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ABSTRACT

Myocardial remodeling is a critical process in response to cardiac stress or injury, which
includes changes in the cardiomyocyte size, the extracellular matrix (ECM), and cell-ECM
interactions. Cardiac hypertrophy is an increase in the myocardial mass to due increased
cardiomyocyte cell size. This hypertrophy initially is compensatory such that the heart maintains
normal contractile function, however, in the face of increased or prolonged stress, hypertrophy can
progress to decompensatory remodeling marked by dilation of the ventricles, a hallmark of heart
disease in which diastolic and/or systolic functions of the heart are compromised. Pathological
pathways are mediated by angiotensin II, catecholamines, or mechanical stress, all leading to the

initiation of different downstream signaling.

A disintegrin and metalloproteinases (ADAMSs) are Zn*>* dependent, membrane-bound
enzymes that are capable of both proteolytic and adhesive functions leading to diverse tissue
remodeling. ADAMs consist of a prodomain, metalloproteinase domain, disintegrin domain,
cysteine-rich domain, epidermal growth factor (EGF) — like domain, transmembrane domain, and
cytoplasmic domain. The metalloproteinase domain is responsible for the shedding of membrane-
bound molecules, such as growth factors and cytokines, while the disintegrin domain can bind to
integrins to mediate cell-cell interactions. Unique in the ADAMs family is ADAMI1S5, which in
addition to its shared function with other ADAMSs, is also able to degrade ECM proteins.
Information on the role of ADAMI15 in cardiac diseases is severely lacking. ADAM1S5 is expressed
in cardiac cells and its expression has been found to be increased in the left ventricle following
myocardial infarction and in patients with dilated cardiomyopathy. ADAMI17, also known as
tumor necrosis factor oo (TNFa) converting enzyme (TACE), is the most extensively studied
ADAM, with over 80 substrates identified. ADAM17-deficient mice die shortly after birth and
present with defects in the aortic, pulmonic, and tricuspid valves. ADAM17 activity is increased

in murine models of DCM.

The research in this thesis reveals the novel role of ADAMI15 and ADAM17 in mediating
cardiac remodelling following pressure overload. ADAMI15 was found to have a sex-specific
cardioprotective role in limiting the disease progression in cardiomyopathies associated with
increased mechanical stress. ADAMIS is downregulated in patients with eccentric hypertrophy

and heart failure, but not in those patients with concentric hypertrophic hearts. We found that loss
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of ADAMI15 in male mice lead to increased hypertrophy and dilation following cardiac pressure
overload. These were attributed to an increase in MAPK signalling and the calcineurin-NFAT
pathway. Blocking calcineurin with its inhibitor, cyclosporin A, blocked the increased eccentric
hypertrophy seen in the cardiac pressure overloaded Adam 157 hearts and were comparable to their
wild-type controls. In the female mice, however, there was no difference in hypertrophy following
cardiac pressure overload. Both Adam5-deficient male and female mice aged 1 year had no

baseline phenotype and were comparable to their wild-type controls.

Interestingly, we found that full body Adam5-deficiency resulted in increased cardiac
hypertrophy but not a concurrent increase in fibrosis, suggesting an independent and uncoupled
role for ADAMI15 in mediating these processes. Our lab has previously reported that
cardiomyocyte-specific deletion of ADAMI7 resulted in increased hypertrophy following
pressure overload. Since we established that ADAM’s may have independent roles in mediating
cardiac hypertrophy versus fibrosis, we next examined how AdamI7-deficiency in myofibroblasts
may impact cardiac fibrosis following pressure overload induced by transverse aortic constriction
(TAC) or Angiotensin II (Angll) infusion. Loss of ADAMI17 in myofibroblasts resulted in
increased interstitial and perivascular fibrosis following Angll infusion. In contrast, when pressure
overload was induced by mechanical stretch (TAC), loss of ADAM17 in myofibroblasts resulted
in increased perivascular fibrosis and decreased interstitial fibrosis. These TAC hearts also had
increased expression of immune cells, indicating a greater inflammatory response. Both pressure
overloaded models showed no difference in cardiac hypertrophy, suggesting that hypertrophy and

fibrosis were uncoupled.
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PREFACE

Non-failing human hearts were procured through Human Organ Procurement and Exchange
program (HOPE) while, left ventricular hypertrophy, hypertrophic cardiomyopathy, and dilated
cardiomyopathy specimens were procured through the Human Explanted Heart Program (HELP)
at the Mazankowski Alberta Heart Institute (Edmonton, AB). Informed consent was obtained from
study subjects. The study protocols were approved by the Human Research Ethics Review Process
(HERO) at the University of Alberta. All animal procedures were performed according to the
ARRIVE (Animal Research: Reporting of in vivo Experiments) guidelines, and according to
guidelines of Animal Care and Use Committee (ACUC) at the University of Alberta and the
Canadian Council of Animal Care (CCAC). The research projects in the current thesis were mainly

conceptualized by Dr. Zamaneh Kassiri.
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CHAPTER 1 INTRODUCTION



1.1 Introduction

Cardiovascular diseases and associated morbidities and mortalities account for approximately
1 out of every 3 deaths in North America. The major function of the heart is to maintain adequate
perfusion of the peripheral organs during both normal and stress-induced conditions. In response
to injury or stress, the heart relies on the extracellular matrix (ECM) network which integrates a
response through mediating interactions of cardiomyocytes and non-cardiomyocytes within the
myocardium to help protect against heart failure. Heart failure progression has temporally and
spatially different structural and functional changes and can be separated into heart failure with
preserved ejection fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF).
These structural and functional changes are a result of differential ECM cardiac remodelling,
including cardiomyocyte hypertrophy and fibrosis, and remodelling is differentially regulated
depending on the stimulus, such as a mechanical or hormonal stimulus. Therefore, maintaining the
integrity of the structure and architecture in response to injury is critically significant to help

prevent the progression and severity of heart failure.

1.2 Cardiac Anatomy and Physiology

The heart is a muscular organ responsible for pumping oxygenated blood to the periphery
from the left side of the heart and taking deoxygenated blood into the right side of the heart to be
delivered to the lungs. It is located in the thoracic cavity, slightly to the left between the lungs, and
sits within a fluid filled cavity known as the pericardial cavity. Anatomically, the tip of the heart,
referred to as the apex, sits above the diaphragm, while the top of the heart, referred to as the base,

is attached to the aorta, the pulmonary artery, and the vena cava.

1.2.1 Structure of the Heart Wall

The heart wall is divided into three layers: the epicardium, myocardium, and endocardium.

i) Epicardium: The epicardium is the outermost layer of the heart and is composed primarily
of connective tissue, such as elastic fibers, and adipose tissue. It consists of 2 layers, the
serous layer, and the visceral layer. The serous layer produces pericardial fluid to reduce
friction between the pericardial membranes, while the visceral layers protect the heart

against excess movement with the pericardial cavity.



ii) Myocardium (or mid-myocardium): The myocardium is the middle layer of the heart and
is composed of cardiac muscle fibers. It is the thickest layer of the heart, with varying degrees
of thickness in different areas of the heart. The right and left ventricles have greater thickness
than the atria, as they are responsible for pumping blood to the lungs and peripheral organs,
respectively, while the atria only move blood into the ventricles. The left ventricle is the
thickest, as it has the greatest pressure to pump against to move blood out to the rest of the
body.

iii) Endocardium: The endocardium is the inner layer of the heart wall, and it lines the inner
heart chambers and heart valves. It consists of a single layer of squamous endothelium and
creates a smooth surface to allow blood to flow easily over it and separates blood flow from

the myocardium.

1.2.2 Chambers of the Heart

The heart has four chambers, the right atrium, the right ventricle, the left atrium, and the
left ventricle. The atria are smaller and less muscular since they only move blood into the
ventricles, while the right and left ventricles are more muscular because of the greater force
required to move blood to the lungs or the rest of the body, respectively. The right atria and right
ventricles are part of the pulmonary circulation while the left atria and ventricles are part of the

systemic circulation.

1.2.3 Valves of the Heart
Back-flow or regurgitation of blood is prevented by the presence of one-way valves in the

heart. The heart has two different types of valves:

i) Atrioventricular valves: These valves are located between the atria and ventricles and allow
flow through the atria into the ventricles. The tricuspid valve has three leaflets and allows
blood flow from the right atrium to the right ventricle. The mitral valve or bicuspid valve
has two leaflets and allows flow between the left atrium and left ventricle.

ii) Semilunar valves: These valves are located between the ventricles and the arteries that
carry blood away from the heart. The pulmonary valve has three leaflets, and they allow
blood flow from the right ventricle to the pulmonary artery to be transported to the lungs.
The aortic valve has three leaflets and allow blood flow from the left ventricle to the aorta

to be delivered to the rest of the body.



1.2.4 Cardiac Conduction

The cardiac conduction system transmits electrical signals throughout the heart leading to
cardiac contractions. The electrical signals arise in the sinoatrial (SA) node, which are specialized
pacemaker cells located in the upper wall of the right atrium. These pacemaker cells generate
spontaneous electrical impulses that spread via gap junctions across both the atria resulting in atrial
contractions. The intrinsic electrical firing is predominantly under the control of the
parasympathetic vagal tone, which decreases firing rate at the SA node and thus decreases heart
rate. To increase SA firing and heart rate, the autonomic nervous system increases sympathetic
outflow to the SA node while concurrently inhibiting parasympathetic outflow. The electrical
signal is then sent to the atrioventricular (AV) node located near the bottom of the right atrium.
The signals are delayed once they reach the AV node to allow atrial contractions to complete and
empty the atria. The signals are then sent down the Bundle of His (or the atrioventricular bundle),
which runs down the length of the interventricular septum. The Bundle of His has two branches,
the left bundle branch which sends electrical signals through the Purkinje fibers to the left ventricle
and the right bundle branch which sends electrical signals through the Purkinje fibers to the right
ventricle. The Purkinje fibers are located in the subendocardial surface of the ventricular walls and
are branches of specialized nerve cells that send signals rapidly throughout the ventricles, resulting

in ventricular contractions.

1.2.5 The Cardiac Cycle

The cardiac cycle follows the events occurring in the heart from one beat to another. It is
separated into two phases, one in which the cardiac muscles are relaxed and filling passively with
blood, referred to as diastole, followed by systole, in which the cardiac muscles are actively
contracting and pumping blood out of the atria and ventricles. At the end of systole, marked by the
end of contraction of the ventricles, the now empty ventricles relax and generate a pressure gradient
across the tricuspid and mitral valves. The diastolic phase begins with isovolumic relaxation, as
there is no change in blood volume but a decrease in pressure in the ventricles. This increased
pressure forces the tricuspid and mitral valves to open, allowing the passive filling of blood down
its pressure gradient into the ventricles. The atria will then contract in response to electrical
stimulation, marking the atrial systole phase, and allowing more blood to atria to enter the
ventricles, which now have greater pressure than the atria. This will cause the tricuspid and mitral

valves to close and lead to isovolumic contraction, where the pressure in the filled ventricles is
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increasing but there is no change in the volume. Next, the ventricles will contract, and blood will

flow out of the now open pulmonary and aortic valves, and the end of systole is reached.

1.2.6 Cardiac Contractions

Cardiomyocytes are the contracting cells that allow the heart to pump. Cardiomyocytes
have one central nucleus and are joined at their ends by intercalated discs, forming long fibers.
They are composed of chains of myofibers, which consist of repeating sections of sarcomeres.
Sarcomeres are the fundamental contractile units of the muscle cells and are composed of
myofilaments. Thin myofilaments contain actin, tropomyosin, and the troponin complex, and thick
filaments contain myosin. This organization of thin and thick myofilaments overlapping within
the sarcomere produces a striated appearance when viewed through microscopy. This appearance
includes thick dark-coloured A bands (mainly myosin) with a brighter H-zone in the center, and
lighter coloured I-bands (mainly actin) with a central Z disc/Z line connecting the actin
myofilaments. Titin is a filamentous protein extending from the N-terminus anchored in the Z disc
to the C-terminus bound to the thick myofilament in the M band (centre of the sarcomere). It is

responsible for the passive stiffness of the myocardium during diastole.

The cardiomyocyte plasma membrane is called the sarcolemma, which acts as a barrier
between extracellular and intracellular contents. Invaginations of the sarcolemma into the
cytoplasm creates transverse tubules (T-tubules) that contain L-type Ca?" channels, sodium-
calcium exchangers, calcium ATPases, and beta-adrenergic receptors, allowing for the exchange
of ions between the intra- and extracellular space. Cardiomyocytes also contain the sarcoplasmic
reticulum (SR), a specialized form of the endoplasmic reticulum, which is responsible for Ca**
handling and acts as Ca®' stores. The SR contains the Sarcoendoplasmic Reticulum Calcium
ATPase (SERCA) pump and its regulator phospholamban (PLB), which transport calcium ions
from the cytosol back into the SR. Ryanodine receptors (RyRs) are also located at the SR and
release calcium ions from the SR. In cardiac tissue, a single T-tubule pairs with part of the SR

called the cisterna to form a dyad, which is the site where excitation-contraction coupling occurs.

1.2.7 Excitation-Contraction Coupling
Excitation-contraction (EC) coupling links the electrical excitation of the cardiac tissue by
adrenergic stimulation with the mechanical contractile function of the heart. An action potential

triggers a small influx of Ca?* by L-type Ca?" channels on the sarcolemma, which are propagated
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along the T-tubules that allow for rapid and synchronous release of Ca?". This Ca** will
subsequently activate Ca®* release from the SR stores via RyR2s, a process termed Ca?*-induced
Ca?" release. The Ca?" transient generated leads to the activation of troponin complex in thin
filaments. The troponin complex is comprised of troponin C (TnC), which binds Ca?" to initiate
contractions, troponin I (Tnl), which inhibits actin-myosin interactions, and troponin T (TnT),
which stabilizes the troponin complex. During its activation, Ca*" binds to TnC, releasing the
inhibition by the troponin complex and tropomyosin, revealing the myosin binding sites and
allowing actin and myosin crossbridge cycling. This results in a shortening of the sarcomere and

cardiac contraction.

Cardiac relaxation, like contraction, is also an active process. It is controlled by the rate at
which the Ca?* transient declines, the rate at which Ca?" is released from troponin C (thin filament
deactivation), and the rate of crossbridge cycling. Intracellular Ca?* is removed from the cytosol
by uptake into the SR by the SERCA pump or by removal from the cell by the Na*/Ca** exchanger.
The lower intracellular Ca?* levels result in the dissociation of Ca** from TnC, leading to thin
filament deactivation. Thin filament deactivation, in turn, results in the inhibition of actin-myosin
crossbridge cycling, due to the regained ability for the troponin complex and tropomyosin to

sterically inhibit this interaction and promotes relaxation.

1.2.8 Cross-bridge Cycling

The cross-bridge cycling model demonstrates how the cardiac muscles are shortening due to
the movement of the contractile proteins, actin and myosin. The actin and myosin heads form a
cross-bridge and will move opposite of each other upon the hydrolyzation of ATP to cause muscle

contraction. There are four steps in a cross-bridge cycle.

1) Relaxed state: ATP binding to the head of myosin reduces the affinity of myosin for actin
and resulting in the release of from the actin filament, leading to a relaxed state.

2) High-energy or attached state: ATP hydrolysis occur in the myosin head, with myosin still
attached to ADP and inorganic phosphate (P;). This results in the myosin head to be in a
“cocked position”. The influx of Ca?* ions expose the binding sites on actin and the cross-
bridge is formed between actin and myosin-ADPP;.

3) Power stroke: The phosphate ion and its associated energy is released resulting in a

conformational change in the myosin head, causing it to become bent and flexed. This
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change results in the power stoke, leading to the pulling of actin filaments and therefore
sarcomere shortening.

4) Detached state: ADP is released from myosin, leading to a rigid actin-myosin complex.
This complex remains bound until another ATP molecule binds to myosin to release it and

reset the cycle.
1.3 Echocardiography: Cardiac Functional Measurements

Echocardiography imaging is a widely used, noninvasive cardiac functional assessment
tool that utilizes ultrasound frequency for imaging. These high frequency sound beams penetrate
the thoracic cavity and are reflected back to the transducer when they reach different acoustic
impedances, such as the myocardium, blood, or valves. These signals are then processed by
software to produce a real time image of the heart. There are three major echocardiographic
imaging modes utilized to measure cardiac function: Brightness mode (B-mode), Motion mode

(M-mode), and Doppler images (Pulsed-wave, Colour, and Tissue Doppler).

i) Brightness (B-mode): B-mode imaging produces images that are acquired at two different
axes, the posterior long axis (PLAX) or the short axis (SAX). In the PLAX mode, the
transducer is placed to run parallel with the heart from the base to the axis, so that the
maximum length of the heart is in the scan plane. The aortic root and left atrium diameters
can also be determined from this view. The SAX view is obtained from rotating the
transducer by a 90° rotation from the PLAX view to see the cross section of the left ventricle
at the midline, where the papillary muscles are visible. Both PLAX and SAX images can
be used to run strain analysis to obtained global longitudinal strain (GLS) and global
circumferential strain (GCS).

ii) Motion (M-mode): M-mode images are acquired by a rapid sequence of B-mode capturing
along a single line to produce high temporal resolution of tissue motion. These images can
be captured in PLAX of SAX and is useful for assessing global LV functional parameters
such as ejection fraction (EF), fractional shortening (FS), cardiac output (CO), stroke
volume (SV), and interventricular diameters.

iii) Doppler mode: Doppler images utilize the Doppler effect to analyze the direction and
velocity of tissue or blood flow within the heart. In Colour doppler, blood flow moving

away from the transducer is colour-coded blue, while blood flow towards the transducer is



colour-coded red. Colour doppler is useful to determine regurgitation due to abnormal
valves and can be paired with Pulsed-wave doppler to for measuring blood flow across the
mitral valve. Lastly, Tissue doppler mode can be used to determine the velocity of the

movement of the mitral annulus during diastole and systole.

1.3.1 Measurement of Systolic and Diastolic Function

Systolic function predominantly assessed by B-mode and M-mode measurements. LV
ejection fraction, fractional shortening, stroke volume, cardiac output, and systolic and diastolic
volumes can be obtained from PLAX and SAX B-mode images and using the LV trace in M-mode.
LV internal diameters including left ventricle internal diameter (LVID), interventricular septal
wall thickness (IVS), and left ventricular posterior wall thickness (LVPW) during both systole and

diastole for all parameters can be measured with M-mode images.

Diastolic dysfunction reflects the heart’s inability to fill adequately during diastole due to
impaired ability for the chambers to relax and generate a pressure gradient to allow for chamber
filling. Diastolic dysfunction can occur with or without a concurrent reduction in systolic function,
as measured by ejection fraction, and thereby heart failure is clinically separated into heart failure
with preserved ejection fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF).
Doppler imaging is used to assess diastolic dysfunction with echocardiography by measuring
transmitral flow velocities. With pulsed-wave doppler imaging, an E-wave, representing early
passive flow through the valve, and an A-wave, representing active flow following atrial
contractions, are assessed individually and as a ratio (E/A) to determine diastolic dysfunction. The
deceleration time is also acquired, which reflects the filling pressures, with a shorter time
indicating elevated filling pressure. The isovolumic relaxation time (IVRT) and isovolumic
contraction time (IVCT) can also be assessed with these images. During IVRT, the myocardium
relaxes during the interval between the closure of the aortic valve and opening of the mitral valve
without an increase in the LV volume. Deviation from ‘normal’ IVRT values are used to
understand the type of diastolic dysfunction as well. Increased IVRT indicates diastolic
dysfunction, since it takes longer for the LV pressure to fall, and diastole is prolonged. However,
shortened IVRT intervals reflect increased stiffness (decreased compliance) of the chamber and

therefore limiting the amount of LV filling.



Tissue doppler imaging also aids in the determination of diastolic dysfunction by

evaluating the velocity of the movement of the mitral annulus during early passive filling (e’-

wave) and during late active filling (a’-wave). Prior to LV filling, the mitral annulus descends

towards the apex and this motion can be both reduced and delayed in hearts with LV abnormalities

(1). The E/e’ ratio is used as an indicator of filling pressure and therefore an elevated E/e’ ratio

reflects increased filling pressure and diastolic dysfunction.

Diastolic dysfunction is separated into 4 different grades, depending on the variations in the

transmitral flow and mitral annulus velocities (Figure 1.1).

1)

2)

3)

Grade 1 (impaired relaxation): Decreased compliance of the ventricles will impair early
filling and increased the time needed to generate adequate atrial pressure. This results in
decreased early LV filling and more active filling following atrial contractions and an
increased A-wave. The E/A ratio is reversed due reduction in the E-wave, and the
deceleration time is prolonged, however, the left atrial pressures and the e’/a’ ratios are
normal.

Grade 2 (pseudonormal): Grade 1 diastolic dysfunction can progress to grade 2, which is
characterized by increased filling pressure in the left atrium. This results in an increase in
the pressure gradient between the atrium and ventricles and increases the early passive
filling E-wave relative to the A-wave and therefore, the E/A ratio will return to the ‘normal’
range, however, IVRT and the e’/a’ ratio will decrease.

Grades 3 and 4 (reversible and irreversible restrictive filling): Further increase in the
filling pressure from grade 2 will result in an even greater E-wave and a shorter A-wave.
The E/A ratio will become bigger and flow into the ventricles will start early and filling

will end quickly. Both the IVRT and the e’/a’ ratio will decrease.
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Figure 1.1. Different grades of diastolic dysfunction. Diastolic dysfunction is assessed by Pulsed-wave and Tissue
Doppler imaging based on the transmitral velocity through the mitral valve (E-wave and A-wave) and mitral annulus
velocity (e’ and a’).

1.4 Cardiomyopathies

Cardiomyopathies encompass a heterogenous groups of diseases of the myocardium
associated with muscle or electrical dysfunction of the heart. These hearts usually present with
ventricular hypertrophy or dilatation. Cardiomyopathies are divided into two categories, primary
cardiomyopathies, which are predominantly confined to the heart, and secondary
cardiomyopathies which are attributed to myocardial damage as a result of systemic or multi-organ
disease (2). Primary cardiomyopathies arise as a result of genetic (i.e., hypertrophic
cardiomyopathies), mixed (i.e., dilated cardiomyopathy), or acquired causes (i.e., myocarditis).
Secondary cardiomyopathies can be caused by toxins, medications, endocrine disorders, and

autoimmune diseases, etc (3).
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1.4.1 Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is an autosomal dominant genetic disease, which is
principally caused by mutations in genes encoding for sarcomere proteins, such as f-myosin heavy
chain, myosin binding protein C, troponin I, and troponin T (4, 5, 6). The vast number of possible
mutations in the sarcomere along with the varied expressivity makes genotype — phenotype
correlation unreliable in classifying HCM. Although there are a few exceptions, generally HCM-
causing mutations can cause an increase in calcium sensitivity, altered ATPase activity, and
diastolic dysfunction. These modified parameters are translated to progressive hypertrophy
primarily of the left ventricle. Along with ventricular hypertrophy, HCM patients often present
with fibrosis, leading to several complications including arrhythmias. The prevalence of HCM has
been approximated to be 1 in 500 individuals and is the leading cause of sudden cardiac death
(SCD) in young adults (7, 8, 9, 10). Most mutations are classified as private mutations, in that they
occur within a family, or de novo mutations, however, some HCM gene mutations are founder
mutations, meaning they are highly conserved within isolated populations (11). About 1500
mutations have been identified in at least 11 genes but there are no distinct phenotypes associated

with specific genotypes (7).

HCM is characterized by asymmetric concentric thickening of the ventricular walls with
concurrent decrease in the ventricular size. This results in reduced filling of the ventricle due to its
decreased size but no reduction in the heart’s ability to pump the blood out due to the thickened
ventricle walls. The systolic performance of the heart is preserved, as the ejection fraction remains
unchanged or in some cases elevates, however, the diastolic performance is decreased due to the

reduced filling capacity (12).

1.4.2 Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) shows cardiac remodeling with left ventricular dilation
leading to systolic dysfunction and is one of the most common causes of heart failure (2). DCM is
classified as a mixed cardiomyopathy, as such may have both genetic and acquired causes. 35%
of genetic mutation cases involve genes that encode for cytoskeletal, sarcomere, and nuclear
envelope proteins, while acquired cases include infectious agents, drugs, toxins, and endocrine
diseases (13, 14, 15, 16, 17). DCM is characterized by left ventricle eccentric hypertrophy leading

to dilatation, in which the ventricle has reduced or normal wall thickness and increased ventricle
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size (18). DCM can include both diastolic and systolic dysfunction. During diastole, the heart
undergoes active and passive relaxation, however, with DCM, the ventricular compliance is
decreased. This decreased compliance translates to impaired ventricular relaxation, reduced rapid
ventricular filling, and elevated end-diastolic pressures. Concurrently, the increased ventricle
volume is not matched with an increased ventricle wall thickness, thereby reducing the heart’s
ability to pump out blood effectively during systole. This systolic dysfunction is defined by a

reduction in ejection fraction, stroke volume, fractional shortening, and cardiac output.

1.5 Cardiac Pressure Overload Induced Hypertrophy

Pressure overload is a cardiac stressor that results in left ventricle remodelling, including
hypertrophy and fibrosis. These responses are mediated by both cardiomyocytes and nonmyocyte
driven signalling. Clinically, cardiac pressure overload induced hypertrophy is present in multiple
diseases including hypertension, aortic stenosis, and can be present in HCM and DCM (19, 20, 21,
22). Cardiac pressure overload is achieved in murine models by transverse aortic constriction
(TAC), where the aorta is constricted between the left carotid artery and the brachiocephalic trunk,
to the diameter of a 27-gauge needle, to generate the pressure overload. Notably, this model is
cardiac specific, while whole body pressure overload, as seen with hypertension, affects many

other organs in addition to the heart.

