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Abstract
This study investigated sex differences in cardiac remodeling in an angiotensin II (Ang II)
infused mouse model of heart failure (HF) in older C57BL/6 mice and whether HF
exacerbates frailty in a sex-specific fashion. Male and female mice were infused with either
Ang II to increase blood pressure or saline (6 weeks). Echocardiography showed concentric
hypertrophy with slight left ventricular (LV) chamber dilation in treated females and
eccentric hypertrophy with marked L'V chamber dilation in males. Treated males had more
pronounced diastolic and systolic dysfunction than females. Contractile function was
reduced in Langendorff-perfused hearts from treated males but not females. Ang Il-treated
females exhibited worse cardiac hypertrophy and pulmonary edema. Treated mice had high
frailty, increased biological age and lower life expectancies, but this was more pronounced
in males. These findings suggest that Ang II-induced hypertension promoted HF in a sex-

specific fashion, and these effects were especially severe in males.
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Chapter 1: Introduction

1.1 Broad Overview

Aging modifies ventricular structure and function in both humans and animals (Fares
and Howlett, 2010; Feridooni et al., 2015). For example, aging is associated with impaired
contractile function, impaired diastolic function, and left ventricular (LV) hypertrophy
(Keller and Howlett, 2016). These maladaptive cardiac changes are believed to predispose
the heart towards cardiac diseases such as heart failure (HF) (Keller and Howlett, 2016).
However, the impact of age on the heart is variable, and these changes associated with
cardiac aging may not be present or may be present to varying degrees in individuals of the
same age (Howlett and Rockwood, 2013). For instance, ventricular function declines on
average with advancing age, but hearts in some individuals of the same age may perform
better than others (Nadruz et al., 2017). Thus, effects of aging are variable and some
individuals age more rapidly than others.

The term frailty is used to describe the unmeasured heterogeneity in the risk for adverse
outcomes associated with aging (Rockwood et al., 2007). Both men and women who are
frail are at greater risk of cardiovascular diseases such as HF and are more likely to be
hospitalized and die from this condition (Boxer et al., 2014; Uchmanowicz et al., 2014).
Why frailty increases susceptibility to heart diseases is not well understood, in part because
very little is known about the impact of frailty on the heart. Preclinical work can be used
to investigate this, but few studies in animals have looked at the influence of frailty on age-
associated cardiac changes. Previous studies from the Howlett lab found that frail male
mice exhibit cardiac hypertrophy with contractile dysfunction at both the cellular and organ

levels (Parks et al., 2012; Feridooni et al., 2017; Kane et al., 2020; Kane et al., 2021).



Frailty is also associated with lower heart rates and sinoatrial node dysfunction in aging
male mice (Moghtadaei et al., 2016). Sinus bradycardia, a form of sinoatrial node
dysfunction, may play a role in the development of HF in older people (Baidurin et al.,
2020). Thus, there is evidence that frailty is associated with adverse cardiac remodeling
but whether this sets the stage for the development of HF is not yet clear. Also, little is
known about the relationship between frailty and the heart in female animals since most
previous studies have used only male animals.

A key challenge to understanding the relationship between frailty and HF is that this
may differ between the sexes. For example, women are frailer than men (Yang et al., 2010;
Gordon et al., 2017; Puts et al., 2005). Women are also more likely than men to develop
HF with preserved ejection fraction (HFpEF), characterized by problems with relaxation
known as diastolic dysfunction (Afilalo et al., 2014). However, links between frailty and
HF in both sexes have not been established as preclinical studies typically use male animals
(Howlett and Rockwood, 2013; Beery, 2018). Thus, it is important to understand how
frailty affects cardiac changes that may lead to HF in both sexes.

Frailty can be quantified clinically with various instruments (Buta et al., 2016; Dent
etal.,2016; De Vries etal., 2011). A frailty index (FI) can be created by adding age-related
health deficits such as signs, symptoms, diseases, and laboratory data (Mitnitski et al.,
2001; Rockwood et al., 2015) and dividing by the total number of deficits considered to
yield a score between 0 (low frailty) and 1 (severe frailty). A higher FI score represents a
greater chance of adverse health outcomes (Rockwood and Mitnitski., 2011). Our lab has
previously developed a murine FI (Whitehead et al., 2014) based on the approach

developed in humans (Minitski et al., 2001). Our lab and collaborators have previously



shown that mice and humans have similar rates of deficit accumulation (Whitehead et al.,
2014), that the FI increases with age (Rockwood et al., 2015), and that high FI scores
predict mortality and cardiac contractile dysfunction (Rockwood et al., 2017; Feridooni et
al., 2017). This powerful tool can be used to investigate mechanistic links between frailty
and HF in males and females.

The renin-angiotensin-aldosterone system (RAAS) plays a key role in the
pathogenesis of both HF and frailty (Abadir, 2011; Khan et al., 2017). Angiotensin II (Ang
IT) contributes to myocyte hypertrophy, collagen deposition and fibrosis in HF (Khan et
al., 2017). The RAAS may also contribute to the development of frailty, as aging is
characterized by elevated Ang II levels and enhanced Ang II signaling (Chugh et al., 2013).
For example, levels of the Ang II precursor angiotensinogen are higher in frail than non-
frail individuals (Lin et al., 2017). Since increased circulating Ang II contributes to cardiac
changes that lead to HF, it can be infused into animals via osmotic mini pumps to model
HF and is an established model of this condition (Regan et al., 2015). The overall goals of
this thesis are: 1) to determine the effects of Ang II infusion on the cardiovascular system
in older C57BL/6 mice; 2) to explore sex differences in Ang II-induced cardiac remodeling

and 3) to determine if Ang II-induced HF exacerbates frailty in a sex-specific fashion.

1.2 Heart failure

1.2.1 Overview
HF affects about 20 million people in the world and this prevalence is projected to
increase by 25% by 2030 (Heidenreich et al., 2013). HF is a condition in which the heart

is unable to pump out enough blood to meet the body’s metabolic requirements (Bertero



and Maack, 2018). It arises from structural and functional abnormalities in the
myocardium resulting in impaired ventricular filling or ejection (Dassanayaka et al., 2015).
Reduced LV myocardial function is the most common cause of HF and this can occur along
with dysfunction of the pericardium, endocardium, heart valves and/or great vessels
(Dassanayaka et al., 2015). Many pathogenic mechanisms lead to HF including volume or
pressure overload, ischemia-related cardiac dysfunction, ventricular remodelling,
increased neuro-humoral stimulation, abnormal calcium cycling, increased deposition of
the extracellular matrix, and myocardial apoptosis (Dassanayaka et al., 2015). Numerous
factors such as old age, coronary artery disease, hypertension, diabetes mellitus, obesity,
and smoking contribute to the risks of developing HF (Liu et al., 2018). Among these
factors, age contributes significantly to the risks of morbidity, mortality, and healthcare
expenditures, particularly in people over 40 years of age (Statistics Canada). About 3.6%
Canadian adults over 40 years of age have diagnosed HF (Statistics Canada). As the aging
population continues to rise, it is projected that health expenditures for HF will more than
double by 2030 (Heidenreich et al., 2013). Given the burden HF imposes on not only
patients but also on healthcare systems, a better understanding of the etiologies associated

with HF in the older population is critically needed.

1.2.2  Types of HF

HF is classified clinically into two main types depending on the functional status
of the heart. These types are HFpEF and HF with reduced ejection fraction (HFrEF), where
ejection fraction (EF) is defined as the volume fraction of blood ejected from the LV
chamber with each contraction. In Figure 1.1, the image at the top is of the normal heart,

and the image on the bottom left shows HFrEF where the LV cavity is enlarged and the



LV walls are dilated (Dassanayaka et al., 2015). The image at the bottom right represents
HFpEF where the LV wall is thickened and the volume of the LV cavity is reduced
(Dassanayaka et al., 2015).

HFrEF is characterised by having an EF of less than 40% and normal or reduced
ratio of LV mass/end-diastolic volume (Dassanayaka et al., 2015). In terms of morphology,
the shape of the LV becomes more spherical as HFrEF progresses (Triposkiadis et al.,
2018). This remodelling to a globular shape leads to the misalignment of the papillary
muscles, chordate, and mitral valve which can lead to mitral regurgitation (Triposkiadis et
al., 2018). As a result of mitral regurgitation, further adverse remodelling and LV volume
enlargement both progress, which worsens HFrEF (Triposkiadis et al., 2018). The LV wall
thickness in HFrEF stays the same or decreases (Triposkiadis et al., 2018). The normal or
reduced LV wall thickness combined with increased LV chamber size leads to increased
wall stress, which is inversely related to EF (Triposkiadis et al., 2018). Thus, increased
wall stress in patients with HFrEF contributes to a further decline in EF (Triposkiadis et
al., 2018).

The major pathological mechanisms for reduced EF, however, are reduced
contractility due to cardiomyocyte dysfunction and/or cardiomyocyte loss (Simmonds et
al., 2020). Cardiomyocyte damage and loss causes eccentric remodelling and an imbalance
in cardiac wall structure (Gonzalez et al., 2011). Cardiomyocyte damage in HFrEF also
leads to a decline in the number of functioning cardiomyocytes and increased accumulation
of fibrotic tissue (Paulus et al., 2013; Xu et al., 2013). Apoptosis, necrosis, necroptosis,
and autophagy are implicated in cardiomyocyte loss during HFrEF (Simmonds et al.,

2020). It has been observed in animal models that even low levels of cardiomyocyte



apoptosis can induce HFrEF (Hartupee et al., 2017). In addition, mitochondrial regulatory
proteins are upregulated during HFrEF in a type 1 diabetes mellitus-induced model of
cardiac myopathy, which suggests that mitochondrial dysfunction could play a role in
cardiomyocyte apoptosis (Hamblin et al., 2007).

There is also evidence that cells other than cardiomyocytes contribute to the
pathogenesis of HFTEF. In the healthy heart, the extracellular matrix (ECM) contains thick
collagen type I fibers, which maintain tensile strength, and thin collagen type III fibers,
which contribute to elasticity (Frangogiannis, 2019). The production and degradation of
collagen regulate the amount and composition of the ECM (Cowling et al., 2020). Cardiac
fibrosis occurs when the deposition of collagen in the heart exceeds its degradation
(Cowling et al., 2020). A multitude of pathological stresses such as aging, hypertension,
diabetes, pressure overload, and/or myocardial injury are known to contribute to the
development of cardiac fibrosis (Simmonds et al., 2020). In HFrEF, cardiac fibrosis arises
from cardiomocyte loss and may result in systolic dysfunction via multiple pathways
(Simmonds et al., 2020). Collagen damage or loss may lead to the uncoordinated
contraction of cardiomyocytes by disrupting the transduction of cardiomyocyte contraction
into myocardial force (Simmonds et al., 2020). In addition, cardiac fibrosis causes
impairment of endomysial structures such as laminin, which link together cardiomyocytes
and adjacent components, leading to cardiomyocyte impairment (Kong et al., 2014). Thus,
there are many factors that contribute to the pathogenesis of HFrEF, with cardiomyocyte
damage and loss being the main drivers of this process.

Among HF patients, HFpEF has a higher prevalence than HFrEF (Savares and

Lund, 2017). HFpEF has only recently been recognized and is an emerging healthcare



challenge. HFpEF patients generally have a normal EF of equal to or higher than 50%,
with thickened and stiff LV walls despite normal LV cavity volume (Ma et al., 2020).
There is also a higher ratio of LV mass to end-diastolic volume in HFpEF, unlike HFrEF
where this is reduced (Ma et al., 2020). In HFpEF, the diastolic function of the heart is
impaired, which means that the LV cannot relax properly and is thus unable to adequately
fill with blood (Ponikowski et al., 2016). The thickening of the LV walls also reduces the
cavity space to hold blood (Ponikowski et al., 2016). Despite the heart’s ability to contract
effectively, the reduced volume of blood in the LV results in insufficient blood pumped
out to meet the body’s metabolic demands (Ponikowski et al., 2016). In HFrEF, reduced
LV function leads to decreased cardiac output (King et al., 2012). In HFpEF, cardiac
output is impaired by reduced ventricular compliance and abnormal relaxation (King et al.,
2012).

At the cellular level, cardiomyocyte diameter and myofibril volume are much larger
in HFpEF when compared to HFrEF (Dassanayaka et al., 2015). While excessive collagen
deposition as a result of cardiomyocyte loss causes systolic dysfunction in HFrEF, this
event contributes to diastolic dysfunction in HFpEF by increasing cardiac wall stiffness
without cardiomyocyte loss (Echegaray et al., 2017). In HFpEF patients, circulating
troponin-T, which is an indicator of cardiomyocyte apoptosis, is not detectable (Brouwers
et al., 2013). However, when apoptotic and autophagic genes are inhibited in a rat model
of HFpEF, diastolic dysfunction improves, but apoptosis and/or autophagy do decline
(Chaanine et al., 2016). Given the importance of HF prevention in the general population,

further investigation into the mechanisms underlying the pathogenesis of HF is critical.



The major risk factors for HFpEF are hypertension, age, female sex, and diabetes
(Yancy et al., 2013). Still, compared to HFrEF, the factors contributing to HFpEF are
poorly understood (Parikh et al., 2018). Studies suggested that risk factors for HFpEF
contribute to the advancement of normal age-related changes in the heart, making it a
systemic disease rather than purely a cardiac disease (Van der Velden et al., 2016). In
addition, most HFpEF patients have more than two comorbidities such as hypertension,
coronary artery disease, atrial fibrillation, obesity, and/or chronic kidney disease
(Ergatoudes et al., 2019). A greater understanding of how different factors contribute to
HFrEF and HFpEF is needed to better direct further treatment, especially for older patients.
Given the importance of aging in promoting HF, the relationship between aging and HF
will be further discussed in the next section.

1.2.3  Pathophysiology of HF in aging

Aging increases the risk of developing HF. For example, about 5.2 per 1000
Canadian adults 40 years of aged and older are newly diagnosed with HF (Statistics
Canada). There are many physiological and biological factors that link aging to HF
(Triposkiadis et al., 2019). A combination of some or all these factors can reduce cardiac
reserve over time, which makes the heart more prone to failure (Triposkiadis et al., 2019).

There are a number of cardiac structural and functional changes associated with
aging that are implicated in the development of HF. For instance, aging leads to increased
deposition of collagen in the myocardial ECM, a reduction in elastin, and increased
fibronectin (Meschiari et al., 2017).  Together, these age-associated changes lead to
increased fibrosis associated with aging increased LV stiffness, which impacts diastolic

function (Cowling et al., 2020). Furthermore, cardiomyocyte size increases with age, and



this increases myocardial wall thickness (Akashiva et al., 2015). The shape of the heart
also changes from elliptical to spheroid, along with an asymmetric increase in the thickness
of the interventricular septum more than the LV free wall (Triposkiadis et al., 2018). These
changes in thickness and shape increase cardiac wall stress and reduce contractile capacity
(Triposkiadis et al., 2018). With aging, the heart also undergoes functional changes such
as decreased contractility, prolonged systolic contraction, and increased EDV, which
impairs systolic function (Jakovljevic, 2018). Aging affects the cellular reactions
controlling cardiomyocyte contraction including prolonged cytosolic calcium transients
and a reduced calcium sequestration into stores in the sarcoplasmic reticulum (SR)
(Hamilton and Terentyev, 2019). These factors are thought to contribute to reduced
systolic function (Hamilton and Terentyev, 2019). The effects of aging on systolic function
are evidenced by lower exercise tolerance in older people (Kim et al., 2016). The
maximum consumption of oxygen or VO max declines progressively with advancing age
by about of 15% between the age of 50 and 75 (Kim et al., 2016). Thus, aging is associated
with marked structural and functional changes in the heart at both the cellular and organ

levels. These changes may reduce heart function and increase its susceptibility to HF.

1.2.4 Sex differences in HF

Aging increases the prevalence of HF in both sexes, but women are more likely to
develop HF at a later age when compared to men (Bozkurt and Khalaf, 2017). Other risk
factors that contribute to HF in both sexes include hypertension, diabetes mellitus, obesity,
and ischemic heart diseases (Ahmad et al., 2016). Although males have a higher HF
incidence compared to females at all ages, the risk of developing HF is similar in both

sexes due to the longer life span in females (Meyer et al., 2015).



The symptoms of HF, including dyspnea, edema, and fatigue, are similar in men
and women. However, symptoms are also more severe and more frequent in women when
compared to men (Brouwers et al., 2013). In both HFrEF and HFpEF, women have more
physical limitations, longer hospital stays, poorer quality of life, and higher depression
rates when compared to men (Bozkurt. and Khalaf, 2017). Despite common risk factors,
females are more likely to develop HFpEF, whereas males are predisposed towards HFrEF
(Ho et al., 2016). Within HFpEF, women have an increased burden of comorbidities over
time (Lam et al., 2019). Furthermore, female patients with HFpEF tend to have concentric
LV hypertrophy along with severe diastolic dysfunction (Harada et al., 2018; Lundorff et
al., 2018). By contrast, men with HFpEF are more likely to develop eccentric LV
hypertrophy (Harada et al., 2018). Arterial stiffness and LV end-systolic stiffness are also
higher in women with HFpEF than in men with this condition (Lundorff et al., 2018). In
patients with HFrEF, women live longer than men do but have worse health outcomes and
poorer quality of life (Dewan et al., 2019). Women with HFrEF also have a higher
prevalence of nonischemic cardiomyopathy than men (Fairweather et al., 2013). It is clear
that there are major male-female differences in HF, although little is known about the
underlying mechanisms. Further research is needed to better understand sex differences in

HF and the associated pathophysiological factors that underlie this disease.

1.2.5 The role of angiotensin Il in promoting HF

The mechanisms underlying age-related cardiac remodeling and HF are not fully
understood, although a number of ideas have been suggested. The RAAS is thought to
play an important role in the physiopathology of HF (Rossi et al., 2017). In patients with

HF, the activity of the RAAS is increased (Rossi et al., 2017). The RAAS is fundamentally
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involved in regulating blood pressure, maintaining fluid balance, and vascular tone
(Dudoignon et al., 2019). Figure 1.2 shows the RAAS pathway as well as the short-term
and long-term effects of Ang Il on the cardiovascular system. In response to systemic
hypotension and/or reduced sodium levels, the juxtaglomerular cells of the kidneys release
renin (Sequeira-Lopez and Gomez, 2021). Renin converts angiotensinogen, which is
constitutively secreted by the liver, to angiotensin I (Ang I). The vascular endothelium in
the lungs releases angiotensin converting enzyme (ACE) that subsequently cleaves Ang I
to Ang II. Ang II increases the reabsorption of water directly, by stimulating sodium
retention by the kidneys, and indirectly by triggering the release of aldosterone (Sequeira-
Lopez and Gomez, 2021). Both mechanisms cause the body to retain sodium and this
subsequently promotes water reabsorption (Sequeira-Lopez and Gomez, 2021). Ang II
also causes vasoconstriction and increases blood volume, which increases blood pressure
and cardiac output (Sequeira-Lopez and Gomez, 2021). In myocardial injury, cardiac
contractility declines and hemodynamic load increases, which activates the RAAS and
releases Ang II to maintain cardiovascular homeostasis (Rossi et al., 2017). These adaptive
mechanisms induced by Ang II are effective at combatting the sudden decline in cardiac
function in the short term, but chronically this leads to adverse cardiac remodelling that
progresses to HF (Rastini et al., 2017). Studies in rats between 3 and 24 months old show
that cardiac Ang II levels increase with age (Monteonoftio et al., 2021). Over time, chronic
release of Ang II results in hypertension, cardiac hypertrophy, and adverse cardiac
remodeling that promotes HF (Rastini et al., 2017). Therefore, Ang II plays a role not only
in the early stages of HF to maintain cardiac homeostasis, but also in the longer term

negative remodeling that progresses to HF.
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In animal models of cardiac hypertrophy induced by pressure and volume overload,
elevated Ang II levels contribute to cardiac hypertrophy and contractile dysfunction (Zhou
et al., 2016). Chronic overproduction of Ang II induces systolic dysfunction and the early
onset of diastolic dysfunction that eventually leads to HF and further remodeling (Rastini
et al., 2017). Blood flow to vital organs declines as HF progresses and Ang II levels
continue to rise (Kemp and Conte, 2012). In an attempt to redirect blood flow to
compromised organs, vasoconstriction mechanisms are activated (Kemp and Conte, 2012).
However, this only increases the hemodynamic stress on the failing heart and eventually
leads to death in animals as it does in humans (Kemp and Conte, 2012). Thus, modulation
of Ang II via RAAS activation plays a key role in the pathophysiology of HF in both

humans and animals.

