma 

membranes, permitting them to mediate cell signaling pathways.118 In addition, 

the function of MMPs is suggested to regulate the homeostasis of the ECM and 

play an intracellular role.119 

So far, 25 members of the MMP family have been identified120 and 

collectively, all MMPs have been found to cleave most if not all of the 

constituents of the ECM.121-132 MMPs are expressed as inactive zymogens with a 

pro-peptide domain that must be removed or unfolded to trigger the catalytic 

activity of the metalloproteinases.133 The main physiological inhibitors of MMPs 

http://en.wikipedia.org/wiki/Zymogens


15 

 

are tissue inhibitors metalloproteinases (TIMPs). In vertebrates, four forms have 

been found: TIMP-1, TIMP-2, TIMP-3, and TIMP-4. In the adult murine heart, 

mRNA for TIMP-2 and TIMP-3, are most abundant, followed by TIMP4.134, 135 

All four TIMPs contains an N-terminal inhibitory domain and a C-terminal 

mediation domain.136 The N-terminal domain of TIMPs contains residues that 

interact with the Zn2+-binding region of the MMP catalytic domain, thereby, 

inhibiting the proteolytic activity of the MMPs.137 TIMP-1 preferentially inhibits 

MMP-1, MMP-3, and MMP-9, while TIMP-2 inhibits MMP-2. TIMP-3 and 

TIMP-4 do not appear to have substrate preferences.136, 138 

A balance between the function of MMPs and TIMPs determines the 

homeostasis of the ECM.139 The cardiac ECM is a network comprised of highly 

organized protein structures, predominantly collagen type I and type III, and 

basement membrane components, including laminin, entactin, fibronectin, 

collagen type IV, fibrillin, and elastin.140 The network of collagen fibers within 

the ECM exists at three levels: the endomysium surrounds individual muscle 

fibers; the epimysium is a network that surrounds a group of muscle fibers, and the 

perimysium consists of thick, spiral-shaped bundles of collagen that connect the 

epimysial and endomysial networks.141 Collagenous “struts” connect adjacent 

myocytes, and connect the myocytes to the capillary endothelium to attain 

capillary stability in the presence of high intraventricular pressure. This structural 

arrangement of collagens prevents cardiomyocyte slippage and overstretching, 

while contributing to cardiac recoil.141 The ECM provides the structural 



16 

 

framework for cardiomyocytes and the neighboring vessels and capillaries, and 

translates single cardiomyocyte contractility into a ventricular syncytium.142 The 

ECM also bears most of the mechanical stress to which a tissue is subjected,143 

and provides a microenvironment for soluble, matrix-bound and cell surface 

proteins, that trigger the signaling pathways playing a fundamental role in the 

myocardial remodeling process,140, 144, 145 which occurs with pressure overload.146 

For instance, TNF is initially present as a membrane-bound protein and its 

activation and signaling occurs primarily in the myocardial interstitium after 

being shed by TNF-alpha-converting enzyme (TACE or ADAM17),10 while 

growth factors such as transforming growth factor-β are bound to the ECM, and 

are released by direct action of metalloproteinases147, 148 or secondarily to 

disruption of the ECM structure.152 

1.4.2 Classification of MMPs 

The MMP family is collectively capable of digesting most of the ECM 

structural components, with each member having distinct, yet overlapping 

substrate specificity.148 Family members differ from one another in terms of the 

presence or absence of domains that contribute to their substrate specificity, 

matrix binding, cellular localization, and inhibitor binding.149 Generally, MMPs 

contain at least an N-terminal signal peptide followed by a prodomain, a catalytic 

domain, a hinge region, and a C-terminal hemopexin-like domain.150 The signal 

peptide directs MMP translation to the rough endoplasmic reticulum where 

MMPs enter the secretory pathway and are ultimately expressed on the plasma 
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membrane (MT-MMPs) or secreted into the ECM. The function of the prodomain 

is to maintain MMP latency. The highly conserved PRCG(V/N)PD cysteine 

switch is located near the C-terminal end of the prodomain, and the cysteine 

within this sequence forms a critical bond with an essential Zn2+ ion located in the 

active site of the catalytic domain. The catalytic domain holds the MMP 

proteolytic machinery and contains the essential Zn2+ ion which is anchored to 

three histidine residues within the conserved peptide sequence 

HEXGHX(L/M)G(L/M)XH, located at the active site.151 The hemopexin-like 

domain is a propeller structure involved in substrate recognition and in the 

recognition of MMPs by the tissue inhibitor of metalloproteinases (TIMPs). 

MMPs have different molecular structures. MMP-7 and -26 (matrilysin-1 

and -2) differ from other MMPs in that they lack the hemopexin domain and the 

hinge region. In addition to the common domains, several MMPs have other 

functionally important domains and peptide inserts. The gelatinases contain three 

fibronectin inserts within their catalytic domain, which assist in gelatin 

recognition.152 MMP-9 also contains an extended hinge region that resembles the 

012 chain of type V collagen.153 The MT-MMPs are tethered to the plasma 

membrane by a single-pass, type I transmembrane domain or by 

glycosylphosphatidylinositol-anchored proteins, and also contain a furin cleavage 

site between the prodomain and the catalytic domain that is involved in 

intracellular MMP activation.154 The furin-activated MMPs contain a recognition 

motif for intracellular activation by furin-like serine proteinases between their 
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propeptide and catalytic domain.120 This motif is also found in the vitronectin-like 

insert MMPs and the MT-MMPs. 120 

 

Figure 1.2: Schematic representation of the domain organizations of different 
structural classes of MMPs. 

Adapted from Egeblad and Werb 2002.155  The abbreviations in the diagrams are as follows: Pre 
(amino terminal signal sequence), Pro (propeptide), Zn (zinc binding site in the catalytic domain), 
H (hinge redion), SH (thiol group), S-S (disulphide bond), Fi (collagen type II repeats of 
fibronectin), Fu (furin recognition site), Vn (vitronectin-like insert), TM (transmembrane), Cy 
(short cytoplasmic tail), GPI-anchored (glycosylphoshatidylinositol), SA (n-terminal signal 
anchor), CA (cysteine array), and Ig-like (immunoglobulin-like domain). 
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MMPs are classified according to substrate preference into six different 

subfamilies: 1) collagenases, 2) gelatinases, 3) stromelysins, 4) matrilysins, 5) 

membrane-type MMPs, and 6) others (Table 1.1). The collagenases (including 

MMP-1, -8,-13, and -18) selectively degrade triple-helical fibrillar collagens,156 

while the stromelysins target a range of ECM proteins, and include MMPs-3, -10 

and -11. The membrane-type MMPs (MT-MMPs; including MMP-14, -15, -16, -

17, -24, and -25) are characterized by their attachment to the cell membrane, and 

can degrade a variety of ECM components, including gelatin, fibronectin, and 

laminin.157 The gelatinases (MMP-2 and -9) are selective for type IV collagen and 

gelatin (denatured collagen).158 MMP-12, also known as metalloelastase or 

macrophage elastase, is expressed primarily in macrophages, is essential for 

macrophage migration, and is capable of digesting several ECM molecules.159 
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Table 1.1: Matrix Metalloproteinases160,161, 162 

Type MMP Designation Common Name 
Collagenase  MMP-1 Collagenase-1 
 MMP-8 Collagenase-2 
 MMP-13 Collagenase-3 

Gelatinase  MMP-2 Gelatinase-A 
 MMP-9 Gelatinase-B 

Stromelysin  MMP-3 Stromelysin-1 
 MMP-10 Stromelysin-2 
 MMP-11 Stromelysin-3 
 MMP-19 Stromelysin-4 

Matrilysin  MMP-7 Matrilysin-1 
 MMP-26 Matrilysin-2 

Membrane Type  MMP-14 MT1-MMP 
 MMP-15 MT2-MMP 
 MMP-16 MT3-MMP 
 MMP-17 MT4-MMP 
 MMP-24 MT5-MMP 
 MMP-25 MT6-MMP 

Other  MMP-12 Metalloelastase 
 MMP-20 Enamelysin 
 MMP-23 Cysteine-Array 

MMP 
 MMP-27  
 MMP-28 Epilysin 

 

1.4.3 MMPs: Physiological vs. pathological 

Physiologically, MMPs play an important role in embryogenesis by 

controlling cell migration and tissue remodeling, the two fundamental processes 

of embryogenesis and wound healing.121-132 In addition, MMPs contribute to 

cardiac development by orchestrating the direction of cardiac looping during fetal 

development, which involves ventral closure of the heart and gut tubes, and 
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asymmetric cell proliferation in the dorsal mesocardium, to drive the looping 

direction.163 On the other hand, MMPs have been shown to also play a critical role 

in various diseases, such as chronic obstructive pulmonary disease,164 asthma,164 

rheumatoid arthritis,165 cancer,166 and cardiomyopathy.167, 168,169,170 

The MMPs play a significant role in extracellular remodeling, and studies 

have demonstrated that increased MMP expression and activity takes place in 

chronic heart failure.167, 168 MMPs cause alterations in collagen structure47, 171 and 

composition91 within the LV myocardium in several cardiac disease states, which  

in turn influences LV geometry.172, 173 Increased MMP-2 activity was detected in 

spontaneously hypertensive rats and found to mediate cardiac hypertrophy, and 

systolic and diastolic dysfunction.169 Studies using MMP-deficient mice have 

illuminated the crucial role of MMPs, not only in tissue homeostasis, but also in 

disease progression. MMP-2 and MMP-9 play significant roles in cardiac rupture 

after myocardial infarction174 and in aortic aneurysm formation.175 MMP-9 and 

MMP-14 are associated with ischemia and repefusion.176 Studies of 

atherosclerotic plaque formation indicate that MMP-12 promotes the expansion of 

atherosclerotic lesions.177 In clinical studies, MMP-2 and MMP-9 levels were 

increased in the plasma of patients with unstable angina or acute myocardial 

infarction.170 Some of the MMPs that have been reported to be involved in 

myocardial remodeling are as follows: collagenases MMP-1, MMP-8, and MMP-

13; gelatinases MMP-2 and MMP-9; metalloelastase MMP-12; and the 

membrane-type MMP, MMP-14 (MT1-MMP).139, 148 
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1.4.4 Regulation of MMPs  

The regulation of MMPs is complex and occurs at several levels. 

Inflammatory cytokines, including TNF and IL-1ß along with several growth 

factors trigger intracellular signaling cascades that result in MMP transcriptional 

induction. For example, the MAP kinase cascades, stimulated by IL-1ß and TNF, 

result in activation of AP-1 transcription factors, which bind to several MMP 

promoters.178 Pathways that activate NF-κB are also involved in upregulating the 

transcription of MMPs. Conversely, transcription of several MMPs is suppressed 

by glucocorticoids, retinoic acid, and anti-inflammatory cytokines such as TGF-

ß1 and IFN-ß.159 TGF-ß1 and IFN-ß stimulate activation of the Smad and STAT 

transcription factor families, respectively, which bind to, and inhibit the 

transcription of MMPs containing the appropriate DNA binding sites, such as 

MMP-1 and MMP-7.178 Cell-cell or cell-matrix interactions, mediated by 

adhesion molecules and integrins, can also lead to the transcriptional regulation of 

MMPs.159 The transcriptional upregulation of MMPs does not translate into an 

increase in MMP activity; however, unless activation mechanisms are already in 

place. Disruption of the cysteine switch, by proteolytic or non-proteolytic 

mechanisms, results in prodomain removal and activation.179 MMPs are secreted 

as inactive zymogens with a pro-peptide domain that must be removed or 

unfolded to expose the active binding site, hence, triggering the catalytic activity 

of the metalloproteinases,133 and an active MMP has the ability to induce 

proteolytic activation of other MMPs.180 The prodomain of MMP zymogens 

contains a cysteine residue (Cys73) that stabilizes the pro-MMP in its inactive 

http://en.wikipedia.org/wiki/Zymogens
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form by forming a bond between its thiol group and the Zn2+ in the catalytic 

domain. Moreover, the intact Cys73 thiol-Zn2+ bond sequesters the Zn2+ from the 

catalytic site, thereby rendering the MMP inactive. MMP activation thus requires 

disruption of this bond through a mechanism called the “cysteine switch,181 which 

occurs when replacing the thiol group of the cysteine residue with water and the 

release of the propeptide. Activation of proMMP-2 appears to be a unique 

occurrence among the MMPs, where the binding of TIMP-2 to proMMP-2 is 

required for proMMP-2 activation by membrane-type MMPs.159 Another MMP 

activation system is furin-dependent intracellular activation, with enzymes that 

are either secreted or act as cell surface-bound active enzymes.182 Their activation 

is regulated by the tissue-specific location of the enzyme, and their inactivation is 

controlled by endogenous inhibitors or by proteolysis. Activation of MMPs can 

also be mediated by reactive oxygen and nitrogen species through a pathway not 

necessarily involving the proteolytic removal of the propeptide domain.119 

Oxidation of the cysteine72 prodomain thiol breaks the thiol-Zn2+ bond (flipping 

the cysteine switch), an event that is followed by autolytic cleavage and loss of 

the zymogen prodomain.183 Once activated, several mechanisms exist to suppress 

the proteolytic activity of MMPs. The TIMPs are a family of four proteins that 

serve as the major endogenous inhibitors of MMPs, binding to MMPs in a 1:1 

ratio.159 
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1.5 Oxidative Stress  

1.5.1 Overview 

Reactive oxygen species (ROS) include superoxide (O2
•-), hydroxyl (OH•) 

as well as hydrogen peroxide (H2O2), while reactive nitrogen species (RNS) 

include peroxynitrite. Antioxidant systems encompass a host of enzymes (e.g., 

superoxide dismutase, catalase, or glutathione peroxidase) and vitamins (e.g., C 

and E).184 Oxidative stress in living organisms occurs when an imbalance exists 

between free radical production and endogenous antioxidant defense, provoking 

tissue damage through oxidative modification of essential cellular biomolecules. 

