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ABSTRACT 

 

Approximately 50% of patients are classified as having heart failure with preserved 

ejection fraction (HFpEF). While HFpEF was formerly known as diastolic heart failure, it 

is  now recognized as a complex syndrome characterized by impaired left atrial (LA) 

function and enlargement, increased left ventricle (LV) wall thickness, and elevated levels 

of  natriuretic peptides sometimes accompanied by systolic dysfunction. Patients have a 

high prevelance of combordities, including systemic pulmonary hypertension, diabetes 

mellitus, atherosclerosis, and renal dysfunction.  HFpEF is more prevalent in females 

compared to males. There are well known differences in the cardiac structure and 

morphology of male and females but how these sex-based differences are exacerbated, and 

the underlying mechanisms are unknown. 

Our lab has previously shown that aortic banding induced slow progressive pressure 

overload (PO) in male felines recapitulates key clinical features human HFpEF. PO in 

males induced a cardiopulmonary phenotype, including signs and symptoms of HF, 

elevated NT-proBNP, LA enlargement and dysfunction, LV hypertrophy and diastolic 

dysfunction, and pulmonary hypertension. Since male felines develop a robust response to 

PO, it became clear that evaluating the female response to PO was the next step. The goal 

of this study was to define any critical differences in the cardiopulmonary phenotype 

between male vs. female felines after slow progressive pressure overload. 

Female and male kittens underwent aortic banding or sham (normal) surgery 

following baseline echocardiography (ECHO), pulmonary function testing (PFT), and 
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blood sampling. ECHO, PFT, and blood samples were repeated at 2- and 4-months post-

surgery to allow for serial assessment of cardiopulmonary changes. At 4-months post 

surgery, terminal studies were performed and included invasive hemodynamics, 

pulmonary mechanics, and blood gas analyses. After all functional data was aquired, tissue 

was collected for morpholigcal analysis via histology, proteomic analysis via extracellular 

matrix mass spectrometry (ECM MS), and transcriptional profiling via singlue nucleus 

RNA sequencing (snRNAseq).   

 Despite females weighing less at 4-months post-banding, both sexes of animals 

developed a comparable peak systolic pressure gradient across the arotic band, confirming 

comparable PO. LV EF was preserved throughout the entire study in all groups. Female 

and male banded animals developed comparable increased LV wall thickness, myocyte 

cross-sectional area, and heart weight to body weight ratio, all indicative of cardiac 

hypertrophy. Both sexes of banded animals had decreased LA EF and increased LA end 

systolic volume. While banded females did not develop elevated LV filling pressures like 

banded males, they had prolongation of tau, which is another parameter of diastolic 

dysfunction. Female and male banded animals had similar percentages LV fibrotic area, 

which developed in a gradient decreasing from the endocardium to epicardium. Both sexes 

had decreased pulmonary compliance at 4-months post-banding, with trends towards 

abnormal pulmonary function and structure in several other parameters. 

 These results show that in a model of slow progressive PO, female and male felines 

develop a similar cardiopulmonary phenotype.  
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CHAPTER 1 

INTRODUCTION 

 

Epidemiology 

Heart failure (HF) represents a growing health burden1. As stated by Dr. Eugene 

Braunwald, HF is broadly defined as “an inability of the heart to pump blood to the body 

at a rate commensurate with its needs, or to do so only at the cost of high filling pressures”2.  

In the United States alone, there are currently 5.7 million adults living with heart failure 

and this number is predicted to rise in the future, affecting over 8 million people by 20303. 

About half of heart failure patients are diagnosed with a syndrome that has been termed 

heart failure with preserved ejection fraction (HFpEF) and the other half are diagnosed 

with heart failure with reduced ejection fraction (HFrEF)1, 4. Generally, HFrEF is described 

as having an EF ≤40%, while HFpEF is classified as having an EF ≥50%. There is also an 

intermediate range between these two sets of patients, which is newly defined as HF with 

mid-range EF (HFmrEF) by the European Society of Cardiology5. The prevalence of 

HFpEF is growing by 10% per decade compared to HFrEF6. Previously, HFpEF and 

HFrEF were referred to as diastolic and systolic HF, respectively7. Studies have now found 

that HFpEF patients can have systolic dysfunction when assessed using a more sensitive 

echocardiography8 or impaired systolic reserve9 and HFrEF patients often have diastolic 

dysfunction10. 

