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ABSTRACT

OF THE THESIS OF

Tamara Marwan El-Khatib for Master of Science

Major: Pharmacology and Therapeutics

Title: Sex-based Differences in Myocardial Infarction: More Protection in Pre-menopausal
Female Mice

Accumulating studies have shown that premenopausal females are less susceptible to
adverse left ventricular (LV) remodeling following MI when compared to age-matched
males with undefined mechanisms. MI prevalence, however, substantially increased with
age to reach comparable level post-menopause. For example, the male to female risk ratio
under the age of 45 is 10:1, while increasing significantly above the age of 75 to 1:2. Sex
dimorphism in MI-induced LV remodeling is potentially attributed to the protective effects
of the endogenous estrogen (17- Estradiol). In this study, we aimed at investigating the
mechanisms along with the potential involvement of estrogen in the observed sex-based
differences between premenopausal female and age-matched male mice in cardiac
remodeling post-MI. Five months old males and females C57BL6/J mice were employed in
this study and divided into 5 groups: Male control, female control, MI-males, MI-females,
and M1 ovariectomized females. MI was induced by ligating the left anterior descending
artery, whereas estrogen depletion was induced by bilateral ovariectomy. Mice were
sacrificed 7 days post-MI. Our hemodynamic analysis revealed exacerbated adverse LV
remodeling in MI mice of both sexes to the same extent in term of ejection fraction (EF),
fractional shortening (FS), stroke volume (SV) and cardiac output (CO). Of note, left
ventricle end systolic volume and left ventricle end diastolic volume markedly increased in
MI mice of both sexes, but to a higher extent in Ml males. Enhanced cardiac dysfunction
post-ovariectomy however, was observed by marked decrease in EF and CO.
Histologically, Hematoxylin and Eosin staining showed that unlike MI female mice, Ml
males exhibited enhanced cardiomyocyte hypertrophy. Molecularly, the anti-inflammatory
cytokines interleukin IL-4 and I1L-13 significantly decreased in MI male mice, while
remained unchanged in MI female mice. A significant decrease in I1L-13 levels was
observed in MI female mice post-ovariectomy, only. Conversely, IL-10, an anti-
inflammatory and profibrotic marker, markedly increased in Ml male mice when compared
the female counterparts, whereas significantly decrease in MI females post-ovariectomy.
Additionally, Pp38/p38, a mitogen activated protein kinase implicated in cell survival



following Ml, significantly decreased in MI mice of both sexes. A further reduction in
Pp38/p38 was observed in MI female mice post ovariectomy. Metabolically, total cardiac
NAD levels substantially decreased in MI male mice, only. Furthermore, SIRT-3, an
NAD+ dependent enzyme involved in mitochondria biogenesis, markedly decreased in Ml
mice of both sexes. Collectively, our findings revealed that both sexes exhibited enhanced
adverse LV remodeling in 7 days post- MI, with female mice being more protected.
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CHAPTER |

INTRODUCTION

A. The cardiovascular system and the heart

The heart, blood vessels and blood make up the cardiovascular system. It is
responsible for delivering oxygen and nutrients to the body tissues and carrying away
carbon dioxide along with the waste products [2]. According to a publication by Lumen
Learning, the heart, which is the driving force of the system, is composed of three layers
(https://courses.lumenlearning.com/nemcc-ap/chapter/heart-anatomy/). Referring to figure
1, these are the pericardium, myocardium and endocardium. Each of these layers plays a
unique role in terms of its function. The outermost layer of the heart that directly surrounds
it is the pericardium. It literally translates as “around the heart,” and consists of two
sublayers. The first is the outer fibrous pericardium, which is made up of dense connective
tissue thus playing a role in protecting the heart. The second sublayer is the inner serous
pericardium. The middle layer of the heart is the myocardium, which is the thickest layer
composed of cardiac muscles cells. It is made up of collagenous fibers, blood vessels that
fill into the myocardium and nerve fibers that play a role in regulating the heart. When the
myocardium contracts, blood is pumped into the heart and major arteries. It is crucial to
note that the myocardial thickness of the left ventricle of the heart is more significant than
that of the right ventricle in order to overcome the greater resistance in the systemic circuit
when pumping blood, although both ventricles pump the same amount of blood during

contraction. The third and innermost layer of the heart is the endocardium. A thin layer of



connective tissue joins it to the myocardium. This layer is made up of simple squamous
epithelium, called the endothelium, which covers the heart valves and lines the chambers of
blood circulation. Evidence also demonstrates that the endothelium and the coronary
capillaries may assume dynamic parts in directing the contraction of the muscle inside the

myocardium.

Pericardial cavity

Endocardium

Fibrous pericardium
Myocardium ——————t——

Parietal layer of serous
pericardium

Epicardium (viceral layer
of serous pericardium)

Figure 1. Anatomy of the heart There are three layers to the pericardial membrane that covers the heart, as
well as the pericardial cavity. The heart wall is made up of three layers as well. The epicardium connects the
pericardial membrane to the heart wall. https://courses.lumenlearning.com/nemcc-ap/chapter/heart-anatomy/

B. Myocardial infarction (Ml):
1. Myocardial Infarction definition

Myocardial infarction, also referred to as a “heart attack”, occurs when the blood
supply to a segment of the myocardium is diminished or totally terminated. Being “silent”, a
myocardial infarction can be unnoticed [3]. However, it can cause death when it leads to

hemodynamic disintegration which is followed by a change at the level of the structure and


https://courses.lumenlearning.com/nemcc-ap/chapter/heart-anatomy/

function of the infarcted region. This alteration is defined as left ventricular remodeling [4] .
Underlying coronary artery disease (CAD) is considered as a leading cause to most
myocardial infarctions in the United States. When the coronary artery is obstructed, the
myocardium suffers from a lack of oxygen. If the myocardium is sustainably deprived of
oxygen supply, cell death and necrosis can occur [3]. According to a publication by Mayo
clinic on heart attacks, signs of a myocardial infarction include a chest irritation that extends
to the neck, jaw, shoulder or arm. Changes in ECG and high levels of troponin, a biochemical

marker, are correlated to the occurrence of a myocardial ischemia [3].

2. Myocardial Infarction Prevalence

According to the World Health Organization (WHO), more than 31% of
cardiovascular (CVDs) related deaths are due to coronary heart diseases (CHD). The 2016
heart disease and stroke statistic estimated that one American will suffer from Ml every 42
seconds [5]. The epidemiology of MI has been assessed using the influence of sex and risk
factors [6]. The prevalence of Ml is higher in males compared to age-matched females, and
it is dramatically increasing by age in both genders [7]. Additionally, gender disparity
disappears in women with reduced estrogen level post menopause [8]. For instance, in
patients under 45 years of age, the male to female ratio is 10:1, dropping progressively to 2:1

in patients over 75 years of age [9].
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3. Myocardial Infarction Pathophysiology

Despite current pharmacological and interventional therapies and the remarkable
increase in post-MI survival rates (60 to 90 percent), approximately 25% of MI patients still
experience adverse left ventricle remodeling [10]. Cardiac remodeling after MI varies
depending on the size of the infarct, the healing process, and the presence or absence of
comorbidities [11]. The hypoxic environment after coronary artery occlusion shifts ATP
production to anaerobic glycolysis, increasing intracellular acidosis and promoting cell death
and necrosis [12]. Referring to figure 2, dangerous associated molecule patterns (DAMPS)
such as DNA, RNA, heat shock proteins (HSPs), and adenosine triphosphate (ATP) are
released into the surrounding extracellular space by dying cardiomyocytes. Following Ml,
the wound healing process involves three interchangeable phases [12, 13]. At the onset of
MI, the early inflammatory phase, mediated by the recruitment of monocytes and neutrophils
to the site of injury, begins [11]. This inflammatory response causes monocytes to
differentiate into M1 macrophages, which leads to fibroblast proliferation, activation of pro-
inflammatory cytokines (IL-1, IL-6, and TNF-a), and extracellular matrix (ECM)
degradation [14]. The granulation phase is distinguished by the activation of M2
macrophages (IL-10, TGF-B1), the subsidization of inflammation, the differentiation of
fibroblasts to myofibroblasts, and the deposition of ECM [15]. The last phase, known as the
maturation phase, is distinguished by fibrotic scar formation and myofibroblast survival [16].
Prolonged ischemia and inflammatory response have a significant impact on cardiomyocytes
in both infarcted and non-infarcted areas, and have been shown to be detrimental in the
absence of adequate inflammatory resolution and transition between remodeling phases [17].