Although toxic in high levels, low levels of ROS are essential in many 

biochemical processes. These include intracellular messaging during cell 

differentiation and cell cycle progression, growth arrest, apoptosis,185 and immune 

cell activation.186 

1.5.2 Reactive oxygen species (ROS), reactive nitrogen species (RNS), and 
antioxidants 

ROS are oxygen-containing molecules that can readily donate or extract 

electrons from other molecules, and are divided into free radicals and non-radical-

reactive species.187 Free radicals are species that contain one or more unpaired 

electron allowing them to react with other molecules. Molecular diatomic oxygen 

(O2) is considered as a free radical species because it has two unpaired electrons 

(di-radical); however it has restricted reactivity. The addition of one electron to O2 

forms the superoxide anion radical (O2
•-), which is considered the “primary” ROS 
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and can generate “secondary” ROS by interacting with other molecules directly or 

via enzyme- or metal-catalyzed processes.188 Superoxide is normally dismutated 

to H2O2 and singlet oxygen. While H2O2 is not a free radical, it is still a common 

ROS albeit less reactive than hydroxyl radicals. Additional single electron 

reductions of H2O2 form OH•.189 The OH• radical can also be produced through 

the Fenton reaction (Fe2+ + H2O2  Fe3+ + OH• +OH-) or by the Haber-Weiss 

reaction (O2
•- + H2O2  O2 + OH• +OH-).190 On the other hand, nitric oxide 

(NO•) is a nitrogen radical synthesized from L-arginine and O2 by the action of 

nitric oxide synthase (NOS).191 The peroxynitrite (ONOO-) anion is a short-lived 

oxidant species that is produced by the reaction of nitric oxide (NO•) and 

superoxide (O2
•-) radicals. Peroxynitrite (ONOO-) can either react with carbon 

dioxide (in equilibrium with physiological levels of bicarbonate anion), which 

leads to the formation of carbonate (CO3
•-) and nitrogen dioxide (NO2

•) radicals, 

or can be protonated to form peroxynitrous acid, a highly unstable intermediate 

species with a very short half-life, which spontaneously undergoes either 

homolytic or heterolytic cleavage to form NO2
• and OH•.192  

Reactive species can be eliminated by a number of enzymatic and 

nonenzymatic antioxidant mechanisms. Superoxide dismutase (SOD) immediately 

converts O2
•- to H2O2, which is then detoxified to water either by catalase in the 

lysosomes or by glutathione peroxidase in the mitochondria. Another important 

enzyme is glutathione reductase, which is a prolific glutathione regenerator used 

as a hydrogen donor by glutathione peroxidase during the detoxification of H2O2. 

http://www.nature.com.login.ezproxy.library.ualberta.ca/nrd/journal/v6/n8/glossary/nrd2222.html#df1
http://www.nature.com.login.ezproxy.library.ualberta.ca/nrd/journal/v6/n8/glossary/nrd2222.html#df1
http://www.nature.com.login.ezproxy.library.ualberta.ca/nrd/journal/v6/n8/glossary/nrd2222.html#df2
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Glutathione (GSH) is another antioxidant that acts as a scavenger as well as a 

cosubstrate for GSH peroxidase, and it serves as a major intracellular redox 

system. 

 Normally, superoxide generated in the mitochondria can be degraded by 

Mn-SOD or by Cu/Zn-SOD in the cytosol. In the endoplasmic reticulum, 

NADPH-cytochrome P450 reductase can leak electrons onto O2, to generate O2
•-. 

Reduced flavin adenine dinucleotide and cytochrome-b5 can also contribute to this 

system. Within the peroxisomes, enzymes are present to produce H2O2 directly, 

and H2O2 can react with Fe2+ or Cu2+ to form hydroxyl radicals via the Fenton 

reaction.193 

1.5.3 ROS in cardiovascular diseases 

Potential sources of ROS generation in the myocardium during disease 

include the mitochondria194 and cytosolic enzymes, such as xanthine oxidase,195 

cytochrome P450 oxidases, and uncoupled NO synthases (which generate 

superoxide instead of NO when deficient in tetrahydrobiopterin),196 NADPH 

oxidase,60 microsomes and peroxisomes, and transition metals such as Fe2+ and 

Cu2+. Superoxide is also produced from both complexes I and III of the electron 

transport chain.197 A significant number of in vitro and in vivo studies have 

demonstrated ROS activation in cardiovascular diseases such as cardiac 

hypertrophy198 and in the failing heart.199, 200 Genetically hypertensive rats show 

increased ROS production in venules and arterioles, in comparison to 

normotensive animals.201 Moreover, plasma markers of free radical-induced lipid 
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peroxidation are positively correlated with the degree of HF severity.202, 203 

Interestingly, antioxidant therapy has been shown to attenuate the progression of 

cardiac failure in animal models,204 and several experimental studies indicate that 

antioxidants can attenuate cardiac hypertrophy, fibrosis, matrix remodeling, and 

apoptosis in rodents with myocardial infarction.204, 205 Clinical observations in 

patients with heart failure demonstrate elevated plasma levels of O2
•- with 

concomitant decreases in ROS-scavenging enzymes, such as SOD, catalase, and 

glutathione peroxidase.206, 207 Increased oxidative stress has been demonstrated in 

several experimental models of chronic heart failure including myocardial 

infarction-induced heart failure, tachycardia-induced cardiomyopathy, and volume 

overload cardiac dysfunction.208 Furthermore, a correlation between ROS 

production and angiogenesis has been documented in vivo,209 in injured 

arteries,210 and in the ischemic myocardium.211  

ROS can contribute to cardiac remodeling processes via activating MMPs 

and can also act as signaling molecules in the development of compensatory 

hypertrophy,212-215 and play important roles in cell signaling198 and inflammation 

through NF-κB.216 For example, a primary mechanism by which angiotensin II 

influences blood pressure is via activation of the ROS signaling pathways.217, 218 

Experimental evidence suggest that ROS contribute to cardiomyocyte loss via 

apoptosis or other cell death mechanisms.219, 220 Their damaging effect is 

conducted through lipid peroxidation,221 protein modification,222 DNA 

mutagenesis,223 cardiomyocyte apoptosis,215 and impairment of non-enzymatic 
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antioxidant cellular defenses. Addition of a free radical electron to a fatty acid 

residue of phospholipids causes fragmentation of the lipid or alteration of its 

chemical structure, a process referred to as lipid peroxidation. In addition to 

affecting the structure of the cellular membranes, lipid peroxidation products such 

as malondialdehyde, can act as mutagenic and carcinogenic agents.224 DNA bases 

can also be modified by oxidation, resulting in single- and double-strand breaks or 

mispairing of purine and pyrimidine during DNA replication. Finally, free 

radicals can damage proteins and cause cross-linking, carbonyl formation, and 

protein denaturation.225 

1.5.4 NADPH oxidase: A major source of ROS 

NADPH oxidase (nicotinamide adenosine dinucleotide phosphate oxidase) 

was first identified in neutrophils, where it is involved in non-specific host 

defense against microbes during phagocytosis.184 The enzyme catalyzes electron 

transfer from NADPH (reduced nicotinamide adenine dinucleotide phosphate) to 

molecular oxygen, to produce superoxide. NADPH oxidase is considered as a 

major source of ROS in the heart and is especially important in modulating of the 

signal transduction pathways.184, 226 Studies from several laboratories have 

addressed the potential involvement of NADPH oxidase in the pathophysiology of 

left ventricular cardiac hypertrophy227-229 and heart failure.230-232 Increased 

NADPH oxidase activation has also been shown in perivascular fibrosis.233  

NADPH oxidase is an enzyme complex comprised of six subunits: p91phox, 

p22phox, p47phox, p40phox, p67phox and the small guanosine triphosphatase Rac as a 
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regulatory subunit (Figure 1.3).234 Activation of this oxidase requires the 

assembly of at least four cytosolic proteins (p67phox, p47phox, p40phox, and the small 

guanosine triphosphatase Rac) with the p22phox and p91phox to form an active 

enzyme complex.235 The Gp91phox subunit was discovered to be a member of a 

family of five homologues: NoXl, NOX2, NOX3, NOX4, and NOX5. The NOX 

family can be classified into three groups based on predicted domain structures: 

(i) NOX1-NOX4 have up to 60% homology and are predicted to contain six 

transmembrane α-helices and an NADPH-binding domain towards the C-

terminus; (ii) NOX5 has the same basic structure as NOX1-NOX4 but with an 

additional N-terminal calmodulin-like Ca2+-binding domain; (iii) DUOX1 (Dual 

oxidase 1) and DUOX2  (Dual oxidase 2) are similar to NOX5 but include an 

additional N-terminal peroxidase homology domain. Expression of the NOX 

isoform varies in a cell-specific manner. NOX1 is expressed in epithelia (e.g., 

colon) as well as in vascular smooth muscle cells. NOX2 is expressed in 

endothelial cells, cardiomyocytes, and fibroblasts, in addition to its classical 

expression in phagocytes. NOX3 is primarily expressed in fetal tissues and in 

adult inner ear. NOX4 was first identified in kidney but is in fact widely 

expressed in many tissues, including placenta, endothelial cells, vascular smooth 

muscle cells, cardiomyocytes, fibroblasts, ovaries, testis, and skeletal muscle. 

NOX5 is expressed in fetal tissues and adult testis, spleen, ovaries, placenta, and 

pancreas. Several cell types can co-express more than one NOX subunit. For 

example, cultured vascular smooth muscle cells express both NOX1 and NOX4, 

while endothelial cells and cardiomyocytes co-express NOX2 and NOX4.236 
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Figure 1.3: Structure and activation of NADPH oxidase. 

 

A number of stimuli can activate NADPH oxidase during cardiac remodeling, 

including: (1) G-protein-coupled receptor agonists, e.g., angiotensin II and ß-

adrenergic receptor agonists;237 (2) growth factors, e.g., vascular endothelial 

growth factor;238 (3) cytokines, e.g., tumor necrosis factor alpha;239 and (4) 

mechanical stress.240,241 The activation of the enzyme; however, requires the 

recruitment of cytoplasmic subunits p47phox, p67phox, and Rac to the membrane 

after having gone through posttranscriptional modifications (for p47phox) and 

conformational changes (for Rac) (Figure 1.3). Once activated, the NADPH 

oxidase will produce superoxide according to the following equation: 

NADPH + 2O2  NADP+ + 2O2
•- + H+ 

NADPH oxidase in non-phagocytic cells is made up of six subunits, and 

recruitment of the cytosolic subunits to the membrane subunits is required for 

enzyme activation. Activation of the oxidase involves the stimulus-induced 

•
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translocation of the cytosolic subunits p47 phox, p67 phox, and p40phox and GTP-

bound Rac to cytochrome b558, which is composed of gp91phox and p22phox. The 

assembled oxidase can then use NADPH as a substrate for the reduction of 

molecular oxygen to O2
 .- (Figure 1.3).242  

1.6 Thesis Hypothesis and Objectives 

1.6.1 Hypothesis: 

TNF triggers the expression and activation of MMPs through NADPH-

dependent superoxide production. 

1.6.2 Objectives: 

1. Does TNF play a key role in pressure-overload cardiomyopathy? Does 

TNF have an impact on MMPs expression and activation in pressure-

overload mediated cardiac remodeling? 

2. Can TNF directly induce the expression and activation of MMPs?  

3. Which cardiac cell type is responsible for induction and activation of 

MMPs in response to TNF? 

4. Does TNF-mediated MMP induction and activation in cardiomyocytes and 

cardiofibroblasts occur through NADPH-dependent superoxide 

production? 
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Chapter 2. Materials and Methods 

 

2.1 Aortic Banding in Mice: Transverse Aortic Constriction (TAC)  

Wild-type (WT) and TNF-/- mice were purchased from Jackson 

laboratories. All experiments were conducted in accordance with the guidelines of 

the University of Alberta Animal Care Committee and the Canadian Council of 

Animal Care. 

Eight- to ten-week old male C57BL/6 WT and TNF-/- mice (20-25 g) were 

used in these experiments. Mice were anesthetized with 1.5 mg ketamine/xylazine 

(100 mg/kg, and 10 mg/kg, respectively) by one intraperitoneal (i.p.) injection. A 

topical depilatory agent was applied to the neck and chest area to remove fur at 

and around the area of incision. The skin was cleaned with Germex 

(antibacterial), and Betadine (topical antiseptic). One dose of penicillin (10 

mg/Kg, 0.1 mL, i.p.) was administered prior to the start of surgery. Mice were 

placed in supine position and body temperature was maintained at 37oC with a 

heating pad. Once the animal was in surgical plane of anesthesia (lack of reflex or 

response to toe-pinching), a horizontal incision of 1 cm in length was made at the 

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

arch. A bent 26-gauge needle was then placed next to the aortic arch and the 

suture was snugly tied around the needle and aorta between the left common 

carotid artery and brachiocephalic trunk. The needle was quickly removed 
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allowing the suture to constrict the aorta. The incision was closed in layers and the 

mice were allowed to recover on a warming pad until fully awake. Immediately 

after the surgery, mice received one dose of buprenorphine (0.02 mg/Kg, 0.1 mL 

i.p.) and a dose of penicillin (10 mg/Kg, 0.1 mL, i.p.). Buprenorphine was 

administered every 8 hours for the first 24 hours after surgery. The sham-operated 

animals underwent the same procedure without the aortic constriction. Aortic 

constriction was confirmed in all TAC mice by measuring the pressure gradient in 

the aortic arc across the constriction using Doppler imaging (echocardiography) 

and a supersternal notch view. The TAC procedure generated a pressure gradient 

of 50-60 mmHg. Animals were sacrificed at 2-weeks and at 10-weeks, post-

surgery. The chest cavity was opened and the heart was cut. Hearts were excised 

and washed in PBS (+4°C). Sham-operated mice were used as controls. The atria 

and the right ventricle were separated and discarded. The left ventricle was 

weighed, flash-frozen in liquid nitrogen, and kept at -80 oC until used for 

experiments. 

2.2 Echocardiography  

Transthoracic echocardiography was performed in WT and TNF-/- mice at 

10-weeks post-surgery using a Vevo®770 high resolution imaging system 

(VisualSonics) under isoflurane (1%) anesthesia. Heart rates are generally 

maintained at more than 400 beats per minute with these regimens. Excess hair 

was removed with chemical treatment (Nair, Church & Dwight Co, Inc) to 

minimize signal attenuation. Cardiac ventricular dimensions, including left 



34 

 

ventricular end-diastolic dimension (LVEDD) and left ventricular endsystolic 

dimension (LVESD), and LV wall thickness were measured by M-mode 

recordings. The measurements for each mouse were performed from three 

different images. Fractional shortening (FS) was calculated as 100 x (LVEDD-

LVESD)/LVEDD. Echocardiographic imaging was performed by Donna Beker in 

the Cardiovascular Core Facility at the University of Alberta. 