There are treatment options available for patients with HFrEF, but until 2021 none 

of these produced positive results in clinical trials for HFpEF11. In July 2021, Eli Lilly and 

Boehringer Ingelheim announced that EMPEROR-Preserved, a randomized clinical trial 
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comparing empagliflozin (sodium glucose co-transporter 2) vs. placebo in HF patients with 

an EF ≥ 40%, produced positive results. While this is a turning point in the field, it also 

highlights the fact that it took decades of research and hundreds of millions of dollars of 

funding. What factors played a role in this? It may be partially attributed to the lack of 

well-established animal models and understanding of the unique pathophysiology driving 

the HFpEF phenotype.  

Defining HFpEF 

 Among patients, HFpEF is a complex and varied syndrome. Recent studies have 

identified distinct subsets of the HFpEF population12. The European Society of Cardiology 

has published a clear guideline-based definition for HFpEF: signs and symptoms of HF (ie. 

exercise intolerance, edema, and general fatigue), LVEF greater than or equal to 50%, 

elevated levels of natriuretic peptides, and at least one of the following criteria: structural 

heart disease (LVH and/or LAE) and/or diastolic dysfunction13, 14. Approximately 50% of 

patients have five or more comorbidities, which can make dissecting out unique 

pathophysiological processes difficult15.  

Heterogeneity of HFpEF 

Shah et al. performed a comprehensive phenomapping analysis study and identified 

3 phenogroups of HFpEF12. Phenotypic domains included: demographics, physical 

characteristics, laboratory values, electrocardiogram, and echocardiography, which 

allowed for a robust clinical overview. The three phenogroups included: (1) younger 

patients with lower BNP levels and moderate diastolic dysfunction, (2) older patients with 

more comorbidities (chronic kidney disease, more advanced myocardial remodeling, RV 
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dysfunction, and pulmonary hypertension), (3)  Obese diabetic patients with sleep apnea 

that presented with the most dysfunctional LV relaxation12, 15. The authors reported 

crossover between groups in terms of clinical characteristics, which highlights the 

complexity of defining the HFpEF phenotype. In another study classifying populations of 

patients with HFpEF, Kao et al. observed six subgroups of patients that had significantly 

different prognoses16. The two subgroups with the worst outcomes were (1) elderly women, 

lower body mass index, with a higher prevalence of renal dysfunction and anemia and (2) 

patients with higher prevalence of comorbidities (diabetes, coronary artery disease, kidney 

dysfunction, obesity), 44% of which were women. 

Pathophysiolgical Manifestions of HFpEF 

Diastole has three phases, active relaxation, passive filling, and the atrial phase. 

Active relaxation occurs during the period even before the aortic valve closes, and the 

mitral valve opens. Passive filling occurs after the mitral valve opens when the pressure in 

the LA becomes higher than in the LV. While this is considered early rapid filling, the 

majority of blood flow enters during this initial phase. Late stage diastolic filling, marked 

by contraction of the LA and closing of the mitral valve, accounts for the remainder of the 

blood moving into the LV17. The LV end diastolic pressure (LVEDP) is the pressure at the 

completion of atrial contraction. Diastolic dysfunction is the most prevalent clinical 

parameter across patients with HFpEF9 and an elevation in LVEDP is the signature 

manifestion of diastolic dysfunction. In patients with an earlier stage of HFpEF, diastolic 

function may be normal at baseline or resting, but dysfunction occurs during exercise or 

stress testing when the heart rate is elevated. Increases to afterload can lead to diastolic 
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dysfunction. When there is an increase or delay in afterload, this isovolumic relaxation 

period can become extended, which causes relaxation to be impaired. It also causes an 

increase in end diastolic pressures9.  

Systolic dysfunction is also observed in patients with HFpEF. It’s important to note 

that ejection fraction and contractility are not interchangeable terms, and EF is highly load 

dependent, so without proper context of LV load EF does not give insight into 

contractility18. More sensitive methods for assessing systolic function, such as myocardial 

strain imaging, have identified abnormalities in HFpEF8, 19, 20. 