In response to the initial cardiac stress in the form of pressure overload, the cardiomyocyte
undergoes an initial adaptive response to preserve the cardiac function. This response is driven by
concentric hypertrophy to serve as a normalization of wall stress and mechanically compensate the
heart. This compensatory response resulting in concentric hypertrophy revolves around Laplace’s

law, expressed as,
T =(PxR)/M

where T is wall tension, P is the pressure difference between the ventricle and surrounding
environment, R is the ventricular radius, and M is the wall thickness. Accordingly, T is
proportional to P and R, and inversely proportional to M. Thus, in response to increased pressure,
and concurrent increases in wall tension and stress, the heart undergoes concentric hypertrophy

(increased wall thickness) to normalize the wall stress (23). Although this is considered a
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compensatory response, concentric hypertrophy can be accompanied by diastolic dysfunction, as

seen in HFpEF conditions, due to the heart’s reduced filling capacity.

At the cellular level, the increase in cardiomyocyte cell size, rather than an increase in the
cell number (hyperplasia) results in cardiac hypertrophy. Adult cardiomyocytes have been
classically considered terminally differentiated cells that are unable to divide, therefore

hyperplasia was not considered an important driver of compensatory hypertrophy.

In the face of prolonged pressure overload, the heart will no longer be able to maintain its
compensatory hypertrophic response, as seen in physiological hypertrophy and progress to
ventricular dilation, marked by eccentric hypertrophy and is considered the decompensatory
response (Figure 1.2). With eccentric hypertrophy, the ventricular walls have thinned, and the
ventricular chamber size has increased creating a hemodynamic overload. With concentric
hypertrophy, cardiomyocyte width is increased by the addition of sarcomeres, while in eccentric
hypertrophy, the cardiomyocyte length is increased, resulting in an addition of sarcomeres in series
(24). During the decompensatory response, the heart presents with systolic dysfunction, as seen

with HFrEF patients.
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Figure 1.2. Physiological vs. pathological hypertrophy. During physiological hypertrophy, physiological stimuli
such as pregnancy, development, and exercise, can lead to mild concentric hypertrophy and such remodelling is
reversible in the case of exercise and pregnancy. When exposed to pathological stimuli, such as pressure overload,
ischemia, or persistent Angiotensin II signalling, the heart can undergo compensatory remodelling, marked by
concentric hypertrophy and transition into decompensatory remodelling marked by eccentric remodelling. Concentric
hypertrophy can lead to heart failure with preserved ejection fraction (HFpEF) while eccentric hypertrophy can lead
to heart failure with reduced ejection fraction (HFrEF). Pathological hypertrophy is irreversible without medical
intervention.
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This decompensation is also reflected by increased [-adrenergic signaling as a
compensatory response to the decreased contractile state (25). f-adrenergic signaling results in the
cAMP generation and activation of protein kinase A (PKA), which is responsible for
phosphorylating many different targets, including cardiac RyR2 (26). During heart failure, RyR2s
become hyperactive resulting in “leak” Ca?" current from the SR (25, 27, 28). This hyperactive
RyR2 state is related to hyperphosphorylation by PKA and Ca*'/calmodulin-dependent protein
kinase II (CaMKII), which are activated as a result of increased adrenergic signaling (25, 27, 28).
Hyperactive RyR2 leaks cause a depletion of the SR Ca®* store during diastole, contributing to
both impaired contractility and diastolic relaxation (27). There is decreased diastolic intracellular
Ca®*, however, the spark frequency of Ca®* is increased indicative of spontaneous SR Ca?" release
(25, 29, 30). The increased release of SR Ca?" by RyR2 can possibly lead to arrhythmias due to
concurrent activation of inward depolarizing currents (27). These inward depolarizing currents are
caused by activation of the Na*/Ca?" exchanger, which trigger delayed afterdepolarizations (28,
30). Additionally, there is impaired Ca?" sequestration by SERCA that may be attributed to
improper expression or regulation of the SERCA pump (31). Improper function could be due to
the reduced expression of the SERCA pumps itself or due to an increased expression of PLB,
resulting PLB’s dominant inhibitory effect on SERCA activity (31, 32). Altered Ca®* sensitivity
may also be present due to impaired Ca** handling by the troponin complex. Decreased Ca**
sensitivity would lead to fewer cross-bridges at physiological Ca?" concentrations, producing a

decrease in contractile force seen with systolic dysfunction (33).

1.6 Sex-Differences in Heart Diseases

Sex differences impact HF in a variety of ways, including epidemiology, risk factors, and
pathophysiology. Genetic cardiomyopathies exhibit sex-related differences in penetrance (34, 35).
Men are predisposed to have HFrEF while women predominantly present with HFpEF, despite
common risk factors. However, some risk factors are associated with predicting differing outcomes
between men and women. For example, diabetes is a more potent risk factor for HF development
in women than in men (36, 37). Obesity has a higher prevalence in women and is a stronger HF
risk factor in women than men (38, 39). The risk of HF is also greater in hypertensive women as

compared to hypertensive men (40).
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Younger women show a level of cardioprotection which seems to decline with age,
suggesting a role of estrogen (41). The exact mechanism by which endogenous estrogen may
confer cardioprotection involves complex signalling pathways which are not yet fully understood.
Additionally, the role of endogenous versus exogenous estrogen may contribute to HF in opposing
ways, as supplementation with estrogen may also be detrimental in some cases. Hormone-
replacement therapy (HRT) in postmenopausal women was associated with increased risk for

cardiovascular diseases (42).

1.6.1 Risk Factors
1.6.1.1 Diabetes and Smoking

Diabetes and smoking are risk factors that present with a stronger association with regards
to the development of cardiovascular disease (CVD) in women compared to men. The prevalence
of diabetes is higher in men than in women in Canada and USA, however, the associated CVD
risk is higher in diabetic women than men (43). Women with diabetes have a greater adverse risk
profile, with a meta-analysis between diabetics and non-diabetics finding that the mean difference
in systolic blood pressure, total cholesterol, high density lipoprotein (HDL) cholesterol, body mass
index (BMI), and waist circumference were higher in diabetic women than men (44). Additionally,
diabetic women have poorer management and treatment of diabetes and its associated risk factors

(45).

Like diabetes, smoking is more prevalent in males than females, however, the related risk of
CVD in smokers compared to non-smokers was 25% higher in females (46). The underlying
mechanism for this difference is currently not fully known, with some focus on a combination of
oral contraceptative and smoking possibly driving this difference (47, 48). Smoking has a greater
negatively impact on HDL in women, adding to the increased risk (49). Additionally, smoking
may result in the increase in the levels of certain hormones that are associated with an increased

risk of CVD in females, including fasting insulin, free testosterone, and vasopressin (50, 51).

1.6.1.2 Psychosocial Factors

Exposure to psychosocial and mental health factors including depression, perceived
home/work stress, and major life events that can be influenced by both biological/sex based as
well as socially constructed/gender-based factors have been found to have greater impact on

female prevalence of CVD (52, 53). Depression, early life adversities, and post traumatic stress
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disorder (PTSD) have the strongest association with CVD in women (54, 55). The psychosocial
factors are collectively linked with stress, dysregulation of neuroendocrine stress signalling, and
an average onset at a young age could all predisposition women to have a greater risk of developing

CVD (56, 57).

1.6.1.3 Women-Specific Risk Factors

Along with these common risk factors, there are risk factors unique to women. Just like with
diabetes, women with gestational diabetes have a greater risk of CVD (58). Hypertensive disorders
of pregnancy (HDP) included gestational hypertension and preeclampsia. A prospective study
examining over 15 000 women revealed that women who developed gestational hypertension in
consecutive pregnancies had significantly higher blood pressure later in life when compared to
women who remained normotensive throughout pregnancies (59). Women who develop
preeclampsia during pregnancy have an at least 2-fold increased risk of developing CVD (60, 61,
62). HPD’s independent impact on CVD cannot be fully explored, as the increased risks associated
with HPD may be due to their impact on traditional risk factors, such as diabetes and obesity,

rather than a direct connection (57).

Lastly, early menarche (10 years or younger) is also associated with an increased risk of
developing CVD in the future (63). Early onset of menopause (before age 45) results in a 50%
higher risk of developing CVD and a 25% higher risk of a CVD-related death, as compared to
women whom menopause occurs later (64). However, whether these risks are due to the age-
related decline in estrogen levels rather than the menopause itself, remains unclear. However,
women aged 45-49 at the onset of menopause show no increased risk of CVD (64), suggesting, at
least partially, menopause associated risk to be independent of the risk associated with age-related

decline of estrogen levels (57).

1.6.2 Role of Sex Hormones

The systemic estrogen and testosterone levels begin increasing following puberty in females
and males, respectively, and remain high through to middle age. However, in females, estrogen
levels decline in menopause and the prevalence of cardiovascular diseases concurrently increases
during this time, suggesting a cardioprotective role for estrogen (65). In contrast, the onset of
cardiovascular diseases in men is earlier, during high testosterone levels, suggesting a negative

role for testosterone in heart disease (65). Steroidogenesis is the process by which cholesterol is
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first converted into progesterone, then to androgens (testosterone and its more potent derivative
dihydrotestosterone (DHT)) by cytochrome (CYP) p450 and by hydroxysteroid dehydrogenases
(HSDs) (66, 67, 68, 69). The conversion of testosterone to estrogen is regulated by aromatase,
while conversion from DHT is by 5-a reductase (70, 71). Although steroidogenesis predominately
takes place in the gonads, aromatase and 5-a reductase activity has been found in the heart (71,

72,73).

1.6.2.1 Progesterone

The progesterone receptors A (PR-A) and b (PR-B) are located in the cytoplasm and can
translocate to the nucleus, while a subclass of receptors is found only on the plasma membrane
(mPRs) (74, 75, 76). The mPRs are structurally unrelated to nuclear PRs and function non-
genomically by coupling to the inhibitory G-protein G, resulting in the downregulation of cAMP
production and increased nitric oxide (NO) synthesis (67, 77). Progesterone has been shown to
increase protein synthesis in cardiomyocytes and alter calcium concentration by increases

expression and activity of SERCA2a (78, 79).

1.6.2.2 Estrogens

There are three different forms of physiological estrogen: estrone (E1), which is primary
formed following menopause; estradiol (E2), which is present during reproductive years; and
estriol (E3), which is the primary form of estrogen during pregnancy. Estrogen signalling is
mediated by the binding of estrogen to either the estrogen receptor (ER)-a or ER3 which act as
ligand-activated nuclear transcription factors binding to DNA and initiate the genomic pathway
(80, 81). Both can form homo- and heterodimers to bind DNA and recruit co-activators and co-
repressors that modify estrogen mediated transcription. The non-genomic/non-nuclear response is
mediated by the G-protein coupled estrogen receptor 1 (GPER1) which is present only in the
plasma membrane (81, 82). Estrogen signalling in the heart results in a cardioprotective response
driven by a decrease in cardiac contractility by altering the myocardial expression of ventricular
B1-adernergic receptors, and intracellular calcium homeostasis by decreasing the expression of

LTCC, thereby decreasing the intracellular calcium load (83, 84, 85).
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1.6.2.3 Androgens

Androgen receptors (ARs) are located in the cytoplasm and upon stimulation they dimerize
and translocate to the nucleus to trigger the genomic response pathway. Like the ERs, ARs can
also signal through the non-genomic pathway to elicit more rapid responses. Androgen-mediated
signalling results in a pro-hypertrophic response by stimulating protein synthesis mediators such

as CaMKII, NFAT/GSK3p, and mTOR/S6 kinase (86, 87, 88). Testosterone also increases cardiac

contractility by increasing the expressions 1-adernergic receptors, the LTCC, and the NCX (89).

1.7 Mechanisms of Pathological Hypertrophy

There are numerous signalling pathways that have been implicated in both compensatory
and decompensatory hypertrophy. Many pathways may be either start with mediating the
compensatory response, but persistent activation of those pathways will lead to the transition to
decompensatory hypertrophy. Additionally, different isoforms may have contrasting effects on the
regulation of hypertrophy. On the other hand, there are also signalling cascades that are exclusive

to mediating the decompensatory response.

1.7.1 Angiotensin II

Angiotensin II (Angll) is synthesized through angiotensin converting enzyme (ACE) or
degraded by ACE2, which are expressed in the coronary, endocardial, and myocardial capillary
endothelial cells, as well as cardiomyocytes and fibroblasts (90, 91, 92, 93). Endothelial cells may
also produce Angll in an ACE-independent manner, through cardiac chymase (94, 95). ACE
converts decapeptide Angl (1-12) to Angll while ACE2 degrades Angll to form Ang-(1-7) and
cleave Ang I to Ang-(1-9) (96, 97). Functionally, Angll has prohypertrophic and profibrotic
actions, whereas Ang-(1-7) and Ang-(1-9) inhibit AngII’s effects to maintain cardiac function (98,
99). During cardiac stress, such as pressure overload, ACE is upregulated and ACE2 is
downregulated, therefore promoting ACE’s contribution to cardiac hypertrophy and heart failure
while subsequently inhibiting ACE2’s cardioprotective actions (100, 101, 102, 103). The
ACE/ACE?2 ratio is controlled primarily at the transcriptional level, by an endothelial chromatin
complex during pathological conditions (104). Angll can bind to their receptor ATIR on
cardiomyocytes and initiate activation of the RAAS pathway or bind to the AT2R receptor to
antagonize the effects of ATIR (105, 106).
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1.7.2 The MAPK Signalling Cascade

The mitogen-activated protein kinase (MAPK) cascade plays a role in both physiological
and pathological hypertrophy. The MAPK signalling cascade is divided into three pathways that
lead to the activation of either the p38 MAPKSs, the c-Jun N-terminal kinases (JNK), or the
extracellular signal-regulated kinases (ERK). All three pathways are activated in hearts that have
been pressure overloaded by TAC, and in humans heart failure (107, 108). Once the MAPK
cascade is activated, p38, JNK, and ERK can phosphorylate a plethora of downstream intracellular
targets including transcription factors that are responsible for the reprogramming of gene
expression (109). The ERK1/2 isoforms can be activated by Gag/11, and result in phospholipase
C B (PLCP) activation, subsequently activating protein kinase C (PKC) and the mobilization of
Ca?" stores (110). ERK1/2 is in the cytoplasm of unstimulated cells. Upon activation, ERK1/2
forms a complex with Raf and MEKI1/2, which may target cytoplasmic proteins for
phosphorylation, and this complex can also translocate to the nucleus to directly phosphorylate
their target transcription factors or co-activator proteins (111). JINK and p38 are more accurately
subclassified as stress-activated proteins (SAPKs) and are generally described as negatively
regulators of hypertrophy, however, their protective roles may be attributed to their roles in
preventing inflammation and apoptosis, rather than directly regulating hypertrophy (112).
Additionally, JNK and p38 may influence hypertrophy through their cross-talk with other
intracellular signalling pathways, including JNK (113).

1.7.3 The Calcineurin/NFAT Pathway

Calcineurin or serine/threonine-protein phosphatase 2B (PP2B) is a phosphatase comprised
of a 59-63 kDa catalytic subunit referred to as calcineurin A, a 19 kDa calcium binding protein
called calcineurin B, and the calcium binding protein calmodulin. Calcineurin is activation is
observed with activation of intracellular pathways that increase the mobilization of Ca*" from its
intracellular stores, including the MAPKSs, and, mechanical stress activated pathways (114, 115).
Transgenic mice with a constitutively active form of calcineurin developed significant
hypertrophy, while calcineurin deficient mice were protected from the development of
hypertrophy following pressure overload, Angiotensin II infusion, and isoproterenol infusion (116,

117, 118).
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Activated calcineurin dephosphorylates the transcription nuclear factor of activated T-cells
(NFAT). In unstimulated conditions, NFAT transcription factors are hyperphosphorylated and
sequestered in the cytoplasm. Following dephosphorylation by calcineurin, NFAT will rapidly
translocate to the nucleus, where upregulates pro-hypertrophic genes (116, 119). Of the five
identified NFATs, four (NFATc1-c4) are regulated by calcineurin (120). NFATc’s weakly bind to
DNA and therefore rely on other nuclear transcription factors such as AP-1 (c-Juc/c-Fos), GATA-
4, and MEF-2 (119, 120). NFATCc is also regulated by kinases, which rephosphorylate NFAT and
result in its nuclear export within the cytoplasm. These include JNK, p38, PKA, and glycogen
synthase kinase 38 (GSK3p) (109, 113, 121, 122, 123, 124, 125).

1.7.4 Integrin-mediated Signalling

Integrins are cell surface heterodimeric receptor proteins consisting of an a and 3 subunit,
which connect the ECM to the cytoskeleton. Both subunits extend across the plasma membrane
and have a large extracellular domain and a shorter cytoplasmic tail. This enables integrins to
participate in bidirectional signalling, including ‘inside-out’ and ‘outside-in’ signalling.
Mammalian integrins consist of 8 B and 18 o subunits that can combine to form more than 24
heterodimers. These heterodimers have their own binding specificity, including shared specificity
for major adhesive proteins, including fibronectin and laminin, with varying degrees of affinity for
each (126). Adult cardiomyocytes predominantly express the laminin binding o731 heterodimer,
with the a5B1 fibronectin and a6f1 laminin receptors expressed during embryonic development
(127, 128). Additionally, various splicing isoforms are also temporally expressed, such as the
expression of integrin f1A in embryonic cardiomyocytes and the expression of integrin 1D
isoform in adult cardiomyocytes (129, 130). Most integrins bind to the specific amino acid
sequence Arg-Gly-Asp (RGD) in ECM proteins, including collagen, vitronectin, and fibronectin.
Integrin’s al, a5, and B3 require the RGD motif for binding, while other integrins can recognize

other non-RGD motifs in ECM proteins (131, 132).

Integrins act as mechanosensors and mechanotransducers to cellular cascades in response
to activation by stretch (133). Integrins are the upstream regulators of hypertrophy, as they directly
can be activated by the mechanical strain caused by pressure overload. The cytoplasmic tail of
integrins can interact with actin filaments indirectly by proteins such as talin, vinculin, a-actinin,

integrin like kinase (ILK), parvin, paxillin, filamin, migfilin, zyxin, SRC, melusin, and focal
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adhesion kinases (FAK). Upon activation, integrins cluster on the cell surface, associate with ECM
proteins, and trigger the formation of the focal adhesion complex, which includes signalling
molecules, scaffolding proteins, and kinases. Integrins require the recruitment of kinases, such as
SRC, PI3K, and FAK, since they do not have any kinase function by themselves. These kinases in
turn phosphorylate their downstream targets and activate intracellular pro-hypertrophic signalling

cascades (130, 134, 135, 136).

1.7.5 Inflammation

Immune cells including macrophages, masts cells, and T cells are present in the
myocardium under physiological conditions. In the face of pathological stimuli, circulating
immune cells are recruited to the myocardium, and along with resident immune cells, where they
promote cardiac remodelling by releasing cytokines, growth factors, and matrix metalloproteinases
(MMPs) (137, 138). Immune cells not only effect cardiomyocyte driven pathological remodelling,
but they can also influence adjacent nonmyocytes, including fibroblasts and other immune cells in
a paracrine manner through the release of cytokines (139). The inflammatory response following
pressure overload is transient, and the infiltrating immune cells will resolve and be followed by
the development of fibrosis. This early inflammatory response is drive by neurohormonal
pathways that will lead to the activation of downstream signals that will suppress the inflammation
while subsequently promoting fibrosis (140). Infiltrating immune cells, including macrophages,
mast cells, and T cells, and subsequent inflammation are recognized as hallmarks of pathological

hypertrophy (141, 142).

1.7.5.1 Macrophages

Tissue-resident macrophages are important in maintaining the homeostasis of the cellular
environment. However, during cardiac injury, recruited macrophages are the primary mediators of
cardiac remodelling rather than resident macrophages (143). Like cardiac fibroblasts, macrophages
are also a heterogenous cell population with 2 distinct subsets, F4/80" CD11b" Ly6¢" and F8/80"
CD11b" Ly6c* (144). Following pressure overload, Ly6¢'® cardiac macrophages expression was
increased, while Ly6c™ macrophages remained unchanged (145). Macrophages are classified as
having either an activated/proinflammatory state (M1) or an alternatively activated/anti-

inflammatory state (M2) (143).
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Macrophages elicit temporally dependent effects on cardiac remodelling. For example,
macrophage presence correlated with collagen deposition in a time-dependent manner in response
to pressure overload (146). Similarly, macrophages switch from a pro-inflammatory phenotype at
1 day post myocardial infarction (MI) to an anti-inflammatory phenotype by day 3 post-MI (147,
148). Macrophage-specific mineralocorticoid receptor (MR)-deficient mice had blunted cardiac
hypertrophy and fibrosis following Angll stimulation and these MR-deficient macrophages
exhibited M2 characteristics and reduced expression of proinflammatory cytokines, indicating that
M1 macrophages are modulators of cardiac hypertrophy and fibrosis (149). Macrophages produce
tumor necrosis factor alpha (TNFa), and patients with heart failure have increased circulating
levels of TNFa along with TNFa- receptors 1 and 2, and serve as a prognostic marker in these
patients (150, 151). Cardiac-specific transgenic overexpression of TNFa in mice resulted in the
development of cardiac hypertrophy and dilated cardiomyopathy (152). TNFa exerts its effects
through downstream signalling pathways, such as nuclear factor kappaB (NFxB), which is a
transcriptional activator of hypertrophy (153).

1.7.5.2 Mast Cells

Mast cells mediate immune responses, especially allergic responses, but are also mediators
of tissue remodelling (154). These cells are present in the heart and have increased expression in
the myocardium following pressure overload (155, 156, 157). Cardiac hypertrophy and fibrosis
were attenuated in mast cell-deficient mice and cardiac function was preserved following pressure
overload (158). Mast cells produce histamine, which when inhibited by using a histamine H>
receptor antagonist, ameliorated heart failure (159, 160). Mast cells also secrete the proteases
renin, which converts angiotensinogen to Angl, and chymase, which converts Angl to Angll, and
therefore may have a role in modulating the local RAAS pathway in the heart (161, 162, 163).
Degranulation of mast cells releases TGFf and TNFo and therefore can modulate cardiac

hypertrophy through the paracrine actions of these mediators (164, 165).

1.7.5.3 T cells

T cells are involved in adaptative immunity and are expressed in the myocardium, however,
their role in cardiac pathophysiology is poorly understood. Both CD4" and CD8" T cells were
found to be increased in the myocardium in pressure overloaded mice hearts (166) and transfer of

CD4"CD25" T cells ameliorated cardiac hypertrophy and fibrosis induced by AnglIlI in mice (167).
yp phy y Ang
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T cell specific MR knockout mice were protected against pressure overload by aortic constriction
induced cardiac hypertrophy and dysfunction (168) however, the mechanistic link between T cells

and cardiac hypertrophy still need to be elucidated.

1.8 Cardiac Fibrosis

Cardiac fibrosis is a pathological response characterized by excess deposition of ECM
proteins. This response is principally mediated by cardiac fibroblasts (cFB), spindle-shaped cells
predominantly of embryonic epicardial and endothelial origins (169). cFBs are present in the
myocardial interstitial, epicardial, and perivascular regions and are the only cell type in the
myocardium that are not associated with the basement membrane (170). Functionally, they are
responsible for maintaining the homeostasis of the ECM and are able to sense and respond to
changes in their microenvironment, whereby they contribute to physiological or pathological
remodeling of the myocardium depending on the nature of the stimulus. Activated fibroblasts in
the failing heart have also been compared to the fibroblasts in cancer that drive tumor growth
through proliferation (171). Fibrosis is the outcome of pathological fibroblast activation and can
be classified as reparative/replacement fibrosis or reactive fibrosis. Reparative fibrosis occurs in
response to cardiomyocyte loss and results in scar formation in an attempt to preserve myocardial
structural integrity. Reactive fibrosis, on the other hand, is not preceded by cardiomyocyte loss but
is initiated by activated fibroblasts that degrade the existing stroma and deposit excess fibrillar and
non-fibrillar ECM proteins, thereby reduce the contractile capacity and compliance of the

myocardium.

Myocardial fibrosis was originally believed to be mediated solely by the activation of
resident cFBs, however, elucidation of phenotypic heterogeneity among fibroblasts has revealed
different cFB lineages and cFB expression profiles within various regions of the heart (172).
Lineage tracing has allowed for identification of numerous precursors of cFBs present in the
injured myocardium, including mesenchymal-derived (epithelial and endothelial cells), pericytes,
and hematopoietic progenitor cells, in addition to resident cFBs (Figure 1.3). Moreover, many of
these cells can play dual roles in fibrosis, as they can transdifferentiate into myofibroblasts
(MyoFBs) or trigger activation of cFBs to differentiate in MyoFBs (172, 173). However, studies
investigating cFB lineages have been limited due to the absence of reliable markers for fibroblasts,

since present markers are either not specific to fibroblasts and are also expressed by other
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interstitial cells, or are targeted to only a subpopulation of fibroblasts (Table 1). Therefore, the
functional consequence of cFB heterogeneity is not fully characterized yet. Along with progenitor
heterogeneity, transdifferentiation of different cell types to cFBs and MyoFBs can be induced by
various growth factors, such as TGFf, hormones such as Ang II and aldosterone, and cytokines
including IL1p, and IL6, providing several sites of regulation for cardiac fibrosis while also

elucidating the potential difficulty in finding single therapeutic targets for cardiac fibrosis.
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Figure 1.3. Diverse origins of fibroblasts. Fibroblasts can be derived from mesenchymal stem cells, including
epithelial cells, endothelial cells, and pericytes. They can also be derived from pluripotent stem cells, including
fibrocytes, macrophages, and monocytes. Additionally, these cell types can also directly transform to myofibroblasts.

