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ABSTRACT

Background: Hypertrophy occurs in heart failure with preserved ejection fraction (HFpEF). The
extracellular signal-regulated protein kinases (Erk1/2) and heme-regulated inhibitory kinase (HRIK)
regulate protein synthesis in hypertrophy.

Objective: Explore HFpEF patients for hypertrophy and identify associated disease features that may
contribute to molecular mechanisms of interest: hypertrophy, heme metabolism, or estrogen
signalling. Affirming these features and mechanisms of interest from a preclinical model public
dataset and model hypertrophy in cell culture for hypothesis-testing.

Hypotheses: Clinical HFpEF population shows evidence of hypertrophy, features of disease that
might cause metabolic, hormonal, or inflammatory stress with males exhibiting higher rates of
hypertrophy, and fewer comorbid features than females. Genes regulating heme metabolism, estrogen
signaling, or cardiac hypertrophy are evident in pre-clinical rat models of HFpEF. Angiotensin II or
lipopolysaccharide induce hypertrophy in H9¢2 myoblasts and myotubes. Either hemin or estrogen
attenuate H9¢2 hypertrophy through Erk1/2, Hrik, or Nfkb signalling.

Experimental Approach: 1) Define a cohort of clinical data that identifies patients with HFpEF from
a cardiac surgery outcomes database; 2) Identify a preclinical rat model with HFpEF-like comorbid
features, such as: diastolic dysfunction with preserved ejection fraction, hypertrophy, evidence of
metabolic or inflammatory stress. Conduct a hypothesis-affirming study that identifies genes of
interest associated with comorbid features of HFpEF, including, hypertrophy, heme metabolism,
estrogen signalling, or inflammation, and 3) Confirm that an in vitro cell model of hypertrophy using
HO9c2 cells treated with angiotensin-II (hormones stress) and lipopolysaccharide (metabolic-
inflammatory stress) can be used for hypothesis testing of treatments (e.g. hemin or estrogen) to limit
hypertrophic signalling by western blotting and alter the course of cell size changes measured by
immunocytochemistry and flow cytometry.

Results/Conclusion: HFpEF patients show a complex comorbid condition that could be time-
dependent to acquire/contribute to features of the disease, including hypertrophy. Genes regulating
heme or hypertrophy are differentially expressed in pre-clinical conditions of hypertrophy but H9¢c2
cells are not a reliable model of hypertrophy for hypothesis-testing.

vii
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CHAPTER1 INTRODUCTION

1.1 Heart failure with preserved ejection fraction (HFpEF)

Heart failure (HF) is broadly defined as the heart’s inability to pump enough blood to meet
the metabolic needs of other organs.' Ejection fraction refers to the percentage of total blood
pumped out of the left ventricle in the systolic phase of the cardiac cycle.>* Two major
classifications of heart failure are commonly referred to as: HF with reduced ejection fraction
(HFrEF) or preserved ejection fraction (HFpEF). HFpEF is also known as diastolic heart failure, as
it is primarily characterized by impaired relaxation and filling of the heart ventricle during the
diastole phase.** In HFpEF the ventricle does not adequately fill with blood either due to: 1) low
elasticity or high amounts of stiffness in the ventricle due to passive relaxation deficits, or 2)
reduced ventricle filling volume during diastole due to hypertrophy and/or impaired calcium
reuptake or myofilament dysfunction typical of active relaxation deficits.®

In HFpEF patients, the ejection fraction is preserved or maintained at near-normal levels
(greater than or equal to 50 percent).! This is contrasted with HFrEF where the ejection fraction is
markedly decreased.! This indicates that the heart has the capacity to move the blood volume in the
ventricle forward into the systemic circulation. This implies that there may not be systolic
dysfunction in the left ventricle muscle as is the case with HFrEF. A major problem for HFpEF
patients lies in the impaired ability of the ventricle to relax during diastole and fill with enough
blood, causing an insufficient blood volume to accumulate in the chamber to be pumped out to rest
of the body during systole. This becomes particularly apparent upon strenuous exertion-like exercise
and so HFpEF patients experience symptoms more acutely when they are physically active or
performing daily activities. This can be exacerbated when the myocardium hypertrophies, further
restricting chamber blood volume, impairing calcium-myofilament physiology, and can precipitate

mortality.



Symptoms of HF are similar regardless of ejection fraction etiology (e.g., HFrEF and
HFpEF). These symptoms include shortness of breath (dyspnea) during exertion or at rest, fatigue,
exercise intolerance, chest discomfort, and swelling of the lower extremities. Common causes and
risk factors or comorbid features (not exhaustive) for HFpEF include: older age, obesity, diabetes,
coronary artery disease or microvascular dysfunction, hypertension, atrial fibrillation, pulmonary
hypertension with left ventricle dysfunction, renal dysfunction, and anemia.” '° Clinical diagnosis of
HFpEF involves a medical history assessment, physical examination, echocardiography, and
additional assessments to evaluate heart function and rule out other potential causes of symptoms. '

Unlike HFrEF which has several therapeutic options to alleviate symptoms and reduce
mortality, there are currently no medical therapies that have shown a significant reduction in
mortality for HFpEF, despite medical management of disease features.'? It could be that the various
features of disease which can be categorized as hormonal, metabolic and inflammatory continue to
drive hypertrophy, alone or concurrently despite best medical efforts. Current treatment options for
HFpEF are limited, and guideline recommendations primarily focus on managing congestion with
loop diuretics, controlling blood pressure, and treating the associated comorbid conditions (e.g.
hypertension and diabetes). Diuretics have been found to effectively reduce symptoms and improve
the quality of life in HFpEF patients.'*!* Evidence from randomized clinical trials has suggested
that mineralocorticoid receptor antagonists may reduce cardiovascular death amongst women and

hospitalization rates across both sexes'*!®

, and secondary analyses of a clinical study considering
angiotensin receptor blockers (candesartan) versus placebo in HF with ejection fraction >40
appeared to show a moderate reduction in hospitalizations in a HFpEF population.'® The 2022
American College of Cardiology/American Heart Association Joint Committee Guidelines have

added SGLT?2 inhibitors (Empagliflozin)!” and angiotensin receptor-neprilysin inhibitors (Entresto,

a combination of sacubitril and valsartan) to the list of treatment options for HFpEF patients but



strong evidence has not been achieved!®, possibly as not all HFpEF patients present similarly or
have consistent disease features or associated comorbidities.'’

HFpEF is a disease with complex features. It is characterized by impaired diastolic function,
which can be measured by hemodynamic measurements such as elevated left ventricular end-
diastolic pressure (LVEDP), or by echocardiography measures of early by late diastolic transmitral
flow velocity (E/A) or diastolic mitral annular tissue velocity (E/e’) that indirectly relate to filling
pressure.?’ HFpEF accounts for at least 50% of all heart failure cases and exhibits higher morbidity
rates in females and higher mortality rates in males.'®?!>> The reasons for these sex differences
remain to be fully elucidated, but in part are attributed to changes in estrogen signalling
(protections) either by aging or comorbidity. Hypertension is reportedly more prevalent in females
with HFpEF versus males.?® There are also likely gender influences, where women present or are
assessed differently by healthcare professionals, or social determinants of being a women negatively
impact medical management or inclusion in clinical trials.'®** Yet, how these sex and/or gender
differences occurs demonstrates a wide gap in the pharmacological management within a deeper
understanding of the molecular mechanisms that cause HFpEF that remain unclear.?!?> Despite its
growing prevalence and clinical importance, the pathophysiology of HFpEF remains poorly
understood. HFpEF is difficult to model experimentally due to lack of well accepted in vivo and in
vitro models.’ However, breaking down and studying the individual features of HFpEF can provide

valuable insights into its underlying mechanisms,?%?’

and can be used to rule in or rule out potential
molecular mechanisms or identify potential new experimental therapeutics or targets of therapy.

1.2 Maladaptive cardiac hypertrophy

One of the key pathological features observed in HFpEF is hypertrophy, which refers to the

thickening and enlargement of the ventricle due to the increased size of cardiomyocytes.”® This

structural change typically occurs as a compensatory response to the increased workload and



pressure experienced by the heart. Cardiomyocytes initially undergo adaptive changes to enhance
their contractile function by generating additional myofilaments that then generate the necessary
contractile forces to meet the demands for increased cardiac output or to overcome elevated
resistance (afterload) such as may be encountered with hypertension.

Hypertrophy can be categorized into two main types: concentric or eccentric hypertrophy.
Concentric hypertrophy occurs when cardiac myocytes aligned side by side grow in size laterally to
the length of the cell and orientation of stretch, which thickens the wall of the heart, thereby
reducing the volume of the chamber.? This type of hypertrophy typically results from increased
pressure overload or elevated hormones (like Angiotensin II) due to low renal perfusion and is
commonly observed in HFpEF.!*?’ Eccentric hypertrophy is where cardiac myocytes lengthen in
the direction of the stretch, which elongates the wall of the heart, sometimes increasing chamber
volume.*® This type of hypertrophy typically results from increased volume overload, or changes in
myocardial elastance.?’*° This type of hypertrophy is more commonly associated with HFrEF.*°
However, while either concentric or eccentric may be more common in certain causes of heart
failure, they can both occur in the heart depending on the location and stimuli driving
hypertrophy.!-32

Adaptive hypertrophy of the cardiac muscle can be observed in professional athletes or
during pregnancy, and it is reversible when the underlying stimulus is removed.***> However, in
HFpEF, the hypertrophy is maladaptive generally considered irreversible and accompanied by
dysfunctional calcium handling in the cardiomyocyte.?’ This hypertrophy represents an abnormal
and pathological form of cardiac muscle growth associated with interstitial and perivascular fibrosis
formation that further stiffens the ventricle to impair diastolic function, leading to worsening cardiac
28,31

performance.

The underlying causes of hypertrophy in HFpEF are multifactorial. Yet, several well-



established contributing factors include: microvascular dysfunction or rarefaction, chronic
inflammation, elevated hormones (e.g., norepinephrine, angiotensin II), oxidative stress,
hypertension (afterload), and abnormalities in cellular calcium handling and endoplasmic reticulum
stress due to metabolic disease.?!*¢ In this thesis, my overall goal was to associate the effects of
elevated inflammation or hormones potentially causing HFpEF or HFpEF features by oxidative
stress or endoplasmic reticulum stress, the relate these drivers of hypertrophy to molecular
signalling and cytoprotective mechanisms that might alleviate disease by regulating hypertrophy,
specifically heme metabolism or estrogen signalling.

1.3 Angiotensin II induction of hypertrophy

Angiotensin II (Angll) is a hormone generated in the lungs by angiotensin converting
enzyme from angiotensin I, which is a part of the renin-angiotensin-aldosterone system (RAAS) that
acts as a compensatory mechanism to maintain hemodynamic homeostasis.’” Initially, following
cardiac damage, reduced blood flow to the kidney initiates the cascade resulting in elevated Angll
to increases blood pressure and positive inotropic effects, stimulating myocardial growth and
promoting angiogenesis, which leads to adaptive cardiac hypertrophy.’” However, prolonged
exposure to Angll results in maladaptive cardiac hypertrophy.

Angll activates multiple signalling pathways in the cardiomyocyctes that regulate cardiac
hypertrophy through AnglI binding to the angiotensin II type 1 receptors (ATR), one of G Protein-
coupled receptors (GPCRs).*” Chronic receptor activation initiates a cascade of events, such as
cardiac hypertrophy, inflammation, fibrosis, and oxidative stress.*® The hypertrophic response of
cardiomyocytes to Ang II involves ATR stimulating phospholipase C (PLC), which generates
diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3).>” DAG activates protein kinase C
(PKC), which in turn activates mitogen-activated protein kinases (MAPK), including extracellular

signal-regulated kinase 1/2 (Erk1/2).>” Erk1/2 is a diverse kinase pathway regulating cardiomyocyte



survival, development, and growth,* phosphorylates various transcription factors and induces gene
expression associated with protein synthesis, leading to cardiac hypertrophy.’7-4%4!

Besides the direct activation of Erk1/2 by Angll, it can also induce cardiac hypertrophy
through a secondary mechanism by the production of reactive oxygen species (ROS) mediated by
nicotinamide adenine dinucleotide phosphate oxidases (NOX).>” ROS contributes to the
hypertrophic effects, in cardiomyocytes by Erk1/2 and to increased inflammatory responses by
activating nuclear factor-xB (Nfkb) signalling pathways which further promote production of

Angll.*” Thus Angll activation plays an essential role in inducing cardiomyocyte hypertrophy. A

schematic representation of relevant hypertrophic response from Angll is shown in Figure 1.1.
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Figure 1.1. Cell signalling pathway for Angll-induced hypertrophy.

The hypertrophic response of cardiomyocytes to Ang II involves ATR stimulating PLC/DAG/PKC
pathway, and activates MAPK, including Erk1/2. Erk1/2 phosphorylates various transcription
factors and induces gene expression associated with protein synthesis, leading to cardiac
hypertrophy. A secondary mechanism, production of ROS mediated by NADPH oxidase complex is
involved as well, activates Erk1/2 and Nfkb signalling pathways. The figure created with
BioRender.com.



1.4 Lipopolysaccharide induced hypertrophy

Lipopolysaccharide (LPS) is extracted from Gram-negative bacterial cell walls, and it is
commonly used for activating inflammatory pathways.*> LPS is one of the major components of the
Gram-negative bacterial cell wall.*> LPS has been well studied for its role as a pattern-associated
molecular pattern (PAMP), which serves as a signal to the innate immune system to induce the
inflammatory response through binding to the toll-like receptor-4 (TLR4).** TLR4, has been
identified as a crucial regulator in the pathogenesis of cardiovascular diseases.** A wide body of
evidence has been published connecting TLR4 to cardiac hypertrophy. Such studies include Ha et
al.**, who used an in vivo mouse model to knockout TlIr4, which reported reductions in cell size and
development of cardiac hypertrophy, and Ehrentraut et al.*® used pharmacological antagonism at the
Tlr4 receptor, concluding there was a decrease in the left ventricle to body weight ratio, and a
decrease in genes for hypertrophic markers, and pro-inflammatory cytokines. Moreover, increased
expression of Tlr4 has been observed in ischemic heart disease, heart failure, and in
ischemia/reperfusion injury®.