Unresolved inflammation promotes progressive infarct expansion and border zone expansion
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by inducing myocyte death and extracellular matrix (ECM) degradation [18, 19].
Furthermore, when the heart suffers an infarction, the mechanical workload shifts to the
distant uninfarcted region, which responds by increasing the number of contractile units.
Remote hypertrophied myocytes, on the other hand, are vulnerable and dysfunctional, with
reduced systolic sarcoplasmic reticulum Ca2+ release and desensitization to Ca2+,
exacerbating systolic dysfunction after M1 [20, 21]. The wound-healing process that follows
a myocardial infarction has three distinct phases. The onset of myocardial infarction due to
obstruction of blood flow in coronary arteries during the inflammation phase. A low-oxygen
environment causes cellular necrosis and the release of DAMPs. Irritated endothelial cells
express adhesion molecules and signal circulating innate immune cells. The recruitment,
activation, and extravasation of neutrophils and monocytes to the site of injury initiates the
acute inflammatory response. A pro-inflammatory environment causes monocytes to
differentiate and activate into macrophages M1. Macrophages promote fibroblast
proliferation and migration, which increase pro-inflammatory cytokines (IL-1, IL-6, and
TNF-), chemokines (MCP-1 and IL-8), proteinase (MMP) release, and ECM degradation.
Granulation phase: macrophage phagocytosis of necrotic debris and apoptotic neutrophils,
resulting in the activation of M2 macrophages. M2 molecules (IL-10 and TGF-) reduce
inflammation and promote fibroblast-to-myofibroblast differentiation. Myofibroblasts
become the primary producers of ECM components and ECM deposition mediators.
Prolonged myofibroblast survival, as well as ECM crosslinking and fibrotic scar maturation

and contraction, occur during the maturation phase [11].
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Maturation Phase ( weeks)

Figure 2. Wound healing process The wound-healing process that follows a myocardial infarction [11].

C. Remodeling in the infarcted myocardium (LV remodeling at the tissue, cellular and
molecular level)

As previously mentioned, a myocardial infarction is induced when a region of the
heart is impoverished of oxygen leading to an irreversible necrosis of the myocardium.

As a response to myocardial infarction, the left ventricle undergoes significant
changes at the tissue, cellular and molecular level. These modifications are also accompanied
by hemodynamic ones, that act as a negative feedback to intensify the response. Essential
wound healing responses involve inflammation to eliminate the necrotic myocytes and
activation of fibroblasts which lead to the establishment of a scar. Discovering processes of

pathophysiology and new biomarkers aid in the improvement of diagnostic potentials and of
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treatment strategies. The pathophysiology of left ventricular remodeling can thus be better
explained and diagnosed by the mechanism of action of these novel biomarkers along with
other important ones. Linking these biomarkers, which occur at early stages after a
myocardial infarction, with the temporal remodeling at the tissue, cellular and molecular
level will lead to a better development of individualized treatment and therapeutical

involvement [11].

1. Tissue Level

a. Revascularization and role of SIRT3

After MI, several processes are involved in revascularization and can be classified
into two groups. The first consists of arteriogenesis and collateral growth, which are
identified by increasing the diameter of preexistent arterial vessels as an adjustment to major
occlusion at the level of the arteries [27]. This will facilitate maintaining the blood supply to
the unaffected area of the myocardium, which is still viable, thus responding to the
mechanical profusion by sustaining the metabolic need and contractility. As for the second
group, it includes vasculogenesis and angiogenesis. Angiogenesis is the generation of new
capillaries from pre-existing blood arteries, whereas vasculogenesis is the differentiation of
progenitor cells (angioblasts) into endothelial cells and the de novo synthesis of a primitive
vascular network [28]. These two processes will enhance the rescuing of the ischemic region
in addition to inhibiting the expansion of the border zone and the extension of the infarct by
sustaining the cardiomyocyte viability of the occlusion border zone [29-32]. Essential
pathways which are involved in revascularization are activated by the decreased oxygen

levels in the cardiac tissues post-MI. The activation of hypoxia inducible factor 1-o (HIF1-
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a) and the production of nitric oxide (NO) will feed into the upregulation of growth factors.
This is mainly achieved by cardiomyocytes, endothelial cells and infiltrating immune cells.
These are involved in pathways leading to this upregulation. Essential growth factors which
are implicated in post-MI angiogenesis include vascular endothelial growth factor (VEGF)
and the progenitor-cell mobilizing chemokine stromal cell-derived factor 1-a (SDF1-a) [33-
36]. In addition to that, hepatocyte growth factor (HGF), nerve growth factor (NGF), insulin-
like growth factor (IGF), and fibroblast growth factor (FGF), as well as cytokines such as IL-
8, are implicated in mitigating cardiac dysfunction post-MI mainly by a pro-angiogenic effect
[37-44]. MMPs and miRNAs also play a role in post-MI angiogenesis. MMPs are essential
in promoting the deterioration of the proangiogenic matrix and the stimulation of cytokines
and growth factors. Furthermore, multiple miRNAs which are found in cardiomyocytes or
endothelial cells are implicated in the activation of angiogenesis post-MI [45] [46] [47-50].
SIRT3, an NAD+ dependent enzyme that belongs to the sitruins family and is
involved in mitochondria biogenesis, is made up of a soluble protein that is highly expressed
in tissues of mitochondrial abundance. ATP is produced by mitochondria through the process
of oxidative phosphorylation, and the enzymes involved in this process are directly regulated
by SIRT3. As previously mentioned, the hypoxic environment that rises post-MI leads to the
over expression of HIF-a, which plays a critical role in the process of revascularization post-
MI. It is crucial to mention here that HIF-a is downstream effector of SIRT3. This means
that SIRT3 plays an important role in the process of LV remodeling post-MI, where its

absence will lead to a decreased angiogenic capacity [51].
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2. Cellular level

The human heart is divided into several components at the cellular level. These
include the cardiomyocytes, which consist of 30% of the total cells but populate the greatest
volume [52]. The remaining cells include fibroblasts, endothelial cells and vascular smooth
muscle cells. The last two make up the vascular system which is implicated in supplying the
heart. The ECM, which is an intricate three-dimensional network of connective tissue
composed of extracellular macromolecules (proteins and sugars) and minerals, surrounds this
cellular distribution. The ECM plays an important role in providing a mechanical and

structural support to the heart thus ensuring a normal cardiac function [53, 54].

a. Myocytes (cardiomyocyte hypertrophy)

After 24h of the occlusion of the coronary artery, the cardiomyocytes at the level of
the infarcted region will respond to the stressful atmosphere by upregulating pro-apoptotic
cytokines like TNF-a. This will lead to apoptosis which is ATP-dependent [12, 55-57]. As
mentioned earlier, a hypoxic environment is developed following infarction. Accordingly,
and in the absence of reperfusion, ATP production will be shifted to anaerobic glycolysis. As
a result, intracellular acidosis will be elevated which promotes necrosis [12].