1.2.6  Animal models of HF

In order to gain a better understanding of the pathogenesis of HF and develop new
treatments for HF, preclinical studies require appropriate HF models that allow for in-depth
examination of factors contributing to the condition. Aging spontaneously hypertensive
rats (Boluyt et al., 1995), Dahl salt-sensitive rats (Doi et al., 2000; Koltz et al., 2006), aortic
banding (Helies-Toussaint et al., 2005), and Ang II infusion via osmotic minipumps (Regan

et al., 2015) have commonly been employed to induce HF in rodent models.

The aging spontaneously hypertensive rat is a model of genetic hypertension that
was first developed by Okamota and Aoki (1963). This model is thought to have similar
characteristics as hypertension in humans (Bing et al., 1995). In aging spontaneously
hypertensive rats, the progression from compensative hypertrophy to HF with increasing

age is similar to HF development in hypertensive patients (Bing et al., 2002). Thus, this
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animal model has been commonly used in preclinical studies to model HF (Bing et al,,
2002; Conrad et al., 1991; Pagan et al., 2015). The Dalh salt-sensitive rat is another genetic
model of hypertensive HF. These rats develop hypertension when fed a high-salt diet after
4 weeks (Ogihara et al., 2002). Initiation of high-salt diet at different ages induces different
types of HF (Doi et al., 2000). While these models are very useful, they both require the

use of rats, which are very expensive to use in studies of aging.

The aortic banding method in rodent models induces chronic pressure overload,
which leads to cardiac hypertrophy and interstitial fibrosis that result in HF over time (Patel
and Patel, 2021). While this is a useful model of HF, aortic banding requires highly
invasive surgical procedures and specific technical skills (Tsukamoto et al., 2013).
Furthermore, this method does not entirely mimic HF and the time courses in developing
HF is extremely variable (Tsukamoto et al., 2013). For these reasons, other models of HF

1n mice were considered in this thesis.

Ang II infusion via subcutaneously implantation of osmotic minipumps is often a
preferred method of inducing HF, as it overcomes many of the challenges associated with
other methods including high cost, technical surgeries, and inconsistency. The
administration of drugs using osmotic minipumps minimize the stress experienced by the
mice, as they reduce the need to handle the animals. In addition, the pumps allow for
delivery of drugs at a constant rate and for a long period, which better mimics clinical
conditions associated with chronic hypertension. The dosage can also be adjusted to mimic
different physiological conditions. However, one drawback of the pumps is that the
surgical implantation procedure is invasive. Still, multiple studies have demonstrated that

chronic Ang II infusion effectively induces cardiac hypertrophy and hypertensive HF in
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rodents (Huentelman et al., 2005; Mousa et al., 2008; Westermann et al., 2012). Thus, Ang
[I-infusion via osmotic minipumps provides a reliable, low-cost, and low-stress method of
inducing hypertensive HF in rodent models. This animal model will be deployed in this
thesis to investigate the physiological mechanisms of HF, and how these may differ

between the sexes.

1.2.7  Summary

It is well established that aging modifies cardiac structure and function. This may
increase the risk of developing diseases like HF in later life. As mentioned in the previous
sections, aging increases the risks of HF in both sexes, but women are more likely to
develop HF than men. Sex differences are also present in HF phenotypes and HF-related
comorbidities. Within each sex, there is considerable heterogeneity in the manifestations
of HF. This is not often considered in pre-clinical and clinical studies. Not all individuals
of the same age (and sex) are at similar risk for developing HF and they may not have
similar manifestations of this condition. Furthermore, the use of exclusion criteria in
studies may mask the heterogeneity in HF phenotypes and responses to HF in patients of
the same age (and sex). The concept of frailty is used to account for this heterogeneity and
may contribute to variations in HF expression in different groups. This will be further

explored in the next section.

1.3 Frailty
1.3.1 Introduction to frailty
It is well established that not everyone ages at the same rate, so their chronological

age may not reflect their biological age (Clegg et al., 2013; Mitnitski, Howlett, and
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Rockwood, 2017). The term “frailty” is used to describe unmeasured heterogeneity in the
risk for adverse outcomes associated with aging (Rockwood et al., 2007). Frailty can be
described as a state of increased negative health outcomes in people of the same age
(Rockwood et al., 1994; Bergman et al., 2007; Singh et al., 2014). Frailty can be quantified
by the accumulation of health deficits wherein the health status of an individual declines
as they accumulate more deficits (Rockwood et al., 1994; Howlett and Rockwood, 2013).
As these deficits accumulate, the body’s ability to repair itself starts to decline leading to
failure at the cellular, organ, and eventually the system level (Rockwood et al., 1994;
Howlett and Rockwood, 2013). Thus, frailty can be used to quantify overall health status

and assess vulnerability to multiple stressors in an individual (Hubbard et al., 2017).

1.3.2  Quantifying frailty in humans

Given the important role of frailty in advancing age-associated diseases, it is
important to investigate frailty using a quantitative approach to better understand the
underlying mechanisms and develop therapeutic interventions. There are a number of
different methods to quantify frailty in clinical and preclinical studies (Dent et al., 2016).
It can be challenging to quantify frailty in humans, since some frailty tools have low
sensitivity and predictive properties (Hubbard et al., 2017; De Vries et al., 2011). There is
also a lack of reliability agreement, responsiveness, and interpretability with many frailty
tools (De Vries et al., 2011). Despite the abundance of frailty tools, there is still no standard
frailty assessment tool for clinical populations (Howlett and Rockwood, 2013). The two
most commonly used methods of frailty assessment in clinical studies are the Frailty
Phenotype and the FI tools (De Vries et al., 2011; Howlett and Rockwood, 2013). Fried

and colleagues defined frailty as a geriatric physical syndrome with five identifiable
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phenotypic criteria including weight loss, exhaustion, weakness, slowness, and lack of
physical activity (Fried et al., 2001). This so-called Frailty Phenotype considers an
individual as robust or non-frail if none of the above criteria is present, pre-frail if one or

two criteria are present, and frail if three or more criteria are present (Fried et al., 2001).

Frailty in an individual can also be quantified with an FI created by counting the
proportion of accumulated deficits including symptoms, signs, functional impairments, and
laboratory abnormalities (Minitski et al., 2001; Rockwood et al., 2005). The FI concept
was developed based on the idea that the number of accumulated deficits increases as
people age (Rockwood et al., 2011). This index includes deficits that are age-related,
associated with adverse outcomes, and present in multiple organ systems (Searle et al.,
2008). An FI score is obtained by counting the number of health deficits in an individual
and dividing this by the total number of deficits measured to yield a ratio between 0 and 1
(Searle et al., 2008). A higher FI score indicates that an individual has accumulated many
deficits and therefore has a high degree of frailty. When at least 30 different deficits are
measured, the resulting FI is not strongly influenced by the nature of the individual deficits
considered (Rockwood and Mitnitski, 2011). The FI is strongly correlated with declining
health status, hospitalization, and mortality across a wide range of systems (Rockwood and
Mitnitski, 2007). A systematic review and meta-analysis on frailty and clinical outcomes
in HF by Zhang et al. (2018) reported that frailty significantly predicted mortality and
hospitalization in HF patients. It is a useful clinical tool allowing frailty to be quantified
based on the number of accumulated deficits rather than simply identifying an individual

as frail or non-frail (Rockwood and Mitnitski, 2007).
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1.3.3  Quantifying frailty in mice

Although the FI has been used in many clinical studies of frailty, only recently has
it been adapted for use in pre-clinical models (Parks et al., 2012; Whitehead et al., 2014;
Rockwood et al., 2017). Parks and colleagues were the first to develop an FI measuring
deficit accumulation in naturally aging C57BL/6 mice (Parks et al., 2012). This mouse FI
measures 31 health-related deficits such as changes in activity levels, hemodynamic
parameters, body composition and metabolism. Each deficit is graded with a score of 0,
0.5, 1 for no deficit, mild deficit, and severe deficit respectively. The scores for all the
deficits are added and divided by the total number measured to yield a score between 0 and
1 with higher numbers denoting a higher level of frailty (Parks et al., 2012). Since this
approach is invasive, time consuming, and requires specialized equipment, Whitehead and
colleagues developed a non-invasive mouse FI (Whitehead et al., 2014) based on
approaches used in humans (Minitski et al., 2001). This mouse FI consists of 31 observable
signs of deficits in multiple systems including digestive, integument, musculoskeletal,
vestibulocochlear, ocular, and respiratory systems as well as signs of discomfort
(Whitehead et al., 2014). The mouse FI score was found to increase with increasing age
(Whitehead et al., 2014) and a higher score is associated with an increased risk of mortality
as previously seen in humans (Rockwood et al., 2017). Other similarities to humans are
that mice have similar rates of deficit accumulation and the FI distribution broadens with
age in both mice and humans (Whitehead et al., 2014; Rockwood et al., 2017). This
approach is adaptable for use in different experiments and laboratories as it has been shown
to have high inter-rater reliability (Feridooni et al., 2015), and it can also be adapted for

use in different animals such as in aging rats (Yorke et al., 2017). The mouse clinical FI is
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a useful, inexpensive, and non-invasive method that will facilitate understanding of the
pathological mechanisms involved in frailty and help identify new interventions that aim

to reduce frailty.

1.3.4  Sex differences in frailty

It has recently been established that frailty is not solely age-dependent, but also sex-
dependent (Kane et al., 2020). There are sex differences in biochemical, physiological,
and behavioral factors that change with age, which underpins the notion that sex may be
an important contributor to frailty status (Pomatto et al., 2018; Le Couteur et al., 2018;
Roberts et al., 2018). Both men and women who are frailer are at greater risks for HF,
hospitalization, and mortality (Boxer et al., 2014; Uchmanowicz et al., 2014). However,
women aged over 65 years tend to be frailer and have poorer health status compared to
men of the same age (Collard et al., 2012; Gordon et al., 2017). On the other hand, women
appear to be more robust and have a longer lifespan than men at any given biological age
or frailty level (Gordon et al., 2017). This phenomenon is termed the sex-frailty paradox
or the male-female health-survival paradox (Oksuzyan et al., 2008; Hubbard and

Rockwood, 2011).

Using the FI tool, meta-analysis studies demonstrated that the mean FI in women
is greater than men for any age (Minitski et al., 2005; Shi et al., 2014; Gordon et al., 2017).
This finding suggests that the prevalence of deficits inherently differs between sexes
(Gordon et al., 2017). In a study including people over 50 years of age, males and females
both accumulated more co-morbidities with age but females accumulated a higher number
of deficits overall (Avedano and Mackenbach, 2008). Many studies have demonstrated

that the high prevalence of co-morbidities in females negatively impacts their quality of
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life and contributes to the increased rates of self-reported disabilities (Crimmins et al.,
2010; Shi et al., 2014; Avedano and Mackenbach, 2008). In addition, studies examining
sex differences in mortality found that males have a higher mortality rate until 90 years of
age, at which point it is surpassed by the female mortality rate (Garcia-Gonzalez et al.,
2009; Romero-Ortuno and Kenny, 2012). Other studies also found that the male mortality
rate is higher than females for all age groups (Gu et al., 2009; Shi et al., 2014). Minitski et
al. (2005) and Romero-Ortuno and Kenny (2012) demonstrated that mortality rates were
higher for males than females at each level of FI, despite men having lower FI values.
When controlling for age and frailty, the risk of death for females is 33% lower compared
with men (Garcia-Gonzalez et al., 2009). These studies show that sex differences in the FI

reflect the male-female health-survival paradox.

Sex differences in frailty in mice are generally similar to humans. Kane et al.
(2018) found that the prevalence of frailty was higher in female C57BL/6 mice and this
increased with age. In addition, Baumann et al. (2019) reported that the level of frailty in
female mice at 26 months of age was 66% higher compared to male mice of the same age.
This study also demonstrated that frailer mice had a higher mortality rate, regardless of sex
(Baumann et al., 2019). Other studies have also reported similar findings in that female
C57BL/6 mice have greater FI scores compared to age-matched males (Whitehead et al.,
2014; Kane et al., 2018). Furthermore, non-frail female mice were found to be more
physically active than non-frail males (Rosenfeld, 2017; Baumann et al., 2019). For
example, non-frail females ran about 65% further on voluntary wheels than males
(Baumann et al., 2019). These findings show that FI tool provides an avenue to explore

sex differences in frailty in animal models.
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Whether there are sex differences in mortality for C57BL/6 mice is controversial
as studies have reported conflicting findings. Several studies have shown that male
C57BL/6 mice live longer than female mice (Baumann et al., 2019; Miller et al., 2002; Ali
et al. 2006). A review by Austad and Fischer (2016) examined 29 studies on lifespan of
C57BL/6 mice and found that males survived longer in 18 studies, and females survived
longer in 11 studies. From these studies, it is still unclear whether the sex-frailty paradox
observed in humans also exists in C57BL/6 mice. Nonetheless, these findings suggest that
sex differences are present in aging C57BL/6 mice and should be considered when

assessing frailty.

1.4 Frailty and HF

1.4.1 Overview

Frailty is common in patients with HF, affecting almost half of people with HF
(Denfeld et al., 2017). People over 65 years of age make up over 80% patients with HF,
and approximately 25% of this population exhibit frailty (Go et al., 2013; Dodson and
Chaudhry, 2012). The prevalence of frailty in HF increases with age, from about 3% in
those 65-70 years to 23% in those over 90 years of age (Fried et al., 2001; Newman et al.,
2001; Jha et al., 2015). HF prognosis is worse in frail patients when compared to non frail
patients, and frailty is an independent risk factor for HF in older patients (Shinmura, 2016).
Older HF patients are also at higher risks of adverse health events including falls,
hospitalizations, and mortality (Uchmanowicz et al., 2019; Cacciatore et al., 2005). There
is evidence that HF patients have a higher susceptibility to falls and cognitive impairment

due to reduced cerebral perfusion, which advances frailty and disability (Singh et al., 2014).
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Younger HF patients are also susceptible to developing frailty (Chung et al., 2014; Jha et
al., 2015). The presence of frailty in younger HF patients suggest that frailty in HF should

be considered for patients of all ages rather than only in older adults (Denfeld et al., 2017).

The prevalence of frailty in HF is about 45% across a wide age range, which is
higher than the prevalence of frailty among older patients (Denfeld et al., 2017). This
suggests that the pathogenesis underlying frailty in HF includes factors other than
chronological age. Studies have suggested that factors including neurohormonal
dysregulation, inflammation, and skeletal muscle dysfunction contribute to the
pathogenesis of frailty; these factors also contribute to the pathogenesis of HF (Boxer et
al., 2014). The specific mechanisms of frailty in HF are not well understood but are being
investigated for the potential of targeting frailty through HF therapies (Maurer et al., 2017).
Since the majority of studies examining HF in frailty are in older HF patients, more
research is needed to assess frailty in a wide range of age and HF subpopulations to better
understand how frailty plays a role in HF. The next section will further examine the

underlying biological factors that contribute to frailty in HF.

1.4.2  Pathogenesis of frailty in HF

Frailty and HF share some common pathological pathways including circulating
pro-inflammatory cytokines and sarcopenia (Bellumkonda et al., 2017). It has been
suggested that long-term HF induces chronic changes in underlying skeletal muscle leading
to loss of lean muscle mass or sarcopenia, which is also present in frailty (Puthucheary et
al., 2013; Kitzman et al., 2014). In HF patients, cellular and molecular changes in skeletal
muscle are different from those in normal aging and inflammatory processes (Joseph and

Rich, 2017). Mechanisms such as dysregulation of neurohormonal, metabolic,
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immunologic, and musculoskeletal systems are thought to contribute to this enhanced
catabolic state of frailty in HF (Joyce et al., 2016). It is likely that the mechanisms
underlying both frailty and HF disrupt homeostasis and contribute to chronic inflammation

(Bellumkonda et al., 2017).

Circulating proinflammatory cytokines such as TNF-a, IL-6, and IFN-y, are
associated with frailty and are present at high levels in HF patients (Kalogeropoulos et al.,
2010; Mann, 2015). This suggests that both HF and frailty could share common
inflammatory pathways (Bellumkonda et al., 2017). The upregulation of inflammatory
cytokines contributes to neurohormonal dysregulation, which has been found to advance
adverse cardiac remodeling and myocardial damage in chronic HF (Joseph and Rich,
2017). Inflammation affects the regulation of hormones such as cortisol, insulin, and
growth hormone, which leads to the enhanced catabolic state observed in frailty in HF
(Uchmanowicz et al., 2014; Joyce et al.,, 2016). The upregulation of inflammatory
cytokines can also promote atherosclerosis and vascular senescence which advances aging,
negatively affects body composition, and thus exacerbates frailty (Afilalo et al., 2014;
Uchmanowicz et al.,, 2014; Goldwater and Pinney, 2015). Furthermore, increased
intravascular hydrostatic pressure due to fluid retention in HF may lead to intestinal
congestion, abdominal discomfort, and appetite loss, which may exacerbate cachexia and
inflammation (Valentova et al., 2016). Thus, frailty in HF is related to imbalanced
anabolic-catabolic systems that involve dysregulation of neurohormonal, inflammatory,

and musculoskeletal mechanisms.

Other biological mechanisms that may occur in both frailty and HF including DNA

damage, impaired autophagy, and mitochondrial dysfunction (Uchmanowicz et al., 2019).

22



These factors can also contribute to metabolic dysfunction, cellular senescence and cellular
necrosis which activate the production of circulating proinflammatory cytokines
(Uchmanowicz et al., 2019). For example, the IL-6 family cytokines and the gp130
receptor have been implicated in the pathogenesis of HF (Jacoby et al., 2003). Signal
transducer and activator of transcription 3 (STAT3) is a signaling protein that is activated
via the gp130 receptor (Jacoby et al., 2003). The protein STAT3 plays a role in reducing
redox stress and enhancing mitochondrial function (Bellumkonda et al., 2017). Aged mice
without STAT3 have higher levels of proinflammatory cytokines and cardiac fibrosis
(Jacoby et al., 2003; Bellumkonda et al., 2017). STAT-3 deficient mice also develop
cardiac dysfunction with age (Jacoby et al., 2003). The Nod-like receptor protein 3
(NLRP3) inflammasome is another mediator of inflammation that is thought to play a role
in both HF and frailty. Specifically, NLRP3 inflammasome activation is involved in age-
related inflammation (Cutler et al., 2004). Overall functional decline occurs as a result of
age-related inflammation in multiple organs even in the absence of diseases (Jacoby et al.,
2003). Furthermore, Youm et al. (2013) found that aged mice without the NLRP3
inflammasome walked longer distances and ran for longer durations than wild-type
controls, suggesting that NLRP3 may contribute to inflammation that leads to frailty.
NLRP3 has also been found to be activated in HF patients (Butts et al., 2015; Bellumkonda
et al., 2017). These findings suggest that NLRP3 may be a shared pathophysiological
connection between frailty and HF (Bellumkonda et al., 2017). As aging plays a role in
both frailty and HF, it is likely that age-related inflammatory processes share common

pathways linking frailty and HF.
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1.4.3  The influence of frailty on cardiac structure in mice

It has been previously discussed in the HF section that that aging is associated with
cardiovascular changes in the cardiac system and that there are differences between the
sexes. Still, there is considerable heterogeneity in cardiac remodelling at a given age.
Rather than simply measuring chronological age, using frailty as an outcome measurement
can lend greater insight into the impact of age on the heart. Preclinical studies looking at
the impact of age and frailty on the heart demonstrated that many changes in cardiac
structure are influenced by both frailty and chronological age. The findings from these
studies are summarized in Table 1.1. Feridooni et al. (2017) showed that cardiac
hypertrophy (increased heart weight to body weight or tibia length ratios) in older male
mice were strongly correlated with both age and frailty, but this change was significantly
graded by frailty only. This suggests that cardiac hypertrophy increases with age and that
this change is largely attributable to frailty (Feridooni et al., 2017). Jansen et al. (2017)
found that increased interstitial fibrosis and total collagen content in the left and right atria
from both young and old male mice was strongly correlated with FI scores (Jansen et al.,
2017). Furthermore, Kane et al. (2021) showed that ventricle collagen levels increased
with age and were graded by frailty in male but not female mice. Measures of hypertrophy
such as septal wall thickness were correlated with frailty in both sexes, whereas LV mass
increased with frailty in females only (Kane et al., 2021). Together, these results
demonstrate that frailty rather than chronological age is an effective outcome measurement

for age and sex-dependent cardiac remodelling.