2.3 Primary Culture of Neonatal Mouse Cardiomyocytes and 
Cardiofibroblasts 

Neonatal (1-2 day old) WT and TNF-/- mice were obtained from 

corresponding breeding pairs maintained in our animal facility at the University of 

Alberta. Calcium and bicarbonate-free Hanks with HEPES (CBFHH) solution 

was prepared (as described in Tables 2.1 and 2.2) and the pH was adjusted to 7.5 

with NaOH, before being filter-sterilized in a culture hood using a 0.22 µm filter 

(Millipore, Billerica, MA). Fifty mL of CBFHH solution was set aside to collect 

and wash the hearts. The digestion solution was prepared by adding trypsin (200 

g) (Gibco, Burlington, ON) and 200 µL gentamicin (50 µg/mL) (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA) to 200 mL CBFHH. The cell isolation 

protocol was performed at room temperature. 
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Table 2.1: 100X stock for making calcium and bicarbonate-free 
Hanks with HEPES (CBFHH). 

Compound g/50 mL 

NaCl (Fisher) 10.0 
KCl (Fisher) 2.0 
MgSO4.7H2O (EMD) 1.0 
D-glucose (EMD) 5.0 
KH2PO4 (EMD) 0.3 
NaH2PO4.H2O (Anachemia) 0.23 
HEPES (Fisher) 2.38 

 

Table 2.2: 1X Calcium and bicarbonate-free Hanks with HEPES 
(CBFHH) from 100X stock; total volume = 250 mL. 

Compound mL of 100X 
stock 

Final 
concentration 

(mM) 
NaCl (Fisher) 10.0 137.0 
KCl (Fisher) 2.5 5.36 
MgSO4.7H2O (EMD) 2.5 0.81 
D-glucose (EMD) 2.5 5.55 
KH2PO4 (EMD) 2.5 0.44 
NaH2PO4.H2O (Anachemia) 2.5 0.34 
HEPES (Fisher) 25.0 20.06 
ddH2O 202.5 -- 

 

Wild-type neonatal mice (1-2 day old) were sacrificed by cervical 

dislocation, the chest was opened using a pair of small straight scissors, and the 

heart was excised and transferred to a falcon tube containing 20 mL CBFHH. 

After all the hearts were collected, the lungs, vessels, and atria were removed. The 

ventricles were transferred to a clean petri dish containing CBFHH and cut into 

very small pieces, before being transferred to a sterile 50 mL falcon tube. Using a 

sterile pipette and an automatic pipetter, 10 mL of the digestion solution 
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(CBFHH+trypsin+gentamycin) was added to the hearts, and a small stirring bar 

(0.3 cm long) was placed in a Falcon tube which was then placed in a beaker and 

on a magnetic stirrer. The hearts were slowly stirred for 10 minutes. The solution 

from the first digestion was discarded. Another 10 mL of fresh digestion solution 

was added to the hearts and stirred for 10 minutes. The serial digestion of the 

hearts was continued with three repetitions of 10 -minute stirrings in 10 mL fresh 

buffer, followed by 5-minute stirrings in 5 mL fresh buffer until the hearts were 

completely digested. The digested cells were collected in four 50 mL Falcon tubes 

containing 7.5 mL fetal bovine serum (FBS)/tube to inhibit trypsin and any further 

digestion of the isolated cells. The collected aliquots containing the isolated cells 

were centrifuged at 200 ×g for 5 minutes. The supernatant was discarded and the 

pellet was gently resuspended in 10 mL culture medium (DMEM/F12 + 15% FBS 

+ 1% Penicillin/Streptomycin). The resuspended cells were pooled together and 

centrifuged at 200 ×g for 5 minutes. The supernatant was discarded and the pellet 

was suspended in 10-15 mL of culture medium. Cardiofibroblasts were separated 

from cardiomyocytes by differential adhesion. The collected cells were plated in 

two 100-mm culture plates (polysterene-coated, Falcon), and incubated at 37oC in 

5% CO2 + 95% O2 for 35 minutes to allow for adhesion of the cardiofibroblasts. 

The culture plates were brought to the tissue culture hood and myocytes were 

displaced by physical agitation of the plates. The media containing the 

cardiomyocytes were collected in a 50 mL falcon tube, and fresh media was 

added to the fibroblasts that remained attached to the plate. The culture plates 

containing the fibroblasts were then placed in an incubator (37oC in 5% CO2 + 
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95% O2) and allowed to proliferate. The media containing the cardiomyocytes 

were filtered through a cell strainer (70 µm pore size, BD Falcon) to remove cell 

clumps. Cardiomyocytes were counted by diluting 0.2 mL of the cell solution in 

0.3 mL of CBFHH, and 500 µL trypan blue (0.4%) (Gibco, Burlington, ON). 

Trypan blue stains the dead cells blue while the viable cells remain colorless. A 

hemocytometer (Figure 2.1) was used to count the viable cardiomyocytes. The 

number of cells/mL was calculated as follows: Average cell count per area x 5 

(dilution factor) x 10,000. Bromodeoxyuridine (BrdU, 0.1 mM) was added to the 

culture media, and the cardiomyocytes were plated in 24-well Primeria culture 

plates (Falcon) at a plating density of 700,000 cells/well. Cardiomyocytes were 

incubated at 37 oC, 5% CO2 and 95% O2 for 24 hours. After 24 hours, 

cardiomyocytes were inspected under a light microscope, then washed with 

serum-free media, and the culture media was replaced with serum-free 

DMEM/F12 + ITS supplement (insulin, transferrin, selenium) (Cellgro, Manassas, 

VA). After 24 hours of serum-starvation, cardiomyocytes were treated as follows: 

i) Control (PBS), ii) rTNF (20ng/ml) (Peprotech Inc., Mississauga, ON) or iii) 

rTNF (20ng/ml) + apocynin (1mM) (Sigma-Aldrich Canada Ltd., Oakville, 

Ontario). The treated cells were incubated at 37oC, and 5% CO2 + 95% O2 for 1 

hour or 24 hours. Cardiomyocytes were harvested for protein or RNA analyses as 

described in Sections 2.6.2 and 2.13, and kept in a -80 °C freezer until used in 

experiments. 
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Figure 2.1: The hemocytometer was used to count cardiomyocytes and 
cardiofibroblasts. It consists of a thick glass microscope slide with a rectangular 
indentation that creates a chamber. The area of the hemocytometer consists of 9, large, 1 
x 1 mm (1 mm2) squares. The depth of the counting chamber is 0.1 mm. The center 
square is divided into 25 smaller squares (0.2 mm x 0.2 mm = 0.04 mm2). 

 

Cardiofibroblasts were allowed to proliferate in serum-containing culture 

medium (DMEM-F12 + 15% FBS + penicillin/streptomysin). When the 

fibroblasts reached 90% confluency, cells were split and re-seeded in 24-well 

Primeria plates (BD Biosciences, Mississauga, ON) as follows: culture medium 

was removed and cells were washed with warm, sterile PBS solution, and then 

trypsinized with 0.05% trypsin (Gibco, Burlington, ON) for 10-12 minutes. 

Fibroblasts were collected and transferred to a 50 mL falcon tube, containing 15% 

FBS (to stop the action of trypsin). The fibroblast solution was centrifuged at 200 

×g, at 4 °C for 5 minutes. The pellet was resuspended in medium (DMEM-F12 + 

1% ITS + 1% BrdU). Cells were counted and re-plated in 24-well Primeria plates 

http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/Microscope_slide


39 

 

(surface area = 2 cm2/well) at a density of 700,000 cells/well, and then incubated 

at 37 oC, 5% CO2 and 95% O2 for 24 hours. Cultured cardiofibroblasts were 

treated for 1 hour or 24 hours as follows: control (PBS), rTNF (20 ng/ml) or rTNF 

(20 ng/ml) + apocynin (1 mM). Cells were harvested for RNA and protein 

analyses, and stored in a -80 °C freezer until used in experiments (Sections 2.6.2 

and 2.13). Conditioned medium was also collected and stored at -80°C. 

The hemocytometer (Figure 2.1) was used to count cardiomyocytes and 

cardiofibroblasts. The cell density was calculated based on the following formula: 

average cell count per area x 5 (dilution factor) x 10,000 (volume of the counting 

chamber) = cells/mL. 

2.4 Immunofluorescent Staining 

Culture plates containing cardiomyocytes or cardiofibroblasts were 

washed with PBS, and the cells were fixed with 4% paraformaldehyde, 

permeabilized with 1% Triton X-100 for 20 minutes, and blocked with blocking 

solution (1% bovine serum albumin in PBS) for 1 hour at room temperature. 

Primary antibodies (α-sarcomeric actin [1:800 dilution; Sigma-Aldrich Canada 

Ltd., Oakville, Ontario] as a marker for cardiomyocytes, and vimentin [1:800 

dilution, Thermo Scientific, Waltham, MA] as a marker for cardiofibroblasts) 

were diluted in PBS (room temperature), added to the cells, and incubated at 4 oC 

overnight. The next day, cells were washed three times with PBS, and incubated 

in Alexa fluor-conjugated secondary antibodies  (FITC-conjugated secondary 

http://en.wikipedia.org/wiki/Waltham,_Massachusetts
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antibody for cardiomyocytes and CY3-conjugated antibody for cardiofibroblasts, 

1:500 dilution, Molecular Probes, Burlington, ON), with DAPI nuclear staining 

(1:800 dilution, Molecular Probes, Burlington, ON). Cells were then washed three 

times with PBS (room temperature), and visualized under an Olympus IX81 

fluorescent microscope (Carson Scientific Imaging Group, Ontario, Canada) using 

Slidebook 2D, 3D Timelapse Imaging Software (Intelligent Imaging Innovations 

Inc., Santa Monica, CA). 

2.5 LDH (lactate dehydrogenase) assay  

LDH levels were measured using a CytoTox 96® Non-Radioactive 

Cytotoxicity Assay kit (Promega, Nepean, ON). LDH is a stable cytosolic enzyme 

released upon cell lysis into the cell culture medium. The amount of LDH 

released is measured using a 30 min coupled enzymatic assay based on the 

conversion of a tetrazolium salt INT (2-p-iodophenyl-3-p-nitrophenyl-5-

phenyltetrazolium chloride), forming a red formazin product, with the amount of 

colour formed being proportional to the number of lysed cells. A 50 μl portion of 

the cell culture medium from each sample was transferred to a 96-well plate 

(Helena Biosciences, Sunderland, UK). A 50 μl portion of Substrate Mix (1 vial 

of substrate plus 12 ml of assay buffer; Promega, Nepean, ON) was added to each 

well and the plate was covered in a foil to prevent exposure to light. Samples were 

then incubated at room temperature for 30 minutes after which the reaction was 

stopped by the addition of 50 μl of stop solution (1 M acetic acid). Absorbance 



41 

 

was measured in arbitrary units at 450 nm using a spectrophotometer (Molecular 

Devices, Sunnyvale, CA). 

2.6 Protein Extraction  

2.6.1 Mouse hearts 

i) Protein extraction in RIPA buffer: RIPA buffer (100 µl) (Tables 2.3 and 

2.4) was added to the LV tissue (~100 mg) in an Eppendorff tube. Using a mini 

mortar and pestle (VWR, Mississauga, ON), heart tissue was homogenized so that 

no lumps of tissue were present. The tissue homogenate was then placed on ice 

for 15 minutes, and then vortexed for 5-10 seconds. This was repeated 4 times, 

and the tissue homogenate was then centrifuged at 12,000 ×g at 4 °C for 10 

minutes. Pellets were discarded and the protein-containing supernatant was stored 

at -80°C. 

Table 2.3: RIPA buffer without EDTA for gelatin zymography 
and MMP activity assays. 

Compound Concentration 

Tris (pH 7.4) (Calbiochem) 50.0 mM 
NaCl (Fisher) 150.0 mM 
Sodium dodecyl sulfate (SDS) (BioRad) 0.1% 
Nonidet-P40 (NP40) (Sigma) 1.0% 
Deoxycholate-N4 (Sigma) 1.0% 

 

 

 

http://www.piercenet.com/Products/Browse.cfm?fldID=02050604
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Table 2.4: RIPA extraction buffer. 

Reagent Volume 

RIPA buffer (Table 2.3) 980.0 µl 
Phosphatase inhibitor (Calbiochem) (Catalogue 
No. 539134) 

10.00 µl 

Protease inhibitor (Calbiochem) (Catalogue No. 
539134)  

10.0 µl 

 

ii) Protein extraction in PBS: A piece (~ 100 mg) of frozen heart tissue 

was cut on dry ice to minimize the tissue freeze-thawing effect. PBS buffer (100 

µl) (Tables 2.5 and 2.6) was added to each sample. Heart tissues were gently 

homogenized using a mini mortar and pestle (VWR, Mississauga, ON), and the 

tissue homogenate was placed on ice for 15 minutes. Homogenization and chilling 

was repeated three times. Tubes containing tissue homogenate were centrifuged at 

4 °C and 1,000 ×g for 10 minutes. The supernatant was transferred to Eppendorff 

tubes and stored at -80°C. 

Table 2.5: PBS extraction buffer. 

Reagent Volume 

PBS buffer  (Table 2.5) 980.0 µl 
Phosphatase inhibitor (Calbiochem) (Catalogue 
No. 539134) 

10.0 µl 

Protease inhibitor (Calbiochem) (Catalogue No. 
539134) 

10.0 µl 

 

 

http://www.google.ca/url?sa=t&source=web&ct=res&cd=2&ved=0CBAQFjAB&url=http%3A%2F%2Fcarbon.cudenver.edu%2F%7Ebstith%2F539134.pdf&ei=k51KS8yBOIOsNoK9lZAJ&usg=AFQjCNGLbtrA_SdW3KeXEee1fpiiB78EOA&sig2=SUKl8fWETRc-zkEpeI-nzQ
http://www.google.ca/url?sa=t&source=web&ct=res&cd=2&ved=0CBAQFjAB&url=http%3A%2F%2Fcarbon.cudenver.edu%2F%7Ebstith%2F539134.pdf&ei=k51KS8yBOIOsNoK9lZAJ&usg=AFQjCNGLbtrA_SdW3KeXEee1fpiiB78EOA&sig2=SUKl8fWETRc-zkEpeI-nzQ
http://www.google.ca/url?sa=t&source=web&ct=res&cd=2&ved=0CBAQFjAB&url=http%3A%2F%2Fcarbon.cudenver.edu%2F%7Ebstith%2F539134.pdf&ei=k51KS8yBOIOsNoK9lZAJ&usg=AFQjCNGLbtrA_SdW3KeXEee1fpiiB78EOA&sig2=SUKl8fWETRc-zkEpeI-nzQ
http://www.google.ca/url?sa=t&source=web&ct=res&cd=2&ved=0CBAQFjAB&url=http%3A%2F%2Fcarbon.cudenver.edu%2F%7Ebstith%2F539134.pdf&ei=k51KS8yBOIOsNoK9lZAJ&usg=AFQjCNGLbtrA_SdW3KeXEee1fpiiB78EOA&sig2=SUKl8fWETRc-zkEpeI-nzQ
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Table 2.6: Phosphate-buffered solution (PBS) (1x). 