1.8.1 Myofibroblast Activation

The key cellular event that drives the development of fibrosis is the activation of fibroblasts
to MyoFBs which possess a synthetic phenotype (synthesizing) with increased capacity to produce
ECM proteins compared to fibroblasts (Figure 1.4). These MyoFBs acquire structural and

phenotypic characteristics of smooth muscle cells and are able to generate a contractile force due
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to the expression of aSMA in stress fibers (174, 175, 176). They are also distinguished from
fibroblasts by their ruffled membranes and highly active endoplasmic reticulum (177). In the
myocardium, MyoFBs appear predominantly in response to cardiac injury. They migrate to the
site of injury in response to the release of chemokines, and mediate pathological ECM deposition

and remodelling via the secretion of type I and III collagen fibers (178).

Fibroblast (unactivated)

—e ==

Myofibroblast (activated)

Fibrotic Remodelling

Figure 1.4. Cardiac fibroblasts activation to myofibroblasts. Quiescent fibroblasts undergo activation to
myofibroblasts, where they acquire ruffled membranes and highly active endoplasmic reticulum. They can generate a
contractile force due to the expression of aSMA in stress fibers and lead to fibrotic remodelling by producing
extracellular matrix proteins.

Activation of cFBs to MyoFBs is triggered in response to cardiac injury or stress, resulting
in an increase in circulating and local pro-fibrotic growth factors and cytokines, such as

transforming growth factor 3 (TGF), tumor necrosis factor oo (TNFa), interleukin 1 3 (IL1p), and
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interleukin 6 (IL6), which in turn further promote activation of cFB to MyoFB (177, 178, 179,
180). Activated FBs also produce a number of matrix metalloproteinases (MMPs) that degrade the
existing stromal ECM, and can mediate activation of the profibrotic cytokine, TGFf3 from its latent
form (181). TGF is central to activation of cFB to MyoFBs as it promotes aSMA transcription
in FBs through the activation of the Smad signalling cascade, subsequently leading to increased
production of ECM proteins (182, 183). Additionally, upregulation of pro-fibrotic transcriptional
factors increase the synthesis and secretion of profibrotic growth factors and cytokines from cFB
themselves (172). Hormonal and mechanical strain (or stretch) can also induce the expression of
pro-fibrotic growth factors and cytokines (177, 184, 185, 186). Interactions between all these

activated signals and pathways form a positive feedback network augmenting the fibrotic response.

1.8.1.1 Transforming Growth Factor-beta (TGFp)

TGFp is the most studied and characterized mediator of cardiac fibrosis, with TGFf1 as
the predominant isoform present in the cardiovascular system. TGF2 and TGF(3 also belong to
the TGF[ family, however these isoforms are mostly involved in regulation of angiogenesis and
bone formation, along with a minimal contribution to fibrosis as discussed later (187, 188). As
such, here we will focus on the role of TGFB1 (sometimes simply referred to as, TGFp) in fibrosis.
TGFp1 signalling is induced by various upstream pathways, growth factors such as CTGF and
PGDF, hormonal stimuli such as Ang II and ET1, inflammation-mediated activation of cytokines
including TNFa, IL1f, and IL6, and mechanical stretch-activated pathways mediated by integrins
and Ca?', as described further in the following sections. TGFB1 is secreted as part of a latent
complex that remains sequestered in the ECM in an inactive form (181). Following cardiac injury,
this complex is proteolytically cleaved by proteases such as plasmin (189, 190), MMPs (181, 191,
192, 193, 194), or activated by ROS generation (195, 196), acidic environment (189, 197, 198), or
by mechanical stretching of the ECM mediated by integrins (199, 200, 201, 202), resulting in the
release of the TGFB1 homodimer from the latency complex and binding to its receptors. Activation
of a small amount of latent TGFf1 is sufficient to induce a significant downstream response (203).
Homozygous TGFp1-deficient mice die by 3 to 4 weeks of age due to severe multifocal
autoimmune response leading to organ failure and death (204, 205), while heterozygous TGFf1-
deficient mice are viable and have been reported to be resistant to age-related cardiac fibrosis and

cardiac dysfunction (206). Mice overexpressing TGFB1 displayed a significant increase in the
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prevalence of cardiac fibroblasts and cardiac fibrosis (207). Interestingly, inhibition of TGFp1
signalling in a mouse model expressing a dominant-negative mutation of the TGFf type II receptor
decreased cardiac fibrosis but increased left ventricular dilation and dysfunction following cardiac
pressure overload, presenting a model of dilated cardiomyopathy (208). Taken together, these
reports indicate that sustained TGFP1 signalling leads to pathological remodelling, whereas

baseline TGFB1 activity may be protective during acute cardiac injury (179).

TGFB plays distinct roles in reparative fibrosis following MI and reactive fibrosis
following pressure overload. TGFf isoforms are temporally expressed in the myocardial infarct,
with early expression of TGFB1 and TGFf2, while TGF3 upregulation is delayed and prolonged
(209, 210), with predominant TGFB1 expression in the infarct border (211). All three isoforms
signal through the type I receptor (TBRI) and type II receptor (TBRII), with TGF(2 binding very
weakly with TBRIL, while TGFB1 and TGFB3 bind with high affinity to both TRRI and TBRII
(212, 213). The dual function of TGFB1 in the ischemic heart includes mediating the inflammatory
response and inducing upregulation of ECM protein deposition by activation of cFBs to MyoFBs,
resulting in scar formation (214). Following pressure overload, TGFf signalling regulates
hypertrophic remodelling by promoting reactivation and expression of fetal contractile genes, such
as beta-myosin heavy chain (BMHC) and alpha-skeletal actin (215), and overexpression of TGFf3
in transgenic mice lead to increased interstitial fibrosis and hypertrophy (207). TGFB1 expression

in hypertrophic myocardium is correlated to increased fibrosis in the pressure overloaded human

heart (216).

Once the TGFB1 homodimer is released from its latent complex, it binds to TBRII on the
cell surface, which dimerizes with and phosphorylates the cytoplasmic domain of TPRI, the
predominant receptor for the fibrotic response mediated by TGFB1 (181, 217). TGFB1 can mediate
the fibrotic response through either induction of the Smad-dependent canonical signalling pathway
or through the Smad-independent noncanonical signalling pathway. Activation of the canonical
signalling pathway of TGFf consists of the phosphorylation of Smad2/3, which then bind to
Smad4 and translocate to the nucleus, where the complex functions as a transcription factor to
upregulate the expression of pro-fibrotic genes (e.g. collagen, aSMA, etc) (183, 214). Smad3-

deficient mice have reduced fibrotic remodelling and rupture following MI (183) and reduced Ang
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[I-mediated hypertrophic remodelling and fibrosis (218). TGFf also induces the expression of the
inhibitory Smads, Smad6 and Smad7, which prevent Smad2/3 phosphorylation and subsequent
binding to Smad4, thereby functioning as an autoinhibitory feedback mechanism (219).

The noncanonical signalling pathway activated by TGFf has also been recognized as being
an important inducer of cardiac fibrosis. This pathway is mediated through the activation of
MAPKSs, including JNK and p38, and is Smad-independent, although it acts as a central regulator
of the pleiotropic nature of TGFp signalling. Activation of the noncanonical pathway through
TGFP receptor, TGFBRII, results in the activation of TGFf-activated kinase 1 (TAKI1), which
leads to phosphorylation of JNK or p38 by MKK3/6 or MKK4, respectively (220, 221).
Cardiomyocyte-specific overexpression of constitutively active TAK1 resulted in increased
interstitial fibrosis (222), while fibroblast-specific genetic depletion of p38 resulted in the
attenuation of cFBs differentiation and fibrosis (223, 224). Activation of the JNK pathway reflects
a point of duality in TGFp signalling, as it can directly interact with the Smad-dependent pathway,
while also functioning in a Smad-independent manner. TGF-induced activation of ERK and JNK
pathways could result in the phosphorylation of Smads (225, 226). JNK activation by TGFf results
in the subsequent activation of AP1 (activating protein 1), a Smad-interacting transcription factor
(227, 228, 229, 230, 231), which can potentially target TGFB1 (232), collagen type 1 (233),
fibronectin (234), and plasminogen activator inhibitor 1 (PAIl) (235). Lastly, activation of both,
the canonical and the noncanonical pathways by TGFP have been reported to prevent cFB
apoptosis following cardiac injury (236, 237) which could further contribute to the fibrotic

response.

1.8.1.2 Mechanical Stress

Many fibroblasts are resistant to physiological strain due to structural protection by the
ECM in many organs, such as the skin, thus allowing them to maintain their quiescent form in
healthy tissue (175). In contrast, cFBs must be able to sense an increase in mechanical load in
order to upregulate ECM production as a compensatory response to maintain ECM homeostasis.
Klingberg et al. (238) demonstrated that the level of active TGF1 was always greater in strained
ECM conditions compared to relaxed ECM. Therefore, mechanosensing is an important function
of fibroblasts, which is necessary for these cells to not only respond to physiological stimuli and

maintain homeostasis, but also presents a critical process involved in deleterious cardiac fibrosis.
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ECM exposure to high stress has been shown to increase aSMA promotor activity and protein

expression, and recruitment of aSMA to stress fibers to increase contractile ability (186, 239, 240).

Increased mechanical stress results in an increase in Ca?" influx, mediated by the Transient
receptor potential channels (TRPC) by interactions with phospholipase C signalling pathways.
This leads to activation the calcium sensitive protein phosphatase calcineurin and subsequently
trigger the nuclear translocation of its downstream effector, NFAT (241, 242, 243). Davis et al.
(244) characterized a TRPC6-dependent pathway involved in wound healing in vivo as
overexpression of TRPC6 resulted in myofibroblast transformation, while TRPC6-deficient mice
were resistant to TGFB1- and Ang II-mediated myofibroblast activation. TRPC6 expression was
induced by TGFB1 and Ang II through activation of p38 signalling and once activated, TPRC6
activated calcineurin, which induced myofibroblast activation. Transient receptor potential
ankyrin 1 (TRPA1), another member of the TRPC family, also promotes myofibroblast
transdifferentiation after MI via the calcineurin/NFAT signalling pathway (245). The
calcineurin/NFAT pathway can also induce myofibroblasts activation independent of TPRC
signalling, in response to mechanical stretch. Syndecan-4, a proteoglycan, can sense mechanical
stress in a pressure overload model and trigger myofibroblast activation through the

calcineurin/NFAT pathway (246).

Integrins are the primary mechanosensors in the ECM, directing linking the contractile
function of the heart to molecular responses. cFBs express many integrins including collagen
receptor integrins a1 1, a2P1, and a1B11, alf3, and fibronectin-binding integrins a5B1, a8f1,
and avfB5, which function to mediate proliferation, migration, adhesion, differentiation, and
apoptosis (247). Integrin-mediated cell contractions can activate latent TGFB1, inducing various
roles for TGFB1 in myofibroblast differentiation and proliferation (185, 248). Specifically, integrin
signalling can trigger myofibroblast differentiation through activation of MAPKs, including ERKs
and p38, mediated by activated TGFB1 (249). In pressure overload models, integrin 1 expression
is increased and initiates activation and nuclear translocation of Smad2/3 and activation of the

focal adhesion kinase pathway (250, 251).

1.9 Extracellular Matrix Composition
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The cardiac ECM is a complex, highly organized architectural network that provides both
structural and molecular support to the surrounding myocardial cells. The structural support of the
ECM prevents myocyte slippage, facilitates force transmission, and assists with cardiac recoil
during diastole. Molecularly, the ECM acts as a reservoir for a number of growth factors and
cytokines, allowing for their rapid release in response to stimuli. Cardiac ECM is divided into three

components, the fibrillar structure, the basement membrane, and the interstitial space.

Collagen IV

Proteoglycan \ CF s

Laminin

Fibronectin

0000000000000000000000000000008(0000000
Integrin Receptor

Figure 1.5. Components of the extracellular matrix (ECM). The interaction between the ECM and cardiomyocytes
is through a collagen-integrin-cytoskeleton-myofibril link. The ECM consists of the fibrillar network, which is made
up of non-fibrillar collagen and the basement membrane. The basement membrane comprises of laminin, collagen IV,
fibronectin, and proteoglycans.

1.9.1 Fibrillar Network

The fibrillary ECM network is the most commonly investigated part of the ECM and is
primarily comprised of fibrillar collagens. Based on their structure, collagen molecules are divided
into two main classes: fibril forming collagens which include collagen type I, type 11, type 111, type
V, and type XI; and non-fibril forming collagens, collagen type IV and VI (252, 253). Collagen
type I forms thick rod-like fibers and underlies the myocardial tensile strength, collagen type III

forms fine network of fibers and accounts for its distensibility (254), and collagen II is expressed
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mainly in the cartilage, while type V in dermal tissue. Fibrillar collagens are produced as triple
helix pro-collagens that are secreted to the extracellular interstitium for post-translational
modifications such as enzymatic removal of the loose N- and C-propeptides, crosslinking and
stabilization of their fibrillar structure (181, 252, 255). The C-terminal and N-terminal propeptides
of procollagens (PICP, PINP for type I; PIIICP and PIIINP for type III) are released during
biosynthesis of these collagen fibrils and have been considered as biomarkers of collagen synthesis
(169). Subsequently, hydroxylation and oxidative deamination of collagens by lysyl hydroxylase
(PLOD1) and lysyl oxidase (LOX) lead to cross-linking and stabilization of collagen fibers (256,
257). Further post-translational regulation of the collagen fibers is mediated by matricellular
proteins, the non-ECM proteins that reside in the interstitial space and play important roles in
stabilization of collagen fibers; these include SPARC (secreted protein acidic cysteine-rich),

osteopontin, and periostin (258, 259).

1.9.2 Basement Membrane

The basement membrane is a thin layer of the specialized ECM that serves as the interface
between the cardiomyocytes and the interstitial ECM (260, 261). The interaction between the ECM
and cardiomyocytes is through a collagen-integrin-cytoskeleton-myofibril link that is important in
transducing extracellular signals to regulate cardiomyocyte function. The basement membrane
consists primarily of laminin, collagen type IV, fibronectin, and basement membrane

proteoglycans (Figure 1.5).

1.9.2.1 Laminin

Laminin is one of the main protein in the basement membrane and the laminin family of
proteins consists of 3 chains, a, B, and y assembled in a branched structure containing short arms
and a coiled-coil long arm with a globular domain (262). They are responsible for the organization
of the basement membrane on cell surfaces. Targeted tissue-specific genetic deletion of laminin
eliminates the formation of the basement membrane in that tissue (263, 264). Laminin-integrin
interactions occur through the globular domain to activate signals important in cellular functions
(265). Mice deficient in laminin alpha 4 (LAMA4) display endothelial dysfunction, dilated vessels,
hemorrhages, as well as cardiac hypertrophy progressing to heart failure due to a loss of connection
between the basement membrane and actin cytoskeleton, and between the cardiomyocyte and the

ECM resulting in apoptosis (266). In general, the N-terminus of laminins interacts with interstitial
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ECM proteins and provides assembly and stability to the basement membrane; while the C-
terminus of laminins interacts with the cell surface receptors and mediates adhesion/migration,

survival/apoptosis, signaling, differentiation, and gene expression (267, 268).

1.9.2.2 Collagen IV

Collagen IV forms a covalently-stabilized network through three types of self-assembly
and binding to laminin (269). Firstly, the N-terminal domains of Col IV and laminin interact
spontaneously to form dimeric and trimeric intermediates (270, 271) while LOX and disulfide-
derived covalent cross-links further stabilize the structure (271). Secondly, the self-interactions of
the globular C-terminal domain of laminin extend the Col IV network. Specificity of this
collagenous chain assembly is dependent on C-terminal subunits of laminin (272, 273). Finally,
parallel collagen IV filaments interact with each other to form a network (270, 274). It is proposed
that these interactions drive network complexity as parallel collagen IV interactions were not

observed in the absence of N- and C- terminal interactions (270).

1.9.2.3 Fibronectin

Fibronectin is a dimeric glycoprotein found in the ECM that mediates the connection
between the cells and the interstitial ECM by binding to cell membrane receptor integrins, and
other ECM proteins such as collagens, fibrin, and heparan sulfate proteoglycans such as syndecans.
In vertebrates, two types of fibronectins are present, soluble plasma fibronectin and insoluble
cellular fibronectin. Cellular fibronectin is expressed by fibroblasts, endothelial cells, and vascular
smooth muscle cells and deposited locally while plasma-derived fibronectin is expressed at high
levels by hepatocytes to be later secreted into the plasma (275). Secreted fibronectin is assembled
into fibrils in the ECM by first binding to cell surface receptors including integrins, followed by
unfolding into an extended structure that exposes binding sites buried in the soluble structure to

promote the interaction of fibronectin with ECM components (181).

1.9.3 Proteoglycans

Proteoglycans are glycosylated proteins that consist of a core protein with covalently
attached glycosaminoglycan (GAG) chains. They are part of both the basement membrane and the
interstitial space within the ECM network. The GAG chains are linear carbohydrate polymers with
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repeating disaccharide unit, highly negatively charged and as such able to interact with positively
charged molecules such as the ECM proteins, cytokines chemokines, pathogens, growth factors
and proteases (276). Through this function of GAGs, the ECM is able to serve as a reservoir for
soluble growth factors and cytokines by sequestering them in the interstitial space until they need
to be released, or made accessible to their receptors, in response to physiological or pathological
cues (276). Proteoglycans are divided into four groups based on their extracellular localization,
size, and structural properties: cell surface or membrane-bound proteoglycan (syndecan, glypicans,
CD44), extracellular proteoglycans (Versican, Aggrecan, Neurocan, Brevican), basement
membrane proteoglycans (Perlecan, Collagen type XVIII, Agrin), and small leucine rich
proteoglycans (SLRPs, such as Biglycans, Decorin, Lumican, fibromodulin, osteoglycin) (277,
278).

1.10 A Disintegrin and Metalloproteinases (ADAMs)

A disintegrin and metalloproteinases (ADAMs) are Zn?*-dependent, membrane-bound,
cell surface enzymes that are capable of both proteolytic and adhesive functions leading to diverse
ECM remodeling. Currently, there are 40 ADAM genes identified in the mammalian genome, with
37 predicted genes encoding mouse ADAMs and 27 genes (including 7 pseudogenes) encoding
human ADAMSs (279, 280). These pseudogenes include ADAMs 1, 3-6, and 25 but they are active
in the mouse and rat genome (280). ADAMs are generally subclassified into two groups, ADAMs
that contain the HEXGHXXGXXHD catalytic site motif in their metalloproteinase domain,
conferring proteolytic activity including ADAMs 8-10, 12, 15, 17, 19, and 33, and the other which
are considered proteolytically inactive and predominantly function through their adhesive
properties (281, 282, 283).

ADAMs, which were originally named metalloproteinase disintegrin cysteine-rich (MDC),
are Zn?>" dependent type 1 transmembrane proteins with homology to snake venom integrin ligands
that belong to the adamalysin metalloproteinase family. Most ADAMs from the N-terminus to C-
terminus are composed of a peptidase unit followed by the metalloproteinase domain, a disintegrin
domain, a cysteine-rich domain, an EGF-like module, a transmembrane domain, and a variable
cytoplasmic tail.

i) Peptidase unit: The peptidase unit in ADAMs contains a signal peptide and a pro-domain.

The signal peptide is important in the maturation process of ADAMs by regulating the
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correct intracellular trafficking of the stably folded zymogen from the ER to the late Golgi.
The pro-domain is proteolytically cleaved by furin-like proprotein convertases at the Golgi
(284). The pro-domain maintains the metalloproteinase site of ADAMs in an inactive state
through a ‘cysteine switch’. This cysteine switch is comprised of a conserved cysteine
residue that form a complex with the Zn?* in the metalloproteinase domain. Additionally,
the pro-domain acts as a chaperone and prevents the degradation of ADAMs during their
biogenesis and transport through the secretory pathway (285). The pro-domain also ensures
the proper folding of the ADAMs before they enter the secretory process. Purified or
synthesized pro-domains can act as potent inhibitors of mature, active ADAMs (286, 287).
Metalloproteinase domain: The metalloproteinase domain contains a conserved sequence
(HEXGHXXGCCHD), in which the three histidines (H) coordinate the catalytic Zn>*. The
glutamic acids (G) in the sequence are highly conserved and are responsible for the
polarization of the zinc-associated water molecule for nucleophilic attack towards the

target peptide bond during shedding.

iii) Disintegrin domain: All ADAMs have a disintegrin domain, which can bind to integrins

v)

as well as other ECM proteins. These disintegrin and integrin interactions are mediated by
the disintegrin loop, which in most ADAMs contain 14 amino acids with the canonical
disintegrin loop motif (CRXXXXXCDXXEXC) (288, 289). The structural interactions
between disintegrins and integrins are poorly understood. Integrins are thought to be
inactive when in the bent conformation, and the disintegrin loops in ADAMs are located
deep within the distingrin domain (290, 291). The binding of the disintegrin domain to
integrins is believed to play a role in cell adhesion and migration (281).

Cysteine-rich domain: The cysteine-rich domain is thought to be important in specific
subtrate recognition and for other biological functions such as mediating interactions
between integrins and the disintegrin domain, cell adhesion, and its protease activity (292,
293, 294, 295, 296, 297).

EGF-like domain: Most ADAMs have an epidermal growth factor (EGF)-like domain that
contains 30-40 amino acids. Although the function of this domain remains unclear, it has
been suggested that the domain creates a bridge to form a C-shaped arm by connecting the

metalloproteinase, disintegrin, cysteine-rich domains, and the hypervariable region (HVR).
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This may mediate interplay between the proteolytic and adhesion functions for substrate
recognition (291).

vi) Cytoplasmic domain: The cytoplasmic domain varies in length and sequence among the
ADAMs family. Many ADAMSs contain one or more Src homology 3 domain binding sites
or serine, threonine, or tyrosine phosphorylation sites (298). The cytoplasmic domain may
have many adapter proteins as binding partners to mediate protease activity, intracellular
transport, localization, and cell signalling (281, 299).

ADAMs are very closely related to matrix metalloproteinases (MMPs). Both ADAMs and
MMPs are inhibited by tissue inhibitors of matrix metalloproteinases (TIMPs). A comparison of
their domains can be found in Figure 1.3. They both have signal sequences at their N-termini,
which direct the protein to their secretory pathway. The pro-domain is also present in both and acts
as a chaperone for proper protein folding and maintains enzyme latency via the cysteine switch.
Lastly both possess the catalytic domain. Whereas ADAMSs have a cysteine-rich domain, EGF-
like domain, transmembrane region, and cytoplasmic tail, MMPs have a hemopexin domain. The
hemopexin domain confers substrate specificity and may be involved in the activation as well the

inhibition of MMPs (300, 301).
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Figure 1.6. Comparison of the different domains present in A disintegrin and metalloproteinase (ADAM) and
matrix metalloproteinase (MMP). ADAMs and MMPs both have a prodomain, and a metalloproteinase domain,
however, ADAMs also have a disintegrin domain, cysteine-rich domain, EGF-like domain, transmembrane domain,

and a cytoplasmic tail. MMPs, on the other hand, are not membrane bound and therefore only have an additional
hemopexin and hinge domain.

1.11 ADAMIS and Integrin Interactions

Human ADAMIS is the only ADAM that contains the RGD motif in its disintegrin domain,
while mouse ADAMI15 has a TDD sequence instead (285). Of the 24 identified integrins, 8 bind
the RGD motif, meaning that majority of integrins signal through RGD-independent mechanisms
(133) (Figure 1.4). Mouse ADAMI15 therefore mediates integrin signalling through the RGD-
independent integrins, such as a9p1 and a781 (302). The human ADAMIS5 disintegrin domain
binds to avp3 in an RGD-dependent manner and a9B1 in an RGD-independent manner. The

interaction with a9 1 seems to be more physiologically relevant, as it is evolutionarily conserved

while the RGD motif in ADAMI15 is not (303).
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Figure 1.7. Different RGD- dependent and independent integrin heterodimeric subunits and their receptor
type. Integrin o subunits can be divided into RGD-dependent integrins and RGD independent integrins. RGD-
independent integrins can be further classified into collagen, laminin, or leukocyte specific receptors, based on the
dimerization of the o and 3 subunits.

1.12 ADAMI15 and Disease

ADAMI5 plays a diverse role in many different diseases through mechanisms that involve

cell-cell interactions, cell-ECM interactions, and its shedding function. ADAM1S5 is overexpressed

in adenocarcinomas and is associated with metastatic progression of prostate and breast cancer
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(304, 305). It has also been shown to mediate neovascularization in a mouse model of retinopathy
(306). ADAMI5 is expressed in the myocardium, endothelial cells, and in vascular atherosclerotic
lesions (307, 308, 309). Loss of ADAMI15 activity results in accelerated plaque progression in
atherosclerosis (310). ADAMIS signals through cSrc and c-Yes to contribute to atherosclerotic
lesion development by disrupting adherence junction integrity and promoting monocyte
transmigration (311). ADAMIS expression is upregulated in the myocardium following
myocardial infarction in female rats and male mice at the 3-day time point (312, 313). Loss of
ADAMI15 in male mice resulted in increased LV rupture following MI due to impaired collagen-

cross linking and scar formation (313).