Studies in mice have shown that frailty also affects the heart at the cellular level.

Ventricular myocyte hypertrophy (increased length, width, and cross-sectional area) occurs
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in myocytes isolated from aged and frail hearts in mice of both sexes (Parks et al., 2012,
Feridooni et al., 2017). Previous studies have reported that ventricular myocyte
hypertrophy is linked to age in older animals including mice, rats, and monkeys (Fraticelli
et al., 1989; Zhang et al., 2007; Feridooni et al., 2015). By contrast, others have reported
no age-related difference in myocyte size (Guo and Ren, 2006; Ren et al., 2007; Mellor et
al., 2014). Interestingly, when taking frailty into consideration, cell dimensions (length,
width, and cross-sectional area) are positively correlated with and graded by FI scores but
not age in male mice (Parks et al., 2012, Feridooni et al., 2017). Thus, ventricular myocyte
hypertrophy, which has been traditionally linked to aging, might be more closely related to

frailty.

The mechanisms by which frailty influences cellular cardiac hypertrophy are not
well understood. Myocyte hypertrophy is accompanied by loss of myocytes which could
be due to necrosis, apoptosis, and/or phagocytosis (Miller and Zachary, 2017). The loss of
myocytes in the ventricle causes surviving myocytes to bear a larger workload and
subsequently undergo hypertrophy as a compensatory mechanism (Miller and Zachary,
2017). The larger workload due to cardiomyocyte loss is also associated with increased
proliferation of fibroblasts which produces ECM to compensate for the increased stress
(Horn and Trafford, 2016; Piek et al., 2016). Excessive deposition of ECM leads to fibrosis
in the atria, sinoatrial node, and ventricles characteristic of HF (Mirza et al., 2012; Dzeshka
et al., 2015). Increased interstitial fibrosis in the SA node as well as the right and left atria
are seen in hearts isolated from aged and frail male mice (Moghtadaei et al., 2016; Jansen

etal., 2017).
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Matrix metalloproteases (MMPs) and the interaction of these proteins with tissue
inhibitors of metalloproteases (TIMPS) mediate the increase in fibrosis in male mice
(Moghtadaei et al., 2016; Jansen et al., 2017). The role of MMPs is to degrade collagens
and other ECM proteins, while TIMPs function to inhibit MMPs (Kassiri and Khokha,
2005; Nagase et al., 2006). The potential mechanisms for atrial fibrosis in aged and frail
hearts can be explained by the downregulation in the expression of MMP2 (known to
degrade collagen type III; Kassiri and Khokha, 2005) and changes in the levels of
interactions between MMP2 and various TIMPs (TIMPs 1-4) (Jansen et al., 2017). These
alterations in the expression patterns of MMP2 and TIMPs result in less collagen being
broken down which contributes to enhanced fibrosis. Furthermore, the cellular events
involved in the increased atrial fibrosis (including collagen content, MMP2 expression,
MMP2-TIMPs interactions) are all strongly correlated with FI scores but not age,
suggesting that frailty strongly predicts age-associated structural remodelling in the atria

in male mice (Moghtadaei et al., 2016; Jansen et al., 2017).

1.4.4  Effects of frailty on cardiac contractile function in mice

Frailty has also been shown to affect myocardial contractility by causing
dysregulation of calcium homeostasis. During depolarization, L-type calcium channels
open to allow calcium into the heart cells (Bers, 2014). This small influx of calcium
initiates the release of a large of amount of calcium from the SR into the cytosol, resulting
in a rise in the calcium concentration in the cell known as the calcium transient (Bers,
2014). A small decrease in SR calcium being released would result in a significant decrease
in the amplitudes of calcium transients (Bers, 2014). Consequently, contractile dysfunction

occurs when the process linking cardiomyocyte contraction to intracellular calcium
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handling is disrupted. In aged and frail mice of both sexes, ventricular myocytes exhibit
smaller and slower contractions (Parks et al., 2012; Feridooni et al., 2017). This decline in
myocyte contractions is accompanied by smaller peak calcium transients in aged and frail
male mouse hearts. Furthermore, reduced calcium influx and SR calcium release
contributes to smaller calcium transients (Feridooni et al., 2017). Aged and frail hearts of
male mice also have a lower expression of the Cav 1.2 protein (the pore-forming subunit
of the L-type voltage-dependent calcium channel), causing less calcium influx which
ultimately contributes to the decline in myocyte contractions (Feridooni et al., 2017).
Overall, these components of myocyte contractions (including smaller myocyte
contractions; less calcium influx, reduced SR calcium release, and less Cav 1.2 expression)
in male mice are highly correlated with and graded by FI scores (Feridooni et al., 2017).
This suggests that frailty is a strong predictor of contractile dysfunction during the aging

process (Feridooni et al., 2017), at least in male animals.

Recent studies have shown that there are sex differences in the effects of frailty on
age-associated cardiomyocyte contractile function. Aging impacts the phosphorylation
levels of major myofilament proteins including myosin light chain-1, desmin, and
tropomyosin (Kane et al., 2020). Kane et al. (2020) found that age was associated with
increased phosphorylation of myosin light chain-1 as well as enhanced phosphorylation of
desmin and tropomyosin in males but not females. Interestingly, these adverse changes
were also graded by FI scores in males only. Since tropomyosin activity directly or
indirectly affects the cooperativity of the actomyosin Mg-ATPase-calcium relationship
represented by Hill coefficients (Loong et al., 2012), the study also assessed the effects of

age and frailty on this cooperativity. Results showed that Hill coefficients declined with
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age and were graded by frailty in males but not females (Kane et al., 2020). A higher Hill
coefficient indicates positive cooperativity of the actomyosin Mg-ATPase-calcium
relationship (Loong et al., 2012). Research has shown that phosphorylation of tropomyosin
in reconstituted cardiac muscle fibers is associated with reduced cooperativity (Lu et al.,
2010). Thus, increased phosphorylation of tropomyosin may decrease cooperativity,
which negatively affects contractile function in the aging male heart (Kane et al., 2020).
These changes were not correlated with frailty in the aging female heart, which suggests
that the female heart may be less affected by poor health status (eg. frailty) compared to

the male heart (Kane et al., 2020).

Frailty also affects age-related cardiac contractile function at the organ level in a
sex-specific fashion. Kane et al. (2021) reported that E/A ratios declined with age and
were graded by frailty in male mice only. Furthermore, measures of systolic function,
including EF and fractional shortening (FS) increased with age and correlated with FI
scores in males but not females (Kane et al., 2021). Research suggests that EF increases
in order to compensate for smaller LV-end diastolic volumes that can occur with aging
(Gebhard et al., 2013). Elevated LV EF (=70%) has been shown to be associated with
increased mortality in patients with and without HF (Wehner et al., 2020). Changes in
phosphorylation levels of myofilament proteins in aging mouse hearts may also at least
partially compensate for smaller intracellular calcium transients and cause increased EF
(Kane et al., 2020; Kane et al., 2021). Overall, these results suggests that frailty is a better
predictor of contractile dysfunction in hearts from male mice when compared to female

mice.
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1.5 Rationale

Previous studies using the FI tool have shown that frailty facilitates maladaptive
changes associated with cardiac aging in mice of both sexes (Feridooni et al., 2017; Kane
et al., 2020; Kane et al., 2021). However, this age-associated remodeling differs between
sexes (Kane et al., 2021) and may facilitate the development of HF in a sex-specific
fashion. As mentioned in previous sections, HF manifestations may differ according to
age and sex. Despite this, most preclinical studies of heart diseases have used young
adult male animals. The overall goal of this thesis is to use Ang II infusion to determine
if hypertension-induced HF differs between the sexes and exacerbates frailty in aging

male and female mice in a sex-specific fashion.

1.6 Objectives

The specific objectives of this work were to:

1. Determine the effects of Ang II infusion on the cardiovascular system in older

C57BL/6 mice.

2. Explore sex differences in Ang II-induced cardiac remodeling.

3. Determine if Ang II-induced HF exacerbates frailty in a sex-specific fashion.

4. Determine if baseline frailty increased adverse cardiac outcomes in Ang II-

infused mice.
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Figure 1.1. Types of heart failure. Top image shows a normal heart, bottom left image
shows heart failure with reduced ejection fraction, and bottom right image shows heart
failure with preserved ejection fraction. Images were created with Biorender.com.
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Chapter 2: Materials and Methods

2.1 Animals

All experiments were approved by the Dalhousie University Committee on
Laboratory Animals and followed Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines (Kilkenny, Browne, Cuthill, Emerson & Altman, 2010). This study
used C57BL/6 male and female mice obtained from Charles Rivers Laboratories (St.
Constant, QC, Canada). All mice were purchased as retired breeders and were between 13
to 16 months when the experiments started. Animals were housed in micro-isolator cages
in the Carlton Animal Care Facility at Dalhousie University and maintained on a 12-h light-
dark cycle. Mice were allowed ad libitum access to Standard Grain-Based Control Rodent

Diet (F4059; Bio-Serv, Frenchtown, NJ) and water.

2.2 Quantification of frailty using the clinical frailty index

Frailty was assessed as deficit accumulation with the non-invasive clinical FI
created by Whitehead et al. (2014). This FI consists of scoring 31 different health-related
deficits. Each deficit was given a score of 0 if absent; 0.5 if mild; or 1 if severe. A clicker
used in dog training was used to measure hearing loss. The animal was weighed, and the
body temperature was measured at the abdomen using an infrared temperature probe (La
Crosse Technology, La Crosse, WI). Weight and temperature were scored based on the
number of standard deviations the tested mouse was from the average values measured at
baseline. Values that differed from the reference by >1, 2, 3 or 4 SD were scored as 0.25,
0.5, 0.75, and 1 respectively. Once the scores for all parameters were obtained, they were

added and divided by 31 to yield an FI score of between 0 and 1. Table 2.1 shows an
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example of the frailty assessment form developed by Whitehead et al. (2014). Table 2.2
describes in detail the scoring system for the FI assessment and the criteria for each deficit
(Whitehead et al., 2014). FI scores for all mice were measured at baseline to create two
age- and sex-matched groups of mice with high or low FI scores. FI scores were measured
weekly thereafter for 6 weeks following osmotic minipump implantation. The

experimental timeline is illustrated in Figure 2.1.

2.3. Analysis of FRIGHT and AFRAID CLOCKS

The Frailty Inferred Geriatric Health Timeline (FRIGHT) and Analysis of Frail and
Death (AFRAID) clocks were calculated based on methods described previously (Schultz
et al., 2020). Both clocks are based on FI data as well as weight change data as described
below. The FRIGHT clock is a strong predictor of chronological age whereas the AFRAID
clock is a predictor of life expectancy. Briefly, data from previously determined FI scores
for each mouse at each time-point were input and analyzed by the
frailtyclocks.sinclairlab.org website. In addition to the deficits that make up the FI score,
prediction variables for body weight change were included for the FRAIL and AFRAID
analysis. These include recent percent weight change (% RWC), from 4 weeks before the
assessment; percent total weight change (% TWC), from more than 4 weeks before the
assessment; and threshold recent weight change in which mice received a score of 1 if they

gained more than 8% or lost more than 10% of their body weight in recent weight change.

In the present study, % RWC and % TWC change were entered as 0 for all mice
from baseline to week 3. For week 4, % RWC was calculated as the difference between

body weight at week 4 and baseline, and % TWC was equal to % RWC. The % RWC at
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week 5 was determined from the difference between body weight at week 5 and week 1;
% TWC was assessed as the difference between week 5 and baseline. The difference
between week 6 and week 2 made up % RWC at week 6; the difference between week 6

and baseline was used as % TWC.

2.4. Measuring blood pressure

Blood pressure was measured at baseline, then at midpoint, and endpoint following
pump implantation (refer to the timeline in Figure 2.1) using a tail cuff plethysmography
machine (IITC Life Science, Inc., Woodland Hills, CA). The blood pressure monitoring
software (IITC Life Science, Inc., Woodland Hills, CA) was used to record systolic and
diastolic blood pressure. The machine was calibrated prior to each recording. To do this,
a pressure gauge with a manual bulb inflator was connected to the cuff airports on the
machine via a tubing adapter. The “calibrate” setting was selected and the pressure was
manually adjusted to 0 mmHg, 50 mmHg, and 300 mmHg for subsequent rounds of
calibration using the manual bulb inflator. Then the animal was placed in a clear restrainer
with a dark cone at the animal’s face to limit their vision and movement. A tail cuff
attached to the sensor was placed at the base of the tail and secured to the restrainer. The
animal was then placed in a warmed chamber and allowed to acclimatize for 10 minutes.
As measurements were initiated, the tail cuff was inflated to occlude blood flow to the tail.
As the cuff was deflated, the falling pressure allowed the blood to return to the tail. A light
sensor within the tail cuff detected this movement of blood, which was transduced into an

electrical signal. Four consecutive rounds were performed with each round producing five
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recordings. The mouse was acclimatized to the procedure but no data was collected for

two days in a row, and measurements were made on the third day.

2.5. Measuring in vivo heart structure and function

Animals were placed in an empty cage and an empty cone connected to the
anesthetic machine was placed on top of the animal. The animal was then anesthetized
with 3% isoflurane in oxygen (1 L/min) delivered via the cone. When the animal lost
consciousness, it was placed on a heating pad in a supine position. Isoflurane was the
delivered via a nose cone and was maintained between 1-1.5% throughout the procedure.
Lubricating eye gel was placed on the animal’s eyes to maintain eye moisture. Electro-
conductive gel was placed on all four paws to facilitate electrocardiogram and heart rate
recordings via the conducting pads. A temperature probe was inserted rectally to record
temperature. A heat lamp was used to maintain body temperature at 37°C. The hair on the
animal’s chest was removed with depilatory cream to prevent interference with the
recordings. Ultrasound transmission gel was applied to the animal’s chest and a high-
resolution linear transducer was placed on the gel. The heart was imaged with the Vevo
2100 echocardiography imaging system (FUJIFILM VisualSonics Inc., Toronto, Ontario,
Canada). Two-dimensional M-Mode echocardiography displayed images of the short-axis
section of the heart from which physical measurements of the LV were recorded. The left
ventricular anterior wall (LVAW) and left ventricular posterior wall (LVPW) dimensions
at systole and diastole indicate L'V wall thickness. The LV diameters at systole and diastole
indicate the degree of inner chamber dilation. These values were used by the software to

calculate EF (the amount of blood pumped out of the heart during a heartbeat), FS (the
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degree of shortening of the LV between diastole and systole), diastolic LV volume, LV
mass, and corrected LV mass (LV mass x 0.8). The corrected LV mass/diastolic volume
ratio was calculated to determine the extent of concentric remodeling and hypertrophy in
the heart (Lembo et al., 2019). The LV wall distensibility, an indicator of cardiac wall
stiffness, is calculated from the difference between systolic LVPW and diastolic LVPW

divided by systolic LVPW (Takeda et al., 2009).

Pulse wave Doppler in the apical, 4 chamber view was used to measure the velocity
of the blood flowing to the L'V through the mitral valve. The E wave represents the passive
filling velocity as the ventricle relaxes, and the A wave represents the active filling velocity
as the atria contract. The E/A ratio calculated from these values is indicative of LV
diastolic function. The isovolumic relaxation time (IVRT) as well as the isovolumic
contraction time (IVCT) were also measured. IVRT is defined as the time between the
aortic valve closing and the mitral valve opening. IVCT is defined as the time between the
mitral valve closing and the aortic valve opening. The mice were placed on a heating pad

for at least 1 hour to recover at the end of the experiment.

2.6. Osmotic minipump implantation

ALZET osmotic pumps model 2006 (Durect Corp., Cupertino, CA, USA) were
incubated in saline at 37°C 24 hours before implantation (refer to Figure 2.2, a schematic
of the procedure). The Ang II stock solution (0.1 M) was prepared by mixing Ang II in
0.9% saline. The amount of Ang II (ng) needed per pump was calculated using the
formula: (body weight x 3 mg/kg/day x pump filling volume)/(24 x pump rate); the pump

filling volume and the pump rate were 223.6 uL and 0.13 pL/hr respectively. The volume
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of Ang II stock solution needed in each pump was calculated as: (the amount Ang II
needed/the molecular weight of Ang II or 1046.19 g/mol)/0.1 M. The volume of saline
needed was determine by subtracting the volume of Ang II stock solution needed from the
pump filling volume. The Ang II solution required for each pump was made up by mixing
the required volumes of saline and Ang II stock solution in an Eppendorf tube before being
added to the pump. To prevent the pump from being under filled, the combined volumes
were doubled. The pumps were filled with either Ang II solution or 0.9% NaCl (control)
in a biosafety cabinet (BSC). This dosage was chosen as infusion of Ang Il between 2.1
mg/kg/day (Chinnakkannu et al., 2018) to 3.2 mg/kg/day (Izumiya et al., 2012) has been

shown to induce hypertension and pressure-overload induced HF in male C57BL/6 mice.

Mice were weighed then placed in a clean empty cage and taken to the surgical area
for pump implantation (Figure 2.3). The mouse was placed under a plastic cone through
which 3% isoflurane with a continuous flow of 95%/5% O2/CO; was delivered. Once the
mouse lost consciousness, it was placed on a sterile drape on top of a heating pad and a
nose cone delivering anesthesia was attached. Eye lubricating gel was used to maintain
the mouse’s eye moisture during the procedure. A subcutaneous injection of saline and
meloxicam (0.5 mg/kg IV) at a 1:1 ratio were delivered to maintain fluids during surgery
and provide post-operative pain relief respectively. The area of over the shoulder where
the pump was to be implanted was shaved with an electric razor. The shaved area was
wiped three times with betadine and three times with alternate 70% ethanol and iodine. A
toe pinch test was used to confirm the depth of anesthesia before the implantation began.
A surgical blade was used to make a 1 cm horizontal incision behind the ear over the

shoulder blade of the front leg on the right side. A pocket for the pump was created by
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inserting a hemostat subcutaneously through the incision. The pump was inserted into the
pocket with the regulator head towards the tail. Once the pump was inserted, the incision
was stapled with wound clips. The mouse was weighed then placed in a clean cage on a
heating pad to recover for at least two hours. A post operation card was attached to the
cage containing information about the surgical procedure. The mouse was given mashed
regular food in water and moved to the recovery room where it was monitored for 24 hours.
Then the mice were returned to their home cages. Wound clips were removed 10 to 14
days following the surgery. Mice were monitored for humane endpoint (HEP) weight after
the implantation procedure. They were euthanized when the HEP weight (80% of the

initial weight plus minipump weight) was reached.

2.7. Langendorff-perfused isolated hearts

FI scores were determined immediately prior to euthanasia for each animal. Mice
were anesthetized with an intraperitoneal injection of sodium pentobarbital (200 mg/kg)
plus heparin (3,000 U/kg) which was used to prevent blood coagulation. The toe pinch test
was used to evaluate the depth of anesthesia. A thoracotomy was performed as soon as
there was no pedal withdrawal reflex in both hindlimbs. The aorta was incised and
cannulated with a blunt 21-gauge needle. The heart was cannulated and perfused with a
Krebs—Henseleit perfusion buffer containing (mM): NaCl, 91.3; glucose, 11; NaHCO3, 25;
KCl, 4.7; MgS04.7H,0, 1.2; KH2POg4, 1.2; CaCly, 1.8; and pyruvate, 0.79. The buffer was
bubbled with 95% O and 5% CO> for at 37°C to achieve a pH of 7.4. CaCl, was added

after the solution had been bubbled for 20 minutes and the solution was filtered through a
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0.45 um Vacucap PV filter (PALL, NY, USA) before being added to the perfusate

reservoir.

The cannulated heart was then excised and mounted on the Langendorff apparatus
(Figure 2.4) for perfusion at a constant pressure of 80 mmHg. The temperature of the
perfusate was maintained at 37°C via water jacketed tubing connected to a temperature-
controlled water bath. The temperature of the heart was maintained using a glass chamber
which was placed over the heart, along with a heat lamp. The left atrium was removed to
allow a fluid-filled balloon constructed from GLAD® Cling Wrap (The Clorox Company
of Canada LTD., Brampton, ON, Canada) to be inserted into the left ventricle. The balloon
was inflated to a minimum pressure of 5-10 mm Hg. The balloon was connected via fluid-
filled tubing to a pressure transducer (ADInstruments, Colorado Springs, CO, USA) that
converted changes in balloon pressure into digital signals. The PowerLab 8/35 data
acquisition system (ADInstruments, Colorado Springs, CO, USA) received and recorded
these signals. Heart rate, electrocardiography, pressure and temperature were monitored

with Labchart software (ADInstruments, Colorado Springs, CO, USA).

