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Abstract

Heart failure with preserved ejection fraction (HFpEF) is strongly associated with atrial
fibrillation (AF), yet chamber-specific mechanisms remain poorly defined. This thesis
characterizes a HFpEF model using high-fat diet, sucrose, and L-NAME (HFDLS), a
combination that has not been explored in the CD1 mouse strain.

Relative to normal-diet controls, HFDLS mice showed greater percent body-weight gain
(45.9 to 70.8%), reduced exercise tolerance (408 to 276 m), and elevated mean arterial pressure
(84.7 to 107.6 mmHg). Invasive hemodynamics demonstrated increased LV end-diastolic
pressure (6.7 to 11.8 mmHg), consistent with impaired diastolic filling. Echocardiography
confirmed preserved ejection fraction with concentric remodeling. Histological analysis revealed
increased fibrosis in the left atrium (5.96 to 12.15%) and left ventricle (1.71 to 3.76%).
Intracardiac electrophysiology showed signficantly prolonged atrial arrhythmia duration (2.6 to
23.6 s), with unchanged ventricular refractoriness. F4/80" immunostaining demonstrated
increased macrophage density in both chambers.

Overall, the model produced a modest HFpEF phenotype that will require further
refinement to strengthen disease severity, but it nevertheless revealed clear atrial-dominant
structural and electrical remodeling, establishing a platform to investigate TNFoa-mediated
mechanisms linking HFpEF and AF.

Keywords: Heart Failure with Preserved Ejection Fraction, Atrial Fibrillation, CD1 mouse
strain, High-Fat diet+L-NAME+Sucrose
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Chapter 1: Introduction

1.1 Atrial Fibrillation and Heart Failure with Preserved Ejection Fraction

Atrial fibrillation (AF) and heart failure (HF) are the only two major cardiovascular
conditions that are on the rise in the United States, both posing significant public health
challenges'. Roughly half of all patients with heart failure have preserved ejection fraction
(HFpEF), with HFpEF elicited by metabolic alterations emerging as the most prevalent form'-2.
HFpEF differs from HF with reduced ejection fraction (HFrEF) in that EF is greater than or
equal to 50%, while in HFrEF, EF is less than or equal to 40%?>. Studies have found that
approximately two-thirds of patients with HFpEF are likely to develop AF as their condition
progresses?.

AF is the most common arrhythmia in clinical practice, with incidence and prevalence
increasing globally, projected to reach up to 16 million individuals in the US by 2050%. AF
manifests as a rapid and irregular stimulation of the atria, leading to dyssynchronous atrial
contraction and erratic excitation of the ventricles, which in turn diminishes cardiac output,
restricts blood flow, and increases the risk of stroke>® The incidence of this arrhythmia is
significantly increased in patients with cardiovascular diseases (valvular disease and heart failure
(HFpEF and HFrEF)) and in patients with conditions linked to poor cardiovascular health
(hypertension, diabetes, and obesity), which are associated with increasing age’?.

A common link with ageing and poor cardiovascular health is elevated diastolic filling,
leading to increased pressure and stretch, which stimulates many signalling pathways linked to
hypertrophy, fibrosis, and inflammation®. Currently, there are limited proven effective medical
therapies for HFpEF and AF; thus, further research is needed to elucidate the underlying
mechanisms of these diseases!!?. To investigate the mechanisms underlying AF development in
the context of HFpEF, this study employs a murine model combining a high-fat diet (HFD), the
nitric oxide synthase inhibitor Nw-Nitro-L-arginine methyl ester (L-NAME), and sucrose
supplementation.

Understanding how atrial remodelling, electrophysiological alterations, and systemic

comorbidities interact is crucial to explaining the mechanisms by which patients with HFpEF are



predisposed to AF. The following sections outline the structural and electrical foundations that

underlie these processes.

1.2 Fundamentals of Cardiac Structure and Electrophysiology

The heart is a muscular pump consisting of four chambers that contract in a coordinated
manner, which maintains pulmonary and systemic circulation'!. Deoxygenated blood from the
systemic circulation enters the right atrium and flows into the right ventricle, which then pumps
the blood into the pulmonary circulation, where it is oxygenated. The oxygenated blood then
enters the left atrium, passes into the left ventricle, which then forcefully ejects it through the
aorta to the systemic circulation. Unidirectional flow is maintained via the atrioventricular and
semilunar valves, which open and close with pressure changes during the cardiac cycle. The atria
contribute to ventricular filling through three distinct mechanical phases!?. During ventricular
systole, the atrioventricular valves are closed, and the atria collect blood from the systemic and
pulmonary circulation, referred to as the reservoir phase'?. During early diastole, when the
ventricles are relaxed, the pressure in the ventricles drops and the atrioventricular valve opens,
allowing blood to flow passively into the ventricles, which is referred to as the conduit phase'?.
During late diastole, the atria contract actively and, under normal conditions, contribute to 20-
30% of ventricular filling volume, which is referred to as the atrial kick or booster pump
phase!>!3. This atrial kick becomes especially important when ventricular relaxation is impaired,
which occurs with HFpEF.

Electrical impulses, known as action potentials (APs), originating from the sinoatrial
node (SA), located in the right atrium, ensure that the contraction of the heart occurs in a tightly
coordinated sequence'*. The SA node is composed of specialized cells that exhibit automaticity
and generate their own APs!'4. This impulse spreads across the atria through Bachman’s Bundle,
to the atrioventricular node, where conduction is delayed, allowing for proper ventricular filling,
and then travels through the His-Purkinje network to allow for synchronized ventricular
contraction'. On the electrocardiogram, these events correspond to a P wave representing atrial
contraction, the QRS complex representing ventricular contraction, and the T wave representing
ventricular repolarization. Disruptions in normal conduction or cardiomyocyte excitability can
disturb the heart’s coordinated rhythm (sinus rhythm) and promote arrhythmogenic conditions'®,

which will be discussed in further detail in the sections below.



At the cardiomyocyte level, excitation-contraction coupling converts electrical impulses
to mechanical contraction!”. Depolarization of the cardiomyocytes triggers sodium influx,
followed by the opening of L-type calcium channels on the T-tubules, allowing for an influx of
Ca?" into the cytosol'4. The Ca?" then binds onto ryanodine receptors on the sarcoplasmic
reticulum (SR), allowing the release of a large amount of Ca?* into the cytosol, in a process
called calcium-induced calcium release!”. This allows calcium to bind to troponin C on the actin
filament, causing a conformational shift in tropomyosin that exposes myosin-binding sites on
actin, enabling cross-bridge cycling and sarcomere shortening'’. Relaxation occurs when calcium
is taken back into the SR, while potassium efflux restores resting potential and enables
repolarization'®,

Beyond excitation-contraction coupling within the individual cardiomyocytes,
synchronized propagation of the AP through the myocardium determines the stability of the sinus
rhythm. Conduction velocity (CnV) refers to the speed at which an electrical impulse travels
through the myocardium!'®. This is dependent on the rate of individual cardiomyocyte
depolarization and how effectively electrical current passes between them via gap junctions'’.
The refractory period (RP) defines the interval after depolarization during which cardiomyocytes
cannot be re-excited, ensuring unidirectional impulse propogation?’. Together, conduction
velocity and refractory period determine cardiac wavelength, defined as the distance an impulse
travels before the myocardium regains excitability'*2°. A shorter cardiac wavelength, caused by
slowed conduction or reduced RP, increases the likelihood of an arrhythmia occurring!®-2°.

Atria and ventricles differ both structurally and functionally, with variations in wall
thickness, chamber size, contractility, pressure generation, and underlying ion channel and
electrophysiological characteristics'!?!. The walls of the atria are structurally thinner and more
compliant and are therefore subject to higher wall stress?>. When compared to ventricular
cardiomyocytes, atrial cardiomyocytes exhibit shorter RPs and APDs due to enhanced
repolarizing potassium currents and reduced plateau calcium currents?34, These structural and
electrophysiological differences allow for rapid atrial conduction; however, this increases
susceptibility to pathological remodelling!*?>. Understanding these chamber-specific
characteristics provides a foundation for interpreting how systemic and local stressors drive atrial

remodelling and dysfunction in HFpEF, as explored in the following section.



1.3 Heart Failure: Definition, Classification, and Epidemiology

1.3.1 What is Heart Failure

HF has emerged as a major global health challenge, with U.S. prevalence projected to
surpass eight million cases by 2030, corresponding to roughly one in 33 adults and an estimated
economic burden of $70 billion annually?®. HF is a clinical syndrome characterized by the heart’s
inability to deliver adequate blood flow to meet the body’s metabolic requirements?’. It arises
from structural or functional abnormalities that elevate filling pressures and/or impair cardiac
output at rest or during exertion?’. Risk factors include hypertension, diabetes, and
atherosclerotic cardiovascular disease?®. Common causes of HF include ischemic heart disease,
myocardial infarction, hypertension, and valvular heart disease?®. Other causes include genetic or
familial cardiomyopathies, infiltrative diseases such as amyloidosis, cardiotoxicity from cancer
therapies or substance use (alcohol, cocaine, methamphetamine), tachycardia- or pacing-induced
cardiomyopathies and stress-related cardiomyopathies, peripartum cardiomyopathy, myocarditis,
autoimmune or inflammatory disorders, iron overload, and endocrine or metabolic
abnormalities?®. General symptoms include breathlessness, ankle swelling, fatigue, and exercise
intolerance, which may be accompanied by elevated jugular venous pressure, pulmonary
crackles, and peripheral edema?’-%°,

HF is broadly classified into two major phenotypes: heart failure with preserved ejection
fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF)?. EF is defined as the
percentage of blood ejected from the left ventricle during each contraction?’. HFpEF is
classified as heart failure with an EF greater than or equal to 50%, whereas HFrEF is classified
as having an EF less than or equal to 40%?>. HFrEF is driven by contractile impairment, whereas
HFpEF is characterized by preserved systolic function but impaired ventricular relaxation and
increased myocardial stiffness?”-?%. These mechanistic differences underlie distinct clinical
presentations and therapeutic responses. Unlike HFrEF, no therapy has consistently demonstrated
efficacy in major clinical trials for HFpEF, largely due to the significant pathophysiological

heterogeneity that characterizes this diverse condition®.



1.3.2 Epidemiology and Defining Features of HFpEF

HFpEF now accounts for more than half of HF cases and is increasing relative to HFrEF,
particularly due to the aging population and the increased prevalence of conditions predisposing
to its development, including hypertension, obesity, metabolic syndrome, and diabetes??S. It is
most prevalent among older adults, particularly in women?3!. This condition is marked by
substantial morbidity and mortality, with a 35% two-year rate of heart-failure hospitalization and
a 14% two-year mortality rate?. The affected population is highly heterogeneous, exhibiting
substantial variation in comorbidity profiles, disease severity, cardiac morphology, circulating
biomarker patterns, and clinical outcomes, making this condition exceptionally difficult to
diagnose and treat?%3°,

HFpEF patients present with impaired ventricular relaxation, increased myocardial
stiffness, and elevated left ventricular filling pressures despite preserved EF2. These
abnormalities contribute to pulmonary congestion, exercise intolerance, and reduced cardiac
reserve®*2, In addition to concentric LV hypertrophy, atrial remodelling, and diastolic
dysfunction, HFpEF also involves multiorgan pathology, including systemic and pulmonary
vascular dysfunction, skeletal muscle impairments, and altered body composition?.

HFpEF elicited by metabolic alterations, termed cardiometabolic HFpEF, is emerging as
the most prevalent form, and when compared with non-cardiometabolic HFpEF, is characterized
by more severe symptom burden and reduced quality of life?2°. Increasing evidence suggests that
HFpEF is a systemic disorder driven by coexisting comorbidities, which contribute to disease
development rather than serving as associated conditions?®. Among these pathophysiological
mechanisms, chronic low-grade inflammation has become a central driver, connecting metabolic
dysfunction, vascular impairment, and myocardial remodelling?®33. Taken together, these factors
drive the molecular and cellular processes examined in the next section. Figure 1 illustrates the
downstream consequences of these comorbidities and how they collectively contribute to the

development of HFpEF.
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Figure 1. Effect of common cardiovascular comorbidities on systemic inflammation and
HFpEF development. Multiple co-morbid conditions, including obesity, diabetes, iron
deficiency, pulmonary hypertension, arterial hypertension, ischemia, and kidney dysfunction, act
together to promote chronic systemic inflammation. This inflammatory state contributes to
cardiometabolic abnormalities, endothelial activation with oxidative stress, and structural cardiac
remodelling, which collectively reduce ventricular compliance and impair diastolic function.
These processes ultimately lead to the development of HFpEF. Reproduced from Wintrich et al.
Clinical Research in Cardiology (2020)**, under the Creative Commons CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/). No changes were made.



1.4 Mechanistic Drivers of Cardiometabolic HFpEF

Cardiometabolic HFpEF represents a distinct and increasingly predominant endotype of
HFpEF in which metabolic, vascular, and inflammatory stressors act together to promote cardiac
remodelling and diastolic dysfunction®®. When compared to non-cardiometabolic HFpEF, this
subtype is characterized by more severe haemodynamic abnormalities, greater RV and LV
maladaptive remodelling, reduced functional capacity and exercise tolerance, exacerbated
diastolic dysfunction, and a biomarker profile consistent with increased inflammatory markers?®.
At the mechanistic level, cardiometabolic stressors such as obesity, hypertension, insulin
resistance, and systemic inflammation initiate molecular and structural changes within the

myocardium.

1.4.1 Cardiac Hypertrophy and Impaired Relaxation

Cardiomyocyte hypertrophy and stiffness are key determinants underlying diastolic
dysfunction in cardiometabolic HFpEF?, Alterations in sarcomeric protein composition and
post-translational modifications, specifically in titin, troponin I, myosin-binding protein C, and
tropomyosin, play a key role in cardiomyocyte distensibility and compliance?5-33-3,
Hypophosphorylation of the N2B and PEVK segments of titin reduces myocardial elasticity,
promoting diastolic dysfunction?S. These modifications occur due to diminished protein kinase G
(PKQ) activity, resulting from disrupted endothelial NO—cGMP signaling associated with
cardiometabolic comorbidities?®*3. Comorbidities associated with HFpEF, especially obesity,
induce a systemic proinflammatory state, resulting in coronary microvascular endothelial cells
producing high levels of reactive oxygen species (ROS), which in turn limits bioavailability of
nitric oxide (NO) for adjacent cardiomyocytes®. Limited NO bioavailability decreases PKG
activity in cardiomyocytes, resulting in the hypophosphorylation of the cytoskeletal protein titin,
thereby promoting cardiomyocyte hypertrophy 33.