1.13 ADAM17 and Cardiac Remodelling

ADAM17, also known as tumor necrosis factor o (TNFa) converting enzyme (TACE), is
the most extensively studied ADAM, with over 80 substrates identified (314). Unlike ADAM15,
ADAM17 does not contain a cysteine-rich or EGF-like domain (Figure 1.8). Instead, ADAM17
has a membrane proximal domain and the CANDIS (Conserved ADAM17 Dynamic Interaction
Sequence) region both of which are involved in substrate recognition (315). ADAMI17-deficient
mice die shortly after birth and present with defects in the aortic, pulmonic, and tricuspid valves
(316). Endothelial-specific ADAMI17 knockout (Adaml77") mice develop significant systolic
dysfunction as adults due to semilunar valve stenosis (317). Cardiomyocyte-specific Adaml7"
mice had lower mortality rate and decreased cardiac dysfunction following myocardial infarction,
with reduced expression and activation of vascular endothelial growth factor receptor 1 (VEGFR1)
in the infarcted myocardium (318). Similarly, inhibition of ADAMI17 by administration of
ADAM17 small-interfering RNA prevented angiotensin II (Angll) induced cardiac hypertrophy
and fibrosis (319). In contrast, in a pressure overload model of cardiac hypertrophy,
cardiomyocyte-specific Adaml7”- had increased cardiac hypertrophy and fibrosis following
transverse aortic constriction (TAC), with reduced cleavage of integrin 1 and thereby increased

integrin B1 signalling (251).
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Figure 1.8. Comparison of the different domains present in A disintegrin and metalloproteinase (ADAM)- 15
and 17. Both ADAMs have a prodomain, and a metalloproteinase domain, disintegrin domain, transmembrane
domain, and cytoplasmic tail. However, ADAMI17 contains a membrane proximal domain and a CANDIS region
instead of the EGF-like and cysteine-rich domain found in ADAMIS.

1.14 Rationale

The role of ADAMIS5 in mediating cardiac remodelling following pressure overload has
been poorly explored. Mouse ADAMI15 differs from human ADAMIS, as it lacks the RGD motif
in its disintegrin domain. Instead, mouse ADAMIS5 contains a TDD sequence and therefore can
only mediate integrin signalling through the RGD-independent integrins, such as a9p1 and a/7f3.
The pressure overload murine model mimics clinical hypertension or aortic stenosis, where the
stressor initially leads to compensatory hypertrophy and may proceed to heart failure. Women with
aortic stenosis are less prone to developing heart failure than men at similar mechanical loads (320,
321, 322). Male mice develop more severe hypertrophy and cardiac dysfunction following TAC

as compared to female mice (323, 324), meaning that females have some degree of

40



cardioprotection. Since there are sex-dependent differences observed with the TAC model, it is

important to determine their effects on ADAM15-deficient male and female mice.

ADAMI17 has long been established as a critical regulator of cardiac remodelling. Its ability
to proteolytically cleave Angiotensin converting enzyme 2 (ACE2) has made the role of ADAM17
in mediating Angll-induced cardiac remodelling a thoroughly researched field, however, less is
known about its role in pressure overload-induced cardiac remodelling. Our lab has shown that
mice with cardiomyocyte specific ADAM17 knockdown have increased myocardial hypertrophy
and dysfunction through suppressed proteolytic processing of integrin 1 following pressure
overload, a response not mimicked by a subpressor dose of AnglI (325). Additionally, ADAM17
expression is upregulated in fibrotic hearts and in TGFB1-treated murine cardiac fibroblasts and
downregulation of ADAMI17 decreased TGFP1-induced increase in collagen I, indicating
ADAMI17’s potential role in fibroblast activation and cardiac fibrosis (326). ADAM]17 can mediate

fibrosis via its proteolytic activity in cleaving TGFf and thereby regulating TGFf signalling.

1.15 Hypotheses

Loss of ADAMIS5 in males will lead to increased cardiac hypertrophy and dilation due to
upregulation of downstream pro-hypertrophic signalling pathways initiated by the RGD-
independent integrins, while loss of ADAMIS5 in female mice will be cardioprotected and present

less cardiac hypertrophy and dilation.

Loss of ADAMI17 in cardiac fibroblasts will lead to decreased TGF[-meditated signalling,

resulting in decreased cardiac fibrosis.

1.15.1 Objectives

1.15.1.1 Objective 1: The sex-dependent role of ADAMIS in cardiac remodeling following
pressure overload.

The aim of this research was to identify the novel role of ADAM15 in mediating cardiac
remodeling following pressure overload and whether this response is sex dependent. Therefore,
we utilized male and female WT and Adami5” mice that underwent pressure overload by
transverse aortic constriction. The cardiac phenotype of these mice was developed by investigating

cardiac hypertrophy, fibrosis, and function following pressure overload. The transition from
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compensatory to decompensatory hypertrophy was documented. Furthermore, the downstream
signalling pathway responsible for the phenotypes was examined by looking at the activation of
mechanosensitive pathways, including integrins and pro-hypertrophic pathways involving

calcineurin.

1.15.1.2 Objective 2: The fibroblast-specific role of ADAM17 in mediating cardiac fibrosis
following pressure overload.

The aim of this study was to identify how of the loss of ADAM17 in cardiac fibroblasts
can impact cardiac fibrosis following pressure overload. To investigate this, we used male
Adam17"*x and Adam 17"°*°*/Posn-Mer that underwent pressure overload by transverse aortic
constriction or Angll infusion. The cardiac phenotype was determined by the level of cardiac
hypertrophy, fibrosis, and function following pressure overload. The phenotypic differences were

also examined between different pressure overload models, as well as within them.
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CHAPTER 2 MATERIALS AND
METHODS
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2.1 Antibodies

The antibodies used for immunohistochemistry (IHC), immunohistochemistry (ICC), and
immunoblotting (IB) in this thesis and their dilution ratios for each application are listed in Table
2.1. The -corresponding isotype control for the primary antibodies were used in

immunofluorescence imaging.

Table 2.1. Primary antibody dilution in different applications

Antibody Catologue NO. Supplier Dilution Ratio/Application

ADAMI15 EHSO005 Kerafast 1:500 (IB)

ERK1/2 9102s Cell Signalling 1:1000 (IB)

Integrin a7 sc-81807 Santa Cruz 1:1000 (IB)

Integrin 1 abl15146 Abcam 1:1000 (IB)

INK 9252s Cell Signalling 1:1000 (IB)

NFATI1 MAT1-025 Thermo Fisher 1:1000 (IB)

pGSK3p 9336s Cell Signalling 1:1000 (IB)

pNFATI1 ab200819 Abcam 1:1000 (IB)

Abbreviations: ADAM15, A disintegrin and metalloproteinase 15; ERK1/2, extracellular signal-regulated kinases
1/2; GSK3p, glycogen synthase kinase 3 beta; JNK, c-Jun N terminal kinase; NFATI, nuclear factor of activated T-
cells 1; p, phosphorylated.

2.2 Other Reagents

Anti-mouse IgG, HRP-linked (7076s) and anti-rabbit IgG, HRP-linked (7074s) were
purchased from Cell Signaling Technology. Alexa Fluor 594 goat-anti-rat (A-10522), Alexa Fluor
488 donkey-anti-mouse (A21202), Alexa Fluor 594 donkey-anti-rabbit (A21207), and Wheat
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Germ Agglutinin Oregon Green 488 (W7024) were purchased from Thermo Fisher Scientific.
DMEM/F-12, HEPES (11330057), Opti-MEMI (31985070), L-Glutamine (200 mM, 25030081),
Fetal Bovine Serum (FBS, Canadian Origin, 12483020), Amphotericin B (Fungizone, 15290018),
and Penicillin-Streptomycin Solution (15140122) were purchased from Gibco. Horse Serum (New
Zealand Origin, 16050130), TRIzol™ reagent (15596018), and Prolong Gold Antifade Reagent
with DAPI (P36935) were purchased from Thermo Fisher Scientific. Histomount (HS-103)
mounting media was purchased from National Diagnostics. 10% buffered formalin (23-245684)
was purchased from Fisher Scientific Inc. Paraformaldehyde (PFA, P6148), Tamoxifen (T5648),
Celltyic M lysis buffer (C2978), Direct red 80 (365548), phosphomolybdic acid solution (PMA,
HT153), and picric acid solution (P6744) were purchased from Sigma-Aldrich. Bovine serum
albumin (BSA, 9046-48-8) was purchased from VWR Life Science. RIPA Lysis and Extraction
buffer (89900), Pierce Reversible Protein Stain kit for PVDF membranes (24585), Restore PLUS
Western Blot Stripping Buffer (46430), and PageRuler Plus Prestained Protein Ladder (26619)
were purchased from Thermo Fischer Scientific. Clarity Max Western ECL Substrate (1705062)
was purchased from Bio-Rad. Calcineurin cellular activity assay kit (BML-AK816) and desalting
resin columns (BML-KI100) were purchased from Enzo Life Sciences. Cyclosporin A (PP2B
inhibitor, ab120114) was purchased from Abcam. Collagenase type II (LS004177) was obtained

from Worthington Biochemical for primary cardiac fibroblast culture.

2.3 Human Control and Diseased Left Ventricle Specimen Procurement

Free left ventricle (LV) specimens were procured through the Human Explanted Heart
Program (HELP) and the Human Organ Procurement and Exchange (HOPE) program at the
University of Alberta. Adult nonfailing controls (NFC) heart samples (ejection fraction >60%)
from donors with no history of heart disease who were unsuitable for transplant due to failure of
ABO blood groups or human leukocyte antigen blood type matching through the HOPE program.
Concentric LV hypertrophy (Conc. LVH) specimens were classified based on a history of
hypertension resulting in concentric LVH with preserved ejection fraction (=55%). HCM and
DCM specimens were from patients with symptomatic heart failure (NYHA class III/IV) who
underwent heart transplantation through HELP.

The study protocols were approved by the Human Research Ethics Review Process

(HERO) at the University of Alberta. All procurements were conducted following institutional
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approval. Explanted heart specimens were perfused with cold cardioplegia solution prior to
excision, placed in a bag of cold saline on ice following excision, collected with 5 to 10 minutes,
and dissected immediately. Samples were either flash-frozen in liquid nitrogen and store in -
80°C for molecular analysis or OCT-frozen at -80°C for histochemical analyses. The clinical and

demographic data for the human samples used in this dissertation are listed in Table 2.2.
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Table 2.2. Clinical data on donors for human specimens

NFC LVH HCM DCM
Median (IQR) Median (IQR) Median (IQR) Median (IQR)
n 4 4 4 6
Age at transplant (years) 57.5 (42-68) 60.5 (22-74) 48 (26-62) 42.5 (30-64)

Sex (Male) 3/4 1/4 4/4 6/6

BMI (kg/m?) 26.2 (23.1-37.3) 24.5(21.7-27.3) 24.4(18.6-29.1) 25.2(24.5-32.8)

Comorbidities
Hypertension 1/4 1/4 2/4 1/6
PAH 0/4 0/4 1/4 4/6
Obesity 1/4 0/4 1/4 3/6
Diabetes 0/4 0/4 1/4 0/6
Dyslipidemia 0/4 0/4 1/4 1/6
CAD 0/4 0/4 0/4 1/6
CABG 0/4 0/4 1/4 1/6
Renal Dysfunction 0/4 0/4 0/4 1/6
Atrial/Ventricular Fibrillation 0/4 0/4 1/4 2/6
Angina 0/4 0/4 0/4 0/6
Medications
ACEi 1/4 1/4 1/4 4/6
ARB 0/4 0/4 0/4 0/6
B blocker 0/4 1/4 2/4 5/6
Diuretic 0/4 0/4 4/4 3/6
MRA 0/4 0/4 3/4 4/6
Digoxin 0/4 0/4 0/4 2/6
Anti-platelet/Anti-coagulation 0/4 0/4 2/4 2/6
Statin 0/4 0/4 2/4 2/6
PPI 0/4 0/4 2/4 1/6
Anti-arrhythmic 0/4 0/4 2/4 1/6
CCB 0/4 1/4 0/4 1/6
Echocardiography
EF 55 (50-60) 55 (55-60) 66.9 (60-73.7) 18 (14-24.9)

Abbreviations: NFC, non-failing control; LVH, left ventricular hypertrophy, HCM, hypertrophic cardiomyopathy;,
DCM, dilated cardiomyopathy; BMI, body mass index; PAH, pulmonary hypertension; CAD, coronary artery disease;
CABG, coronary artery bypass graft; ACEi, angiotensin-converting enzyme inhibitors; ARB, angiotensin Il receptor
blockers; MRA, mineralocorticoid receptor antagonists, PPI, proton pump inhibitors; CCB, calcium channel
blockers; EF, ejection fraction.
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2.4 Animals

ADAMI5 deficient (A4dam157") mice and wildtype mice (WT) were obtained from Carl P
Blobel’s laboratory and Jackson Laboratory, respectively. All mice are of C57BL/6J genetic
background. Mice were generated after 3-5 generations of crossbreeding Adaml5™ mice.
Adam"¥1% mice (Adam17™12BP/), Adam 7™/, Strain #009597) and Posn-CreFRT2-expressing
mice (Postn™? 1 (cre/EsI®)Jmol fm Posn-MerCreMer, Strain #029645) mice with a tamoxifen-inducible
CreER™-recombinase. Activation of the inducible CreER™-recombinase was achieved by five
days of tamoxifen (prepared as a working solution of 20 mg/ml in olive oil) treatment at 1-week
post- TAC or Angll (100 mg/kg/day, intraperitoneal injection). The control littermates
(Adam1 7Mo%} also received tamoxifen in an identical manner. Colonies have been maintained at
the Animal Facility in the specific pathogen-free (SPF), viral antibody-free (VAF) facility at
University of Alberta. All experiments were performed according to the ARRIVE (Animal
Research: Reporting of in vivo Experiments) guidelines, and in accordance with the guidelines of
the University of Alberta Animal Care and Use Committee (ACUC) and the Canadian Council of
Animal Care (CCAC).

2.4.1 Cardiac Pressure Overload Induction by Transverse Aortic Constriction and Aged
Mice

WT and Adam15” male mice of C57BL/6 background were subjected to cardiac pressure
overload 8-10 weeks of age) by transverse aortic constriction (TAC) or sham operation (control).
Anesthetized mice (2% isoflurane and oxygen) underwent thoracotomy, and the aortic arch was
constricted between the left carotid artery and the brachiocephalic trunk, to the diameter of a 27-
gauge needle. This constriction consistently generates a pressure gradient of 55-60 mmHg. The
incision was closed in layers and the mouse was allowed to recover on a warming pad. Sham
animals underwent the same procedure without the constriction of the aorta. Mice were
administered Metacam (1 mg/mL, 1 mg/kg body weight) for 3 days post operative as an analgesic.
The hearts were excised at either post-sham (6 weeks following sham surgery), 2 week TAC, 6
week TAC and either flash-frozen in OCT medium, fixed in 10% formalin, or flash-frozen for

molecular analyses.

A separate set of male and female WT and Adaml57 mice were aged to 1 year and

underwent structural and functional analysis. Hearts were excised at 1 year of age, either flash-
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frozen in OCT medium, fixed in 10% formalin for immunohistochemical analyses, or flash-frozen

for molecular analyses.

2.4.2 Cardiac Pressure Overload Induction by Angiotensin II Infusion

Male 8-9 weeks of age received angiotensin II (Angll, 1.5 mg/kg/day) or saline by Alzet
micro-osmotic pumps (Model 1002, Durect Co.) implanted dorsally and subcutaneously under 2%
isoflurane anesthesia. At the indicated time points, hearts were excised and either frozen in OCT

medium, or formalin-fixed and processed for immunohistochemical analyses.

2.43 Cyclosporin A Treatment

WT and Adam15” male received 25 mg/kg/day cyclosporin A (CsA) or saline, through
subcutaneous delivery using Alzet micro-osmotic pumps (Models 1002 and 1004) for 6 weeks
post-TAC. At the indicated time points, hearts were excised and either flash frozen for molecular

analysis or formalin-fixed and processed for immunohistochemical analyses.

2.5 Echocardiography

Cardiac function (systolic and diastolic) and structure were assessed noninvasively at post-
sham, 2wk TAC, 6wk TAC and by transthoracic echocardiography using the Vevo 3100 high-
resolution imaging system equipped with a 30-MHz transducer (VisualSonics). Anesthetized mice
(1.5-2% isoflurane) are positioned in a supine position on a heated platform and hair on the chest
and abdomen was removed. Warm ultrasound gel was placed on the chest and the ultrasound probe
was positioned in contact with the gel. Images were captured in the short-axis view (SAX) and
posterior long axis view (PLAX) using both B-mode and M-mode. 4-chamber view was used to
capture pulsed-wave Doppler and Tissue Doppler images. Strain analysis was performed using the
same software to quantify the global circumferential and longitudinal strain. Diastolic function
was assessed using pulsed-wave Doppler imaging of the transmitral filling pattern. Body

temperature and heart rate were constantly monitored during imaging.

LV wall thickness, LV chamber sizes (LV end-diastolic and systolic internal diameter
(LVIDd/s), LV end-diastolic and systolic posterior wall thickness (LVPWd/s)), and left atrium
diameter were obtained from M-mode images. E and A waves, isovolumic contraction time
(IVCT), and isovolumic relaxation time (IVRT) were obtained from pulsed-wave Doppler

imaging. ¢’ and a’ waves were obtained from Tissue Doppler images. LV ejection fraction (LVEF),
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systolic and diastolic volumes, global longitudinal strain (GLS), and global circumferential strain

(GCS) were obtained from strain analysis of B-mode images.

2.6 Neonatal Rat Ventricular Myocyte Isolation, Culture, and siRNA Treatment

Neonatal rat ventricular myocytes (NRCM) were isolated from 1- to 3-day old rat pups and
cultured in DMEM (Dulbecco’s modified Eagle medium/F12 media supplemented with 10% horse
serum, 5% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin, at 37°C; 5% CO2/95% air),
as before (251). Myocytes were plated on laminin-coated BioFlex plates and treated with a
combination of 2 different Adam15-small interfering RNAs (siRNA) (siRNA no. 1 ID: s132819
and siRNA no. 2 ID: s132820) or scrambled siRNA (Thermo Fisher Scientific). Myocytes were
subjected to either cyclic stretching (10% elongation at 1 Hz) or static conditions (left stationary
in the same incubator as the cyclic stretching plate) for 24 hours (FX500T/C Flexcell system) in
the presence of 2% horse serum. Myocytes were then fixed 4% paraformaldehyde and stained with
Alexa Fluor 488 Phalloidin (A12379, Thermo Fisher Scientific) to visualize F-actin, or harvested

in Trizol for RNA extraction and further Tagman real time-PCR analysis.

2.7 Morphological Analysis

2.7.1 Trichrome Staining

Freshly excised hearts were arrested in diastole, fixed in formalin, paraffin embedded and
stained for Masson Trichrome at the Alberta Diabetes Institute, Histology Core, University of
Alberta, Edmonton, AB, Canada. All images were captured not blinded with a Leica DM400B

microscope using Infinity Capture software (Lumenera, Ottawa, ON, Canada).

2.7.2 Picrosirius Red staining

Picrosirius red staining for myocardial collagen deposition was performed on paraffin
embedded sectioned tissue (5 pm thickness). The sections were deparaffined by incubating slides
in 66°C for 15 minutes, followed by incubation in xylene for 10 minutes. Sections were then
rehydrated (100%, 75%, and 50% alcohol) for 5 minutes each followed by a wash with water. The
sections were incubated with in 0.2% phosphomolybdic acid solution for 30 minutes and then
placed in 0.1% Sirius red and picric acid solution in the dark for 90 minutes. Sections with then
washed in acid water, dehydrated with 100% ethanol and xylene, and mounted with histomount

(National Diagnostics; 1330-20-7). Sections were imaged and quantified using the MetaMorph
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Basic software. 6-7 images were captured (not blinded) from 1 cross section and quantification
was done by looking at total fibrosis, in which all captured images were analyzed, or by quantifying
interstitial or perivascular fibrosis separately, where imaged with either fibrotic areas present were

analyzed.

2.7.3 Wheat Germ Agglutinin

Wheat Germ Agglutinin (WGA) was used to assess myocardial hypertrophy by measuring
myocardial cross-sectional area on OCT frozen tissue sections (5 um thickness) from sham, 2
week-, and 6 week post-TAC hearts. Briefly, the cyrosections were fixed in 4% paraformaldehyde
and washed with water. The sections were blocked with 4% bovine serum albumin for 2 hours at
room temperature. Next they were incubated in WGA (W7024, Thermofisher) diluted with 2%
bovine serum albumin for 20 minutes, washed with PBS, and mounted with Prolong Gold Antifade
mounting medium containing DAPI (Life Technologies). Sections were imaged and the cross-
sectional area was quantified using the CellSens software (Olympus Life Science). For
quantification, 10 cardiomyocytes were traced that were relatively circular and represented the

general population of sizes in that single image.

2.7.4 F-actin staining

F-actin staining was done on isolated NRCM following either 24 hours mechanical
stretching (10% elongation at 1Hz) or static conditions. Cells were fixed with 4%
paraformaldehyde and washed with PBS for 30 minutes. Alexa fluor 488 conjugated Phalloidin
(A12379, Thermo Fisher Scientific) was dissolved in 1.5 mL methanol and diluted to 1:100 pL in
2% bovine serum albumin in PBS. Cells were incubated with the conjugated Phalloidin for 20
minutes at room temperature, washed with PBS, and then mounted with Prolong Gold Antifade
mounting medium containing DAPI (Life Technologies). Sections were imaged using the CellSens

software (Olympus Life Science).

2.8 Immunostaining

2.8.1 Integrin p1/Laminin and Integrin a7/Laminin co-immunostaining

Immunostaining for integrin f1 and laminin, and integrin a7 and laminin was performed
on OCT-embedded sham, 2week-, and 6week post-TAC hearts. Cyrosections (5 pm thickness)
were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X100, and blocked with 4%
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bovine serum albumin at room temperature. Sections were then incubated with primary antibodies
for either integrin B1 (ab295623, Abcam) and laminin (MB600-883, Novus Biologicals) or integrin
a7 (NPB1-86118, Novus Biologicals) and laminin (MB600-883, Novus Biologicals) at 4°C in a
humified chamber overnight. Sections were then washed in PBS and incubated with their
respective secondary antibodies for 1 hour at room temperature, washed with PBS, and then
mounted in Prolong Gold Antifade mounting medium containing DAPI (Life Technologies). The
sections were imaged using CellSens (Olympus Life Science), and colocalization was determined

by surface plot analysis generated using ImagelJ software.

2.9 Protein Extraction

Total protein was extracted from frozen tissues by suspension in lysis extraction buffer
(CellLytic™ M, Sigma, C2978) containing EDTA-free protease inhibitor cocktail set III
(5391354, Millipore) and phosphatase inhibitor cocktail set IV (524628, Millipore), and cocktail
2 (P5726, Sigma-Aldrich) and homogenized using a tissue lyser (TissueLyser II, Qiagen). The
recommended concentration for protease and phosphatase inhibitors from the manufacturer’s
instructions are 1 mL/100 mL of extraction buffer. The samples were then centrifuged at 14,000
xg for 10 minutes (4°C) and total-protein containing supernatant was transferred into a new tube.
Total protein concentration was determined using Bio-Rad DC protein assay (5000116, Bio-Rad)

using a clear flat bottom 96-well plate and spectrophotometric plate reader at 750 nm.

2.10 Western Blot and Quantitative Analysis of Protein Expression

SDS-PAGE was transferred to polyvinylidene fluoride (PVDF) membrane. The SDS-
PAGE gel was prepared depending on the molecular weight of the target protein. The appropriate
protein concentration (2 pg/mL) was prepared by combining the calculated total protein extract,
PBS, and loading dye buffer (1610747 4x Laemmli Sample Buffer, Bio-Rad). Samples were
loaded into the wells (40 pg of protein) and run at 70-80V for 10-15 minutes and then at 100-
120V. SDS gel was transferred onto a PDVF membrane at 25 mA for 2 hours in the cold room
(4°C). Following the transfer, the PDVF membrane is blocked in 3% BSA in TBS for 1 hour at
room temperature and then incubated with primary antibodies diluted following manufacturer’s
recommendations (1:500-1:1000) overnight at 4°C. The membrane was then washed with TBST

(TBS containing 0.1% Tween), followed by incubation with the corresponding species’ horse-
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radish peroxidase (HRP)-linked secondary antibody diluted to 1:5000 at room temperature. The
membrane was washed with TBST (3x Sminutes) and Clarity Max Western Peroxide and Clarity
Max Western Luminol/Enhancer Reagents (1705062, Clarity Max Western ECL substrate, Bio-
Rad) was applied. The PDVF was then stripped using Restore™ PLUS Western Blot stripping
buffer (46430, Thermo Scientific) for 20 minutes at room temperature for subsequent of the
membrane. Gels and membranes were stained with Bio-Safe Coommasie G-250 stain (1610786,
Bio-Rad) and Pierce™ Reversible stain (1858784, Thermo Scientific), respectively, and used as a

loading control.

Protein bands were quantified from Western blotting using ImageQuant™ TL 1D gel
analysis software (Cytiva). Band densities were quantified by creating histograms with respect to
the band density relative to the background for a set of selected bands. The histogram areas
obtained produced arbitrary values indicating individual band density which was first normalized
to a relevant sham band on the same membrane (when combining final values of a target protein
run on separate membranes) and then normalized to a relevant band on the loading control. This
loading control reflect the total protein transferred to the membrane and the bands chosen for the
normalization are around similar molecular weights to that of the target protein to ensure similar
transfer conditions. For phosphor and total proteins (p-NFAT1/NFAT1), phospho to total ratios

were used to represent the phosphorylation of the protein in the samples.