The heart was allowed to stabilize for the 20 minutes and then baseline signals were
recorded for 30 minutes. Recordings of LV pressure were used to determine left ventricular
developed pressure (LVDP), heart rate, rate of pressure development and decay (+dP/dt
and —dP/dt, respectively), and rate pressure product (RPP). The effluent was collected
from the heart during the experiment to produce the coronary flow rate expressed as the
amount of effluent (mL) collected per minute. At the end of the experiment, the heart was
weighed then flash frozen in liquid nitrogen before being stored at -80°C freezer. The

lungs were collected, weighed, and stored in a plastic container containing desiccant beads.
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The dry lung weigh were later recorded to determine the amount of pulmonary fluid as the
difference between wet lung weight and dry lung weight. The tibia was isolated, and its
length was measured using calipers (Lee Valley, Halifax, NS). This was done to allow

heart weight to be normalized by tibia length, rather than body weight.

2.8. Fibrosis assay

Fibrosis was determined by quantifying the collagen contents in hearts isolated at
the end of the experiment. The hydroxyproline assay kit (Sigma-Aldrich, Okaville, ON;
Catalog number: MAKO008) was used to quantify the concentration of hydroxyproline, a
major component of collagen. The kit contained a set of standards with known
concentrations of hydroxyproline. Frozen heart samples (10-30 mg of ventricle tissue)
were homogenized in water (100 pL) and subsequently hydrolyzed in 12 M HCI at 120°C
for 3 hours. The samples were then centrifuged at 10 000 x g for 3 minutes. The
supernatant (20 pL) from each sample and standard was pipetted into a 96 well plate then
placed in an oven to dry at 60° for 3 hours. The 96 well plate was removed from the oven
after 3 hours. Then chloramine T (6 pL), oxidation buffer (94 pL), perchloric
acid/isopropanol solution (50 pL), and 4-(dimethylamino)benzaldehyde (50 pL) were
added to the sample wells. The plate was placed back in the oven for incubation at 60°C
for 90 minutes. The plate was subsequently removed and the absorbance was immediately
read at 560 mm. The absorbance values of the standards and samples were used to
determine the concentration of hydroxyproline in each sample. The concentration of
hydroxyproline (1g) in each sample was normalized to the heart weight (mg) used in the

assay.
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2.9. Chemicals

Ang II acetate salt was purchased from Bachem (Cat# 1705, Torrance, CA, USA).
Ang II was stored at -20°C upon arrival and at 4°C 24 hours before preparing the stock
solution. Stock preparations were made by dissolving 100 mg of Ang Il in 1 ml of 0.9%
saline. The stock was aliquoted into Eppendorf tubes containing 50 pl each and stored at

-20°C until needed. All chemicals used to make buffer solutions were purchased from

Sigma Aldrich (Oakville, ON).

2.10. Statistics

GraphPad Prism V9.0 (GraphPad Software, San Diego, CA) and Sigma Plot 14.0
(Systat Software, Inc., Point Richmond, CA) were used to create all graphs and perform
statistical analysis. Systolic and diastolic blood pressure were analyzed using the blood
pressure monitor software (IITC Life Science, Inc., Woodland Hills, CA).
Echocardiography data were analyzed with the Vivid 7 imaging system (GE Medical
Systems, Horten, Norway). Langendorff data were analyzed using Labchart 8.0
(Molecular Devices, Sunnyvale, CA). Two-Way ANOV A with Tukey post-hoc’s was used
to analyze Langendorff data and isolated tissue morphology data. Mixed effects analysis
with Fisher’s LSD post-hoc were performed on blood pressure, echocardiography, FI

scores, and FRIGHT and AFRAID clocks.

A Kaplan-Meier survival curve was constructed to illustrate the probability of

survival over the timeframe of the experiment. Survival data were recorded for mice of
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both sexes for the duration of the experiment to generate these survival curves. Mortality
was recorded as sudden death or when mice were euthanized as they reached their HEP
weight due to weight loss caused by Ang II infusion. Mice that survived to the endpoint
were censored and included in the analysis as censored data. Survival data were analyzed

with a log-rank test.

FI data for control and treated mice were normalized to percent of baseline FI for
control mice for each sex group. The proportion with each deficit was analyzed using a
Chi-square test. The effects of frailty on in vivo cardiac structure and function were
analyzed with linear regression analysis. Data were presented as mean + SEM and

differences were reported as significant if P <0.05.
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Table 2.1. Mouse frailty assessment form.

Mouse ID: Date: Date of birth:
Sex: F M Body weight (g): Surface body temperature (°C):
Mouse Frailty Assessment Form
Rating: 0 = absent, 0.5 =mild, 1 = severe

Integument: Notes:
e Alopecia (hair loss) 0 0.5 1
e Loss of fur colour 0 0.5 1
e  Dermatitis 0 0.5 1
e Loss of whiskers 0 0.5 1
e (Coat condition 0 0.5 1
Musculoskeletal system:
e  Tumours 0 0.5 1
e Distended abdomen 0 0.5 1
e  Kyphosis/hunched posture 0 0.5 1
e Tail stiffening 0 0.5 1
o QGait 0 0.5 1
e Tremor 0 0.5 1
e Forelimb grip strength 0 0.5 1
e Body condition score 0 0.5 1
Vestibulocochlear/Auditory:
e Headtilt 0 0.5 1
e Hearing loss 0 0.5
Ocular/Nasal:
e (ataracts 0 0.5 1
e Discharge/swollen/squinting 0 0.5 1
e  Microphthalmia 0 0.5 1
e Corneal opacity 0 0.5 1
e  Vision loss 0 0.5 1
e Menace reflex 0 0.5 1
e Nasal discharge 0 0.5 1
Digestive/Urogenital system:
e  Malocclusions 0 0.5 1
e Rectal prolapse 0 0.5 1
e Penile/Uterine prolapse 0 0.5 1
e Diarrhoea 0 0.5 1
Respiratory:
e  Breathing rate/depth 0 0.5 1
Discomfort:
e Mouse grimace scale 0 0.5 1
e Piloerection 0 0.5 1

Total Score/ Max Score:
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Table 2.2. Clinical assessment of deficits in aging mice to create a frailty index.

System/Parameter Clinical assessment of deficit Scoring
Integument
Alopecia Gently restrain the animal and inspect it | 0 = normal fur density

for signs of fur loss

0.5 =<25% fur loss
1 =>25% fur loss

Loss of fur color

Note any chance in fur color from
black to grey or brown

0 =normal color
0.5 = focal grey/brown changes
1 = grey/brown throughout body

Dermatitis

Document skin lesions

0 = absent

0.5 = focal lesions (e.g. neck, flanks,
under chine)

1 = widespread/multifocal lesions

Loss of whiskers

Inspect the animal for signs of a
reduction in the number of whiskers

Inspect the animal for signs of a
reduction in the number of whiskers
0 =no loss

0.5 = reduced number of whiskers

1 = absence of whiskers

Coat condition

Inspect the animal for signs of poor
grooming

0 = smooth, sleek, shiny coat
0.5 = coat is slightly ruffled

1 = unkempt and un-groomed,
matted appearance

Physical/

Musculoskeletal

Tumours Observe the mice to look for symmetry. | 0 = absent
Hold the base of the tail and manually 0.5=<1.0cm

examine mice for visible or palpable
tumors

1 => 1.0 cm or multiple smaller
tumors

Distended abdomen

Hold the mouse vertically by the base
of the tail and tip backwards over your
hand. Excess fluid visible as a bulge
below the rib cage

0 = absent
0.5 = slight bulge
1 = abdomen clearly distended

Kyphosis

Inspect the mouse for curvature of the
spine or hunched posture. Run your
fingers down both sides of the spine to
detect abnormalities

0 = absent

0.5 = mild curvature

1 = clear evidence of hunched
posture

Tail stiffening

Grasp the base of the tail with one
hand, and stroke the tail with a finger of
the other hand. The tail should wrap
freely around the finger when mouse is
relaxed

0 = no stiffening
0.5 = tail responsive but does not curl
1 = tail completely unresponsive

Gait disorders

Observe the freely moving animal to
detect abnormalities such as hopping,
wobbling, circling, wide stance and
weakness

0 = no abnormality

0.5 = abnormal gait but animal can
still walk

1 = marked abnormality, impairs
ability to move

Tremor

Observe the freely moving animal to
detect tremor, both at rest and when the
animal is trying to climb up an incline

0 =no tremor
0.5 = slight tremor1 = marked
tremor; animal cannot climb
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Forelimb grip
strength

Hold the mouse. Allow it grip the bars
on the cage lid. Lift animal by the base
of the tail and assess grip strength

0 = sustained grip
0.5 = reduction in grip strength
1 = no strength, no resistance

Body condition score

Place mouse on flat surface, hold tail
base and manually assess the flesh/fat
that covers the sacroiliac region (back
and pubic bones)

0 = bones palpable, not prominent
0.5 = bones prominent or barely felt
1 = bones very prominent or not felt
due to obesity

Vestibulocochlear/

Auditory

Vestibular Hold the base of the tail and lower 0 = absent

disturbance mouse towards a flat surface. Inspect 0.5 = mild head tilt and/or slight spin

for head tilt, spinning, circling, head
tuck or trunk curling

when lowered
1 = severe disequilibrium

Hearing loss

Test startle reflex. Hold a clicker ~ 10
cm from mouse, sound it 3 times and
record responses

0 = always reacts (3/3 times)
0.5 =reacts 1/3 or 2/3 times
1 = unresponsive (0/3 times)

Ocular/ Nasal
Cataracts Visual inspection of the mouse to detect | 0 = no cataracts
opacity in the center of the eye 0.5 = small opaque spot
1 = clear evidence of opaque lens
Eye discharge/ Visual inspection of the mouse to detect | 0 = normal
swelling ocular discharge and swelling of the 0.5 = slight swelling and/or
eyes secretions
1 = obvious bulging and/or secretions
Microphthalmia Inspect eyes 0 = normal

0.5 = minimal changes in cornea
1 = marked clouding and/or spotting
of cornea

Corneal opacity

Visual inspection of the mouse for
superficial white spots and/or clouding
of the cornea

0 =normal

0.5 = minimal changes in cornea

1 = marked clouding and/or spotting
of cornea

Vision loss

Lower mouse towards a flat surface.
Evaluate the height at which the mouse
reaches towards the surface

0 = reaches >5 cm above surface
0.5 = reaches 2-5 cm above surface
1 = reaches <2 cm above surface

Menace reflex

Move an object towards the mouse’s
face 3 times. Record whether the mouse
blinks in response

0 = always responds

0.5 =no response to 1 or 2
approaches

1 = no response to 3 approaches

Nasal discharge Visual inspection of the mouse to detect | 0 = no discharge
nasal discharge 0.5 = small amount of discharge
1 = obvious discharge, both nares
Digestive/Urogenital
Malocclusions Grasp the mouse by the neck scruff, 0 = mandibular longer than maxillary

invert and expose teeth. Look for
uneven, overgrown teeth

incisors
0.5 = teeth slightly uneven
1 = teeth very uneven and overgrown

Rectal prolapse

Grasp the mouse by the base of the tail
to detect signs of rectal prolapse

0 =no prolapse

0.5 = small amount of rectum visible
below tail

1 = rectum clearly visible below tail
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Vaginal/ uterine/
penile prolapse

Grasp the mouse by the base of the tail
to detect signs of vaginal/ uterine or
penile prolapse

0 = no prolapse

0.5 = small amount of prolapsed
tissue visible

1 = prolapsed tissue clearly visible

Diarrhea Grasp the mouse and invert it to check 0 =none
for signs of diarrhea. Also look for 0.5 = some feces or bedding near
fecal smearing in home cage rectum
1 = feces + blood and bedding near
rectum, home cage smearing
Respiratory
Breathing rate/ depth | Observe the animal. Not the rate and 0 =normal
depth of breathing as well as any 0.5 = modest change in breathing rate
gasping behavior and/or depth
1 = marked changes in rate/depth,
gasping
Discomfort

Mouse grimace scale

Note facial signs of discomfort: 1)
orbital tightening, 2) nose bulge, 3)
check bulge, 4) ear position (drawn
back) or 5) whisker change (either
backward or forward)

0 = no signs present
0.5 =1 or 2 signs present
1 =3 or more signs present

Piloerection Observe the animal and look for signs 0 = no piloerection
of piloerection, in particular on the back | 0.5 = involves fur at base of neck
of the neck only
1 = widespread piloerection
Other
Temperature Measure surface body temperature with | 0 = differs by <1 SD from reference
an infrared thermometer directed at the | value
abdomen (average of 3 measures). 0.25 = differs by 1 SD
Compare with reference values from 0.5 = differs by 2 SD
sex-matched adult animals 0.75 = differs by 3 SD
1 = differs by >3 SD
Weight Weight the mouse. Compare with 0 = differs by <1 SD from reference

reference values from sex-matched
adult animals

value

0.25 = differs by 1 SD
0.5 = differs by 2 SD
0.75 = differs by 3 SD
1 = differs by >3 SD
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Pump implant

(Ang II or saline)

FI FI FI FI FI FI FI

BP BP BP BP

Echo Echo Echo Echo

Langendorff  Langendorff

[ " - - - - - -

0 1 2 3 4 5 6 Week
Baseline Midpoint Endpoint

Figure 2.1. General timeline of the experimental interventions. Mice of each sex were
FI-matched at baseline to form treatment and control groups. They were then implanted
with osmotic minipumps containing Ang II (3 mg/kg/day) or saline respectively.
Abbreviations: Ang II, angiotensin II; FI, frailty index; BP, blood pressure; echo,
echocardiography.
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1. Calculate the volume of
Ang II and sterile saline
required.

=

6. Insert the flow regulator into
the pump body, remove excess
liquid and weigh the filled

pump.

Fill Volume (pl) = (Fill
Weight — Empty Weight) x
1000

% Fill = (Actual Fill
Volume/ Mean Fill
Volume) x 100%

7. Calculate fill volume
and % fill, refill if under
100 %.

1]

=

3. Weigh the empty pump
and record the lot

number.
" ! ¢
F 4

=

2. Under the BSC, mix
sterile saline and Ang II
stock solution in an
Eppendorf tube.

4. Draw the prepared Ang
IT solution into a 1 cc
syringe with the filling
needle attached.

5. Insert the syringe into the pump
body and fill the pump slowly,
remove the syringe when a bead
of fluid rises on top of the pump
body.

g0

8. Place the filled pump with
the regulator facing upwards
into a labeled test tube, add
saline to cover the pump.

prior to implantation.

Figure 2.2. A step-by-step flow chart that illustrates the osmotic mini-pump filling
procedure. Each step is described in detail in the methods section.
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1. Prepare the surgical area,
open the surgical pack and
place the pump inside.

'

Anesthesia
N/
(4
2. Weigh the mouse 3. Place anesthetized
and record the pre- mouse with anesthetic
surgical weight. tube onto surgical drape

over heating pad.

!
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o ] N q‘\ 3
{ VY 3@ "™
/ - Shave -
[+ A j / Q
6. Wash hands then dry with 5. Shave the implantation area, 4. Cover the eyes with
sterilized towels, put on wipe x 3 with betadine, then lubricating gel and inject
surgical gloves. and alternate 70% ethanol and the saline/meloxicam
iodine x 3. solution subcutaneously.

1

o

7. Use a sterile blade to
make a 1 cm incision behind
the ear over the shoulder.

12.  Fill out the
information about the
surgical procedure and
place it on the cage card.

—>

8. Use forceps hold the skin 9. Insert the pump into
and insert the hemostat into the pocket, staple the
the incision to make a pocket. incision with wound
clips.
Mash
-

s @ = @
11. Allow 2-3 hr recovery 10. Weigh the mouse and
on a heating pad, give wet record the post-surgical
mash. weight.

Figure 2.3. A step-by-step flow chart that illustrated the osmotic mini-pump
implantation procedure. Each step is described in detail in the methods section.
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Figure 2.4. A schematic of the Langendorff apparatus used to assess left ventricular function

in the mouse heart. The experiment is described in detailed in the methods section.
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Chapter 3: Results

3.1 The impact of Ang II infusion on blood pressure

The first series of experiments investigated whether Ang II infusion increased blood
pressure over the timeframe of this study. Systolic and diastolic blood pressure were
measured using the tail-cuff method at baseline, midpoint (week 3), and endpoint (week
6). Figures 3.1A and 3.1B show representative examples of blood pressure recorded from
a male mouse in the absence of Ang II (at baseline) and in the presence of Ang II (at
endpoint). In each figure, the top panel shows the amount of pressure applied to the tail-
cuff over time, and the bottom panel shows the blood pressure recording from the tail pulse.
Systolic blood pressure, indicated by the green line, is the point at which the pulse envelop
starts to amplify on the blood pressure recording. The mean arterial pressure (MAP),
indicated by the red line, is the point at which the pulse begins to flatten after the first
highest pulse. The diastolic blood pressure is automatically calculated by the software
from the systolic blood pressure and MAP. Mean (= SEM) data for systolic blood pressure
in both sexes are shown in Figures 3.2A and 3.2B. Results showed that Ang II infusion
caused significant increases in systolic blood pressure in mice of both sexes compared to
midpoint and endpoint controls, as well as compared to baseline data. There were no sex
differences among any group. Similar results were seen with diastolic blood pressure
(Figures 3.3A and 3.3B) and MAP (Figures 3.4A and 3.4B). These results indicate that

Ang II infusion induced hypertension in both males and females.
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3.2 Changes in in vivo cardiac structure in response to Ang Il infusion

To investigate the effects of Ang II infusion on in vivo cardiac morphology and
function, two-dimensional M-mode echocardiography was used to measure cardiac
changes. Figures 3.5A and 3.5B show representative M-mode images of the LV of treated
male mice at baseline (before treatment) and at endpoint (after treatment) respectively.
Figure 3.5A also shows many of the measurements made from the M-mode images
including LV wall thickness and LV chamber dimensions. Figure 3.5B shows LV dilation
when compared to Figure 3.5A. Figures 3.6 and 3.7 show mean (= SEM) for LVAW and
LVPW at systole respectively in control and treated mice of both sexes. Figures 3.6A and
3.7A show that Ang II infusion had no effect on systolic LVAW and LVPW thickness in
female animals. By contrast, moderate thinning of systolic LVAW and LVPW occurred
over time in Ang II-infused male mice, although the effect was small and treated mice were
not significantly different than controls (Figures 3.6B and 3.7B). There were also sex
differences between the treated mice at midpoint and endpoint, where Ang II-induced
hypertension caused male mice to have thinner systolic LV walls compared to females
(denoted by the # symbol in Figures 3.6A and 3.7A). The results of the M-mode

echocardiography statistical analysis are summarized in Table 3.1.

Interestingly, different results were seen where LV wall thickness was examined in
diastole. Diastolic LV wall thickness was unaffected by Ang II-induced hypertension in
males, while cardiac wall thickening occurred in females (Figures 3.8 and 3.9). Figures
3.8A and 3.9A show that diastolic LVAW and LVPW thickness increased over time in
females, and this effect was significant compared to female controls at midpoint and

endpoint. Furthermore, treated females had thicker diastolic LVAW than treated males at
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midpoint and endpoint. In contrast, Ang II infusion had no effect on diastolic LVAW and
LVPW in males (Figures 3.8B and 3.9B). Overall, Ang II-induced hypertension caused

LV walls to become thinner in males, whereas the walls became thicker in females.

Changes in the LV wall thickness can affect the size of the LV inner chamber.
Indeed, results from the present study show that LV inner diameters at systole increased
over time in Ang Il-infused male and female animals (Figures 3.10A and 3.10B). This
effect was also significant for males and females when compared to corresponding same-
sex controls at midpoint and endpoint. Similarly, Ang II infusion caused dilation of the
LV diameter in diastole over time in treated male mice, but this was significantly higher
than control at endpoint only (Figure 3.11B). In contrast, there was only a minor effect of
Ang II-induced hypertension on diastolic diameters in female hearts. A significant increase
in diastolic diameter compared to control occurred only at midpoint, and there were no
changes over treatment time (Figure 3.11A). There were also sex differences in the size of
the inner LV chamber. Both treated and control male mice had larger LV diameters when
compared to respective female groups at baseline, midpoint and endpoint (Figure 3.11A).
This sex difference also occurred for systolic diameters but only at midpoint and endpoint
(Figure 3.10A). These observations demonstrate that Ang II-induced hypertension led to

LV dilation that was more pronounced in males than females.