The molecular defects that impair cardiomyocyte compliance also activate downstream
signaling and transcriptional programs that drive hypertrophic growth and structural remodeling.
The principal mediators behind cardiomyocyte hypertrophy include neurohormonal activation,

notably by angiotensin II, catecholamines, and endothelin-1, and mechanical stress6. Together,



these initiate downstream signalling cascades that contribute to many pathogenic changes,
including reactive oxygen species generation, inflammation, metabolic alterations, and fibrosis?6.
Epigenetic modifications, including histone modification, DNA methylation, and non-coding
RNAs, have also been found to contribute to the regulation of hypertrophic growth and other

pathogenic processes in cardiometabolic HFpEF3"-

1.4.2 Inflammation in Cardiometabolic HFpEF

Cardiometabolic HFpEF is characterized by chronic low-grade inflammation, both
systemically and at the cardiomyocyte level’*3. Prevalent comorbidities, including aging,
hypertension, obesity, and diabetes, all contribute to the inflammatory state observed in this
syndrome and their combined presence is believed to drive inflammatory processes in HFpEF,
underlying a key pathophysiological mechanism?633, Results of the PROMIS-HFpEF study
suggest that inflammation is the link between comorbidity burden and structural remodelling,
driving worsening diastolic stiffness and myocardial fibrosis*. Chronic low-grade inflammation
has been found to increase cardiomyocyte hypertrophy and stiffness, extracellular matrix
remodeling, oxidative/nitrosative stress, and mitochondrial and metabolic dysfunction?®. It has
also been proposed that systemic inflammation, driven by comorbidities, induces coronary
microvascular endothelial inflammation, which in turn results in myocardial remodeling through
endothelial oxidative stress, reduced NO bioavailability, and impaired downstream cGMP-PKG
signaling??.

At the molecular level, chronic inflammatory and oxidative stimuli from comorbidities,
including TNFa, IL-6, and ROS, activate NF-kB—dependent transcription in endothelial and
myocardial cells, driving the upregulation of iNOS334041 This leads to S-nitrosylation of
endoplasmic reticulum proteins and impaired protein handling, which contributes to
cardiomyocyte dysfunction*?. These effects are compounded by nitrosative and oxidative stress,
which disrupt eNOS (endothelial nitric oxide synthase) signaling and further reduces NO—
cGMP-PKG activity, central to microvascular endothelial inflammation and diastolic stiffening
in HFpEF?6-33,

Obesity-induced adipose tissue expansion promotes macrophage infiltration and release
of proinflammatory cytokines, resulting in metabolic inflammation (“meta-inflammation”),

which contributes to the systemic low-grade inflammatory state present in HFpEF2633, Epicardial



adipose tissue (EAT) plays an important role in the context of HFpEF due to its proximity to the
myocardium*®. EAT expansion is associated with worse hemodynamic parameters, impaired
exercise capacity, increased HF hospitalizations, and higher all-cause mortality?%**, Increased
EAT has also been associated with myocardial remodelling, such as increased fibrosis, as well as
contributes to systemic inflammation, endothelial dysfunction, and insulin resistance*>*6, EAT
secretes inflammatory cytokines and adipokines that contribute to local and systemic
inflammation, while also acting as a reservoir for various immune cell populations?6. EAT
induces cardiomyocyte hypertrophy and promotes myocardial insulin resistance through its

metabolic activity?S.

1.4.3 Extracellular Matrix Remodelling

Cardiac fibrosis is characterized by the excessive accumulation of extracellular matrix
(ECM) proteins, predominantly collagen I and III, within the myocardium following cardiac
stress*’ . Although fibrogenesis preserves structural integrity under stress, excessive deposition
and cross-linking increase myocardial stiffness and impair ventricular relaxation, resulting in
diastolic dysfunction3>!. The extracellular matrix of the heart is composed of collagens,
glycoproteins, proteoglycans, and elastins, all which work together to provide mechanical
support and signaling roles through the myocardium?®?-3, Dysregulation of collagen turnover
shifts the balance toward accumulation and cross-linking, elevating filling pressures and
compromising diastolic performance®*. Cardiac fibrosis can manifest in several forms, including
reparative, reactive, or infiltrative®®. Reparative fibrosis replaces necrotic myocardium after
injury®. Infiltrative fibrosis results from the deposition of non-native materials such as
amyloid>. Reactive fibrosis results in diffuse interstitial and perivascular collagen deposition in
response to chronic stress or inflammation***3, Reactive fibrosis in the LV is a pathological
hallmark of adverse cardiac remodeling that contributes to both the development and progression
of HFpEF®.

ECM remodelling and increased myocardial interstitial fibrosis are central drivers of
diastolic dysfunction in cardiometabolic HFpEF2%33, Histological analysis of HFpEF
myocardium indicates increased collagen I expression, enhanced collagen cross-linking, and

elevated collagen volume fraction, all which contribute to diastolic dysfunction. In the context



of cardiometabolic HFpEEF, the deposition of collagen in the myocardium occurs partly through
the transformation of fibroblasts to myofibroblasts®3. This process is stimulated by TGF-J3
released from infiltrating monocytes at sites of microvascular inflammation3?. This inflammatory
microenvironment also suppresses NO bioavailability, leaving the profibrotic effects of
endothelin-1, angiotensin II, and aldosterone unopposed, thereby strengthening fibrotic
signaling.®? Inflammatory crosstalk with immune cells and adipose-tissue-secreted factors such
as osteopontin further promotes profibrotic fibroblast transformation and myocardial

dysfunction?®,

1.4.4 Metabolic Dysfunction

Cardiometabolic HFpEF is driven by significant mitochondrial and metabolic
disturbances that impair cardiomyocyte energetics?°. Decreased phosphocreatine to ATP ratios
reflect diminished energy reserves and impaired ATP generation in patients with HFpEF>7. Under
metabolic stress, the heart exhibits reduced capacity to switch between energy substrates,
reflecting metabolic inflexibility?®. This is expressed by suppressed glucose oxidation alongside
excessive but inefficient fatty acid oxidation, which results in lipid overload and elevated
oxidative stress?®. Metabolomic profiling shows downregulation of fatty-acid and glucose-
metabolism genes, accumulation of branched-chain amino acids from impaired catabolism, and

reduced B-hydroxybutyrate levels, all of which indicate disrupted energy substrate flexibility.

1.4.5 Insulin Resistance

Insulin resistance, a defining feature of obesity and diabetes, is highly prevalent in
cardiometabolic HFpEF and drives widespread metabolic and inflammatory disturbances
affecting both systemic and myocardial function®. Impaired insulin signaling through the
IRS1/2—-PI3K—Akt cascade reduces GLUT4-mediated glucose uptake and disrupts key
downstream pathways regulating cardiomyocyte growth, autophagy, metabolism, and survival®®.
Insulin resistance is associated with increased circulating levels of triglycerides, fatty acids, and
glucose, along with elevated concentrations of inflammatory cytokines, catecholamines, and

growth hormones?®. These systemic alterations are coupled with mitochondrial dysfunction,
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oxidative stress, and endoplasmic reticulum stress, all which play a role in the pathogenesis of
cardiometabolic HFpEF?°,

AMPK regulates contraction-induced GLUT4 translocation in cardiomyocytes and is a
key regulator of multiple essential cellular processes?®. Impaired AMPK activation contributes to
the pathogenesis of insulin resistance, metabolic syndrome, and cardiometabolic HFpEF2°,
Pharmacologic activation of AMPK has been shown to restore insulin sensitivity and improve
atrial remodelling in models of cardiometabolic HFpEF?¢.

Insulin plays an important role in regulating lipid metabolism by suppressing lipolysis in
adipose tissue. Under normal conditions, insulin inhibits the breakdown of triglycerides into free
fatty acids (FFAs) and glycerol by suppressing the activity of hormone-sensitive lipase . This
limits circulating FFAs and promotes triglyceride storage via lipoprotein lipase activation and de
novo lipogenesis®. In insulin-resistant states, inhibitory control is impaired, allowing excessive
FFA release despite hyperinsulinemia®'. The resulting elevation in circulating FFAs promotes
ectopic lipid deposition, oxidative stress, and mitochondrial dysfunction in organs including the
heart®!. In cardiometabolic HFpEF, this dysregulated lipolytic activity contributes to myocardial
lipid accumulation and energetic inefficiency, driving diastolic dysfunction and inflammatory

remodelling®>%3,

1.4.6 Contributions of HFD, Sucrose, and L-NAME to HFpEF Pathophysiology

HFD, high-sucrose intake, and NOS inhibition by L-NAME are widely used in
combination to model the cardiometabolic, hypertensive, and inflammatory features of HFpEF in
rodents>#>9465_ Chronic exposure to HFD induces obesity, dyslipidemia, and insulin resistance at
the systemic level®®%7, In visceral obesity, adipose tissue is infiltrated by macrophages, leading to
the release of proinflammatory cytokines such as TNFo and IL-6%. These cytokines activate c-
Jun N-terminal kinase (JNK) and IxB kinase § (IKKf), which phosphorylate insulin receptor
substrate-1 (IRS-1) on serine residues, thereby disrupting downstream activation of the PI3K—
Akt signaling pathway®®-70. Reduced Akt activity prevents GLUT4 translocation to the plasma
membrane, impairing glucose uptake in skeletal muscle and cardiomyocytes’’?. Consequently,
cardiomyocytes shift from glucose utilization toward fatty acid f-oxidation, which increases

mitochondrial oxygen consumption but decreases ATP yield per oxygen molecule consumed’>.
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This metabolic shift increases oxidative stress, activating redox-sensitive transcription factors
such as NF-kB that perpetuate inflammatory signaling’*. Excess fatty acid influx also leads to
accumulation of toxic lipid intermediates, further impairing insulin signaling and inducing
endoplasmic reticulum and mitochondrial stress’>. These processes contribute to lipotoxicity,
ROS generation, and progressive structural remodelling, culminating in LV concentric
hypertrophy and diastolic dysfunction%?76,

Chronic consumption of a high-sucrose diet induces metabolic, vascular, and myocardial
abnormalities that collectively promote the HFpEF phenotype”’. A high sucrose intake results in
repeated postprandial spikes in glucose and insulin, stimulating lipogenesis by the liver, and
increasing plasma triglycerides and non-esterified fatty acids’®. This leads to increased transport
of fatty acids and triglycerides to peripheral organs, notably the myocardium, along with high
glucose availability”. This constant oversupply of glucose and lipid substrates overwhelms
oxidative capacity, resulting in the generation of mitochondrial ROS and consequently lipid
peroxidation®®. This results in oxidative damage to cardiomyocytes and impairment of calcium-
handling proteins such as SERCA2a, which delays relaxation and contributes to diastolic
dysfunction3%8!,

High-sucrose diets also have a direct influence on endothelial and vascular function.
Chronic hyperglycemia activates the polyol and hexosamine pathways, depleting NADPH and
the increasing the generation of ROS®. This promotes eNOS uncoupling, leading to a reduction
in NO bioavailability, which in turn increases vascular tone and stiffness, resulting in diminished
coronary microvascular reserve®. Simultaneously, hyperglycemia promotes the formation of
advanced glycation end-products (AGEs) in the plasma and tissues®. AGEs cross-link collagen
and elastin, which stiffens the myocardial interstitium and reduces ventricular compliance, which
promotes diastolic dysfunction®®. Activation of RAGE by AGEs on endothelial and immune cells
promotes downstream NF-kB signaling and NADPH oxidase activity, further increasing vascular
oxidative stress and inflammation3®.

L-NAME is a non-selective inhibitor of NOS that blocks the enzymatic conversion of L-
arginine to NO and L-citrulline®’. It primarily inhibits eNOS and neuronal (nNOS) isoforms
while having much lower potency toward inducible NOS (iNOS), and therefore mainly
suppresses constitutive NO production involved in basal vascular tone and cardiomyocyte

signaling rather than inflammation-induced iNOS activity?®%®. Under normal physiological

12



conditions, NO diffuses to vascular smooth muscle cells and cardiomyocytes, activates soluble
guanylyl cyclase (sGC), elevates cGMP, and stimulates PKG, which lowers intracellular Ca*" and
maintains vascular and myocardial relaxation®’.

Chronic L-NAME administration disrupts the NO—sGC—cGMP-PKG signaling pathway,
resulting in persistent vasoconstriction, endothelial dysfunction, and arterial hypertension®.
Arterial hypertension results in increased afterload, which in turn stimulates concentric left-
ventricular hypertrophy as an adaptive response to pressure overload®!. Reduced PKG activity
within the myocardium results in hypophosphorylation of the N2B titin isoform, increasing
passive stiffness and impairing diastolic relaxation®?. Simultaneously, reduced NO bioavailability
contributes to cardiac fibrosis by impairing cGMP signaling, which normally suppresses
fibroblast activation®. Loss of the NO—cGMP pathway allows phosphodiesterase-2 activity to
lower intracellular cAMP levels, promoting fibroblast-to-myofibroblast differentiation and
extracellular matrix deposition®®. Hypertension stresses the coronary microvasculature, activating
endothelial cells to recruit monocytes, which become TGF-B—producing macrophages that
stimulate fibroblasts to deposit collagen, ultimately leading to myocardial fibrosis®*.

Collectively, chronic exposure to a HFD, high-sucrose intake, and L-NAME work
together to reproduce the complex cardiometabolic, vascular, and hemodynamic abnormalities
characteristic of HFpEF. HFD primarily drives obesity, insulin resistance, and systemic
inflammation, creating a metabolic environment that promotes myocardial lipid accumulation,
oxidative stress, and concentric remodeling. The addition of a high-sucrose diet intensifies these
effects by inducing recurrent hyperglycemia and endothelial dysfunction, increasing oxidative
stress, and accelerating the formation of AGEs that stiffen the myocardium and vasculature.
Chronic L-NAME administration leads to hypertension, impaired NO—cGMP—-PKG signaling,
titin hypophosphorylation, and cardiac fibrosis, further compromising diastolic relaxation and
compliance. Together, these metabolic, vascular, and hypertensive stressors work simultaneously

to drive the multifactorial pathophysiology of HFpEF observed in patients.

1.5 Left Ventricular Remodelling and Diastolic Dysfunction

Chronic cardiometabolic, vascular, and hypertensive stress collectively promote

maladaptive LV remodelling and impaired diastolic function, both central characteristics of
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HFpEF*. LV remodelling refers to structural and cellular adaptations of the myocardium to
sustained mechanical, metabolic, or inflammatory stress®. Ventricular remodelling typically
manifests as either concentric hypertrophy, where wall thickness increases while chamber
volume remains stable, or eccentric hypertrophy, characterized by ventricular dilation and
thinning of the myocardial wall®s. HFpEF is associated mainly with concentric remodelling
driven by prolonged pressure overload, in contrast to the eccentric remodeling observed in
HFrEF, which develops under conditions of volume overload®®. While concentric hypertrophy
initially compensates by normalizing wall stress, persistent metabolic and hemodynamic strain

ultimately promotes myocardial stiffening and diastolic dysfunction®’.

1.5.1 Hemodynamic and Stretch-Mediated Remodelling

Pressure overload refers to the chronic increase in systolic wall stress that occurs when
the heart must pump against an elevated afterload, such as when a person is hypertensive®s. To
compensate, the LV thickens to normalize stress and maintain CO%. This hypertrophic response
is mediated by mechanosensitive signaling pathways including angiotensin II, endothelin-1,
MAPK, and calcineurin—NFAT, which drive protein synthesis and re-expression of fetal genes
such as B-MHC, ANP, and BNP, a classic feature of pathological hypertrophy®. Sustained
myocardial stretch also promotes the release of profibrotic factors such as TGF-  and connective
tissue growth factor!?’. These factors activate fibroblasts and enhance collagen synthesis, which
results in reduced compliance and increased passive tension in the LV'%, Over time, this
adaptive remodelling becomes pathological, characterized by thicker walls with reduced diastolic

compliance and higher passive stiffness®’.