2.11 RNA Expression Analysis

2.11.1 RNA Extraction and Purification

RNA was extracted from WT and Adam15”~ shams, 2wk- and 6wk post TAC samples using
Trizol reagent (15596018, Invitrogen). Frozen tissue samples were homogenized in 500 pL of
Trizol reagent in centrifuge tubes using a tissue lyser (TissueLyser II, Qiagen) and centrifuged at
12,000 xg at 4°C for 15 minutes. The supernatant was then transferred to another centrifuge tube,
200 pL of chloroform was added and the tubes were shaken vigorously for 10-15 seconds followed
by incubation at room temperature for 3-5 minutes. Samples were then centrifuged at 12,000 xg
at 4°C for 15 minutes and the upper colourless aqueous phase containing RNA was carefully
transferred to a new RNAase-free centrifuge tube containing 500 puL of isopropanol and the
remaining interphase and pink organic phenol phase was discarded. The tubes were gently inverted

several times and incubated for 5-7 days at -20°C. Following incubation, the samples were
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centrifuged at 12,000 xg at 4°C for 10 minutes and the supernatant was discarded. The pellet was
washed and gently dislodged with 1 mL of 75% ethanol and samples were centrifuged at 7,500 xg
at 4°C for 5 minutes. The supernatant was removed, the pellet was air-dried for 10 minutes and
then dissolved in 20 pL of water for quantification using the Nanodrop 1000 spectrophotometer

(Thermo Scientific).

2.11.2 TagMan RT-PCR

Reverse transcript to complementary DNA (cDNA) for TagMan real-time polymerase
chain reaction was done on RNA samples. For each gene, mouse brain cDNA samples were used
to generate a standard curve of known concentrations as a function of cycle threshold (Ct). The
standard curve of [cDNAJorain as a function of Ct fit to a linear regression: Y=aX+b, where Y=cycle
threshold, a=slope of the standard curve, X=[cDNA] experimental sample. The SDS2.2 software
fits the Ct values for the experimental samples in this formula and generates values for cDNA
levels. Hypoxanthine-guanine phosphoribosyltransferase-1 (HPRT) was used as an internal
control and values were normalized to the HPRT values. All values were expressed as relative

expression (R.E.) and samples were run in triplicate in 384-well plates.
2.12 Calcineurin Activity Assay

Calcineurin activity was measure in WT and Adam 157 shams, 2 week- and 6 week-post
TAC, and 2week- and 6week-post TAC+CsA hearts as per the manufacturer's instructions (BML-
AKS816, Enzo Life Sciences) as detailed below. Frozen tissue was suspended in lysis buffer
containing protease inhibitors and homogenized using a tissue lyser (TissueLyserll, Qiagen).
Samples were centrifuged at 14,000 xg for 10 minutes (4°C) and the supernatant was transferred
to a new tube while the pellet was discarded. Free phosphates were removed from extracts by
passing them through a desalting column and total protein concentration was determined by the
Bio-Rad DC protein assay (5000116, Bio-Rad). A 96-well flat bottom plate was loaded with the
following: extract + substrate — EGTA buffer (total); extract + substrate + EGTA buffer (inhibit
calcineurin); extract — substrate — EGTA buffer (background); calcineurin + substrate — EGTA
buffer (positive control); and phosphate standard concentrations. The plate was read at 620 nm
every 5 minutes, for 5 hours and amount phosphate released was determined by subtracting total

ODe20nm values — EGTA buffer ODs20nm values and plotted against the standard curve.
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2.13 Statistical Analysis

All analyses were performed using IBM SPSS Statistics 21 software. Averaged values
represent mean = SEM. Normal distribution was assessed by the Shapiro-Wilks Normality Test
and homogeneity of variance was tested by the Levene Test for all data. Comparison among
multiple groups was performed using 1-way ANOVA (1 variable: surgery) or a 2 way-ANOVA
(2 variables: genotype and surgery) followed by the Tukey or Bonferroni post-hoc test. Statistical

significance was recognized at p<0.05.

55



CHAPTER 3 ROLE OF ADAMI1S5 IN
PRESSURE OVERLOAD-INDUCED
HYPERTROPHY IN MALE MICE
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3.1 Introduction

In response to injury or stress, the heart undergoes structural remodeling that can also
impact its function (327, 328). Mechanical stress exerted by cardiac pressure overload leads to
structural remodeling that includes an initial compensatory response characterized by concentric
hypertrophy of the left ventricle (LV) with preserved ejection fraction, followed by pathological
(decompensated) remodeling that involves LV dilation and dysfunction. Several factors contribute
to each phase of this remodeling. A disintegrin and metalloproteinases (ADAMs) are Zn**
dependent membrane-bound cell surface enzymes that are best known for their proteolytic and
adhesive functions which can impact cell function (329). Our knowledge on the role of ADAMs
in heart disease is limited. Loss of ADAMI12 improved myocardial hypertrophy (330), whereas
loss of ADAM17 in cardiomyocytes exacerbated myocardial hypertrophy in response to pressure
overload (325). ADAMIS5 is another ADAM that is expressed in the heart, its levels are increased
in ischemic cardiomyopathy in mice (313), and decreased in failing adult and pediatric human
hearts (307). However, the role of this ADAM in myocardial hypertrophic cardiomyopathy has
not yet been examined. We investigated the role of ADAMIS5 in myocardial hypertrophy in
response to cardiac pressure overload. Our findings reveal a novel cardioprotective role of
ADAMI15 in progression from compensatory to decompensatory remodeling as its loss
exacerbated LV dilation and dysfunction in the latter phase of remodeling. We furthered identified
this role of ADAMI1S5 to be mediated through activation of the calcineurin-activated signaling
pathway and the integrin-ECM interactions. Calcineurin inhibition ameliorated the LV dilation

and hypertrophy in Adam15"--TAC mice.

3.2 Materials and Methods

The detailed version of this section is available in Chapter 2 Material and Methods.

3.2.1 Experimental Animals

Wild-type (WT) and ADAM15-deficient® (Adam157-) male mice of C57BL/6J background
were subjected to cardiac pressure overload (at 8-10 weeks of age) by transverse aortic constriction
(TAC), or sham operation (control) as previously described (325, 331). A separate set of WT and
Adam15”- mice received 25 mg/kg/day cyclosporin A (CsA) (subcutaneous, Alzet micro-osmotic
pumps, Models 1002 and 1004) for 6 weeks post-TAC. Another set of WT and Adam15”- mice

were aged and underwent structural and functional analyses at 6 months and 1 year of age. After
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structural and functional assessment by echocardiography, at the indicated end points, hearts were
excised and fixed in 10% formalin, flash-frozen in OCT medium, or flash-frozen for molecular
analyses. All experiments were conducted in accordance with the guidelines of the University of
Alberta Animal Care and Use Committee (ACUC) and the Canadian Council of Animal Care
(CCAC) and conform to the current NIH and ARRIVE guidelines.

3.2.2 Cardiac Functional Assessment

Cardiac structure and function (systolic and diastolic) were assessed noninvasively by
transthoracic echocardiography in anesthetized mice (1-1.5% isoflurane) using the Vevo 3100
high-resolution imaging system equipped with a 30-MHz transducer (VisualSonics), as before
(313, 325, 332). Strain analysis was performed using the same software to quantify the global
circumferential and longitudinal strain. Diastolic function was assessed using pulsed-wave

Doppler imaging of the transmitral filling pattern as before (332).

3.2.3 Human Heart Specimens

Free LV wall specimens were procured through the Human Explanted Heart Program
(HELP) and the Human Organ Procurement and Exchange (HOPE) program at the University of
Alberta as before (307, 333). Adult nonfailing controls (NFC) heart samples (ejection fraction
>60%) were from donors with no history of heart disease who were unsuitable for transplant due
to failure of ABO blood groups or human leukocyte antigen blood type matching through the
HOPE program (median age 58 years; range 42-67 years; 3M/2F) (334, 335). Concentric LVH
(Conc. LVH) specimens (median age 61 years; range 22-74 years; 2M/3F) were classified based
on a history of hypertension resulting in concentric LVH with preserved ejection fraction (=55%).
Hypertrophic cardiomyopathy (HCM) (median age 48 years; range 26-62 years; 2M/2F) and
dilated cardiomyopathy (DCM) (median age 45 years; range 30-64 years; 4M/2F) specimens were
from symptomatic heart failure patients (NYHA class III/IV) who underwent heart transplantation
via the HELP program. (307, 334). All explanted hearts were perfused with cold cardioplegia prior
to excision, then excised, placed in a bag of cold saline on ice, collected within 5 to 10 minutes
and dissected immediately and stored as flash-frozen (liquid nitrogen, -140°C) for molecular

analyses or OCT-frozen (at -80°C) for histochemical analyses.
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3.2.4 Histochemical and Immunofluorescent Staining and Imaging

Freshly excised hearts were arrested in diastole, fixed in 10% formalin, paraffin-embedded
and processed for trichrome and picrosirius red (PSR) staining, as before (325). OCT-frozen 5 um
sections were used for wheat germ agglutinin (WGA) staining (W7024, Thermo Fisher Scientific),
and immunofluorescent staining, and images were captured and analyzed as before (325, 332,
336). Fluorescent co-immunostaining of integrin f1/laminin, and integrin o7/laminin, were and

colocalization was determined by surface plot analysis.

3.2.5 Neonatal Rat Ventricular Myocyte Isolation, Culture, and siRNA Treatment
Neonatal rat ventricular myocytes were isolated from 1- to 3-day old rat pups and were
plated on laminin-coated BioFlex plates and treated with Adam 15-siRNAs as previously described.
The BioFlex plates were placed into an incubator containing the stretching apparatus gasket, which
includes cylindrical loading posts to apply equiaxial strain, connected to a digital valve that
automatically regulates vacuum pressure and positive air pressure to the set strain regimen.
Myocytes were subjected to either cyclic stretching (10% elongation at 1 Hz) for 24 hours or static
conditions in the presence of 2% horse serum and stained for F-actin or harvested for RNA

extraction and Tagman RT-PCR analysis.

3.2.6 Protein and mRNA Extraction and Analyses

Flash frozen left ventricular tissues were suspended in tissue lysis buffer containing EDTA-
free protease inhibitor cocktails for protein extraction; or TRIzol for RNA extraction. Western
blotting was performed using PVDF membrane as before (313, 337), and total protein stained was
used as the internal loading control for Western blots. TagMan RT-PCR was used for mRNA
quantification as before (313, 337).

3.2.7 Calcineurin Activity Assay
Calcineurin activity was measured using the Calcineurin Cellular Activity Assay Kit

(BML-AKS816, Enzo Life Sciences) according to the manufacturer’s instructions.

3.2.8 Statistical Analysis
Averaged values represent mean = SEM. Data were tested for normal distribution by the
Shapiro-Wilks Normality Test and homogeneity of variance was tested by the Levene’s Test for

all data. The comparison among multiple groups was performed using one-way ANOVA (one
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variable: surgery) or a Two-way ANOVA (2 variables: genotype and surgery) followed by the

Tukey or Bonferroni post-hoc test. Statistical significance was recognized at p <0.05.

3.3 Results

3.3.1 ADAMIS is decreased in patients with dilated cardiomyopathy and its loss
exacerabates DCM after cardiac pressure overload in mice.

Assessment of ADAMI1S5 levels in specimens from patients (LV free wall) with different
cardiomyopathies showed that ADAMIS5 protein levels remained unchanged in hypertrophy with
preserved ejection fraction (concentric hypertrophy), but was significantly reduced in explanted
hearts from patients with advanced hypertrophy (HCM) and failing hearts with DCM (Figure 3.1;
Clinical data Table 2.2 in Chapter 2). Meanwhile, in WT mouse model of cardiac pressure overload
that induces concentric hypertrophy followed by eccentric hypertrophy and dilation, ADAM15
protein levels increased after 2 weeks (concentric hypertrophy) and 6 weeks post-TAC (eccentric
hypertrophy, DCM) (Figure 3.3A), primarily in the membrane fraction but also in the cytosolic
fraction (Figure 3.2A and 3.2B).

61



N
(=W
5
<
@)
=
haN
=
< B
@)
< !
/ v 7100 prii
s ADAMI1S5
1 1 1 ~L

B) NFC__ !Conc.LVH ' _HCM 1 _DCM 2 x

ADAMIS ; - - 310

(105kDa) | e 5 - | : S100kDa 3

B I —— . - "

control \ X . *

I : : 00

NFC Conc.LVH HCM DCM
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Since ADAMIS5 is decreased in eccentric hypertrophy and failing heart specimens from
patients, but is increased in the mouse model of eccentric hypertrophy, we asked if the decrease in
ADAMI15 (in human specimens) could be a contributing factor to the advanced disease
progression, and the rise in mice is a protective response to reduce the DCM severity. We therefore
investigated how absence of ADAMIS impact cardiac response to mechanical stress by
subjecting Adam15”- and parallel WT mice to cardiac pressure overload by TAC. Lack of
ADAMIS5 protein and RNA was confirmed in Adam 157 mice (Figure 3.2C and 3.2D). Adaml15
~and WT mice exhibited similar concentric hypertrophy at 2 weeks post-TAC, but eccentric
hypertrophy and LV dilation at 6 weeks post-TAC was more severe in Adaml5”’ mice as
evidenced by macroscopic and microscopic images (Figure 3.3B and 3.3C), higher heart weight-
to-tibia length ratio (Figure 3.3D) and myocyte cross-sectional area measured in wheat germ
agglutinin-stained hearts (Figure 3.3E), and higher expression of disease markers, brain natriuretic
peptide (Nppb), atrial natriuretic peptide (Nppa), B-myosin heavy chain (Myh7), and a-Skeletal
actin (Actal) compared with WT-TAC mice (Figure 3.3F). Echocardiography revealed that the
greater hypertrophy in Adam15” mice was associated a more severe LV dilation in these mice at
6 weeks post-TAC compared with WT hearts (dia. volume p=0.012; LVIDd p=0.027), although
LV systolic and diastolic dysfunction was impaired similarly in both genotypes (Table 3.1).
Myocardial hypertrophy is often associated with fibrosis. Assessment of fibrosis by picrosirius red
staining followed by bright field (Figure 3.4A) and fluorescent imaging (Figure 3.4B and 3.4C) in
WT and Adam 157 mice showed comparable total, interstitial, and perivascular fibrosis between
the 2 genotypes post-TAC. Tagman mRNA analyses showed an early increase in collagen type lal
(Collal) and fibronectin-1 (Fn-1) at 2 weeks post-TAC in the LV from WT but not Adam 15
~mice, but mRNA expression of collagen type Illal (Collllal) changed similarly between
genotypes (Figure 3.4E).

In addition, baseline cardiac structure and function up to 1 year of age were similar
between Adam15"- and WT mice as shown by heart weight-to-tibial length ratio at 1 year (Figure
3.5), and echocardiography at 6 months and 1 year of age (Table 3.2).
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Table 3.1. Echocardiography parameters from male WT and Adam 157 mice following
sham or transverse aortic constriction (TAC)

WT Adam15”
Sham 2wks TAC 6wks TAC Sham 2wks TAC 6wks TAC
n=12 n=26 n=21 n=15 n=28 n=14
HR (bpm) 447+19 49049 477+11 462+10 482+7 483+8
LVEF (%) 59.64+1.49 63.08+1.29 51.42+2.14* 63.74+1.26 58.45+1.24 45.7543.70*
Sys. Volume (uL) 23.27+2.31 23.98+1.67 37.36+2.01* 23.56+1.38 31.274+2.36* 50.21+5.38%#
Dia. Volume (uL) 62.90+2.68 64.13£1.95 79.50+2.94* 65.24+3.11 70.48+1.98 93.40+4.09*#
L.A Size (mm) 1.76+0.06 2.35+0.07* 2.37+0.08* 1.734£0.05 2.34+0.06* 2.75+0.13*#
LVIDd (mm) 3.73+0.08 3.71+0.06 4.00+0.06 3.93+0.09 4.03+0.06# 4.34+0.09*#
LVPWd (mm) 0.74+0.03 1.06+0.02* 1.03+0.02* 0.76+0.03 0.97+0.02* 1.08+0.04*
LVIDs (mm) 2.60+0.10 2.76+0.06 3.41+0.07* 2.62+0.06 3.01+0.10%* 3.60+0.14*
LVPWs (mm) 1.06+0.04 1.38+0.03* 1.27+0.03* 1.11£0.04 1.29+0.02* 1.31+0.03*
E wave (mm/s) 585.48+£37.98 790.69+£28.15* 721.00+26.06% 624.09+27.29 651.73£23.61# 704.62+33.14

A wave (mm/s)
E’ (mm/s)
A’ (mm/s)

E/A°
E/E’
IVCT (ms)
GLS (%)
GCS (%)

457.06+40.86
26.10+£2.11
20.31+0.89
1.15+0.11
26.52+2.60
11.72+0.68
18.39+0.85
31.43+1.49

428.47+44.94

22.98+1.00

28.26+1.26*

0.92+0.05

35.29+2.02
11.36+0.29

13.55+0.89*

22.00+1.05*

523.62+24.51

17.31+£0.94*
22.74+1.02
0.75+0.02*
41.15+£2.33%
11.50+0.43
12.75+1.06*
16.95+1.35%

449.73+26.10

25.50+1.18
21.16+0.89
1.234+0.08
24.75+1.38
12.86+0.52
20.20+1.50
29.16+1.13

452.0.4+£31.95
20.69+1.41
21.78+1.23#
0.97+0.06
31.02+1.59
10.59+0.32*
10.98+0.84*
19.31+1.23*

422.434+54.97
18.96+1.77
20.68+1.98
0.79+0.03*
38.04+3.38*
10.76+0.53*
10.43+1.20*
16.65+1.65*

HR, heart rate; LVEF, left ventricular ejection fraction; Sys Vol, systolic volume; Dias Vol, diastolic volume; L.A,
left atrium; LVIDd, left ventricular internal diameter (diastole); LVIDs, left ventricular internal diameter (systole);
IVSd and I'VSs, interventricular septal wall thickness during diastole and systole; LVPWd and LVPWs, left ventricular
posterior wall thickness during diastole and systole; IVCT, isovolumic contraction time; Tissue Doppler
Measurements: E-wave, early transmitral inflow velocity; A-wave, transmitral inflow velocity due to atrial
contraction; E’, Early tissue Doppler velocity; A’, Tissue Doppler velocity due to atrial 1 contraction; E’/A’,Ratio of
early- to the atrial Doppler velocity; GLS, global longitudinal strain; GCS, global circumferential strain. *p<0.05
compared to corresponding sham group, # p<0.05 compared to corresponding WT group.
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Figure 3.4. Myocardial fibrosis induced by pressure overload is comparable between WT and Adam15-deficient
male mice. A. Representative picro sirius red (PSR) stained cross sections of WT and Adam 157 hearts after sham, 2
weeks-, or 6 weeks transverse aortic constricition (TAC) captured using brightfield (A) or fluorescent imaging (B-C)
showing interstital (B) and perivascular fibrosis (C). D. Quantification of fibrillar collagen content (as a percentage
of the myocardium) as total, interstitial, and perivascular fibrosis in the indicated groups (n=10 images/heart, 2-4
hearts/group per genotype). E. mRNA expression of collagen lal (Collal), collagen Illal (Col3al), and fibronectin-
1 (Fn-1) in WT and Adam 15" hearts after sham, 2 weeks-, or 6 weeks TAC (n=5-12 hearts/group per genotype). Hprt
(hypoxanthine-guanine phosphoribosyltransferase) was used as an internal control. Averaged data represent

mean+SEM. *p<0.05 compared to corresponding sham group; #p<0.05 compared to corresponding WT group.
A.U.=arbitrary units.
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Table 3.2. Echocardiography parameters from male WT and Adam 15" mice 6 months and
1 year of age

Male
WT Adam15™”
6 months 1 year 6 months lyear
n 5 7 9 8

HR (bpm) 44417 453+19 423+8 463+15
LVEF (%) 56.1£1.8 54.6+1.5 58.4+2.3 57.5+£3.0
Sys. Volume (uL) 38.4+3.2 41.6£3.5 33.0+1.3 34.5+2.7
Dia. Volume (uL) 73.2+4.9 75.1+6.6 69.3+2.0 70.3+3.0
L.A Size (mm) 1.98+0.05 2.00+0.11 1.93+0.03 2.01+0.05
LVIDd (mm) 4.40+0.10 4.33+0.14 4.05+0.07 4.18+0.07
LVPWd (mm) 0.80+0.04 0.86+0.02 0.73£0.02 0.83+0.04
LVIDs (mm) 3.2940.12 3.3240.16 2.94+0.07 3.04+0.14
LVPWs (mm) 1.09+0.05 1.14+0.05 1.01+0.03 1.16+0.04
E wave (mm/s) 682.6+32.4 652.3+£53.8 592.6+27.4 658.1+31.6
A wave (mm/s) 427.4+£51.9 409.4+52.1 342.9+17.0 397.2434.3

E’ (mm/s) 19.1+1.5 20.5+1.8 28.1£1.9# 27.6+£2.3
A’ (mm/s) 22.94+2.4 19.942.3 20.3+1.7 20.1+2.0
E/A° 0.87+0.09 1.11£0.16 1.41+0.07# 1.39+0.04
E/E’ 36.8+2.3 32.1+1.7 22.4+1.5# 24.9+2.0#
IVCT (ms) 15.0+0.7 10.1£0.4* 14.6+0.4 10.7+0.5%*
IVRT (ms) 15.8+0.6 16.8+0.6 15.240.3 15.07+£0.9

DT (ms) 214422 18.7£2.1 20.2+0.8 18.7+0.7

GLS (%) 13.9£1.6 14.8+1.3 15.5+1.2 14.2+0.8

GCS (%) 22.0+0.5 21.7¢1.0 25.1+1.2 23.8+1.6

HR, heart rate; LVEF, left ventricular ejection fraction; Sys Vol, systolic volume; Dias Vol, diastolic volume; L.A,
left atrium; LVIDd, left ventricular internal diameter (diastole); LVIDs, left ventricular internal diameter (systole);
IVSd and I'VSs, interventricular septal wall thickness during diastole and systole; LVPWd and LVPWs, left ventricular
posterior wall thickness during diastole and systole; [IVCT, isovolumic contraction time; DT, deceleration time; Tissue
Doppler Measurements: E-wave, early transmitral inflow velocity; A-wave, transmitral inflow velocity due to atrial
contraction; E’, Early tissue Doppler velocity; A’, Tissue Doppler velocity due to atrial 1 contraction; E’/A’,Ratio of
early- to the atrial Doppler velocity; GLS, global longitudinal strain; GCS, global circumferential strain. *p<0.05
compared to corresponding sham group, # p<0.05 compared to corresponding WT group.
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3.3.2 Increased activation of Mitogen-Activated Protein Kinases and Impaired Integrin-
ECM interaction in Adam157-TAC hearts

The mitogen activated protein kinase (MAPK) signaling cascade is upregulated in pressure
overload induced cardiac hypertrophy (338), while activation of members of MAPK family, c-Jun
N-terminal kinase (JNK) and extracellular signal-related kinase /2 (ERK1/2), is indicated by their
phosphorylation (339). Western blot analyses showed increased levels of phosphorylated and total
JNK and ERK1/2 in Adam157-TAC compared with WT-TAC hearts (Figure 3.6A), consistent

with the more severe cardiomyopathy in these mice.

Integrins are transmembrane receptors that mediate the cell-ECM connection and serve as
mechano-sensors and mechano-transducers to mediate cellular responses to external mechanical
strain (340, 341). Integrins are upregulated in response to cardiac pressure overload (341), and
ADAMSs can interact with integrins through their disintegrin domain. As such, we investigated if
loss of ADAMIS altered the expression of integrins involved in cardiac pressure overload, or their
interaction with the basement membrane proteins. Integrin Bl is consistently upregulated in
myocardial hypertrophy secondary to pressure overload (130, 325), while integrin a7 can dimerize
with integrin B1 and has been shown to contribute to hypertrophy in skeletal muscle (342). We
found that integrin B1 levels were increased in WT-TAC but not in Adam157--TAC hearts, whereas
integrin a7 was increased more in Adaml15' hearts post-TAC (Figure 3.6B). Assessment of the
colocalization between these integrins and laminin, a prominent ECM basement membrane protein
by, co-immunofluorescent staining showed significantly suppressed colocalization of either
integrin with laminin in Adam15”--TAC hearts as quantified by surface plot analysis (Figure 3.6C).
This disruption in cell-ECM interaction could contribute to the pathological remodeling of the

myocardium and the excess LV dilation in Adam157-TAC hearts.
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Figure 3.6. Higher activation of Mitogen-Activated Protein Kinases and altered expression and co-localization
of integrins p1 and o7 in Adam15” male mice. A. Representative Western blot and averaged protein quantification
for phospho- and total JNK and ERK1/2 (n=4-6 hearts/group), and B. for integrin Bl and a7 (n=3-6 hearts/group
following sham or transverse aortic constriction (TAC). Staining for total protein was used as a loading control. C.
Representative co-immunofluorescent staining for integrin a7 (red) with laminin (green), and integrin Bl (red with
laminin (green) in WT and Adam 157 hearts. Surface plots of the co-immunofluorescent images represent the intensity
profile of individual pixels, and co-localization is plotted as Pearson’s r correlation coefficient for the indicated groups
(n=7-10 images/section; 2 sections/hearts; 3-4 hearts/group). Averaged data represent mean+SEM. *p<0.05 compared
to corresponding sham group; #p<0.05 compared to corresponding WT group. A.U.=arbitrary units.
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3.3.3 Adaml5"-TAC hearts have increased activation of the Calcineurin-NFAT pathway
In determining the signaling pathway underlying the augmented myocardial hypertrophy
in Adam15”- mice, we assessed the calcineurin pathway which is activated in pressure overload
cardiac hypertrophy (119). Calcineurin dephosphorylates NFAT (nuclear factor of activated T
cells), allowing its nuclear translocation and the subsequent transcriptional induction of pro-
hypertrophic genes (119, 343, 344). Calcineurin activity increased post-TAC in both genotypes,
but to a significantly higher level in AdamI5-TAC hearts (Figure 3.7A). Consistent with this
increased activity, a higher level of unphosphorylated NFAT was present in Adam157-TAC
compared with WT-TAC hearts (Figure 3.7B). NFAT phosphorylation is mediated by glycogen
synthase kinase 3 beta (GSK3p), which itself is active in its dephosphorylated form (345, 346). A
higher level of active GSK3p (unphosphorylated) was found in Adam157-TAC compared with
that in WT-TAC hearts (Figure 3.7C), indicating that the higher unphosphorylated (active) NFAT
levels in Adam157"-TAC hearts are due to its increased dephosphorylation by calcineurin, rather

than due to reduced phosphorylation by GSK3p.