To activate the signalling cascade, LPS first binds to LPS-binding protein, which then binds
to cluster of differentiation which then transfers LPS to the TLR4.*”*® Activation of TLR4 on the
cell by its ligand LPS activates one of two downstream signalling pathways: myeloid differentiation
protein 88 (MyD88) dependent, or TIR-domain containing adaptor-inducing interferon-beta (TRIF)
dependent. The MyD88 pathway activates Nfkb, a downstream transcription factor which when
activated enters the cell nucleus and promotes expression of pro-inflammatory cytokine genes that
mediate the inflammatory response.*’ These genes control the release of pro-inflammatory
cytokines like tumour necrosis factor-alpha (TNF-a), interleukin-1-$ (IL-1p), and interleukin-6 (IL-
6).* These same cytokines can also contribute to chronic systemic inflammatory conditions (e.g.,

type 2 diabetes, obesity, anemia, etc.) associated with the HFpEF phenotype.



Another MyD88 associated downstream signalling pathway activated by TLR4 are the
MAPKSs, which coordinate many cellular processes (i.e., cell differentiation, proliferation, cell
survival, and inflammation). A number of these MAPK signalling cascade pathways have been
identified playing a role in cardiac hypertrophy, such as the Erk 1/2, p38 MAPK, and c-Jun N-
terminal kinase (Jnk).>® A brief schematic representation of relevant hypertrophic response from
LPS is shown in Figure 1.2.

The focus here, will be placed on Erk1/2, which plays a key role in the cardiomyocyte as an
intracellular transducer of extracellular signals. Three major cell receptors within the cell respond
and modulate via increased Erk1/2 signalling downstream of TlIr4 activation by its ligand>':
integrins, GPCRs, and Receptor tyrosine kinases (RTKs).

Integrins are membrane-bound receptors involved in mechanotransduction of the
extracellular matrix and cytoskeletal components because of mechanical stress to the cell, eliciting
changes in structure and function. Researchers have explored the role of integrins in cardiomyocyte
stretch in vitro under conditions of Erk activation and found that if they blocked specific isoforms of
integrin, the subsequent stretch-induced release of brain natriuretic peptide was dependent on
integrins.>? This interaction contributes to the hypertrophic phenotype in cardiomyocytes.

GPCRs are also a complex target of Erk1/2 signalling, with many mediators of
cardiomyocyte hypertrophy (i.e., angiotensin II, endothelin I) acting via these important
transmembrane receptors. Previous work has established an the interaction of Erk1/2 with the
GPCR causes an overexpression of the Gaq subunit™ which is more robustly able to respond to
local stimuli carrying maladaptive signals forward. Other studies have proposed that the beta
subunit may also be modulated by Erk1/2 signalling, and that introducing regulator proteins that
block the interaction of Erk1/2 with the GPCR, the response to hypertrophic stimuli produced is

attenuated.>* Despite, variability reported across the literature on which subunit of the GPCR is



being affected by Erk1/2, it remains clear that the interaction of these receptors is critical for
maintaining a hypertrophic response in the cardiomyocyte, so this provides a central effector
molecular mechanism to monitor during the induction of hypertrophy.

RTKs, also play an important role in converting extracellular signals to modulate
intracellular processes. After Erk1/2 activation, multiple studies have noted crosstalk between
GPCRs and growth factor receptors which have a role in cellular proliferation.’! A few examples of
receptors that are RTKSs that depend on this Erk1/2 signallinginclude phosphorylation of the platelet
derived growth factor receptor post Angll exposure®®, and the insulin-like growth factor 1 receptor
which coincides with modulated Erk1/2 interaction.’® While the literature reports that these
signalling interactions contribute to maintaining cardiomyocyte homeostasis under stress conditions,
they also are contributors to the maladaptive hypertrophy observed in the HFpEF phenotype.

Because LPS serves as a ligand of TLR4 introducing the inflammatory cascade as discussed
above, which has been associated with the HFpEF phenotype , and due to its well reported use to
model inflammatory pathways*’, we chose to use LPS as a ligand to attempt to elicit inflammatory
mediated hypertrophy in our model H9¢2 cells. Targeting specific components of the LPS-induced
hypertrophic pathway may provide opportunities for the development of novel treatments aimed at

attenuating or preventing the progression of cardiac hypertrophy in these conditions.
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Figure 1.2. Cell signalling pathway for LPS-induced hypertrophy.

Activation of TLR4 on the cell by its ligand LPS, activates two downstream signalling pathways:
MyD88 dependent, or TRIF dependent pathway. The MyD88 pathway mediates inflammatory
response via activates Ntkb, which when activated enters the cell nucleus and promotes expression
of pro-inflammatory cytokine genes. Another MyD88 associated downstream signalling pathway
are the MAPKs, which coordinate many cellular processes. A number of these MAPK signalling
cascade pathways have been identified playing a role in cardiac hypertrophy, such as the Erk 1/2.
The figure created with BioRender.com.
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1.5 Role of heme bioavailability in protein synthesis

Heme metabolism can also play a role in cardiac hypertrophy. In neonatal rat
cardiomyocytes, overexpression of heme oxygenase-1 (Hmox-1) and incubation with biliverdin or
carbon monoxide (CO)-releasing molecule suppressed the activation of Erk1/2 and the
calcineurin/nuclear factor of activated T cells signalling pathway, both of which are involved in
cardiac hypertrophy. Additionally, metabolomics analysis of mouse models of pressure overload-
induced cardiac hypertrophy and coronary ligation demonstrated increased heme levels in
hypertrophied murine hearts.>’

Heme plays an essential role in protein synthesis by serving as a critical component of
hemoproteins, which are proteins that contain heme as a prosthetic group.’® Hemoproteins are
involved in various cellular processes, including oxygen transport, electron transfer, and enzymatic
reactions. One of the key functions of heme in protein synthesis is its involvement in the regulation
of translation initiation. Heme-regulated inhibitor kinase (Hrik) is a kinase that is activated in
response to heme deficiency. When cellular heme levels are low, Hrik is activated by
autophosphorylation, leading to the phosphorylation of the a subunit of eukaryotic initiation factor 2
(eIF2a). This phosphorylation event reduces the availability of active eI[F2-GTP-tRNA ternary
complex, which is required for the recruitment of initiator methionyl-tRNA to the ribosome and the
subsequent initiation of translation. As a result, where heme levels are low, protein synthesis
(necessary for cellular hypertrophy) could be attenuated, possibly to conserve cellular resources and
maintain cellular homeostasis. However, the basis of these molecular phosphor-interactions remain
to be defined in myocytes. Interestingly, Hrik can also be activated by oxidative stress and can
interact with NO or CO (wherein NO enhances Hrik activation, while CO suppresses Hrik
activation).> Yet, the expression of Hmox1, which degrades heme and releases CO as a byproduct

has been shown to limit cellular hypertrophy caused by oxidative stress.®® The evaluation of heme

12



content, HRI expression, and HRI phosphorylation have not been characterized in cardiomyocytes
under normal or stress conditions that induce hypertrophy.®' As such, there is an opportunity to
explore whether heme and or Hrik are able to regulate hypertrophy or hypertrophic signallingas
means of developing novel therapeutic targets to alleviate HFpEF associated hypertrophy.

The role of heme in protein synthesis is particularly relevant in conditions where heme
availability or heme synthesis is disrupted, such as certain types of anemia or heme-related
disorders, including heart failure.%%* Alterations in heme levels can have significant impacts on
cellular protein synthesis and overall protein homeostasis but also is critical to cytoprotection and
maintenance of intracellular metabolism. Since anemia is a common feature of HFpEF, it may be
that heme bioavailability is limited in those patients and a contributing factor to hypertrophy.

1.6 Role of estrogen with protein synthesis

Estrogen, a hormone primarily associated with female reproductive and endocrine function,
plays a multifaceted role in regulating protein synthesis in various tissues throughout the body,
predominantly in females. Estrogen signalling is present in both females and males, and the ratio of
estrogen and testosterone signalling is potentially relevant to both sexes in hypertrophic onset or
development.®>-®7 Estrogen has been shown to stimulate protein synthesis in several tissues,
including skeletal muscle, liver, and the cardiovascular system.

Estrogen plays a complex and multifaceted role in cardiac hypertrophy, and its effects on the
Erk1/2 pathway are implicated in this process. Estrogen can exert both beneficial and detrimental
effects on cardiac hypertrophy, depending on the specific context, duration of exposure, and the
presence of other signalling factors. In certain conditions, estrogen has been shown to attenuate
cardiac hypertrophy through its interaction with the Erk1/2 pathway.*%%%%% Activation of Erk1/2 by
estrogen can trigger a cascade of events that lead to the activation of anti-hypertrophic signalling

pathways. This differs from pregnancy, where estrogen in late pregnancy is associated with
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eccentric hypertrophy and diastolic dysfunction attributed to volume load stretch, which is
mimicked by estrogen in ovariectomized mice causing a reduction in cardiac potassium channels
and kinase activity.”® Yet, estrogen-induced Erk1/2 activation can stimulate the production and
release of anti-hypertrophic factors such as nitric oxide (NO)’! and atrial natriuretic peptide
(ANP).” These factors can counteract the hypertrophic stimuli and promote cardiac relaxation and
vasodilation, thus preventing or reducing hypertrophy.

Overall, the role of estrogen in the Erk1/2 pathway during cardiac hypertrophy is complex
and context-dependent. Estrogen can modulate Erk1/2 signalling to promote both anti-hypertrophic
and pro-hypertrophic effects, depending on the specific conditions.” Further research is needed to
elucidate the precise mechanisms by which estrogen influences the Erk1/2 pathway in the context of
cardiac hypertrophy and to better understand how these interactions can be targeted for therapeutic
interventions.

1.7 Rationale, hypothesis, and objectives

Hypertrophy is part of normal development and adaptation to complex stimuli or resistance
in the peripheral arterial system. It can also limit the compliance of the heart and its ability to relax
properly. Increased protein synthesis and higher energy demands of hypertrophied cells occurs as a
direct result of generating myofilament proteins. This is controlled mainly through growth signals
mediated by extracellular signal-regulated protein kinases 1 and 2 (Erk1/2) that increase protein
synthesis. Erk1/2 is a key player regulating cardiac hypertrophy. Protein synthesis is also partly
regulated by heme bioavailability. This occurs through phosphorylation via heme regulated
inhibitory kinase (Hrik, aka. Eif2ak1), which controls protein translation through eukaryotic
initiation factor 2 alpha (eif2alpha) protein. These pathways can be modified by features of HFpEF
disease that contribute to hypertrophic signalling, including anemia (heme metabolism),

inflammation, and hormonal signalling that potentially instigate (AnglIl) or regulate (estrogen)
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hypertrophy.

It is important to recognize that females are more prone to living with HFpEF (morbidity),
whereas males are more prone to dying from HFpEF (mortality). 2> Estrogen receptors regulate
Erk1/2 to reduce hypertrophy in the heart.*’ It is not known what effect estrogen has on heme
metabolism in cardiomyocytes undergoing hypertrophy. Whether these mechanisms can explain
why there are differences in diastolic function and hypertrophy between the sexes remains has not
been explored sufficiently.

The H9¢2 cell line could be used in this as in vitro model to conduct hypothesis-testing on
the molecular mechanisms regulating hypertrophy as they relate to hormone signaling,
inflammation, or heme metabolism. The H9c2 cell line was originally derived from embryonic rat
ventricular tissue.”>’® H9¢2 cells are commonly used as an in vitro model to study the cardiotoxic
effect of several agents such as doxorubicin, LPS, and H,0,.”’

In this thesis, I will compare stress-induced hypertrophy via hormone (HFrEF & HFpEF
like) or inflammatory (HFpEF like) induced stimuli. By analyzing the hypertrophic responses and
changes in molecular proteins associated with hypertrophy and diastolic dysfunction in animal
models, it may be possible to affirm that these pathways have common signals or stressors related to
hypertrophy. The overarching research question for this thesis is to identify and model the
molecular mechanisms that regulate cardiomyocyte hypertrophy; relates this information to features
of HFpEF and determine how these features and molecular mechanisms influence the sex
differences between males and females with HFpEF.

For this thesis, I hypothesize that:

1. Hypertrophy is evident in a clinical population of HFpEF, and males have higher rates of

hypertrophy but fewer other comorbid features associated with HFpEF than females.

2. Molecular mechanisms regulating cardiac hypertrophy, heme metabolism, or estrogen
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signalling are evident (hypothesis-affirming) in a pre-clinical rat model of HFpEF
determined from a public-sourced microarray dataset.

3. Exposure to Angll or LPS induces hypertrophy in rat H9¢2 myoblast and/or myotubes to
provide a reliable in vitro model for hypothesis-testing experiments related to the
molecular mechanisms of hypertrophy, heme metabolism, or estrogen signalling.

4. Either hemin or estrogen will attenuate H9¢2 induced hypertrophy and hypertrophic
signalling through Erk1/2, Hrik, or Nfkb associated molecular mechanisms.

The overarching objectives of this thesis were to develop a connection between HFpEF and
hypertrophy using the associated features of HFpEF (e.g. hypertension, anemia,
metabolic/inflammation stress) that may contribute to hypertrophy or be associated with molecular
mechanisms of interest: hypertrophy, heme metabolism, or estrogen signalling; thereafter affirming
with a preclinical model that similar features are associated with our molecular mechanisms of
interest, and finally, to model hypertrophy in cell culture for hypothesis-testing focusing on the
associated molecular mechanisms regulating hypertrophy (e.g. Erk1/2, Nfkb, and Hrik).

The first objective was to identify patients where HFpEF was clinically apparent from an
established clinical databank of diverse cardiac surgical samples, with a focus on records of
symptoms, diastolic dysfunction, and meta-inflammatory disease features associated with HFpEF
presentation. The second objective was to determine the incidence of hypertrophy based on these
collected data and identify any potential for sex differences. The third objective was to determine, in
addition to hypertrophy, any sex differences in HFpEF disease features that might contribute to
either comorbid risks or stimuli for hypertrophy.

With these data, our fourth objective was to use a pre-clinical public dataset to support the
rationale that HFpEF with hypertrophy and other HFpEF features are likely to cause changes in

molecular mechanisms of interest relating to hypertrophy, heme metabolism, and/or estrogen
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signalling. Our fifth objective was to compare the relative magnitude of change in gene associated
with these molecular mechanisms to provide hypothesis-affirming evidence supporting in vitro
cellular models of hypertrophy of these molecular mechanisms.