1.5.2 Metabolic, Inflammatory, and Age-related Mechanisms

As mentioned in the previous sections, metabolic stress from high-fat and high-sucrose
intake enhances oxidative stress and suppresses NO—cGMP-PKG signaling, which is a key
mechanism underlying diastolic dysfunction in HFpEF33. Reduced PKG activity leads to
hypophosphorylation of the N2B titin isoform, increasing cardiomyocyte passive tension?®.
Inflammatory cytokines such as TNFa and IL-6 contribute to endothelial inflammation and

paracrine signaling that promote fibroblast activation, extracellular matrix deposition, and

14



increased myocardial stiffness®?. Aging further contributes to diastolic dysfunction through
endothelial NO deficiency, mitochondrial ROS accumulation, and impaired ATP generation'®!.
The aging myocardium also exhibits greater collagen cross-linking via increased AGEs,
increasing passive stiffness, and reduced SERCA2a activity, which delays calcium reuptake and
prolongs relaxation!?%19, These factors predispose older hearts to HFpEF, even without major

comorbidities.

1.5.3 Functional Implications of LV Remodeling

The diastolic, or filling phase, of the cardiac cycle can be divided into two components™2.
First, the left ventricle transitions from a contracted to a fully relaxed state, referred to as active
relaxation, which is an energy-dependent process requiring ATP for calcium reuptake into the
sarcoplasmic reticulum?®. The subsequent passive filling phase reflects the ventricle’s elastic
properties and compliance, as the myocardium stretches in response to blood inflow without
additional energy consumption?. A hemodynamic study by Zile et al. (2004) demonstrated that
patients with HFpEF exhibit abnormalities in both phases, characterized by impaired active
relaxation and increased passive stiffness!'%4.

The combined effects of pressure overload, metabolic stress, inflammation, and aging
lead to elevated left ventricular end-diastolic pressure, delayed relaxation, and increased
myocardial stiffness, which collectively result in pulmonary congestion and exercise intolerance,
defining features of the HFpEF phenotype!?!. Persistent elevation of LV filling pressures
transmits to the left atrium, causing stretch-mediated dilation, fibrosis, and electrical remodeling,
which links ventricular diastolic dysfunction to the characteristic atrial pathology observed in
HFpEF?>!1%1 The effects of metabolic co-morbidities and hypertension on the development of

diastolic dysfunction, which characterises HFpEF, is summarized in Figure 2.
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Figure 2. Effect of metabolic co-morbidities and hypertension on development of diastolic
dysfunction. Metabolic comorbidities, such as obesity and type II diabetes, induce systemic low-
grade inflammation, resulting in endothelial dysfunction, including the coronary
microvasculature, which then drives extracellular-matrix remodelling and reactive fibrosis in the
myocardium, driving myocardial stiffness and diastolic dysfunction. Pressure overload, due to
arterial hypertension, results in both vascular inflammation and hypertrophic remodelling of the
left ventricle Vascular inflammation results macrophage-induced fibrosis, while hypertrophy
drives mechanical stiffness, both which reduce LV compliance and result in diastolic
dysfunction, which characterises HFpEF. Figure was created in Biorender.com.
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1.6 Atrial Remodelling in HFpEF

Chronic elevation of LV pressures due to diastolic dysfunction elevates LA filling
pressures, where increased mechanical load introduces structural, cellular, and inflammatory
changes that progressively impair atrial compliance, contractile function, and electrophysiology,
referred to as atrial remodelling!'%>1%, This haemodynamic stress on the LA initially drives
compensatory dilation to maintain atrial function, but over time, sustained stretch and
extracellular matrix activation become maladaptive and elicit progressive atrial myopathy,
driving the development of AF!'%6:197, Collectively, these mechanisms explain why HFpEF is so
frequently accompanied by AF, which can both precede and follow the development of HFpEF.

Figure 3 illustrates this bidirectional relationship.
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Figure 3. Mechanisms underlying coexisting AF and HFpEF. Cardiovascular comorbidities,
including obesity, hypertension, and diabetes, promote systemic inflammation, fibrosis, and
endothelial dysfunction, and haemodynamic alterations. These processes drive structural and
functional remodelling in both the atria and ventricles, leading to LA and LV myopathies that
predispose to AF and HFpEF. Once established, AF and HFpEF exacerbate one another through
impaired left-atrial function, creating a positive feedback that accelerates disease progression.
Reproduced from Ariyaratnam et al., Heart Rhythm 02, 2021'%, under the Creative Commons
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). No changes were
made.
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1.6.1 Structural Remodelling

Persistent mechanical stress activates profibrotic signaling cascades, including TGF-,
platelet-derived growth factor, renin—angiotensin—aldosterone system, and endothelin-1, that
stimulate fibroblast activation and collagen I/III deposition, resulting in interstitial and
perivascular fibrosis!%. Recent studies have shown that fibrosis initiates in regions of high wall
stress, particularly adjacent to the pulmonary vein ostia and posterior wall and progresses to
diffuse interstitial and perivascular fibrosis with disease advancement!%. Simultaneously, EAT
surrounding the atria expands and secretes pro-inflammatory cytokines such as TNFa, IL-6, and
monocyte-chemoattractant protein-1 (MCP-1), promoting oxidative stress and myofibroblast
differentiation!?. Together, these factors drive LA concentric remodelling with increased wall

thickness and reduced distensibility'!°.

1.6.2 Functional Remodelling

During early disease progression, impaired LV active relaxation reduces suction during
early diastole, shifting greater responsibility to the LA!!'!. To compensate, atrial contractility and

107 However, as mechanical load

booster-pump function must increase to maintain stroke volume
and fibrosis increase, the left atrium undergoes functional remodelling characterized by a
progressive decline in its reservoir, conduit, and booster-pump functions'%. During ventricular
systole, atrial reservoir function declines because fibrotic stiffening and reduced wall elasticity
limit LA expansion, thereby impairing its ability to store pulmonary venous return!'%®!12, This
loss of compliance also elevates mean LA pressure, reducing the pressure gradient between the
pulmonary veins and LA and promoting pulmonary congestion'!!. In early diastole, impaired LV
active relaxation reduces suction, which then diminishes the transmitral pressure gradient,
causing a reduction in the LA’s conduit function!'%. Instead of blood flowing passively from the
LA to the LV, a larger fraction remains in the atrium, further increasing atrial pressure and wall
stress!'!!. As disease progression worsens, the sustained afterload and cardiomyocyte hypertrophy
impair the LA’s contractility, and the booster-pump function deteriorates as atrial contractile
reserve is exhausted!%. This results in reduced late-diastolic LV filling, increased pulmonary

pressures, and exercise intolerance!!2.
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1.6.3 Inflammatory Mechanisms in Atrial Remodelling

In cardiometabolic HFpEF, systemic metabolic comorbidities, including obesity, diabetes,
and hypertension, create chronic low-grade inflammation that extends into the atrial
myocardium®}. Macrophages have been found to play a key role in the inflammatory remodelling
that takes place®>!'*. Resident F4/80* cardiac macrophages normally support tissue homeostasis
and matrix turnover, whereas infiltrating CCR2" monocyte-derived macrophages adopt a more
pro-inflammatory, pro-fibrotic state!!'4. In HFpEF-associated inflammation, macrophages shift
toward a proinflammatory phenotype, characterized by increased secretion of TNF-a, IL-1p3, and
IL-6, along with diminished reparative signaling!'®. This increases oxidative stress and recruits
additional monocytes through CCR2-dependent chemotaxis, which strengthens local
inflammation and promotes extracellular matrix remodelling through fibroblast activation and
collagen synthesis''®. Cytokines released by activated macrophages, together with ROS-induced
oxidative stress, stimulate endothelial cells to secrete additional inflammatory mediators and
undergo endothelial-to-mesenchymal transition, producing fibroblast-like cells that contribute to
collagen deposition and expansion of the profibrotic cell population33-117,

Simultaneously, EAT, which lies in direct contact with the atrial myocardium, is
expanded and inflamed in HFpEF, highlighting the metabolic and inflammatory burden
associated with obesity, diabetes, and hypertension''®, Under these conditions, EAT acts as a
paracrine organ that releases inflammatory and profibrotic mediators that diffuse into the atrial
myocardium and recruit CCR2" monocytes, promoting macrophage activation and polarization
toward a proinflammatory phenotype that further amplifies cytokine release and fibroblast
activation!!®, EAT also produces ROS and adipokines that activate TGF-B/SMAD2-3 signaling in
atrial fibroblasts, which induces collagen I/III expression and myofibroblast differentiation'?°,
Overall, these interactions cause fibrotic remodelling and atrial stiffening, establishing the
mechanical and electrical disturbances that define atrial remodelling in HFpEF 2!,

Together, the structural, functional, and inflammatory remodelling that occurs creates an
atrial environment highly susceptible to electrical instability, establishing the arrhythmogenic

substrate that facilitates atrial fibrillation development in HFpEF.
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1.7 Atrial Remodelling in AF

Our grasp of AF pathophysiology has dramatically improved in the past years, mainly
due to improved recognition of the importance of atrial remodelling, which refers to any
persistent change in atrial structure or function®. Atrial stretch, caused by elevated pressure
associated with volume overload, resulting from hypertension, heart failure, and mitral valve
disease, is a main contributor to atrial remodelling!??. Atrial stretch has been observed to trigger
a mechanical inflammatory response, which further induces remodelling, including fibrosis!?2.
To maintain structural integrity in the atria following stretch-induced inflammation, fibrosis
develops, and CnV is slowed as a result of the consequent conduction block®!23, Atrial fibrosis
stimulates heterogeneous atrial depolarization, providing the structural remodelling necessary for
electrical re-entry and subsequent AF'24,

In the case of HFpEF and metabolic disorders associated with AF, adipocyte infiltration
has been recognized as an additional factor in the remodelling of the atria by influencing CnV '3,
With an increase in EAT, adiposity, cytokines, free fatty acids, and other bioactive molecules
accumulating within the myocytes, normal impulse initiation and propagation properties of the
myocardium are altered'?®. Adipocyte infiltration into the myocardium can lead to non-uniform
propagation of an activation wave front'?’. The adipose tissue separates cardiomyocytes, creating

a barrier that forces the electrical impulse to divert from its path, slowing conduction velocity'?’

1.8 Electrophysiological Mechanisms of Atrial Fibrillation

1.8.1 Re-entry and Electrophysiological Determinants

AF is maintained by propagating re-entrant wavelets, which require a susceptible
substrate and trigger (provided by ectopic firing)?>!28, To maintain re-entry, the conduction time,
determined by circuit path length and CnV, must be greater than the longest refractory period
(RP) in the circuit®. Long path lengths and slowed CnV increase circuit time, allowing enough
time for all points in the circuit to be re-excited by the re-entering impulse?. RP determines the
recovery of excitability in conductive tissue; therefore, a shortened RP increases the probability

that tissue can be re-excited when a re-entrant impulse conducts through the tissue?.
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Cardiac wavelength depends on the relationship between CnV and RP!?8, 1t describes the
path length the depolarization wave covers throughout the functional refractory period!?3.
Wavelength is obtained by the product of CnV and the effective refractory period (ERP)'?8, A
decrease in either ERP duration or CnV will decrease wavelength, and a greater number of wave
fronts can circulate through the atria, and AF may be sustained!?%!2°, The number of wavelets
that can occupy the surface of the atria at any one time is influenced by the size of the atria, CnV,
and ERP!28, Re-entry is therefore favoured by a longer distance of the impulse circuit resulting
from atrial enlargement, shortening of the ERP promoted by an increase in outward potassium
currents or decrease in inward calcium currents, and slowed CnV induced by cellular and tissue
structure changes, including fibrosis, connexin expression/localization, and adipocyte
infiltration?>. Methods to increase conduction velocity and/or refractoriness may protect against

AF initiation, maintenance, and recurrence'°.

1.8.2 Gap Junction Remodelling and Ionic Regulation of Refractoriness

Altered gap junction expression and localization is another factor that influences CnV in
the atria®. The electric conduction of the myocardium is provided by gap junctions, cell-to-cell
connections that preserve low-resistance intercellular coupling through specialized hemichannel
subunit proteins termed connexins (Cx)'3!. Cx43 and Cx40 are the principal gap junctional
subunits in the atria'3!. Abnormal electrical coupling between cardiomyocytes, resulting from
structural alterations in connexin distribution and protein levels, has been associated with
enhanced susceptibility to AF and is common in patients and experimental animals with
AF131132 Gap junction remodelling is characterized by altered channel expression, subcellular
distribution from the intercalated discs to the lateral membrane, conductance, and permeability
(determined by phosphorylation of the Cxs)'32. Variations in any of these factors will negatively
impact myocardial synchronization in the heart and contribute to AF inducibility'*2.

As mentioned, a reduced atrial ERP (eARP) will result in a shorter wavelength, allowing
for a greater number of wavefronts to circulate through the atria, sustaining AF. The length of the
action potential duration (APD) directly influences the duration of the eARP?>!?°, When APD is
decreased, the eARP duration is shortened. This can result from an intrinsic change in ion

channel expression in the cardiomyocytes themselves or from extrinsic innervation from the
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autonomic nervous system!33-136, Intrinsic changes that result in reduced eARP are accomplished
primarily by ICaL downregulation and via increased inward-rectifier K currents?>'?°, Shortening
of eARP can also result from a change in autonomic tone, as either vagal or sympathetic
activation can shorten eARP!?. eARP is also regulated by vagal activity via the acetylcholine-
dependent inward-rectifier current (IKACh)3. Increased activity of IKACh abbreviates atrial
APD, and therefore eARP!37. Recent studies have looked at the role of calcium-activated
potassium channels in AF pathophysiology and therapy!3®. The small-conductance KCa 2 (SK2)
channel was found to play a central role in cardiac repolarization and has recently been the target

of therapeutics for atrial tachycardias!’.

1.9 TNFa-Mediated Mechanisms in Heart Failure

TNFa is a cytokine with pleiotropic biological capacities, including proinflammatory
capabilities. It has been identified as a key factor in the pathology of exercise-induced AF, with
TNFa gene ablation observed to prevent AF vulnerability and structural remodelling of the atria
in response to exercise®. Clinical data have indicated that proinflammatory molecules play a key
role in the development and progression of HF and have also detected myocardial infiltration by
inflammatory cells?. Since the early 1990s, researchers have observed elevated levels of TNFa in
patients with HF, suggesting a role of inflammation in the pathology of HF!'4%14! 1n 2004, a
soluble TNFa antagonist, etanercept, was used in clinical trials as a possible therapeutic to
alleviate the HFrEF phenotype, however found no benefit and had adverse effects including

increased risk of hospitalizations and death!#%!43,

1.9.1 Myogenic Response

Recent studies have suggested that the failed clinical trials occurred because acute
inhibition of the TNFa-induced myogenic response drastically reduces total peripheral resistance
(TPR), and therefore mean arterial pressure (MAP), which can result in death in HFrEF

patients'#3

. The myogenic response is an intrinsic property of small resistance vessels that
enables them to constrict or dilate in response to changes in intraluminal pressure, thereby

stabilizing blood flow to tissues'#*. When arterial pressure rises, the vessel wall stretches,
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triggering smooth-muscle contraction that narrows the lumen and limits blood flow, whereas

143 This mechanism is essential for

when pressure falls, the muscle relaxes and the vessel dilates
maintaining TPR and, consequently, MAP under normal physiological conditions'*.

In HF, as CO declines, the maintenance of MAP increasingly depends on vascular tone!,
Recent studies have found that TNFa plays a key role in myogenic responsiveness in HF %3, The
TNFo/Sphingosine-1-Phosphate signaling axis is responsible for driving this myogenic
responsiveness, acting as the key mechanism that converts changes in transmural pressure into
vasoconstrictive tone!*. Through this pathway, TNF-o maintains the basal myogenic activity
required to preserve TPR when CO falls!43:144,

In early stages of HF, this TNFa-dependent vasoconstriction is beneficial, as it sustains

143 However, as the disease

MAP and perfusion pressure despite impaired cardiac function
progresses, the response becomes maladaptive, as persistent myogenic vasoconstriction elevates
afterload, further reducing CO and impairing tissue perfusion'®. Eventually, TPR reaches its
maximal limit while CO continues to decline, resulting in a drop in MAP, which is now primarily
governed by the failing heart rather than vascular compensation'#.