3.3.4 The inhibition of Calcineurin ameliorated the dilated cardiomyopathy in Adam15”
mice

To determine if the increased calcineurin activation in Adam15" mice is in fact the key
mechanism responsible for their greater LV remodeling and dysfunction, we treated WT
and Adam 157 mice with CsA, a well-known calcineurin inhibitor, after cardiac pressure overload,
which significantly blunted the rise of calcineurin activity after TAC. Treatment with CsA blunted
the hypertrophic response in the Adam15”- mice post-TAC (TAC+CsA) compared with TAC
alone, as evidenced by macroscopic cardiac images, transverse heart cross section, and heart
weight-to-tibial length ratio (Figure 3.7D-F. Assessment of cardiac structure and function by
echocardiology revealed a significant reduction in LV dilation in Adam157--TAC hearts when
treated with CsA (Table 3.5). These data collectively show that calcineurin inhibition by CsA
exerted a more beneficial effect in Adaml5” than in WT mice, indicating the key role of

calcineurin in mediating the worsened dilated cardiomyopathy in Adam157--TAC hearts.
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and averaged phospho-to-total ratio in the indicated groups (n=4-5/group). C. Representative Western blot and
averaged protein quantification for phospho- and total-GSK3f for the indicated groups (n=4-7/group). Staining for
total protein was used as a loading control. D. Macroscopic image of WT and Adam 157 whole hearts following TAC
and calcineurin inhibition by cyclosporin A (CsA). Trichrome stained images of heart sections (E.) and heart weight
to tibial length (HW/TL) ratio (F.) from WT and Adam15” hearts after sham, TAC, or TAC+CsA (n=5-6/group for
TAC+CsA). Panel F: Data for WT and Adam15” post-sham and TAC hearts are also shown in Figure3.3D. Averaged
data represent mean+SEM. *p<0.05 compared to corresponding sham group, #p<0.05 compared to corresponding WT group.
§p<0.05 compared to corresponding TAC group. A.U.=arbitrary units.
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Table 3.3. Echocardiography parameters from male WT and Adam 157 mice after sham,

TAC, or TAC+CsA
WT Adam15”
Sham 6wks TAC 6wks TAC+CsA Sham 6wks TAC 6wks TAC+CsA
n=9 n=26 n=9 n=12 n=14 n=12
HR (bpm) 535410 477411 56810 49348 48348 523413
LVEF (%) 50.64+149 51424214 44.98+5.48* 63.74£126  45.75+3.70* 53.1443.15
Sys. (:]‘zl)“me 22474203 3736£2.01%  37.3145.99 20144127 50214538  35.13:321%8
Dia. (Z]‘:l)“me 62214512 79.50+2.94 68.78+8.16 56.87+3.51  93.40+4.09%# 74.78+4.09
L.A Size (mm)  1.8240.04  2.37+0.08* 2.56+0.09* 1.75£0.05  2.75+0.13** 2.14+0.088
LVIDd (mm) 3.64+0.17 4.00£0.06 3.93+0.20 3.5560.10  4.34+0.09* 4.05+0.11
LVPWd (mm)  0.82:0.02 1.03+0.02* 1.1620.06* 0.820.02 1.08+0.04* 1.04+0.03*
LVIDs (mm) 2.5540.09  3.41+0.07* 3314£0.21* 245£0.09  3.60+0.14* 3.27+0.18
LVPWs (mm) 1.15+0.03 1.27+0.03 1.3620.06* 1.15+0.03 1.31£0.03 1.3620.05*

E wave (mm/s)

A wave (mm/s)

804.60+19.17
542.42+422 .85

721.00+26.06
523.62+24.51

819.24+52.91
652.87+£37.53

637.60+£23.68

704.62+33.14

424.85+28.04  422.43+54.97

635.08+34.47*
459.68+38.90%

E' (mm/s) 32.20+1.82 17.31+0.94* 26.67+2.028 25.91£1.11 18.96+1.77* 25.08+1.53
A' (mm/s) 22.45+1.73 22.74+1.02 25.76+1.86 18.05+0.81 20.68+1.98 20.91+1.67
E'/A' 1.3940.06 0.75+0.02* 1.09+0.13*8 1.4840.04 0.79+0.03* 1.25+0.078
E/E' 25.74+1.43 41.15+2.33* 32.15£3.24 23.04+1.49 38.04+3.38* 28.19+2.69
IVCT (ms) 17.03+£0.48 11.50+0.43* 13.76+0.66 15.93+0.51 10.76+0.53* 13.95+0.69
GLS (%) 18.89+0.83 12.75£1.06* 10.39+0.65* 15.69+0.92 10.43+1.20 11.03+0.92
GCS (%) 22.78+1.62 16.95+1.35 12.18+0.95* 25.01+1.18 16.65+1.65* 17.44+1.70*

Grey background indicates the data also presented in Table 3.3 are included here to allow for direct comparison with
TAC+CsA group. A’ indicates tissue Doppler velocity due to atrial 1 contraction; ADAMI1S5, a disintegrin and
metalloproteinase 15; A-wave, transmitral inflow velocity due to atrial contraction; CsA, cyclosporin A; Dias Vol,
diastolic volume; E’, Early tissue Doppler velocity; E'/A’, Ratio of early- to the atrial Doppler velocity; E-wave, early
transmitral inflow velocity; GCS, global circumferential strain; GLS, global longitudinal strain; HR, heart rate; [VCT,
isovolumic contraction time; IVSd and I'VSs, interventricular septal wall thickness during diastole and systole; L.A,
left atrium; LVEF, left ventricular ejection fraction; LVIDd, left ventricular internal diameter (diastole); LVIDs, left
ventricular internal diameter (systole); LVPWd and LVPWs, left ventricular posterior wall thickness during diastole
and systole; Sys Vol, systolic volume; TAC, transverse aortic constriction; and WT, wildtype. *p<0.05 compared to
corresponding sham group, #p<0.05 compared to corresponding WT group. §p<0.05 compared to corresponding TAC

group.
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3.3.5 ADAMIS knock-down increased stretch-induced hypertrophy in vitro

To determine the direct impact of ADAMIS5 loss on cardiomyocyte hypertrophy, we
subjected primary neonatal rat cardiomyocytes, in which Adam15 expression was knocked down
by siRNA, to cyclic stretching to simulate the mechanical stress as in vivo pressure overload.
Compared with cardiomyocytes culture under static conditions and/or treated with scrambled
siRNA (with intact Adam15 expression), Adaml5-siRNA treated cardiomyocytes exhibited a
greater hypertrophy after cyclic stretching, as evident from the increase in size seen with F-actin

staining (Figure 3.8A), and higher expression of hypertrophy markers (Figure 3.8B).
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Figure 3.8. Adam15-deficiency leads to increased hypertrophy in NRCM subjected to stretch. A. Representative
images of fluorescent F-actin (green) and DAPI (blue) staining on scramble or Adami5-deficient neonatal rat
cardiomyocytes (NRCMs) subjected to either static or stretch (10% elongation at 1Hz) conditions. B. mRNA levels
of Adam 15 and heart disease markers, brain natriuretic peptide (Nppb), atrial natriuretic peptide (Nppa), and B-myosin
heavy chain (Myh7) for scramble or Adam15-deficient NRCMs under static or stretch conditions (10% elongation at
1 Hz) (n=7-8 wells/group). 18S was used as an internal control. Averaged data represent mean+SEM. *p<0.05
compared to corresponding static group; #p<0.05 compared to corresponding scramble group. A.U.=arbitrary units.
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3.4 Discussion

Cardiac hypertrophy is a common feature of heart failure. In response to cardiac pressure
overload, myocardial hypertrophy is the initial compensatory response, followed by dilated
cardiomyopathy and eventually heart failure. A number of cellular and molecular mechanisms are
involved in mediating this compensatory and decompensatory response in hypertrophy and DCM.
ADAMs are membrane-bound proteinases that can mediate intracellular and extracellular
functions (329, 347). In this study, we report that loss of ADAMI15 alone does not trigger cardiac
hypertrophy in the unchallenged state (up to 1 year of age), but following cardiac pressure
overload, Adam15-deficiency exacerbates the decompensatory hypertrophy and DCM, associated
with increased activation of the calcineurin-NFAT signalling pathway, and disruption of the
myocyte-ECM interaction due to altered integrin expression. In human specimens procured at
different stages of cardiomyopathy, ADAMIS5 levels remained unchanged in early stages of heart
disease (concentric hypertrophy), but decreased in explanted hearts with advanced heart failure.
This is in agreement with our finding in our preclinical model since loss of ADAM15 did not
modulate the compensatory phase of pressure overload (2 weeks post-TAC), but exacerbated the
decompensated cardiomyopathy at 6 weeks post-TAC.

Despite their greater hypertrophy, Adam15--TAC hearts showed comparable fibrosis to
WT-TAC hearts. Worsened myocardial hypertrophy is often concomitant with a more severe
myocardial fibrosis. However, myocardial hypertrophy and fibrosis can in fact be uncoupled. We
have reported that in mice lacking Tissue Inhibitor of Metalloproteinase 2 (TIMP2) or TIMP3,
Angiotensin II infusion triggered a strong hypertrophy in the absence of fibrosis in Timp2~- mice,
but a pronounced fibrosis in the absence of hypertrophy in Timp3~- mice (336). Similarly, mice
lacking gelsolin, an actin-severing enzyme involved in actin filament assembly, developed
increased fibrosis but not hypertrophy following Angiotensin II infusion (337). Adaml5”-
fibroblasts showed reduced capacity in collagen cross-linking and scar formation following
ischemic injury (313), while laminin-integrin a7B1 has been reported to mediate pulmonary
fibrosis in response to mechanical ventilation (348), The disrupted laminin-integrin interaction and
the reduced fibrogenic capacity of Adaml5” fibroblasts could underlie the lack of more severe
fibrosis in Adam15”- compared to WT mice post-TAC.

The greater hypertrophy and DCM in Adam157--TAC mice were associated with enhanced

activity of calcineurin and increased NFAT dephosphorylation, as well as the disruption of the
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interaction between myocyte integrins (a7/B1) and basement membrane protein, laminin, despite
the higher integrin a7 protein levels. Integrin heterodimers are critical in sustaining the physical
interaction between the extracellular matrix and the cell cytoskeleton. Integrin a7f1 has been
shown to play an important role in mechanotransduction in striated muscles, and while
overexpression of integrin a7 1 dimer was protective against cardiomyopathy resulting from TSP3
loss (349), increased expression of integrin a7 alone caused hypertrophy in skeletal muscles (350).
Cardiac pressure overload triggers upregulation of integrins (340, 341), however, in Adam157-
TAC hearts the increase in integrin o7 was not matched by an increase in integrin 1, and this
could underlie their compromised interaction with laminin, which in turn would disrupt the
cardiomyocyte-ECM interaction and mediate further adverse remodeling. Whether ADAM15 can
directly regulate the expression of integrin a7 (or integrin 1), or if this effect is mediated indirectly
through other pathways, requires further investigation. While ADAMs can interact with integrins
through their disintegrin domain, ADAM15 is unique in that it has a species-dependent specificity
for the integrins with which it interacts. Mouse ADAMI5 lacks arginine-glycine-aspartic acid
(RGD) motif in its disintegrin domain, and therefore, can only interact with non-RGD integrins
such as integrin a7 (351), but not with integrin 1 that is an RGD-binding integrin. Therefore, it is
plausible that under physiological conditions, the ADAM]15-integrin a7 interaction sustains the
ECM-integrin a7f1-cardiomyocyte connection, but with loss of ADAMIS5, a compensatory
increase in integrin a7 (but not integrin B1) disrupts the integrin a7p1 interaction with laminin,
leading to dimerization of integrin a7 with other integrins, and augmenting the downstream

cytosolic signaling pathways leading to more severe pathological remodeling.

A number of Ca?*-binding proteins such as calcineurin (352), calreticulin (353), and
calmodulin (354), can associate with the cytosolic domain of integrins, and transmission of
extracellular signal (e.g. mechanical stress) through the integrins can serve as a mechanism for the
activation of these signaling molecules. Calreticulin is best known as an endoplasmic reticulum
protein, but it can also be present in the cytoplasm where it associates with the cytosolic domain
of integrin a7 (355, 356, 357), and can activate calcineurin (358). The increased levels of integrin
o7 in Adam15”--TAC hearts could lead to their association with a greater fraction of cytoplasmic
calreticulin, and further increasing calcineurin activity. Calcineurin dephosphorylates NFAT, a
cytosolic transcription factor, which then translocates to the nucleus and upregulates expression of

pro-hypertrophic genes (119, 343, 344). On the other hand, NFAT can be phosphorylated by
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GSK3p which inhibits the NFAT-driven transcriptional activation, and mediates its translocation
back to the cytosol (345, 346). The higher levels of dephosphorylated NFAT in Adam15”--TAC
hearts was consistent with the increased calcineurin activity and despite the increased levels of
active (unphosphorylated) GSK3f. The central role of calcineurin in the worsened severity of
DCM in Adam157-TAC mice is evident from the marked beneficial impact of calcineurin

inhibition (by CsA) on LV hypertrophy and dilation in A4dam157-TAC mice.

In conclusion, this is the first study to demonstrate the importance of ADAMI1S5 in DCM
development following mechanical stress (Figure 3.9). The interaction between ADAMI1S5 and
integrin a7, a non-RGD integrin, could be critical in limiting disease progression following
mechanical stress. Loss of ADAMI15 causes compensatory upregulation of integrin a7, disrupting
the balance in integrin a7f1 dimerization and thereby impairing ECM-myocyte interaction, while
the resulting increased activation of calcineurin leads to LV pathological remodeling, excess
hypertrophy, and dilation. This study highlights the intricate nature of ADAM-integrin interactions

and its impact on disease progression.
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Figure 3.9. Loss of ADAMIS leads to increased cardiac hypertrophy by activation of the calcineurin-NFAT
pathway. Pressure overload induced mechanical stretch results in a disruption in the balance of integrin a7f1
dimerization is Adam15” hearts. This leads to increased de-phosphorylation of NFAT due to increased calcineurin
activity. Dephosphorylated NFAT translocated into the nucleus, where it upregulates pro-hypertrophic genes, leading
to the increased eccentric hypertrophy seen in the Adam15” hearts.
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CHAPTER 4 ROLE OF ADAMI1S5 IN
CARDIAC PRESSURE OVERLOAD-
INDUCED HYPERTROPHY IN FEMALE
MICE
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4.1 Introduction

The loss of ADAMI15 in male mice results in exacerbated transition to decompensate
myocardial hypertrophy and dilation through the activation of the calcineurin (359). We next
investigated the role of ADAMI1S5 in myocardial hypertrophy in female mice following cardiac
pressure overload. Sex differences regarding heart failure are prevalent, as women who have been
diagnosed with HFrEF have better clinical outcomes than men with comparable systolic
dysfunction (360, 361). Additionally, these sex differences are captured in murine models of
pressure overload, since males develop greater hypertrophy then females following TAC (323,
324). Our findings reveal that although male ADAMI1S5 plays a cardioprotective role in progression
from compensatory to decompensatory remodeling, the loss of ADAM15 in female hearts did not

lead to exacerbated cardiac hypertrophy.

4.2 Materials and Methods

The detailed version of this section is available in Chapter 2 Material and Methods.

4.2.1 Experimental Animals

Wild-type (WT) and ADAMI5-deficient (Adaml5”") female mice of C57BL/6J
background were subjected to cardiac pressure overload (at 8-10 weeks of age) by transverse aortic
constriction (TAC), or sham operation (control) as previously described (325, 331). Another set of
WT and Adam 15" mice were aged and underwent structural and functional analyses at 6 months
and 1 year of age. After structural and functional assessment by echocardiography, at the indicated
end points, hearts were excised and fixed in 10% formalin, flash-frozen in OCT medium, or flash-
frozen for molecular analyses. All experiments were conducted in accordance with the guidelines
of the University of Alberta Animal Care and Use Committee (ACUC) and the Canadian Council
of Animal Care (CCAC) and conform to the current NIH and ARRIVE guidelines.

4.2.2 Cardiac Functional Assessment

Cardiac structure and function (systolic and diastolic) were assessed noninvasively by
transthoracic echocardiography in anesthetized mice (1-1.5% isoflurane) using the Vevo 3100
high-resolution imaging system equipped with a 30-MHz transducer (VisualSonics), as before

(313, 325, 332). Strain analysis was performed using the same software to quantify the global
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circumferential and longitudinal strain. Diastolic function was assessed using pulsed-wave

Doppler imaging of the transmitral filling pattern as before (332).

4.2.3 Histochemical and Immunofluorescent Staining and Imaging

Freshly excised hearts were arrested in diastole, fixed in 10% formalin, paraffin-embedded
and processed for trichrome and picrosirius red (PSR) staining, as before (325). OCT-frozen Sum
sections were used for wheat germ agglutinin (WGA) staining (W7024, Thermo Fisher Scientific),
and immunofluorescent staining, and images were captured and analyzed as before (325, 332,

336).

4.2.4 Statistical Analysis

Averaged values represent mean + SEM. Data were tested for normal distribution by the
Shapiro-Wilks Normality Test and homogeneity of variance was tested by the Levene’s Test for
all data. The comparison among multiple groups was performed using one-way ANOVA (one
variable: surgery) or a Two-way ANOVA (2 variables: genotype and surgery) followed by the

Tukey or Bonferroni post-hoc test. Statistical significance was recognized at p <0.05.

4.3 Results

4.3.1 Loss of ADAMI1S alone does not trigger cardiac hypertrophy over time

1 year old ADAM15-deficient female mice showed no difference in heart weigh to tibia
length (HW:TL) or difference in LV size compared to their controls, as seen in the macroscopic
trichrome-stained cross-sectional images (Figure 4.1A and B). Functionally, in both WT and
Adam157 female mice hearts, both diastolic (WT p=0.395; Adam15’ p=0.730) and systolic
volumes (WT p=0.841; Adam157 p=1) at 1 year of age were unchanged as compared to 6 months
(Table 4.1). The left ventricle posterior wall diameter during diastole (LVPWd) was significantly
increased in both groups at 1 year of age (WT p=0.006; Adam 157 p=0.000), indicating age-related
hypertrophy, however, there was no difference between genotypes. Although the E’ wave
(p=0.021) and the E’/A’ ratio (p=0.008) were significantly increased in the Adam 157 hearts, the
other diastolic parameters were comparable. Therefore, ADAM15-deficieny by itself does not

trigger cardiomyopathy over time in female mice.
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Figure 4.1 Loss of ADAMI1S alone does not trigger cardiomyopathy over time in female mice. A. Heart weight-
to-tibia length (HW/TL) ratio for 1 year old female WT and Adaml5” hearts (n=17/group per genotype). B.
Macroscopic images of trichrome stained heart sections for female WT and Adam15” aged 1 year. Averaged data
represent mean+SEM.
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Table 4.1. Echocardiography parameters from female WT and Adam 157 mice 6 months
and 1 year of age

Female
WT Adam157
6 months 1 year 6 months 1 year
n 12 12 13 13
HR (bpm) 454+10 441+14 44149 473£9

LVEF (%) 50.4+1.3 51.1+1.9 52.5+1.8 52.543.5

Sys. Volume (uL) 26.6+1.1 24.2+1.2 26.2+1.4 26.3£3.1

Dia. Volume (uL) 53.7+1.7 49.6+1.7 552422 53.743.5
L.A Size (mm) 1.77+0.04 1.91+0.05 1.85+0.06 2.04+0.05
LVIDd (mm) 3.88+0.04 3.74+0.08 3.94+0.06 3.73+0.10
LVPWd (mm) 0.69+0.02 0.80+0.02* 0.68+0.01 0.84+0.03*
LVIDs (mm) 2.81+0.07 2.60£0.12 2.73+0.07 2.69+0.12
LVPWs (mm) 0.98+0.04 1.14+0.04* 0.99+0.03 1.12+0.04
E wave (mm/s) 632.1+23.3 524.9+29.7* 578.0+16.7 552.5+18.1
A wave (mm/s) 368.7+25.8 327.3+£22.3 367.7+21.5 345.1+£25.8
E' (mm/s) 22.3£1.0 17.7+1.0 24.5£1.9 24.5+2.0#

A' (mm/s) 21.240.6 22.6+1.5 20.9+1.8 22.140.8
E'/A' 1.05+0.05 0.81+0.05 1.20+0.06 1.11+0.08#
E/E' 28.8+1.3 30.342.1 24.4+1.5 24.0+1.7
IVCT (ms) 13.240.6 12.3£0.3 12.7+0.4 11.2+04
GLS (%) 16.6+0.7 15.3+1.0 16.3£0.7 14.0+1.3
GCS (%) 25.2+1.2 24.7+2.0 26.9£1.5 25.7+1.9

HR, heart rate; LVEF, left ventricular ejection fraction; Sys Vol, systolic volume; Dias Vol, diastolic volume; L.A,
left atrium; LVIDd, left ventricular internal diameter (diastole); LVIDs, left ventricular internal diameter (systole);
IVSd and I'VSs, interventricular septal wall thickness during diastole and systole; LVPWd and LVPWs, left ventricular
posterior wall thickness during diastole and systole; IVCT, isovolumic contraction time; Tissue Doppler
Measurements: E-wave, early transmitral inflow velocity; A-wave, transmitral inflow velocity due to atrial
contraction; E’, Early tissue Doppler velocity; A’, Tissue Doppler velocity due to atrial 1 contraction; E’/A’,Ratio of
early- to the atrial Doppler velocity; GLS, global longitudinal strain; GCS, global circumferential strain. *p<0.05
compared to corresponding 6 month group, # p<0.05 compared to corresponding WT group.
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4.3.2 ADAMI1S5-deficiency does not exacerbate the cardiac hypertrophy in female mice
following pressure overload compared to WT hearts

Since there was no difference in the baseline hypertrophic phenotype in Adam15” hearts,
we examined how the absence of ADAMI15 in female mice could impact the cardiac response
following pressure overload due to increased mechanical strain. As concluded in chapter 3, the
loss of ADAMI15 in male mice leads to increased LV dilation following pressure overload (359).
ADAMI15 expression significantly increased in WT hearts following 6week post-TAC (Figure
4.2A). Interestingly, ADAMI15-deficiency in female mice had comparable hypertrophy to WT
hearts following TAC, as seen by the macroscopic trichome cross-sectional images (Figure 4.2B),
the HW:TL (Figure 4.2C), and by the cardiomyocyte cross-sectional area determined by WGA
staining (Figure 4.2D). Both interstitial and perivascular cardiac fibrosis in Adam15” hearts were

also comparable to the WT hearts (Figure 4.3A and B).
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Figure 4.2. Myocardial hypertrophy was comparable between WT and Adam15-deficient female mice following
pressure overload. A. Representative Western blot and averaged protein quantification for ADAM1S5 following sham,
2 weeks- or 6 weeks transverse aortic constriction (TAC) (n=4/group per genotype). Staining for total protein was
used as a loading control. B. Macroscopic images of trichrome stained heart sections from WT and Adam 15" female
mice after sham, 2 weeks, or 6 weeks TAC. C. Heart weight-to-tibia length (HW/TL) ratio for WT and Adam15™
hearts at the indicated groups (8-24/group per genotype). D. Representative wheat germ agglutinin (WGA staining
and averaged cardiomyocyte cross-sectional area in the indicated groups (n=60-70 cells/cross section; 12-18 cross
sections/group). Averaged data represents mean+SEM. *p<0.05 compared with corresponding sham group; p<0.05
compared with corresponding WT group.
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Figure 4.3. Myocardial fibrosis induced by pressure overload is comparable between WT and Adam15-deficient
female mice. Representative immunofluorescent Picric Sirius Red (PSR)-stained cross sections of WT and Adam 15
* hearts after sham, 2 weeks-, or 6 weeks transverse aortic constriction (TAC) images of A. interstitial and B.

perivascular fibrosis.