Compound Weight (g) 

NaCl (Fisher) 8.0 
KCl (Fisher) 0.2 
Na2HPO4 (EMD) 1.44 
KH2PO4 (EMD) 0.24 

The pH of the solution was adjusted to 7.4 using HCl, and measured 
using a pH meter. 

 

iii) Protein extraction in cytobuster buffer: Cytobuster buffer (100 µl) 

(Table 2.7) was added to heart tissue (100 mg). Using a pestle, the heart tissue 

was homogenized for one minute, and then placed on ice for 15 minutes. This was 

repeated 4 times. The tissue homogenate was then centrifuged at 4 °C and 12,000 

×g for 10 minutes. The supernatant was kept at -80°C and the pellets were 

discarded. 

Table 2.7: Cytobuster extraction buffer. 

Reagent Volume 

Cytobuster buffer (Novagen) (Catalogue No. 
71009-4) 

980.0 µl 

Phosphatase inhibitor cocktail (Calbiochem) 
(Catalogue No. 539134) 

10.0 µl 

Protease inhibitor cocktail (Calbiochem) 
(Catalogue No. 539134) 

10.0 µl 

 

2.6.2 Cultured cardiomyocytes and cardiofibroblasts 

i) Extraction in RIPA buffer: Cultured cells were scraped with RIPA 

buffer (100 µl) (Tables 2.3 and 2.4). Cells were subjected to three, freeze/thaw 

http://www.google.ca/url?sa=t&source=web&ct=res&cd=2&ved=0CBAQFjAB&url=http%3A%2F%2Fcarbon.cudenver.edu%2F%7Ebstith%2F539134.pdf&ei=k51KS8yBOIOsNoK9lZAJ&usg=AFQjCNGLbtrA_SdW3KeXEee1fpiiB78EOA&sig2=SUKl8fWETRc-zkEpeI-nzQ
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cycles to rupture the cell membrane and release the protein contents of the cells. 

Cell homogenates were centrifuged at 12,000 ×g at 4 °C for 10 minutes. Pellets 

were discarded and the supernatant was stored at -80°C until used for 

experiments. 

ii) Extraction in PBS: Cultured cells were harvested using PBS buffer 

(Tables 2.5 and 2.6). Cells were kept on ice and vortexed every 15 minutes, and 

then centrifuged at 1,000 ×g and 4 °C for 10 minutes. Supernatant was transferred 

to a sterile Eppendorff tube, and stored at -80°C. 

iii) Extraction in Cytobuster buffer: Cardiomyocytes and cardiofibroblasts 

were lysed in Cytobuster buffer (Table 2.7), subjected to 3 cycles of freeze/thaw, 

and centrifuged at 12,000 ×g and 4 °C for 10 minutes. The supernatant was 

transferred to a new Eppendorff tube and stored at -80°C. 

2.7 Protein Quantification 

Protein concentration was determined using the BioRad colorimetric assay 

according to the manufacturer’s instructions (BioRad, Hercules, CA) (Table 2.8). 

This assay is based on the reaction of the protein with an alkaline copper tartrate 

solution and a Folin reagent. Two steps are followed to create the color 

development: 1) the reaction between protein and copper in an alkaline medium, 

and 2) the subsequent reduction of the Folin reagent by the copper-treated protein. 

Color development is primarily due to the amino acids tyrosine and tryptophan, 

and to a lesser extent, cystine and histidine. Proteins reduce the Folin reagent by 
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the loss of one, two, or three oxygen atoms, thereby producing one or more of 

several possible reduced species which have a characteristic blue color with 

maximum absorbance at 750 nm and minimum absorbance at 405 nm. 

Table 2.8: Reagent package in the BioRad DC protein assay kit. 

Reagent Volume 
Reagent A (an alkaline copper tartrate solution) 250.0 mL 
Reagent B (a dilute Folin Reagent) 2000.0 mL 
Reagent S  5.0 mL 

Reagent A' was prepared by adding 20 µl of reagent S to each mL of 
reagent A. Reagent A, reagent A', reagent B, and reagent C were 
stored away from direct sunlight at RT (25 °C). Reagent A' was 
prepared fresh each time. 

 

Protein standards (BSA) and experimental samples (5 µl) were pipetted 

into a 96-well plate (Eppendorff). Reagent A' (reagent A + reagent S, 25 µl) was 

added to each well, followed by Reagent B (200 µl). The plate was gently agitated 

on a rocker for 15 minutes at room temperature. Absorbance was recorded at 750 

nm using a microplate reader (Molecular Devices, Sunnyvale, CA). Protein 

concentrations of the experimental samples were calculated based on the recorded 

absorbance for the standards. 

The protein standards were composed of a series of concentrations: 2.0, 

1.5, 1.0, 0.8, 0.6, 0.4, 0.2, 0.1, and 0 (blank) (BSA, mg/mL). 
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2.8 Lucigenin Chemiluminescence 

The lucigenin chemiluminescence assay was used to measure NADPH 

oxidase activity.243 Heart tissue and cardiac cell proteins were extracted using 

PBS and quantified (as described in Sections 2.6 and 2.7). Nicotinamide adenine 

dinucleotide phosphate (NADPH) (EMD Chemicals, Gibbstown, NJ) was 

dissolved in PBS (1 mM), added to 100 µg protein extracted in PBS, and 

incubated at 37 °C for 10 minutes. Diphenyleneiodonium sulfate (DPI), an 

NADPH oxidase inhibitor, was dissolved in dimethyl sulfoxide (DMSO) (100 

µM) (Sigma-Aldrich Canada Ltd., Oakville, Ontario), and added to selected 

samples to ensure that the recorded luminescent signals were NADPH-driven. 

Lucigenin (Sigma-Aldrich Canada Ltd., Oakville, Ontario) (50 µM) (dissolved in 

DMSO ≥ 99.9%) was added to the samples. Chemiluminescent signals were 

recorded using a FB-12 luminometer at 37 °C. Readings between 4-6 minutes 

after the start of the reaction were averaged, and after subtracting background 

signals, recorded in a tube contained PBS, NADPH (100 µM), and lucigenin. Data 

was expressed as relative light unit/second. 

2.9 Dihydroethidium Fluorescence Staining 

Superoxide levels were measured in cultured cardiomyocytes and 

cardiofibroblasts using the oxidant sensitive dye, dihydroethidium (DHE). 

Ethidium bromide, an oxidant sensitive fluorophore, derived from the oxidation of 

DHE was used to measure superoxide production.244 Cultured cardiomyocytes 

http://ajpgi.physiology.org/cgi/content/full/280/5/G1005
http://en.wikipedia.org/wiki/Dimethyl_sulfoxide
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and cardiofibroblasts were washed once with 0.5 mL of DMEM/F12 culture 

medium. Cells were incubated in 20 µM DHE (dissolved in DMSO ≥ 99.9%) at 

room temperature. Cells incubated in PBS were used to record the background 

signals. Since DHE is light-sensitive, the plates were covered with aluminum foil 

to minimize exposure to light. After 30 minutes of incubation, cells were washed 

with a phenol-free clear DMEM-F12 medium (Gibco, Burlington, ON) for three 

times. Fluorescence signals were recorded from three different fields per well 

with fluorescence detection equipment that included a fluorescence microscope 

equipped with a camera, coupled with imaging software for data acquisition and 

analysis. Background signals recorded from the cells treated with PBS were 

subtracted from the readings. Fluorescence intensity/cell was calculated as 

follows: 

 

 

2.10 Anti-Nitrotryosine Immunofluorescence Staining 

Peroxynitrite is a product of nitric oxide and superoxide, and leads to the 

nitration of tyrosine residues in proteins.245 The extent of nitrotyrosine formation 

is used as a measure of reactive nitrogen species. Cultured cells were washed with 

warm PBS, and fixed with 250 µl of 4% formaldehyde for 20 minutes at room 

temperature. Cells were then washed with PBS, and permeabilized with 250 µl of 

permeabilizing buffer (0.1% Triton-X 100 in PBS) for 5 minutes at room 
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temperature. Cells were then washed with PBS, and blocked with 250 µl of 

blocking buffer (1% BSA in PBS) for 40 minutes at room temperature. Blocking 

buffer was removed and cells were washed once with PBS. Anti-nitrotyrosine 

primary antibody solution (250 µl) (in 0.1% BSA in PBS) was added to each well 

(Millipore, Billerica, MA) (1:600 dilution). Culture plates were sealed with 

Parafilm (Pechiney, Chicago, IL) to prevent evaporation of the antibody and 

incubated overnight at 4 °C. The next day, primary antibody was pipetted out and 

cells were washed three times with warm PBS. The secondary antibody solution 

(250 µl of Alexa Fluor 488 donkey anti-rabbit, 1:600 dilution in 0.1% BSA in 

PBS) was added to each well for 60 minutes at room temperature. The culture 

plates were covered with aluminum foil to protect them from exposure to light. 

After one hour, the secondary antibody was removed and cells were washed three 

times with warm PBS. 

Cell nuclei were counter-stained with 250 µl of nuclear stain solution 

[DAPI (4',6-diamidino-2-phenylindole) (Molecular Probes, at 1:20,000 dilution in 

0.1% BSA in PBS] for 5 minutes at room temperature, then washed 3 times with 

warm PBS. Finally, cells were covered with warm PBS, and visualized under an 

Olympus IX81 fluorescent microscope (Carson Scientific Imaging Group, 

Ontario, Canada) using Slidebook 2D, 3D Timelapse Imaging Software 

(Intelligent Imaging Innovations Inc., Santa Monica, CA) 
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2.11 Griess Reaction 

The Griess reaction was used to measure nitrite levels (a stable product of 

peroxynitrite).246 Peroxynitrite is a highly unstable RNS, which decomposes to 

nitrite (NO2
-) and nitrate (NO3

-).247 In the Griess reaction, nitrate is converted to 

nitrite by nitrate reductase. Spectrophotometric quantification of nitrite was 

performed according to the manufacturer’s instructions with triplicates of each 

sample (Sigma-Aldrich, Oakville, ON). Sodium nitrite was provided in the kit as 

the standard. Conditioned media was added to an equal volume of Griess reagent 

in triplicates, in a 96-well plate and incubated at room temperature for 15 minutes. 

Absorbance at 540 nm was measured and nitrite concentrations were calculated 

based on the standard curve. Data was represented as mean micromoles of nitrite.  

2.12 Gelatin Zymography 

Gelatin zymography was used to demonstrate the activity of gelatin-

degrading proteinases, MMP-2 and MMP-9.248 Spacers and glass plates were 

made perfectly aligned to avoid leakage. The electrophoresis unit was assembled 

(BioRaD, Hercules, CA). The separating gel was prepared by mixing ingredients 

(Table 2.9), which was loaded into the chamber between glass plates, and topped 

with ddH2O to make the edge of the gel smooth and even. Gels were allowed to 

polymerize (~30 minutes). Meanwhile, the stacking gel was prepared by mixing 

ingredients (Table 2.10). The H2O on top of the gel was poured out, and the 

stacking gel was loaded on top of the separating gel and a 10-well comb was 

placed into the chamber between glass plates. The stacking gel was allowed to 
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polymerize (~20 minutes). Running buffer (Table 2.11) was poured into the 

BioRad tank and between the gels to submerge the wells. The comb was removed 

and wells were cleaned with running buffer. Samples were mixed with loading 

buffer (Table 2.12) and loaded into the wells. Electrodes were properly connected 

and the gels were run at a fixed current (30 mA/gel) for an hour. 

Table 2.9: Separating gel solution (8% gel). 

Compound Volume 
(mL) 

Gelatin type-A (from porcine skin) dissolved in ddH2O 
(Final conc.=2 mg/mL) (Sigma) 

6.9 

1.5 M Tris-HCl (pH 8.8) (Calbiochem) 3.8 
10% SDS (BioRad) 0.15 
30% acrylamide (BioRad) 6.9 
10% ammonium persulfate (BioRad) 0.15 
TEMED (100%) (J.T. Baker) 0.06 

Gelatin stock was prepared by dissolving 163.9 mg gelatin in 40 mL dd 
H2O at 55°C for an hour, and vortexed every 10 minutes until gelatin 
was completely dissolved. 

 

Table 2.10: Stacking gel solution (5% acrylamide). 

Compound Volume 
(mL) 

dd H2O 2.7 
1 M Tris-HCl (pH 8.8) (Calbiochem) 0.5 
10% SDS (BioRad) 0.04 
30% acrylamide (BioRad) 0.67 

10% (w/v) ammonium persulfate (APS) 
(BioRad) 

0.04 

TEMED (100%) (J.T. Baker) 0.004 
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Table 2.11: SDS running buffer (1x). 

Compound Concentration 

Tris (pH 8.3) (Calbiochem) 25.0 mM 
Glycine (EMD) 192.0 mM 
SDS (BioRad) 1% 

 

Table 2.12: Protein loading buffer (4X). 

Compound  

30% glycerol (Sigma) 3.0 mL 
8% SDS (BioRad) 0.8 g 
250 mM Tris-HCl (pH 6.7) 
(Calbiochem) 

5.0 mL of 500.0 mM Tris-
HCl stock 

0.02% bromophenol blue (EMD) 2.0 mL of 0.1% stock 
1 µM DTT (Thermo Scientific) 40.0 µL of 1 mL stock 

 

 

After electrophoresis, the gel apparatus was disassembled. The gel was 

washed for 1 hour with 2.5% Triton X-100 solution at room temperature (3 times 

for 20 minutes, each) to remove sodium dodecyl sulfate (SDS). The washing 

solution (2.5% Triton-X 100) was prepared by adding 12.5 mL Triton-X 100 into 

487.5 mL ddH2O, and stirred for 20 minutes. Gels were rinsed with incubation 

buffer (Table 2.13) and incubated in fresh incubation buffer at 37 °C for 48 hours. 