With the support that our hypotheses for molecular mechanisms were affirmed as being
likely affected in a pre-clinical model, our sixth objective was to confirm and validate that rat H9c2
ventricular cells are a reliable model of cellular hypertrophy by inducing hypertrophy using Angll
or LPS. The last objective would then test the hypothesis that hemin and estrogen attenuate
hypertrophic signalling mediated by Erk1/2, Hrik, or Nfkb-associated pathways, notably associated

with hormone signalling, heme metabolism, and inflammation.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Clinical database identification of HFpEF patients with hypertrophy

Obesity on Postoperative Outcomes following cardiac Surgery (OPOS) clinical database was
established a registered clinical research study at the New Brunswick Heart Center (NCT: trials
NCT03248921) . The purpose of this study was to evaluate the impact of obesity on cardiac
outcomes. Patients undergoing elective, scheduled (i.e. non-emergent) cardiac surgery were
consented to participate in this observational study which involved detailed clinical review,
diagnostic or prognostic evaluation and data collated with functional and clinical chemistry
analyses. Blood, atrial appendage, and adipose tissue were collected intraoperatively as part of
standard of care in cardiac surgery for biomarker analysis. Functional capacity, quality of life, and
physical assessment measures were documented in case report forms. Clinical variables were
collected from patient files, electronic medical records, and from the New Brunswick cardiac
surgery registry. Clinical variables related to cardiac catheterization hemodynamic assessments and
cardiac surgery procedures were collected during the standard care procedures and recorded in the
APPROACH database or in patient charts that were later abstracted. Sex, body mass index (BMI),
diabetes, and New York Heart Association (NYHA) functional classification were collected from
the patient history section of the patient charts or documented during the normal intake for cardiac
catheterization procedure approximately 6-12 months prior to being scheduled for cardiac surgery.
Left ventricular ejection fraction (LVEF) and LVEDP variables were charted from pre-operative
cardiac catheterization hemodynamic assessment. Whole blood analysis was performed as a routine
standard of care procedures, where pre-operative hematocrit and hemoglobin values were collected
from the electronic health record. This database was created, curated and linked by members of the
IMPART investigator team.

For our analyses, classification of heart failure in HFpEF was practically considered present
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where there are NYHA symptoms but where the LVEF is typical and in range but here we further
defined its likely presence based on three clinically associated features: 1) function (LVEF >50%
&/or LVEDP>12mmHg),”% 2) symptom presentation (NYHA classification II-1V), and 3)
presence of indicative metabolic-inflammation (meta-inflammation) disease or risk factors indicated
as having one or more of these conditions: obesity (defined as BMI>30, or belonging to obese
classes I to III), type II diabetes (graded according to Centers for Disease Control and Prevention,
Hgb-Alc level <6% = Normal, 6-6.4% = Prediabetes, >6.4% = diabetes), anemia (defined by WHO
as <12.0g/dL in women/females and <13.0g/dL in men/males,®' and graded clinically according to
the National Cancer Institute, as follows: in female, 120-160g/L. = Normal, 100-120g/L = Mild, 80-
100g/L = Moderate, 65-80g/L = Severe; in male, 140-170g/L = Normal, 100-140g/L = Mild, 80-

100g/L = Moderate, 65-80g/L = Severe)) or (Figure 2.1.).
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Figure 2.1. Triangulating HFpEF patients from the “Obesity on Postoperative Qutcomes
following cardiac Surgery (OPOS)” Database.

HFpEF is defined as patients with EF>50%, NYHA Class II-IV, and have one or more of these
conditions: type 2 diabetes, anemia, obesity class 1-3 (N=105/341 assessed; male=78, female=27).
NYHA indicates New York Heart Association; EF, ejection fraction; EDP, end diastolic pressure;
BMI, body mass index; Hb, Hemoglobin; T2D, type 2 diabetes.
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2.2 Gene Expression Omnibus (GEO) database dataset evaluation

The Gene expression Omnibus (GEO) data was originally collected and deposited by Zhang
et al®? where the data was made public as GSE126062 and obtained through the open-access data
deposited in the National Center for Biotechnology Information’s (NCBI’s) Gene Expression
Omnibus DataSets website (http://www.ncbi.nlm.nih.gov/geoprofiles/). The available GEO
DataSets were identified by searching the GEO database using the keywords “HFpEF”, “Rattus
norvegicus”, and “Series” as an entry type. The dataset was originally generated by using an Agilent
028282 Whole Rat Genome Microarray 4x44K v3 and expressed as normalized mRNA presented in
a log-transformed manner with a range from 0 to +/- 1.5 fold change in a cluster based heat map.

Gene expression values (expressed as normalized signal intensity) were extracted by
GEO2R, an interactive web tool available on the NCBI website (https://www-ncbi-nlm-nih-
gov.ezproxy.library.dal.ca/geo/geo2r/). The samples were defined by group-effect as “control” or
“HFpEF” based on the original treatment classification of low-salt (LS) and high-salt (HS) intake in
Dahl salt-sensitive (DSS) rats originally reported and phenotyped as having features of HFpEF,
including diastolic dysfunction with normal EF, and HFpEF features of hypertrophy, inflammation,
impaired myocardial calcium handling and metabolic dysfunction. Under the “Profile graph” tab,
genes of interest were searched individually to identify the expression profile graph by entering the
corresponding ID name in the GSE126062 dataset. Each animal’s corresponding data value for a
gene of interest that was related to hypertrophy, heme metabolism, estrogen signalling, or
inflammation. The extracted data values were entered into excel for analysis to determine the group
mean of samples. Given the wide variation in raw data, we utilized a log2-fold change
transformation (=Log(HFpEF Mean/Control Mean, 2) for the purpose of data visualization (in
GraphPad) of the molecular mechanism pathways of interest and clustered genes of interest related

to hypertrophy, heme metabolism, estrogen signaling, or inflammation. The a priori prediction was
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that genes related to hypertrophy, heme metabolism, or inflammation would be upregulated and
therefore a one-tailed t-test was applied if the change was positive in the HFpEF group. The a priori
prediction was that genes related to estrogen signalling could either be upregulated or
downregulated and therefore performed a two-tailed t-test. We considered any gene with a
difference of p<0.05 as hypothesis-affirming, as the original data was intended only for hypothesis-
discovery. The data and any changes for reordering the figures to represent the groups as “Control”
or “HFpEF” are defined in the figure legend and reproduced in accordance with the creative
common copyright licence (CC BY 4.0 Deed, Attribution 4.0 International license,
https://creativecommons.org/licenses/by/4.0/) and the journals
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7247709/) open access policy as stated

(https://www.mdpi.com/openaccess#Permissions).

23 Cell culture

HO9c2 embryonic rat ventricle cardiomyoblasts (CRL-1446, American Type Culture
Collection) were expanded from frozen cryovials and maintained in Dulbeco’s Modified Eagle
Medium-High Glucose (DMEM-HG, Gibco, 4500 mg/L glucose) supplemented with 10% Fetal
Bovine Serum (FBS, Gibco). These cells were culture expanded to 80% confluency at 37°C in a
95% air, 5% CO> humidified atmosphere. Cells were passaged by rinsing with 1x PBS, then 0.25%
Trypsin was added to cell culture dishes; incubated at 37°C for 5 minutes to detach cells, collected
by centrifugation at 500 rcf for 5 minutes, counted in a hemacytometer and then re-seeded at ~25%
confluency with the seeded number proportioned according to cell culture ware for expansion into
the effective growth areas. All cells were passaged at least once from the frozen cryovials and
cultured for a minimum of 24h after second passage before experimental treatments. Cells used in
the experiments did not exceed 20 passages and cell numbers were counted by a hemocytometer. To

differentiate cardiomyoblasts to cardiomyotubes, cells were culture expanded to 80% confluency,
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then the media was changed to DMEM-HG without FBS every 3 days, with media changed 2 times
while maintained at 37°C in a 95% air, 5% CO> humidified atmosphere. For inducing hypertrophy,
HO9c2 cells were seeded at 2x10° cells onto 35mm dish (for 24hrs prior to treatments for myoblasts
or an additional 6 days without serum for myotubules) or 100mm dish (for flow cytometry) to
achieve ~80-90% confluency at the time of collection for analysis. Cells were incubated at 37°C in a
95% air, 5% CO; humidified atmosphere for 24h, afterwards the media was changed to fresh
DMEM-HG containing AnglI (Sigma, Catalogue #A9525) or LPS (Enzo Life Sciences, R515 (Re),
Catalogue #ALX-581-007-L002 or Sigma, O111:B4, Catalogue #L.2630, as specified in Figure 3.10
as treatment). Hemin (Sigma, Catalogue #51280) was prepared as a stock solution in DMSO at
S5mM, then diluted to a working solution into media at 2.5uM (5ul into 10ml, for 0.05% DMSO
vehicle); and cells were treated after being seeded for 24hrs (myoblasts with 10%FBS) or 6 days
(myotubules without FBS) for 24hrs then for 24hrs then harvested as a cell lysate for

immunoblotting.

2.4 Resazurin (PrestoBlue™) cell metabolic activity assay

H9c2 cells were seeded in a 96-well plate as 100 pl cell media mixture/well (10,000
cells/well or 5,000 cells/well), and incubated at 37°C in a 95% air, 5% CO> humidified atmosphere
for 24h. After treatments, 10 pl of 0.3mg/ml resazurin (Life Tech, R12204) was added to each well.
The plate was incubated at 37°C for 3h with resazurin. Fluorescence (560 nm, 590 nm) and spectral
absorbance (570nm, 600nm) were measured using a Synergy H4 Hybrid Reader (Biotek). An
additional Resazurin supplier was required due to supply chain breakdown for cell viability based
on identical chemistry principles, the PrestoBlue cell viability assay (Invitrogen, Catalogue
#A13261) achieved similar results, though media compatibility for solubility had to be redetermined
Appendix-A for compatibility table; requiring the addition of 0.5% FBS with the PrestoBlue during

the incubation period on otherwise serum free myotubes). According to the manufacturer’s
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specification, 10 ul of PrestoBlue cell viability reagent was added to each well and incubated at
37°C for 1h. Fluorescence (560 nm, 590 nm) and spectral absorbance (570nm, 600nm) were
measured using a Synergy H4 Hybrid Reader (Biotek) and similar data were achieved after 1h with
PrestoBlue by either fluorescent or absorbent measures (Appendix-A). Cell viability was calculated
by the ratio of 560nm/590nm (or 570nm/600nm) by subtracting the value of a no-cell control in all

groups and then normalizing each cell treatment group to an untreated cell control group.

2.5 Immunocytochemistry and measuring cell surface size

Seventy percent alcohol was used to sterilize glass coverslips prior to placing the coverslip
in a 35mm cell culture plate under sterile conditions in a biosafety cabinet. H9c2 cells in media
were dropped carefully by pipetting onto the coverslips to allow attachment for 15 minutes then
additional media volume was added for cell incubation. Following treatments, media was aspirated
carefully, and the plate was washed with 1xPBS three times. Then, 200ul of 2% paraformaldehyde
in PBS was used for fixation of cells per coverslip. The plates were incubated for 5 min at room
temperature. 0.25% Triton X-100 in 1xPBS for cell permeabilization for 10 minutes. The plates
were washed three times for 5 minutes in 1xPBS. To block non-specific binding, 1% BSA in 1xPBS
0.1% Tween 20 was used as a blocking buffer for 20 minutes. The plates were then washed three
times for 5 minutes in 1xPBS. Phalloidin Alexa 488 (A12379, Invitrogen, 1:1000 in PBS) was
added and incubated in a dark chamber for 30 minutes at room temperature. The plates were then
washed three times for 5 minutes in 1xPBS. For counterstaining, Hoechst (33342, Thermo, 1:3000
in 1xPBS) was used to identify nuclei. After adding the Hoechst, the plates were incubated in a dark
chamber for 1 minute at room temperature. The plates were then washed three times for 5 minutes
in 1xPBS. For mounting, 10 pl of mixed glycerol and PBS in a 50:50 ratio was dropped onto a glass
slide. The edges of the coverslip were sealed with clear nail polish, and the slides were allowed to

dry in a dark place for 24h and cell images were obtained using a ZEISS microscope. The cell
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surface area of the selected H9c2 cells were traced and quantified by ImageJ as a plug-in application

for the microscope ZEISS software.

2.6 Flow cytometry and measure cell size by volume

HO9c2 cells (2x10°%) were seeded in 100mm cell culture dish and incubated at 37°C in a 95%
air, 5% CO; humidified atmosphere for 24h, afterward the media was changed with fresh DMEM-
HG containing AnglI (Sigma, A9525) or LPS (Enzo Life Sciences, R515 (Re), ALX-581-007-L002;
Sigma, O111:B4, L2630) for 24h or 48h (as specified in Figure 3.10). Cells were then washed with
1x PBS, and 0.25% Trypsin was added to cell culture dishes; incubated at 37°C for 5 minutes to
detach cells, and collected by centrifugation at 500 rcf for 5 minutes. The cell pellets were washed
with 1xPBS by gentle pipetting up and down, and collected by centrifugation at 500 rcf for 5
minutes. The cell pellets were then resuspended in 1 ml of fresh 1xPBS by gentle pipetting up and
down and the cell suspension was transferred to a flow cytometry tube (5ml). Cell size was
measured by flow cytometry (Beckman Coulter) by forward scatter (FS) after collecting 75,000
cells/events and then gated for single cells for analysis. The data was analyzed by Kaluza Analysis

Software.
2.7 Immunoblotting

2.7.1 Cell Collection and Lysate Preparation

Following treatment, H9c2 cells in 35mm plates were placed on ice. The media was
removed by aspiration, and washed with 1xPBS, then cells were scraped into 60 pul of lysis buffer.
The lysis buffer was prepared freshly before use, and consisted of 10ul protease inhibitor cocktail
(VWR, m250), 10ul phosphatase inhibitor cocktail (EMD Millipore, 524628), and 10ul activated
sodium orthovanadate per 100ul lysis buffer stock (20mM Tris, SmM EDTA, 10 mM Na4P207,
100mM NacCl, 1% NP-40, pH=7.41). Cell lysates were transferred to 1.5ml tubes and incubated on

ice for 30 minutes. Cell lysates were then sonicated for 10 seconds at 20kHz, 30% amplitude using
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the QSonicator. Total protein concentrations were quantified by bicinchonic acid (BCA) protein
assay kit (Pierce™). Protein samples (8ug) were denatured by heating samples at 99°C for 5

minutes in 4X Laemmli Buffer with dithiothreitol (DTT).