Because TNF-a is required for myogenic vasoconstriction, its inhibition effectively
eliminates the myogenic response, resulting in a severe reduction in TPR and MAP'#4, This loss
of vascular tone explains the adverse hypotensive outcomes observed in anti-TNF clinical trials
for HFrEF, where perfusion pressure was already low. Experimental deletion or pharmacologic
blockade of TNF-a eliminates pressure-induced constriction and produces systemic hypotension
across species, including humans'#*. In contrast, because hypertension is the most common
comorbidity associated with HFpEF, the reduction in TPR resulting from TNF-a inhibition may
not have the same detrimental effects and could even be beneficial by alleviating excessive

vascular tone!43:144,

1.9.2 TNFa-dependent activation of INOS

Studies have observed that TNFa can modulate cardiovascular performance via
activation of inducible nitric oxide synthase (iNOS)'*. When TNFa binds its receptor, an
intracellular signalling pathway is initiated, leading to the translocation of nuclear factor kappa B

(NF-xB) into the nucleus and subsequent transcription and expression of iNOS**#!, A recent

23



study has provided evidence that the activation of iNOS is a key mechanism in triggering
nitrosative stress in HFpEF and observed that when iNOS is either genetically silenced or
pharmacologically inhibited, the HFpEF phenotype is ameliorated?*2.

Because TNFa acts upstream of this signalling pathwayj, it is likely an important
regulator of NF-kB-mediated iNOS activation and the resulting nitrosative stress. Consistent
with this, the same study reported a significant increase in TNFo mRNA expression (fold
change) in a HFpEF model utilizing HFD and L-NAME, suggesting that elevated TNF-a may

drive iNOS induction and contribute to the development of oxidative and nitrosative injury

observed in this condition*?.

1.10 Rationale and Knowledge Gap

HFpEF now accounts for more than half of all HF cases, with its prevalence only
increasing®%. It encompasses a highly diverse patient population characterized by substantial
variation in comorbidity burden, disease severity, cardiac structure, circulating biomarkers, and
clinical outcomes, underscoring its heterogeneity?®-3. This complexity has made it increasingly
more difficult to identify a unifying mechanism or to develop therapeutic targets®*. Recent work
has emphasized that HFpEF represents a complex, comorbidity-driven, multisystemic disorder in
which accompanying conditions such as obesity, hypertension, diabetes, and systemic
inflammation are not simply coincidental but play an active role in disease progression®.
Increasing evidence has identified chronic low-grade inflammation as a key driver of HFpEF
pathogenesis?®*. Among inflammatory cytokines, TNFa. is consistently elevated in both patients
and experimental models of heart failure and is associated with adverse cardiac and vascular
remodelling'4°.

AF is highly prevalent in HFpEF, with approximately two-thirds of patients either
presenting with or eventually developing AF, reflecting the well-established clinical overlap
between AF and HFpEF?. Substantial evidence now supports that AF is strongly influenced by
inflammatory mechanisms rather than being solely an electrical disorder!#”-'*8, Among
inflammatory mediators, TNFa has been repeatedly implicated®. Elevated TNFa levels correlate
with AF burden, and experimental studies show that TNFa inhibition or gene deletion reduces

atrial fibrosis, improves conduction properties, and lowers susceptibility to AF8. Because HFpEF
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arises from chronic metabolic, hypertensive, and vascular stressors that elicit a robust systemic
and myocardial inflammatory response, this provides a biologically relevant context to
investigate how inflammation differentially affects the atria compared with the ventricles.

TNFa. acts upstream of the NF-xB/iINOS axis**#!. Upregulated iNOS generates sustained
NO production that reacts with superoxide to form peroxynitrite, driving nitrosative stress and
myocardial dysfunction®?. Genetic deletion or pharmacological inhibition of iNOS alleviates
diastolic dysfunction and fibrosis in HFpEF mouse models, supporting a causal link between
nitrosative stress and the phenotype*?. Moreover, increased TNFoo mRNA expression has been
observed in HFpEF models induced by HFD and L-NAME, suggesting that TNF-a serves as an
upstream inflammatory trigger linking cytokine signalling to iNOS activation*.

Recent studies have demonstrated that the TNFa/sphingosine-1-phosphate signalling axis
is required for myogenic responsiveness in resistance vessels, the intrinsic mechanism that
stabilizes TPR and MAP!4>1% Pharmacological TNFa. inhibition using etanercept abolishes this
response and markedly lowers MAP in multiple species, confirming the dependence of systemic
haemodynamics on TNFa myogenic tone'#>!#4, Clinical trials targeting TNFa. in HFrEF, notably
the ATTACH (infliximab) and RENEWAL (etanercept) studies, reported no therapeutic benefit
and, in some cases, increased mortality'4>!4°, Because hypertension is the most common
comorbidity in HFpEF, reductions in TPR produced by TNF-a inhibition may not trigger
hypotension to the same extent as in HFrEF and could even be beneficial in certain hypertensive
phenotypes!®.

Although prior work has identified TNFa as an important inflammatory mediator in
HFpEEF, its role in shaping chamber-specific remodelling remains unresolved. In particular, it is
unknown whether the inflammatory environment generated by HFpEF disproportionately affects
the atria in a way that directly promotes an arrhythmogenic substrate, or whether TNFa serves as
the upstream driver of these atrial-ventricular differences. This gap is significant because AF is
highly prevalent in HFpEF, however, the mechanistic link between the HFpEF phenotype and
increased atrial susceptibility has not been defined at the level of cytokine-dependent
remodeling. Therefore, the key unanswered questions are whether HFpEF induction produces
distinct atrial versus ventricular structural and functional changes, and whether TNFa is
responsible for these divergent responses. Understanding these mechanisms provides the basis

for the present study.
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1.11 Hypotheses and Objectives

1.11.1 Hypotheses

1. HFpEF induction in mice will produce a differential remodeling response in the
ventricles and atria, and the resulting atrial structural, functional, and inflammatory
changes will establish a mechanistic link between the HFpEF phenotype and increased
susceptibility to atrial fibrillation.

2. The inflammatory factor TNFa is required for the induced chamber specific differences

observed in the HFpEF model

1.11.2 Objectives

The objectives of this study were as follows:
1. Characterize the chamber specific responses of a HFpEF model using a combination of
high fat diet feeding, high sucrose supplementation, and L-NAME administration in a

CD1 mice strain.

Additional objectives not achieved

2. Determine the effects of TNFa inhibition on the HFpEF phenotype using the developed
HFpEF murine model.
3. Determine the fundamental mechanisms through which TNFa inhibition confers

protection against the HFpEF/AF phenotype.
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Chapter 2: Materials and Methods

2.1 Experimental Animals

Male CD1 mice bred in-house were randomly assigned to either the experimental group
or the control group at 68 weeks of age. CD1 mice from Charles River were also used,
however, had feces from the in-house mice mixed into bedding in order to normalize gut
microbiome. The experimental group received a high-fat diet (D12492, Research Diets) with L-
NAME (1-1.5 g/L, Thermo Scientific) administered in their drinking water after adjusting the
pH to 7.4, with the addition of 12% (w/v) sucrose in the drinking water, prepared using
commercially available granulated sugar (Rogers, Lantic Inc., Canada). The controls were
maintained on a standard chow diet (LabDiet 5015) with access to regular tap water. Mice were
maintained on their respective diets for a duration ranging from 12 to 18 weeks. All animals were
housed under identical environmental conditions on a 12:12 hour light-dark cycle. Mice had ad
libitum access to their assigned diets and water throughout the study. All experimental
procedures were conducted in accordance with the guidelines established by the Canadian

Council on Animal Care and were approved by the Animal Care Committee at York University.

2.2 Exercise Exhaustion Test

After three days of acclimatization to treadmill exercise, an exhaustion test was
performed on the experimental groups of mice. The test was conducted on an inclined treadmill
set at a 10° incline (Panlab, Harvard Apparatus). Mice first acclimated at a speed of 0 m/min for
5 minutes, followed by sequential increases to 5 m/min for 5 minutes, 10 m/min for 10 minutes,
and then 15, 20, and 25 m/min for 5 minutes each, as described in Beyfuss et al. 2018. The
exhaustive phase then began, during which the speed was increased by 1 m/min every 3 minutes
until exhaustion!>’. Exhaustion was defined as the inability of a mouse to resume running within
5 seconds of contact with the electric stimulus grid. Total running time was recorded, and

running distance was calculated accordingly.
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2.3 Echocardiography

Echocardiographic evaluations of left ventricular function were conducted in mice under
general anesthesia. Anesthesia was initiated by exposing the animals to a 3% isoflurane—oxygen
mixture in an induction chamber. Once anesthetized, mice were positioned supine on a heated
platform, and anesthesia was maintained via a nose cone delivering approximately 1.5%
isoflurane in oxygen, as described previously'>!. Core body temperature was continuously
tracked using a rectal temperature probe (THM 150; Indus Instruments, Webster, TX, USA) and
kept within a physiological range of 36.9°C to 37.3°C. Respiratory rate was maintained between
90 and 120 breaths per minute through minor adjustments to the isoflurane concentration.
Electrocardiographic monitoring was performed using the lead II configuration. To optimize
ultrasound transmission, chest fur was removed with a depilatory cream (Nair; Church and
Dwight, Princeton, NJ, USA), and acoustic gel (Aquasonic 100; Parker Laboratories Inc.,
Fairfield, NJ, USA) was applied to the thoracic surface. Structural and functional parameters of
the left ventricle were obtained using a high-resolution 30 MHz linear ultrasound transducer
(Vevo 2100; Visual Sonics Inc., Toronto, ON, Canada) in both B-mode and M-mode

transthoracic imaging configurations.

2.4 Intraperitoneal Glucose Tolerance Test

Intraperitoneal glucose tolerance tests were conducted to evaluate systemic glucose
handling in mice following a fasting period of 6 hours. After the fasting period, each mouse
received an intraperitoneal injection of D-glucose (1.5 g/kg body weight) prepared in sterile
saline (0.9% NaCl)!>2. Blood glucose levels were measured at baseline (0 minutes, before
glucose administration) and subsequently at 15-, 30-, 45-, 60-, and 120 minutes post-injection
using a handheld glucometer and test strips calibrated for mouse blood glucose (mg/dL)!*2.
Blood samples were obtained via a small tail vein poke using a sterile needle. Throughout the
procedure, mice were gently restrained to minimize stress, and care was taken to limit the total
blood volume collected. All measurements were performed in a consistent environment to reduce

variability due to temperature or handling.
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2.5 Effective Refractory Period and Arrhythmogenic Inducibility Measurements

Mice were anesthetized using the same protocol described for echocardiographic
measurements'>!. This protocol was described previously in Aschar-Sobbi et al. 2015. To access
the right jugular vein, a superficial incision was made through the skin, followed by gentle blunt
dissection to separate and retract the overlying muscle and connective tissue. Once exposed, a
suture was placed around the anterior portion of the jugular vein to secure it. A small incision
was then created posterior to the suture, allowing for the insertion of a 2-Fr octopolar recording
and stimulation catheter (CI’BER Mouse; NuMed, Hopkinton, NY, USA). A second suture was
tied around the catheter at the site of insertion to stabilize it within the vessel. The catheter was
then advanced through the superior vena cava into the right atrium and subsequently into the
right ventricle. Proper positioning was confirmed by identifying a distinct His bundle
depolarization waveform on the electrogram, recorded between electrodes 3 and 4 of the
octopolar catheter, along with the appropriate waveform in each respective channel.

A 15-minute stabilization period was allowed prior to the initiation of all
electrophysiological recordings. Timed bipolar electrical stimulation was delivered to targeted
cardiac regions (specifically the atria or ventricles) using adjacent electrode pairs on the
octopolar catheter and a programmable stimulator with cycle control (Pulsar 6i; Frederick Haer
Co., Bowdoin, ME, USA). Intracardiac electrograms were recorded from selected bipolar
electrode configurations on the catheter, along with surface ECG signals acquired via subdermal
needle electrodes positioned to capture lead II. All signals were amplified and digitized using a
multichannel acquisition system (Gould ACQ-7700; Data Sciences International), and data was
analyzed using P3 software (Data Sciences International).

To determine the stimulation threshold required for electrical capture, pacing pulses were
applied between adjacent electrodes on the octopolar catheter at intervals 20 milliseconds below
the intrinsic R—R interval. The voltage was gradually increased until consistent cardiac capture
was observed, indicated by the appearance of QRS complexes following each stimulus. All
stimulation protocols used to evaluate atrial refractoriness or to induce atrial fibrillation were
conducted using stimulation voltages set at 1.5 times the previously established capture
threshold.

Atrial effective refractory periods were measured using field stimulation via bipolar lead

pairs 7—8 or 5—6 of the octopolar catheter. Each assessment consisted of a train of nine stimuli
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(S1 pulses) delivered at a constant cycle length, followed by a single premature pulse (S2). The
S2 stimulus was initially introduced at a coupling interval below the expected capture threshold
(~15 ms) and incrementally increased in 5 ms steps until consistent atrial capture was observed,
as indicated by QRS complexes on the ECG. Once capture was achieved, the S2 interval was
gradually decreased in 1-2 ms steps until capture was lost. Two independent measurements were
obtained for each mouse, and the average of these values was reported as the AERP.

To assess atrial arrhythmia susceptibility, rapid programmed electrical stimulation was
applied to the high right atrium (lead 7-8), followed by identical protocols delivered to the mid-
atrium (lead 5-6). Two stimulation protocols were used: (i) 27 pulses of 1 ms duration delivered
at a 40 ms cycle length, progressively shortened by 2 ms intervals down to 20 ms, repeated three
times; and (ii) 20 pulses of 1 ms duration delivered at a constant 20 ms cycle length, repeated 20
times with 1.5-second pauses between trains®. This second protocol was followed by a 5-minute
rest period and repeated up to three times. Ventricular arrhythmia inducibility was assessed using
the same stimulation sequences applied to lead 1-2. Sustained arrhythmias were defined as
reproducible episodes of rapid, irregular, and continuous atrial or ventricular activity lasting

longer than 10 seconds.

2.6 Invasive Haemodynamics

Hemodynamic assessments were performed in mice anesthetized as described previously

in the echocardiographic measurements'>!

. The following protocol was described previously in
Gorman et al. 2024. Following anesthetization, a midline incision was made just below the chin
to expose the right common carotid artery. The salivary glands were gently retracted, and the
carotid artery, identified by its location parallel to the trachea, was carefully dissected from
surrounding connective tissue, taking care to avoid damage to the adjacent vagus nerve. A suture
was placed around the anterior portion of the artery, and two additional sutures were positioned
posteriorly: one served as a temporary ligature to minimize blood loss, and the other was used to
secure the catheter following insertion. A small ventral incision was then made in the artery to

allow the insertion of a 1-Fr pressure-transducing catheter (Scisense, London, ON, Canada),

which was advanced retrogradely through the proximal aorta into the left ventricle.
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Hemodynamic signals were recorded at a sampling frequency of 5000 Hz using the
Scisense ADV500 control unit (Scisense, London, ON, Canada) and acquired with
AcgKnowledge software (Biopac Systems Inc., Goleta, CA, USA). Prior to data collection, a
minimum of 15 minutes was allotted to allow for physiological stabilization, ensuring a core
body temperature of 36.9-37.3 °C and a respiratory rate of approximately two breaths per

second. Following stabilization, five minutes of baseline pressure data were recorded.