As wall thickening and/or chamber dilation can result in higher LV mass (Drazner,
2011), we explored whether corrected LV mass increased in Ang Il-treated mice.
Corrected LV mass (LV mass x 0.8) was used since M-mode overestimates uncorrected
LV mass in normal hearts (Kuhl et al., 2003) as well as in heart failure (Gopal et al., 1997)

and hypertensive heart disease (Stewart et al., 1999). The value of uncorrected LV mass
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measured by M-mode corresponds to ~80% of the value by 3-D imaging (Kuhl et al., 2003).
The results in Figures 3.12A and 3.12B show that corrected LV mass increased in Ang II-
infused mice of both sexes. This effect occurred over time and was significant compared
to control mice at both midpoint and endpoint. Control male mice also had larger hearts
than control females at all three time points (Figure 3.12A). Overall, these results indicate
that Ang II-induced hypertension led to enlargement of the heart in both sexes, with male

mice having greater chamber dilation.

The impact of Ang Il-induced pressure overload on LV remodelling was further
evaluated by comparing additional cardiac parameters including LV wall distensibility.
LV wall distensibility is used to estimate LV wall stiffness (Takeda et al., 2009; Kawaguchi
et al., 2003). LV wall distensibility was calculated from the difference between systolic
LVPW and diastolic LVPW divided by systolic LVPW. Figures 3.13A and 3.13B show
that LV wall distensibility decreased over time in both male and female mice, and this was
significant compared to corresponding same-sex controls. In addition, female treated and
control mice had greater LV wall distensibility compared to corresponding male data at
midpoint only. These data indicate that male and female mice developed stiffer LV wall,

as seen by reduced LV wall distensibility, following Ang II infusion.

The LV mass/end-diastolic volume ratio is a parameter used to identify LV
concentric remodeling and hypertrophy in hypertensive patients (Lembo et al., 2019). The
LV mass/end-diastolic volume ratio is a better indicator of LV concentric remodeling than
LV wall thickness in hypertensive patients (Lembo et al., 2019). Here, the corrected LV
mass/diastolic volume ratios identified from M-mode echocardiography were adapted from

parameters used in humans to evaluate the degree of concentric remodeling in mice. Figure
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3.14A shows that Ang II-infused female mice underwent concentric remodeling over time
as seen by increased corrected LV mass/diastolic volume ratio over treatment time. This
effect was significantly different from same-sex controls. In contrast, concentric
remodeling did not occur in treated males, since corrected LV mass/diastolic volume ratio
was unaffected by Ang II infusion (Figure 3.14B). These results illustrate that pressure
overload induced by Ang II infusion caused concentric remodeling in hearts from females

only.

3.3 Changes in in vivo cardiac function in response to Ang II infusion

M-mode echocardiography was also employed to evaluate heart rate and systolic
function (EF and FS). Figure 3.15A shows that Ang II infusion had no effect on heart rate
in female mice. In treated males, heart rate moderately declined over time, but this change
was not significant when compared to same-sex controls. The impact of Ang II infusion
on systolic function was investigated by examining effects on EF and FS. Figures 3.16 and
3.17 show that Ang II infusion caused EF and FS to decline over time in both male and
female animals. These declines were significant when compared to corresponding same-
sex controls. There were also sex differences, but these were present only in the control
groups. Male controls had lower EF and FS compared to females at the midpoint and at
the endpoint (Figures 3.16A and 3.17A). These findings suggest that Ang II infusion
promoted systolic dysfunction in both sexes, and that both EF and FS may decline with age

in control males when compared to females.

Pulse wave Doppler was used to further assess systolic and diastolic function. E/A

ratios and IVRT are indicators of diastolic function in both preclinical and clinical studies
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(Yuan et al., 2010). Prolonged IVCT is an indicator of systolic dysfunction (Garcia et al.,
2006; Kono et al., 2010) and a novel predictor of HF in humans (Alhakak et al., 2020).
Both IVCT and IVRT are prolonged in patients with CHF (Garcia et al., 2006). Figures
3.18A and 3.18B show representative pulse wave Doppler images in a treated male mouse
at baseline (before Ang II infusion) and at midpoint (after Ang II infusion) respectively.
The latter image shows that the late filling wave (A) decreased in amplitude while the early
wave E was not affected. Figures 3.19A and 3.19B show that the E wave was unaffected
by Ang II treatment in mice of both sexes. However, a sex difference was present where
treated females had lower E wave values than males at the endpoint. In contrast, Ang II-
induced hypertension caused the A wave to decline in amplitude over time in mice of both
sexes (Figures 3.20A and 3.20B). Interestingly, this was more pronounced in males, as the
decline in the A wave was significant when compared to male controls at midpoint and
endpoint. By contrast, this did not occur in females. This sex difference translated to the
results observed for the E/A ratios. Although E/A ratios in the treated female group
increased slightly at midpoint and endpoint, this effect was not significant over time and
when compared to the corresponding control group (Figure 3.21A). In males however, the
E/A ratio increased, and this was significant over time and when compared to same-sex
controls (Figure 3.21B). Thus, severe diastolic dysfunction was observed in treated males

but not treated females.

Diastolic function was further examined using IVRT. Figures 3.22A and 3.22B
show that Ang II-induced hypertension caused impaired relaxation in both males and
females as seen by the prolongation of IVRT over time. In males, this adverse effect was

significant compared to same-sex controls at midpoint and endpoint (Figure 3.22B).
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However, diastolic dysfunction was less evident in females since IVRT prolongation was
significant compared to female controls at midpoint only (Figure 3.22A). The impact of
pressure overload caused by Ang II infusion on IVCT was also examined. IVCT
prolongation was more profound in male mice than in female mice. Figure 3.23A and
3.23B show that Ang II-induced hypertension had no effect on IVCT in females, but caused
marked IVCT prolongation in males at endpoint. This change was significant when
compared to values at baseline and midpoint, male endpoint control, and endpoint treated
females. Together, these results suggest that Ang II-induced hypertension caused diastolic
dysfunction in both sexes, but this was more marked in male mice. IVCT prolongation in
treated males but not females suggests that male mice exhibited worse systolic dysfunction
in response to Ang II infusion when compared to females. A summary of the p values for
all the cardiac parameters assessed using pulse wave Doppler echocardiography is shown

in Table 3.2.

3.4 The impact of Ang II-infusion on contractile function in isolated whole hearts

At the endpoint, Langendorff-perfused heart experiments were performed to
investigate the effects of Ang II infusion on baseline contractile function in ex vivo hearts.
Due to differences in heart weights among the animals, RPP and flow rate were normalized
to heart weight. Figures 3.28 shows that Ang II infusion had no effect on baseline heart
rate, LVDP, rate of contraction (+dP/dt), and rate of relaxation (—dP/dt) in any group, and
there were no sex differences in hearts from the treated groups. Although Ang II treatment
did not have an effect on these parameters, hearts from male control mice did have higher

baseline +dP/dt and —dP/dt when compared to females (Figures 3.24C and 3.24D).
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Similarly, Ang II treatment had no effect on RPP in either male or female hearts, but RPP
in control hearts from male mice was higher when compared to female controls (Figure
3.25A). RPP is a product of LVDP and heart rate and is used as an indicator of cardiac
work and myocardial oxygen consumption in both animals and humans (Pal et al., 2014,
Aksentijevic et al., 2016). Interestingly, the impact of Ang II on cardiac work in
Langendorff-perfused hearts was apparent when RPP was normalized to heart weight.
Figure 3.25B shows that normalized RPP decreased significantly in hearts from treated
male mice when compared to same-sex controls, but this was not seen in females. To
determine whether the effects were attributable to differences in coronary perfusion,
coronary flow rate were compared in treated and control mice of both sexes. Figure 3.26
shows that coronary flow rate and normalized coronary flow rate in hearts from treated
male and female mice were not affected by Ang Il treatment. There were no sex differences
in coronary flow rate in any group. Together, these results illustrate that Ang II treatment
had little impact on contractile properties of Langendorff-perfused hearts from female

animals, although it did reduce cardiac work in hearts from male mice.

3.5 The impact of Ang II infusion on tissue morphology and fibrosis

Following Langendorff studies, heart weights were recorded to determine the
impact of Ang II treatment on ex vivo cardiac morphology. Figure 3.27 shows that Ang II-
treated female mice exhibit cardiac hypertrophy in ex vivo heart. The hypertrophied heart,
shown on the right, was isolated from an Ang II-infused female mouse (Figure 3.27B).
The control heart, shown on the left, is smaller in size in comparison (Figure 3.27A). Body

weights of controls and treated mice were also recorded at the end of the experiment to
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assess whether Ang II infusion affects body weights. Figure 3.28A shows that Ang II-
treated male mice had markedly reduced body weights compared to same-sex controls, but
this did not occur in females. In addition, treated and control male mice had larger body
weights than treated and control females respectively (Figure 3.28A). Since Ang II
infusion induced alterations in body weight, it was not used to normalize measures of tissue
hypertrophy. Fluid retention in animals with HF can affect actual body weight and
introduce error in cardiac measures normalized by body weight (Hagdorn et al., 2019). To
avoid such error, tibia length has been recommended for indexing cardiac measures, since
it normalizes for animal size independently of changes in body compositions (Hagdorn et
al., 2019). As shown in figure 3.28B, control male mice also had larger heart weights than
control females. Figure 3.28 also shows that Ang II-induced hypertension resulted in larger
heart weights in female treated mice when compared to same-sex control. However, this
was not seen in males (Figure 3.28B). Similar results were seen when heart weight was

normalized to tibia length (Figure 3.28C).

The lung was isolated from each mouse and its weight was recorded to examine
whether Ang II-infusion resulted in changes in lung morphology. The amount of fluid in
the lung was also measured to determine the extent of pulmonary edema, a common
manifestation of HF (Miglioranza et al., 2017). Figures 3.29A-C show that Ang II-treated
females had larger wet lung weights, increased lung weight to tibia length ratios, and
elevated pulmonary fluid respectively, and this was not seen in males. There were no sex

differences in any group (Figures 3.29A-C).

Previous results in in vivo heart indicated that Ang II-treated mice of both sexes

exhibited diastolic dysfunction and increased L'V wall stiffness. In the hypertrophied heart,
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increased cardiac wall stiffness is due to fibrosis or deposition of extracellular collagen
(Roe et al., 2017). Thus, increased cardiac wall stiffness in Ang II-infused mice may be
due high levels of fibrosis in the heart. In order to quantify the levels of fibrosis in hearts
from mice used in this study, the fibrosis assay measuring hydroxyproline concentrations
was performed. The hydroxyproline concentration is associated with collagen level and is
a marker of fibrosis (Qiu et al., 2014). Figure 3.30 shows that Ang IlI-infused mice had
higher collagen content on average than the corresponding control groups, but this was not
statistically significant. Overall, these findings suggest that lower body weight and greater
cardiac hypertrophy was seen in Ang Il-treated male mice, while increased pulmonary
hypertrophy and elevated pulmonary edema was seen in treated females only. The levels
of fibrosis in hearts isolated from both males and females were not affected by Ang II
infusion. Results for in vivo and ex vivo overall cardiac changes in treated mice of both

sexes were summarised in Table 3.3.

3.6 Effects of Ang II infusion on frailty and mortality in mice of both sexes

The results presented thus far show that older male and female mice developed
signs of HF in response to Ang II infusion. The next series of experiments aimed to
determine the effects of Ang II-induced HF on frailty and mortality in aging mice of both
sexes. FI scores and mortality were assessed at baseline and at weekly intervals after Ang
II infusion in mice of both sexes. Figure 3.31 shows Kaplan-Meier survival curves, which
illustrate survival for the mice used in this study. Mortality was recorded when an animal
died unexpectedly or was euthenized due to illness or low HEP weight. Treated male and

female mice had higher mortality rates than corresponding same-sex controls, but analysis
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with log-rank tests showed no significant differences between groups (Figure 3.31). Next
we assessed the impact of Ang II-induced HF on frailty measured as FI scores. FI scores
were normalized to percent of baseline control (mean = SEM) for males and females
(Figures 3.32A and 3.32B). Results showed that FI scores of Ang-II infused male and
female mice progressively increased over time to levels that were significantly higher than
corresponding same-sex controls. Interestingly, this difference in FI scores between treated
and control mice was more marked in males than in females (Figure 3.32B). For example,
a sex difference between FI scores for treated mice was seen at week 5, where males had
higher FI scores than females (Figure 3.32A). These data indicate that Ang II infusion
worsened frailty in mice of both sexes, with males being more severely affected than

females.

To determine whether the differences in FI scores between Ang Il-infused and
control mice were due to effects on a single deficit or to more widespread effects on
multiple deficits, the proportion of mice with each deficit were determined. Figure 3.33A,
B, and C show the proportion of treated and control female mice with specific deficits at
baseline, midpoint, and endpoint respectively. Figure 3.34 shows these proportions in
males. The results show that Ang Il infusion caused increases in the proportions of deficits
across treatment time in both males and females. In addition, a wide variety of deficits
were affected. Interestingly, some deficits differed significantly between control and Ang
[I-treated mice. For example, at baseline the female control group showed more kyphosis
than the treated group, while at midpoint the treated group showed more menace reflex and
vision loss deficits than control (Figure 3.33A and 3.33B). At endpoint, the proportions of

treated female mice with deficits in breathing rate, vision loss, hearing loss, body condition
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score, and kyphosis were higher compared to the control group (Figure 3.33C). For male
mice, there was a higher proportion of control mice with deficits in piloerection at baseline
(Figure 3.34A). At midpoint, the proportion of mice with deficits in breathing rate, tail
stiffening, kyphosis, and coat condition was higher in treated compared to control mice
(Figure 3.34B). The treated male group also showed more deficits than control group at
endpoint in grimace scale, breathing rate, hearing loss, gait disorders, and tail stiffening
(Figure 3.34C). These data suggest that the differences in FI scores in treated versus
control mice arose from a combination of multiple deficits rather than effects on a single

deficit or system.

Next, the FRIGHT and AFRAID clock scores, as predictors of biological age and
life expectancy respectively, were determined for treated and control mice of both sexes.
Figures 3.35A and 3.35B show that Ang Il-induced hypertension increased estimated
biological age in mice of both sexes. For example, FRIGHT clock ages progressively
increased over time in Ang II-treated female mice, and this was significantly different from
controls at weeks 3 and 6 (Figure 3.35A). An even more striking increase in biological age
was seen for male mice, as the difference was also significant at week 5 (Figure 3.35B).
Ang Il infusion also caused estimated life expectancy, indicated by the AFRAID clock, to
decline over time in both sexes (Figures 3.36A and 3.36B). Interestingly, this decline in
treated males was significant compared to same-sex controls at midpoint (week 3), but this
did not occur in females. It is also interesting to note that females had a longer life
expectancy at baseline than males. These data suggest that Ang II infusion caused
accelerated aging and reduced life expectancy in male and female mice, with the impact

being more severe in males.
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It is possible that Ang II-infused mice with highest levels of frailty at baseline were
more susceptible to adverse cardiac outcomes including signs of HF. Thus, the relationship
between in vivo cardiac parameters at endpoint and the baseline frailty scores in treated
mice was investigated by plotting all cardiac parameters measured immediately prior to an
animal’s death as a function of individual baseline FI scores. Specific examples for females
and males are shown in Figures 3.37 and 3.38 respectively. Figures 3.37A-H show that
endpoint cardiac parameters including corrected LV mass, LV diameter at systole, LVAW
at systole, LVPW at diastole, EF, IVCT, IVRT, and E/A ratios respectively were not
correlated with baseline FI scores in treated female mice. These results were similar in
male mice (Figures 3.38 A-H). These results suggest that baseline frailty may not predict

adverse cardiac outcomes in Ang II-infused mice, regardless of their sex.
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Figure 3.1. Representative examples of blood pressure show that an Ang Il-treated
male mouse developed hypertension at endpoint compared to baseline. The trace on
the pressure panel (top) shows the amount of pressure being applied to the cuff on the
mouse’s tail. On the tail pulse panel (bottom), the green line indicates where the pulse
envelop begins, indicating the systolic blood pressure (SBP). The red line indicates where
there is a fairly even drop-off of pulses after the highest pulse. This is the mean arterial
pressure (MAP). The diastolic blood pressure is calculated from the SBP and MAP.
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Figure 3.2. Ang II infusion increased systolic blood pressure in mice of both sexes. A.
Systolic blood pressure increased over time in treated female mice, and this was significant
compared to same-sex controls. B. Similar results were seen in males. Sample sizes for
females were n = 9 control, n = 10 treated and males were n = 6 control and n = 11 treated.
Data were analysed with mixed-effects analysis and a Fisher’s LSD post-hoc test. The
symbol * denotes P <0.05.
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Figure 3.3. Ang II infusion increased diastolic blood pressure in mice of both sexes.
A. Diastolic blood pressure increased over time in treated female mice, and this was
significant compared to same-sex controls. B. Similar results were seen in males. Sample
sizes for females were n = 9 control, n = 10 treated and males were n = 6 control and n =
11 treated. Data were analysed with mixed-effects analysis and a Fisher’s LSD post-hoc
test. The symbol * denotes P <0.05.
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Figure 3.4. Ang II infusion led to hypertension in mice of both sexes. A. Mean arterial
pressure increased over time in treated female mice, and this was significant compared to
same-sex controls. B. Similar results were seen in males. Sample sizes for females were n
= 9 control, n = 10 treated and males were n = 6 control and n = 11 treated. Data were
analysed with mixed-effects analysis and a Fisher’s LSD post-hoc test. The symbol *
denotes P <0.05.
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Figure 3.5. Representative M-mode echocardiography images of in vivo LV structure
in male mice before (baseline) and after Ang II infusion (endpoint). A. The top image
shows normal LV structure. The letters a, b, c, d represent diastolic diameter, systolic
diameter, systolic diameter of left ventricular anterior wall, and diastolic diameter of left
ventricular anterior wall respectively. B. The bottom image shows LV chamber dilation.
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Figure 3.6. Ang II-induced hypertension decreased systolic LVAW thickness male
mice, and the walls were thinner than in females. A. Ang II-induced hypertension had
no effect on systolic LVAW female mice compared to same-sex controls. B. Systolic
LVAW in treated males decreased moderately over time and was significantly lower than
in treated females at midpoint and endpoint. Sample sizes for females were n =9 control,
n = 10 treated and males were n = 6 control and n = 11 treated. Data were analysed with
mixed-effects analysis and a Fisher’s LSD post-hoc test. The symbol * denotes P <0.05
and # denotes significant difference from corresponding data in males, P <0.05.
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Figure 3.7. Ang II-induced hypertension reduced systolic LVPW thickness in male
mice, and this was smaller than in females. A. Ang Il-induced hypertension had no
effect on systolic LVPW female mice compared to same-sex controls. B. Systolic LVPW
in treated males decreased moderately over time and was significantly lower than in treated
females at midpoint and endpoint. Sample sizes for females were n = 9 control, n = 10
treated and males were n = 6 control and n = 11 treated. Data were analysed with mixed-
effects analysis and a Fisher’s LSD post-hoc test. The symbol * denotes P <0.05 and #
denotes significant difference from corresponding data in males, P <0.05.
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Table 3.1. P-values from mixed-effects analysis for cardiac parameters measured by
M-mode echocardiography.