2.7.2 Western blotting

Denatured protein samples (81g) were separated and resolved via 10% Mini-protein sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or by 4-20% Criterion™ TGX™
PreCast Gels (BioRad). 1pul of Precision Plus Protein™ Standards Kaleidoscope™ ladder (BioRad)
and samples were loaded into the left-most empty lane (without Laemmli buffer). Mini-Protein self-
cast gels were run at 90V at room temperature in 1X Tris/Glycine/SDS Electrophoresis Buffer
(BioRad); Criterion™ gels were run at 90V for 30 minutes and 120V in an external ice bath to
maintain temperature. Gels were run until the dye front migrated to the bottom edge of the gel.
Samples were transferred to nitrocellulose (BioRad) at 100V for 1 hour 30 minutes at 4°C.
Membranes were rinsed in ddH>O and then incubated in Pierce® Reversible Memcode Stain for 5
min to confirm even transfer and measure total protein. The stained blot was labeled with indelible
marker for date, lanes, experimental name, and other identifiers and then imaged using a
ChemiDoc™ MP Imaging System. The membrane stain was removed using Pierce® Stain Eraser.
Membranes were then protein blocked in 5% skim-milk in 1X Tris-Buffered-Saline-Tween 20
(TBS-T) for 45 minutes. Membranes were incubated in a 50ml tube or sealed plastic bags on a roller
at 4°C overnight in primary antibody (1% skim-milk in TBS-T with 0.1% sodium azide) targeting
Hmox1 (1:1000, H4535, Sigma), phospho-Ntkb (1:1000, CST3033S, Cell Signalling Technology),
Ntkb (1:1000, CST8242S, Cell Signalling Technology), phospho Erk1/2 (1:1000, CS9101S, Cell
Signalling Technology), Erk1/2 (1:1000, CS9102S, Cell Signalling Technology), Eif2ak1 (Hrikk,
1:1000, 20499-1-AP, Proteintech) or Myh7b (1:2000, ab172967, Abcam). Membranes were

incubated with secondary horseradish peroxidase (HRP)-conjugated HRP-conjugated anti-mouse
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(1:2000, #sc-2055, Santa Cruz), or HRP-conjugated anti-rabbit (1:2000-5000, #sc-2054, Santa
Cruz) IgG for 2h in 5% skim-milk in TBS-T at room temperature on a roller. Membranes were
washed three times in TBS-T and then immunoreactivity was detected using Clarity™ Western
Enhanced Chemiluminescence Substrate (BioRad) or SuperSignal® West Dura Extended Duration
Substrate with a ChemiDoc™ MP Imaging System. Membranes were then stripped between
different primary antibodies by incubating in 25ml 0.5M Tris-HCI/SDS buffer supplemented with
125ul B-mercaptoethanol (OmniPur®) for 1 hour. Densitometry measurements were completed
using Imagel.ab™ Software v6.1 (BioRad). Relative integrated density was calculated by the
density of the target protein normalized to the total protein density of the respective memcode-
stained lane. Where digital rearrangement of bands from within an individual blot was necessary for

presentation this was denoted by a vertical dashed line.

2.8 Statistical analysis

Results are expressed as mean + standard deviation (SD) unless otherwise stated. Statistical
analyses were done using Excel (for GEO data only) and GraphPad Prism 9 (GraphPad Software
Inc.). Unpaired student’s t-Test was used on two groups with normality (or a Mann-Whitney test if
data were not normally distributed). One-way analysis of variance (ANOV A) was used on three or
more groups. The results were tested for normality by Shapiro-Wilk test. Where data were
considered normally distributed they were analyzed by one-way ANOVA followed by Tukey’s
multiple comparison test. If the results did not pass the normality test, ANOVA was used with the
Kruskal-Wallis test and Dunn’s multiple comparisons test. P-value of less than 0.05 was considered

statistically significant.
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CHAPTER 3 RESULTS
3.1 Comorbidities, including hypertrophy, are not uniform in HFpEF patients

Using our criteria to triangulate HFpEF from the OPOS database, we were able to identify
105 patients out of 341 complete datasets that make up a cohort that presented clinically as having
HFpEF at the time of inclusion in the study. HFpEF patients exhibited many features associated as
comorbid clinical conditions, though not all are reliably present in every patient. Among the HFpEF
patients, a majority exhibited high left ventricular end-diastolic pressure (LVEDP) as expected due
to our use of this measure as inclusion criteria. The typical (normal) range of LVEDP is 4-
12mmHg®®, and there were 9 patients at 12mmHg, with 96 patients that were above of the typical
(normal) range (Figure 3.1). The left ventricular ejection fraction (LVEF) of the patients fell within
the typical (normal) range (50%-70%) as expected by inclusion criteria and HFpEF definition®,
with a subset (22.2% in female, 12.8% in male, Figure 3.2) showing values typically associated with
left ventricle hypertrophy (greater than 70%)%*. Hypertrophy is often the result of hypertension, with
increasing age.®> We identified that the hypertrophic (LVEF>70%) females (N=7) had an age range
from 56 to 74 years old with a median age of 69 years; 86% of these patients had hypertension
(N=6). Nonhypertrophic females (N=20) had an age range from 39 to 74 years old with a median
age of 65 years, 60% of these patients had hypertension (N=12). In hypertrophic males (N=13), had
an age range from 48 to 73 years old with a median age of 67 years; 84.6% of the group had
hypertension (N=11). Nonhypertrophic males (N=65) had an age range of 40 to 75 years old with a
median of 64 years; 86.2% of these patients had hypertension (N=56). As an empirical observation
of limited results, females with hypertrophy trend older with greater probability of hypertension,
whereas males with hypertrophy showed no appreciable difference in age or incidence of
hypertension.

In terms of body mass index (BMI)*®, HFpEF patients were predominantly overweight or
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obese (greater than 24.9), although a few were within the typical (normal) range (Figure 3.3).
Hemoglobin Alc (Hgb-Alc) was collected as an indicator of diabetes (not well medically managed)
and followed the guideline from Centers for Disease Control and Prevention®’. Approximately 45%
of male HFpEF patients displayed elevated hemoglobin Alc levels which suggests presence of
prediabetes or diabetes, while nearly 30% of female HFpEF patients exhibited similar elevations

88-90 we observed that among

(Figure 3.4B&C). Since, diabetes can contribute to hypertension,
females with diabetes 88% had hypertension (N=7/8) compared to 56% of females that were
nondiabetic (N=10/18). Whereas, 89% of males with diabetes also had hypertension (N=31/35), but
this was similar to non-diabetic males, of which 85% had hypertension(N=33/39). As an empirical
observation of limited results, females with hypertension may be more likely to have diabetes
(uncontrolled), whereas no appreciable difference was observed with the incidence of diabetes
(uncontrolled) or hypertension in males.

Pre-operative hemoglobin levels were collected as an indication of anemia, and grading of
anemia was done in accordance to the National Cancer Institute classification.”’”> HFpEF patients
displayed low hemoglobin levels (Figure 3.5), and males patients (48.7%) were about double
compared to females patients (22.2%). Anemia can be a consequence of renal end organ damage
contributing to hypertension and hypertrophy.®**> Females with anemia had a hypertension
incidence of 80% (N=4/5) and 20% of anemic females had hypertrophy (N=1/5), compared to
nonanemic females where 64% had hypertension (N=14/22) and 27% had hypertrophy (N=6/22).
Anemia in males with hypertension was 94% (N=33/35) but just 17% of anemic males (N=6/35)
had hypertrophy compared to non-anemic males with incidence of hypertension of 79% (N=34/43)
or hypertrophy of 16% (N=7/43). As an empirical observation of limited results, both sexes may be
more likely to have both anemia with hypertension, with slightly more males than females having

coinciding features; yet both sexes are similar with anemia and hypertrophy.
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Figure 3.1. Evidence of diastolic dysfunction in HFpEF patients.
(A) LVEDP of total HFpEF patients. (B) LVEDP of Female HFpEF patients. (C) LVEDP of Male
HFpEF patients. Normal range of LVEDP is 4-12mmHg.
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Figure 3.2. Evidence of hypertrophy in HFpEF patients.

(A) LVEF of the total HFpEF patients. (B) LVEF of Female HFpEF patients. (C) LVEF of Male
HFpEF patients. LVEF classification from American College of Cardiology that is used clinically,
>70% = Hypertrophic, 50%-70% = Normal, 40%-49% = Borderline, <40% = Impaired.
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Figure 3.3. Evidence of obesity in HFpEF patients.
(A) BMI of total HFpEF patients. (B) BMI of Female HFpEF patients. (C) BMI of Male HFpEF
patients. The BMI guideline from World Health Organization, the BMI below 18.5 = underweight,
18.5-24.9 = Normal, 25.0-29.9 = Overweight, 30.0-34.9 = Obesity class I, 35.0-39.9 = Obesity class
IT, >40 = Obesity class II1.
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Figure 3.4. Evidence of uncontrolled (type 2) diabetes in HFpEF patients.

(A) Hgb-Alc of total HFpEF patients. (B) Hgb-Alc of Female HFpEF patients. (C) Hgb-Alc of
Male HFpEF patients. The range guideline from Centers for Disease Control and Prevention, Hgb-
Alc level <6% = Normal, 6-6.4% = Prediabetes, >6.4% = diabetes.
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Figure 3.5. Evidence of anemia in HFpEF patients.
(A) Hemoglobin level of total HFpEF patients. (B) Hemoglobin level of female HFpEF patients. (C)
Hemoglobin level of male HFpEF patients. According to the National Cancer Institute, the grading
of anemia as follow: in female, 120-160g/L = Normal, 100-120g/L = Mild, 80-100g/L = Moderate,
65-80g/L = Severe; in male, 140-170g/L = Normal, 100-140g/L = Mild, 80-100g/L = Moderate, 65-
80g/L = Severe.
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3.2 Preclinical HFpEF model GEO data support the rationale for exploring the heme
metabolism, estrogen, and inflammation mechanisms

To further investigate the molecular changes underlying HFpEF, we analyzed a preclinical
model found in open-access microarray datasets from Entrez Gene Expression Omnibus (GEO). A
preclinical model of HFpEF shared by Zhang et al®* (GSE126062) induced hypertrophy by high-salt
diet, successfully replicating some key features observed in HFpEF (Figure 3.6.A). Zhang et al.®
evaluated the EF of the rats, which fell within the normal range (Figure 3.6.A). Lower E/A ratios
indicated diastolic dysfunction, corroborating the presence of impaired relaxation and filling of the
heart. Immunofluorescence images of myocytes stained with wheat germ agglutinin revealed an
increased cross-sectional area, confirming the occurrence of hypertrophy. Some genes related to the
HFpEF phenotype and heme metabolism were selected and extracted from the Agilent Whole Rat
Genome Microarray database, with p-values based on the normalized signal intensity shared by
Zhang et al, and the fold change used for visualization.

Among the heme-related genes, Hmox 1, Hebp1, Hrik (Eif2ak1) showed significant
upregulation of RNA expression in the HFpEF preclinical rat model (Figure 3.6.B). However, no
significant changes were observed in the expression of Hmox2, Alasl1, Alas2, Hebp2, and Perk
(Eif2ak3) (Figure 3.6.B). Although the preclinical modeling was done in male rats, it is interesting
to note that changes were observed in estrogen regulated genes, with Esrrg (estrogen-related
receptor gamma) expression being significantly upregulated, while Ste2 (estrogen sulfotransferase)
expression was significantly down regulated in the HFpEF rat preclinical model (Figure 3.6.C).
However, no significant changes were observed in the expression of other sex related genes such as
Rerg (RAS-like, estrogen-regulated, growth-inhibitor), Estrb, Gper, Esrl, Esr2, and Esrra
(Appendix-B).

Genes related to inflammation appeared to be a major driver in the preclinical model, as IL-
35



1b, Tnf-a, Ntkb (p65), and Tlr4 showed significant upregulation (Figure 3.6.D). However, no
significant changes were observed in the expression of IL-6 and IL-10 (Figure 3.6.D). Additionally,
genes related to hypertrophy were examined, and of the genes examined: Nppa, Nppb, Nkx2-5

Tbx5/Tbx20, Gata4, Myh6, Myh7, and Hand2 show no significant change in gene expression

(Figure 3.6.E).

36



A.

14 weeks
Al dppd’

T wieeks

Control Low-salt (LS) diet
Start
diet HFpEF

| High-salt (H5) diet N=3

M=

Echocardagram, ECG, hemodymame

3

hine echocaidegrem [T
f——————— Hmtalagical evalustisn
Baseline ECG | M ST ranscriptome and Protesme analysis
Mdodeciier irerd
——— PCR and Western blot verification
Control HFpEF
3
sas £ B0 ok
100 i —_ .
3 e
z | : : 2% '
& : o . - kT 400 g
w 80 S o oA W | W e e $E
u ‘ . = -
[
=}
| =4
TLS 14LS THS 14 TLS 14L5 THS 14H3 o 14LS 14HS

Zhang, Wenxi et al. (2020)

GEO
analysis
Heme related genes Estrogen related genes Inflammation related genes
0.5 10 14
o4
& 03 - .
g oz & ps 5 os
2 00 = 00 = 04
£ .01 ] g
0.2 -3 =
2 o3 & s g8
0.4
0.5 , , T 1.0 T T T 1 T T T T T T
n;\. o i Dk = o B il L=
@Fﬂ ‘P? q& Q{i& {l.é- "l.é- G:ré‘ & Q'B\ Q«q LAY A \;.\‘-;P -«'3}
& &
Hypertrophy related genes
0.2+
@
=]
E 0.1
]
T no4
[+]
-
o
b 0.1
]
0.7
T T T T T T
S 2 \zgx &
=) bl
L

Figure 3.6. Retrieval of rat preclinical HFpEF model GEO profiles via the NCBI database.
(A) A schematic representative of experimental protocol from GEO DataSets (GSE126062) induced
HFpEF by high-salt diet (N=3) on Dahl salt-sensitive (DSS) rats. Ejection fraction (EF (%) mean +
SE) in the two groups at the age of 7 and 14 weeks; histological evaluation showed increase in size,
and E/A. (B) Heme related genes expression. (C) Sex related genes expression. (D) Inflammation
related genes expression. (E) Hypertrophy related gene expression. *, significant, one-tailed t-test;
estrogen related genes used two-tailed t-test.
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33 In vitro data

3.3.1  Heme treatment increases Hmox1 protein expression in H9¢2 myoblasts and myotubes
Prior dose finding studies in our laboratory have shown that 2.5uM hemin is a well-tolerated
therapeutically cytoprotective concentration that upregulates Hmox1. To validate the effect of
hemin treatment on Hmox1 levels in H9¢2 myoblasts and myotubes, cells were exposed to 2.5uM
hemin for 24 hours so as to evaluate relevant feature biomarkers by western blot. Eif2ak1, Nfkb,
and Hmox1 were tested with H9¢2 myoblast (Figure 3.7.A). Eif2ak1 levels did not change
significantly as compared to control levels in response to hemin treatments in myoblasts (Figure
3.7B). Nfkb showed no significant change compared to control as well (Figure 3.7.C). Hmox1
expression was significantly increased in both H9¢2 myoblasts and myotubes in response to hemin
treatment (Figure 3.7.D & 3.8.D). In the myotubes, Erk1/2, Nfkb, and Hmox1 were tested (Figure
3.8.A). Erk1/2 levels were not significantly different between control cells and 2.5 uM hemin
treatment (Figure 3.8.B). However, with hemin treatment on myotubes, Ntkb levels were

significantly reduced in myotube cells as compared to controls (Figure 3.8.C).
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Figure 3.7. Hemin treatment increased Hmox1 expression but did not change Eif2ak1 (Hrik)
or NFKkB expression in H9¢2 myoblasts.