2.7 Heart Isolation

Prior to tissue collection, mice were administered an intraperitoneal injection of heparin
(0.2 mL of 1000 IU/mL; Leo Pharma, Thornhill, ON, Canada) to prevent blood clot formation.
Anesthesia was induced using a 3% isoflurane-oxygen mixture, and a toe-pinch reflex was
performed to confirm the absence of responsiveness. A ventral midline incision was made from
the abdomen to the chest, followed by two lateral incisions at the base of the sternum extending
toward the dorsal side to expose the diaphragm, as described previously'>3. The diaphragm was
incised to open the thoracic cavity and allow access to the heart. After removal of the
pericardium and lungs, and severing of the aorta, the heart was excised. It was then rinsed in 0.01
M phosphate-buffered saline (PBS) to remove residual blood, blotted dry, and weighed. The right
hindlimb was also collected and placed in a bleach solution to expose the tibia, the length of

which was measured using calipers to normalize heart weight.

2.8 Cardiac Perfusion and Fixation

For histological and immunohistochemical analysis, the inferior vena cava was transected
following thoracic cavity exposure. Cardiac arrest in diastole was induced by injecting
approximately 5 mL of 1% potassium chloride (KCI) in 0.01 M PBS into the apex of the heart
using a 25-gauge needle'>*. This was immediately followed by perfusion with 20 mL of 4%
paraformaldehyde (PFA) in 0.01 M PBS to achieve tissue fixation. The heart was then extracted
as described above. Following extraction of the heart, subsequent processing steps varied

depending on the intended embedding approach. Hearts were either prepared for cryosectioning
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in Optimal Cutting Temperature (OCT) or processed for paraffin embedding, as described in the

following sections.

2.9 Lung Wet-to-Dry Weight Measurements

Lung fluid content was assessed using the wet-to-dry weight method*?. During terminal
tissue collection, immediately prior to cardiac perfusion and heart removal, both the left and right
lungs were excised and gently blotted to remove surface moisture. Whole lungs were weighed
immediately to obtain the wet weight. Samples were then placed in a 37°C drying oven for 48
hours to allow complete desiccation. After drying, lungs were reweighed to obtain the dry
weight. Lung wet-to-dry ratios were calculated for each animal by dividing the wet weight by the

corresponding dry weight, providing an index of pulmonary fluid accumulation.

2.10 Paraffin Histology and Immunohistochemistry

Following excision, hearts were immersed in 35 mL of 4% paraformaldehyde (PFA) in
0.01 M phosphate-buffered saline (PBS) and fixed overnight at 4°C. The next day, hearts were
washed three times in PBS for one hour each to remove residual fixative. They were then cleaned
of any excess connective or adipose tissue and bisected along the coronal plane with a scalpel to
expose the four-chamber view. Samples were placed into labeled cassettes and processed through
a graded ethanol dehydration series (70%, 80%, 95%, 100%, 100%), followed by clearing with
xylene (a 1:1 mixture of 100% ethanol and xylene, then two changes of 100% xylene), as
described previously!>?. Tissues were then incubated in paraffin at 60°C for three consecutive
changes to ensure complete infiltration. The following morning, samples were embedded in
paraffin blocks. Serial sections were cut at 5 um thickness using a microtome, mounted onto
Superfrost Plus—charged glass slides, and left to dry overnight at room temperature.

For histological analysis, paraffin-embedded sections were deparaffinized through a
series of 5-minute xylene treatments (two washes in xylene followed by a xylene—ethanol
mixture), followed by sequential 5-minute ethanol washes (100%, 100%, 95%, 70%, and 50%),
and finally rinsed in tap water for 10 minutes. Cardiac collagen content in atrial and ventricular

tissue was assessed using Picrosirius Red staining, with sections incubated in the stain for 1 hour
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at room temperature while shaking!>3. Slides were then rinsed twice in 0.5% acetic acid,
dehydrated through graded ethanol washes (95%, 95%, 100%, and 100%), cleared in xylene
(x3), and mounted with coverslips using toluene-based mounting medium (Fisher Scientific,
Waltham, MA, USA).

High-resolution images of the left atrium and ventricle were captured using the
Brightfield EVOS AutoFlo 2 microscope, with full tissue sections scanned at 20x magnification.
Collagen quantification was performed using ImageJ software, applying a thresholding method
that detects collagen based on its increased brightness relative to surrounding myocardial tissue.
Collagen area was expressed as a percentage of total tissue area using pixel-based measurements.
The analysis excluded pericapsular fibrosis, focusing exclusively on interstitial collagen within
the left atrial appendage and left ventricular free wall.

For immunohistochemical detection of cardiac macrophages, paraftfin-embedded heart
sections were stained using a rat anti-mouse F4/80 primary antibody (Bio-Rad), followed by a
goat anti-rat Alexa Fluor 647 secondary antibody (Invitrogen). Slides were deparaffinized as
previously described and then rinsed in running tap water for 10 minutes'>. Antigen retrieval
was carried out using heat-induced epitope retrieval by submerging slides in 10 mM sodium
citrate buffer containing 0.05% Tween-20 (pH 6.0) and heating them in a boiling pressure
cooker. Once full pressure was reached, retrieval was maintained for 3 minutes, followed by a
10-minute rinse in tap water. Slides were subsequently washed three times for 5 minutes each in
a wash buffer consisting of Tris-buffered saline (TBS; 2.42 g Tris base, 8 g NaCl, 70 mL ddH-O)
with 250 pL of Triton X-100 (pH 7.6). A hydrophobic barrier pen was used to circle the three
tissue sections on each slide. To block nonspecific binding, sections were incubated for 1.5 hours
in a blocking buffer composed of 1% bovine serum albumin (BSA), 10% goat serum, and 0.3 M
glycine in PBS-Tween-20. After blocking, sections were washed three times in wash buffer (5
minutes each) and incubated overnight at 4°C with the primary antibody diluted 1:100 in PBS-T
containing 1% BSA. Two of the three tissue sections were incubated with the primary antibody
solution, while the third received only the dilution buffer and served as a negative control. After
a 12-hour incubation, slides were rinsed three times in wash buffer and incubated for 1 hour at
room temperature with the secondary antibody (1:100 dilution), which also included wheat germ
agglutinin (WGA) to label cell membranes. This was followed by three additional 5-minute

washes in wash buffer. Cellular nuclei were then counterstained with DAPI to stain cell nuclei,
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followed by two final 3-minute washes. Finally, slides were mounted using an aqueous mounting
medium consisting of Tris buffer, N-propyl gallate, and glycerol (pH 8.5).

Three images were acquired from the left atrial appendage and the left ventricular free
wall using the EVOS AutoFlo 2 microscope. Image analysis was performed in ImageJ using a
combination of the rolling ball background subtraction algorithm, thresholding, and binary
conversion to ensure accurate identification of stained cells. Macrophages were defined as cells
that co-expressed both F4/80 and DAPI signals. Only signals with a minimum of five
overlapping pixels were considered to be true colocalization events. Total macrophage counts

were normalized to tissue area using the WGA channel as a reference for tissue boundaries.

2.11 Statistical analysis

Summary data are presented as Mean + SEM unless otherwise stated. Statistical
assessments included unpaired Student’s t-tests for two-group comparisons, with Welch’s
correction applied when variances were unequal. Non-parametric data were analyzed using
Mann—Whitney U tests. Longitudinal measurements, including body-weight trajectories and
glucose tolerance curves, were evaluated using two-way repeated-measures ANOVA or mixed-
effects models with appropriate post-hoc corrections. A significance threshold of p < 0.05 was

applied for all analyses, which were performed using GraphPad Prism.
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Chapter 3: Results of HFpEF Model Characterization

3.1 Development and Characterization of the HFpEF Model

The first objective of this study was to develop and characterize a murine HFpEF model
using a combination of HFD feeding and L-NAME supplementation in the CD1 mouse strain,
which has never been developed or characterized in this context. Our approach was based on the
HFpEF model introduced by Schiattarella et al. (2019), whose work demonstrated that
combining HFD (Appendix A.1) with L-NAME produces a robust metabolic—hypertensive
phenotype**. This model was selected because it recapitulates key clinical features, including
preserved systolic function with impaired diastolic relaxation, metabolic dysfunction, exercise
intolerance, myocardial hypertrophy, hypertension, and pulmonary congestion.

To replicate and refine this model, we initially followed the protocol established by the
Hill laboratory. In our pilot study, seventeen mice (n=17) received HFD supplemented with 0.5
g/L L-NAME, while three mice (n=3) were maintained on a normal diet and water as controls.
The intervention was sustained for eight weeks, during which body weight gain and water/L-
NAME consumption were monitored. At the experimental endpoint, mice underwent a
comprehensive assessment including exercise tolerance testing, intraperitoneal glucose tolerance
(IPGTT), transthoracic echocardiography, intracardiac electrophysiology, and invasive
haemodynamic recordings. Hearts and lungs were collected for histological analysis and wet—dry
ratio measurements, respectively.

Although this initial protocol produced some HFpEF-like features, the haemodynamic
abnormalities were modest and variable, consistent with reports that the HFD + L-NAME model
can vary considerably between laboratories. To intensify the phenotype, we incorporated high
sucrose supplementation, as prior studies have shown that adding sucrose to a high-fat regimen
exacerbates metabolic stress, hypertension, and cardiac dysfunction®%%134, Through repeated
adjustments of L-NAME concentration, sucrose content, and intervention duration, we refined
the protocol to 1.0 g/ L-NAME with 12% sucrose in the drinking water. We did not include
additional control groups, such as HFD alone, L-NAME alone, sucrose alone, or any of their
pairwise combinations, because previous studies have already characterized the effects of each of

these interventions individually. Our goal in this thesis was to first establish and characterize the

35



combined model. Future work will incorporate these control groups to determine the specific
contribution of each component. Importantly, several cohorts were intentionally extended beyond
the standard 12-week protocol, with some run to 15, 17, and 18 weeks. These extended cohorts
were used to determine whether a longer duration of the HFD + L-NAME + sucrose intervention
produced additional changes in glucose tolerance, exercise capacity, or echocardiographic
parameters. Across these longer-duration cohorts, we observed no meaningful differences
compared to the 12-week groups. Metabolic, functional, and structural parameters plateaued, and
the HFpEF phenotype was already fully established by 12 weeks. Extending the intervention did
not deepen the severity of the phenotype or provide additional insight.

Two early CD1 cohorts obtained from Charles River were excluded because they failed
to gain weight and consistently fought. Although these animals were the same strain, we
considered the possibility that vendor-specific microbiome differences contributed to their
abnormal response. To limit this variability, all subsequent Charles River cohorts received
bedding supplemented with fecal material from our in-house CD1 colony before starting the diet
in order to normalize gut microbiota.

Across the extended-duration cohorts, a small number of mice developed severe
complications late in the intervention and were removed according to humane endpoint criteria.
These animals were excluded from all analyses. Considering that the HFpEF phenotype was
consistently present by 12 weeks, that prolonging the diet did not enhance the model, and that
continued exposure increased the likelihood of adverse outcomes, all later cohorts were restricted
to 12 weeks. This resulted in final cohort sizes of n = 14 for the normal-diet group and n =21 for
the HFDLS group.

Because the model-optimization phase included cohorts run for different durations, all
animals were pooled together for analysis, and all physiological, metabolic, haemodynamic,
structural, and inflammatory data in this thesis represent endpoint measurements collected at
each cohort’s terminal time point. No data are stratified by week or by duration category. The
only exception is the body-weight trajectory, which is plotted across the full 18-week period to
illustrate the stability and progression of weight gain over time. All other findings are presented

as unified endpoint data from the final refined HFpEF model.
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3.1.1 Physiological Characterization of the HFpEF Model

To determine whether the combined HFD + L-NAME + sucrose (HFDLS) intervention
induced a physiological phenotype consistent with HFpEF, we evaluated a range of metabolic,
functional, and cardiovascular parameters across cohorts. These assessments included
longitudinal body weight tracking, glucose tolerance testing, exercise tolerance, transthoracic
echocardiography, intracardiac electrophysiology, invasive haemodynamic measurements, and
lung wet:dry ratios to assess pulmonary congestion. Together, these complementary
measurements enabled comprehensive characterization of systemic metabolic responses, cardiac
function, haemodynamics, electrophysiology, and pulmonary involvement associated with
HFpEF. The following sections summarize the physiological features observed across these

domains.

3.2 Metabolic Assessments

3.2.1 Diet-Induced Alterations in Body Weight

Percentage body-weight gain was monitored weekly to assess longitudinal metabolic
responses to the HFD + L-NAME + sucrose (HFDLS) intervention. Mixed-effects modeling
(REML) revealed significant main effects of Time (p < 0.0001) and Diet (p < 0.0001), as well as
a significant Time x Diet interaction (p < 0.0001), indicating that % body-weight gain
trajectories diverged between groups over the course of the intervention. Sidak-corrected
pairwise comparisons showed that HFDLS mice exhibited significantly greater % body-weight
gain than ND controls beginning at Week 3 (p = 0.0485), with progressively larger differences
from Weeks 4-18 (p = 0.0006 to < 0.0001). These findings demonstrate that the HFDLS
intervention produced a robust and sustained increase in % body weight gain relative to normal
diet feeding (Figure 4A).

To compare overall weight gain between the two groups, percent body weight change
from baseline to the final recorded week was calculated for each animal (varying from 12-18
weeks). HFDLS mice exhibited markedly greater weight gain (70.81 + 3.44%) compared with

ND controls (45.95 + 2.23%). Because group variances were unequal (p = 0.02), the comparison
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was evaluated using an unpaired two-tailed t-test with Welch’s correction, which showed
significantly greater percent weight gain in HFDLS mice (p < 0.0001) (Figure 4B). Together,
these results indicate that chronic high-fat, high-sucrose feeding enhances weight gain and

establishes a strong metabolic phenotype in this HFpEF model.
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Figure 4. Effects of HFD + L-NAME + sucrose on percentage body-weight gain.
Longitudinal metabolic responses were assessed in normal diet (ND; n = 14) and high-fat, L-
NAME, sucrose (HFDLS; n =21) mice. A) Percentage body-weight gain was monitored weekly
across the feeding period. B) Percent body-weight gain from baseline to endpoint, varying from
12-18 weeks of the diet intervention. Data are presented as mean += SEM. Statistical comparisons
were performed using mixed-effects modeling (REML) with Sidak’s multiple comparisons test
(A) and an unpaired two-tailed t-test with Welch’s correction (B). Significance levels: p < 0.05
(*), p<0.01 (**), p<0.001 (***), p <0.0001 (****),
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3.2.2 Glucose Tolerance

To further assess whether these differences in body weight were accompanied by
alterations in systemic glucose handling, an intraperitoneal glucose tolerance test was performed
(Figure 5A). Both ND (n = 6) and HFDLS (n = 12) mice exhibited a rapid rise in blood glucose
concentrations within the first 30—45 minutes after glucose administration, followed by a gradual
decline toward baseline by 120 minutes. Although HFDLS mice consistently displayed higher
glucose values at each time point relative to ND controls, two-way repeated-measures ANOVA
demonstrated a significant main effect of time (p < 0.0001) but no significant diet x time
interaction (ns, p = 0.118) and no significant main effect of diet (ns, p = 0.146). These results
indicate that while glucose levels changed over time as expected following glucose challenge,
HFDLS mice did not show statistically significant impairments in glucose tolerance at individual
time points compared with ND mice.