4.3.3 Cardiac function was similarly impacted in female WT and Adam15” hearts
Echocardiography data revealed that WT and Adam15” hearts had increased eccentric
hypertrophy following TAC, as seen by the LVPWd (WT p=0.000; Adam15” p=0.034) but the
values are comparable between genotypes (Table 4.2). Both WT and Adaml5” hearts had
increased diastolic dysfunction following TAC, as seen by the increased E wave at either the 2
week or 6 week timepoint for WT (p=0.000) and Adam15” (p=0.001) hearts, respectively. Both
WT and Adaml5” hearts had increased LA sizes (WT p=0.000; Adaml5”~ p=0.003) with no
difference between genotypes. WT hearts had a trend towards reduced LVEF (p=0.066) while
Adam15 hearts had a significant reduction in the LVEF (p=0.019). Therefore, loss of ADAM15

in female hearts lead to an overall comparable difference in cardiac function when compared to

WT hearts.
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Table 4.2. Echocardiography parameters from female WT and Adam15” mice after sham
or TAC surgery

WT Adam15™"
Sham 2wks TAC 6wks TAC Sham 2wks TAC 6wks TAC
n=9 n=13 n=9 n=12 n=15 n=14
HR (bpm) 454+14 496+11 497423 421£16 492+13* 476+13

LVEF (%) 52.61£3.43 50.25+1.40 43.34+1.90* 54.98+1.87 50.50+2.24 44.78+2.42*
Sys. Volume (uL) 28.56+2.90 23.58+1.30 26.73£1.77 27.07+1.52 22.90+1.97 30.98+3.15
Dia. Volume (uL) 55.11+4.25 47.29+1.85% 61.53+3.42 50.65+1.94 45.33+1.80 54.99+2.74
L.A Size (mm) 1.69+0.03 2.25+0.05%* 2.3840.07* 1.74+0.05 1.99+0.07 2.12+0.08*

LVIDd (mm) 3.97+0.14 3.65+0.06 4.02+0.17 3.65+0.07 3.57+0.05 3.97+0.08
LVPWd (mm) 0.76+0.02 1.01£0.03* 1.03+0.04* 0.74+0.02 0.88+0.04 0.90+0.04*

LVIDs (mm) 2.98+0.12 2.63+0.07 3.00+0.19 2.58+0.08 2.54+0.09 2.98+0.12

LVPWs (mm) 0.97+0.04 1.35+0.05%* 1.34+0.03* 1.06+1.04 1.16+0.04 1.20+0.04

E wave (mm/s) 656.13+27.77  881.90+31.73*  736.43+56.51  543.73+£18.98  678.55+19.16#  729.01+29.33*
A wave (mm/s) 397.74+£27.77  665.18+£51.88%  516.53+61.41 333.02+14.20 490.68+27.98*#  480.17+£25.36

E' (mm/s) 26.16+1.65 26.55+1.68 23.88+2.35 24.74+1.34 22.45+2.25 23.62+1.67
A' (mm/s) 23.69+1.96 25.57+£2.13 22.65+£2.21 18.11+1.24 24.88+2.22 20.30+2.08
E'/A' 1.15+0.11 1.13+0.10 1.07+0.09 1.43+0.12 0.92+0.07* 1.24+0.07
E/E' 26.04+2.06 34.70+2.25 35.62+6.96 22.72+1.61 30.76+3.54 32.73£2.80
IVCT (ms) 11.67+0.86 11.81+0.51 12.86+0.79 11.45+0.43 12.12+0.40 11.15+0.37
GLS (%) 14.65+1.06 14.53+1.03 11.59+0.86 15.60+0.92 12.90+0.96 12.02+0.94
GCS (%) 21.66+1.43 22.99+0.73 21.34+1.53 30.54+2.24# 24.31+£1.23* 19.27+1.22*

HR, heart rate; LVEF, left ventricular ejection fraction; Sys Vol, systolic volume; Dias Vol, diastolic volume; L.A,
left atrium; LVIDd, left ventricular internal diameter (diastole); LVIDs, left ventricular internal diameter (systole);
IVSd and I'VSs, interventricular septal wall thickness during diastole and systole; LVPWd and LVPWs, left ventricular
posterior wall thickness during diastole and systole; IVCT, isovolumic contraction time; Tissue Doppler
Measurements: E-wave, early transmitral inflow velocity; A-wave, transmitral inflow velocity due to atrial
contraction; E’, Early tissue Doppler velocity; A’, Tissue Doppler velocity due to atrial 1 contraction; E’/A’,Ratio of
early- to the atrial Doppler velocity; GLS, global longitudinal strain; GCS, global circumferential strain. *p<0.05
compared to corresponding sham group, # p<0.05 compared to corresponding WT group.
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4.4 Discussion

The pressure overload murine model mimics clinical hypertension or aortic stenosis, which
initially leads to compensatory hypertrophy and may proceed to heart failure. Women with aortic
stenosis are less prone to developing heart failure than men at similar mechanical loads (320, 321,
322). Additionally, women more commonly develop heart failure with preserved ejection fraction
(HFpEF), whereas men present with heart failure with reduced ejection fraction (HFrEF) (362,
363). Women who have been diagnosed with HFrEF have better clinical outcomes than men with
comparable systolic dysfunction (360, 361). These sex differences also prevail in pressure
overload models in mice. Male mice develop more severe hypertrophy and cardiac dysfunction
following 2 weeks TAC as compared to female mice (323, 324). In our study of male mice, we
have reported that the loss of ADAMI15 exacerbates decompensatory hypertrophy with increased
activation of the calcineurin-NFAT pathway (359). In the current study, we looked at if Adam15-
deficiency in female mice follows the same pattern as their male counterparts. Interestingly, loss
of ADAMIS in females did not lead to a comparable difference in the cardiac hypertrophic

response, unlike what was reported with the males.

This protection against the development of a more severe hypertrophic phenotype in
females has been attributed to the effects of 17B-estradiol (E2), which works through the estrogen
receptor B (ERP) (364, 365, 366). ERP is more significantly upregulated in the myocardium of
female than male hearts and the deletion of ERB (ERB”") in mouse model of pressure overload led
to increased hypertrophy in female but not male mice (323, 367). The mechanisms by which E2
can inhibit cardiac hypertrophy are not fully known, however, the suppression of calcineurin-
NFAT pathway has been linked to E2’s protective effects. E2 can degrade calcineurin and
upregulate the modulatory calcineurin-interacting protein (MCIP)1 gene and protein expression,
which functions to inhibit calcineurin (368, 369). E2 therefore inhibits the downstream activation
of NFAT by preventing its dephosphorylation and subsequent translocation to the nucleus where

it would upregulate pro-hypertrophic genes (Figure 4.4).

Additionally, estrogen alters intracellular calcium handling in cardiomyocytes (370). E2
has a negative inotropic effect in guinea pig single ventricular myocytes produced by inhibiting
intracellular calcium and thus reducing systolic calcium (371). Ovariectomized (OVX) mice had

sarcoplasmic reticulum (SR) Ca?" overload and increased myocardial contractions and Ca?*
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transient amplitudes which were reversed by estrogen replacement (372). Calcineurin is a
calmodulin-dependent serine/threonine phosphatase, while calmodulin is a Ca?" binding
messenger protein. Increased intracellular Ca?* results in calmodulin binding to calcineurin (373).
Perhaps the cardioprotection exhibited by the Adam15” hearts can be due to estrogens indirect
effects through the decrease in intracellular Ca?* levels, leading to the subsequent decrease in

calcineurin activation by calmodulin.

Our male study found upregulation of calcineurin-NFAT pathway in the male Adam15-
deficient hearts, leading to a more prominent hypertrophic response. However, this response was
not evident in the female hearts. Since females have greater levels of E2, perhaps the blunted
hypertrophic response in these Adam5-deficient hearts may be due to the inhibitory role of E2 on
the calcineurin-NFAT pathway. To further test this hypothesis, we will perform ovariectomy on
WT and Adam15”7 mice prior to TAC, thereby removing the potential actions of E2 on the
calcineurin-NFAT pathway. This will limit the potential suppression of the calcineurin-NFAT
pathway by E2 to help elucidate the role of ADAM15 in mediating cardiac hypertrophy in female
hearts. In conclusion, we demonstrate that loss of ADAMI15 in female hearts does not lead to an

exacerbated hypertrophic response, as was seen in the males.
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Figure 4.4 The calcineurin-NFAT pathway is activated following pressure overload and inhibited by 17p-
estradiol. This activation is inhibited by 17-estradiol (E2) binding to their estrogen receptors (ER) and preventing
NFAT dephosphorylation by calcineurin. Abbreviations: E2, 17B-estradiol; ER, estrogen receptor; CnB, calcineurin
B; CnA, calcineurin A; NFAT, nuclear factor of activated T cell.
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CHAPTER 5 ROLE OF ADAM17 IN
PRESSURE OVERLOAD INDUCED
FIBROSIS IN MALE MICE
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5.1 Introduction

Cardiac fibroblasts function to maintain the ECM homeostasis and secrete many ECM
components and growth factors to modulate cardiac remodelling. They can transform into
myofibroblasts, which have the structural and phenotypic characteristics of smooth muscles cells
and produce and deposit ECM proteins leading to cardiac fibrosis. In response to cardiac injury,
myofibroblasts migrate to the site of injury and release growth factors such as transforming growth
factor-beta 1 (TGFB1), connective tissue growth factor (CTGF/CNN2), and fibroblast growth
factor 2 (FGF-2), all which can mediate cardiac hypertrophy and fibrosis.

ADAM17, also known as tumor necrosis factor oo (TNFa) converting enzyme (TACE), is
the most extensively studied ADAM, with over 80 substrates identified (314). Overexpression of
ADAMI17 in dermal fibroblasts resulted in the increased production of collagen I (374). ADAM17
expression is upregulated in fibrotic hearts and in TGFf1 treated murine cardiac fibroblasts and
downregulation of ADAMI17 decreased TGFP1-induced increase in collagen I, indicating
ADAMI17’s potential role in fibroblast activation and cardiac fibrosis (326). ADAMI17 has long
been established as a critical regulator of cardiac remodelling. Its ability to proteolytically cleave
Angiotensin converting enzyme 2 (ACE2) has made the role of ADAMI17 in mediating AnglI-
induced cardiac remodelling a thoroughly researched field, however, less is known about its role
in pressure overload-induced cardiac remodelling. Our lab has shown that mice with
cardiomyocyte specific ADAMI17 knockdown have increased myocardial hypertrophy and
dysfunction through suppressed proteolytic processing of integrin 31 following pressure overload,
a response not mimicked by a subpressor dose of Angll (325). Additionally, the non-myocyte,
myofibroblast-specific role of ADAMI17 in pressure overload-induced cardiac remodelling has not
been studied. Here we show that the myofibroblast-specific knockdown of ADAM17 resulted in

increased perivascular but not interstitial fibrosis following pressure overload.

5.2 Materials and Methods

The detailed version of this section is available in Chapter 2 Material and Methods.

5.2.1 Experimental Mice
To generate cell specific ADAMI17 knockdown mice, mice in which Adami7 gene is

flanked with lox sequences (Adam177°*/°X) will be crossbred with mice expressing the inducible
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Cre-recombinase enzyme under the control of an myofibroblast-specific promoter Posn-Mer.
Adam1 7% and Adam17"°*/°%/Posn-Mer male mice of C57BL/6J background were subjected to
cardiac pressure overload (at 8-10 weeks of age) by transverse aortic constriction (TAC), or sham
operation (control) or by Angiontensin II (Angll) infusion or saline, as previously described
(Figure 5.1) (325, 331). Functional assessment by echocardiography was done prior to TAC, and,
2- and 6-weeks post TAC. Hearts were excised and fixed in 10% formalin, flash-frozen in OCT
medium, or flash-frozen for molecular analyses. All experiments were conducted in accordance
with the guidelines of the University of Alberta Animal Care and Use Committee (ACUC) and the
Canadian Council of Animal Care (CCAC) and conform to the current NIH and ARRIVE

guidelines.

Transverse Aortic Construction:

1wk post 6wks post
8-9wks sham or TAC sham or TAC
| I l I
I 1
5 days
Angiotensin Il infusion:
1wk post 4wks post
8-9wks saline or Angll saline or Angll
. | | ]
I 1
5 days

Figure 5.1. Experimental mice undergoing TMX treatment following either TAC or AnglI infusion. Male mice
8-9 weeks of age underwent transverse aortic constriction (TAC) or sham surgery followed by 5 days of tamoxifen
(TMX) at 1 week post sham or TAC. Hearts were excised at 6wks post sham or TAC. Another group of male mice
aged 8-9 weeks of age received angiotensin II (Angll, 1.5 mg/kg/day) or saline by Alzet micro-osmotic pumps
followed by 5 days of TMX at 1 week post saline or Angll. Hearts were excised at 4weeks post saline or Angll.
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5.2.2 Cardiac Functional Assessment

Cardiac structure and function (systolic and diastolic) were assessed noninvasively by
transthoracic echocardiography in anesthetized mice (1-1.5% isoflurane) using the Vevo 3100
high-resolution imaging system equipped with a 30-MHz transducer (VisualSonics), as before
(313, 325, 332). Strain analysis was performed using the same software to quantify the global
circumferential and longitudinal strain. Diastolic function was assessed using pulsed-wave

Doppler imaging of the transmitral filling pattern as before (332).

5.2.3 Histochemical and Immunofluorescent Staining and Imaging

Freshly excised hearts were arrested in diastole, fixed in 10% formalin, paraffin-embedded
and processed for trichrome and picrosirius red (PSR) staining, as before (325). OCT-frozen Sum
sections were used for immunofluorescent staining, and images were captured as before (325, 332,
336). 6-7 images were captured (not blinded) per cross-section to capture all areas of the left

ventricle equally across hearts.

5.2.4 Statistical Analysis

Averaged values represent mean + SEM. Data were tested for normal distribution by the
Shapiro-Wilks Normality Test and homogeneity of variance was tested by the Levene’s Test for
all data. The comparison among multiple groups was performed using one-way ANOVA (one
variable: surgery) or a Two-way ANOVA (2 variables: genotype and surgery) followed by the

Tukey or Bonferroni post-hoc test. Statistical significance was recognized at p <0.05.

5.3 Results

5.3.1 Myofibroblast-specific deletion of ADAM17 resulted in comparable hypertrophy
but not fibrosis between genotypes following either TAC or Angll infusion

Hypertrophy was measured by comparing the ratio of heart weight to tibia length (HW:TL)
between the Adam17™/% and the Adam17"™/*/Posn-Mer. Hypertrophy was comparable following
pressure overload induced by TAC, with both genotypes developing greater hypertrophy following
TAC than compared to Angll treatment, which had comparable hypertrophy to the WT control.
(Figure 5.2). However, fibrosis was not comparable between the genotypes in either the TAC of
Angll groups. Adam17™/~/Posn-Mer 4 weeks Angll hearts developed more severe interstitial and
perivascular fibrosis as compared to Adam 1 7™/ 4week Angll hearts (Figure 5.3A). Interestingly,
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this phenotype was not replicated in the 6week TAC hearts. Adam 17"/~ TAC hearts presented
with more interstitial fibrosis while Adam17™//Posn-Mer TAC hearts had more perivascular
fibrosis (Figure 5.3B). These differences in the TAC hearts were further confirmed by PSR
staining for collagen fibers. Adaml7™//Posn-Mer TAC hearts had significantly greater
perivascular fibrosis, but significantly less interstitial fibrosis when compared to the parallel
Adam1 7™/ TAC hearts (Figure 5.4A-B). Total fibrosis (interstitial + perivascular fibrosis) was

comparable between genotypes.
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Figure 5.2. Heart weight to tibia length ratios showed comparable hypertrophy for Adaml7-deletion in
fibroblasts following Angll infusion or TAC. HW:TL for Adam17™™ and the Adaml7™"/Posn-Mer hearts
following pressure overload induced by either transverse aortic constriction (TAC) or Angiotensin II (AngllI) infusion
as compared to wild-type (WT) control (n=4-16/group/genotype). Averaged data represents mean+SEM. *p<0.05
compared to WT control group.

96



A 4wk Angll

Adam 1 7fexflox Adam 1 7loxflox/Posn-Mer

B 6wk TAC

Adam 1 7flexflox Adam 1 7exflox/Posn-Mer

Figure 5.3. Adaml17-deletion in myofibroblasts resulted in differing fibrotic phenotypes following Angll or
TAC. A. Representative trichrome images of Adam 17"/ and Adam17™"*/Posn-Mer hearts following Angiotensin
I (Angll) infusion showed that Adam17™/*/Posn-Mer hearts had greater interstitial and perivascular fibrosis when
compared to their parallel genotype groups (n=2 per genotype). B. Representative trichrome images of Adam1 7~/
and Adam17™/Posn-Mer hearts following transverse aortic constriction (TAC) showed that Adam17™/*/Posn-Mer
hearts had decreased interstitial and increased perivascular fibrosis when compared to their parallel genotype groups
(n=3-6 per genotype).
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Figure 5.4. Adam17™"/Posn-Mer hearts developed significantly greater perivascular fibrosis and significantly
less interstitial fibrosis following 6 week TAC. A. Representative PSR-stained cross-sections from Adam17™/ and
Adam17"%/Posn-Mer hearts following 6-week transverse aortic constriction (TAC) captured using fluorescent
imaging. B. Quantification of fibrillar collagen content (as percentage of the myocardium) as total, interstitial, and
perivascular fibrosis in the indicated groups (n=6-13 images/heart; 2-4 hearts/group/genotype). Averaged data
represents mean+SEM. #p<0.05 compared to corresponding Adam1 7™/ TAC group.
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5.3.2 Myofibroblast-specific Adam17-deficiency resulted in comparable systolic and
diastolic function following TAC

Echocardiography data revealed that Adami17™/* and the Adaml7™/~/Posn-Mer had
increased systolic volumes and decreased ejection fractions at 6 week TAC. Both genotypes also
presented with comparable increases in chamber wall thickness and diameters, as seen with the
increases in the L.A. size, and in the LVID and LVPW measurements at both systole and diastole
following TAC. Strain analysis revealed similar reductions in the GLS and GCS for both TAC
groups. Adam17™/%/Posn-Mer TAC hearts had significantly increased A wave and decreased
IVCT, statistically indicating more diastolic dysfunction in these hearts, however, the other
diastolic parameters (E wave, E’ wave, A’ wave, and E’/A’ ratio) were all comparable. Therefore,
the loss of ADAMI17 in myofibroblasts lead to an overall comparable systolic and diastolic
functional phenotype in these TAC hearts.

5.3.3 Adaml7™/Posn-Mer TAC hearts may have increased expression of immune cells
Immune cells including macrophages, neutrophils, and lymphocytes are present in the
myocardium under physiological conditions. In the face of pathological stimuli, circulating
immune cells are recruited to the myocardium, and along with resident immune cells, where they
promote cardiac remodelling by releasing cytokines, growth factors, and matrix metalloproteinases
(MMPs) (137, 138). Preliminary data of Adaml7™/~/Posn-Mer TAC hearts showed increased
expression of CD68, Ly6B, and CD45 (Figure 5.5A-C), which are inflammatory markers for
macrophages, neutrophils, and hematopoietic cells, respectively, indicating increased
inflammatory signalling in these hearts. Adam17™/%/Posn-Mer TAC hearts had increased CD45
expression surrounding the perivascular regions (Figure 5.5D) as compared to the Adam 7™/

TAC hearts.
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Table 5.1 Echocardiography parameters from male Adam1 7™/~ and Adam17™~/Posn-Mer

mice following sham or transverse aortic constriction (TAC)

Adam 17~ Adam17"%/Posn-Mer
Sham 6wks TAC Sham 6wks TAC
n=7 n=7 n=38 n=38
HR (bpm) 525+19 549+11 527420 561+4

LVEF (%) 55.09+2.62 40.104£5.64* 55.48+1.98 41.73+£1.82%*
Sys. Volume (uL) 21.7542.93 35.51+4.84* 20.734£2.43 33.11+£2.56*
Dia. Volume (uL) 47.334+4.08 58.04+3.24* 44.314+4.02 55.64+3.02*
L.A Size (mm) 1.81£0.11 2.42+0.20* 1.91+0.05 2.36+0.08*
LVIDd (mm) 3.4740.15 3.754+0.12* 3.47+0.08 3.79+0.11*
LVPWd (mm) 0.84+0.02 1.23+0.15* 0.80+0.02 1.13£0.07*
LVIDs (mm) 2.51+0.14 2.98+0.09* 2.43+0.10 2.90+0.10*

LVPWs (mm) 1.15+0.06 1.50+0.15* 1.11+0.04 1.394+0.07*

E wave (mm/s)
A wave (mm/s)
E' (mm/s)
A' (mm/s)
E'/A'

E/E'
IVCT (ms)
GLS (%)
GCS (%)

737.17+£53.83

609.61+42.59
28.03+£2.21
22.11£1.83

1.27+0.02

26.91£1.70
13.78+0.88
18.12+1.058

27.16+1.60

972.23+81.82*
783.79+65.27
26.16+2.69
31.47+3.84*
0.88+0.10*
39.07+3.98*
14.91+1.20
10.82+1.86*

16.23+2.27*

789.80+50.16

971.48+50.69*

619.35+44.39 865.11+32.59*#
31.47+0.80 24.92+2.86*
23.48+0.82 29.80+2.72*
1.35+0.03 0.85+0.10*
25.29+1.70 37.05+1.98*
15.06+0.80 12.41+0.82*#
19.18+0.89 10.32+0.87*
26.42+0.92 16.00+0.58*

HR, heart rate; LVEF, left ventricular ejection fraction; Sys Vol, systolic volume; Dias Vol, diastolic volume; L.A,
left atrium; LVIDd, left ventricular internal diameter (diastole); LVIDs, left ventricular internal diameter (systole);
IVSd and I'VSs, interventricular septal wall thickness during diastole and systole; LVPWd and LVPWs, left ventricular
posterior wall thickness during diastole and systole; IVCT, isovolumic contraction time; Tissue Doppler
Measurements: E-wave, early transmitral inflow velocity; A-wave, transmitral inflow velocity due to atrial
contraction; E’, Early tissue Doppler velocity; A’, Tissue Doppler velocity due to atrial 1 contraction; E’/A’,Ratio of
early- to the atrial Doppler velocity; GLS, global longitudinal strain; GCS, global circumferential strain. *p<0.05
compared to corresponding sham group, # p<0.05 compared to corresponding WT group.
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Adam 1 7flox/flox Adam 1 7flexflox/Posn-Mer

DAPI/CD68

DAPI/Ly6B

DAPI/CD45

Figure 5.5. Loss of ADAM17 in myofibroblasts resulted in increased expression of inflaimmatory markers
following 6 week TAC. A. Representative images of hearts stained with DAPI (blue) and CD68 (red), a marker for
macrophages, showed increased expression in Adami7™//Posn-Mer hearts following 6 week transverse aortic
constriction (TAC). B. Representative images of hearts stained with DAPI (blue) and Ly6B (red), a marker for
neutrophils, showed increased expression in Adam17"/*/Posn-Mer hearts following 6 week TAC. C. Representative
images of hearts stained with DAPI (blue) and CD45 (red), a marker for hematopoietic cells, showed increased
expression in Adam17™/%/Posn-Mer hearts following 6 week TAC, with increased expression in perivascular regions
(D), as compared to the Adam 7™/ TAC hearts. n=1-2 hearts per genotype.
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5.4 Discussion

Cardiac fibroblasts function to maintain the ECM homeostasis and secrete many ECM
components and growth factors to modulate cardiac remodelling. Cardiac fibroblast’s role in
mediating fibrosis is well characterized, as activation of fibroblasts to myofibroblasts leads to
increased production of ECM proteins and subsequent fibrosis. These myofibroblasts have the
structural and phenotypic characteristics of smooth muscles cells and have increased expression
of aSMA stress fibers, and thus can generate contractile force (174, 175, 176). ADAM17 has long
been established as a critical regulator of cardiac fibrosis, and we show here that the myofibroblast-
specific deletion of ADAM17 results in increased perivascular but decreased interstitial fibrosis
following TAC, as seen by the PSR data, while the same experimental mice with AnglI infusion
exhibit increased perivascular and interstitial fibrosis. Another study reported that cardiomyocyte-
specific Adam17” had increased cardiac hypertrophy and fibrosis following TAC, with reduced
cleavage of integrin 1, increased integrin 1 signalling, a response that was not mimicked by a
subpressor dose of Angll (251). Taken together, these results demonstrate the cell-specific and
injury-specific roles that ADAM17 may have in mediating cardiac hypertrophy and fibrosis, as
either TAC or Angll produced different phenotypes, and the loss of ADAM17 in different cell
types but the same injury (i.e., TAC) also produced different phenotypes.

The promoter used in the current study is expressed not only in myofibroblasts, but also in
pericytes (375). Pericytes reside in the perivascular space of capillaries and are another potential
source of myofibroblasts. These cells are essential regulators of vascular development,
stabilization, maturation, and remodelling. Like resident fibroblasts, cardiac pericytes are derived
from epithelial cells which undergo epithelial-mesenchymal transition (EMT) during cardiac
embryonic development (376, 377, 378). Pericytes have been shown to differentiate into collagen-
producing cells in models of dermal scarring (379). They are also found in the retina and kidneys,
where they present phenotypic and functional overlap with fibroblasts (380). Lineage tracing of
Gli* perivascular cells showed proliferation of these resident cells after kidney, lung, liver, or
cardiac injury resulting in their transformation to myofibroblasts (381). Furthermore, the ablation
of GIi* cells resulted in reduced cardiac fibrosis and preservation of cardiac function in a pressure

overload model (382). Since the current promoter is also expressed in pericytes, the loss of
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ADAMI17 in these cells, rather than in the myofibroblasts, or a combination of both, may be

contributing to the increased perivascular fibrosis seen in the Adam17%/*/Posn-Mer TAC hearts.

The inflammatory response following cardiac injury is regulated by series of temporal
phases that are circuital to proper healing. These phases have been well characterized for ischemic
injuries such as MI, and include the inflammatory, proliferative, and maturation phases (383).
However, non-ischemic cardiac injuries that do not cause cardiomyocyte cell death, including
pressure overload, also illicit inflammatory responses. Neurohormonal stimulation, such as
through Angll infusion, result in the generation of reactive oxygen species and activation of NFxB
activity, resulting in a pro-inflammatory response in the myocardium (140, 384). With pressure
overload induced by mechanical strain, such as TAC, activation of MMPs and resulting matrix
fragments can act as “danger signals” to activate Toll-like receptors (TLRs) and trigger the

inflammatory response (385).

Preliminary data showed Adam 17™/%/Posn-Mer TAC hearts may have a greater expression
of the inflammatory markers CD68, CD45, and Ly6B, indicating a greater inflammatory response
in these hearts. Immune cells not only impact cardiomyocyte driven pathological remodelling, but
they can also influence adjacent nonmyocytes, including fibroblasts and other immune cells in a
paracrine manner through the release of cytokines (139). Presence of infiltrating immune cells,
including macrophages, neutrophils, and lymphocytes, and subsequent inflammation are
recognized as hallmarks of pathological remodelling (141, 142). The increased expression of
CD4S5 around the perivascular regions could implicate hematopoietic cells in mediating the greater
perivascular fibrosis seen in the Adam17™/%/Posn-Mer TAC hearts, however, the sample size

needs to be increased before reaching this conclusion.