Parameter, Time Sex Treatment | Time x Time x Sex x
unit Sex Treatment | treatment

LVAWs,mm | 0.0775 0.0507 0.2641 0.0493 0.8894 0.3152

LVPWs, mm | 0.2477 0.1237 0.3147 0.0386 0.1114 0.2865

LVAWd, mm | 0.2993 0.1338 0.0027 0.3736 0.1089 0.0617

LVPWd, mm | 0.1294 0.6661 0.0046 0.3762 0.387 0.0409

Ds, mm <0.0001 | <0.0001 | <0.0001 0.1527 0.0033 0.4488

Dd, mm 0.0144 | <0.0001 0.0052 0.2199 0.0276 0.4537

Corrected LV 0.02 <0.0001 0.0008 0.0255 0.0605 0.0002
mass, mg

HR, bpm 0.0068 0.0266 0.4798 0.5833 0.2909 0.6855

EF, % <0.0001 0.01 <0.0001 0.134 0.0005 0.4119

FS, % <0.0001 | 0.0221 <0.0001 0.1229 0.0006 0.183

Abbreviations: LVAWSs, systolic left ventricular anterior wall; LVPWs, systolic left
ventricular posterior wall; LVAWd, diastolic left ventricular anterior wall; LVPWd,
diastolic left ventricular posterior wall; Ds, systolic diameter; Dd, diastolic diameter; HR,
heart rate; bpm, beats per minute; EF, ejection fraction; FS, fractional shortening.
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Figure 3.8. Ang Il-induced hypertension markedly increased diastolic LVAW
thickness in female mice but not in male mice. A. Diastolic LVAW increased over time
in treated female mice, and this was significant compared to female controls and treated
males at midpoint and endpoint. B. Ang II-induced hypertension had no effect on diastolic
LVAW in males. Sample sizes for females were n = 9 control, n = 10 treated and males
were n = 6 control and n = 11 treated. Data were analysed with mixed-effects analysis and
a Fisher’s LSD post-hoc test. The symbol * denotes P <0.05.
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Figure 3.9. Ang Il-induced hypertension increased diastolic LVPW thickness in
female mice but not in male mice. A. Diastolic LVPW increased over time in treated
female mice, and this was significant compared to female controls. B. Ang Il-induced
hypertension had no effect on diastolic LVPW in males. Sample sizes for females were n
= 9 control, n = 10 treated and males were n = 6 control and n = 11 treated. Data were
analysed with mixed-effects analysis and a Fisher’s LSD post-hoc test. The symbol *
denotes P <0.05.
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Figure 3.10. Ang II-induced hypertension dilated the LV in systole in mice of both
sexes. A. Systolic LV diameter in treated female mice increased over time, and this was
significant compared to same-sex controls. B. Similar results were seen in males. Both
male treated and control mice had larger systolic diameters compared to corresponding
females at midpoint and endpoint. Sample sizes for females were n = 9 control, n = 10
treated and males were n = 6 control and n = 11 treated. Data were analysed with mixed-
effects analysis and a Fisher’s LSD post-hoc test. The symbol * denotes P <0.05 and #
denotes significant difference from corresponding data in males, P <0.05.
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Figure 3.11. Ang II-induced hypertension dilated the LV in diastole in males more
than in females. A. Diastolic diameter in treated female mice increased at midpoint only.
B. Diastolic diameter in treated male mice increased over time and was significantly larger
than male controls at endpoint. Both male treated and control mice had larger diastolic
diameters than females at all time points. Sample sizes for females were n = 9 control, n
= 10 treated and males were n = 6 control and n = 11 treated. Data were analysed with
mixed-effects analysis and a Fisher’s LSD post-hoc test. The symbol * denotes P <0.05
and # denotes significant difference from corresponding data in males, P <0.05.
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Figure 3.12. Pressure overload induced by Ang II increased LV mass in mice of both
sexes. A. Corrected LV mass in treated female mice increased over time, and this was
significant compared to same-sex controls. B. Similar results were seen in males. Male
controls also had larger hearts than female controls at all time points. Sample sizes for
females were n =9 control, n = 10 treated and males were n = 6 control and n =11 treated.
Data were analysed with mixed-effects analysis and a Fisher’s LSD post-hoc test. The
ymbol * denotes P <0.05 and # denotes significant difference from corresponding data in
males, P <0.05.
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Figure 3.13. Ang II-induced hypertension caused increased wall stiffness in mice of
both sexes. A. LV wall distensibility decreased over time in treated females, and this was
significant compared to same-sex controls. B. Similar results were seen for male mice.
Both control and treated male mice also had lower LV wall distensibility when compared
to corresponding data in females, indicating that LV stiffness was greater in males than
females at midpoint. Sample sizes for females were n =9 control, n = 10 treated and males
were n = 6 control and n = 11 treated. Data were analysed with mixed-effects analysis and
Fisher’s LSD post-hoc. Symbol * denotes P <0.05 and # denotes significant difference
from corresponding data in males, P <0.05.

78



A. Female

— *

J —_ | ——

E 2 0_ # #

o)

E

T 1.5

5 | = x =

®

£ 1.0

>

-

B 0.5

(5]

o

5 0.0

o Baseline Midpoint Endpoint
B. Male = Control

) EE Angll

= 2.0+

o

E

S 1.5-

@ T I -

©

E 1.0

>

-

8 0.5

Q

[+}]

5 0.0

S o

Baseline Midpoint Endpoint

Figure 3.14. Ang Il-induced pressure overload promoted concentric remodeling in
female mice but not in male mice. A. Corrected LV mass/diastolic volume ratios
increased over time in treated female mice, and this was significant compared to same-sex
controls. B. Ang II infusion did not have an effect on corrected LV mass/diastolic volume
ratio in males. Sample sizes for females were n = 9 control, n = 10 treated and males were
n = 6 control and n = 11 treated. Data were analysed with mixed-effects analysis and a
Fisher’s LSD post-hoc test. The symbol * denotes P <0.05 and # denotes significant
difference from corresponding data in males, P <0.05
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Figure 3.15. Ang II-induced hypertension caused a moderate decline in heart rate in
males but had no effect in females. A. Heart rate was not affected by Ang II infusion in
females. B. Heart rate in Ang II-infused male mice declined moderately over time, but this
was not significant compared to same-sex controls Sample sizes for females were n =9
control, n = 10 treated and males were n = 6 control and n= 11 treated. Data were analysed
with mixed-effects analysis and a Fisher’s LSD post-hoc test. The symbol * denotes P
<0.05.
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Figure 3.16. Pressure overload caused by Ang Il infusion reduced ejection fraction in
mice of both sexes. A. Ejection fraction decreased over time in treated female mice, and
this was significant compared to same-sex controls. B. Similar results were seen in males.
Male controls also had lower ejection fraction than female controls at midpoint and
endpoint. Sample sizes for females were n = 9 control, n = 10 treated and males were n =
6 control and n = 11 treated. Data were analysed with mixed-effects analysis and a Fisher’s
LSD post-hoc test. The symbol * denotes P <0.05 and # denotes significant difference
from corresponding data in males, P <0.05.

81



A. Female *

3? 50 * *
= # #
g 404 T L L
[=
7]
T 30
o
@
— 20+
©
3
5 10
o
“ 0
Baseline Midpoint Endpoint
= Control
B. Male mE Angll
~ 50 *
e~ *
2 40+ * *
'E -T- [ —
7] T s
T 30
o
@
— 20
©
c
-9 10_
)
o
“ 0
Baseline Midpoint Endpoint

Figure 3.17. Pressure overload caused by Ang II infusion reduced fractional
shortening in mice of both sexes. A. Fractional shortening decreased over time in treated
female mice, and this was significant compared to same-sex controls. B. Similar results
were seen in males. Male controls also had lower fractional shortening than female
controls at midpoint and endpoint. Sample sizes for females were n = 9 control, n = 10
treated and males were n = 6 control and n = 11 treated. Data were analysed with mixed-
effects analysis and a Fisher’s LSD post-hoc test. The symbol * denotes P <0.05 and #
denotes significant difference from corresponding data in males, P <0.05.
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Figure 3.18. Representative Doppler echocardiography images of in vivo LV function
in male mice before (baseline) and after Ang II infusion (midpoint). The top image
(A) shows normal E (early filling velocity) and A (late filling velocity) waves. The bottom
image (B) shows a lower A wave. The resulting E/A ratio in panel B is higher than the E/A
ratio in panel A, indicating diastolic dysfunction in this male mouse treated with Ang II.
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Figure 3.19. Ang II-induced hypertension had little effect on late filling velocity in
mice of both sexes. E waves in females (A) and males (B) were not affected by Ang II
infusion, but treated males had higher values than females at endpoint. Sample sizes for
females were n = 9 control, n = 10 treated and males were n = 6 control and n = 11 treated.
Data were analysed with mixed-effects analysis and a Fisher’s LSD post-hoc test. The
symbol # denotes significant difference from corresponding data in males, P <0.05.
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Figure 3.20. Ang II-induced hypertension reduced late filling velocity in male and
female mice, but this was more pronounced in males. A waves in treated females (A)
and treated males (B) declined over time after Ang II infusion. This was significantly
different from same-sex controls in males but not females. Sample sizes for females were
n =9 control, n = 10 treated and males were n = 6 control and n = 11 treated. Data were
analysed with mixed-effects analysis and a Fisher’s LSD post-hoc test. The symbol #
denotes significant difference from corresponding data in males, P <0.05.
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Figure 3.21. Ang II-induced hypertension promoted abnormal diastolic filling in
males but not in females. A. E/A ratios in treated females were not significantly different
from same-sex controls. B. E/A ratios increased over time in males, and this was
significantly different from male controls. Sample sizes for females were n = 9 control, n
= 10 treated and males were n = 6 control, n = 11 treated. Data were analysed with mixed-
effects analysis and a Fisher’s LSD post-hoc test. The symbol * denotes P <0.05.
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Figure 3.22. Ang Il-induced hypertension resulted in diastolic dysfunction in male
and female mice, but this was more prominent in males. A. IVRT increased over time
in females but this was significant compared to female controls at midpoint only. B.
Similar results were seen for male mice, but large differences from control occurred at both
midpoint and endpoint. Sample sizes for females were n = 9 control, n = 10 treated and
males were n = 6 control and n = 11 treated. Data were analysed with mixed-effects analysis
and a Fisher’s LSD post-hoc test. The symbol * denotes P <0.05 and # denotes significant
difference from corresponding data in males, P <0.05.
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Figure 3.23. Ang II-induced hypertension resulted in abnormal LV contractility in
males when compared to females. A. IVCT in treated females was not affected by Ang
IT infusion. B. IVCT increased over time in males, and this was significantly different from
both male controls and treated females at endpoint. Sample sizes for females were n = 9
control, n = 10 treated and males were n = 6 control, n = 11 treated. Data were analysed
with mixed-effects analysis and a Fisher’s LSD post-hoc test. The symbol * denotes P
<0.05.
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Table 3.2. P-values from mixed-effects analysis for cardiac parameters measured by

doppler echocardiography.

Parameter Time Sex Treatment | Time x Time x Sex x
Sex Treatment | treatment

IVRT PW, ms 0.0003 0.8451 <0.0001 0.8275 <0.0001 0.0246

IVCT PW, ms 0.0006 0.7512 0.0475 0.0814 0.0483 0.0273

E, mm/s 0.9751 0.3937 0.3544 0.1425 0.686 0.1606

A, mm/s 0.0017 0.5021 0.0002 0.1793 0.0033 0.803

E/A ratio 0.0004 0.7369 <0.0001 09163 0.223 0.4484

Abbreviations: IVRT PW, isovolumic relaxation time pulse wave; IVCT PW, isovolumic
contraction time pulse wave; E, early filling velocity; A, late filling velocity.
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Figure 3.24. Chronic Ang Il-induced hypertension did not affect baseline chronic
contractile function in Langendorff-perfused hearts from mice of both sexes. A. Ang
IT infusion had no effect on baseline LVDP or (B) baseline heart rate in male and female
hearts. Similar results were seen for baseline +dP/dt (C) and —dP/dt (D), but these values
for male control hearts were higher compared to female controls. Sample sizes for females
were n = 10 control and n = 9 treated and males were n = 9 control, n = 11 treated. Data
were analyzed with 2-way ANOVA and a Tukey’s post-hoc test. The symbol * denotes P
<0.05.
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Figure 3.25. Ang Il-induced hypertension reduced cardiac work in Langendorff-
perfused hearts from male but not female mice. A. Ang II infusion did not affect the
rate pressure product (RPP) in hearts from males and females, but values for control males
were higher than for female controls. B. RPP normalized to heart weight decreased in
hearts from treated male mice when compared to male controls, but this did not occur in
females. Sample sizes for females were n = 10 control, n =9 treated and males were n =9
control, n = 11 treated. Data were analyzed with 2-way ANOVA and a Tukey’s post-hoc
test. The symbol * denotes P < 0.05.
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Figure 3.26. Ang II-induced hypertension had no effect on baseline coronary flow rate
in Langendorff-perfused hearts from mice of both sexes. A. Ang Il-induced
hypertension did not affect baseline coronary flow rate or B. baseline coronary flow rate
normalized to heart weight in male and female hearts. Sample sizes for females were n =
4 control, n = 3 treated and males were n = 4 control, n = 9 treated. Data were analyzed
with 2-way ANOVA and a Tukey’s post-hoc test.
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Figure 3.27. Cardiac hypertrophy in an intact heart isolated from Ang Il-infused
female mice. The picture on the right shows a heart isolated from an Ang II-infused female
mouse. The picture on the left shows a normal heart isolated from a control female mouse.
The right heart is greater in size compared to the left control heart.
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Figure 3.28. Ang II-induced hypertension resulted in lower body weights in males but
greater cardiac hypertrophy in females. A. Ang II-induced hypertension reduced body
weights in male more than in male controls. Male treated and control mice had larger body
weight than corresponding females. Treated females had larger heart weights (B) and heart
weights to tibia length ratios (C) than female controls. Female controls had lower heart
weights (B) and heart weights to tibia length ratio (C) than male controls. Sample sizes for
females were n = 9 control, n = 10 treated and males were n = 6 control, n = 11 treated.
Data were analysed with 2-way ANOVA and a Tukey post-hoc’s test. The symbol *
denotes P <0.05.
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Figure 3.29. Ang Il-induced hypertension resulted in lung hypertrophy and
pulmonary edema in female mice but not in males. A. Ang II-induced hypertension
increased wet lung weight (A), increased lung weight to tibia length ratio (B), and elevated
amount of pulmonary fluid (C) in female mice compared to same-sex controls, but this did
not occur in male mice. Sample sizes for females were n = 9 control, n = 10 treated and
males were n = 6 control, n = 11 treated. Data were analysed with 2-way ANOVA and a
Tukey post-hoc’s test. The symbol * denotes P <0.05.
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Figure 3.30. Ang Il-induced hypertension did not affect fibrosis levels in hearts
isolated from male and female mice. Hydroxyproline levels in hearts from females (A)
and males (B) did not change after Ang II infusion. Sample sizes for females were n = 5
control, n = 6 treated and males were n =5 control, n =9 treated. Data were analysed with
2-way ANOVA and Tukey post-hoc’s test.
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Table 3.3. Summary of results of overall changes in the cardiovascular system for Ang
II-treated mice of both sexes compared to same-sex controls. Sex differences for
overall changes were compared among treated animals. Arrows T, 1 , <> represent
increase, decrease, and no change respectively.

Parameter, unit Male Female Significant sex differences
Blood pressure, mmHg ) ) No
Systolic LV wall thickness, mm J o Thinner walls in males
Diastolic LV wall thickness, mm © ) Thicker walls in females
Systolic LV diameter, mm ) ) Chambers more dilated in males
Diastolic LV diameter, mm 0 <~ Chambers more dilated in males
Corrected LV mass, mg ) ) No
LV wall distensibility J \’ No
Corrected LV mass/Vd, mg/uL ) © Concentric hypertrophy in females
Heart rate, bpm J > No
EF and FS, % T T No
E/A T © No
IVRT, ms 0 ) No
IVCT, ms ) <~ Prolonged IVCT at endpoint in males
LVDP, mmHg e > No
+dP/dt, mmHg/s © > No
-dP/dt, mmHg/s o > No
Langendorff heart rate, bpm > > No
Normalized RPP, mmHg*bpm J > No
Normalized flow rate, ml/min <~ © No
Heart weight/tibia length, pg/mm ) < No
Pulmonary edema ) > No
Fibrosis levels o > No
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Figure 3.31. Kaplan Meier survival curves show no significant differences in
mortality in Ang II-infused versus control mice of both sexes. A. Ang II-infused female
mice had a lower probability of survival compared to same-sex controls, but this difference
was not statistically significant. B. Similar results were seen with male mice. Mortality
occurred when mice died unexpectedly or were euthanized due to illness or low humane
endpoint weight. Mice that were euthanized at the end of the experiment were censored.
Sample sizes for females were n = 11 control, n = 12 treated and males were n =9 control,
n =11 treated. Data were analyzed with a Log-rank test.
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Figure 3.32. Frailty scores increased in mice of both sexes following Ang II infusion.
A. Female treated mice had higher frailty index (FI) scores than female controls. B. Similar
results were seen for male mice. FI scores in treated males were higher than treated females
at week 5. Sample sizes for females were n = 11 control, n = 12 treated and males were n
= 9 control, n = 11 treated. Data was analyzed with mixed effect analysis and a Fisher’s
LSD post-hoc test. The symbols #, *, and + indicate P <0.05 compared to corresponding
male data, corresponding same-sex controls, and corresponding baseline data respectively.
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Figure 3.33. Proportions of female mice with deficits increased after Ang II treatment.
Panels A, B, and C show proportions of treated versus control female mice with deficits at
baseline, midpoint, and endpoint respectively. Sample sizes were n = 11 control and n =
12 treated. Data was analyzed with a Chi square analysis test. The symbol * indicates P
<0.05 compared to corresponding data of the same deficit.
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Figure 3.34. Proportions of male mice with deficits increased after Ang II treatment.
Panels A, B, and C show proportions of male treated versus control mice with deficits at
baseline, midpoint, and endpoint respectively. Sample sizes were n =9 control and n =11
treated. Data was analyzed with a Chi square analysis test. The symbol * indicates P <0.05
compared to corresponding data of the same deficit.
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Figure 3.35. Ang II-treatment accelerated aging in Ang II-treated male and female
mice, but this was more pronounced in male mice. A. Female treated mice had older
FRIGHT CLOCK ages over time, and this was significantly higher than female controls at
weeks 3 and 6. B. Similar results were seen for male mice, but significant differences
compared to controls occurred at weeks 3, 5, and 6. Sample sizes for females were n =11,
control and n = 12, Ang II and for males were n = 9, control, n = 11, Ang II. Data was
analyzed with mixed effect analysis and a Fisher’s LSD post-hoc test. The symbols * and
+ indicate P <0.05 compared to corresponding same-sex controls and corresponding
baseline data respectively.
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Figure 3.36. Estimated life expectancy declined in Ang Il-treated male and female
mice, but this effect was more pronounced in male mice. A. Female treated mice had
lower AFRAID CLOCK over time when compared to control, but this was not significantly
different. B. Values in treated males also increased over time when compared to controls,
and this was significant from controls after week 3. Sample sizes for females were n=11,
control and n = 12, Ang II and for males were n =9, control and n =11, Ang II. Data was
analyzed with mixed effect analysis and a Fisher’s LSD post-hoc test. The symbols #, *,
and + indicate P <0.05 compared to corresponding male data, same-sex controls, and
baseline data respectively.
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Figure 3.37. Sample endpoint LV echocardiography structural parameters in Ang II-
treated female mice did not correlate with baseline frailty scores. Panel A shows no
correlation between endpoint corrected LV mass and baseline frailty scores in Ang II-
infused female mice. Panel B, C, D, E, F, G, and H show similar results in systolic
diameter, systolic LVAW, diastolic LVPW, ejection fraction, IVCT, IVRT, and E/A ratios
respectively. Sample size was n = 10. Data were analyzed with linear regression analysis.
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Figure 3.38. Sample endpoint LV echocardiography structural parameters in Ang II-
treated male mice did not correlate with baseline frailty scores. Panel A shows no
correlation between endpoint corrected LV mass and baseline frailty scores in Ang II-
infused male mice. Panel B, C, D, E, F, G, and H show similar results in systolic diameter,
systolic LVAW, diastolic LVPW, ejection fraction, IVCT, IVRT, and E/A ratios
respectively. Sample size was n = 10. Data were analyzed with linear regression analysis.
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Chapter 4: Discussions

4.1 Overview of key findings

The first two objectives of this study were to determine the effects of Ang II
infusion on the cardiovascular system in C57BL/6 mice and to explore sex differences in
Ang II-induced cardiac remodeling. Following Ang Il infusion, both male and female mice
developed hypertension that remained until the end of the experiment. Ang II-induced
hypertension resulted in LV hypertrophy (increased corrected LV mass) and stiffening of
the cardiac walls (elevated LV wall distensibility) in mice of both sexes. Pressure overload
caused by Ang II infusion also resulted in sex differences in cardiac structural and
functional remodelling. Ang Il-infused male mice had thinner LV walls and greater
chamber dilation, which are characteristics of eccentric remodelling when compared to
treated females. On the other hand, increased wall thickness and concentric hypertrophy
were more prominent in Ang II-infused females. Treated females also showed some LV
dilation, but to a lesser extent than males. These changes in cardiac structural remodeling

are illustrated in Figure 4.1.