MI leads to a decrease in the number of cardiomyocytes at the infarcted area. This will affect
the efficacy of heart pumping, so a transition of the workload to the non-infarcted region of
the myocardium will take place, as a form of a compensatory mechanism. Consequently,
cardiomyocytes will hypertrophy at the level of the non-infarcted region due to an increase

at the level of their contractile units [17]. Based on prior knowledge, cardiomyocyte necrosis
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induces the secretion of pro-inflammatory molecules. This will exacerbate the function of
the hypertrophied cardiomyocytes in two ways, a direct and indirect way. The first, direct,
way is achieved by decreasing the secretion of Ca2+ from the sarcoplasmic reticulum and
increasing the desensitization of the myofilaments to Ca2+. Thus, the optimal contractile
activity will be impaired [20, 21, 58, 59]. The second, indirect, way is achieved by promoting
a continuous expansion of the infarct by fostering the death and slippage of myocytes as a
result of the turnover of the ECM in the border zone. This will cause the remaining
cardiomyocytes to hypertrophy and the mechanical workload to increase leading to an

ongoing impairment of cardiac function [18, 19, 60].

b. Immune cells

As previously mentioned, myocardial repair post myocardial injury consists of three
intertwined phases which are: (1) the inflammatory phase, (2) the proliferative phase and (3)

the maturation phase [61].

Myocytes respond to necrosis by secreting signals (DAMPs) that captivate the
immune cells nearby thus triggering an inflammatory reaction as part of the innate immune
system. The interaction of immune cells with adhesion molecules, presented on the activated
endothelial cells and adjoining the infarct, ensures the infiltration of these cells into the
infarcted region by trans-endothelial migration [62]. Neutrophils act as frontline responders

which infiltrate into the infarcted region post a myocardial injury [63].
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A vigorous inflammatory response, highlighted by three mechanisms, is triggered by
neutrophil invasion: (1) release of chemokines and cytokines, (2) inflammatory mediators
degranulation and burst of reactive oxygen species (ROS) (fig.2) [64-67].

Also, monocytes (Mo), which differentiate into macrophages (M1), and lymphocytes

(L) are recruited in the infarcted region (figure 3) [61].
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Figure 3. The role of immune cells in heart repair after an infarction. During the inflammatory phase,
DAMP release activates innate immune pathways, resulting in the induction of chemokines and cytokines as
well as the recruitment of neutrophils (N), monocytes (Mo), and lymphocytes (L) in the infarcted
myocardium. The proliferative phase is distinguished by the suppression of inflammation, activation of
myofibroblasts (MF), and the formation of microvessels (MV). Subsets of mast cells (MC), lymphocytes
(Lymph), and macrophages (Ma) with distinct functional properties may play important roles in the regulation
of these cellular responses. Finally, during the maturation phase, the extracellular matrix is cross-linked,
fibroblasts may die, and MVs develop a pericyte (P) coat. It is unknown whether subsets of macrophages (or
other immune cells) play a role in infarct maturation [61].

In the proliferative phase, anti-inflammatory mediators such as IL-10 and TGF-f are
secreted by M2 macrophages and act to suppress inflammation. This phase also involves
myofibroblast activation (MF), microvessel formation (MV) and stimulation of ECM

synthesis (fig.3) [61]. As for the maturation phase, after the extracellular matrix is established
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by the formation of cross-links, apoptosis of fibroblasts takes place and a pericoat (P) is

obtained by microvessels (MV) [61].

Besides the involvement of the innate immune system in the process of cardiac
remodeling post-Ml, the adaptive immune response also plays a significant role. The T-cell
receptor—dependent activation of CD4™ T cells following MI has been shown to be implicated
in the process of wound healing. Out of the cytokines expressed by the differentiation of
CD4" T cells, 1L-13 besides IL-4 make up the most important cytokines which play

significant roles in cardiac remodeling [68].

c. Fibroblasts

During the inflammatory and maturation phases post-MI, cardiac fibroblasts (CF)
have shown to be implicated in an essential role. The inflammatory response and ECM
turnover are amplified by the migration, proliferation and upregulation of proinflammatory
cytokines, MMPs and chemokines that the cardiac fibroblasts go through following the
infiltration of the early immune cells [69, 70]. Along with macrophages and activation of
TGF-p three days following occlusion, cardiac myofibroblasts (CMF) are obtained from
fibroblasts. These are characterized by having a pro-fibrotic and contractile phenotype which

expresses an alpha smooth muscle actin (aSMA) [71].
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3 .Molecular level

a. Inflammation:

i. Early inflammatory phase and induction of cytokines and chemokines

Following M1, the process of cardiac remodeling is initiated by an early inflammatory
phase by the innate immune system. The release of cytokines and chemokines, which is
triggered by neutrophil infiltration, acts as a characteristic feature of this phase which will be
reflected by lymphocyte recruitment and activation. Between days 1-3 post-Ml, neutrophil

levels peak followed by a substantial decrease around day 7 as a result of apoptosis and

macrophage and dendritic phagocytosis [24, 72].

Following neutrophil degranulation, macrophages will take over the inflammatory phase to
initiate the process of healing. Two different forms of macrophages, M1 and M2, are present
that arise from two different sources. The majority of macrophages are taken up from the
bloodstream in the form of monocytes. They will differentiate into active macrophages at
day 3 post-MlI after they have invaded the infarcted area [73]. M1 is involved in promoting
inflammation by upregulating cytokines and proteinases, proliferation of fibroblasts and
degradation of the ECM. M1 is converted into M2 macrophages by engulfing and removing
the myocytes which are necrotic and neutrophils which are apoptotic [24, 74-76]. When M2
are recruited, an anti-inflammatory phase is initiated leading to the suppression of

inflammation and the activation of wound healing processes [4, 75, 77].
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ii. The role of type 2 cytokines, IL-4 and IL-13, in tissue repair

As mentioned earlier, the adaptive immune response also becomes activated post-MI.
The T helper cells (Th cells) are also known as Th2-polarized CD4+ cells. Once activated,
these cells secrete their cytokines, most notably IL-4 and IL-13 [68]. Both IL-4 and IL-13

have shown to be implicated in the process of wound healing and tissue repair.

IL-4 demonstrates an anti-inflammatory effect. Increased levels of IL-4 in the serum
have been associated with a lower risk of developing cardiovascular diseases. Therefore IL-
4 demonstrates a cardioprotective role. IL-4 plays a role in the conversion of macrophages
from M1 to M2, so M2 macrophages will increase in both the infarct and border myocardium
leading to an increased tissue repair [78]. Similarly, IL-13 promotes the differentiation of M1

into M2 macrophages and is involved in leukocyte recruitment [68].
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D. Role of estrogen and its receptors in Ml.