At the end of the incubation period, gels were stained with staining buffer (Table 

2.14), and rocked gently overnight at room temperature. Gels were destained with 

a destaining buffer (Table 2.15) until the MMP-2 and MMP-9 bands appeared as 

clear bands against a dark blue background. Zymograms were scanned using a 
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calibrated densitometer GS 800 (BioRad) and the band intensities were analyzed 

by densitometry using the ImageJ software program (NIH, USA). 

Table 2.13: Substrate/Incubation buffer. 

Compound  

50 mM Tris-Cl (Calbiochem) 15.0 mL of 2M stock 
5 mM CaCl2 (Fisher) 1.5 mL of 2M stock 
150 mM NaCl (Fisher) 5.25 g 
0.05% NaN3 (EMD) 6.0 mL of 5.0% stock 
dd H2O 572.25 mL 

Incubation buffer was prepared and kept at 4°C. 

Table 2.14: Staining solution. 

Compound Volume 

2% Coomassie blue (EMD) 4.0 mL 
25% methanol (Fisher) 50.0 mL 
10% acetic acid (VWR) 20.0 mL 
dd H2O 126.0 mL 

 

Table 2.15: Destaining solution. 

Compound in 500.0 mL 

2% methanol (Fisher) 10.0 mL 
4% acetic acid (VWR) 20.0 mL 
dd H2O 470.0 mL 

 

2.13 RNA Extraction 

RNA extraction was performed using the TRIzol reagent (Invitrogen, 

Burlington, ON) according to the manufacturer’s instructions. Cells or heart tissue 

were homogenized in 1 mL TRIzol and incubated at room temperature for 4 
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minutes. Filter-tips were used throughout the procedure of RNA extraction to 

reduce the chance of sample contamination. Chloroform was added (0.2 ml/tube) 

using 1 mL glass pipettes; the tube was vigorously shaken for 15 seconds and 

incubated at room temperature for 2 to 3 minutes. Samples were centrifuged at 

12,000 ×g for 15 minutes at 4 °C. Following centrifugation, three layers were 

formed in each tube: 1) an upper colorless layer containing RNA, 2) a middle 

white layer containing protein, and 3) a lower pink fraction containing DNA. The 

upper clear fraction was transferred to a new Eppindorff tube. The RNA was 

precipitated by adding isopropyl alcohol (0.5 mL/tube) and incubated at -20 °C 

for 2-3 days to maximize the yield of RNA. Samples were then centrifuged at 

12,000 ×g for 15 minutes at 4 °C. The supernatant was discarded and the RNA 

pellet was washed once with 75% ethanol (prepared using RNase-free water), and 

centrifuged at 7,500 ×g for 5 minutes at 4°C. The supernatant was discarded and 

the resulting RNA pellet was air-dried for 10 minutes. RNA pellets were re-

dissolved in RNase-free water by repeat-pipetting. Finally, RNA was quantified 

using a Nanodrop-1000 spectrophotometer (ThermoFisher Scientific, Nepean, 

ON). Measurements were taken at a wavelength of 280 nm. RNA was then stored 

in -80°C. 

2.14 Complementary DNA (cDNA) Preparation 

cDNA was prepared from RNA samples (as extracted according to Section 

2.13). Filter-tips were used to reduce the chance of sample contamination. RNA 

(1 µg) was added to PCR H2O to make a total volume of 9 µl. Random hexamers 
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(2 µl/sample) (Amersham Pharmacia, Piscataway, NJ) were added to the solution. 

Samples were incubated at 70 oC for 10 minutes. cDNA stock solution (9 

µL/sample) (Table 2.16) was added to samples, and incubated at 4 oC for 5 

minutes. The incubated samples were briefly centrifuged at 4 oC at 2,000 g for 1 

minute, and then placed on ice. Finally, samples were incubated at 40 oC for 1 

hour to obtain the cDNA as the final product. cDNA was stored at -20oC until 

used. 

Table 2.16: cDNA stock solution. 

Reagent Volume 
(µl) 

Buffer (5 X) (Invitrogen) 4.0 
Dithiothreitol (0.1 M stock) (Invitrogen) 2.0 
Deoxynucleotide Triphosphate (dNTP) (25.0 mM stock) 
(Invitrogen) 

1.0 

Superscript II (Invitrogen) 1.0 
RNase inhibitor (40.0 U/µl stock) (Invitrogen) 1.0 

Ingredients were mixed, which was enough for 1 µg RNA (one sample). The 
cDNA stock solution was kept on ice. 

 

2.15 TaqMan Real-Time Polymerase Chain Reaction (RT-PCR) 

Changes in gene expression were measured using quantitative TaqMan 

RT-PCR. cDNA from each sample was diluted 100X in PCR H2O (Fisher 

Scientific, Nepean, ON). The standard curve was prepared using cDNA from 

mouse brain tissue, as it abundantly expresses all genes (Table 2.17). Diluted 

cDNA (5 ng for experimental samples and 1 ng for ribosomal RNA, 18S) was 

added to the reaction mix (Tables 2.18 and 2.19) in a 384-well plate (Applied 

http://www.google.ca/aclk?sa=L&ai=ClZ-E47vzSrOkDI6ysQPPrYSpAuaNrVWcv5eHCJLPmzkIABABILZUKAJQmqHmmP3_____AWD9iPGAyAPIAQGpAgS7mmAsf7A-qgQTT9BeDN9hM8M0S9APN5eSdoNarw&sig=AGiWqtwjzoe-QOotoHuAG6BccRpo740W2g&q=http://www.biosynth.com/index.asp%3Ftopic_id%3D97%26g%3D19%26m%3D265%26cat_id%3D1145
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Biosystems, Streetsville, ON). Plates were covered with an adhesive cover. 

Samples were subjected to the following thermal cycling on the ABI Prism 7900 

sequence detector: 2 minutes at 50 °C to activate uracil-DNA glycosylase (UNG), 

10 minutes at 95 °C (activation), 40 cycles of denaturation at 97 °C for 

30 seconds, and annealing and extension at 60 °C for 1 minute. When the 40 

cycles of amplification were completed, cycle threshold (CT) values for gene of 

interest and standards were recorded. A standard curve was generated and RNA 

levels for each gene was calculated based on the corresponding standard curve. 

Table 2.17: Standard (STD) samples used in RT-PCR. 

STD curve was prepared using cDNA from mouse brain tissue. Serial 
dilutions were made as follows: 
STD Concentration Ingredients 
STD1 20.0 ng/10.0 µL 12 µl of RT product + 288 µl PCR H2O 
STD2 10.0 ng/10.0 µL 150 µL of STD1 + 150 µL PCR H2O 
STD3 5.0 ng/10.0 µL 150 µL of STD2 + 150 µL PCR H2O 
STD4 2.5 ng/10.0 µL 150 µL of STD3 + 150 µL PCR H2O 
STD5 1.25 ng/10.0 µL 150 µL of STD4 + 150 µL PCR H2O 
STD6 0.607 ng/10.0 µL 150 µL of STD4 + 150 µL PCR H2O  

 

Table 2.18: TaqMan reaction mix for one sample to detect the 
genes of interest was made by mixing the following ingredients. 

Reagent Concentration Volume/sample 
(µl) 

Mastermix (applied 
Biosystems) 

33% of the final 
volume of reaction 

8.33 

Forward Primer  200.0 nM 0.5 
Reverse Primer   200.0 nM 0.5 
Probe 100.0 nM 0.5 
PCR H2O  5.17 
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Table 2.19: TaqMan Reaction mix for one sample to detect18S was 
made by mixing the following ingredients. 

Reagent Concentration Volume/STD (µl) 

Mastermix (Applied 
Biosystems) 

33% of the final 
volume of reaction 

8.33 

Forward Primer  100.0 nM 0.125 
Reverse Primer   100.0 nM 0.125 
Probe 50.0 nM 0.125 
PCR H2O  14.295 

 

2.16 Collagenase Activity Assay 

Collagenase activity was measured using EnzChek Collagenase assay 

(Molecular Probes, Burlington, ON) The reaction buffer (10X), used in the 

collagenase activity assay (EnzCheck collagenase assay), was made as follows: 

0.5 M Tris-HCl (pH 7.6); 1.5 M NaCl; 50 mM CaCl2; and 2 mM sodium azide. 

The reaction buffer (1X) was prepared by diluting 2 mL of the 10X reaction 

buffer in 18 mL ddH2O. 

DQ fluorescent-tagged collagen type I (Molecular Probes D-12054, 

Burlington, ON) was dissolved in water (1 mg/mL). In a black 96-well plate, 20 

µL of the collagen solution and 80 µL of 1X reaction buffer were added to each 

well. Protein homogenates from experimental samples (100 µg) were then added 

to the wells in duplicates. The samples were incubated with the collagen mixture 

at room temperature, protected from light for two hours. Fluorescence intensity 

was measured with a microplate reader fluorometer equipped with standard 

fluorescein filters for excitation at 485 ± 12 nm and emission detection at 530 ± 
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12 nm. All values were corrected for background fluorescence. An increase in 

fluorescence is proportional to proteolytic activity of the samples. The collagenase 

activity was reported as relative change compared to the control group. 

2.17 Statistical Analysis 

The averaged data are reported as mean ± SEM. Comparisons between 

two groups were performed using an unpaired Student's t-test. Comparisons 

among multiple groups or between two groups at multiple timepoints were 

performed by either one-way or two-way ANOVA, as appropriate, followed by 

the Newman-Keuls correction for multiple comparisons using the GraphPad 

Prism software program. P value of ≤ 0.05 was considered significant. Prism 

software was used for statistical analysis (GraphPad Software, Inc., La Jolla, CA). 
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Chapter 3. Results 

 

3.1 TNF-/- Mice Exhibit Less Ventricular Hypertrophy, Oxidative 
Stress and MMP Activation Compared to WT Mice Following 
Pressure Overload  

This study examined how TNF-deficiency affects pressure overload-

induced cardiac failure in vivo. WT and TNF-/- mice were subjected to transverse 

aortic constriction (TAC), and cardiac function was assessed by trans-thoracic 

echocardiography. Animals were sacrificed at 2-weeks and 10-weeks post-

surgery. At 10-weeks post-TAC, TNF-/- mice exhibited attenuated cardiac 

hypertrophy (as shown by the heart weight-to-tibial length ratio, LVW/TL), less 

LV dilation (as shown by the left ventricular end diastolic diameter, LVEDD), 

and preserved cardiac function (as shown by the fractional shortening, FS), in 

comparison to WT mice (Table 3.1 and Figure 3.1). 
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Table 3.1: Echocardiographic and hemodynamic parameters at 10-
weeks post-TAC. 

 WT – Sham WT-TAC TNF-/- - Sham TNF-/- - TAC 
n 6 8 6 8 
HR (bpm) 548.0±7.0 564.0±11.0 561±8.0 551.0±9.0 
LVEDD (mm) 3.99±0.07 5.63±0.11*,# 3.97±0.05 4.42±0.13.0* 
LVESD (mm) 1.89±0.03 4.54±0.09*,# 1.88±0.04 2.62±0.28* 
FS (%) 52.8±1.5 18.9±2.50*,# 53.6±1.2 40.2±3.7* 
PAVc (cm/s) 109.8±1.8 76.2±2.70* 115.4±1.5 91.1±2.8* 
E-wave (cm/s)  87.1±2.1 74.4±3.10*,# 87.7±1.3 83.1±2.0 
+dP/dtmax 
(mmHg/sec) 

11371.0±316.0 5721.0±312.0*,# 10982.0±302.0 8827.0±439.0 

-dP/dtmax 
(mmHg/sec) 

11037.0±292.0 5478.0±307.0*,# 10781.0±319.0 8618.0±625.0 

LVEDP 
(mmHg) 

3.33±0.43 15.1±1.44*,# 2.92±0.35.0 7.62±1.97* 

HR=heart rate; LVAWT=LV anterior wall thickness; LVEDD, LVESD=LV end diastolic 
and systolic dimension, respectively; FS=fractional shortening=(LVEDD-
LVESD)/LVEDD x 100%; PAVC=peak aortic velocity corrected for HR; E-wave=early-
filling transmitral diastolic wave; HW/TL=heart weight/tibial length ratio; +dP/dtmax, -
dP/dtmax=maximum and minimum first derivative of the LV pressure, respectively. 
LVEDP=LV end diastolic pressure; values are mean±SEM; *P<0.05 compared to the 
corresponding sham group; # P<0.05 compared to all other groups. Echocardiography 
was done by Donna Beker. 
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Figure 3.1: Adult TNF-/- mice subjected to cardiac pressure overload (TAC) 
exhibited attenuated cardiomyopathy compared to parallel WT mice. 

(A) Representative heart images (i) and heart weight-to-tibial length ratio (HW/TL) (ii). 
(B) Echocardiographic parameters, Fractional shortening (FS) (i), and left ventricular 
end-diastolic diameter (LVEDD) (ii) in WT and TNF-deficient (TNF-/-) mice, at 10-
weeks following sham (Sh) or transverse aortic constriction (TAC) (n=6/sham and 
n=8/TAC). Statistical analysis was obtained using two-way ANOVA. *P < 0.05 
compared to the corresponding sham, #P < 0.05 compared to the parallel WT-TAC. The 
TAC surgery was performed by Sandra Kelly and echocardiographic analysis was done 
by Donna Beker. 
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This study investigated whether the attenuated cardiac remodeling and 

dysfunction was linked to MMP activation and/or ROS production. Following 

surgery, MMP-2 and MMP-9 exhibited a different pattern of upregulation (Figure 

3.3). At 2-weeks post-TAC, MMP-2 activity (as detected by gelatin zymography 

at 72 and 64 kDa) was significantly upregulated in WT-TAC myocardium, and to 

a less extent in TNF-/- TAC hearts (Figure 3.3i). Nevertheless, MMP-9 activity 

was detected at 10-weeks post-TAC at a greater magnitude in WT mice than 

MMP-9 activity in TNF KO mice at 10-weeks post-surgery (Figure 3.3ii). Total 

collagenase activity was markedly enhanced in WT but not in TNF-/- myocardium 

at 2- and 10-weeks post-TAC (Figure 3.4). Concomitant with the increased MMP 

proteolytic activity, superoxide production was significantly elevated in WT but 

not in TNF-/- myocardium, at 2-weeks post-TAC (Figure 3.2A). At 10-weeks post-

TAC, NADPH-dependent superoxide production subsided as the myocardial 

hypertrophy progressed to a dilated cardiomyopathy, but remained significantly 

elevated compared to the sham-operated mice at 10-weeks post-TAC (Figure 

3.2B). 
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Figure 3.2: Cardiac pressure overload triggered a stronger NADPH-dependent 
superoxide production in WT than in TNF-/- myocardium post-TAC. 