Other changes also occurred in Ang II-infused mice. Both male and female mice
developed systolic and diastolic dysfunction, but this was more severe in males. For
instance, Ang II-induced hypertension resulted in reduced EF and FS in mice of both sexes,
but prolonged IVCT was seen only in treated males. Furthermore, prolonged IVRT was
seen in both male and female animals, but only males had markedly higher E/A ratios.
Despite evidence of diastolic dysfunction, fibrosis levels in treated male and female
animals were not different when compared to respective same-sex controls. Although

increased LV mass was observed with echocardiography in treated mice of both sexes,
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cardiac hypertrophy in isolated hearts was evident in females only. Ang II-infused female
mice also had larger lungs and more pulmonary fluid compared to same-sex controls, an
effect not seen in male mice. Langendorff contractile parameters (LVDP, +dP/dt, -dP/dt,
flow rate, and normalized flow rate) in males and females were also unaffected by Ang II-
induced hypertension and cardiac remodeling. Interestingly, Ang II-induced hypertension
caused a reduction in cardiac work, indicated by normalized RPP, in males but not females.
These results suggest that Ang II-induced hypertension caused adverse cardiac remodelling
in a sex-specific manner. The impact on cardiac systolic and diastolic function was more
severe in male mice, while the impact on cardiac hypertrophy and pulmonary congestion

was worse in females.

The third objective of this study was to determine if Ang-II induced HF would
accelerate frailty in mice of both sexes. Results showed that FI scores progressively
increased with treatment time in Ang II-infused mice of both sexes, and this was significant
compared to same-sex controls. Similar results were seen for FRIGHT and AFRAID
CLOCKS, which indicates that Ang II-induced HF increased biological age and reduced
life expectancy in aging mice. Interestingly, the differences in frailty and clock scores
between Ang Il-infused male mice and male controls were greater than in females. These
findings show that Ang Il-induced adverse cardiac remodeling increased frailty and
accelerated aging in mice of both sexes, and that this effect was more pronounced in males

than females.

This study also aimed to determine whether baseline frailty was associated with
adverse cardiac outcomes in Ang II-infused mice. The relationship between endpoint in

vivo cardiac parameters and baseline FI scores for each treated mouse was explored using
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regression analysis. Results showed that there were no correlations between cardiac
structural and functional parameters and baseline FI scores in mice of both sexes. These
findings show that baseline frailty may not predict adverse cardiac remodeling that leads

to HF in male and female mice treated with Ang II.

4.2 Ang Il infusion induced hypertension in mice of both sexes

It has been well established that Ang II induces hypertension via constriction of
the blood vessels (Touyz et al., 2003). In both humans and animals, Ang II-induced
hypertension is associated with negative cardiovascular remodelling and fibrosis that leads
to HF (Touyz et al., 2003). Thus, it was important to measure blood pressure in this study
to determine if changes in blood pressure were associated with negative cardiac changes.
The results show that Ang II infusion caused mice of both sexes to develop hypertension
that was sustained throughout the experiment. There were no sex differences in blood
pressure levels following Ang II infusion. The hypertensive effect of Ang II infusion was
not surprising as this has been well established in the literature (Tsukamoto et al., 2013;
Harding et al., 2011; Xu et al., 2008). However, some previous studies have observed sex
differences in blood pressure response to Ang Il infusion in mice. For example, Xue et al.
(2005) infused young C57BL/6 mice of both sexes with 800 ng/kg/min Ang II for one
week, at which point male mice developed higher MAP than females. The study also
compared blood pressure in Ang II-infused gonadectomised mice of both sexes and found
that gonadectomy attenuated hypertension in males but augmented hypertension in females

(Xue et al., 2005). This finding suggests that sex differences may occur Ang Il-induced
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hypertension in younger mice, although sex differences in blood pressure were not seen in

the present study.

Other studies have shown that sex hormones are implicated in Ang II-induced
hypertension in rodents. For example, Ang Il infusion (120 ng/kg/min) for 28 days induced
hypertension, increased LV to body weight ratios, and enhanced cardiac fibrosis in both
young male Wistar rats and in castrated male rats given testosterone, but not in castrated
male rats without testosterone (Mishra et al., 2019). Androgens increase oxidative stress
and blood pressure via the pathways through which Ang II activates NADPH oxidases, a
major generator of ROS in vascular cells (Reckelhoff et al., 2003). In contrast, estrogens
decrease the production of Ang-II induced ROS in peripheral cardiovascular tissue (Xue et
al., 2008, Strehlow et al., 2003) and NADPH oxidase and nitric oxide synthase in the
endothelium (Gragasin et al., 2003). Nickenig et al. (2000) showed that Ang II increased
the production of free oxygen radicals in vascular smooth muscle cells, but this was
suppressed by estrogen. Furthermore, Ang II infusion (0.7 mg/kg/day) in young
ovariectomized female C57BL/6 mice for 3 weeks promoted hypertension, cardiac
hypertrophy and cardiac fibrosis (Pedram et al., 2013). These effects were all prevented in
mice receiving an estrogen receptor B agonist, suggesting that estrogen plays a role in
preventing adverse cardiac outcomes associated with Ang II-induced hypertension

(Pedram et al., 2013).

Estrogen also plays a role in the interaction of Ang II with angiotensin type 2
(AT?>) receptors, a regulator of blood pressure and sodium excretion (Gillis and Sullivan,
2016). The expression of AT> receptors is dependent on estrogen levels, and these

receptors are present at a higher level in female mice than in males (Pessoa et al., 2015).
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AT receptor agonist treatment increases renal blood flow and sodium excretion in female
spontaneous hypertensive rats but does not affect these parameters in male rats (Hilliard et
al., 2014). In addition, Ang II infusion (600 ng/kg/min for 10 days) induced hypertension
in young male C57BL/6 mice and AT, receptor knockout male and female mice (Brown et
al., 2012). However, young female C57BL/6 mice did not develop hypertension,
suggesting they may be protected via estrogen-AT> receptor interaction pathways (Brown
et al., 2012). As estrogen (Frick, 2009) and testosterone (Hashimoto et al., 2019) decline
with age in rodents, the older mice used in this study may have had somewhat lower levels
of sex hormones. This may explain why sex differences in blood pressure were not

observed in this study.

4.3 Ang II-induced hypertension promoted concentric hypertrophy in female mice
and eccentric hypertrophy in males

To determine the effects of Ang II on the heart, and whether there were sex
differences in cardiac changes induced by Ang II infusion, in vivo cardiac changes were
examined by echocardiography at baseline, midpoint and endpoint. Results showed that
Ang II-induced hypertension resulted in marked changes in cardiac structure in older mice
of both sexes. Treated mice of both sexes exhibited LV hypertrophy, dilation of LV inner
diameters, and LV wall stiffening (reduced LV distensibility). There were also sex
differences in the cardiac changes promoted by Ang II-induced hypertension. Treated
females exhibited concentric hypertrophy (thicker LV walls and increased corrected LV
mass/diastolic volume ratio), while males had eccentric hypertrophy (thinner LV walls and

greater dilation of the LV chambers). Reduced distensibility indicates increased wall
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stiffening to resist wall deformation during diastole (Takeda et al., 2009). Thus, LV wall
distensibility is linked to impairments in cardiac walls in diastole and is inversely related
to wall stiffness (Takeda et al., 2009). In both humans and animals, pressure overload is
often associated with concentric hypertrophy and wall stiffening, which help to minimize
wall stress (Schiattarella and Hill, 2015). In hypertensive patients, elevated LV mass/end-
diastolic volume ratio is not only an indicator of concentric hypertrophy but is also
associated with increased myocardial fibrosis and LV dysfunction (Lembo et al., 2019). In
addition, older women with hypertension are more likely to develop concentric LV
hypertrophy when compared to older men with hypertension (Drazner, 2011), which
corresponds to the results seen in the present study. More investigation is required to

understand the mechanisms underlying sex differences in Ang II-induced cardiac changes.

Obesity in the presence of severe hypertension often leads to eccentric cardiac
hypertrophy (Smalcelj et al., 2000). In the present study, concentric cardiac hypertrophy
was more prominent in Ang II-treated females and eccentric remodeling (thinner walls and
dilated chambers) was seen in males. There were also sex differences in body weight where
control and treated male mice had higher body weights than respective females. Treatment
with Ang II also resulted in increased body weight in treated male mice when compared to
control males, which was not seen in females. Reynolds et al. (2019) demonstrated that
aged male C57BL/6 mice (18 mos) were more susceptible to obesity than age-matched
female mice. Aged male mice have greater body mass and fat mass as well as lower
glucose tolerance than young male mice (6 mos) and aged females (Reynolds et al., 2019).
Aged females had higher body mass, but not fat mass when compared to young females

(Reynolds et al., 2019). In humans, those who are hypertensive and obese are more likely
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to exhibit cardiac eccentric hypertrophy (Zabalgoitia et al., 2001; Gottdiener et al., 1994).
In particular, individuals who are middle aged and markedly obese with moderate or severe
hypertension are most likely to develop eccentric hypertrophy (Smalcelj et al., 2000).
Moreover, female obese hypertensive patients exhibit eccentric hypertrophy more than
male obese hypertensive individuals (Akintunde et al., 2013). It is possible that eccentric
hypertrophy in Ang Il-treated male mice in the present study was due to obesity and

hypertension.

Hypertension increases afterload to the ventricles, which often results in
compensatory concentric hypertrophy to reduce wall stress (De Simone, 2004). Obesity
increases preload which leads to increased ventricular wall tension and subsequently
ventricular dilatation (Csige et al., 2018). Obesity in the presence of hypertension
eventually leads to LV hypertrophy with diastolic and systolic ventricular dysfunction (De
Simone et al., 2002). Previous studies examining cardiac changes in Ang II-infused young
male mice (8-12 weeks) found that Ang II-induced hypertension resulted in concentric
cardiac hypertrophy (Tsukamoto et al., 2013; Xu et al., 2008; Peng et al., 2011). The use
of old versus young mice, which have different body compositions, may explain the
differences in cardiac remodeling in these studies in comparison to the present study. It is
likely that obesity plays a role in promoting eccentric cardiac remodeling in the Ang II-
infused older male mice in the present study. More studies are required to explore markers
of obesity in older mice treated with Ang II, and whether these markers are associated with

Ang II-induced cardiac remodeling.
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4.4 Ang II-induced hypertension promoted diastolic dysfunction in mice of both
sexes

The present study found that both treated male and female mice exhibited
diastolic dysfunction, but this was more severe in males. Ang Il-treated male and female
mice also had prolonged IVRT, but only males had increased E/A ratios that were
significantly different from same-sex controls. There are several grades of diastolic
dysfunction. Grade I or early dysfunction is represented by reduced E/A ratio < 0.9
(Panesar and Burch, 2017). As diastolic function worsens, grade II or a
pseudonormalization pattern can be observed where E/A ratio increases (0.9-1.5) and may
appear normal (Panesar and Burch, 2017). Grade III or restrictive filling pattern is
characterized by an elevated E/A > 2 (Panesar and Burch, 2017). Thus, the markedly
elevated E/A ratio in treated male mice indicated restrictive LV filling and severe diastolic

dysfunction.

A previous study treating young male C57BL/6 mice with Ang II
(2.0 pg/kg/min) for 4 weeks also found markedly prolonged IVRT compared to control
mice treated with saline (Xu et al., 2008). Other studies looking at the effects of Ang II-
induced hypertension on younger male mice also reported signs of diastolic dysfunction
(Mori et al., 2012; Jia et al., 2010; Li et al., 2013). The impact of Ang Il-induced
hypertension on diastolic function in females is unclear as no previous studies looked at
this relationship, but the results presented here suggest that effects are less dramatic than

seen in males.

Concentric hypertrophy occurs as a compensatory mechanism in response to

increased afterload due to hypertension (Oktay et al., 2014). Increased wall thickness is an
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adaptive response in order to decrease wall stress (Plitt et al., 2020). Over time, this
remodeling process results in wall stiffening, leading to impaired relaxation, characteristic
of diastolic dysfunction (Lam et al., 2007). The transition between hypertension and HF
involves not only adaptive structural remodeling but also changes in the ECM (Rysa et al.,
2005). Deposition of ECM proteins such as collagen in the myocardium causes the heart
to stiffen which impairs relaxation and leads to diastolic dysfunction (Plitt et al., 2020).
Future studies should investigate changes in ECM in Ang Il-infused mice and how this

affects cardiac function.

Since Ang II-infused animals exhibit increased LV wall stiffening in the present
study, we expected fibrosis levels in the LV to increase. However, results of the fibrosis
assay showed that there were no significant differences among any groups in fibrosis
levels. This finding differs from some other studies examining fibrosis in humans and
animals. Studies on the impact of Ang II on fibrosis found that Ang Il increases attachment
of human fibroblasts to collagens I and III, the main collagens in the heart (Kawano et al.,
2000). The fibroblast-collagen adhesion promotes wound healing and scar formation
(Kawano et al., 2000). Elevated serum levels of Ang II are found in patients with
myocardial fibrosis and heart diseases including atherosclerosis, hypertension and HF
(Kim and Iwao, 2000; Brasier et al., 2002; Zhao et al., 2004). Clinical studies looking at
the effects of Ang II receptor blockers found that they attenuated cardiac remodeling
associated with myocardial fibrosis (Billet et al., 2008). These findings suggest that Ang

II facilitates the development of cardiac fibrosis in cardiac diseases in humans.

Studies in animals treated with Ang II also found that Ang II plays a role in

promoting cardiac fibrosis. Rodents infused with Ang II exhibit cardiac changes including
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hypertrophy and fibrosis similar to humans (Billet et al., 2008; Li et al., 2007; Liu et al.,
2003). Sopel et al. (2011) found that young male C57BL/6 mice infused with Ang II
(2.0 pg/kg/min) exhibited hypertension, cardiac hypertrophy, and extensive myocardial
collagen deposition after 7 days. The study also demonstrated that Ang Il promoted the
infiltration of fibrocytes and inflammatory cells into the myocardium which stimulate
fibrosis (Sopel et al., 2011). These studies support the role of Ang II in promoting
myocardial fibrosis. The absence of marked fibrosis in Ang II infused mice in the present
study may have occurred because we used older control and treated mice that may already
have elevated fibrosis due to aging (Kane et al., 2021). It also could be that fibrosis can be

focal and we might not have sampled the right region of the LV.

4.5 Ang II-induced hypertension promoted systolic dysfunction in mice of both
sexes, but this was worse in males.

Results of the present study showed that Ang II-treated mice of both sexes
exhibited systolic dysfunction as seen by decreased EF and FS. In treated female mice,
systolic dysfunction was accompanied by concentric hypertrophy. In hypertensive cardiac
diseases, increased blood pressure often results in concentric LV hypertrophy, followed by
LV dilation and systolic dysfunction where EF is reduced (Krishnamoorthy et al., 2011).
This transition from concentric LV hypertrophy to systolic dysfunction has been reported
in animals and in humans (Litwin et al., 1995; Krishnamoorthy et al., 2011).
Krishnamoorthy et al. (2011) demonstrated that increases in LV chamber dimensions play
a role in reduced EF in individuals with concentric hypertrophy. In hypertensive patients

with concentric cardiac hypertrophy, those with reduced EF have larger LV end-diastolic
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diameter and LV end-systolic dimension than those with preserved EF (Krishnamoorthy et
al., 2011). This suggests that dilation of the LV volume in concentric hypertrophy is part
of the progression to reduced EF in this population (Krishnamoorthy et al., 2011). Among
patients with HF, those with reduced EF and concentric hypertrophy are older hypertensive
women (Nauta et al., 2020). The studies presented in this thesis suggest that concentric
hypertrophy with dilated LV chambers is associated with reduced EF in Ang Il-treated

females.

Results from the present study also show that Ang II-treated male mice exhibited
eccentric hypertrophy along with systolic dysfunction. This was seen as reduced EF and
FS, as well as prolonged IVCT. Indeed, treated male mice had markedly prolonged IVCT
when compared to same-sex controls and treated females at endpoint. Eccentric LV
hypertrophy is commonly associated with HFrEF (Nauta et al., 2020). Longer IVCT is
also associated with HF as it is an independent predictor of HF in the general population
(Alhakak et al., 2020). In patients with HF, IVCT is markedly prolonged (Bruch et al.,
2000; Janert et al., 2000; Meric et al., 2014) as seen in the treated male mice in this study.
Prolonged IVCT is also used as a prognostic marker that predict the risks of HF in women
aged 45 to 94 years (Alhakak et al., 2020). Further investigations are required to
understand why prolonged IVCT only occurred in Ang II treated male mice but not

females, and to reveal underlying mechanisms.

To investigate the influence of Ang Il infusion on contractile function in isolated
ex vivo hearts and whether there are sex differences, Langendorff-perfused hearts were
investigated. Although systolic function declined in in vivo hearts of Ang Il-treated mice,

Langendorff cardiac parameters including LVDP, flow rate, heart rate, +dP/dt, and -dP/dt
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did not differ between control and Ang Il-infused mice of both sexes. However,
normalized RPP in treated male mice was significantly lower than same-sex controls,
which was not observed in females. This decline suggests that hearts from Ang II-treated
male mice could perform less work and had reduced contractility when compared to same-
sex controls. In patients with chronic HF, those with lower RPP exhibit more advanced
stage of HF (El-Dosouky et al., 2019). On the other hand, patients with higher RPP have
higher rates of concentric LV hypertrophy, which plays a compensatory role in normalizing
contractile stress and total contractile force (EI-Dosouky et al., 2019). Thus, the concentric

geometry may explain why normalized RPP was preserved in Ang Il-treated female mice.

The in vivo heart from Ang Il-treated mice was subjected to constant
hypertension, whereas this did not occur in the Langendorff-perfused heart. Thus, one
reason why systolic dysfunction seen in vivo was not reflected in the Langendorff-perfused
hearts results maybe because a constant pressure Langendorff system was used. The
pressure was maintained at 80 mmHg throughout the experiment for all the Langendorff-
perfused hearts which did not represent the hypertensive physiological conditions
experienced in vivo. Since the hearts from Ang II-treated mice remodeled to adapt to
pressure overload, the reduction in pressure in the Langendorff system used in this study
reduced the requirement to compensate for systolic stress. Furthermore, ventricular
function of the ex vivo Langendorff-perfused hearts is determined in the absence of neural
and/or hormonal influences, which may also play a role in systolic dysfunction in the in
vivo heart. It is possible that the in vivo cardiac functional changes would be reflected ex
vivo if a constant flow Langendorff model was used and the pressure applied is changed to

match that of the physiological system. Future studies performing Langendorff
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experiments on hearts in hypertensive animal models should consider employing the

constant flow system.

4.6 Ang II-induced hypertension promoted cardiac hypertrophy and pulmonary
edema in females only

There were also sex differences in isolated tissues in Ang II-treated and control
mice. Male controls had larger heart weights and heart weights normalized to tibia length
compared to female controls. However, these sex differences were abolished when the
mice were treated with Ang II. In addition, Ang II-treated females had larger heart weights
and heart weight to tibia length ratios compared to controls, but this was not observed in
males. The cardiac hypertrophy seen in isolated whole hearts from treated females reflects
the in vivo results, where the differences in corrected LV mass between treated and control
females were much larger when compared to males. Concentric LV hypertrophy in treated
females but not males may also explain why hypertrophy in isolated whole hearts was more

pronounced in females.

Treated females also accumulated more pulmonary fluid than female controls,
but this was not seen in males. Increases in lung weight commonly occur in LV failure,
and are a reliable indicator of LV dysfunction (Xu et al., 2011). In an aortic constriction-
induced mouse HF model, pressure overload led to LV dysfunction accompanied by larger
lung weights and increased lung fibrosis (Chen et al., 2012). The pressure overload
induced by aortic constriction results in concentric LV hypertrophy via mechanical
stimulation and activation of hormones including Ang II (Estrada et al., 2021). Concentric

hypertrophy leads to diastolic dysfunction which, in turn, increases LV diastolic pressure
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(Spier and Meurs, 2004). This increase in pressure can lead to elevated left atria and
pulmonary venous pressures (Spier and Meurs, 2004). The increased pressure in the left
atria causes fluid to accumulate in the lung interstitial spaces, which leads to pulmonary
edema (Drake and Doursout, 2002). Concentric LV hypertrophy combined with
hypertension particularly promotes acute pulmonary edema, a condition in which the
pulmonary airspaces fill with liquid (Maclver et al., 2015; Gandhi et al., 2001). Chronic
hypertension and concentric LV hypertrophy contribute to increased peripheral vascular
resistance, which increases the demand on the LV and an inability to raise LV stroke
volume appropriately (Maclver et al., 2015). On the other hand, stroke volume in the RV
is relatively unchanged, which creates a mismatch in stroke volume between RV and LV
(Maclver et al., 2015). Acute pulmonary edema occurs when a significant acute stroke
volume mismatch arises (Maclver et al., 2015). Moreover, Suen et al. (2019) found that
pulmonary hypertension also results in RV dilation and systolic dysfunction and in male
Fischer rats. Thus, future studies looking at whether Ang Il-induced hypertension also
affects RV structure and function in animal models of both sexes will contribute to our

understanding of hypertension and HF in both sexes.