1. Estrogen and estrogen receptors
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Figure 4. E2's genomic and non-genomic actions E2 regulates gene expression and signaling molecule
activity by binding to ERs via genomic and/or non-genomic pathways. Binding of E2 to the ER promotes the
formation of homo/hetero dimers, nuclear translocation, and direct binding to estrogen response elements (ERE)
or transcription factors that regulate transcription of its target genes, including VEGF, a pro-angiogenic factor.
Binding of E2 to ERs and GPR30 at the plasma membrane activates MAPK/ERK/PI3K/cAMP, which induces
gene expression, including eNOS, a potent vasodilator, in non-genomic regulation. E2 also binds to ERs on the
mitochondrial membrane, which improves mitochondrial function by lowering ROS production and increasing
cell survival. Local E2 biosynthesis from T to E2 conversion via aromatase (CYP450) is also demonstrated.
Non-genomic pathways are denoted by red arrows, whereas genomic pathways are denoted by blue arrows [79].

Estradiol, also referred to as 17-B estradiol or estrogen E2, makes up the most

dominant form of estrogens involved in circulation and is also regarded as the major female
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hormone. Other isoforms are present, and those are E1 and E3, which are naturally occurring,

and E4, which is synthesized during pregnancy [80].

The synthesis and secretion of E2 takes place at the level of the ovaries in women

until menopause is reached [81].

E2 binds to estrogen receptors (ER) in addition to recently discovered G-protein
coupled ER (GPR30). Traditional ERs exist in two isoforms, ER-a and ER-B, and upon
binding of E2 to these receptors, genomic and non-genomic actions are triggered [82]. In
genomic regulation, homo/heterodimers are formed upon binding of E2 to ER, which are
then translocated to the nucleus where they bind to estrogen response elements (ERE). They
also bind to transcription factors (TFs) to initiate the transcription of several genes like the
vascular endothelial growth factor (VEGF). As for the non-genomic pathway, upon binding
of E2 to ERs and GPR30, MAPK pathway is activated and gene expression of eNOS, a
vasodilator, will be enhanced. E2 also binds to its ERs at the level of the mitochondrial
membrane. This will decrease the production of ROS, thus improving the chances of cell

survival.

ERs, ER-a and ER-p, along with GPR30 are abundant in cardiomyocytes [83-85].
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Figure 5. Estrogen's potential protective mechanisms against cardiovascular disease. Illustration of
estrogen's potential benefits in the treatment of cardiovascular diseases such as ischemic heart disease and heart
failure. Estrogen's protective effect in cardiovascular disease is associated with decreased fibrosis, angiogenesis
and vasodilation stimulation, improved mitochondrial function, and decreased oxidative stress. VEGF stands
for vascular endothelial growth factor, eNOS for endothelial nitric oxide synthase, Angll for angiotensin II,
MMP2 for matrix metalloproteinase 2, ROS for reactive oxygen species, and FAO for fatty acid oxidation [79].

2. Estrogen, mitochondria and oxidative stress

After the onset of MI, disturbances at the level of mitochondrial homeostasis take
place resulting in a decrease in energy metabolism, increase in apoptosis, generation of ROS

and a dysfunction in calcium signaling [86, 87]

E2 plays a cardioprotective role post-MI by enhancing mitochondrial function and
decreasing ROS mainly through ER-a and GPR30. The opening of the mitochondrial

permeability transition pore (mPTP) is inhibited when E2 binds to GPR30. This is achieved
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by the activation of the ERK pathway [83]. By binding to GPR30, adenylyl cyclase and MAP

kinases are activated resulting in the assembly of intracellular calcium [88].

3. Estrogen and fibrosis

Cardiac fibroblasts produce ECM proteins, MMPs, growth factors and cytokines
which play a role in the process of cardiac remodeling post-MI [89]. The process of
remodeling is reflected by alterations in the size, shape and function of the myocardium.
These changes include hypertrophy of the cardiomyocytes, proliferation of fibroblasts and
fibrosis [90]. It is crucial to note here that fibrosis decreases the angiogenic capacity at the

level of the heart leading to hypoxia.

Post-MI, exacerbated dilation of the left ventricle as a result of ventricular overload
is prevented by the ECM proteins, where an imbalance in their synthesis or inhibition of their
expression leads to fibrosis. When the ventricles are overloaded, the phenomenon of
hypertrophied myocytes appears along with an enhanced deposition of collagens between the

myocytes and surrounding them, which also results in fibrosis [91].

As mentioned previously, MMPs are enzymes that function to digest the ECM, so
any imbalance between collagen deposition and expression of MMPs results in cardiac
remodeling [92]. Studies have shown that the expression of both ER-a and ER-f is abundant
in fibroblasts. When fibroblasts are treated with E2, DNA synthesis is upregulated. This

occurs via the nuclear translocation of the receptor protein leading to MAPK activation [93].
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GPR30 also confers a cardioprotective role by antifibrotic mechanisms where it leads

to the prevention of the proliferation of cardiac fibroblasts [94].

E2 has also shown to be demonstrated in reducing the gene expression of MMP-2, by
promoting its phosphorylation via the MAPK signaling pathway [95], thus offering a
cardioprotective role. It has been implicated that MMP-2, when abundantly expressed, leads

to systolic dysfunction and severe remodeling [96].

Finally, E2 protects against cardiac fibrosis via the inhibition of several pro-fibrotic

genes, most notably TGF-B1 and IL-10, a potent inducer of fibrosis [97].

4. Estrogen and angiogenesis

LV function, following cardiomyocyte hypertrophy post-Ml, is highly dependent on

cardiac angiogenesis [32, 98].

Several growth factors are implicated in the induction of angiogenesis, including
VEGF [43]. A signaling cascade which promotes the production of eNOS (nitric oxide
synthase) and NO production is initiated by VEGF [99, 100]. Studies also showed that E2
plays an important role in vascularization following MI. It promoted the integration of
endothelial progenitor cells (EPCs) by eNOS via ER-a and ER-B [101]. However, ER-a.
showed a greater contribution to this cardioprotective process, in which the overexpression
of angiogenesis of ER-a has shown to increase the expression of angiogenesis markers

(VEGF). This reflects a cardioprotective role [102].
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5. Estrogen and vasodilation

Post-Ml, inflammation, prothrombic factors and vasoconstrictors are promoted by the
endothelium [103-106]. Studies have shown that when E2 binds to either ERs to GPR30,
endothelial homeostasis and vasodilation are preserved upon the activation of eNOS
transcription and increase of NO via the ¢c-Src/EGFR/PI3K/ERK1/2 signaling pathway. This

reduces cardiac hypertrophy and offers cardio protection. [107-109]

6. E2 and AKT:

Activation of AKT signaling is achieved by estrogen E2 to induce hypertrophy and

repress apoptosis. AKT has also been involved in the stimulation of neoangiogenesis.

Post-MI, VEGEF is released to promote the initiation of blood vessel formation. AKT
is activated by VEGF by initiating its phosphorylation. When AKT is phosphorylated, eNOS,
its downstream effector, will be activated and will result in subsequent production of NO

[110].
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Figure 6. The signaling pathway of vascular endothelial growth factor (VEGF). VEGF
activates receptor tyrosine kinase (TYR-KINASE) by binding to its receptor, which then
activates | the phospholipase C (PLC)-diacylglycerol (DAG)-protein kinase C (PKC)-
endothelial nitric oxide synthase (eNOS) pathway; (ii) the PLC—inositol-tri eNOS generates
nitric oxide, which, when activated by guanylate cyclase, causes an increase in cyclic
guanosine monophosphate (cGMP), resulting in vasodilation [1].