To quantify overall glycemic exposure, area under the curve (AUC) was calculated for
each mouse (Figure 5B). HFDLS mice exhibited a higher mean AUC compared with ND
controls (32,097 + 3,055 vs. 25,188 + 2,533), reflecting a modest upward trend toward increased
overall glycemic exposure in response to glucose challenge. However, this difference was not
statistically significant (ns, p = 0.162) when assessed using an unpaired two-tailed t-test.
Together, these findings indicate that although HFDLS mice demonstrated numerically greater
glucose exposure, neither the change in glucose over time nor the total glucose response differed

significantly from ND mice.

39



A)

500
-e- ND
= 400- = HFDLS
L)
£ 300-
Q
& 200
Q
=
O 100
0 I 1 I 1 I
15 30 45 60 120
Time (min)
B)
60000
[«}]
-
o
o 40000 -
=
| .
[+})
2
S 20000 -
©
o
<

ND HFDLS

Figure S. Impaired glucose handling in HFDLS mice demonstrated by intraperitoneal
glucose tolerance testing. A) Blood glucose concentrations during the intraperitoneal glucose
tolerance test (IP-GTT) in ND (n = 6) and HFDLS (n = 12) mice following 12—18 weeks of
dietary intervention. Both groups exhibited a rapid rise in glucose within the first 30—45 minutes
after glucose administration followed by a gradual decline toward baseline. Although HFDLS
mice displayed numerically higher glucose levels across multiple time points, two-way repeated-
measures ANOVA showed a significant main effect of time (p < 0.0001), but no significant main
effect of diet (ns, p = 0.146) or diet % time interaction (ns, p = 0.118).B) Area under the curve
(AUC) analysis of glucose excursions during the IP-GTT. HFDLS mice demonstrated a greater
mean AUC compared with ND mice (32,097 + 3,055 vs. 25,188 +2,533), indicating a modest
upward trend toward increased cumulative glycemic response; however, this difference did not
reach statistical significance (unpaired two-tailed t-test, ns, p = 0.162).
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3.2.3 Exercise Tolerance

Following the assessment of metabolic status, exercise tolerance was evaluated to
determine whether the HFDLS intervention impaired physical performance. HFDLS mice
demonstrated a marked reduction in voluntary running performance compared with ND controls
(Figure 6). An unpaired two-tailed t-test with Welch’s correction revealed a significant decrease
in total running distance in HFDLS mice (p = 0.0008). ND mice ran substantially farther than
HFDLS mice (408 + 31 m, n =14 vs. 276 + 9 m, n = 21), reflecting a clear deficit in exercise
tolerance associated with the HFDLS intervention, consistent with early HFpEF-like functional

limitation.
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Figure 6. HFDLS Mice Display Reduced Exercise Capacity. An incremental treadmill
exhaustion test was used to assess exercise tolerance in ND (n = 14) and HFDLS (n = 21) mice.
Running distance to exhaustion was quantified and plotted with individual data points (Figure 3).
Data are presented as mean + SEM. An unpaired two-tailed t-test with Welch’s correction
revealed significantly reduced running distance in HFDLS mice compared with ND (p = 0.0008).
Significance level: p <0.001 (***).
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3.3 Morphometric Assessment

Because HFpEF is defined not only by metabolic and functional impairment but also by
concentric cardiac remodeling and elevated pulmonary pressures, we next quantified heart

weight and lung wet-to-dry ratios to assess hypertrophic and congestive changes in this model.

3.3.1 Heart Weight

To assess cardiac hypertrophy, heart weight was normalized to tibia length (HW:TL) in
ND and HFDLS mice (Figure 7). Mean HW:TL values were slightly higher in HFDLS mice,
with ND mice exhibiting 13.11 £ 0.70 mg/mm, n = 14 and HFDLS mice exhibiting 14.78 + 0.94
mg/mm, n = 21. Because the HFDLS group did not meet normality criteria, group comparisons
were performed using a Mann—Whitney U test. This analysis showed no significant difference
(ns, p=0.6298) in HW:TL between groups. Although three HFDLS mice exhibited higher
HW:TL values than the rest of the group, these measurements were considered biologically

plausible and were therefore retained in the analysis.
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Figure 7. Heart weight normalized to tibia length does not differ between ND and HFDLS
mice. HW:TL was measured at endpoint to assess cardiac hypertrophy, with tibia length used for
size normalization. HFDLS (n = 21) mice showed a modest upward trend relative to ND (n =
14), but values were not significantly different. ND mice had a mean HW:TL of 13.11 £ 0.70
mg/mm and HFDLS mice had a mean HW:TL of 14.78 £+ 0.94 mg/mm. Because the HFDLS
group did not meet normality (Shapiro—Wilk p < 0.0001), groups were compared using a Mann—
Whitney U test, which showed no significant difference (ns, p = 0.6298).

3.3.2 Lung Weight

To evaluate pulmonary congestion and fluid accumulation, which is a hallmark of
HFpEF, lung wet-to-dry ratios were compared between ND and HFDLS mice (Figure 8). ND
mice had a mean lung wet:dry ratio of 4.31 £ 0.10, n = 12, while HFDLS mice had a mean ratio
0f4.33 £0.06, n = 18. An unpaired two-tailed t-test showed no significant difference (ns, p =
0.877) between groups. Overall, these data indicate that the HFDLS intervention did not induce

detectable pulmonary edema at the time of collection.
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Figure 8. HFDLS feeding does not alter lung wet-to-dry ratios. Lungs were collected during
terminal tissue extraction, weighed immediately after excision, dried for 48 hours at 37°C, and
reweighed to obtain wet and dry weights. Lung wet:dry ratios did not differ between dietary
groups. ND mice had a mean ratio of 4.31 + 0.10, n = 12, and HFDLS mice had a mean ratio of
4.33 £ 0.06, n = 18. An unpaired two-tailed t-test showed no significant difference (ns, p =
0.877) in pulmonary fluid content between groups. Data are presented as mean + SEM.

3.4 Assessment of Cardiac Function

Given that HFpEF is characterized by diastolic impairment, concentric LV remodeling,
increased arterial pressures, and a high burden of atrial fibrillation, defining the cardiac
phenotype requires direct functional assessment. Accordingly, we next evaluated cardiac
performance and LV geometry using transthoracic echocardiography, invasive haemodynamics
to quantify filling pressures and arterial hypertension, and intracardiac electrophysiology to

assess atrial excitability and arrhythmia susceptibility.
3.4.1 Transthoracic Echocardiography

To evaluate LV structure and systolic performance, transthoracic echocardiography was
conducted in ND (n = 14) and HFDLS (n = 21) mice (Figure 9A—H; Table 1). All comparisons
were analyzed using unpaired two-tailed t-tests. LV systolic diameter (Figure 9A) was

significantly reduced in HFDLS mice, measuring 2.747 + 0.085 mm compared with 3.137 +
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0.096 mm in ND (p = 0.0053). LV diastolic diameter (Figure 9B) was also significantly smaller
in HFDLS mice, with values of 4.281 £+ 0.068 mm versus 4.630 = 0.084 mm in ND (p = 0.0026).
Measures of systolic function showed mixed differences between groups. Ejection fraction
(Figure 9C) was similar between ND (60.34 + 1.72%) and HFDLS mice (65.42 = 1.76%; ns, p =
0.0564). Fractional shortening (Figure 9E) was significantly increased in the HFDLS cohort,
averaging 36.01 £ 1.35% versus 31.99 £ 1.25% in ND (p = 0.0462). Measures related to
ventricular output were unchanged between groups. CO (Figure 9D) was 25.54 £ 1.03 mL/min in
HFDLS and 28.91 + 1.59 mL/min in ND (ns, p = 0.0701). Stroke volume (Figure 9G) was
similar in HFDLS (53.68 £+ 1.85 pL) vs. ND (59.35 + 2.20 uL; ns, p = 0.0584), as was heart rate
(Figure 9F), which measured 480 + 12 bpm in HFDLS compared with 478 £ 18 bpm in ND (ns,
p =0.9301). Lastly, LV wall thickness (Figure 9H) was significantly increased in HFDLS mice.
ND mice exhibited a mean thickness of 0.9157 £+ 0.027 mm, while HFDLS mice measured 1.127
+0.025 mm (p < 0.0001).
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Table 1. Echocardiographic parameters in ND and HFDLS mice.

Parameter ND (Mean + HFDLS (Mean | p-value Significance
SEM) + SEM)

LV Systolic 3.137+£0.096 | 2.747+0.085 | 0.0053 Significant

Diameter mm mm

LV Diastolic 4.630+0.084 |4.281 £0.068 | 0.0026 Significant

Diameter mm mm

Ejection 6034 +£1.72% | 6542+1.76 % | 0.0564 NS

Fraction

Cardiac Output | 28.91 = 1.59 25.54+1.03 0.0701 NS
mL/min mL/min

Fractional 31.99+1.25% | 36.01 £1.35 % | 0.0462 Significant

Shortening

Heart Rate 478 + 18 bpm | 480+ 12bpm | 0.9301 NS

Stroke Volume | 59.35+2.20 53.68 +1.85 0.0584 NS
uL uL

LV Wall 0.9157+0.027 | 1.127+£0.025 | <0.0001 Significant

Thickness mm mm

Mean + SEM values for LV systolic diameter, LV diastolic diameter, ejection fraction,
fractional shortening, cardiac output, stroke volume, heart rate, and LV wall thickness
were obtained from transthoracic echocardiography (Figure 6A—H). ND (n = 14) and
HFDLS (n = 21) groups were compared using unpaired two-tailed Student’s t-tests.
Significance was defined as p < 0.05.
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Figure 9. Echocardiographic assessment of left-ventricular structure and systolic function
in ND and HFDLS mice. Transthoracic echocardiography was performed as described in
Section 2.3 to evaluate LV geometry and systolic performance in ND (n = 14) and HFDLS (n =
21) mice. A) LV systolic diameter was significantly reduced in HFDLS mice compared with ND
controls. B) LV diastolic diameter was also significantly decreased in HFDLS mice. C) Ejection
fraction did not differ between groups (ns). D) Cardiac output was similar between ND and
HFDLS mice (ns). E) Fractional shortening was significantly increased in HFDLS mice. F) Heart
rate was unchanged between groups (ns). G) Stroke volume did not differ between diets (ns). H)
LV wall thickness was significantly increased in HFDLS mice. Data are presented as mean +
SEM. Statistical comparisons were made using unpaired two-tailed t-tests. Significance levels: p
<0.05 (*), p<0.01 (**), p<0.0001 (****); ns = not significant.
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3.4.2 Invasive Haemodynamics

Arterial pressure measurements (Figure 10; Table 2) were obtained in ND (n = 14) and
HFDLS (n = 20) mice using the invasive hemodynamic procedure described in Section 2.6.
Systolic blood pressure (SBP) was significantly elevated in HFDLS mice (134.2 + 2.81 mmHg)
compared with ND controls (104.6 £ 2.86 mmHg; p < 0.0001, unpaired two-tailed t-test with
Welch’s correction). Diastolic blood pressure (DBP) was also significantly higher in HFDLS
mice (95.16 £ 1.55 mmHg) relative to ND (72.82 = 2.70 mmHg; p < 0.0001). Mean arterial
pressure (MAP) followed the same pattern, with HFDLS exhibiting markedly increased values
(108.2 = 1.74 mmHg) compared with ND (83.42 + 2.70 mmHg; p <0.0001). HFDLS mice
exhibited significantly higher values across all three arterial pressure measurements, indicating a

robust hypertensive phenotype.

Table 2. Arterial Blood Pressure Measurements in ND and HFDLS Mice.

Parameter ND (Mean + HFDLS (Mean | p-value Significance
SEM) + SEM)

SBP 104.6 £2.856 | 134.2+2.805 |<0.0001 Significant
mmHg mmHg

DBP 72.82+2.702 |95.16+1.549 | <0.0001 Significant
mmHg mmHg

MAP 83.42+2.700 |108.2+1.743 | <0.0001 Significant
mmHg mmHg

Systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean arterial
pressure (MAP) were recorded using a Millar catheter inserted into the right carotid
artery under isoflurane anesthesia (see Section 2.6). Values represent mean + SEM for
ND (n = 14) and HFDLS (n = 20) mice. Statistical comparisons between groups were
performed using unpaired two-tailed Welch’s t-tests.
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Figure 10. Arterial blood pressure measurements in ND and HFDLS mice. Systolic blood
pressure (SBP), diastolic blood pressure (DBP), and mean arterial pressure (MAP) were
measured using invasive arterial catheterization during hemodynamic assessments (Section 2.6).
HFDLS (n = 20) mice consistently exhibited higher pressures across all three parameters
compared with ND (n = 14) controls. SBP, DBP, and MAP were each significantly elevated in
HFDLS mice (unpaired two-tailed t-tests with Welch’s correction; SBP: p < 0.0001; DBP: p <
0.0001; MAP: p <0.0001). Data are presented as individual mice with mean + SEM. p < 0.0001

Invasive hemodynamic recordings were performed in ND (n = 14) and HFDLS (n = 20)
mice to evaluate LV systolic and diastolic pressures, as well as pressure generation and
relaxation (Figure 11 A—D; Table 3). End-systolic pressure (ESP) was significantly elevated in
HFDLS mice, averaging 116.2 + 3.316 mmHg compared with 96.31 + 1.822 mmHg in ND
controls (p < 0.0001; unpaired two-tailed t-test with Welch’s correction) (Figure 11A). End-
diastolic pressure (EDP) was slightly higher in HFDLS mice (9.086 + 1.327 mmHg) relative to
ND (6.825 £ 0.790 mmHg), although this difference did not reach significance (ns, p = 0.1539)
(Figure 11B). Maximal contractile pressure development (Max dP/dt) was significantly increased
in the HFDLS group, measuring 10,969 + 297.4 mmHg/s versus 9,989 + 301.6 mmHg/s in ND
(p = 0.0276) (Figure 11C). Minimal dP/dt, an index of LV relaxation, was also significantly more
negative in HFDLS mice (—10,172 £ 298.1 mmHg/s) compared with ND controls (9,120 +
243.1 mmHg/s; p=0.0101) (Figure 11D).
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Table 3. Left-ventricular hemodynamic parameters in ND and HFDLS mice.