(A) Superoxide production was detected in heart tissue homogenate at 2-weeks post-
surgery by lucigenin chemiluminescence (i) and signals were abolished with 
diphenyleneiodonium sulfate (ii). (B) Lucigenin chemiluminescence showed superoxide 
production in heart tissue at 10-weeks post-surgery (i). Luminescence signals were 
completely ablated with DPI (ii). (n=5/group). Statistical analysis was obtained by two-
way ANOVA *P < 0.05 compared to the corresponding sham, #P < 0.05 compared to the 
parallel WT-TAC. RLU/S=relative light unit/second/mg heart tissue homogenate. Graphs 
were plotted using GraphPad Prism. Statistical analysis was done by two-way ANOVA. 
Experiments were performed by Ahmed Awad.  

http://ajpgi.physiology.org/cgi/content/full/280/5/G1005
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Figure 3.3: Alterations in MMP2 and MMP9 levels at 2-weeks and 10-weeks post-
sham or post-TAC in WT and TNF-/- mice. 

(i) Pro- and active MMP-2, but not MMP-9, at 72 and 64 kDa were upregulated in WT 
mice at 2-weeks post-TAC compared to TNF-/--TAC mice (n=3/sham group and 
n=4/TAC group). (ii) At 10-weeks post-TAC, MMP-9 activity was elevated in WT-TAC 
mice in comparison to TNF-/--TAC mice (n=4/group). *P < 0.05 compared to the 
corresponding sham, #P < 0.05 compared to the parallel WT-TAC A.U. = Arbitrary Unit. 
MMP-2 and MMP-9 band intensities were analyzed using Image J software (NIH, USA). 
Statistical analyses were obtained by two-way ANOVA. Experiments were performed by 
Ahmed Awad. 
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Figure 3.4: Collagenase activity at 2-weeks and 10 weeks post-sham or post-TAC in 
WT and TNF-/- mice.  

Total collagenase activity was enhanced in WT but not in TNF-/- myocardium at 2- and 
10-weeks post-TAC (n=5/group). *P < 0.05 compared to the corresponding sham, 
#P < 0.05 compared to the parallel WT-TAC. R.F.U= Relative Fluorescent Unit. 
Statistical analysis was obtained by two-way ANOVA. Experiments were performed by 
Ahmed Awad and Wanling Pan. 
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3.2 TNF Triggers the Production of Superoxide and Peroxynitrite in 
Cardiomyocytes and Cardiofibroblasts with the Latter Cell Type 
showing a Slower and Less Severe Response 

In vivo findings suggested that TNF-deficiency is associated with less 

superoxide production and MMP activities in response to pressure overload. To 

examine whether or not TNF plays a causal role in triggering superoxide and/or 

proteolytic activities in the myocardium, an in vitro culture system of 

cardiomyocytes and cardiofibroblasts isolated from neonatal WT mice was used. 

The differential contribution of cardiomyocytes and cardiofibroblasts to this 

process was also examined. The purity of the cultured cells was examined with 

immunofluorescent staining (α-sarcomertic actin for cardiomyocytes and vimentin 

for cardiofibroblasts (Figure 3.5A). Relative expressions of different markers for 

cardiac cell:  α-sarcomeric actin (marker of cardiomyocytes),249 vimentin (a 

marker for cardiofibroblasts),250 CD31 (a marker of endothelial cells),251 and 

calponin-1 (a marker for smooth muscle cells)252 were compared to confirm the 

purity of the cultured cells (Figure 3.5B). 

Treatment of cultured cardiomyocytes and cardiofibroblasts with rTNF 

(20 ng/mL) revealed a temporally and quantitatively different pattern of 

superoxide production in the two cell types (as measured by DHE fluorescence) 

(Figure 3.7). LDH assay was used to confirm absence of necrosis in cultured cells 

upon treatment with rTNF alone or when combined with apocynin (Figure 3.6). 

DAPI nuclear staining was used to control for number of cultured cardiomyocytes 

and cardiofibroblasts. TNF treatment triggered the production of superoxide in 
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cardiomyocytes within 1 hour, which rose 3-fold by 24 hours of rTNF treatment 

(Figure 3.7A). In cardiofibroblasts; however, superoxide production occurred only 

after 24 hours of rTNF treatment (Figure 3.7B). In addition, rTNF triggered an 

increase in NADPH oxidase activity, measured by lucigenin assay, which 

mirrored the pattern of increase in superoxide production with an accelerated and 

greater increase in cardiomyocytes compared to cardiofibroblasts. Furthermore, 

the TNF-induced NADPH oxidase activity was completely blocked by 100 µM 

apocynin in both cell types (Figure 3.8). 
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Figure 3.5: Immunofluorescent staining and relative expression of markers for 
different cardiac cell types to ensure the purity of the cultured cells. 

 (A) Representative immunofluorescent images for isolated cardiomyocytes (i) and 
cardiofibroblasts (ii) stained for specific markers. Cardiomyocytes were stained for α-
sarcomeric actin (Fetci-labeled) (i), whereas vimentin (Cy3-labeled) was used as a marker 
for cardiofibroblasts (ii).  (B) mRNA expression of markers: α-sarcomeric actin 
(cardiomyocytes), vimentin (cardiofibroblasts), CD31 (endothelial cells), and calponin-1 
(smooth muscle cells) for different cardiac cells in isolated cardiomyocytes (i) and 
cardiofibroblasts (ii). (n=4-5/group). *P< 0.05 compared to all groups. R.E. = Relative 
expression. Experiments were done by Ahmed Awad and Xiuhua Wang. 
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Figure 3.6: LDH assay test performed on media of cultured cells shows that the dose 
of rTNF used to treat the cells did not induce apoptosis. 

LDH release was examined to investigate potential cell damage upon rTNF-treatment or 
rTNF+apocynin treatment in cardiomyocytes (A) and cardiofibroblasts (B). LDH release 
was measured in arbitrary units at 450 nm wavelength. Results are means±S.E.M. (n=5). 
When statistical analysis (using two-way ANOVA) was carried out on the levels of LDH 
release, no significant difference (P>0.05) was seen between any of the samples. 
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Figure 3.7: Dihydroethedium (DHE) fluorescent staining showing that TNF 
triggered an accelerated and stronger superoxide production in cardiomyocytes compared 
to cardiofibroblasts. 

Superoxide levels were measured by dihydroethidium (DHE) staining of cardiomyocytes 
(A-i) and cardiofibroblasts (B-i). DAPI staining was used to control for the number of 
cells/field for cardiomyocytes (A-ii) and cardiofibroblasts (B-ii). Averaged quantified 
signal intensity and number of cells/field (n=12 fields/group) are shown as bar graphs, 
PBS (white) and rTNF for 1 hour or 24 hours (black). Reported values (mean ± SEM) 
were normalized to the control within each group. *P < 0.05 compared to control, # 
P< 0.05 compared to 1 hour treatment. Ctrl = control, rTNF = recombinant TNF. 
MFI=Mean Fluorescent Intensity. Statistical analyses were done using one-way ANOVA 
followed by Newman-Keuls test. Experiment was performed by Ahmed Awad. 
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Figure 3.8: TNF treatment triggered a faster and stronger NADPH oxidase activity in 
wild-type cultured neonatal mouse cardiomyocytes than in cardiofibroblasts. 

(A) rTNF initiated NADPH-dependant superoxide production in cardiomyocytes cell 
types at 1 and 24 hours post-treatment. Chemiluminescent signals were abolished upon 
using apocynin (an NADPH oxidase inhibitor). (B) In cardiofibroblasts, rTNF mediated 
NADPH-dependant superoxide production only after 24 hours of treatment. Averaged 
data are shown as bar graphs, PBS (white), rTNF for 1 hour or 24 hours (black), and 
rTNF+Apocyin (hatched). (n=5-7/group). Reported values were normalized to the control 
within each group, and are reported as mean ± SEM. *P < 0.05 compared to control, # 
P< 0.05 compared to 1 hour treatment. Ctrl = control, rTNF = recombinant TNF, and 
+APO = rTNF+ apocynin. Statistical analyses were done using one-way ANOVA 
followed by Newman-Keuls test. Experiments were performed by Ahmed Awad. 
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TNF treatment also triggered a marked and significant expression of nitric 

oxide synthase (iNOS) mRNA in cardiomyocytes and cardiofibroblasts after 24 

hours (Figure 3.9A). Concomitantly, a rise in nitrite anion was detected in 

conditioned media of both cardiac cell types, as measured by the Griess reaction 

assay (Figure 3.9B). This was associated with a rapid and significant increase in 

nitrotyrosine staining intensity, a marker of peroxynitrite production, after 1 hour 

and 24 hours in cardiomyocytes, but only after 24 hours of rTNF treatment in 

cardiofibroblasts (Figure 3.9C). DAPI nuclear staining was used to ensure a 

relative number of cells per culture. 

 



72 

 

Figure 3.9: TNF-treatment results in nitrotyrosine formation (an indicator of 
peroxynitrite formation) in wild-type mouse cardiomyocytes and 
cardiofibroblasts. 

(A) mRNA expression of iNOS in cardiomyocytes and cardiofibroblasts after 24 hours of 
rTNF-treatment. (B) Nitrate/nitrite levels in conditioned media of cardiomyocytes and 
cardiofibroblasts were measured by the Greiss reaction assay in control and in TNF-
treated cardiomyocytes and cardiofibroblasts. (C) Representative images of nitrotyrosine-
stained cardiomyocytes (i) and cardiofibroblasts (ii) after 1 hour or 24 hours of treatment 
with rTNF. Quantification of the signal intensity (n=12 fields/group) is presented as bar 
graphs normalized to the control group. *P< 0.05 compared to control. #P<0.05 
compared to 1 hour treatment. Ctrl = control, rTNF = recombinant TNF. R.E. = rRelative 
expression, M.F.I. = mean fluorescent intensity. Experiments were performed by Ahmed 
Awad. 
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3.3 TNF Induces MMP Expression and Activation Primarily via 
Superoxide Production 

Since cardiomyocytes were found to contribute to TNF-mediated 

oxidative stress more than were cardiofibroblasts, we investigated whether or not 

TNF mediates MMP induction and activation through ROS production. We first 

examined whether or not TNF can induce expression and/or activation of MMPs. 

Expression analyses of gelatinases, MMP-2, and MMP-9 mRNA levels, showed a 

different pattern of induction by TNF. Gelatin zymography showed a significant 

increase in MMP-9 levels after 24 hours of TNF stimulation in both cell types, 

and to a greater degree in the conditioned media rather than in the cell 

homogenate (Figure 3.12). MMP-2 levels; however, were not affected by TNF 

stimulation in either cell type. Examining the mRNA expression profile of MMP-

9, in response to TNF, revealed a significant increase (40-fold) at 24 hour in 

cardiomyocytes, compared to a 10-fold increase in cardiofibroblasts (Figure 3.10). 

Hence, TNF is a strong inducer of MMP-9 but not of MMP-2 in cardiomyocytes 

and cardiofibroblasts in vitro. We further found that blockade of superoxide by 

apocynin, an NADPH oxidase inhibitor, significantly suppressed the TNF-

induced increase in MMP-9 mRNA and protein levels in cardiomyocytes, and 

protein levels in cardiofibroblasts (Figures 3.10 and 3.12). Interestingly, NADPH 

oxidase inhibitor exerted no inhibition on MMP-9 mRNA levels in 

cardiofibroblasts, indicating a differential mechanism of rTNF-mediated MMP-9 

mRNA expression in cardiomyocytes vs. cardiofibroblasts.  
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Next, we examined the influence of rTNF on collagenases such as MMP-

8, MMP-13, and MMP-14/MT1-MMP and elastase MMP-12 (Figure 3.10), which 

influence the remodeling of the myocardial extracellular matrix and further 

contribute to the progression of cardiomyopathy. In cardiomyocytes, rTNF 

treatment significantly induced expression of MMP-8 (3-fold), MMP-12 (3-fold), 

and MMP-13 (3-fold), which were suppressed by apocynin treatment (Figure 

3.10A). TNF did not induce mRNA levels of MMP-14/MT1-MMP (Figure 3.10 

A-ii). In cardiofibroblasts, rTNF caused a significant increase in expression of 

MMP-8 (8-fold), MMP-13 (2.5-fold), and MMP-14 (2-fold) (Figure 3.10 B-ii), 

which were reduced upon superoxide inhibition. The increase in MMP-14; 

however, was only partially suppressed (by 45%) with apocynin. rTNF did not 

increase mRNA levels of MMP-12 in the cardiofibroblasts (Figure 3.10 B-iii).  

We investigated the effect of rTNF on TIMPs. TNF significantly inhibit 

TIMP-3 expression (mRNA) in both cardiomyocytes and cardiofibroblasts. rTNF 

treatment did not affect mRNA levels of TIMP-2 and TIMP-4. Interestingly, 

TIMP-1 mRNA levels were found to be highly induced upon rTNF-treatment. 

We further demonstrated that these TNF-mediated changes in MMP 

expression levels are well reflected in the MMP activities of the culture systems. 

Total collagenase activity increased significantly in the conditioned media from 

cardiomyocyte and cardiofibroblast cultures following rTNF-treatment (Figure 

3.13), and was suppressed by apocynin treatment with a pattern that was similar to 

the TNF-dependent expression profile of MMPs  
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Figure 3.10: TNF can induce expression and activation of a number of gelatinases, 
collagenases, and metalloelastase differently according to cardiac cell types. 

mRNA expression of MMP-2 and MMP-9 (i), MMP-8, MMP-13 and MMP-14 (ii), 
MMP-12 (iii) in cardiomyocytes (A) and cardiofibroblasts (B). rTNF induced MMP-9 
and MMP-12 more in cardiomyocytes, and MMP-8, MMP-13 and MMP-14 more in 
cardiofibroblasts. These inductions were concomitant with superoxide production and 
were inhibited with apocynin (an NADPH oxidase inhibitor). *P< 0.05 compared to 
control, #P < 0.05 compared to rTNF group. R.E.= Relative expression. Ctrl = control, 
rTNF = recombinant TNF, and +APO = rTNF+ apocynin. Statistical analyses were done 
using one-way ANOVA followed by Newman-Keuls test. The cells were cultured and 
treated by Ahmed Awad. TaqMan RT-PCR was done by Xiuhua Wang. 
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Figure 3.11: TIMP profile: mRNA expression of TIMP-1, TIMP-2, TIMP-3, and 
TIMP-4 in cardiomyocytes (A) and cardiofibroblasts (B).  