E. Thesis rationale and aim

Cardiovascular diseases (CVDs) remain the leading cause of death worldwide.
According to the World-Health-Organization, around 31% of CVDs related deaths is due to
ischemic heart diseases, most notably myocardial infarction (MI). Accumulating studies have
shown that premenopausal females are less susceptible to adverse left ventricular (LV)

remodeling following MI when compared to age matched-males with undefined
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mechanisms. Ml prevalence, however, substantially increases with age to reach comparable
level post-menopause. For example, the male to female risk ratio under the age of 45 is 10:1,
while increasing significantly above the age of 75 to 1:2. Sex dimorphism in MI-induced LV
remodeling is potentially attributed to the protective effects of the endogenous estrogen (17-
B Estradiol). In this study, we aimed at investigating the mechanisms along with the potential
involvement of estrogen in the observed sex-based differences between premenopausal

female and age-matched male C57BL6/J mice in cardiac remodeling 7 days post-Ml.

F. Hypothesis

Our understanding of the role of sex-based differences in myocardial infarction is not
well elucidated. To date, the exact mechanisms behind the potential involvement of estrogen
in these observed sex-differences remain poorly understood and this is the focus of our study.
Based on our rationale supported by evidence that has been published, we hypothesize that
estrogen plays a cardioprotective role post Ml by lessening inflammation, attenuating cell
death, and promoting proper wound healing. The main aim of this study is to investigate the
several mechanisms behind this cardioprotective effect of endogenous estrogen and reveal

its impact on the observed sex differences at 7 days post-Ml.
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CHAPTER II

MATERIALS AND METHODS

A. Study input
Twenty-one, equal aged 5 months old C57B1/6J, male and female mice were
involved in the experiments performed in the aim of this study. Mice were distributed into 2

groups: Males and Females.
Males were divided into 2 subgroups: 3 control males and 4 MI males

Females were divided into 3 subgroups: 3 control females, 4 MI females and 7 Ml

OV X females

B. Animal Use

Age-matched male and female C57BL/6J mice were used in this study according to
the guidelines of the “Institutional Animal Care and Use Committee” (IACUC) at the
American University of Beirut and in accordance to the National Institute of Health Guide
for the Care and Use of Laboratory Animals, 8" edition. The number of the approved IACUC
protocol was #18-2-RN560. In the animal facility at AUB, 5 months old mice were sustained
under optimum conditions with 12 light/12 dark hours cycle and permitted unlimited access

to standard chow and water.
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1. Study design

Induction of MI in mice was achieved by the ligation of the left anterior descending
(LAD) coronary artery. 7 days later, the mice were sacrificed.

Post operation, ovariectomized female mice (FOVX) were caged individually for 3
weeks and monitored on a daily basis until full recovery. At the end of the third week, Ml
was induced and (FMIOVX) were sacrificed 7 days later. 100 pL of heparin (Heparin Sodium
1,000 I.U./mL) was injected into the mice in order to prevent blood clot formation during the
operation and 4% isofluorane was utilized to promote deep anesthesia. Blood was collected
by cardiac puncture. This was followed by centrifugation at 2200 rpm for a duration of 10
min.

Plasma was obtained, combined with a cocktail of protease inhibitor and flash frozen
in liquid nitrogen then stored at -80°C. Subsequently, cervical dislocation was performed on

the mice. Heat and plasma were obtained consequent to sacrifice.

C. Hemodynamic and LV function assessments
1. Echocardiography

a. Two-Dimensional (2D) Echocardiography

Using the Vevo 2100™ High-Resolution Imaging System (Visual Sonics, Toronto,
Canada), echocardiography was carried out in compliance with the American Society of
Echocardiography guidelines.

Isoflurane (1.5% in oxygen) was used to induce general anesthesia via inhalation. A

warming plate and rectal thermostat were used to sustain body temperature at 37°C. In order
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to acquire B-mode and M-mode echocardiography images in the parasternal long view, the
transducer was positioned on the left thorax and an ultrasound beam was aimed at the mid
papillary muscle. 7 days post-MI and right prior to sacrifice, the measurements of the left
ventricle end diastolic diameter (LVEDD), left ventricular end systolic diameter (LVESD).
Fractional shortening (FS), left ventricle end diastolic volume (LVEDV), left ventricle end
systolic volume (LVESV), ejection fraction (EF), stroke volume (SV) and cardiac output

(CO) were obtained at baseline.

D. MI induction

Ligation of the left anterior descending (LAD) coronary artery was performed to
induce MI. In order to decrease and rule out any surgical complication, heart rate, respiratory
rate and body temperature were assessed. Anesthesia-induced hypothermia was prevented by
the administration of a heating pad. Fifteen minutes before the surgery, isoflurane (2-3% in
oxygen) inhalation and Tramadol (0.05-0.1 mg/kg i.p) were administered for the induction
of general anesthesia and analgesia, respectively. In order to sustain normal respiratory rate,
orotracheal intubation was carried out by inserting a needle into the trachea and attaching it

to a mini automated ventilator (Harvard Apparatus).

The exposure of the left atria, left ventricle and LAD coronary artery was performed
by an excision between the ribs of the left thorax. Ligation of the LAD artery using a 7-0
polypropylene suture at 1-3mm below the appendage of the left atrium induced MI. In order
to confirm that MI was successfully induced, blanching of the tissue underneath the site of

ligation was performed along with echocardiography 24 hours post-surgery. Following Ml,

32



immediate closure of the chest was carried out followed by immediately placing it on a warm
pad to ensure recovery. MI mice were caged back individually and monitored on a daily basis

for full recovery after grooming freely.

E. Ovariectomy

After shaving hair off the flank area (between the last rib and above the pelvis),
chlorhexidine solution was used to disinfect the skin. Work was performed in an aseptic area.
On the right side of the skin, an incision was made. The musculature was separated by curved
tip scissors. Then, the ovarian fat pad was cautiously pulled out of the incision. Using the
tweezers hemostatic, the region below the ovary was tightly clamped. In order to delimitate
the area to be removed, two knots were created using a sterile thread, and then the ovary was
removed. The same steps were repeated on the left side. To finalize the procedure, tramadol
was injected subcutaneously and ovariectomized mice were placed on a heating pad until
they recovered. 1.4 mL of acetaminophen solution was added to 300 mL of water (final
concentration, 0.47 mg/mL) and was maintained ad libitum for 3 days. The animals were
monitored daily for any inflammatory signs, and the surgical wound was inspected for any

behavior or symptom that suggests pain.

F. Immunohistochemistry
1. Hematoxylin and Eosin (H&E) staining

To highlight cardiomyocyte hypertrophy, for all experimental groups, H&E staining

was performed. Hematoxylin is a stain characterized by having a deep blue-purple color and
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a high affinity to acid. Therefore, it works on and stains nucleic acid. In comparison, Eosin

is featured by having a pink color and by staining proteins nonspecifically.

G. Masson’s Trichrome staining (MTC)

To assess cardiac fibrosis and collagen deposition, Masson’s Trichrome staining was
performed.

Fixation of heart mid sections was obtained by fixation with 4% formalin, followed
by their dehydration and embedding in paraffin. Paraffin-embedded mid sections were then
cut in 5 um thickness. This is followed by dewaxing, hydration and staining with either H&E
or MTC, in which the process was performed separately for each stain. The Olympus CX41
light microscope adjusted to a 10X magnification was used to perform imaging followed by

the usage of Image J software for quantification (https://imagej.nih.gov/ij/). A magnification

of 10X was fixed for obtaining representative figures.

For cardiomyocyte hypertrophy, digital images from the subpericardial,
submyocardial and subendocardial regions of the left ventricular wall were captured and
analyzed.

The measurement of cardiomyocyte cross sectional area (CSA) was accomplished by
tracing the boundaries of each cardiomyocyte on every region.