HO9c2 myoblast incubated for 24hr from seeding and exposed to 2.5uM Hemin for 24h. A)
Representative Eif2ak1, Hmox1, NFkB probed membrane with total protein stains. B) Eif2ak1 did
not differ significantly with Hemin treatment. C) NFkB did not differ significantly with Hemin
treatment. D) Hmox1 was significantly increased with Hemin treatment.
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Figure 3.8. Hemin treatment increased Hmox1 expression and reduced Nfkb expression in

H9c¢2 myotubes.

H9c2 myotubes differentiated for 7 days from seeding and exposed to 2.5uM Hemin for 24h. A)
Representative p-Erk1/2, Erk1/2, Hmox1, pNfkb, Nfkb probed membrane with total protein stains.
B) Erk1/2 did not differ significantly with Hemin treatment. C) Nfkb significantly reduced with
Hemin treatment. D) Hmox1 was significantly increased with Hemin treatment.
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3.3.2  H9c2 myoblasts and myotubes tolerate high doses of Angll or LPS

According to prior reporting studies in the literature, the dose and treatment time of Angll
and LPS varies considerably but has been reported as a reliable means to induce hypertrophy in
HO9c2 and other myocyte cultures. To determine the optimal dose and time treatments to induce
hypertrophy, H9¢2 myoblasts and myotubes were treated with various concentrations of known
hypertrophic inducing agents: Angll: 100nM-1mM; LPS: 1ug/ml-100pug/ml (Figure 3.9).

HO9c¢2 myoblasts were exposed to Angll (100nM-1mM) for either 24hrs or 48hrs (Figure
3.9A & B). H2O; was used as a positive control for cell stress. H9¢2 myotubes were exposed to
500nM-100uM of Angll for 48hrs (Figure 3.9.C). The results showed high doses of Angll do not
negatively influence the cell viability of the H9c2 myoblast or myotubes, and even increased the
cell metabolic activity in some cases (Figure 3.9.C). These findings were inconsistent with the
previously published data. °*°® Time dependent dose of 500nM Angll was tested on H9¢2
myotubes, and 48hrs of incubation increased the cell metabolic activity (Figure 3.9D).

Additionally, H9¢c2 myoblasts were exposed to varying concentrations of LPS (1pg/ml-
100pg/ml) for 48hrs, with ImM H2O: as a positive control to confirm loss of cell viability and test
validity (Figure 3.9E). Also. H9¢c2 myoblasts were exposed for 24hrs at different concentrations of
LPS (0.5ng/ml-50 pg/ml), which showed no significant decrease in cell viability (Figure 3.9F).
High doses of Angll or LPS showed either no effect or an increase in metabolic activity in both
H9c2 myoblasts and myotubes (Figure 3.9), without any indication of cellular toxicity. These data
confirm that a broad range of AnglI or LPS can be used safely to effect a change in cell metabolism

that may lead to hypertrophic cellular remodeling.
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Figure 3.9. Resazurin cell viability dose and time effect of Angll and LPS on H9¢2 myoblasts
and myotubes.
(A) AnglI dose dependent for 48h on H9¢c2 myoblasts, 10,000 cells/well. (B) Angll dose dependent
for 24h on H9c2 myoblasts, 5,000 cells/well, IM H202 as positive control. (C) Angll dose
dependent 48h on H9¢2 myotubes. (D) 500nM Angll time dependent on H9¢2 myotubes. (E) LPS

dose dependent 48h on H9c2 myoblasts. (F) LPS dose dependent 24h on H9c2 myoblasts.



3.3.3  H9c2 myoblasts show no dose-response increase in cell size to AngllI evaluated by
immunocytochemistry

To elicit cellular hypertrophy, the cell surface area of myoblasts was measured by
immunocytochemical staining after exposure to Angll. The treatment timeline is presented in Figure
3.10.A. H9¢c2 myoblasts were stained for f-actin with phalloidin (green) and the nucleus with
Hoechst (blue), then cell surface area was measured by Image J software (Figure 3.11A). Compared
to the control, only 1 cell was larger than 10,000 pm? after 500nM treatment; there were 6 cells in
the 1,000nM AnglI group and 5 cells in the 2,000nM AnglI group, that were larger than 10,000pum?.
While trending towards larger cell sizes, this is not sufficient to be indicative of hypertrophy in the
cell population. Overall, there were no statistically significant changes observed in the cell surface

area of H9c2 myoblasts treated with 500nM, 1uM, and 2uM Angll for 48hrs (Figure 3.11B).
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Figure 3.10. Experimental design induction of hypertrophy in the H9¢2 cell line.
Cultured in high-glucose DMEM and treated with: Angll & LPS. A) myoblast B) myotube
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Figure 3.11. Immunocytochemistry, cell surface area of H9c2 myoblasts treated with AnglI.
(A.i-1v) H9¢2 myoblasts stained for F-actin with phalloidin (green) and nuclear stain Hoechst 33342
(blue). Then photographed using a slide scanner. (B) Cell surface area was measured and analyzed
with Imagel] software. The data are expressed as the median and quartiles. Cells treated with
different concentration of Angiotensin II for 48h (0OnM, 500nM, 1000nM, and 2000nM). The
experiment ran on 2 individual plates, 6 randomly selected fields, counted cell numbers are 42 for
each group.
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3.3.4  HO9c2 myoblasts show no dose-response increase in cell size to Angll evaluated by flow
cytometry

This series of studies was designed to explore whether measuring 3D volume of cells size,
could increase the power of cell population analysis, and eliminate unconscious selection bias, by
using flow cytometry. Forward scatter (FS) and side scatter (SS) was recorded for each cell to
determine the relative size and granularity, respectively (Figure 3.12.A-F). Based on Deckman flow
cytometry manual guide, FS intensity is proportional to the diameter of the cell. This is the most
robust method for determining an increase in cell size (hypertrophy) quantitatively in a mixed cell
population. After filtering out cell debris, ~45-50,000 cells were analyzed (Figure 3.12.G). From the
FS histograms, H9¢2 myoblasts treated with 200nM, 500nM, 1uM, 10uM, and 100puM of AngllI for
48hrs, no shift of the histogram was observed compared to control (Figure 3.12.A-F). Flow
sytometry-derived geometric means of H9¢2 myoblasts showed less than 5% changes across

treatment groups as compared to control (Figure 3.12.G).
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FS INT

G. Treatment Cell number % Total Median Geometric

group means
CTRL 45,718 87.55 365.56 355.53
200nM 46,895 9135 352.90 338.26
500aM 45,954 88.58 376.98 351.89

1M 49,631 91.25 360.85 34991
10pM 49,542 9122 37949 368.50
100pM 47393 90.59 374.72 369.60

Figure 3.12. Flow cytometry analysis of H9¢2 myoblasts treated with AngIlI.

The treatment time is 48hrs. (A) H9¢c2 myoblast CTRL OnM. (B) H9¢2 myoblast with 200nM of
Angll. (C) H9¢2 myoblasts with 500nM of Angll. (D) H9¢2 myoblast with 1uM of Angll, (E) H9¢2
myoblast with 10uM Angll. (F) H9¢2 myoblast with 100uM. (G) statistical information on H9c2
myoblasts treated with different concentration of AngllI.
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3.3.5 HO9c2 myotubes show no dose-response increase in cell size to Angll evaluated by flow
cytometry

Since myoblasts are actively in a state of cell replication, this may not model well non-
proliferating (quiescent) cardiomyocytes, and could be limiting the induction of hypertrophy. To
determine if hypertrophy could be confirmed visually at the cellular level, microscopy and
immunocytochemical staining were used on quiescent differentiated H9¢2 myotubes. Additionally,
repeated exposure to Angll may be required to chronically elicit hypertrophy in vitro. H9c2
myotubes were stained for f-actin with phalloidin (green) and nucleus with Hoechst (blue) (Figure
3.13) and being treated with 500nM of Angll repeatedly after initiating differentiation in serum free
media (Figure 3.10 B). 500nM of Angll was commonly used in literature and Figure 3.9A,C,D
showed the dose did not reduce the cell viability, therefore, the 500nM of Angll was used in these
myotubes treatment. Group A got Angll treatment on the day 0 only for 48h, Group B got Angll
treatment on the day 3 only for 48h, Group C got AnglI treatment on the day 6 only for 48h, Group
A+B+C got Angll treatment on the day 0, day 3, and day 6, with each media change total 3 times of
the treatments for 7days (Figure 3.10B). Representative phase contrast microscopy of H9c2
myotubes after Angll exposure showed preservation of morphology (Figure 3.13). Due to the
spindle morphology of these cells, it is impractical to trace single cell myotube H9¢c2, so the cell
size was measured after dissociation by flow cytometry. Figure 3.14A-E shows FS by SS, and FS
histograms of H9¢2 myotubes cell size by volume treated with 500nM of AnglI at different time
points. After filtering out cell debris, ~60,000 cells were analyzed (Figure 3.14.F). There was no
shift of FS histogram observed compared to control (Figure 3.105A-E). FACS-derived geometric
means of H9¢2 myotubes showed less than 5% changes across treatment groups as compared to
control (Figure 3.14F). Neither the differentiation of H9¢2 nor the repeated exposure to Angll were

able to elicit cellular hypertrophy.
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Figure 3.13. Representative phase contrast microscopy of H9¢c2 myotubes after treated with
Angll.

Myotubes were treated with 500nM of Angll. Group A got AnglI treatment on the day 0 only,
Group B got Angll treatment on the day 3 only, Group C got AngllI treatment on the day 6 only,
Group A+B+C got Angll treatment on the day 0, day 3, and day 6, total 3 times of the treatments.
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Figure 3.14. Flow cytometry analysis of H9¢2 myotubes treated with AnglII.

500nM of Angll was used in the experiment, except for CTRL. (A) H9¢2 myotubes CTRL, OnM of
Angll. (B) H9¢c2 myotubes Group A got Angll treatment on the day 0 only. (C) H9¢2 myotubes
Group B got AngllI treatment on the day 3 only. (D) H9¢2 myotubes Group C got Angll treatment
on the day 6 only. (E) H9¢2 myotubes Group A+B+C got AnglI treatment on the day 0, day 3, and
day 6, total 3 times of the treatments. (F) Statistical information on H9¢2 myotubes treated with
500nM of AngllI at different time points.
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3.3.6  Molecular expression and phosphorylation of hypertrophy-associated proteins are
inconsistent after exposure to Angll from a single source supplier with different reagent lot
numbers

To reconcile these results with the reported literature,*®0-104

we explored intracellular
molecular patterns associated with AnglI and tested an alternate lot of Angll (Lot#2). To identify
potential biomarkers of hypertrophy at the molecular level, western blots were run on H9¢c2
myoblasts treated in different Angll doses for 48hrs, and the timeline showed on Figure 3.10.A.
Hypertrophy associated proteins were myosin heavy chain 7B (Myh7b), Erk1/2, and Nfkb were
measured (Figure 3.15.A). Of these proteins of interest, only Nfkb showed significant increase at
250nM and 500nM treatment for 48hrs compared to control (Figure 3.15.D). Myh7b was elevated
slightly with 500nM exposure of Angll treatment for 48hrs, but the changes were not significant as
compared to control. (Figure 3.15.B). Erk1/2 showed slight increase at 250nM of Angll treatment,
and then a decrease with higher doses, and the changes were not significant as compared to control
(Figure 3.15.C). Hmox1 were measured as well, but no protein signals detected, suggesting Angll
may not be induced sufficient cellular stress in H9¢2 cells.

Amongst different lot numbers of Angll reagents, there were some slight variations in the
molecular hypertrophic pattern (Figure 3.15.B-D). In the H9¢2 group treated with Lot#2, Myh7b
showed no changes; Erk1/2 showed a slight increase but was not significant compared to control;

Nfkb showed a slight increase and peak at 1000nM (1puM) of Angll. Hmox1 were measured as well,

and no protein signals detected.
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Figure 3.15. Comparison of different lots of AngllI product show different molecular changes
from H9c2 myoblasts.

(A) representative Myh7b, Nfkb, Erk1/2 probed membrane with total protein stains. (B) Myh7b did
not differ significantly with both lot# of Angll treatments. (C) Erk1/2 did not differ significantly
with both lot# of Angll treatments (D) Nfkb elevated on low dose of Lot#1, high dose of Lot#2.
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3.3.7  HO9c2 myoblasts show no dose-response increase in cell size to LPS evaluated by
immunocytochemistry

As hypertrophy is often associated with hormone or inflammatory stress, to determine
whether an inflammatory insult could better induce hypertrophy, we explored another commonly
used stimulus, LPS. Cells were visually examined at the cellular level, cell surface area of
myoblasts was measured by immunocytochemical staining. H9¢2 myoblasts were stained with
phalloidin (green) for f-actin and nuclear stain Hoechst (blue) after treated with different
concentration of LPS (Figure 3.16.A). The treatment timeline could be found in Figure 3.10.A. Cell
surface area was measured by tracing the cell outline and analysis by Image J software (Figure
3.16.B). Compared to the control (1 cell >10,000 um?) there were 6 cells in the 1pg/ml LPS group
and 4 cells in the 10pg/ml LPS group, that were larger than 10,000pum?, while trending towards
larger cell sizes, this is not sufficient to be analytically indicative of cellular hypertrophy. Overall,
there were no statistically significant changes observed in the cell surface area of H9¢2 myoblasts
treated with 1pg/ml, or 10pg/ml LPS for 48hrs (Figure 3.16.B). There was a significant effect by
the ddH>O vehicle. Despite there being no changes in the means across the doses tested, the 1pg/ml,
and 10pg/ml LPS groups showed some skewedness toward larger cells (Figure 3.16.B), but not
hypertrophy was confirmed that could not be attributed to cell flattening, swelling, or isolated

random events.
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Figure 3.16. H9¢c2 myoblast treated with 1ng/ml and 10pg/ml concentration of LPS for 48h.
(A.i-1iv) H9¢2 myoblasts stained for F-actin with phalloidin (green) and nuclear stain Hoechst 33342
(blue). Then photographed using a slide scanner. (B) Cell surface area was measured and analyzed
with ImageJ software. The data are expressed as the median and quartiles. The experiment ran in 2
individual plates, 2 randomly selected field, counted cell numbers are 30 (CTRL), 32 (VEH), 29
(1pg/ml), 30 (10pg/ml). VEH, treated with 80ul of ddH20.