The LA is part of the pathophysiology of HFpEF. Multiple studies have reported 

LA enlargement and reduced systolic and diastolic function9, 21, 22. LA dilation was reported 

in 66% of patients with HFpEF that were part of an echocardiography substudy of 

Irbesartan in Heart Failure with Preserved Ejection Fraction trial (I-PRESERVE)23, 24. 

Another study evaluated the LA in patients with HFpEF compared to patients with 

hypertensive LV hypertrophy, patients with HFpEF had more advanced LV hypertrophy 

and dilation and reduced function of the LA22.  

Pulmonary hypertension (PH) is very prevalent in HFpEF, affecting an estimated 

80% of patients9, 25. The disease process of PH in HFpEF can occur as response to an 

increase in pulmonary capillary wedge pressure (PCWP). As this increase in PCWP is 

sustained, remodeling of the pulmonary venous and arteriolar vasculature occurs, 

subsequently causing pulmonary vascular resistance to increase. Ultimately, these changes 

impact RV loading as increased PCWP causes a disproportional relationship between the 

pulmonary artery compliance and resistance9. PH can be further defined as pre-capillary, 
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post-capillary, or combined post-capillary26. Pre-capillary PH is caused by elevated 

pulmonary vascular resistance from remodeling of the pulmonary vasculature (mean 

pulmonary arterial wedge pressure ≤15mmHg), while post-capillary PH is the result of 

increased LV filling pressures backing up into pulmonary circulation (mean pulmonary 

arterial wedge pressure >15mmHg)6, 26, 27. Post-capillary PH can also be accompanied by 

pre-capillary PH26. Pulmonary capillaries undergo “stress failure” during PH, which is 

pathological remodeling where the alveolar-capillary structure is disrupted, causing 

increased endothelial permeability. It can also cause dysfunctional gas exchange due to 

interstitial fluid accumulation28.   

Diagnostic Evaluation of HFpEF  

Pieske et al. recently published a consensus recommendation from the Heart Failure 

Association (HFA) of the ESC on how to diagnose HFpEF using the HFA-PEFF diagnostic 

algorithm29. There are 4 stages of the work up: 

• Initial workup, Step 1 (P) – Pretest assessment: Basic patient history, ECG, 

echo, natriuretic peptides, Exercise testing (6-minute walk test, 

cardiopulmonary exercise testing, ergometry) 

• Diagnostic workup, Step 2 (E) – Echocardiographic and Natriuretic Peptide 

Score: More advanced echo, natriuretic peptides 

• Advanced workup, Step 3 (F1) – Functional testing in case of uncertainty: 

Diastolic stress test/Exercise stress echo, invasive hemodynamics 

• Etiological workup, Step 4 (F2) – Final Etiology: Cardiovascular magnetic 

resonance, biopsies, CT/PET, genetic testing, more personalized lab testing 
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There is a scoring system associated with the parameters and a patient is considered to have 

HFpEF when they accumulate ≥ 5 points, an intermediate score of 2-4 points requires 

further evaluation, which would happen in Step 3 (F1), and ≤ 1 point means HFpEF is not 

a likely cause of the initial problem29. 

Treatment Trials in HFpEF 

A recent study evaluating HF clinical trials found that as of January 1st, 2017, 536 

clinical trials had been conducted that specifically focused on LV EF 30. Of the 536 clinical 

trials, 434 (81%) enrolled HFrEF patients and 102 (19%) enrolled HFpEF patients. In terms 

of outcomes, HFrEF patients were responsive to neurohormonal antagonists and trials 

reported positive results. However, at the time this study was published, all HFpEF clinical 

trials failed to produce positive outcomes. The RELAX trial is an example of the disconnect 

translating basic science to the clinic. The trial investigated the effect of phosphodiesterase-

5 inhibition on exercise capacity and clinical status in HFpEF. Studies using PDE-5 

inhibitors in mice that developed heart failure after undergoing trans-aortic-constriction 

(TAC) had promising results with a decrease in hypertrophy, remodeling, and fibrosis 9 

weeks after surgery 31. However, these effects did not translate to positive outcomes in the 

RELAX trial 32.  