TNF significantly inhibited TIMP-3 expression (mRNA) in both cardiomyocytes and 
cardiofibroblasts. rTNF treatment did not affect mRNA levels of TIMP-2 and TIMP-4. 
Interestingly, TIMP-1 mRNA levels were found to be highly induced upon rTNF-
treatment. *P< 0.05 compared to control. R.E.= Relative expression. Ctrl = control, and 
rTNF = recombinant TNF. Statistical analyses were done using student’s t-test. The cells 
were cultured and treated by Ahmed Awad. TaqMan RT-PCR was done by Xiuhua 
Wang. 
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Figure 3.12: In cultured cardiomyocytes and cardiofibroblasts, rTNF induces the 
activity of MMP-9, but not MMP-2, in a superoxide-dependent fashion.  

Gelatin zymography on cell homogenate and conditioned media from wild-type 
cardiomyocyte (A) and cardiofibroblast (B) control, rTNF- or rTNF+apocynin-treated 
groups after 1 hour (i) or 24 hours (ii) of treatment. Averaged band intensity for MMP-2 
and MMP-9 are presented as bar graphs, control (white), rTNF (black), rTNF+apocynin 
(horizontal hatch). (n=4/group). *P< 0.05 compared to all other groups. #P< 0.05 
compared to rTNF-treated group. Ctrl = control, rTNF = recombinant TNF, APO = 
apocynin, MW = molecular weight. R.E. = Relative expression. Statistical analysis was 
performed by one-way ANOVA followed by Student-Newman-Keuls test. The 
experiments were done by Ahmed Awad 
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Figure 3.13: rTNF stimulates collagenase activity in the conditioned media but not in 
the cell homogenate of cultured cardiomyocytes and cardiofibroblasts. 

Collagenase activity of cell homogenate and conditioned media from wild-type 
cardiomyocyte (A) and cardiofibroblast (B), control, rTNF- or rTNF+apocynin-treated 
groups after 24 hours (n=3/group; 5 wells were pooled together to get one sample). rTNF 
treatment induced a greater increase in collagenase activity in the conditioned media of 
cardiomyocytes compared to cardiofibroblasts after 24 hours of treatment. *P< 0.05 
compared to all other groups. #P< 0.05 compared to rTNF-treated group. Ctrl = control, 
rTNF = recombinant TNF, APO = apocynin. R.F.U. = Relative fluorescent unit. 
Statistical analyses were performed using one-way ANOVA. The cells were cultured, 
treated and harvested by Ahmed Awad. Collagenase activity was done by Xiuhua Wang. 
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Chapter 4. Discussion 

 

4.1 Summary of Findings  

This study led to five main findings:  

(1) TNF-/- mice exhibit attenuated cardiomyopathy with significantly less 

cardiac hypertrophy and left ventricular dilation following transverse aortic-

constriction (TAC), compared to that of WT mice. This improvement in cardiac 

structure and function in TNF-/- mice was associated with reduced superoxide 

production and collagenase activity, less MMP-2 activation, at an early time, and 

reduced MMP-9 activation at later stages of the disease. 

 (2) In vitro, TNF stimulation triggered an accelerated and stronger 

NADPH-dependant superoxide production in cultured neonatal mouse 

cardiomyocytes, compared to that of cardiofibroblasts. Cardiomyocytes showed a 

significant increase in superoxide production in a time-dependant fashion, while 

in cardiofibroblasts, superoxide production occurred only after 24 hours post-

rTNF treatment. 

 (3) TNF induced induction and activation of MMPs differently in 

cardiomyocytes compared to cardiofibroblasts. rTNF-treatment induced a 

significantly greater mRNA expression of MMP-9 and MMP-12 in 

cardiomyocytes, compared to that of cardiofibroblasts; whereas the expression of 
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MMP-8, MMP-13 and MMP-14/MT1-MMP were higher in cardiofibroblasts, 

compared to cardiomyocytes. Nevertheless, MMP-2 mRNA levels were not 

affected by TNF stimulation in either cell type. 

 (4) Total collagenase activity after 24 hours of TNF stimulation was 

greater in the conditioned media of cultured cardiomyocytes compared to 

cardiofibroblasts.  

 (5) TNF-induced MMP expression and activation occurred via NADPH-

dependant superoxide production in both cardiac cell types. 

4.2 In Vivo Model of Left Ventricular Pressure Overload 

Aortic constriction is a commonly used experimental model of cardiac 

pressure overload to study the effects of mechanical stress on the LV and to 

evaluate the cellular and molecular mechanisms underlying LV hypertrophy and 

heart failure in response to hemodynamic stress. LV pressure overload can be 

created in animal models by constricting the ascending,253 transverse,254 

descending255 or abdominal aorta.256 Constriction of the ascending aorta is more 

likely to cause an excessive and abrupt overload on the LV in mice, which may 

lead to ventricular arrhythmias, while constriction of the abdominal aorta, a 

significant part of the circulation system serving as a reactive vascular bed, may 

delay the myocardial response to the increased pressure overload. Transverse 

aortic constriction (TAC) generates a gradual and progressive LV hypertrophy in 

mice, hence, is often the most suitable technique for inducing experimental 
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pressure overload.257 Therefore, we used the TAC model in WT and TNF-/- mice 

to determine the role of TNF in pressure overload cardiomyopathy and to 

characterize the secondary effectors that mediate the TNF effects. At 4 weeks 

post-TAC, animals develop concentric hypertrophy characterized by an increase 

in LV posterior wall thickness with a small change in LV internal dimension and 

no change in LV function,258 while heart failure occurs at 12-weeks post-

surgery.259 We chose two different time points of 2-weeks and 10-weeks post-

surgery to study the early molecular alterations and the transition from dilated 

cardiomyopathy to heart failure. 

4.3 The Improved Cardiomyopathy in TNF-/- Mice following 
Pressure Overload is Associated with Reduced Superoxide 
Production and MMP Activities 

The objective of this study was to assess the role of TNF in progression of 

LV pressure overload cardiomyopathy and to determine the downstream effectors 

of TNF in cardiac disease. We found that at 10-weeks post-TAC, TNF-/- mice 

exhibited attenuated cardiomyopathy with significantly less cardiac hypertrophy 

and LV dilation as well as relative preservation of systolic function, compared to 

WT mice. It has been reported that TNF mRNA and TNF protein levels are 

rapidly elevated in the hearts of animal models subjected to pressure overload and 

mechanical stress.59, 113 Serum TNF levels were found to be significantly elevated 

in patients with aortic stenoses compared to control subjects.58 Overexpression of 

TNF in the heart has been reported to lead to cardiac hypertrophy, progressive LV 

remodeling114 and LV dysfunction in transgenic mice,116 while its deficiency 
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results in improved cardiac function and survival in experimental models of heart 

disease.48, 260 In vitro studies have shown that TNF leads to disparate effects, 

including augmentation of myocyte contractility and myocyte hypertrophy,173 

depression of myocyte contractility,172 myocyte apoptosis,57 or myocyte 

hypertrophy.115 These findings indicate that TNF plays a complex role in a variety 

of cardiac diseases. In this study, a reduction in superoxide production and 

proteolytic activities was seen in TNF-deficient myocardium, compared to that in 

the wild-type heart, in response to pressure overload. These findings could explain 

the attenuated cardiac remodeling and dysfunction in TNF-/- mice compared to 

wild-type mice. 

This study also investigated the early molecular events that may lead to 

the functional improvement in TNF-deficient mice. Adverse cardiac remodeling 

during disease is associated with aberrant remodeling of the extracellular matrix 

through elevated and uncontrolled activity of MMPs.59, 148, 261, 262 In this study, at 

2-weeks post-TAC, MMP-2 (72 and 64 kDa) was significantly upregulated in WT 

myocardium, while MMP-9 (92 kDa) rose by 10-weeks post-TAC. In the TNF-/--

TAC myocardium; however, MMP-2 levels, as detected by gelatin zymography, 

did not increase, while the increase in MMP-9 at 10-weeks was smaller than that 

seen in the WT-TAC myocardium. Furthermore, total collagenase activity, was 

enhanced in WT but not in the TNF-/- myocardium at 2- and 10-weeks post-TAC. 

This data suggests the possibility that TNF activates cardiac gelatinases and 

collagenases to mediate the ECM remodeling and deterioration in cardiac 
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function, in response to pressure overload. These findings are in agreement with 

an earlier study demonstrating that cardiac MMP-9 levels were upregulated to a 

greater extent in WT, compared to TNF-/- mice, in response to pressure overload.48 

Increased MMP-2 and MMP-9 levels have been reported in mice overexpression 

of TNF that developed left ventricular hypertrophy and dilation,263 and in the 

pharmacological inhibition of MMPs that prevented ventricular remodeling and 

dysfunction in these mice.264 Thus, TNF may be upregulating cardiac MMP 

activity. 

NADPH-dependent superoxide production was significantly elevated in 

WT-TAC, but not in TNF-/--TAC myocardium, at 2-weeks post-TAC. The 

production of NADPH-dependant superoxide in the myocardium gradually 

subsided over time, as the myocardial hypertrophy progressed to a dilated 

cardiomyopathy, but the production was still significantly elevated compared to 

the sham-operated group at 10-weeks post-TAC. The superoxide production was 

strongly inhibited by diphenylene iodonium, a NADPH oxidase inhibitor,265, 266 

suggesting that the produced superoxide, in response to cardiac pressure overload, 

is mediated by NADPH oxidase.265 Oxidative stress has been reported in the 

myocardium of patients with chronic systolic LV failure,203 as well as in the 

myocardium of animal models of myocardial infarction267, 268 and in pressure 

overload-induced heart failure.199, 269,270 In addition, administration of Vitamin E, 

an antioxidant, prevented the transition from compensated hypertrophy to heart 

failure in pressure overload cardiomyopathy.271 These findings indicate the 
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participation of oxidative stress in cardiac remodeling, but do not identify the link 

between TNF and oxidative stress in the myocardium. This link has been 

identified in endothelial cells where TNF mediates endothelial dysfunction272-274 

through the generation of oxidative stress.274-277 In any case, little is known about 

the direct role of TNF in generating oxidative stress in the myocardium. Our in 

vivo study demonstrates that TNF-deficiency in the myocardium plays a role in 

minimizing the superoxide production in the hearts in response to LV pressure 

overload. 

Given the biological complexity of the factors contributing to pressure 

overload-induced cardiac remodeling, it would be misleading to propose a single 

molecule as being responsible for cardiac decompensation. Nevertheless, the in 

vivo findings provide evidence that TNF triggers a cascade of events, including 

NADPH-dependent superoxide production and MMP activation that contribute to 

adverse cardiac remodeling and dysfunction in heart disease. Due to the systemic 

complications associated with in vivo studies; however, it is difficult to decipher a 

direct connection between cardiac TNF, ROS, and MMPs in disease. To 

determine the direct effects of TNF on NADPH-superoxide production and 

proteolytic activation, leading to the progression of cardiomyopathy, we used 

more controlled experimental settings, with an in vitro system of cultured 

neonatal cardiomyocytes and cardiofibroblasts. 
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4.4 TNF Triggers an Accelerated and Stronger Production of 
NADPH-Dependent Superoxide in Cardiomyocytes compared to 
Cardiofibroblasts 

As previously discussed, the finding from our in vivo study indicates that 

TNF is involved in the production of NADPH-dependant superoxide following 

pressure overload. The question that we asked was which cardiac cell type 

contributes more to cardiac remodeling in response to stress such as LV pressure 

overload. We examined the effects of TNF on cardiomyocytes and 

cardiofibroblasts, since cardiomyocytes are the contractile unit in the heart278 and 

their coordinated contractions cause the blood to move through the heart.279 In 

addition, cardiomyocytes serve as a major source of cardiac TNF in response to 

stimuli such as lipopolysaccharides.280 Production of TNF by cardiomyocytes in 

vivo is sufficient to cause severe cardiac disease in mice overexpressing TNF.114 

On the other hand, cardiofibroblasts play an essential role in the process of 

fibrotic myocardial remodeling in the injured and failing heart.281, 282 

Cardiofibroblasts produce most of the fibrillar collagen in the heart.283,284 TNF 

was found to be elevated in the myocardium within the infarcted myocardium , 

and it was found to be localized to the cardiac fibroblasts.285, 286 Cardiofibroblasts 

have been shown to proliferate in response to hypertrophic stimuli such as 

phenylepinephrine.287 Cultured cardiomyocytes and cardiofibroblasts provide a 

useful system for examining the direct effects of different factors, such as 

cytokines, on each cardiac cell type. 
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In this study, we used a sub-apoptotic dose of rTNF to stimulate cultured 

neonatal cardiomyocytes and cardiofibroblasts. Absence of apoptosis was 

confirmed with the lactate dehydrogenase assay and with DAPI (Hoechst) nuclear 

staining. Cardiomyocytes showed a 1.8-fold increase in O2
•- production within 1 

hour, which rose to 3-fold by 24 hours of rTNF treatment. In cardiofibroblasts, in 

contrast, O2
•- production occurred only after 24 hours and only by 1.7-fold, 

according to the lucigenin chemiluminescence. The delayed TNF-mediated 

NADPH oxidase activity and subsequent O2
•- production in cardiofibroblasts 

could be explained by the fact that the cellular mechanisms leading to the 

activation of NADPH oxidase and production of O2
•- require translocation of 

cytosolic subunits of NADPH to the membrane and their assembly, as well as the 

phosphorylation of another subunit, P47. Disruption of any of these processes 

would inhibit the production of NADPH-dependent O2
•-. 