Cell Surface Area (pm?)
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3.3.8  H9c2 myoblasts show no dose-response increase in cell size to LPS evaluated by flow
cytometry

To measure 3D volume of cells size, increase power of cell population analysis, increase
stimulus and eliminate any unconscious selection bias, flow cytometry analysis was used. FS and
SS was recorded for each cell to determine the relative size and density, respectively (Figure
3.17.A-D). After using cell gates to filter out cell debris, more than 70,000 cells were measured
(Figure 3.17E). From the FS histograms of H9¢2 myoblasts treated with 1pg/ml, or 50pg/ml of
LPS, no shift of histogram was observed compared to control (Figure 3.17A-D). FACS-derived
median and geometric means of H9¢2 myoblasts showed less than 6% increase and no shift in
whole cell population size compared to control (Figure 3.17E). These findings were inconsistent
with the literature reporting LPS induced hypertrophy in H9¢2, even at concentrations 50-fold

higher than what has been previously established.!>"1%7
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FSINT

FSINT

E.
Treatment Cell number % Total Median Geometric
group means
CTRL 72,127 96.17 264.27 26645
VEH 72,631 96.84 262 85 266.11
lpg/ml 70,061 9341 26299 264.11
50pg/ml 70,956 9461 280.57 27999

Figure 3.17. Flow cytometry analysis of H9¢2 myoblasts treated with LPS.

The LPS source is Enzo, and the treatment time is 48hrs. (A) H9¢2 myoblast CTRL OnM of LPS.
(B) Vehicle control, H9¢c2 myoblast with 100ul of ddH20. (C) H9¢2 myoblasts with 1pg/ml of
LPS. (D) H9¢2 myoblast with 50pg/ml of LPS, (E) Statistical information on H9¢2 myoblasts
treated with different concentration of LPS.
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3.3.9  Molecular expression and phosphorylation of hypertrophy-associated proteins are

inconsistent after exposure to LPS from a different source suppliers

To explore the potential for biomarkers of hypertrophy at the molecular level, H9c2
myoblasts were treated with 1pug/ml LPS incubated in different treatment times. Hypertrophy
associated proteins, Myh7b, Erk1/2, and Nfkb were measured by western blot (Figure 3.18.A). Of
these proteins of interest, only Erk1/2, a biomarker for protein synthesis, showed elevated signalling
and significant increase at 12hrs treatment with 1pg/ml LPS (Figure 3.18.C, blue). Myh7b showed
no changes (Figure 3.18.B, blue). Of concern to the underlying assumption of how LPS signals
inflammation biomarkers, Nfkb, showed no changes over the time (Figure 3.18.D, blue). Heme
related enzyme, Hmox1 also showed no changes overtime suggesting 1pg/ml was insufficient to
induce cell stress or activate inflammation cell signalling (Figure 3.18.E, blue). This suggested that
perhaps the LPS (sourced from Enzo) was compromised and unable to elicit expected signaling.

To confirm that LPS could be effective at inducing cell stress and inflammation, and
alternative source of LPS reagents was sourced from Sigma, and this generated a different pattern of
cell signalling (Figure 3.18.B-E). In the sample group treated with the reagent from Sigma, Myh7b
showed no significant changes (due to normality of data distribution across groups) compared to
control, but did show an elevated expression pattern after 12h (P<0.001 if normality were
presumed) which wasn’t observed in the group treated with LPS from Enzo (Figure 3.18.B); Erk1/2
showed a similar expression pattern with the reagents from Enzo or Sigma and both showed
significant increase of phosphoErk1/2 to Erk1/2 at 12hrs treatment compared to control (Figure
3.18.C); Nfkb elevated phosphorylation at 3hrs treatment that slightly decreased overtime which
wasn’t observed in the group treated with LPS from Enzo (Figure 3.18.D); Hmox1 was elevated at
3hrs after treatment with Sigma LPS and expression decreased overtime where no change in Hmox 1

was observed in the group treated with LPS from Enzo (Figure 3.18.E). Taken together, Sigma
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sourced LPS was able to show some evidence of cellular stress by Hmox1 elevation and induce an
inflammation pattern by elevated Nfkb phosphorylation and effect a change in Myh7b.

Encouraged by these findings that were consistent with expectations to elicit hypertrophy by
inflammatory stress, we then repeated the prior FACS analysis in H9¢2 myoblasts treated with LPS
sourced from Sigma. The FS by SS was recorded for each cell measured to determine relative size
and density, granularity, respectively (Figure 3.19.A-D). FS intensity is proportional to the diameter
of the cell. After using cell gates to filter out cell debris, about 70,000 cells were measured (Figure
3.19.E). The FS histograms of H9¢2 myoblasts treated with 1pg/ml, and 50pug/ml of LPS from
Sigma, however, did not demonstrate a shift in the histogram compared to the control group (Figure
3.19.A-D). Flow cytometry-derived median and geometric means of H9¢2 myoblasts showed an
increase in the whole cell population of less than 8% compared to the control group (Figure 3.19.E).
Again, these findings were inconsistent with the literature, and together with the molecular
signalling patterns for hypertrophy, indicate that H9c2 myoblast may not be a reliable cell to model

hypertrophy.
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Figure 3.18. Time-dependent change in protein expressions of H9¢2 myoblasts treated with

variable lot source of LPS

(A) representative Myh7b, Erk1/2, Nfkb, Hmox1 probed membrane with total protein stains. (B)
Myh7b did not differ significantly with treatment times except 12h treatment from Sigma. (C)
Erk1/2 elevated with treatment time and showed significantly differ with 12h treatment in both
source of LPS. (D) Nfkb elevated only with treatment from Sigma. (E) Hmox1 elevated only with
treatment from Sigma, 3h and 6h treatment showed significantly difference from control.
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FSINT

D.

Treatment Cell number % Total Median Geometric
group means
CTRL 73,196 97.59 261 .86 259123
VEH 73,504 98.01 25639 249 40
lpg/ml 73,184 97.58 25763 247 06

50pg/ml 71,386 9518 283.70 27571

Figure 3.19. Flow cytometry analysis of H9c2 myoblasts treated with LPS.

The LPS source is from Sigma, the treatment time is 48hrs. (A) H9¢2 myoblast CTRL OnM of LPS.
(B) Vehicle control, H9¢2 myoblast with 100ul of ddH20. (C) H9¢2 myoblasts with 1pug/ml of
LPS. (D) H9¢2 myoblast with 50pg/ml of LPS, (E) Statistical information on H9¢c2 myoblasts
treated with different concentration of LPS.
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CHAPTER 4 DISCUSSION

4.1 Summary of Findings

HFpEF is a complicated disease with many pathophysiological and clinical features.
Hypertrophy is one feature, and can be associated with other features potentially with interactions of
significance that deserve more study, particularly as they relate to the underlying molecular
mechanisms regulating cardiomyocyte hypertrophy and diastolic dysfunction.® Despite having
affirmed an association of our molecular pathways of interest from a preclinical model that shared
features of HFpEF, including hypertrophy, we did not confirm that H9¢c2 are a reliable cell model
for hypertrophy to sufficiently to test our hypotheses using either Angll or LPS as stimuli. This led
to a disappointing moot end to test pharmacologically our hypothesis for hemin or estrogen alone or
together being able to attenuate hypertrophy at the cellular level as originally planned. However, we
have collected some interesting hypothesis-generating data for future studies that might overcome
the experimental limitations encountered here.

We completed our first objective and were able to identify a cohort of HFpEF patients from
a cardiac surgical outcomes clinical database to discern insights into the features of HFpEF. Caution
should be taken however as the original study design was not intended to enroll HFpEF patients per
se, but given the focus on obesity, which is a feature of HFpEF, the probability of HFpEF patients
presenting was expected. There is a high degree of selection bias for obesity in this study and males
outnumbered females, all patients were scheduled (stable) not unscheduled (emergent) for surgery,
and these were all patients requiring cardiac surgery, so don’t represent all heart failure patients
being managed by cardiology in the general population. As such, our cohort may not be
representative of the broader HFpEF-afflicted population (by disease progression/severity, sex, or

features of disease to be broadly applicable), nor would it be sufficiently powered to make
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statistically determined conclusions clinically at this time. Despite these limitations, there was still a
reasonable number (N=105) of HFpEF patients to make detailed observations with potential
qualitative or empirical value. With these considerations including with reflection upon the
literature introduced, we observed a null hypothesis, as we predicted that males would show a
higher rate of hypertrophy with fewer comorbid features than females. Rather, females (22%) more
than males (13%) had LVEEF indicative of hypertrophy. Those females tended to be older than
females without hypertrophy and had comorbid hypertension and uncontrolled diabetes associated
with hypertension. Both sexes appeared to share risk of anemia and hypertension. Yet, it was males
that showed a slightly higher rate of uncontrolled diabetes and anemia overall, not females as we
hypothesized. If future studies explore these as covariates, there might be potential to discover
undertreatment of females for diabetes or hypertension that is not yet fully recognized.

HFpEF patients exhibited a variety of comorbid clinical conditions, and some have common
pathophysiological features, though not all conditions were present in every patient. To define
HFpEF patients, a combination of three clinical conditions/features was utilized, including symptom
presentation (based on NYHA guidelines), cardiac function parameters (LVEDP & LVEF), and
markers of inflammation and metabolic stress (obesity, diabetes, and anemia). Future studies might
add features of heme bioavailability or sex differences, or definitive biomarkers like pro-NT-BNP to
facilitate a more detailed elucidation of the underlying physiological mechanisms of HFpEF,
thereby enabling a refinement of targeted management strategies than what is currently available.

The observation of low hemoglobin levels in HFpEF patients may suggest reduced heme
bioavailability, though no direct measures of heme or heme-regulating proteins have been made in
the plasma/serum or in myocardial tissues yet and this could be useful to analyze to determine if
anemia is a feature indicative of heme bioavailability. Given the HFpEF outcome differences by

sex, monitoring sex hormones and their ratio (e.g. estrogen to testosterone) in both sexes may add
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value as a biomarker to the course of HFpEF. Future investigations should consider molecular
markers of these sex differences, but also gender effects that are socially determined that might lead
to under-treatment or under-diagnosis of hypertrophy, hypertension, diabetes or anemia to better
understand the underlying mechanisms and tailor management strategies accordingly.!®

While the literature suggests that females have a higher morbidity than males, the higher
levels of hypertrophy and associated features like hypertension and diabetes are concerning since
they can precede mortality events in HFpEF due to sudden cardiac death, arrythmia-to-stroke, and
cardiac failure.!” However, there are fewer female patients in this clinical database to study. It
could be that female patients are moving from stable (on waitlist) to emergent and so are not
included in our patient catchment or that biological sex hormones still enable them to be stable on
the waitlist longer than males with less need for surgery. It is difficult to speculate based on limited
information at this time. Future studies that explore all HFpEF patients, ensuring diagnosis is not
limited by sex or gender effects could enable larger studies to resolve these suppositions.
Additionally, where males are recruited more often then females, bootstrapping analysis by
resampling the data to randomly select equal numbers of males to compare to females might provide
further insight or confidence to comparisons by sex effect.

Translating information from clinical observation to pre-clinical models is a challenge,
particularly for HFpEF where no single model has achieved consensus. However, we were able to
conduct a hypothesis-affirming study on a public dataset that aligned with the same species (rat) as
our in vitro cell model of interest. This provided a bridge to research delve into some of the
molecular mechanisms of interest using a preclinical HFpEF model, with gene expression data
available in the GEO database. Surprisingly, despite evidence that the model has hypertrophy, only
small changes (Nppa and Hand2) were determined in the genes typically used as biomarkers for

hypertrophy. The often-utilized discriminators Myh7 and Myh6 for example were equivalent
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between control and HFpEF. It may therefore be that hypertrophy in HFpEF where LVEF is
preserved and hypertrophy apparent follows a different molecular pattern of hypertrophy. The
change in heme-related genes were more apparent, including Hmox1, Hebp1, and Hrik (Eif2ak1),
suggesting that heme bioavailability may be altered in HFpEF, potentially contributing to the
pathophysiology of the disease. The potential for estrogen-regulated genes changes associated with
HFpEF, such as Esrrg and Ste2, even in these male rats, further highlights the potential influence of
estrogen signalling previously reported in HFpEF.!!%!!! We did not explore androgen signaling, nor
was it part of our objective or hypotheses but acknowledge this as an oversight and limitation that
could be reconciled in future. However, the elevated expression affirmed with inflammatory
mediator genes, including I1-1b, Tnf-a, Nfkb (p65), and Tlr4, underscored the role of inflammation
in HFpEF development and progression, particularly, given that the model showed
hypertrophy.''>!13 These findings align with previous studies implicating inflammation as a key
contributor to cardiac remodelling and diastolic dysfunction in HFpEF.!'* These findings also
provide some, albeit limited, reassurance supporting the exploration of the molecular changes
associated with HFpEF future exploration of the role of heme bioavailability and sex differences in
HFpEF as we originally hypothesized to do if not for experimental approaches that limited our
hypothesis-testing.

Our investigation extended into an in vifro experimentation intended to model cellular
hypertrophy based on several papers achieving similar hypertrophic effects (Table 1 and Table 2),
where the effects of a surrogate treatment (Hemin)or estrogen on H9¢c2 myoblasts and myotubes
could assessed as hypertrophic regulators. Hemin treatment demonstrate to increase Hmox1 protein
expression, which has been associated with cytoprotection, with limited direct interaction on related
hypertrophic pathways (Erk1/2 and Nfkb), though some reduction in Nfkb signaling was noted with

hemin alone, suggesting it may pre-empt inflammation or Nfkb hypertrophic signaling. This study
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then looked to confirm that a hypertrophic response in H9¢2 cell lines could be achieved by AnglI
(stress-induced hypertrophy via hormone) or LPS (inflammatory-induced stimuli), two agents
widely used to induce hypertrophy (Table 1 and Table 2). Unexpectedly, even at high doses
(supraphysiological) these agents did not effectively induce hypertrophy in H9¢2 cells, regardless if
they were myoblast or differentiated into myotubules.