While the reasons for the RELAX trial failing are unclear, there were fundamental 

flaws in the experimental design of the basic science studies leading up to the trial. One of 

these flaws is the animal model used. The cardiac phenotype that develops after TAC is 

not representative of HFpEF because while the immediate response to the pressure 

overload from TAC is the development of compensated hypertrophy, which may be 



7 

 

accompanied by a transient enhancement in contractility, as the hemodynamic overload 

persists, the heart can dilate 33. While no animal model can perfectly recapitulate human 

HFpEF, it is crucial to develop models that have multiple aspects of the disease instead of 

just one feature. Therapies should also be tested and validated in more than one animal 

model, and preferably in a large animal with physiological properties close to humans. 

Another concern in the basic science leading up to the RELAX trial was the lack of 

verification of the target, PDE-5, in human cardiac tissue. After the clinical trial failed, 

Western blots were used to detect PDE-5 protein in mouse (before and after TAC), dog 

(control and HFpEF), and human (healthy and failing) cardiac tissue 34. No PDE-5 was 

detected in any of the cardiac tissues, which indicates its expression is so that it is not likely 

regulating cGMP-PKG signaling. Target validation in humans or human tissue should be 

a prerequisite for conducting clinical trials. 

Animal Models of HFpEF 

As mentioned previously, there are different animal models of HFpEF or diastolic 

dysfunction with features of HFpEF. No single animal model will recapitulate the complex 

phenotype of human HFpEF. However, we can select models that are more representative 

than others. There is clear guideline-based definitions of HFpEF from the ESC, which 

correspond with the ACC/AHA guidelines35, 36, and these may be useful for defining what 

are the essential criteria for evaluating an animal model. 

LV remodeling occurs with aging and studies have found that the prevalence of 

hypertrophy increases with age. Diastolic function also decreases with age, as there are 

changes in myocardial passive stiffness and cardiomyocyte relaxation properties, all of 
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which play a role in the development of HFpEF37. This highlights the importance of animal 

models that have an aging component. The Spontaneous senescence prone 

(SAMp8/TaHsd) mouse was phenotyped and recapitulates aspects of HFpEF38. These mice 

develop LV diastolic dysfunction, preserved EF and FS, LA dilation, pulmonary edema, 

increased N-terminal-pro hormone B-type natriuretic peptide (NT-proBNP), increased fibrosis 

and hypertrophy, vascular dysfunction, exercise intolerance, and increased inflammation38.  

Another important aspect of human HFpEF is hypertension, which makes 

hypertension-induced models interesting. Rodent models include the combination of 

aldosterone-infusion and unilateral nephrectomy, dahl salt-sensitive rat, 

deoxycorticosterone acetate-salt rat and mouse, spontaneously hypertensive rat, and the 

angiotensin II-infused mouse. Many of these models capture key features of HFpEF, such 

as exercise intolerance, concentric hypertrophy, fibrosis, and increased levels of 

biomarkers (ie. NT-proBNP)37, 39. These models may provide important information to the 

literature and should be thoroughly evaluated for usefulness pertaining to a specific study 

design. Another hypertension-induced mouse model is trasaortic constriction (TAC), 

which results in an initial phase of compensatory concentric LV hypertrophy for 2-3 weeks, 

but then with sustained pressure overload progress to a dilated LV phenotype with a 

decreased in LV EF after approximately 4 weeks37. In murine TAC, the concentric 

hypertrophy phenotype is not HFpEF, but instead a temporary phase as the heart progresses 

to a HFrEF like phenotype. As described above, this represents a flaw when designing a 

study to test a new therapy.  
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The metabolic component of HFpEF is also very important, and obesity is 

considered a major risk factor for patients37. The db/db leptin receptor deficient moue, 

ob/ob leptin deficient mouse, Zucker fatty rat, and Zucker fatty and spontaneously 

hypertensive rat have all been discussed as HFpEF models. An important study regarding 

myocardial microvascular inflammation was published comparing tissues from obese 

Zucker diabetic fatty/Spontaneously hypertensive heart failure F1 hybrid rats and ZSF1-

Control rats to HFpEF patient myocardial biopsies, acting as a validation study for the 

model40. This study was relevant as there have been many discussions in the field that 

microvascular inflammation is an important contributor to many patients with HFpEF41. 