Recently, much interest has been focuses on the cardiac lymphatic vasculature, which
regulates immune responses to injury. The beneficial impact of lymphangiogenesis on cardiac
remodelling has been shown in non-ischemic hypertensive heart disease induced by AnglI infusion
in mice. Lymphangiogenic therapy with Vegfc in the mice resulted in reduced cardiac remodelling
(386). However, this treatment also prevented kidney dysfunction and reduced chronic
hypertensive, so the lymphatic-specific benefits cannot be delineated from the other beneficial
outcomes (386, 387). Heron et al. (388) demonstrated that in pressure overload by TAC in mice

lead to upregulation of lymphatic growth factors and a strain-dependent increase in the lymphatic
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network. VEGFR3 inhibition of Vegfc in these mice resulted in post-TAC lymphatic rarefaction,
followed by increased cardiac inflammation and perivascular fibrosis. Since our current TAC
model presents with a similar phenotypic profile, lymphangiogenesis may also be important in our

study.

The major limitation of this study is that the knockout of ADAM17 in myofibroblasts has
not yet been validated. In conclusion, our study highlights the phenotypic differences that develop
when using either TAC or Angll as models of pressure overload. We show that the myofibroblast-
specific deletion of Adam17 results in increased perivascular and interstitial fibrosis following
Angll infusion. In contrast, the myofibroblast-specific deletion of Adam17 resulted in increased

perivascular fibrosis and decreased interstitial fibrosis.
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CHAPTER 6 DISCUSSION
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6.1 Important Findings

6.1.1 ADAMIS expression is decreased in patients with dilated cardiomyopathy and its
expression is increased following pressure overload in mice.

ADAMI15 expression was unchanged from specimens from patients with hypertrophy with
preserved ejection fraction, representing a concentric hypertrophic phenotype, when compared to
non-failing controls (NFC). Interestingly, ADAMI15 expression was significantly decreased in
explanted hearts from patients with advanced hypertrophy, seen with hypertrophic
cardiomyopathy, and in failing hearts with dilated cardiomyopathy. Therefore, the loss of
ADAMIS is associated with a dilated hypertrophic phenotype or eccentric remodelling. In the
transverse aortic constriction (TAC) pressure overloaded murine heart, ADAMI15 expression was
increased at both 2 week- and 6 week post TAC, which reflects the compensatory (concentric
hypertrophy) and the decompensatory responses (eccentric remodelling), respectively. Therefore,
a decrease in ADAMI15 in cardiomyopathic hearts may be the contributing factor in the
progression to advanced heart disease, and the increase in its expression in mice hearts could reflect

a protective response to reduce the severity of the dilated hypertrophic phenotype.

6.1.2 Loss of ADAMIS resulted in exacerbated cardiac hypertrophy in male but not
female mice.

Pressure overload-induced hypertrophy by TAC in ADAMI15-deficient hearts resulted in
exacerbated hypertrophy in male but not female mice. This exacerbated hypertrophy in males was
accompanied by more severe LV dilation at 6 weeks post TAC. We found that signalling by the
calcineurin-NFAT pathway is increased in the male Adam 15 hearts. In this pathway, calcineurin
dephosphorylates cytoplasmic NFAT (nuclear factor of activated T cells), which then translocates
into the nucleus and modulates transcription of several pro-hypertrophic genes. NFAT
phosphorylation can also be modulated by GSK3p, which would phosphorylate NFAT and thereby
result in its movement back out of the nucleus and into the cytoplasm, where it represents the
inactive (phosphorylated) form of NFAT. The relative levels of phosphorylated to
dephosphorylated NFAT is therefore regulated by the opposing actions of calcineurin and GSK3.
We found that the levels of active GSK3 in the Adam157-TAC hearts were comparable while the
expression of calcineurin remained unchanged. However, the activity of calcineurin was

significantly increased in the Adaml57”-TAC hearts, indicating that the increased

106



dephosphorylated NFAT was due to increased calcineurin activity, rather than decreased kinase

activity by GSK3p.

Calcineurin is inhibited by estrogen, therefore we speculate that the sex differences in the
phenotype of these Adam157 mice could be due to the higher levels of estrogen present in the
female mice and therefore decreased calcineurin-driven signalling. It is well established that male
mice develop more significant hypertrophy than females at 2 weeks post-TAC (323, 324). This
sex disparity is also present in various cardiovascular pathologies. Women more commonly
present with HFpEF and have a higher prevalence of concentric left ventricular hypertrophy as

compared to comparable male controls (320, 321, 322).

Sex hormones are most commonly studied as the mediators of sex disparities in
cardiovascular diseases, with estrogens recognized as playing a cardioprotective role. Estrogen’s
can modulate cardiac excitation-contraction coupling by altering Ca** release. The FK506 binding
protein 12.6 (FKBP12.6) is associated with keeping the cardiac RyR2s closed and therefore
mediates EC coupling in the heart. Disruption of the FKBP12.6 gene results in cardiac hypertrophy
in male but not female mice (389). This was a result of more active RyR2s in the FKBP12.6 —
knockout mice, thereby increasing Ca?* release from the SR leading to more cardiac contractions.
This increased Ca* release results in an increase in calcineurin activity. This pathway is inhibited
by FK506, a calcineurin inhibitor which binds to the FKBP12 receptors and blocks its association
with RyR2s. Cyclosporin A, another calcineurin inhibitors, forms a complex with cyclophilin, and
binds to and inhibits the calcineurin subunit A, the subunit responsible for its phosphatase activity
(390). Both FK506 and cyclosporin A administration can prevent pressure overload-induced
hypertrophy in murine models (118, 391, 392). However, not all sex hormones modulate cardiac
hypertrophy in the same way. Calcineurin signalling is required for cardiac remodelling during
pregnancy. Calcineurin levels are increased during early and late pregnancy in female mice, an

effect which is mediated by progesterone but not estrogen (393).

The receptor implicated in estrogens cardioprotective function against adverse remodelling
has been a question of debate. ERa and ER 3 gave different ligand specificities, as well as different
expression patterns (394). Both receptors are expressed in the plasma membrane and cytosol, while
ERa is also expressed in T-tubules (395). Both ERa and ER are upregulated in the myocardium

of patients with aortic stenosis (367). ERa knockout in female mice have comparable hypertrophy

107



to their WT counterparts following pressure overload, while ER knockout female hearts
developed more significant hypertrophy than their WT counterparts, indicating that ER(3 plays a
greater role in cardiac hypertrophy following pressure overload (323, 366, 369).

Along with estrogens protective role in attenuating cardiac hypertrophy, they also have a
protective role in apoptosis and fibrosis. In the failing human heart, cardiomyocyte apoptosis is
significantly lower in women than men and myocyte apoptosis has been implicated in the transition
from compensated to decompensated hypertrophy (396). Both in vivo and in vitro data show that
E2 supplementation resulted in attenuated apoptosis in female hearts after MI (397). This
inhibition by estrogen could be through blocking the nuclear transcription factor NFkB and
caspase activation (398). The specific estrogen receptor that mediates this anti-apoptotic response
is unknown. Females also present with less cardiac fibrosis, as cardiac collagen deposition and
expression of pro-fibrotic genes and proteins were higher in male aortic stenosis patients compared
to females (399). Female HCM patients also have less perivascular fibrosis compared to male
HCM patients (400). E2 treatment to OVX female mice attenuated pressure overload-induced
expression of collagens I and III and interstitial collagen deposition (401). This response seems to
be mediated by ERP, as ERB knockout female hearts had greater interstitial and perivascular
fibrosis following TAC (364).

6.1.3 Differential signalling pathways for compensatory and decompensatory
hypertrophy

Both compensatory and decompensatory hypertrophy not only differ in the type of wall
remodelling occurring, (concentric vs. eccentric hypertrophy) but also are driven by different
underlying mechanisms. These mechanisms may be either exclusive to either compensatory or
decompensatory hypertrophy or maybe temporally relevant. The initial compensatory hypertrophy
increases cardiac contractility, reduces wall stress, and maintains the cardiac output. However, if
the stressor is not removed, or the pressure overload persists, the increased myocardial wall
thickness results in an increase in the oxygen consumption and dysfunction of cardiac energy
metabolism (327). Additionally, cardiomyocyte death by apoptosis, necrosis, and autophagy is
induced and the proliferation and activation of fibroblasts result in fibrosis (402, 403, 404). The

Adam157-hearts had comparable hypertrophy during the compensatory response (at 2-weeks
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TAC) but increased hypertrophy and dilation at 6-weeks TAC, indicating that the transition to

decompensation in these hearts is accelerated with the loss of ADAMIS.

6.1.4 Cardiac fibrosis is comparable between WT and Adam 157 -hearts in males and
females.

Unlike the differences observed with cardiac hypertrophy, cardiac fibrosis was comparable
within genotypes and between sexes. Myocardial hypertrophy and fibrosis often occur together;
however, they can be uncoupled. This is seen with Angiotensin II infusion triggering a strong
hypertrophic response in the absence of fibrosis in Timp2” mice, but a pronounced fibrotic
response in the absence of hypertrophy in Timp3”- mice (336). Similar to the sex differences seen
with hypertrophy, men have been found to have greater expression of fibrotic markers such as
collagen which may further contribute to their cardiac dysfunction (320, 405). However, this
greater fibrosis and therefore dysfunction can be due to the increased hypertrophy also seen in
these studies, and therefore the effects of fibrosis and hypertrophy cannot be delineated from one

another.

6.1.5 Loss of ADAMI1S results in disparate integrin interactions.

Integrins are part of a family of transmembrane receptors and can mediate cell signalling
through either their large extracellular domain or their short cytoplasmic domain. They can
transmit signals from inside of the cell to the outside (inside-out signalling) or from the outside of
the cell to the inside (outside-in signalling). The inside-out signalling can be activated the ligand
binding function of integrins, such as by stimulators of G protein-coupled receptors, while outside-
in signalling mediates the cellular responses induced by the ligand binding (406, 407). ERK and
JNK are downstream signalling pathways that are activated by integrins following pressure
overload. We found that despite the increase of integrin a7 subunit in Adam15”-TAC, ERK and
JNK were still activated in these hearts. This could indicate an alternative B-subunit dimerizing
with integrin a7 to initiate activation these downstream signals. Therefore, the inside-out signalling
maybe altered in the Adam15-deficient hearts due to the mismatch in integrin a7 and integrin 1
expression, however, the outside-in signalling remains upregulated in these hearts, as seen with

the increased expression of ERK and JNK.

Human ADAMIS5 contains an RGD binding motif which is absent in mouse ADAMIS.
Therefore, human ADAMI15 can bind to RGD-containing integrins, such as integrin avf3, which
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binds fibronectin as its ligand. Interestingly, the loss of fibronectin in mice resulted in the
attenuation of hypertrophy and delayed development of heart failure following pressure overload
due to decreased NFAT activation (408). Mouse ADAMI15, on the other hand, can only bind to
integrins in an RGD-independent manner, and therefore this potential signalling through
fibronectin cannot be examined by our current murine model. Both human and mouse ADAM15
can bind to 0a9B1 in an RGD-independent manner. Integrin a9B1 binds to osteopontin, and loss of
osteopontin results in increased cardiac hypertrophy following pressure overload through
decreased MAPK signalling (409). Since human ADAMI15 is able to bind to integrin in an RGD-
dependent manner, the potential effect on the cardiac structure and function can be under the
influence of many different integrins which are not contributing to the murine model present here.
However, the interaction with RGD-independent signalling, such as with a91, seems to be more
physiologically relevant, as it is evolutionarily conserved while the RGD motif in ADAMI1S5 is not
(303).

6.1.6 Age-related Cardiac Remodelling

Intrinsic cardiac aging refers to the progressive, age-dependent decline in cardiac function
and render the heart more vulnerable to stress (410). With aging, diastolic dysfunction is more
prevalent, as the early diastolic LV filling, measured by the peak E wave, is decreased. This
decreased may be due to the presence of cardiac fibrosis, leading to a decrease in the chamber
compliance, making it difficult for the chambers to relax. Additionally, aged hearts have slower
cytosolic calcium reuptake, thereby further delaying relaxation (411, 412). Since the heart is
unable to fill passively during early diastole, atrial contractions during late filling (represented by
the A wave) contribute most significantly to LV filling. This reliance of atrial contraction filling
can predispose the elderly to increased atrial pressure, increased atrial hypertrophy, and increased

likelihood of atrial fibrillation (410).

Intrinsic cardiac aging can be recapitulated in an aging murine model. Mice age much
quicker than humans, with 24-month-old mice being equivalent to 70-year-old humans (413). In
our study, we examined echocardiographic data from WT and Adam 157 hearts at either 3 months
(14 weeks for sham mice), 6 months, or 1 year, which represent 9 years, 18 years, and 36 years of
human age, respectively. The ejection fractions of both male and female WT and Adam157

remained relatively consistent throughout all age groups. The IVCT was reduced at 1 year for both
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male WT and Adam 157 hearts, meaning that the heart spends less time at the end of diastole and
quickly transitions to the beginning of systole. Systolic function declines only slightly with age

and less so in females and our current age groups may be too young to capture this decline fully.

The E’/A’ ratio was increased in the male Adam157 hearts, compared to WT, at both 6
months and 1 year, indicating that these hearts have lots of flow during early filling, but this filling
will end quickly. The WT male and female mice have a decrease in E’/A’ ratio, indicating that
more blood is filled into the ventricles during atrial contractions and such dysfunction is often seen
with aging. The Adam15” females have higher E’/A’ ratios compared to the WT females across
all age groups but demonstrate a decline in this ratio as well. The discrepancy between WT and
Adam 157 hearts in these parameters may be related to an undiscovered function of ADAMI5-

deficiency be itself.

The calcineurin-NFAT pathway is also activated in age-dependent murine cardiac
remodelling (410, 414). Since Adam15” hearts were suspectable to more adverse remodelling due
to increased calcineurin activity, then perhaps aging acts as a similar stressor in older Adam157
hearts and predisposes them to develop this adverse remodelling earlier. However, this would not
explain the diastolic dysfunction in the female Adam15" hearts, as estrogen would confer relative
cardioprotection against calcineurin activity and estrogen levels do not decline with age in mice as

they do in humans.

6.1.7 Mechanical vs. hormonal stress induced cardiac remodelling.

Cardiac pressure overload is studied experimentally by either utilizing mechanical stress
or by hormonal stress. While both may be capable of producing similar cardiac hypertrophic
phenotypes, the specific downstream activated signalling pathways are different. For example,
during AngllI infusion, Angll can work through its receptor AT1R on cardiomyocytes and initiate
activation of the renin-angiotensin-aldosterone (RAAS) pathway or bind to the AT2R receptor to
antagonize the effects of AT1R (105, 106). During mechanical stress, however, the initiating signal
is not a ligand, rather is it the physical strain itself which is converted into a physiological response.
This response is usually lead by integrins, which act as mechanosensors and mechanotransducers
to mediate cellular cascades in response to activation by stretch. This difference in signal initiation
can lead to different cardiac remodelling in the same experimental models depending on if Angll

or mechanical stress was used for the pressure overload.
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Adam17™7%/Posn-Mer hearts presented with different fibrotic phenotypes when faced with
pressure overload induced by Angll infusion or by TAC (mechanical stress). Adam17™/*/Posn-
Mer Angll hearts had increased both interstitial and perivascular fibrosis, while these same
genotype mice had increased perivascular but decreased interstitial fibrosis following TAC. The
inhibition of ADAMI17 by administration of ADAM17 small-interfering RNA prevented Angll
induced cardiac hypertrophy and fibrosis (319). In contrast, in a pressure overload TAC model,
cardiomyocyte-specific Adam17”~ had increased cardiac hypertrophy and fibrosis with reduced

cleavage of integrin 1 and thereby increased integrin 1 signalling (251).

6.1.8 Expression of immune cells in Adam17™/"/Posn-Mer TAC hearts

Inflammatory cells infiltrate to sites of injury where they produce and secrete various
cytokines, such as IL-6, TNFa, and TGFf1, and in addition to mediating the inflammatory
response, they can also alter the function of other cells, such as fibroblasts (415). Infiltrating
monocytes/macrophages and fibroblasts may also be derived from a common progenitor, as bone-
marrow-derived fibroblasts were discovered in fibrotic and ischemic hearts (416,417, 418). Levels
of pro-inflammatory cytokines, interleukin 6 (IL-6), and TNFa are increased in myocardial fibrotic
pathologies. DCM patients have elevated levels of IL-6 and TNFoa mRNA that were associated
with collagen deposition, suggesting a link between pro-inflammatory cytokines and fibroblast
activation (419). Genetic ablation of IL-6 attenuated cardiac fibrosis in models of pressure
overload, MI, and diabetic cardiomyopathy (420, 421, 422, 423). IL-6’s profibrotic response is
mediated by STAT3-dependent stimulation or through activation of TGFB1 signalling (423, 424).

In response to cardiac injury, myofibroblasts migrate to the site of injury and release
cytokines such as TGFB1. TGFf is a central regulator of cardiac remodelling and has pleiotropic
effects on different cell types. TGFB1 is the dominant isoform present in the heart, and it signals
through the type I (TBRI) and type II (TBRII) receptors (213). It is expressed and released by
cardiomyocytes, cardiac fibroblasts, and immune cells (425). TGF1 mediates it actions by
induction of either the Smad-dependent canonical signalling pathway or through the Smad-
independent noncanonical signalling pathway. Activation of the canonical pathway begins with
phosphorylation of Smad2/3, which then bind to Smad4, translocating to the nucleus (183, 214,

426). There the complex functions as a transcription factor leading to the upregulation of target
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genes. TGFPB1 also induces the expression of the inhibitory Smads, Smad6 and Smad7, which
function as autoinhibitory feedback modulators by preventing the phosphorylation of Smad2/3 and
their subsequent binding to Smad4 (219, 426). The noncanonical pathway induces activation of
TGFB-activated kinase (TAK1), resulting in c-Jun N-terminal kinases (JNK) phosphorylation by
MKK4 and p38 phosphorylation by MKK3/6 (220, 221).

Following pressure overload, TGFf signalling promotes the reactivation and expression of
fetal contractile genes, such as beta-myosin heavy chain (BMHC) and alpha-skeletal actin (cSKA)
(215). TGFB1-overexpressing mice present with increased cardiac hypertrophy and interstitial
fibrosis (427), and administration of an anti-TGFf antibody prevented fibrotic buildup and
diastolic dysfunction without affecting cardiac hypertrophy (428). However, inhibition of TGFf1
signalling with mice overexpressing an inducible dominant-negative mutation of TBRII resulted
in reduced collagen deposition, increased left ventricular dilation, and systolic dysfunction
following pressure overload (208). Therefore, TGF[1’s role may be dependent on its expressions
levels following pressure overload, such that increased or sustained TGFB1 signalling leads to
cardiac dysfunction by promoting pathological remodelling, while baseline TGFf activity may be
cardioprotective in preserving cardiac structure through preventing enhanced fibrotic deposition
(425). TGFp1 is also an important downstream mediator of AnglI’s hypertrophic signalling, as
TGFB1 knockout mice had attenuated hypertrophy following Angll treatment (429).

Macrophages are essential mediators of pressure overload induced remodelling. The
ablation of neonatal macrophages by clodronate liposomes resulted in reduced left ventricular
hypertrophy and cardiac fibrosis (430). Macrophages produce tumor necrosis factor alpha (TNFa.),
and patients with heart failure have increased circulating levels of TNFa along with its TNFa.-
receptors 1 and 2 (TNFR1 and TNFR2) and serve as a prognostic marker in these patients (150,
431). Cardiac specific transgenic overexpression of TNFa in mice resulted in the development of
cardiac hypertrophy and dilated cardiomyopathy (432). TNFa exerts its effects through
downstream signalling pathways, such as by nuclear factor kappaB (NFxB), which is a

transcriptional activator of hypertrophy (153).
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TNFa and its receptors TNFR1 and TNFR2 can undergo ectodomain shedding by
ADAMI17, generating soluble TNFa and its receptors (433). Soluble TNFa primarily binds to
uncleaved, membrane bound TNFR1 leading to cell death and apoptosis. Shedding of TNFR1
generates a soluble TNFR1 receptor which can competitively bind to and inhibit soluble TNFa,
thereby decreasing its bioavailability and downstream signalling (433). TNFR2 is preferentially
activated by membrane bound TNFa and signalling through this receptor is considered protective
(434). ADAM17 deficiency in mice macrophages resulted in the ablation of soluble TNFa. levels
and disrupted TNFR1 and TNFR2 shedding (435).
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CHAPTER 7 LIMITATIONS AND
FUTURE DIRECTIONS
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7.1 Limitations

7.1.1 Full body knockout vs cell specific deletion of ADAM15

The current study utilized a full body knockout of Adami5, and these mice are viable,
fertile, and have no evident pathological phenotypes. ADAMI15 is ubiquitously expressed in all
tissues, therefore the increased hypertrophic response in the Adaml5”-TAC cannot be further
attributed to a specific cell type in the myocardial tissue. The adult murine heart is comprised of
many different cell types and heterogenous cell populations, the most abundant being
cardiomyocytes, endothelial cells, fibroblasts, and immune cells (436). Although cardiac
hypertrophy is a process specific to cardiomyocytes, nonmyocytes play critical roles in
establishing and maintaining the cellular homeostasis of the heart. They can regulate the ECM and
influence intercellular communication in response to stressors (437). Therefore, cell-specific

knockout of Adam 15 may lead to different phenotypes, depending on its role in the specific cells.

7.1.2 Verification of ADAM17 knockdown and low sample size for myofibroblast-specific
ADAM17 project

ADAM17 deletion needs to be confirmed in the myofibroblasts in order to attribute the
phenotypic changes seen in this project to the loss of ADAMI17. Although the TAC and Angll
Adam17™%/Posn-Mer hearts developed interesting cardiac fibrotic phenotypes, many conclusions
cannot be drawn from these studies yet as they sample sizes are too low to confer statistically
significance. The data presented in Chapter 5 represents only preliminary data for both the Angll
treated hearts and the inflammatory cell staining, and therefore no substantial conclusions can be

made, rather the trends were discussed.
7.2 Future Directions

7.2.1 The role of estrogen in inhibiting hypertrophy in the female Adam15~" hearts

The potential inhibitory role that the higher levels of estrogen in the female mice may play
in the development of the dilation seen on the male mice needs to be disseminated. To do this,
ovariectomized (OVX) female mice will undergo TAC, which would eliminate the potential
inhibitory role of estrogen on calcineurin. The ovariectomy will be done at 5-weeks of age for both
WT and Adam157 hearts, followed by TAC at 8-weeks of age. Echocardiography will be done
prior to TAC (but after OVX), 2week-TAC, and 6week-TAC. Hearts will be excised at 6week-

TAC and either fixed in 10% formalin, or flash-frozen for molecular analyses. Hypertrophy will
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be assessed by HW:TL, WGA staining for myocyte cross-sectional area, and trichrome staining.
MAPKSs (total- and phospho- ERK and JNK), as well as total and phosphorylated NFAT will be
determined by Western blot analysis. Calcineurin activity will be determine in frozen LV tissues.
If estrogen is indeed the factor responsible for the divergent male and female phenotypes,
inhibiting estrogen production in female Adamil57-TAC hearts would result in greater
decompensatory hypertrophy, as seen in the males. This increase will be accompanied by an

increase in calcineurin activity and subsequent increased dephosphorylation of NFAT.

7.2.2 Delineate the contribution of pericytes and myofibroblasts to the fibrotic phenotype
Since our current model uses a periostin promoter, Adami7 deletion occurs in both
pericytes and myofibroblasts. Therefore, the fibrotic phenotype observed can be attributed to the
effects of the loss of ADAMI17 in either cells as isolated contributors. To delineate the effects of
Adam17-deletion in both cell types, pericytes and myofibroblasts can be isolated and separated,
then treated with ADAM17 siRNA. By utilizing in vitro experiments, both cell types can be studied
independently of one another. However, in vitro results do not always mimic in vivo results due to
the loss of the interplay between various cells and the microenvironment. Once isolated and treated
with ADAMI17 siRNA, the cells can be treated with Angll or subjected to cyclic stretch. The
expression of aSMA can be used to determined myofibroblast activation, and collagen can also
be measured to determine the cells contribution to the cardiac fibrosis observed in vivo in these

hearts.

7.2.3 Investigate how loss of ADAM17 in quiescent fibroblasts rather than myofibroblasts
can impact fibrosis

In our current study, the periostin promoter used results in the loss of ADAMI17 in
myofibroblasts. However, it has been reported that resident cardiac fibroblasts are the predominant
fibroblasts responsible for cardiac fibrosis in the pressure overload model of heart failure (438,
439, 440). Resident fibroblasts are principally from the mesenchymal cells in the embryonic
epicardium (441, 442, 443), that invade the myocardium to become resident cardiac fibroblasts
(442). During development, epithelial cells undergo epithelial-mesenchymal transition (EMT)
under the influence of several growth factors. Under physiological conditions, resident fibroblasts
function to maintain ECM homeostasis (173). Future studies can target how Adam7-deletion in

inactivated fibroblasts may affect fibrosis by focusing on the process of myofibroblast activation,
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rather than after it. This can be done by using a promoter expressed exclusively in quiescent
fibroblasts, such as transcription factor 21 (Tcf21). Tcf21 is expressed in the resident cardiac
fibroblast population and could be used to generate Adam7-deficient resident cardiac fibroblast-
specific mice. Therefore, the role of ADAMI17 specifically in myofibroblast activation can be

investigated.
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