In troubleshooting this experimental setup, it was also discovered that the reagents
themselves can also be implicated in the failure to elicit stress sufficient to induce hypertrophy in
HO9c2 cells. Further, variations of reagents could have resulted in conscious or unconscious bias of
analysis in prior studies, though it is nearly impossible to determine this from other variables at
play. By using an alternative lot, or changing sources of hypertrophic agents, we observed different
cellular signalling patterns in hypertrophy proteins, some that might imply activation of
hypertrophic signaling. We did not measure protein synthesis directly, which might be a useful
additional parameter to consider as it is a precursor to increased total cell mass/volume when
proliferation is controlled for. Since, Erk1/2 is not solely a hypertrophic regulator, but can regulate
cell survival, proliferation and metabolic pathways, care should be taken in assuming that its
expression or lack of expression are definitive to hypertrophy. As such, while some molecular
patterns of hypertrophy could be elicited by Angll or LPS the results were neither reliably nor
consistently dose-dependent or affirmed by various lots of AnglI or sources of LPS that were
otherwise prepared identically and sourced from a common supplier or alternative. As such, it may
be that low purity, contaminants, lot-to-lot variation, and/or storage duration impacts the stability,
effectiveness, and reliability of Angll or LPS as an inducer of in vitro H9¢c2 hypertrophy signalling,
but as this is not overcome by dose escalation, degradation from mishandling is unlikely.

Yet no matter whether cells were assessed cells by 2D immunocytochemistry or total 3D cell

size by flow cytometry analysis, not variable or troubleshooting attempt was able to yield
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substantial changes in cell size indicative of hypertrophy or reliable molecular patterns associated
with hypertrophy, thereby casting doubt on the reliability of H9¢2 myoblasts or myotubules as a
model for studying hypertrophy in vitro. It may be that other agents, like non-toxic levels of H202
that more directly cause oxidative stress might elicit hypertrophy.®® Similarly, more targeted
cytokines, like Tnf-a or Il-1b, might also generate more direct and reliable induction of
inflammation to cause stress and hypertrophy. Further, the use of metabolic stress alone or in
combination, such as by insulin with high glucose media or the addition of lipid stress, such as
palmitate, might offer avenues that reliable generate hypertrophy in H9¢2 cells. Finally, these cells
have not experienced any mechanical load and do not cycle calcium or contract spontaneously (like
true adult cardiomyocytes), so these features or modeling them may be key to eliciting a

hypertrophic cell phenotype.

4.2 Comparison with the literatures and future directions

Table 1 and Table 2 were compiled to compare the findings of this thesis with prior of
published literature that conducted on studies by inducing hypertrophy in H9¢2 cells with AngllI and
LPS. Table 1 summarizes the dose and time of Angll treatment reported in the literature, along with
the media and supplementation used, use of antibiotics, and methods used to analyse hypertrophy.
These could be variables that are relevant to eliciting hypertrophy, or in revealing biases or
uncontrolled variables to consider, in addition to randomization and blinding of analysis or other
unconscious bias in methods of analyses used. Most studies commonly used the American Type
Culture Collection (ATCC) as the original cell line source, but some of the studies used cells from the
European Collection of Authenticated Cell Cultures (ECACC), Cell Bank of the China Sciences
Academy (CBCSA), and one reported using cells from LGC Promochem. Although sex information

for the cell lines were not avaible from CBCSA and LGC Promochem, H9¢2 cells from ECACC are
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female!">, and from ATCC are male''®. The sex of a cell line might influence the hypertrophic
response derived from the cells, and this information should be considered in any future studies
carried out using H9¢c2 cells. In conducting experiments with FBS, carbon filtration of media to
remove any trace sex hormones might also be necessary to prevent uncontrolled variables.

In the literature, Angll was mainly sourced from Sigma, and few studies gave specific lot or
catalog numbers. As the cell signalling pattern was different between the lot numbers in this project
from the same supplier, in future studies, it may be useful to test the consistency of reagents before
use when carrying out experimentation or validate assumptions based on the induction of cell stress
by measuring oxidative stress first for example. All the studies used DMEM as media for cell
culture, with differences found in the serum, and in supplementation of glucose, or usage of
antibiotics (Table 1). The most common reagent used was Angll amongst papers and the dose most
often examined to induce hypertrophy in H9¢2 cells was 1uM, with treatment times ranging from 4
to 48hrs depending on the study (Table 1). These results suggest hypertrophic response can be
influenced by a wide variety of parameters, including the length of the hypertrophic stimulus,
strength of the hypertrophic stimulus, and cell culture conditions.

Table 2 summarizes the dose and time of LPS treatment reported in the literature, along with
the media and supplementation used, usage of antibiotic, and hypertrophy analysis methods.
Amongst these papers the common source of the cell line was ATCC, except one study using cells
from Cell Bank of the Chinese Academy of Science (Table 2). LPS was sourced from Sigma, but no
information was available about which germ-negative bacteria species and strains were used in
production, and details of purity were lacking. According to Pulendran et al.!'” they found LPS from
different bacteria activate different inflammatory signalling pathways, which may suggest LPS
derived from certain strains or bacterial species may better activate certain inflammatory pathways

and so present another compound variable to limit replication. As such, while LPS is likely to elicit
67



inflammation, more defined cytokines might provide more consistent and reproducible results in
future.

The methods used in many of the prior literature studies to analyze hypertrophy were limited
to 2D sizing, which relied on manual cell planimetry using actin staining. This might suggest there
is unconscious selection bias, towards picking bigger and brighter cells. Moreover, cells can take up
variable surface area without an actual increase in total cell size (i.e., flattening or swelling). This
study used flow cytometry as an unbiased method to measure the 3D volume of cells was
determined, thereby greatly increasing the power of cell population analysis, and reducing the risk
of unconscious selection bias, as the input sample was a truer representation of the population as a
whole.

Since both hormones and inflammatory pathways indirectly rely on intracellular oxidative
stress as a means of inducing hypertrophy, any future studies should examine the effect of using a
direct oxidative stimulus, such as H>O» to induce hypertrophy. It may also be valuable to consider
combining stimuli or evaluating whether confounding factors, such as antibiotic use in cell culture
media, may contribute to the downstream signalling required to induce hypertrophy occurring
alongside hypertrophic stimuli. Using insulin, lipotoxicity, or anemic-hypoxia or a combination
thereof could also be considered as a means of inducing hypertrophy to better model HFpEF
preclinically, as it is a complex clinical syndrome with many pathophysiological stimuli. Different
cell lines should also be considered for a model, like primary neonatal cardiomyocyte cells
(NRCM)”>!"® or human AC16 cardiomyocyte cell line.!"”

Highlighting the importance of cell model selection, a study by Onodi et al. assessed the
response to hypertrophic stimuli (100, 500, 1000 nM of AnglI or isoprenaline for 24 hrs) on H9¢c2
cells along with other cardiac cell lines and primary NRCMs.'!'® Onodi et al found that neither AnglI

nor isoprenaline treatments altered the hypertrophy markers (Nppb, Ctgf, Collal, and Col3al) in
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HO9c2 cell lines.!'!® Cell surface area was measured as well, and H9¢2 did not show significant
hypertrophy but NRCM did show a significant increase in cell surface area.!'® As such, we are not

the first to identify potential limitations for the use of H9¢2 cells as a model of hypertrophy.
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Table 1. The dose and time effect of Angll treatment on H9¢2 cell line to induce hypertrophy compared to reported literature.

g::.lti“z Ang II Ang I1 Tre:iltment Media and- Antibiotic % incre-ase Hypertro.phy PMID
source) source dose time supplementation of cell size analysis
2D sizing
100, 200, DMEM HG (actin stain)
HO9c2 250, 500, (Gibco) with 3D sizing
(myoblasts, Sigma 700nM, 24hrs, 10% FBS . (Flow Kim et al
m}}:otubes; (A9gSZS) 1,2,5, 48hrs (Gibco), serum- Did not use 5% cytomertry) | (This thesis)
ATCC) 10, 20, free DMEM for T Nfkb,
100pM experiments. n/c: Mhy7b,
Erk1/2, (WB)
DMEM HG with T Bnp
10% FCS, 4 mM n/c: Anf,
H9c2 ) glutamine Acta, Mlc2v,
(myoblasts; (ilggsrl;g) 200nM 4?(1;;;1:3 (Supplier not p/s 100U/ml 170% Hprt (PCR) | 210822797
ECACC) reported), serum- 2D sizing
free DMEM for (actin stain)
experiments
T Vpol,
Nox2, Nox4,
DMEM HG with Bng’cinf
Sigma 12hrs, 10% FBS (Tquo 1)
HO9c2 (Cat # not 100nM, | 24hrs,or | FBS reduced to p/s 250% Nox? ’ 27651140100
(CBCSA) 1, 10uM 48hrs 1% for ’
reported) £ ; Erk1/2, pJnk,
Xperiments.
(Thermo) p33 (.W B)
2D sizing
(actin stain)




IL

Cell line

Ang 11

Ang I1

Treatment

Media and

% increase

Hypertrophy

(ss(:zt'ig source dose time supplementation Antibiotic of cell size analysis PMID
T Anp, Bnp
(QPCR)
H9c2 DMEM with T Erk, Akt,
(ATCC; re;i‘r’lfe o 2m 4821?;520 10% FBS | OOEfgS/mL 25% Gsk3B, Sirt3 | 282960290
CRL-1446) (Thermofisher) (WB)
2D sizing
(actin stain)
DMEM (Cat#
AU-L0101) with
10% FBS (Cat#
H9c¢2 Sigma AU_Slng).’ 3% 5% p/s (Cat# 2D sizin
(ECACC) | (ads2s) | 1AM | 48hrs AL A0 | % | ety |3416452
X0550), 5.5 mM
D-Glucose
HO9c2 Sigma DMEM 749, T Anf, Bnp,
(LGC (Cat# not 1uM 4hrs (Invitrogen) with 1% p/s (biomarkers) Myh7b, Mlc | 18790741%°
Promochem) | reported) 10% FCS (qPCR)
T Myh7b,
Tgfbl,
24hrs for Collal
Aladdin 2D sizing DMEM (qPCR)
H9c¢2 Chemicals IuM 6hrs for (Gibco/BRL Life | 100 units/mL o T Myh7b, 102
(SIBCB) (Cat# qPCR Technologies) p/s 128% Tgi,bl, 32098592
A107852) 6-48hrs for | with 10% FBS Collal, Stat3
WB (WB)
2D sizing

(actin stain)
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Cell line . o/
(state & Ang 11 Ang I1 Tre:iutment Media and- Antibiotic %o 1ncre‘ase Hypertro.phy PMID
source dose time supplementation of cell size analysis
source)
T Stat3, p-
EMD DMEM ! "‘%2 ISIZB)
HO9c2 Millipore 12, 24, HG(Corning) 22%, 46%., ’ 103
(ATCC) | (Cattnot | MM aghrs | with 10% FBS | Notreported |y Myh7b | 28636615
reported) (Gibco) (gPCR)
2D sizing
(actin stain)
DMEM (Gibco)
Sigma- M with 10% FBS Penicillin T Erk1/2, Akt
HO9c¢2 Aldrich (Tested 4A8hrs (Sagon Biotech | 100 unlts/mL 800% (WB) 29750308104
(ATCC) (Cat# not Viability) Co) Streptomycin 2D sizing
reported) b Serum Starved 10 ug/mL (actin stain)
for Experiments

T, increased activity; n/c, no change; p/s, penicillin and streptomycin; WB, western blot; qPCR, quantitative real-time PCR; Angll,
angiotensin II; PMID, PubMed Identifier; ATCC, american type culture collection; ECACC, european collection of authenticated cell
cultures; CBCSA, cell bank of the china sciences academy; DMEM, dulbecco's modified eagle medium; HG, high glucose; FBS, fetal
bovine serum; FCS, fetal calf serum; Myh7b, myosin heavy chain 7B; Erk, extracellular signal-regulated kinase; Nfkb, nuclear factor-
«B; Bnp, brain natriuretic peptide; Anf, atrial natriuretic factor; Acta, alpha 1 actin; Mlc2v, ventricular myosin light chain 2; Hprt,
hypoxanthine guanine phosphoribosyl transferase gene; Vpol, vascular peroxidase 1; Nox2, NADPH oxidase2; Nox4, NADPH
oxidase4; Jnk, c-Jun N-terminal kinases; Akt, protein kinase B; Gsk3p, Glycogen synthase kinase 3 beta; Mlc, myosin light chain;
Tgfbl, transforming growth factor beta 1; Collal, collagen type I alpha 1 chain; Stat3, signal transducer and activator of transcription
3; Jak2, Janus Kinase 2.
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Table 2. The dose and time effect of LPS treatment on H9¢2 cell line to induce hypertrophy compared to reported literature.

t:s:gt:ellz LPS LPS Trea.tmen Media and. Antibiotic % incre.ase Hypertro.phy PMID
source) source dose t time supplementation of cell size analysis
T Erk1/2
n/c: Myh7b,
Nfkb, Hmox1
HO9c2 . 0.5, 1, . g
(myoblast; Sigma, 10, 3,6, 12, DMEI},/I HG with Did not use <6% .(WB) ) Kim et al
ATCC) Enzo 50ug/ml 24, 48hrs 10% FBS 2D sizing (actin
stain)
3D sizing (flow
cytometry)
2ug/mL DMEM with 10%
HO9c2 Not in serum- CCS, 2 mM p/s (100 2g 51211% (V(\;Ii‘zin
(myoblast; | reporte free 12hrs glutamine, 1 mM U/mL, 200% & 3108196212
ATCC) d medium pyruvate 100 mg/mL) stain)
T Anp, Bnp,
DMEM with 10% Gata4,
HOc2 12hrs FBS, 2 mM p/s (100 Calcineurin
(myoblast; | Sigma | 2ug/ml glutamine, 1 mM | units/mL, 120% (WB) 317146677
ATCC) pyruvate 100 pg/mL) 2D sizing (actin
stain)
2pg/ml DMEM with 10%
(m;i%‘lfs o | in serum- ccs.2mM | o 5’5 - 1 Bnp (WB)
ATCC) > | Sigma free 12hrs glutamine, | mM 100 mg /ml’) 170% 2D sizing (actin | 30980393!%
medium pyruvate stain)
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Cell line