As for myocardial fibrosis, the subpericardial, submyocardial and subendocardial
regions were also used for obtaining measurements. The results were displayed as a ratio of

fibrotic area to the whole area of the myocardium.
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H. Molecular analysis

1. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)

To assess cardiac DNA fragmentation, Click-1t Plus TUNEL Assay (Invitrogen,
C10619) was utilized on fixed heart mid sections. Paraffin-embedded heart mid sections were
subjected to dewaxing and rehydration steps followed by staining as mentioned by the
manufacturer. A Zeiss Axio microscope was used to visualize the slides at 20X
magnification. Alexa Fluor 647 was used to stain fragmented nuclei where a red color was
observed. The fragmented nuclei were counterstained with DAPI (blue) to reflect the total

number of normal nuclei per field. Image J software (https://imagej.nih.gov/ij/) was used to

quantify the results that were later displayed as a ratio of TUNEL-positive myocyte to normal

cardiomyocyte nuclei.

2. Protein extraction and Western Blots

Liquid nitrogen was used to crush snap frozen heart tissues. Extraction buffer
composed of 100mM dithiothreitol, 1% sodium dodecyl sulphate (SDS), 0.9% NaCl and
80mM Tris hydrochloride (pH 6.8) was used to homogenize the heart tissues. Heating of the
heart tissues was obtained at 95°C for 10 min which was followed by keeping them on a
rocking shaker at 4°C overnight. 15% gels for sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) were utilized for the loading of the protein samples (70 ug).
The samples were then separated until the dye front reached the bottom of the gel.
Nitrocellulose membranes were used to transfer the proteins to and were adjusted at 100 volts

at 4°C for 1 hour. Blocking the membranes was achieved by using 5% fat-free milk dissolved
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in TBS with 0.1% Tween 20 (TBST0.1%) for a duration of 1 hour at room temperature.
Antibodies against interleukin (IL)-10, 1L-14, IL-3, SIRT3, p38, pp38 and PAKT were
utilized to detect protein expression. Proteins were then incubated overnight at 4°C. TBS with
0.02% Tween 20 (TBST 0.02%) was used to wash the membranes (4 x 5 minutes). Washed
membranes were then incubated at room temperature for 1 hour with species-appropriate
peroxidase-conjugated secondary antibody. Bonds were visualized on a Chemidoc MP
imaging system (Bio-Rad) and ECL Chemiluminescent kit (Bio-Rad) after being washed
with TBST 0.02% (2 x 5 minutes) followed by TBS (2 x 5 minutes). Ponceau red staining
was used to normalize protein expression levels to total protein per lane to avoid loading
differences. Chemidoc MP was used to obtain total protein bands and Image J software was

used to analyze them (https://imagej.nih.gov/ij/). A stripping buffer, freshly prepared of 200

mM glycine, 1% v/v Tween 20, 0.1% SDS, pH 2.2, was utilized for membrane stripping.
Membranes were incubated at room temperature with the buffer (2 x 10 minutes) and were

then subjected to washes with 0.02% TBST (2 x 5 minutes) followed by TBS (2 x 5 minutes).

I. Metabolic Assessment
1. Total NAD extraction and quantification

To extract 20 mg of cardiac tissues, 10 volumes (pg/mg) of buffered 25% HEPES
(10mM, pH 7.1) and 75% ethanol were used. In distilled water, extracts were diluted 1:20
for a total minimum volume of 50 L per dilution in order to reach a dilution concentration
within the standard curve. 96-well micrometer-plate in duplicates were used for the loading

of 25 pL of NAD samples.
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Then, 10 pL/well of reaction buffer (600 mM ethanol, 0.5 mM 3-(4.5dimethylthiazol-2-yl)-
2.5- diphenyltetrazolium bromide (MTT), 2 mM phenazine ethosulfate (PES), 120 mM
Bicine (pH 7.8) was added. Yeast alcohol dehydrogenase (Sigma-Aldrich A3263 > 300
units/mg) was also added to the NAD samples. LB 942 multimode reader was used to
examine the kinetics of the reaction (OD at 550 nm, every 30 seconds for 20 minutes). Using
a linear regression curve equation method between NAD standard concentration and slope

of the regression line, NAD was quantified.

2. Statistical Analysis

GraphPad Prism 7 was used to perform statistical analysis. Results were expressed as
fold change or mean + standard error of mean (SEM). Nonparametric two-way analysis of
variance (ANOVA) followed by TUKEY post-hoc test were used for statistical comparisons
in order to determine the statistical significance. P values for p<0.05 (*) were considered
significant. To perform statistical analysis, Microsoft Excel and GraphPad Prism 7 were

used.
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CHAPTER IlI

RESULTS

A. The impact of Ml and OVX on LVEDD, LVESD, and FS
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Figure 7. LVEDD, LVESD, and FS comparison between MMI and FMI mice, and between FMI
and FMIOVX. Data were analyzed for MMI and FMI using two-way ANOVA, and for FMI and
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LVEDVI/Tibia

(pl/mm)

FMIOVX using unpaired t-test. All bars represent mean £ SEM (***P value < 0.001; ****P value<
0.0001; n=4-7); MI: myocardial infarction; OVX: Ovariectomy

Figure 7A and 7B show a comparable significant increase in LVEDD and LVESD in Ml
mice of both sexes when compared to the relative control groups. Conversely, FS markedly
decreased in MI mice of both sexes when compared to the relative control groups (Figure
7C). As for the impact of OVX on MI female mice, no significant change in LVEDD,

LVESD, and FS was observed (Figure 7D, 7E, 7F).

B. The impact of Ml and OV X on LVEDV, LVESV, and EF
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Figure 8. LVEDV, LVESV, and EF comparison between MMI and FMI mice, and
between FMI and FMIOVX. Data were analyzed for MMI and FMI using two-way
ANOVA, and for FMI and FMIOVX using unpaired t-test. All bars represent mean £ SEM
(*P value< 0.05; ***P value < 0.001; ****P value< 0.0001; n=4-10); MI: myocardial
infarction; OVX: Ovariectomy

Figure 8A and 8B show a significant increase LVEDV and LVESV in MI mice of
both sexes when compared to the relative control groups, being more pronounced in MI male
mice when compared to the female counterparts. EF, however, markedly decreased in Ml

mice of both sexes to the same extent when compared to the relative control groups (Figure
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8C). As for the impact of OVX on MI female mice, LVEDV significantly increased in
FMIOVX mice when compared to the FMI group, whereas no significant change in LVESV
was observed (Figure 8D and 8E). Figure 8F indicates a marked decrease in EF in FMIOVX

mice when compared to the FMI group.
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C. The impact of Ml and OVX on SV and CO
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Figure 9. SV and CO comparison between MMI and FMI mice, and between FMI and
FMIOVX. Data were analyzed for MMI and FMI using two-way ANOVA, and for FMI and
FMIOVX using unpaired t-test. All bars represent mean + SEM (*P value< 0.05; **P value
< 0.01; ****P value< 0.0001; n=4-8); MI: myocardial infarction; OVX: Ovariectomy
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Figure 9A and 9B show a comparable significant decrease in SV and CO in MI mice

of both sexes when compared to the relative control groups. As for the impact of OVX on

MI female mice, SV and CO markedly decreased in FMIOVX mice when compared to the

FMI group (Figure 9C and 9D).

D. The impact of MI and OV X on cardiomyocyte-CSA of the endocardium,

myocardium and pericardium

6000 A

4000 A

20009

Cross-Sectional Area um
(Endocardium)

MC FC
MM FMI
FMI OVX
D
6000 -
E 1
3
—_ o
2 £40004
< 3
I < T
c ©
2 o
S 52000+
[}
»
ol
2]
o
L] 6 0 T T
\Q’6 & N
> <« O
& N

43



MI
AT

R e
(ids
<]
; AN

\...
g

)
7
.%wm_

(g
A

&
J%W
F{
#
=

FM
FMI OVX

P

...‘.