Parameter ND (Mean + HFDLS (Mean | p-value Significance
SEM) + SEM)

End-Systolic 96.31 £1.822 |116.2+3.316 |<0.0001 Significant

Pressure mmHg mmHg

End-Diastolic | 6.825+0.7902 | 9.086 +1.327 | 0.1539 NS

Pressure mmHg mmHg

Maximum 9989 + 301.6 10969 +297.4 | 0.0276 Significant

dP/dt mmHg/s mmHg/s

Minimum 9120 +£243.1 | -10172 £298.1 | 0.0101 Significant

dpP/dt mmHg/s mmHg/s

End-systolic pressure (ESP), end-diastolic pressure (EDP), and indices of systolic (max
dP/dt) and diastolic (min dP/dt) function were obtained by invasive pressure—volume
recordings as described in Section 2.6. Data are presented as mean + SEM for ND (n =
14) and HFDLS (n = 20) groups. Statistical comparisons were performed using
unpaired two-tailed Welch’s t-tests. Significant differences (p < 0.05) are indicated.
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Figure 11. Invasive left-ventricular hemodynamic assessment in ND and HFDLS mice.
Invasive LV pressure measurements were performed as described in Section 2.6 to evaluate
systolic and diastolic pressures, as well as contractility and relaxation, in normal diet (ND; n =
14) and high-fat, L-NAME, sucrose (HFDLS; n = 20) mice. A) End-systolic pressure (ESP) was
significantly higher in HFDLS mice compared with ND controls. B) End-diastolic pressure
(EDP) did not differ significantly between groups (ns), although values showed a modest upward
trend in HFDLS mice. C) Maximum dP/dt, an index of contractile performance, was
significantly increased in HFDLS mice. D) Minimum dP/dt, reflecting peak relaxation rate, was
significantly more negative in HFDLS mice. Data are presented as mean + SEM. Statistical
comparisons were performed using unpaired two-tailed t-tests, with Welch’s correction applied
when required (o = 0.05). Significance levels: p < 0.05 (*), p <0.01 (**) p <0.0001 (****); ns =
not significant.
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3.4.3 Intracardiac Electrophysiology

To assess electrical remodeling in the HFpEF model, intracardiac electrophysiology
(Figure 12) was performed in ND (n = 14) and HFDLS (n = 21) mice. Atrial effective refractory
period (AERP) did not differ between groups, with ND mice exhibiting 26.93 + 0.92 ms and
HFDLS mice 25.33 = 0.42 ms (Figure 12A). Because variances were unequal, this comparison
was evaluated using an unpaired two-tailed t-test with Welch’s correction, which indicated no
significant difference (ns, p = 0.13). Atrioventricular effective refractory period (AVERP) was
also similar between ND (50.50 = 0.88 ms) and HFDLS (48.71 + 0.97 ms) mice (Figure 12B),
assessed using an unpaired two-tailed t-test (ns, p = 0.21). Ventricular effective refractory period
(VERP) remained unchanged, with ND at 29.00 &+ 0.90 ms and HFDLS at 29.86 = 0.91 ms
(Figure 12C), assessed using an unpaired two-tailed t-test (ns, p = 0.53), indicating preserved

baseline atrial and ventricular excitability in the HFpEF cohort.

In contrast, atrial arrhythmia duration was substantially prolonged in HFDLS mice,
which displayed 23.60 =+ 8.26 s compared with 2.61 £+ 1.58 s in ND controls (Figure 12D).
Because the data did not meet normality assumptions, this comparison was assessed using a
Mann—Whitney U test, confirming a significant increase (p = 0.0097). Ventricular arrhythmia
duration remained minimal across groups, with ND mice showing 0.28 = 0.13 s and HFDLS
mice 2.64 £ 1.12 s (Figure 12E). This comparison was evaluated using a Mann—Whitney U test
and was not statistically significant (ns, p = 0.38), although HFDLS mice exhibited a modest
upward trend toward greater durations. Collectively, these findings demonstrate that while atrial
and ventricular refractoriness remain unchanged, HFD + L-NAME + sucrose induces increased
atrial electrical vulnerability characterized by prolonged arrhythmia duration, with no evidence

of increased ventricular arrhythmogenicity.
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Figure 12. Intracardiac electrophysiology demonstrates preserved refractoriness with
increased arrhythmia vulnerability in HFDLS mice. Intracardiac electrophysiology was
performed as described in Section 2.5 to evaluate atrial and ventricular refractoriness, as well as
arrhythmia vulnerability, in ND (n = 14) and HFDLS (n = 21) mice. A) Atrial effective refractory
period (AERP) did not differ significantly between groups (ns). B) Atrioventricular effective
refractory period (AVERP) was similar between ND and HFDLS mice (ns). C) Ventricular
effective refractory period (VERP) also remained comparable across groups (ns). D) Atrial
arrhythmia duration was significantly increased in HFDLS mice (p = 0.0097). E) Ventricular
arrhythmia duration remained low in both groups (ns), although HFDLS mice showed a modest
upward trend. Data are presented as mean = SEM. Statistical comparisons were performed using
an unpaired two-tailed t-test with Welch’s correction for AERP, unpaired two-tailed t-tests for
AVERP and VERP, and Mann—Whitney U tests for atrial and ventricular arrhythmia duration.
Significance levels: p <0.01 (**); ns = not significant.
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3.5 Histopathological and Immunohistochemical Characterization

Having established the functional, metabolic, and electrophysiological abnormalities
characteristic of the HFpEF phenotype, we next examined the underlying tissue-level changes
through histopathological and immunohistochemical analyses, specifically assessing myocardial
fibrosis using Picrosirius Red staining and evaluating immune-cell infiltration using macrophage

markers.

3.5.1 Assessment of Myocardial Fibrosis via Picrosirius Red Staining
Myocardial fibrosis was significantly increased in HFDLS mice compared with ND

controls (Figure 13A—F). In the left atrium, ND mice exhibited 5.96 £ 0.51% fibrosis (n = 12),
whereas HFDLS mice displayed 12.15 £ 1.12% (n = 16) (Mann—Whitney test, p = 0.0003)
(Figure 10A). LV collagen content showed a similar pattern, with ND mice exhibiting 1.71 +
0.19% and HFDLS mice exhibiting 3.76 + 0.32% (Welch’s t-test, p < 0.0001) (Figure 13B).
Representative Picrosirius Red—stained sections illustrate atrial collagen in ND (Figure 14A) and
HFDLS (Figure 14B) mice, and ventricular collagen in ND (Figure 13C) and HFDLS (Figure

14D), confirming the quantitative increase in fibrosis.
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Figure 13. Myocardial fibrosis is significantly increased in HFDLS mice. Myocardial
collagen content was quantified in normal diet (ND) and high-fat, L-NAME, sucrose (HFDLS)
mice using Picrosirius Red staining. A) Left-atrial (LA) fibrosis was significantly higher in
HFDLS mice compared with ND. ND mice exhibited 5.96 + 0.51% fibrosis (n = 12), whereas
HFDLS mice exhibited 12.15 + 1.12% (n = 16) (Mann—Whitney test, p = 0.0003). B) Left-
ventricular (LV) fibrosis was also significantly increased in HFDLS mice. ND mice exhibited
1.71 £ 0.19% fibrosis (n = 12), whereas HFDLS mice exhibited 3.76 £ 0.32% (n = 16) (Welch’s
unpaired t-test, p < 0.0001). Data are presented as mean £ SEM. Significance levels: ***p <
0.001, ****p <0.0001.
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Figure 14. Representative Picrosirius Red—stained images demonstrating increased
myocardial fibrosis in HFDLS mice. Picrosirius Red staining was performed to visualize
extracellular matrix collagen in the left atrial appendage (LAA) and left ventricle (LV) of normal
diet (ND) and high-fat, L-NAME, sucrose (HFDLS) mice. Representative sections show LA
collagen in A) ND and B) HFDLS mice, and LV collagen in C) ND and D) HFDLS mice. These
images correspond to the quantitative fibrosis measurements presented in Figure 10A-B.
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3.5.2 Immunohistological Analysis

Preliminary immunohistochemical analyses were performed to quantify inflammatory
cell infiltration in atrial and ventricular tissue from ND and HFDLS mice. F4/80" staining was
used to identify cardiac-resident macrophages, which represent the predominant macrophage
population in the myocardium. In the LAA, ND mice exhibited 623.5 + 50.64 cells/mm? (n = 3),
whereas HFDLS mice showed 842.7 + 55.21 cells/mm? (n = 5) (unpaired two-tailed t-test, p <
0.05), indicating increased macrophage density in HFDLS mice (Figure 15A). A similar pattern
was observed in the LV, where ND mice displayed 781.1 = 81.67 cells/mm? (n = 3) compared
with 1291.0 £ 97.37 cells/mm? (n = 4) in HFDLS mice (unpaired two-tailed t-test, p < 0.05)
(Figure 15B). Representative images (figure 16) illustrate that the signal intensity is notably
greater in the HFDLS group. To further assess inflammatory cell subtypes, present in the
myocardium, CCR2 immunostaining was also performed to identify recruited monocyte-derived
macrophages; however, staining consistency and signal specificity were suboptimal, and
additional optimization will be required before quantitative analysis can be reliably completed.
Collectively, these preliminary data suggest enhanced macrophage-driven inflammatory

remodeling in both the atrial and ventricular compartments of HFDLS mice.
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Figure 15. Preliminary immunohistochemical assessment of cardiac-resident F4/80*
macrophages in ND and HFDLS mice. F4/80* macrophage density was quantified in the left
atrial appendage (LAA) and left ventricle (LV) to evaluate immune-cell remodeling. A) LAA
F4/80* macrophage density was significantly increased in HFDLS mice compared with ND
controls. ND mice exhibited 623.5 & 50.64 cells/mm? (n = 3), whereas HFDLS mice exhibited
842.7 £ 55.21 cells/mm? (n = 5) (unpaired two-tailed t-test, p = 0.032). B) LV F4/80*
macrophage density was also significantly higher in HFDLS mice. ND mice showed 781.1 + 81
cells/mm? (n = 4), and HFDLS mice showed 1291.0 + 97.37 cells/mm? (n = 4) (unpaired two-
tailed t-test, p = 0.028).
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Figure 16. Representative immunofluorescent images of F4/80" cardiac macrophages in the
left atrial appendage (LAA) and left ventricle (LV) of ND and HFDLS mice. A) ND LAA —
F4/80" macrophages (orange) shown alone. B) ND LAA — F4/80* signal overlaid with WGA
(green) and DAPI (blue). C) HFDLS LAA — F4/80" macrophages shown alone. D) HFDLS LAA
— F4/80" signal overlaid with WGA and DAPI. E) ND LV — F4/80* macrophages shown alone. F)
ND LV — F4/80" signal overlaid with WGA and DAPI. G) HFDLS LV — F4/80* macrophages
shown alone. H) HFDLS LV — F4/80" signal overlaid with WGA and DAPI. Images were
acquired for qualitative visualization of cardiac-resident macrophage distribution and
morphology in atrial and ventricular tissue.
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Chapter 4: Discussion

The primary objective of this study was to establish and comprehensively characterize a
murine model of HFpEF using combined high-fat feeding along with L-NAME administration in
the CD1 mouse strain. This approach is novel because HFD and L-NAME have never been used
to induce HFpEF in CD1 mice, and the physiological response of this strain to these combined
stressors was unknown. The initial plan was to replicate a previously published HFpEF murine
model utilizing HFD and L-NAME, which has been characterized in other mouse strains?%*2. In
CD1 mice, however, this combination produced a weak and inconsistent HFpEF phenotype. As a
result, an extended optimization period was required. Based on prior studies showing that
sucrose supplementation exacerbates metabolic dysfunction, hypertension, and cardiac
impairment when added to high-fat feeding, sucrose was incorporated to intensify the metabolic
and cardiovascular burden®*%%134, Different concentrations of L-NAME and sucrose were then
tested, along with HFD feeding, across several cohorts to determine the combination capable of
reliably producing a stable phenotype. This refinement period required substantial time and
limited the ability to proceed to the subsequent objectives involving pharmacological TNFa
inhibition and TNFa knockout models. Developing a reliable model in CD1 mice is clinically
and scientifically relevant because HFpEF is highly heterogeneous across patient populations
and understanding how different genetic backgrounds respond to cardiometabolic stressors helps
improve the translational relevance of preclinical models.

Following optimization, the refined protocol successfully produced several hallmark
features of HFpEF, including evidence of impaired diastolic relaxation, along with metabolic
dysfunction, reduced exercise tolerance, arterial hypertension, concentric remodelling, increased
atrial and ventricular fibrosis, along with preliminary results indicating increased expansion of
cardiac-resident macrophage populations. Chamber-specific analyses revealed that the atria
exhibited disproportionately greater remodeling relative to the ventricle, reflected by increased
fibrosis, electrophysiological alterations, and inflammatory activation. The results of this study
indicated that the LAA had higher collagen deposition than the ventricle, consistent with more
pronounced electrical remodeling. HFDLS mice also showed a trend towards a decreased AERP
and a marked increase in AF inducibility, while ventricular arrhythmia susceptibility did not

increase, indicating that electrical instability was confined to the atria. Preliminary
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immunohistochemical analyses further support this chamber-specific inflammatory response, as
F4/80* macrophage staining demonstrated increased macrophage density in both the left atrial
appendage and left ventricular free wall, with a more pronounced elevation observed in the LV.
Although these macrophage data are preliminary, they align with the observed
electrophysiological vulnerability and greater collagen accumulation, suggesting that
inflammatory activation may contribute disproportionately to atrial remodeling in this model.
These preliminary findings are also consistent with reports showing increased macrophage
presence in the HFpEF myocardium, particularly in cardiometabolic models in which cardiac-
resident macrophage populations expand!>>15¢,

Establishing these chamber-dependent differences provides the foundation needed to test
the second hypothesis that TNFa acts as the upstream driver of the divergent remodeling patterns
observed between the atria and ventricles. The successful characterization of this model provides
the essential platform required for future studies designed to determine how TNFa signaling
influences myocardial remodeling, susceptibility to arrhythmia in HFpEF, vascular tone, and

nitrosative stress.

4.1 Metabolic Findings

The dietary intervention produced a clear and sustained metabolic shift in CD1 mice,
most prominently reflected by the substantial increase in body weight observed throughout the
study. This confirms that the combination of high-fat feeding and sucrose supplementation
generated sufficient metabolic burden, despite the relative resistance of CD1 mice to diet-

induced metabolic disturbances!>’

. Despite this significant weight gain, alterations in glucose
handling were modest. HFDLS mice exhibited higher circulating glucose levels during the
glucose tolerance test, but these differences did not reach statistical significance, indicating that
overt glucose intolerance did not fully develop under the conditions used. Prior work has shown
that long-term exposure to high-fat and high-sucrose diets can initially impair glucose tolerance
but may later lead to a partial normalization as animals adapt to chronic nutrient excess!3%!5°,
Given the extended duration of feeding in this study, such adaptive responses may have

contributed to the relatively mild differences observed in glycemic regulation. Future studies
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incorporating earlier metabolic assessments would help determine when glucose intolerance first
emerges and whether it later stabilizes in this model.

In contrast to the mild glycemic phenotype, HFDLS mice displayed a marked reduction
in voluntary running distance, indicating impaired exercise tolerance. While the present study did
not assess hemodynamic responses during exercise, HFpEF is characterized by an impaired
ability to maintain low filling pressures under physiological stress known as reduced diastolic
reserve!>. In clinical HFpEF, exercise intolerance arises when the heart fails to accommodate
increased venous return without a disproportionate rise in LV and LA pressures'®°. While
exercise-induced changes in filling pressures were not measured in this study, the presence of
increased body weight gain, hypertension, and indicators of diastolic impairment suggests that
HFDLS mice operated with reduced physiological reserve. In this context, the decline in exercise
tolerance is best interpreted as a consequence of the combined metabolic and cardiovascular
burden generated by the intervention.

Together, these findings demonstrate that the intervention successfully established a
systemic environment conducive to HFpEF development. These metabolic and physiological
effects establish the conditions that contribute to the cardiac remodeling described in the next

section.