4.7 Ang Il-induced hypertension promotes frailty in mice of both sexes

This work was the first to study the effects of Ang II-induced hypertension and HF
on frailty as well as sex differences in older mice. Results showed that Ang II infusion
worsened frailty, increased estimated biological age, and decreased estimated life
expectancy in mice of both sexes. However, all of these effects were more severe in male

mice. Previous preclinical studies found that frailty is closely related to age-associated
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adverse remodeling in hearts from male mice (Feridooni et al., 2017; Moghtadaei et al.,
2016; Jansen et al., 2017). In addition, adverse changes in myofilament proteins in the
aging heart were graded by FI scores in male mice but not in female mice (Kane et al.,
2020). Changes in EF, E/A ratios, fibrosis, and septal wall thickness were also graded by
frailty in aging male mice, but this was not seen in females (Kane et al., 2021). Only septal
wall thickness and L'V mass are related to frailty in female mice, suggesting that females
may be relatively more protected than males from adverse effects of frailty on the heart

(Kane et al., 2021).

Studies on patients with HF, however, found that women with HF have a higher
prevalence of frailty than men. Pandey et al. (2019) reported that older females with HF
and other comorbidities are at a higher risk of frailty compared to older males with a similar
profile. Other studies have also reported a higher prevalence of frailty among older female
HF patients (Altimir et al., 2005; Murad and Kitzman, 2015; Lupon et al., 2008).
Furthermore, a systemic review and analysis by Davis et al. (2021) found that women with
HF have a 26% higher relative risk of frailty compared to men with HF. Other factors
including other comorbidities may explain this sex difference in the prevalence of frailty
in HF (Davis et al., 2021). Nonetheless, sex differences in the prevalence of frailty in HF
remain poorly understood (Davis et al., 2021). Understanding gender differences in frailty

among HF patients is critically needed to inform clinical management of HF.

Frailty involves impairments in multiple physiological systems including the
endocrine system, respiratory system, cardiovascular system, and skeletal muscle system
(Angulo et al., 2016). For instant the musculoskeletal system plays a role in frailty by

accelerating sarcopenia or the decline of muscle strength and mass (Davies et al., 2018).
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Sarcopenia is common in patients with chronic HF, and it contributes to frailty
(Uchmanowicz et al., 2014). The manifestations of sarcopenia include slow gait speed,
weakness, shortness of breath, and fatigue during exercise. In the present study, the
proportions of mice with deficits in the musculoskeletal systems in both male and female
treated mice were higher compared to same-sex controls. Ang II-infused females had
higher proportions of deficits in body condition scores and kyphosis, whereas treated male
mice had increased proportions of gait disorders and tail stiffening. Other frailty deficits
including vision loss in treated females as well as breathing and hearing problems in treated
mice of both sexes also suggest impairments in the ocular, respiratory, and auditory
systems respectively. In humans, the prevalence of visual impairment is much higher in
HF patients than in those without HF (Sterling et al., 2018a). Visual impairments in older
adults are associated with worse frailty status (Swenor et al., 2019). Similarly, older
patients with HF have a higher prevalence of hearing loss compared to those without HF
(Sterling et al., 2018b). Hearing loss is also associated with increased risks of frailty and
poor physical function in older adults with and without HF (Kamil et al., 2016; Cosciano
et al., 2012). Moreover, respiratory muscle dysfunction contributes to breathing problems
and reduces exercise tolerance in HF patients (Miyagi et al., 2018; Filusch et al., 2011).
The decline in respiratory muscle strength is related to the severity of HF (Filusch et al.,
2011). Pulmonary hypertension in HF patients also plays a role in respiratory muscle
dysfunction by reducing ventilation efficiency (Filusch et al., 2011). There is a lack of
studies on rodent models of HF that examine how individual deficits contribute to HF and
poor health status. Overall, the results presented in this thesis suggest that deficits in

multiple organs including adverse remodeling in the heart contribute to increased frailty in
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Ang Il-infused mice. It is important to highlight the fact that the FI tool is not composed
of items that are direct measurements of cardiac function, but it can be used to measure

poor overall health associated with HF.

4.8 Baseline frailty was not correlated to cardiac outcomes in Ang II-treated mice of
both sexes

This study also aimed to determine whether high frailty levels at baseline led to
worse cardiac outcomes after Ang II treatment. Results showed that high baseline FI scores
were not associated with adverse cardiac outcomes in treated mice of both sexes. Kane et
al. (2020) showed that cardiac remodeling associated with adverse changes in
cardiomyocyte contractions is graded by FI scores in male mice and proposed that these
changes during aging may lead to cardiovascular disease including HF (Kane et al., 2020).
In the present study, none of the in vivo cardiac outcomes correlated with baseline frailty.
This may be due the age and limited range of FI scores in the mice used in this study. The
mice in this study were between 13 and 16 months of age with FI scores ranging from 0.05
to 0.32. On the other hand, Kane et al. (2020) used mice that were ~12 and ~24 months
old within a range of FI scores of 0.15 to 0.5. A relationship between frailty and cardiac
changes in Ang Il-infused mice may become more apparent with the use of older, frailer

animals.
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4.9 Potential mechanisms in cardiac remodeling and enhanced frailty in Ang II-
induced hypertension

Adverse cardiac remodeling including cardiac hypertrophy following Ang II
infusion observed in the present study could be due to an increase in Ang Il-induced
oxidative stress. Studies found that Ang II upregulates ROS production in all types of
vascular cells including smooth muscle cells, endothelial cells, and adventitial fibroblasts
(Touyz et al., 2003). Ang II-induced ROS, such as superoxide (O7), hydrogen peroxide
(H20,), cytokines, and adhesion molecules, cause damage to the vascular walls and alter
ECM content (Pueyo et al., 2000; Yoon et al., 2002; Brasier et al., 2002). Specifically, O2
and H>O, are implicated in the pathologic regulations of vascular structural remodelling
(Griendling et al., 2000). Furthermore, Ang Il-induced hypertension involves the
upregulation of vascular NADPH oxidase, which contributes to increased vascular smooth
muscle cell growth (Griendling et al., 2000; Touyz et al., 2002). Inhibition of NADPH
oxidase activity supresses cardiovascular remodeling and vascular smooth muscle cell
hypertrophy induced by Ang Il (Touyz et al., 2002; Chen et al., 2001). Oudit et al. (2007)
found adverse cardiac remodeling including LV hypertrophy, LV dilation and systolic
dysfunction in mice is associated with enhanced Ang II-mediated oxidative stress
pathways. In patients with chronic HF, oxidative stress is closely associated with the
activation of Ang II (Reina-Couto et al., 2020). Thus, oxidative stress due to increased
Ang II levels could be implicated in the development of adverse cardiac remodeling
observed in the present study. It would be interesting to examine the levels of ROS after
Ang II infusion and determine whether this is associated with Ang II-associated

cardiovascular structural and functional changes in both male and female mice.

123



Increased oxidative stress levels may also play a role in enhanced frailty in Ang
II-treated mice. Studies have found that oxidative stress plays an important role in the
pathogenesis of frailty (Uchmanowicz, 2020). Excessive ROS can lead to frailty by
inducing apoptosis, cell damage, protein degradation, and impaired repair mechanisms
(Derbre et al., 2014). For example, high levels of ROS in the musculoskeletal system
impair muscle function and reduce strength, which promotes frailty (Derbre et al., 2014).
Indeed, studies have shown that frailty and markers of oxidative stress are closely
associated (Serviddio et al., 2009; Wu et al., 2009). Markers of oxidative stress are present
at high levels in frail patients (Serviddio et al., 2009). Moreover, Ingles et al. (2014)
demonstrated that markers of oxidative damage including malondialdehyde and protein
carbonyls in plasma of older adults were associated with frailty but not chronological age.
Increased lipid peroxidation was also found to be associated with increased risks of frailty
and slow gait speed in older patients (Liu et al., 2016). Moreover, increased O>” production
via NADPH oxidase stimulation, which is upregulated in Ang II-induced hypertension, is
associated with physical frailty in older adults (Baptista et al., 2012). When exercise was
introduced as an intervention, oxidative stress was associated with frailty and not
chronological age in both mice and humans (Gomez-Cabrera et al., 2017). Vina et al.
(2018) also demonstrated that measures of oxidative stress were better associated with
frailty than chronological age. Together, these findings suggest that oxidative stress
induced by Ang II infusion exacerbates frailty as observed in the present study. Future
research is needed to determine the oxidative stress levels in Ang II infused mice and

whether this is associated with higher FI scores.
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Besides oxidative stress, inflammation may also contribute to adverse cardiac
changes and poor overall health in Ang II-infused mice. Studies have reported that chronic
inflammation plays an important role in the development of cardiac hypertrophy and HF
(Bellumkonda et al., 2017; Shimizu et al., 2016). For example, the pro-inflammatory
cytokine IL-6 is implicated in the pathogenesis of hypertrophy and HF (Chaikijurajai amd
Tang, 2020). It promotes cardiac hypertrophy in male rats via the interaction with IL-6
receptors on cardiomyocytes (Melendez et al., 2010). Furthermore, Kane et al. (2021)
found that increased LV mass was positively correlated with serum IL-6 levels in older
male mice but not in age-matched females. That study also found that serum IL-1B and
TNF-a as well as chemokines eotaxin and MIP-1a are related to cardiac hypertrophy in
older male mice only (Kane et al., 2021). The serum levels of chemokines eotaxin and
MIP-1a were previously found to be correlated with right ventricular hypertrophy in mouse
models of HF (Vistnes et al., 2010). The pro-inflammatory cytokines IL-1p and TNF-a
bind to IL-1 or TNF receptors in cardiomyocytes and promote cardiac hypertrophy, similar
to IL-6 (Sriramula et al., 2008; Bujak et al., 2009). Pro-inflammatory cytokines including
IL-6, IL-1 and TNF-a stimulate the production of chemokines or secondary cytokines
(Mantovani, 1997). Along with high inflammation levels, high frailty scores in older male
mice are also associated with cardiac hypertrophy and dysfunction, but this is not seen in
females (Kane et al., 2020). Interestingly, in females, the levels of the anti-inflammatory
cytokine IL-10 are higher in older females than males (Kane et al., 2020). IL-10 plays a
role in suppressing the production pro-inflammatory cytokines (Minciullo et al., 2016). IL-
10 knockout mice exhibit premature aging characteristics and are used to model frailty

(Sikka et al., 2013). Female mice may be protected from age-related cardiac dysfunction
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due to the higher IL-10 levels (Kane et al., 2021). The results from Kane et al. (2021)
suggest that adverse age-associated cardiac remodeling is linked to inflammation and poor
frailty status in male mice. Thus, it is possible that pro-inflammatory cytokines may drive
the increase in frailty scores and worse cardiac dysfunction in Ang II-infused male mice in
the present study. On the other hand, higher levels of anti-inflammatory cytokines may

protect females from functional decline in the cardiovascular system.

Previous studies have found that there are sex differences in immune responses
following Ang Il infusion. Zhang et al. (2009) found that Ang II infusion (1.5 pg/kg/min)
for 7 days increased circulating plasma IL-6, TNF-a, and IL-1f in younger male C57BL/6
mice. Among plasma cytokines, IL-6 levels were the highest following Ang II infusion
and a contributing factor in muscle wasting in treated mice (Zhang et al., 2009). However,
IL-6 deficient mice treated with Ang II did not exhibit muscle loss, supporting the
important role of this cytokine in promoting muscle degradation (Zhang et al., 2009). TNF-
a has also been shown to contribute to Ang II-induced ventricular remodeling (Sriramula
and Francis, 2015). In addition, younger male Sprague-Dawley rats infused with Ang II
(200 ng/kg/min/) for 2 weeks developed greater increases in pro-inflammatory T cells,
whereas younger females had greater increases in anti-inflammatory T cells (Zimmerman
et al., 2015). Furthermore, studies have suggested that the AT> receptor is involved the
activation of anti-inflammatory cytokines and cardiovascular protection in females (Gillis
et al., 2016). Dhande et al., (2015) found that treatment with an AT receptor agonist
increases IL-10 levels and attenuates IL-6 and TNF-a release in human kidney cells.
Treatment with an AT receptor agonist also attenuates renal inflammation in diabetic male

mice, while AT> receptor antagonists decrease circulating and renal IL-10 levels in male
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obese rats (Koulis et al., 2015). Much is still not known about how Ang II-AT> interaction
affects circulating inflammatory cytokine levels in females. Since the AT> receptor plays
a more important role in maintaining renal and cardiovascular homeostasis in females than
males, it is possible that AT protective actions involve promoting anti-inflammatory
cytokines (Gillis et al., 2016). Overall, it is likely that inflammation, along with oxidative
stress, contribute to Ang Il-induced cardiac remodeling and subsequently worsen frailty
status in Ang II-infused mice in the present study. Females may be more protected during
hypertension due to a greater anti-inflammatory immune profile compared to males who
have a more pro-inflammatory profile (Gillis et al., 2016). Future studies are needed to
confirm how inflammation is related to frailty and cardiac remodeling in the Ang II-
induced model of HF as well as whether this helps explain sex differences in these

outcomes.

In contrast to AT» receptors, angiotensin type 1 (ATi) receptor mediates Ang II-
induced vasoconstriction, sodium reabsorption, aldosterone production, cardiac
hypertrophy, and cardiac fibrosis (Kumar et al., 2019). AT receptor blockers are currently
used in the treatment of HF (Januzzi and Ibrahim, 2017). In rats, AT receptor expression
increases while AT> receptor expression decreases in hearts of older animals
(Monteonofrio et al., 2021). Furthermore, AT receptor levels are higher in males, whereas
females have higher AT> receptor levels in mice and rats (Monteonofrio et al., 2021).
Together, these studies suggest that higher AT receptor expression may modulate worse
cardiac outcomes in Ang Il-treated male mice, whereas higher AT, receptor levels in
treated females have cardio-protective effects. More research is needed to examine this

hypothesis.
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The angiotensin converting enzyme 2 (ACE2) may also play a role in sex
differences in HF and frailty in Ang Il-treated mice. Ang ACE2 is expressed in various
cardiac cells including fibroblasts, cardiomyocytes and endothelial cells (Gallagher et al.,
2008). As a part of the RAAS system, ACE2 is a monocarboxypeptidase that generates
Ang 1-7 from Ang II (Uri et al., 2014). Ang 1-7 stimulates vasodilation, which decreases
total peripheral resistance and arterial blood pressure (Raffai and Lombard, 2016). It has
been shown that Ang 1-7 has cardioprotective effects as it can reduce Ang Il-induced
adverse cardiac remodeling and hypertension-induced HF (Liang et al., 2015). Enhanced
ACE2 or Ang 1-7 in preclinical models of HFpEF and HFrEF has been shown to reduce
tissue inflammation and myocardial fibrosis, improve endothelial dysfunction, and reverse
cardiac hypertrophy (Patel et al., 2017). Studies in ACE2-knockout mice of both sexes
demonstrate that ACE2 protects females but not males from developing hypertension
(Stanic et al., 2021). Furthermore, human studies examining ACE2 levels with aging found
that older women (=55 years) had significantly higher ACE2 activity than younger women
(<55 years), whereas this was not seen in men (Fernandez-Atucha et al., 2017). However,
higher serum ACE2 levels are typically found in men with hypertension and HF when
compared to matched women (Salah and Mehta, 2021). These studies suggest that ACE2
may play a protective role in Ang Il-treated female mice. Nonetheless, more studies are
required to determine ACE2 levels in male and female animal models of both sexes and

whether this is associated with adverse cardiac outcomes.
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4.10 Limitations

The present study assessed frailty in response to Ang Il infusion. This is the first
study to assess frailty in an Ang Il-induced HF mouse model of both sexes. The
relationship between frailty and HF has not been previously explored in animal models.
Thus, the results of the present study are novel but also need to be validated in future

studies.

The study has some limitations. First, the study was not blinded which may
have led to some bias. Another limitation was that Ang II infusion also caused the mice to
lose weight rapidly. When a mouse reached its HEP weight, it was sacrificed. As a result,
mice were sacrificed due to low HEP weight and did not reach the endpoint. The present
study used a mixed effects model for analysis, which takes into account all animals
including those that did not have all time points (Judd et al., 2012). This statistical model
allows the results to be generalized to the population of treatment conditions, even when
there are missing data (Barr et al., 2013). Although the mixed effects model allows for
analysis of incomplete data, this method may mask potential differences that may have

resulted from the missing values.

Echocardiography was used to assess the impact of Ang II infusion on in vivo
cardiac structure and function in mice used in this study. Anesthetic is required when
performing echocardiography in mice, which causes heart rate to decrease and may not
reflect the natural state of the heart. In addition, echocardiography requires precision since
the mouse heart is very small. Slight changes in the placement of the transducer could

potentially affect the results and mask sex differences. Finally, echocardiography is a load-
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dependent measure. Future studies could use a cardiac catheter to compare load-

independent ventricular function via pressure-volume loops (Hassink et al., 2008).

Since Ang Il-infused mice are subjected to higher blood pressure, the constant
pressure model of Langendorff perfused hearts may not have been the best choice to use in
this study. The constant volume Langendorff system may be a better choice to investigate

the impact of Ang II-induced hypertension on ex vivo heart function.

4.11 Summary

The present study demonstrated pressure overload induced by Ang II treatment
revealed sex differences in cardiac remodelling, and frailty increased in treated mice of
both sexes. Concentric cardiac hypertrophy with dilated LV chambers was seen in treated
females, while eccentric hypertrophy was more prominent in treated males. Male mice
also had more severe systolic and diastolic LV dysfunction. Baseline frailty was not
associated with in vivo adverse cardiac outcomes in any group. Ang II-infused mice also
had higher biological age and reduced life expectancy compared to same-sex controls, and
this was more severe in males. In Langendorff-perfused hearts, there were no changes in
contractile parameters between control and treated female animals. By contrast,
Langendorff-perfused hearts of Ang Il-treated mice exhibited reduced normalized RPP
when compared to hearts of control male animals. On the other hand, treated females had
markedly larger hearts and exhibited pulmonary edema, which were not seen in treated
males. These results demonstrate sex-differences in cardiac remodeling as hypertension
transitions to HF in older mice. The study also demonstrates the importance of using both

sexes in pre-clinical research.
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4.12 Future directions

This is the first study of frailty in the Ang Il-induced animal model of HF.
Results from this study showed that baseline frailty did not predict adverse cardiac changes
that preceded HF in Ang Il-infused mice of both sexes. Since frailty increases with
advancing age, it is possible that the mice in the present study were not frail enough. Future
studies should re-examine the relationship between frailty and cardiac changes in Ang II

infused mice using older, frailer male and female animals.

As mentioned in the previous sections, calcium handling and myocyte
contractile function may be implicated in the development of hypertensive HF. It would be
valuable to examine these mechanisms in the Ang II-induced model of HF, and whether
they are associated with frailty in both sexes. Other parameters including inflammatory
cytokines, levels of oxidative stress, and B-type natriuretic peptide, a predictor of HF,

should also be examined in relation to frailty and sex in future research.

Nauta et al. (2020) demonstrated that MMP2 plays a role in post-myocardial
infarction remodelling of the LV, which leads to eccentric hypertrophy. Furthermore, Dahl
salt-sensitive rats with hypertensive HF have increased myocardial fibrosis that is
associated with increased MMP2 activities (Iwanaga et al., 2002). It has also been shown
that stimulation with Ang II promotes MMP2 expression and activity in cultured
cardiovascular cells (Coker et al., 2001). Interestingly, MMPs and their interactions with
TIMPs in the atria were found to be correlated with FI scores in aged male mice (Jansen et
al., 2017). Thus, MMPs may be implicated in adverse cardiac changes in Ang II-treated
mice. More studies are needed to investigate the role of MMPs in cardiac remodeling in

male and female mice treated with Ang II. Furthermore, histological analysis of frozen
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heart samples could be used to confirm concentric and eccentric hypertrophy phenotypes

as well as differences in cardiac fibrosis.
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Figure 4.1. Ang Il-induced hypertension promoted sex differences in cardiac
remodeling in older mice. Treated female mice developed thicker LV walls and slightly
dilated LV chambers, while treated male mice developed thinner LV walls and showed
marked LV dilation. Both male and female treated mice had larger hearts compared to
same-sex controls.
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