6000 A

FC

[
[ emiovx

[ mc
B vmi

4000 A
000 A
0

~N
(wnipie20oAR)

wr B3Iy |BUOIIIBS-SS0ID

6000 A

4000 A
000 A
o-

N
(wnipiedoAR)

wr ealy |BUOIID8S-SS0ID

44



MI

Control

K

[ mc

[

B vmi

[ emiovx

O

T T T T T
o o o o o o
o o o o o
o o o o o
n < o™ N -
(wniplieoliad)
wr ealy |[BUOIIDD8S-SS0ID
-
Yo
: %
8
Ve
2
T T T 1
o o o o
o o o
o (=] o
©

< o~
(wniplealiad)
wt eaIy |[RUOIID8S-SS0ID

45



X LA ) SaS BN - R k) 2
7 3 ¥ e Y e o T, e
Sl g o y » &' U\ 3
ales INTT P LN :
r . AR . ' A &St e
=05 3757 TRNeS GarS SIS T ER
~— < % 2 AR :
» N & -
- s A N /
-, - L = , =
e = . .
o] . { H
. S \ R s
s . G4 1. A\, N < R s
5 » J 2 S ) ) \ X A
5 - ) S . 7 < - P it BN
SR gL U . 1 ot S W o s Y. Q e \
SR =i 2 i 85, T AT Qo Fi%ss MTINEYS
Females i iss@%ariv. s U@ sanies =5 FMI OVX ‘@& s
| § .\- 9.0 N e .| ) ‘n'. A : A5 ae ' 5 i AT
. ) LW R T By s N & s 3 o . \
. 5 ; : b 123 08 =iy
) o '
' .“ 4 J o
> ) TR A
5 T
> L) N i Y CIY ——

Figure 10. Cardiomyocyte-CSA comparison between MMI and FMI mice, and between
FMI and FMIOVX. Data were analyzed for MMI and FMI using two-way ANOVA, and for
FMI and FMIOVX using unpaired t-test. All bars represent mean £ SEM (*P value< 0.05; n=3-
6); MI: myocardial infarction; OVX: Ovariectomy

Figure 10A, 10B, and 10C show a significant increase in cardiomyocyte-CSA in the
endocardium, myocardium, and pericardium of MI male mice when compared to the control
group. No significant change in cardiomyocyte-CSA in all heart regions of MI female mice
was observed. As for the impact of OVX on MI female mice, no significant change in
cardiomyocyte-CSA in the pericardium, endocardium, and myocardium of FMIOVX mice

when compared to FMI group was seen (Figure 10D, 10E, and 10F).
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E. The impact of MI and OV X on cardiac fibrosis in the endocardium, myocardium
and pericardium
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Females

Figure 11. Cardiac fibrosis comparison between MMI and FMI mice, and between FMI
and FMIOVX. Data were analyzed for MMI and FMI using two-way ANOVA, and for FMI
and FMIOVX using unpaired t-test. All bars represent mean + SEM (*P<0.05 value; **P
value< 0.01; ****P value< 0.0001; n=3-6); MI: myocardial infarction; OVX: Ovariectomy

Figure 11A, 11B, and 11C show a significant increase in fibrosis in the endocardium,
myocardium, and pericardium of MI male when compared to the control group and to the
relative female counterparts. A marked increase in fibrosis in MI female mice when
compared to the control group was only observed in the pericardium, with no significant
change in the myocardium and endocardium regions. As for the impact of OV X on MI female
mice, a significant increase in fibrosis in all heart regions of FMIOVX mice when compared

to the MI female group was observed in figures 11D, 11E, and 11F.
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IL-13/Control

F. The impact of Ml and OVX on IL-13, IL-4 and IL-10.
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Figure 12. Cardiac IL-4, IL-13 and IL-10 comparison between MMI and FMI mice, and
between FMI and FMIOVX. Data were analyzed for MMI and FMI using two-way
ANOVA, and for FMI and FMIOVX using unpaired t-test. All bars represent mean + SEM
(*P<0.05 value; **P value< 0.01; n=3-6); MI: myocardial infarction; OVX: Ovariectomy

Figure 12A and 12B show a significant decrease in cardiac IL-13 and IL-4 protein

levels, respectively, in Ml male mice when compared to the control group. Conversely,

cardiac IL-13 and IL-4 protein levels markedly increased in MI female mice when compared

to the control group. Cardiac IL-10 protein levels significantly increased in MI male mice

when compared to the control group and relative female counterparts (Figure 12C).

As for the impact of OV X on MI female mice, Figure 12D indicate a significant decrease in

cardiac IL-13 protein levels in FMIOVX mice when compared to the MI female group. No
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significant change in cardiac 1L-4 and 1L-10 protein levels in FMIOVX mice when compared

to the MI female mice was observed (Figures 12E and 12F).

G. The impact of MI and OV X on cardiac Pp38/p38
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Figure 13. Cardiac Pp38/p38 comparison between MMI and FMI mice, and between
FMI and FMI OVX. Data were analyzed for MMI and FMI using two-way ANOVA, and
for FMI and FMIOVX using unpaired t-test. All bars represent mean £ SEM (*P<0.05 value;
**P value< 0.01; ****P value< 0.0001; n=3-6); MI: myocardial infarction; OVX:

Ovariectomy

Figure 13A shows a marked decrease in pP38/P38 for both male and female MI

groups when compared to their control groups.

As for the impact of OVX on MI female mice, figure 13B shows a marked decrease in

pP38/P38 levels in FMIOVX mice when compared to the female M1 group.

H. The impact of MI and OV X on cardiac SIRT3 and NAD levels
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Figure 14. Cardiac SIRT3 and NAD comparison between MMI and FMI mice, and
between FMI and FMI OVX. Data were analyzed for MMI and FMI using two-way
ANOVA, and for FMI and FMIOVX using unpaired t-test. All bars represent mean £ SEM
(*P<0.05 value; **P value< 0.01; n=3-6); MI: myocardial infarction; OVX: Ovariectomy

Figure 14A shows a significant decrease in cardiac SIRT-3 protein levels in M1 mice

of both sexes when compared to their relative control groups. Figure 14B indicates a marked
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Tunel positive nuclei/DAPI

decrease in NAD levels in MI mice of both sexes, being more pronounced in MI males. As

for the impact of M1 and OV X on MI female mice, no significant change in cardiac SIRT-3

and NAD levels in FMIOVX mice when compared to the MI female group was observed in

figures 14C and 14D.
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Blue: DAPI levels

Red: Tunel positive
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by arrows)

Figure 15. Cardiac tunel positive nuclei/DAPI levels comparison between MMI and

FMI mice, and between FMI and FMI OV X. Data were analyzed for MMI and FMI using

two-way ANOVA, and for FMI and FMIOVX using unpaired t-test. All bars represent mean

+ SEM (**P value< 0.01; n=3-6); MI: myocardial infarction; OVX: Ovariectomy

Figure 15A showed a significant increase in cardiac tunel positive nuclei/DAPI
levels in both MI groups when compared to their relative control groups, with a more
pronounced increase in MI males. As for the impact of OVX in MI females on these levels,

an increase in tunel positive nuclei/DAPI was observed in this group when compared to Ml

females as shown in figure 15B.
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CHAPTER IV

DISCUSSION

Strong evidence has demonstrated that pre-menopausal females are more protected
against MI-induced adverse LV remodeling compared to age-matched males [111], however,
the exact mechanisms behind the observed protection are yet to be fully elucidated. In this
study, MI was induced by ligating the LAD coronary artery, then mice of both sexes were
sacrificed one week after in order to investigate sexes-based discrepancies in Ml-induced
adverse LV remodeling. A FMIOVX group was also added to this study to assess the impact
of E2 deprivation on LV damage in the presence of MI. Findings of this study are novel and
of upmost importance.