4.2 Cardiac Structural and Functional Findings

The cardiac phenotype observed in this model reflects several hallmark features of
HFpEF. CDI1 mice developed arterial hypertension along with evidence of concentric
remodelling, indicating an adaptive response to increased vascular load'¢!. Although heart weight
was not significantly increased, prior studies have shown that concentric remodeling can occur
with elevated relative wall thickness despite a normal LV mass, representing an early adaptive
response to increased blood pressure!62163, Atrial and ventricular fibrosis were also significantly
elevated, which is consistent with pressure-overload driven structural remodeling found in
HFpEF#. Importantly, ejection fraction remained preserved, consistent with the defining criteria
of HFpEF, and confirmed that systolic function was maintained despite substantial structural
changes. Diastolic function was assessed through invasive hemodynamics, which demonstrated

an upward trend in LV EDP in HFDLS mice. Although not statistically significant, the direction
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of change suggests the presence of early impairments in diastolic filling. In both HFpEF animal
models and clinical HFpEF, filling pressures often remain near normal at rest, with pathological
elevations becoming obvious during physiological or pharmacological stress'>*-1%4, The absence
of a significant increase in LV EDP at rest in this study could reflect the limitations of baseline
measurements rather than a true absence of diastolic impairment. This is supported by the
presence of hypertension, structural remodeling, and reduced exercise tolerance in HFDLS mice,
which together indicate impaired cardiac reserve.

Consistent with the modest elevation in resting diastolic filling pressures, the assessment
of pulmonary congestion did not reveal differences between groups. This aligns with the
understanding that pulmonary fluid accumulation in HFpEF often emerges during periods of
increased hemodynamic demand, such as exercise, rather than under resting conditions. Taken
together, the combination of preserved systolic function, early diastolic abnormalities,
hypertension, and structural remodeling indicates that this model successfully reproduced the

central cardiac features characteristic of HFpEF.

4.3 Chamber-Specific Remodelling and Electrophysiological Vulnerability

A clear chamber specific pattern of remodelling emerged in this model, with the atria
showing a greater degree of structural and electrical vulnerability than the ventricles. Although
both chambers displayed significantly increased fibrosis, it was far more pronounced in the atria.
This aligns with clinical and experimental observations that the atria are more sensitive to
pressure and metabolic stress in HFpEF, and experience earlier and more extensive structural
remodeling than the ventricles'%%19, Increased atrial fibrosis reduces compliance and promotes
conduction heterogeneity, which together create a substrate that facilitates arrhythmia
development?>:166:167,

This chamber-specific pattern was also evident in the electrophysiological assessments.
HFDLS mice exhibited a trend toward reduced AERP, indicating increased atrial excitability.
HFDLS mice had a marked increase in atrial arrhythmia duration, indicating greater atrial
electrical vulnerability, while ventricular arrhythmia susceptibility did not differ. The

combination of increased atrial fibrosis, trend toward reduced refractoriness, and enhanced AF
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vulnerability suggests that the atria are disproportionately affected in this model, while the
ventricles remain relatively stable from an electrical standpoint.

These findings align with the high burden of AF observed in patients with HFpEF, where
atrial remodeling often precedes or accompanies ventricular changes!®. The increased
vulnerability of the atria in this model supports the first hypothesis of this thesis, which proposed
that HFpEF induction would produce distinct remodeling patterns in the atria and ventricles, and
that these atrial specific changes would contribute to an increased susceptibility to arrhythmia.
This section also establishes the foundation for interpreting the inflammatory findings discussed
next, since inflammation is known to interact with both structural and electrical remodeling in a

chamber specific manner?>-33:143,

4.4 Inflammation and Macrophage Findings

Preliminary immunohistochemical analysis revealed significantly increased F4/80*
macrophage density in both the atria and ventricles of HFDLS mice. Although this was based on
F4/80 staining alone and included a small sample size, the overall pattern is consistent with
studies showing that HFpEF is accompanied by enhanced myocardial inflammation, including
expansion of resident cardiac macrophage populations!>>!5¢, The increase in macrophage density
in HFDLS mice is likely related to the combined metabolic and hemodynamic stress present in
the model!6%17°,

Macrophages are known to interact closely with both fibroblasts and myocytes, and
increased macrophage presence has been associated with greater tissue remodeling in several
preclinical HFpEF models3®!71:172_ In this study, macrophage accumulation was increased in both
the LA and LV, which is consistent with the increased fibrosis observed in both chambers.
However, the functional implications of macrophage expansion appear to differ between
chambers. In the atria, macrophage accumulation has been specifically linked to enhanced
fibrosis, conduction abnormalities, and a greater propensity for arrhythmia, which aligns with the
chamber specific remodeling and the increased atrial arrhythmia duration observed in this
model'”?. Although ventricular arrhythmias have been described in HFpEF, their mechanisms are

less clearly defined, and no differences in ventricular arrhythmia susceptibility were observed in
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this study'7*. This suggests that the functional consequences of macrophage expansion in this
model are more prominent in the atria than in the ventricles.

These findings also relate directly to the second hypothesis of this thesis, which proposes
that TNFa contributes to chamber-specific remodelling in HFpEF. TNFa is a well-established
upstream inflammatory cytokine that promotes macrophage recruitment, activation, and survival
within cardiac tissue'#®. Although TNFa itself was not measured in the present study, the
increased macrophage accumulation observed in both the atria and the ventricles provides
preliminary support for future experiments evaluating whether TNFa drives the differential
remodelling patterns identified in this model. Additional work combining direct assessment of
TNFa expression, broader inflammatory markers, and co-staining approaches across larger
cohorts will be necessary to clarify the specific inflammatory pathways involved and determine
how TNFa influences atrial and ventricular remodeling in HFpEF.

Together, these findings indicate that inflammatory processes are present in this model
and may contribute to the structural and electrical changes described above. The following
section outlines the key limitations of the study and identifies the most important directions for

future work.

4.5 Limitations and Future Directions

While this model reproduced several characteristics of HFpEF, important limitations
remain that influence how the findings should be interpreted. Addressing these limitations will

help guide the next steps in optimizing the model and designing future experiments.

4.5.1 Limitations

Several limitations should be considered when interpreting the findings from this study.
First, although the intervention reproduced multiple characteristics of HFpEEF, the overall
phenotype was modest. Several features emerged as trends rather than statistically significant
differences, particularly those related to diastolic function, pulmonary congestion, and the
increase in heart weight, which is the most direct measure of cardiac hypertrophy. HFpEF is

known to exhibit more pronounced abnormalities under physiological stress, and because this
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study assessed hemodynamics only at rest, the severity of diastolic dysfunction may not have
been fully captured. Additionally, diastolic function was not assessed using tissue Doppler
imaging, which is commonly used in both clinical and preclinical HFpEF studies to identify
impaired relaxation and elevated filling pressures®. The absence of tissue Doppler—derived
parameters limit the ability to confirm diastolic dysfunction using parameters that are widely
reported in the HFpEF literature. When compared with established cardiometabolic HFpEF
models outlined in Daou et al. (2025), the current model reproduced several key domains such as
hypertension, left ventricular hypertrophy, fibrosis, preserved ejection fraction, and reduced
exercise tolerance, but did not robustly capture others?S. Notably, the model did not develop clear
glucose intolerance, did not show measurable pulmonary edema at rest, and did not include left
atrial enlargement assessment, which are key criteria used to score the fidelity of HFpEF models
in preclinical evaluation. As a result, while the model successfully induced important features of
cardiometabolic HFpEF, it demonstrates a more modest phenotype relative to higher scoring
models, and certain HFpEF domains were either absent, incompletely assessed, or did not fully
meet the criteria®.

A second limitation relates to how pulmonary congestion was assessed. Although lung
wet-to-dry ratios were measured, this approach is relatively insensitive for detecting mild,
intermittent, or exercise-induced pulmonary congestion that is characteristic of HFpEF!7>176,
Wet-to-dry ratios quantify total lung water at a single terminal time point and may not capture
shifts in pulmonary pressures or transient interstitial edema that occurs during physiological
stress!”7. More sensitive or complementary methods include measuring pulmonary capillary
wedge pressure under stress, Doppler-based assessment of pulmonary venous flow or tricuspid
regurgitation velocity, lung ultrasound, or high-resolution micro-CT imaging to evaluate
interstitial fluid accumulation!7-!78, Because this study assessed pulmonary congestion only at
rest and using a terminal wet-to-dry measurement, the absence of differences between groups
does not rule out the possibility of pulmonary congestion in this model.

Inflammatory characterization was also limited. Only F4/80" macrophages were
quantified, and the small sample size restricts the strength of conclusions regarding inflammatory
activation. These observations are based on preliminary findings and a limited set of markers, so
they should be interpreted cautiously until confirmed with expanded inflammatory profiling.

Although co-staining with CCR2 was attempted to distinguish recruited monocyte-derived
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macrophages from resident populations, the staining was unsuccessful and will require
troubleshooting in future experiments. No additional inflammatory markers, macrophage
subtypes, or co-staining approaches were included. TNFa expression, which is central to the
second hypothesis, was not directly measured. As a result, the specific inflammatory pathways
contributing to the chamber specific remodeling observed in this model cannot yet be defined.

Sample size represents an important limitation of this study. Several measurements,
particularly the glucose tolerance test, were performed with relatively small n values, which
reduces statistical power and limits the strength of these conclusions. In addition, animals in this
study reached the terminal time point at different intervention durations ranging from 12 to 18
weeks. The HFpEF phenotype was already apparent by approximately 12 weeks, and extending
the intervention to 18 weeks did not meaningfully alter the terminal measurements. For the
purpose of characterizing the model, terminal data from all cohorts were therefore combined.
Although this approach was appropriate given the stability of the phenotype, it does limit the
ability to determine whether more subtle time-dependent differences emerged within this 12-to-
18-week range, since terminal structural, functional, electrophysiological, and inflammatory
measures were analyzed as a pooled dataset. I am currently performing a sub-analysis of the
different intervention durations (12, 15, 17, and 18 weeks) to determine whether the length of
exposure influences the severity of the phenotype.

Another important limitation is that only male mice were included in the analyses
presented in this thesis. HFpEF is more prevalent in women, and sex is known to influence
susceptibility, remodeling patterns, and overall disease presentation in both clinical and
experimental settings'”®. A small number of female CD1 cohorts were run, but these animals
were not included in the present thesis. In those cohorts, female mice displayed relative
protection from developing the HFpEF phenotype under the same intervention, which is
consistent with studies showing that female rodents often exhibit attenuated metabolic and
hypertensive responses to high-fat feeding and L-NAME administration!®, Future work will

need to incorporate both sexes to more accurately capture sex-specific responses in this model.
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4.5.2 Future Directions

Future studies will need to build on these findings by refining the model and expanding
several areas of assessment that were beyond the scope of this project. Although the intervention
produced many features consistent with HFpEF, the overall phenotype was modest, and several
measurements showed trends rather than clear differences. Adjusting specific components of the
intervention, such as modifying sucrose concentration, altering the L-NAME dose, or changing
the duration of the intervention, may help strengthen the phenotype further without
compromising animal health. Another important direction will be to evaluate whether adding an
additional pathological hit, such as inducing aortic regurgitation or another form of pressure or
volume overload, could intensify the HFpEF phenotype and make it more clinically relevant. A
major next step will also be to incorporate stress-based assessments, since HFpEF abnormalities
often become unmasked under physiological demand. Approaches such as dobutamine challenge
during invasive pressure recordings or echocardiography would help determine whether the
model exhibits impaired diastolic reserve, which is a defining feature of HFpEF.

Pulmonary congestion will also need to be evaluated with more sensitive methods.
Resting wet-to-dry lung weights did not show differences, but congestion in HFpEF typically
emerges during stress rather than at baseline. Techniques such as stress hemodynamics, Doppler-
based assessment of pulmonary venous flow, or imaging methods like micro-CT or lung
ultrasound may provide a clearer picture of pulmonary involvement in future work!7>177-178 In
addition, future studies should include direct assessment of diastolic dysfunction using tissue
Doppler imaging, since this method is widely used in both clinical and preclinical HFpEF
research to detect impaired relaxation and elevated filling pressures®. Incorporating tissue
Doppler, along with invasive haemodynamic recordings, would allow a more complete
characterization of diastolic function and help determine whether the model exhibits the impaired
filling patterns that define HFpEF.

The inflammatory findings also highlight an important direction moving forward. The
current study used F4/80 staining alone, and although it revealed increased macrophage density
in both chambers, a more complete inflammatory profile will be necessary. Future experiments
should include additional markers to distinguish macrophage subtypes, assess recruitment
pathways, and should also incorporate flow cytometry to more accurately quantify macrophage

subpopulations and confirm whether changes in immune cell composition are contributing to the
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remodeling patterns seen in this model. Direct measurement of TNFa and its downstream
signaling will be especially important given the central hypothesis of this thesis. Once the model
is fully stabilized, using pharmacological TNFa inhibition or TNFa gene deletion models will
help determine how this cytokine contributes to atrial and ventricular remodeling.

Increasing sample sizes for certain analyses, particularly the glucose tolerance test, will
strengthen conclusions about metabolic function. It will also be important to include sex as a
biological variable in future cohorts. Although female CD1 mice were not formally included in
this thesis, preliminary work from a small number of female cohorts suggested that they were
relatively protected from developing the HFpEF phenotype under the same intervention,
consistent with other studies showing similar findings in other mouse strains'®’. This finding
contrasts with clinical observations in humans, where HFpEF is more common in women and
sex is known to influence susceptibility!”. The discrepancy between human data and the
apparent protection seen in female mice highlights an important gap in our understanding. Future
studies should specifically investigate sex-based differences in this model to determine the basis
for protection in female mice.

Finally, future studies would benefit from longitudinal assessments. In this project,
terminal measurements were combined across cohorts that completed 12 to 18 weeks of
intervention, and while the phenotype appeared by roughly 12 weeks and remained stable
thereafter, intermediate time points were not systematically evaluated. Tracking blood pressure,
cardiac function, inflammatory markers, and exercise capacity over time would help clarify when
specific features of the phenotype first appear and how atrial and ventricular remodeling progress
throughout the intervention.

Together, these directions will strengthen the model, improve its clinical relevance, and
provide the framework needed to directly test how TNFa signaling contributes to chamber-

specific remodeling in HFpEF.

4.6 Conclusion

Together, this work establishes a refined but modest HFpEF model in CD1 mice and
demonstrates that combined metabolic and hypertensive stress produces chamber-specific

remodeling with increased atrial vulnerability. Although many features aligned with human
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HFpEEF, several abnormalities were mild or showed only directional trends, suggesting that the
current model captures early or moderate disease rather than a severe phenotype. Nonetheless,
the integration of metabolic dysfunction, impaired diastolic filling, concentric remodelling,
exercise intolerance, hypertension, and atrial remodelling provides a clinically relevant
framework for examining how HFpEF promotes susceptibility to atrial fibrillation and sets the
stage for future studies to examine the molecular and cellular pathways that underlie this

vulnerability.
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A.1 Composition of High fat diet from Research Diets (D12429).

Class description

Protein

Protein

Carbohydrate

Carbohydrate

Fiber

Fat

Fat

Mineral

Vitamin

Vitamin

Dye

Chapter 6: Appendix

Ingredients

Casein, Lactic, 30 Mesh
Cystine, L

Lodex 10

Sucrose, Fine Granulated
Solka Floc, FCC200
Lard

Soybean Oil, USP
5100268

Choline Bitartrate
V10001C

Dye, Blue FD&C #1, Alum. Lake 35-42%

81

Grams
200.00 g
3.00g
125.00g
7280g
50.00g
245.00g
25.00g
50.00g
200g
1.00g
0.05g

Total: 77385g
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