Our data identifies the participation of each cell type in cardiomyopathies 

associated with increased cardiac TNF levels. In cardiomyopathy, TNF triggers 

O2
•- production beyond the cells capacity to neutralize the harmful effect of 

oxidative stress. Disturbing the balance between oxidants and antioxidants 

towards increased oxidative stress subsequently triggers a number of 

cardiomyopathic processes, as observed in ischemia-reperfusion injury, 

myocardial infarction, and heart failure.288 In this study, the TNF-triggered 

NADPH oxidase activity and O2
•- production in cardiomyocytes and 

cardiofibroblasts is amplified in both cell types, though at different rates and 
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magnitudes, and in a time-dependent fashion. Cardiomyocytes show stronger and 

faster production of NADPH-dependant O2
•-  in response to the increase of TNF, 

compared to the production in cardiofibroblasts. Much of the toxicity from O2
•- is 

mediated by the formation of even more reactive species such as the extremely 

reactive peroxynitrite. O2
•- can react with nitric oxide to produce the highly 

reactive peroxynitrite, which has been implicated in damage within the 

mitochondria.289 At low levels of peroxynitrite, the S-glutathiolation of the 

cysteine residue of the cysteine switch in the propeptide exposes the catalytic zinc 

atom and frees the catalytic site thereby activating MMPs.290, 291 

4.5 TNF Mediates MMP Induction and Activation in an NADPH 
Oxidase-Dependent Manner 

In cultured cardiomyocytes, TNF triggered a rapid and significant increase 

in MMP-9 mRNA expression, which was followed by a delayed increase in 

protein levels. This lag is not surprising since most MMPs have been shown to 

respond to stimuli at the transcriptional level with delayed kinetics, over a time-

frame of several hours.292 The increase in MMP-9 levels was significantly 

blocked by apocynin in cardiomyocytes, but not blocked in cardiofibroblasts, 

suggesting an involvement of different molecular mechanisms in these two cell 

types. Among the collagenases, TNF triggered a significant increase in expression 

of MMP-8, MMP-12, MMP-13, and to a lesser degree, MMP-14, with a 

significant rise in total collagenase activity in the conditioned media of both cell 

types, which was blocked by apocynin (a NADPH oxidase inhibitor). 
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Consistently, ROS and inflammatory cytokines have been reported to regulate 

matrix metalloproteinase activity in cardiomyocytes and cardiofibroblasts.293 

Hydrogen peroxide and xanthine/xanthine oxidase have been shown to cause 

direct activation of latent MMPs in conditioned media from cardiac fibroblasts in 

vitro.294,295 Based on their promoter structures, MMPs have been classified into 

three groups: 1) those containing TATA boxes with proximal AP-1 (activator 

protein-1) (e.g., MMP-9, MMP-12, and MMP-13), which are often induced by 

TNF or interleukin-1;296 2) those containing TATA boxes, but no promoter 

proximal AP-1 site (e.g., MMP-8); and 3) those with no TATA box or proximal 

AP-1 (e.g., MMP-2, MMP-14).297 Hence, the promoter structure of each MMP 

could be a critical determinant for its induction by different stimuli. MMP-2 and 

MMP-14, which showed minimal responses to TNF, fall into the last category 

with a similar promoter structure. A number of signaling pathways are activated 

during cardiac hypertrophy and heart failure,298-300 which can target the MMP-2 

promoter.301-305 TNF significantly induced TIMP-1 in both cardiac cell-types. 

TIMP-3 expression was significantly downregulated in cardiomyocytes and 

cardiofibroblasts following rTNF treatment, while no difference was seen in 

mRNA levels for TIMP-2 or TIMP-4. The lack of effect of TNF on TIMP-2 

mRNA expression in both cardiac cell types could explain the lack of change in 

MMP-2 activity in cardiomyocytes and cardiofibroblasts, examined by gelain 

zymography. Activation of MMP-2 is unique among the MMPs, where the 

binding of TIMP-2 to MMP-2 is required for MMP-2 activation by membrane-

type MMPs.151 rTNF treatment did not increase MMP-2 protein levels in vitro, 
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whereas, in vivo, TNF-deficiency suppressed MMP-2 elevation following 

pressure overload. The lack of MMP-2 activation in the TNF-/--TAC hearts in vivo 

is likely secondary to the less progressive cardiac dilation and failure in TNF-

deficient mice.  

In patients with aortic stenosis, TIMP-1 levels were significantly elevated 

in the LV myocardium, directly correlating with the degree of fibrosis.306 TIMP-1 

has also been shown to be significantly elevated in the myocardium of patients 

with progressive heart failure307 and in idiopathic dilated cardiomyopathy.308 

Elevated plasma TIMP-1 levels have been correlated with myocardial 

hypertrophy,309 fibrosis, and diastolic dysfunction in hypertensive.310 TIMP-1 has 

also been proposed to promote fibrosis by inducing collagen synthesis.310, 311 

TIMP-3 is an effective inhibitor of a number of ADAMs and is the only 

physiological inhibitor of ADAM-17/TACE.312 The reduction in TIMP-3 protein 

levels following rTNF treatment could be a protective mechanism to reduce the 

TNF-mediated signaling. TIMP-3 deficiency in mice led to dilated 

cardiomyopathy and heart failure.313 TIMP-4 is the only TIMP with a proposed 

intracellular localization in cardiomyocytes, based on ex vivo ischemia-

reperfusion studies where a rapid enhanced release of TIMP-4 upon reperfusion of 

the ischemic heart was concomitant with increased net myocardial MMP activity 

contributing to acute myocardial stunning injury.314 

TNF-induced O2
•- production most likely occurs through MAPK activation 

that activates AP-1 and NF-κb. Ischemia has been reported to activate ERK and 
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JNK, members of the MAPK signaling cascade, as well as transcription factors, 

NF-, κB, and API, via NADPH oxidase-derived ROS production.315 Reduction of 

ROS can suppress inflammatory signaling by inhibiting the NF-κB cascade.316 

MAPKs are key signaling molecules in many cell types, and the phosphorylation 

of the components of AP-1 by MAPKs mediates rapid activation of AP-1.317, 318 

When activated, the AP-1 complex binds to a palindromic binding sequence (5´-

TGACGTCA-3´) in the regulatory region of its target genes.319 In adult rabbit 

cardiomyocytes, activation of protein kinase C epsilon type (PKCε) increases AP-

1 DNA binding activity, which is completely abolished by inhibition of the ERK 

and JNK pathways.320 Within 30 minutes of pressure overload in the rat heart, 

increased activities of JNK and p38 MAPK, enhanced phosphorylation of c-Jun, 

and increased ventricular AP-1 DNA binding activity was detected.321 

Angiotensin II infusion induced the activation of JNK, which was followed by the 

induction of left ventricular AP-1 DNA binding activity in vivo.322 Taken 

together, this data suggests that MAPK pathways can mediate the AP-1 DNA 

binding activity in response to hypertrophic stimuli. 

In our in vitro studies, the direct effects of TNF where demonstrated in the 

induction of MMPs under controlled conditions and in the absence of systemic 

complications of in vivo studies. We found that TNF can trigger expression and 

activation of matrix metalloproteinases which are key determinants of myocardial 

remodeling. Furthermore, the induction occurs in a NADPH-dependent manner, 
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differentially in cardiomyocytes and cardiofibroblasts, with temporal differences 

in magnitude. 

4.6 Conclusions 

In conclusion, TNF-mediated O2
•- production and MMPs activation 

underlie the progression of cardiac hypertrophy and dysfunction in LV pressure 

overload cardiac disease. Cardiomyocytes exhibit a faster and stronger O2
•- 

production in response to TNF, compared to that of cardiofibroblasts, and TNF-

mediated MMP induction and activation occur primarily in a NADPH oxidase-

dependant manner. Our in vivo and in vitro findings demonstrate a causal role for 

TNF in NADPH-dependant O2
•-  production and MMPs activation, leading to the 

deterioration of cardiac function in pressure overload cardiomyopathy. These 

findings provide further insight into the mechanism by which TNF can adversely 

affect cardiac structure and function in disease in response to stress. 

4.7 Limitations of the Study 

The research presented in this thesis is part of an ongoing investigation to 

expand our understanding of the molecular basis of cardiac remodeling in 

response to pressure overload. In this study, we used small animal models to study 

the molecular mechanisms that underlie cardiac remodeling in pressure overload 

cardiac disease. Small rodents are less expensive and allow for larger sample sizes 

to be examined. Given the complexity of heart disease and the differences 
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between species, our findings need to be confirmed in larger mammals, such as 

dogs, pigs, and monkeys.  

The signaling mechanism, by which TNF induces MMP expression and 

activation, and the contribution of NADPH-dependent O2
•- should be investigated 

in depth. In the future, we may use TNF-receptor-deficient mice (TNF-R1-/- and 

TNF-R2-/-) to investigate which TNF receptor is involved in the TNF-mediated 

adverse effects on the myocardium. 

We did not measure circulating levels of TNF in WT-sham and WT-TAC 

mice to demonstrate TNF elevation and to confirm previous reports. In addition to 

cardiomyocytes and fibroblasts, TNF can be secreted by other cardiac cells such 

as smooth muscle cells or endothelial cells. Our in vitro studies did not include 

these cell types, though our in vivo findings may still reflect their contributions. 

MMP-1 is an important collagenase in the human heart.159 In our study, 

however, we could not examine the impact of TNF on this collagenase since small 

rodents (mice and rats) do not express MMP-1.134 Other collagenases, such as 

MMP-8 and MMP-13 are the key collagenases found in rodent hearts. 

4.8 Future Directions 

Our aim is to examine the molecular mechanisms underlying cardiac 

hypertrophy, which is a major step in cardiac remodeling. Hypertrophy has been 

recapitulated in vitro, using primary isolated cardiomyocytes. In these models, 

hypertrophy is induced by stretch, or by Gq-protein-coupled receptor agonists, 
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such as angiotensin-ll, endothelin-1, or phenylephrine. Isolated cardiomyocytes, 

that are subjected to stretch, exhibit hypertrophic characteristics including 

increased protein synthesis and fetal gene expression by 48 hours.323 This in vitro 

model could be used to simulate the TAC-induced alterations in vivo. 

Likely, mechanical stress affects ion channels in the heart, but it remains 

to be determined whether or not the stretch-activated ion channels are the initial 

mechanosensors in stretch-induced cardiac remodeling in response to pressure 

overload. Stretch-activated ion channels have been suggested to directly interact 

with the cytoskeleton, thus, may intrinsically sense the cell stretch.324 Opening of 

stretch-activated ion channels causes an increase in intracellular Ca2+, since some 

of the channels are permeable to Ca2+, and the influx causes Ca2+-induced Ca2+ 

release.325 

Preliminary data from our lab suggests enhanced fibrosis in wild-type 

TAC hearts and this fibrosis was partially inhibited in TNF knockout hearts in 

response to TAC. Fibrosis, which is the disproportionate accumulation of fibrillar 

collagen, is an integral feature of the remodeling seen in the failing heart. 

Accumulation of type I collagen, the main fibrillar collagen found in cardiac 

fibrosis, stiffens the ventricles and impedes both contraction and relaxation.326 

Fibrosis can also impair the electrical coupling of cardiomyocytes by separating 

cardiomyocytes from the ECM proteins.327 Future studies could examine how 

increased pressure overload affects electric conduction in the heart. 
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Mechanical stress can also lead to hypertrophy, independently of neural or 

hormonal factors. For example, isolated hearts, in which the aortic pressure was 

elevated by perfusion, demonstrate increased protein synthesis.328 Several 

candidates have been proposed as the sensors of these mechanical signals, 

including integrins and stretch-activated channels/ion exchangers.329 Integrins, the 

primary mechanical sensors involved in hypertrophy, are heterodimeric 

transmembrane proteins that link the ECM to the actin cytoskeleton within the 

cell. In cardiomyocytes, these connections are made at the costameres, where z-

discs are connected to the integrins. The costameres are rich in signaling 

molecules and are likely sites of mechanical sensing.330 These signaling pathways 

could be explored in pressure overloaded cardiomyopathy, along with the role of 

TNF in these processes. 

Other cardiac cell types that could contribute to cardiac remodeling in 

pressure overload cardiac disease need to be studied. Since peripheral vascular 

function is disturbed in patients with advanced heart failure,331 the participation of 

endothelial cells in cardiac remodeling should also be investigated. 

We intend to further study the participation of cells of the immune system 

in the process of cardiac remodeling. A modest increase in myocardial neutrophil 

density was noted after three days of TAC, though it did not reach statistical 

significance, and the density was markedly increased after seven days of TAC.332 

Cardiac mast cell degranulation has been shown to initiate MMP activation and 

subsequent myocardial fibrillar collagen degradation.333 Further studies should be 
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conducted to investigate the participation of mast cells and other inflammatory 

cells in the progression of cardiac remodeling in a pressure overload cardiac 

disease and consider the involvement of TNF. 

Other sources of O2
•-, such as xanthine oxidase, could contribute to 

cardiac remodeling, post-TAC. Xanthine oxidase results in the generation of O2
•-. 

Moreover, increased xanthine oxidase activity has been reported in congestive 

heart failure leading to increased oxidative stress and depressed myocardial 

contractile performance.334 Several studies have reported that xanthine oxidase 

inhibition with allopurinol or oxypurinol can improve LV function in the failing 

heart,335 prevent myocardial infarct-induced LV remodeling,336 and reverse LV 

remodeling in animals with dilated cardiomyopathy.337 The role of TNF in 

xanthine oxidase activation needs to be determined. 

This study has clarified the downstream pathway of TNF in 

cardiomyopathies such as cardiac pressure overload and shown the different 

cardiac cellular contributions to TNF, NADPH-dependant O2
•-, and the MMP 

axis. Future studies should investigate the therapeutic effect of anti-TNF therapy, 

either alone or in combination with MMP inhibitors and anti-oxidants, in pressure 

overload-induced cardiac hypertrophy and failure. Etanercept is a soluble TNF 

receptor fusion protein,338 and infliximab is a chimeric compound that recognizes 

human TNF.339 Both of these agents block TNF activity by binding to circulating 

soluble TNF, to prevent it from interacting with its membrane-bound receptors to 

trigger a cellular response. The impact of anti-TNF therapy at an early time point 
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(2-weeks post-TAC) can be compared to later time points (10-weeks post-TAC). 

These results can also be compared to a combination therapy in which anti-TNF, 

anti-MMP (MMPi), and anti-oxidants are used. N-acteyl cysteine is a sulfhydryl 

group-containing amino acid believed to serve as a glutathione precursor, which 

can increase or sustain the production of this ROS scavenger. Furthermore, the 

administration of cysteine was shown to increase tissue levels of GSH340, thus, 

possibly reducing ROS levels.341 These approaches may be useful in reducing O2
•-  

production in response to disease. 
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