At the cardiac functional level, our hemodynamic analysis showed a marked
comparable decrease in FS, EF, SV, and CO associated with a significant comparable
increase in LVEDD and LVESD in mice of both sexes 7 days post-MlI, all of which is an
indicator of exacerbated cardiac dysfunction and enhanced adverse LV remodelling [112,
113]. These findings are consistent with multiple previous pre-clinical studies and clinical
data. For instance, it has been shown that decreased EF of less than 30% is tightly linked to
enhanced tachyarrhythmias and sudden cardiac death in patients diagnosed with MI [114-
116]. Additionally, evidence of adverse cardiac remodelling post-MI has been well-
established in animal models and characterized by increased LVEDD and LVESD along with
decreased EF and FS, consequently compromised cardiac systolic and diastolic function

[117, 118]. Similarly, Ml-induced LV systolic dysfunction has been linked to accelerated
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heart failure development, increasing thereafter mortality rate substantially [119].
Importantly, LVEDV and LVESV markedly increased in MI-mice of both sexes, being more
pronounced in males 7 days post-MI. In that regard, Harvey et al. and Di Bella et al.
demonstrated that increased LVEDV and LVESV aggravate cardiac hypertrophy and death
[120, 121]. Although the number of studies showing sexual dimorphism in MI-induced
adverse LV remodeling are relatively scant, Cavasin et al. reported that unlike female mice,
males exhibited a higher incidence of cardiac rupture, and LV dilatation associated with
enhanced LV dysfunction at both early and late stages post-MI [122].

At the histological level, unlike M1 female mice, MI males developed a significant
increase in cardiomyocyte CSA in all heart regions. It has been indicated that increased LVH
is tightly linked to increased death rate following CVDs [123-125]. Additionally, the risk of
non-fatal and fatal cardiovascular complications increased 2-4 times in the presence of LVH
in the setting of MI [123]. Increased LVVH is usually associated with an accumulation of
fibrosis, consequently aggravated LV dysfunction [126]. Our findings revealed a significant
increase in fibrosis in all cardiac regions of MI male mice, whereas MI female mice
experienced a substantial increase in the pericardium, only. Enhanced cardiac fibrosis has
been observed to interfere with the normal electrical function of the heart following Ml,
predisposing to arrhythmias, eventually worsening adverse LV dysfunction [127].

At the molecular levels, multiple interesting findings were recorded. The anti-
inflammatory cytokines IL-13 and IL-4 protein levels significantly decreased in MI males,
whereas markedly increased in MI female mice. A study by performed by Hoffman et al.
reported that IL-13 induces M2-like monocyte/macrophage differentiation, decreasing

eventually the infarct size [68]. Additionally, a clinical study performed on MI patients
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demonstrated a strong correlation between increased plasma IL-4 levels and reduced risk of
progression into heart failure [78]. Of note, IL-10 protein levels significantly increased in Ml
males, only. In that regard, Krishnamurthy et al. reported that I1L-10 is increased as a
compensatory mechanism in attempt to attenuate LV remodeling post-MI[128], consistent
with our findings showing enhanced adverse LV remodeling in Ml males when compared
to the age matched-females 7 days post-MI. P38 MAPK signaling pathway has been shown
to be a key player in cardiac remodeling following MI. Our data showed a significant
decrease in pP38/P38 protein levels to the same extent in both sexes. It has been indicated
that P38 MAPK exerts a pro-survival role and confers protection of cardiomyocytes
following MI [129]. Our TUNEL data showed a significant increase in DNA fragmentation
in both sexes post-Ml, but to a higher extent in MI males. MI has been shown to be strongly
associated with enhanced cardiomyocytes death [130]. Of note, DNA fragmentation is a
common feature of both cell death types, apoptosis and necrosis, therefore, in order to reveal
which type is involved in enhanced cell death in our study we measured total NAD levels,
an indicator of potential cell death by necrosis. Total NAD levels significantly decreased in
MI mice of both sexes, being more pronounced in MI males. NAD is an important energy
molecule implicated in multiple energy processes [131]. It has been documented that
decreased NAD levels could lead to a decrease in ATP levels, thus shift cell death from
apoptosis to necrosis [132-134]. Further experiments are needed in order to reveal the exact
mechanism behind MI-induced cardiac cell death. We also evaluated SIRT-3 protein levels,
and NAD™ dependent enzyme implicated in mitochondria biogenesis, and our results showed
amarked comparable decrease in SIRT-3 protein levels in both sexes 7 days post-MI. A study

performed Wei et al., by et al demonstrated that SIRT-3 exerts a protective role in the setting
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of hypertensive cardiac remodeling by enhancing angiogenesis and attenuating
mitochondrial dysfunction [135].

Collectively, our data showed that both males and female mice are prone to develop
adverse LV remodeling as early as 7 days post-MI, with females being more protected. In
order to reveal whether the observed protection is due to female sex hormones, an FMIOVX
group was added to this study to assess the impact of EE deprivation on MI-induced adverse
LV remodeling.

Our cardiac functional data showed that OV X increased LVEDV in MI female mice,
while LVESV remaining unchanged, resulting therefore in a substantial decline in EF. This
outcome is further evidenced by previous investigations highlighting that estrogen depletion
in postmenopausal women was associated with enhanced LV diastolic dysfunction [136,
137]. Additionally, Cavasin et al. demonstrated that OV X decreased EF in mice post-Ml,
leading consequently to worsened cardiac function and aggravated LV adverse remodeling
[138]. Of note, both SV and CO markedly decreased in our MI-female mice post OVX. In
that regard, a positive correlation between transdermal E2 administration to postmenopausal
women and enhanced CO has been reported [139].

The observed exacerbated cardiac dysfunction was tracked down to the histology,
molecular, and metabolic levels. Cardiac fibrosis significantly increased in FMIOVX, in line
with a study performed by Mori et al., showing enhanced cardiac fibrosis following OV X in
hypertensive rats [140]. Unlike IL-10 and IL-4 levels that remained comparable between all
MI female groups, the anti-inflammatory cytokine IL-13 protein levels significantly
decreased in MI female mice following OV X. In fact, EE has been described as an anti-

inflammatory agent [141]. In a mediastinal lymph node culture, physiological concentration
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of E2 has been shown to boost IL-13 level [142]. Last but not least, pP38/P38 significantly
decreased in FMIOVX, in agreement with a previous pre-clinical investigation highlighting
that EE deprivation decreases pP38/P38 in the heart of aged female rats which hinders its
cardioprotective effects. [143].

Collectively, our study highlights the presence of a significant gender difference at
the level of left ventricular remodeling as early as 7 days post-MI, which uncovered a
potential protective role of estrogen. Estrogen depletion with OV X aggravates MI-induced
adverse LV remodeling in female mice, conferring therefore the protective role of female
sex hormones in the setting of MI. These findings draw interest in further research that
aims to clarify the mechanisms behind this cardio protection that could serve in optimizing

therapeutic treatments to combat adverse cardiac remodeling post-Ml.
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