(state & LPS LPS Trea.tmen Media and- Antibiotic % incre:ase Hypertro.phy PMID
source) source dose t time supplementation of cell size analysis
DMEM with 10% T Anp, Bnp,
HO9c2 cells 12hrs or FBS, 2 mM /s (100 Gata4, nuclear
(myoblasts; | Sigma | lpg/ml 24hrs glutamine, | mM pl /ml) 130% Nfat3 (WB) 18398669'%
ATCC) HEPS buffer & 2D sizing (actin
stain)
DMEM with 10%
heat-inactivated
FBS, 1% I-
glutamine (200
mM), 1% sodium
H9c¢2 cells 3hrs or pymr\;?ﬁ)(loo p/s (100 T A(ng,cz;c)tal
myoblasts; | Sigma | Ipg/ml 1U/ml, 100 25% 1 | 25445045'%
y & HE 24hrs 16 h before 2D sizing (actin
ATCO) hypertrophy ng/ml) staii)
induction, cells
were incubated in
DMEM without
serum.
HOc2 T Anp, Bnp,
(cu::lﬁp];;ieg% Not 612,24, | DPMEMwith TTT1§44(qPCF)
the Chinose | TePOTte | 10ng/ml | ™ o0 ™ 10%FBS Not reported | 200% N fib’ ?\‘;\fBe)ar 33719658123
Academy of d 2D sizing (actin
Sciences) stain)

T, increased activity; n/c, no change; p/s, penicillin and streptomycin; WB, western blot; qPCR, quantitative real-time PCR; AnglI,
angiotensin II; PMID, PubMed Identifier; ATCC, american type culture collection; DMEM, dulbecco's modified eagle medium; HG,
high glucose; FBS, fetal bovine serum; CCS, Cosmic Calf Serum; Myh7b, myosin heavy chain 7B; Erk, extracellular signal-regulated
kinase; Nfkb, nuclear factor-«B; Bnp, brain natriuretic peptide; Anp, atrial natriuretic peptide; Acta, alpha 1 actin; Tlr4, toll-like

receptor 4.




4.3 Limitations

There are important limitations to this research thesis. The clinical data used was taken from
the OPOS database, which recruited in a semi-biased manner to ensure selection of features to make
comparisons across an obese sub-population, however HFpEF patients may not be obese and been
negatively selected for that reason. Most of the patients had an Hgb-A1lc in the normal range.
However, this population may also be using diabetes medications, as there was no information
about medications status, or the effect of these medications on their glycemic control charted in the
database at the time of analysis. Therefore, this association may not accurately capture the effect of
poor glycemic control on HFpEF development prior to drug treatment or in those who needed to
change therapies to achieve better control. The study also did not measure pro-NT-BNP in patients
in the OPOS database, which is often used to support the degree of myocardial dysfunction in
HFpEF. Also, this clinical study was not designed to measure microvascular rarefaction, which is
typically expected to occur in HFpEF patients. Future clinical studies exploring the HFpEF
syndrome used to inform preclinical modeling should use a tighter selection criterion to better
include parameters reflective of the disease being modeled like HFpEF.

The preclinical model used in the GEO dataset was the Dahl salt-sensitive (DSS) rat. DSS
rats only models those patients that have hypertension, specifically salt-sensitive hypertension,
thereby disregarding the 40-50% of the population with idiopathic hypertension that can not be
linked to salt-sensitivity.!?* Also, we assumed that the data derived from GSE126062 has been
normalized at the time of submission. The majority of GEO microarray data does conform to this
normalization rule, however, we did not verify this extensively. Lastly, in the GEO dataset, cardiac
tissues were only taken from three male animals (N=3) in the control and HFpEF phenotype.
Therefore, these results are not generalizable.

This study was focused to be performed in vitro using the H9¢c2 cell line only. While this
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allowed for cardiac cell specificity and direct modeling of conditions to identify molecular
mechanisms, it lacks the complexity of the in vivo condition, with complex humoral, cellular, and
molecular mechanisms interacting between various cardiac and other cell types within the heart.
The cell viability findings in this study were limited somewhat by the assay used to measure
viability. We used a resazurin-based assay, which more accurately measures cellular metabolic
activity, based on a colorimetric change by substrate conversion, rather than a direct, binary
measurement of live cell vs. dead cell assays, or cell stress assays associated with necrosis (e.g.,
Lactate dehydrogenase assay). This may explain in part why the cell viability read-outs do not
match the findings reported in the literature using other methods of viability.

Finally, this study was limited by the types of statistical tests and replicate power used for
the analysis. The normality testing (e.g., Shapiro-Wilk, Kolmogorov—Smirnov tests) upon which the
further statistical tests were based, can be limited by the number of datapoints used in the modeling
(i.e., statistical power, e.g. Myh7b). However, we assumed that our modelling was appropriately
powered, and used the results of the normality testing based on this assumption accordingly, to
decide to whether use an ANOVA or Kruskal-Wallis test with post-hoc analysis to determine p-
values. This “conservative” approach to the statistical testing used in this project may have

underestimated the differences between groups if the models used were not robustly powered.

4.4 Conclusions

The findings of this thesis underscore the intricate nature of HFpEF, emphasizing the need
for a further investigation into how the features of the disease impact the associated molecular
mechanisms that regulate the hypertrophy role of sex-specific responses. The challenges
encountered in inducing hypertrophy in vitro raise important questions about the appropriateness of
H9c2 myoblasts as a model for this purpose, calling for a re-evaluation of experimental methods in

this context. In conclusion, while the H9¢2 cell line is widely used for cardiomyocyte hypertrophy
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studies, we have determined that inducing hypertrophy by Angll and LPS is not a reliable or

reproducible approach for determining mechanisms or testing therapeutics at this time.
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Appendix A PrestoBlue media compatibility and cell dilution curve

A. B. C.
Compatible Noncompatible Noncompatible
RPML, No cells. 0% FBS DMEM, No cells, 0% FBS DMEM, Yes cells, 0% FBS
D.
Expiry  Expiry
date: date:
2022 2023 0.5% 0.1%
Conditioning Aug Mar 1% BSA BSA BSA
Cells Mo Mo No Mo Mo No Mo Mo No No No
FBS 0.0% 0.0% 0.0% 0.1% 0.5% 1.0% 5.0% 10.0% 0.0% 0.0% 0.0%
CMEM
Media REMI
MEM
EBSS
Expiry  Expiry
date: date:
2022 2023 0.5% 0.1%
Conditioning Aug Mar 1% BSA BSA BSA
Cells es fes Yes Yes fes Yes Yes Yes Yes Yes Yes
FBS 0.0% 0.0% 0.0% 0.1% 0.5% 1.0% 5.0% 10.0% 0.0% 0.0% 0.0%

EBS5

Incidified Acidified GlutabAa

Conditioning |oy CO2 by HClI X+ N2 F12
Cells No No No Mo
FBS 0.0% 0.0% 100% 10.0%
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Media RPMI Stable
MEM [ [
EBSS
E. F.
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Some cell culture media conditions can make PrestoBlue reagent precipitation/aggregation. (A)
Representative phase contrast microscopy of compatible media with PrestoBlue in 96 well. It has
RPMI, no cells, 0% FBS. (B) Representative phase contrast microscopy of noncompatible media
with PrestoBlue in 96 well. It has DMEM + 0% FBS, no cells, and showed
precipitation/aggregation. (C) Representative phase contrast microscopy of noncompatible media
with PrestoBlue in 96 well. It has DMEM + 0% FBS, H9¢2 cells, and showed
precipitation/aggregation. (D) A summary table of all testing have been done on PrestoBlue
precipitation/aggregation with different conditioned cell culture media. For DMEM, it has to have
minimum 0.1% FBS with cell or 0.5% FBS without cell to avoid precipitation/aggregation. RPMI
was safe on either with or without FBS. MEM with 105 FBS was not compatible. This compatibility
was not influence by the freshness of media, or acidity, or BSA concentration. To test will the
precipitation/aggregation effect on the PrestoBlue readout, a dilation curve with different
concentration of FBS in DMEM was tested. (E) showed PrestoBlue Fluorescence readout on
DMEM with FBS concentration dependent. (F) showed PrestoBlue absorbance readout on DMEM
with FBS concentration dependent. Readouts showed lower concentration of FBS higher the
readout, but pattern of the curves are similar. The curve between 12,500 cells/well group and 6,250
cells/well group are parallel, it suggests that 12,500-6,250 cells/well will be the ideal cell seeding

number for 96well PrestoBlue cell viability assay.
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Appendix B GEO data from genes of interest

Gene name Control Mean | SD HFpEF Mean | SD

Hmox1 5.83036 | 6.13357 | 5.85691 | 594 | 0.17 | 6.42975 | 7.79711 | 6.84123 | 7.02 | 0.70

Hmox2 11.0598 | 11.0154 | 11.039 | 11.04 | 0.02 | 11.1083 | 11.077 | 11.5032 | 11.23 | 0.24

Alasl 14.711 | 14.0232 | 14.6416 | 14.46 | 0.38 | 13.5486 | 14.7 | 14.8429 | 14.36 | 0.71

Alas2 8.12443 | 6.44889 | 8.22832 | 7.60 | 1.00 | 6.29646 | 6.81436 | 6.27078 | 6.46 | 0.31

Hebpl 7.05496 | 7.18724 | 7.18241 | 7.14 | 0.08 | 7.63565 | 8.06103 | 7.81157 | 7.84 | 0.21

Hebp2 6.23754 | 6.78892 | 5.82328 | 6.28 | 0.48 | 7.04887 | 6.56691 | 6.35078 | 6.66 | 0.36

.Hrlk 11.1728 | 11.194 | 11.0856 | 11.15 | 0.06 | 11.2909 | 11.3673 | 11.3665 | 11.34 | 0.04
(eif2akl)
Perk 8.97383 1 9.61199 | 8.9107 | 9.17 | 0.39 | 9.90393 | 9.46897 | 9.37885 | 9.58 | 0.28
(eif2ak3)

GEO datapoints related to heme metabolism genes

Gene name Control Mean | SD HFpEF Mean | SD

Esrrg 4.69774 | 4.92334 | 4.7941 | 4.81 | 0.11 | 5.15512 | 7.79711 | 6.84123 | 7.02 | 0.70

Ste2 2.98609 | 3.4121 | 3.65252 | 3.35 | 0.34 | 24594 | 11.077 | 11.5032 | 11.23 | 0.24

Rerg 7.62608 | 7.74984 | 7.63971 | 7.67 | 0.07 | 8.11979 14.7 14.8429 | 14.36 | 0.71

Esrra 12.9193 | 12.3729 | 12.8755 | 12.72 | 0.30 | 11.7712 | 6.81436 | 6.27078 | 6.46 | 0.31

Esrrb 3.89165 | 5.07906 | 3.88504 | 4.29 | 0.69 | 5.35098 | 8.06103 | 7.81157 | 7.84 | 0.21

Gper 2.95528 | 3.03644 | 4.08586 | 3.36 | 0.63 | 2.4594 | 6.56691 | 6.35078 | 6.66 | 0.36

Esrl 4.76582 | 5.39269 | 4.58082 | 4.91 | 0.43 | 6.77681 | 11.3673 | 11.3665 | 11.34 | 0.04

Esr2 5.64701 | 5.35406 | 5.87547 | 5.63 | 0.26 | 4.45576 | 9.46897 | 9.37885 | 9.58 | 0.28

GEO datapoints related to estrogen signalling genes

Gene name Control Mean | SD HFpEF Mean | SD

IL-1b 7.03244 | 6.25627 | 6.81811 | 6.70 | 0.40 | 7.67404 | 6.90233 | 8.13626 | 7.57 | 0.62

IL-6 5.59595 | 4.76733 | 5.76358 | 5.38 | 0.53 | 491611 | 5.57618 | 5.77185 | 5.42 | 0.45

IL-10 5.01948 | 2.7333 | 4.71913 | 4.16 | 1.24 | 4.36044 | 5.23976 | 4.73676 | 4.78 | 0.44

Tnf-a 5.01948 | 2.7333 | 4.71913 | 4.16 | 1.24 | 6.83716 | 8.04765 | 8.7701 | 7.88 | 0.98

Nf-kb (p65) | 4.61149 | 4.06791 | 4.36375 | 4.35 | 0.27 | 4.90835 | 4.93084 | 491706 | 4.92 | 0.01

Tlr4 6.75129 | 7.00863 | 6.73081 | 6.83 | 0.15 | 7.24213 | 7.27602 | 7.22487 | 7.25 | 0.03

GEO datapoints related to inflammation genes

Gene name Control Mean | SD HFpEF Mean | SD

Nppa 14.3345 | 15.6863 | 12.7079 | 14.24 | 1.49 | 15.739 | 15.5114 | 15.1573 | 15.47 | 0.29

Nppb 14.353 | 15.0184 | 14.215 | 14.53 | 0.43 | 14.906 | 14.5825 | 14.5973 | 14.70 | 0.18

Myh6 143779 | 14.5865 | 14.711 | 14.56 | 0.17 | 14917 | 14.7711 | 14.139 | 14.61 | 0.41

Myh7 14.2683 | 14.1013 | 14.2253 | 14.20 | 0.09 | 13.9492 | 14.3642 | 14.353 | 14.22 | 0.24

Gata4 9.07521 | 9.36039 | 9.08587 | 9.17 | 0.16 | 9.13165 | 8.91183 | 8.6876 | 8.91 | 0.22

Hand2 7.54189 | 8.22469 | 7.88215 | 7.88 | 0.34 | 8.58009 | 8.04013 | 8.53957 | 8.39 | 0.30

GEO datapoints related to hypertrophy genes
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Gene name Control Mean | SD HFpEF Mean | SD
TIr7 4.07578 | 4.58818 | 3.71287 | 4.13 | 0.44 | 5.56877 | 6.6083 | 6.21414 | 6.13 | 0.52
Diaph3 4.50215 | 4.74379 | 4.57322 | 4.61 | 0.12 | 5.44957 | 6.9262 | 6.26957 | 6.22 | 0.74

Example of two genes analyzed by Zhang et.al. They found these two genes significantly increased

compared to control from qPCR, even the log2 fold change were less than 1.

92