More recently, a study was published describing the role of nitrosative stress in 

HFpEF using a two-hit mouse model combining high-fat diet with L-name42. L-name, 

which inhibits endothelial and neuronal nitric oxide synthase, does not mimic a known 

feature of HFpEF in humans. The authors did a thorough investigation of a novel 

mechanism, describing how the IRE1α-XBP1 pathway is dysfunctional. While this is an 

important finding, describing it as a sole driver of HFpEF is overextending the implications 

of the results. Furthermore, a follow up paper was published in female mice showing they 

don’t have the same dysfunction in the IRE1α-XBP1 pathway43. This is interesting because 

the majority of the human samples used in the original publication were from female 

patients42. 

Studies using rodent models are very common in basic research, for reasons 

including their small size, reduced cost, ease of genetic manipulation, and availability of 

species-specific reagents (antibodies, primers). However, these benefits do not always 
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negate the pitfalls of comparing man to mouse when moving towards more translational 

science on the spectrum of research. There may be many different models suited for 

studying a specific pathology, especially in terms of the diverse profiles of cardiovascular 

disease. Pigs, dogs, cats, sheep, and non-human primates have all been used for studies 

addressing different aspects of heart failure44-46. 

There are several large animal models of HFpEF or diastolic dysfunction in the 

literature. There are several reports describing the effect of renal wrapping (which induces 

hypertension) in dogs (old and young) and several models of aortic banding in swine, either 

with band47 or aortic cuff that is gradually inflated47-51. These models are essential to 

translational research but are missing the pulmonary phenotyping, which is an important 

part of HFpEF. Another study was published looking at the effects of western diet and 

DOCA in pigs but found that it represented a pre-HFpEF phenotype, described as 

hypertensive cardiomyopathy52. This model would be useful in identifying novel 

therapeutic targets. A more recent study was published in a different breed of pigs 

(Göttingen Miniswine) that described a more robust phenotype using 20 weeks of high fat, 

fructose, salt diet with DOCA53. These pigs developed multiorgan comorbidities and also 

had pulmonary congestion.  

While there are multiple different rodent37 and large animal models54 of HFpEF, 

we have focused our efforts on phenotyping a feline model of aortic banding6, 55. In this 

model, a pre-shaped band is gently tied around the ascending aorta in 2-month-old kittens, 

resulting in slow-progressive pressure-overload as the animals rapidly mature over the 

course of 4-months to reach 6-months of age. Felines cardiomyocytes have physiological 
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properties that are more similar to humans (action potential duration) and myosin heavy 

chain composition56, 57 compared with rodents, making felines a suitable model animal for 

translational cardiac research. 

History of Feline Aortic Banding in the Houser Lab 

The feline aortic banding model is not novel. The model has been around for 

decades and has been used by the Houser lab to define fundamental changes in cardiac 

function under chronic stress. Several studies also reported the effects of right ventricle 

hypertrophy induced via pulmonary artery banding58, 59. The initial report using the aortic 

banding model, published in 1980 with Dr. Alfred A. Bove as senior author, described the 

changes in myocardial blood flow and capillary density of the LV in response to chronic 

pressure overload60. The study found that blood flow reserve to the endocardium of the LV 

is compromised with chronic pressure overload and is accompanied by an increase in 

myofiber mass without an increase in capillaries, leading to an imbalance between supply 

and demand creating a pro-ischemic environment. This paper was followed up with a study 

assessing the effect of epinephrine on membrane potential using intact papillary muscles 

from sham and banded animals, and found that papillary muscle from banded animals did 

not react the same way to epinephrine as shams and that the effect of epinephrine may be 

attenuated in HF61.  

As techniques for evaluating single-cell cardiomyocyte characterization 

progressed, evidence for calcium induced calium release was described62. Characteristic of 

EC coupling, it became possible to link together functional and molecular data to elucidate 

how chanes at the molecular and cellular level ultimately modulate function. Pollack et al. 
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performed an important study correlating non-invasive functional data with single cell 

physiology, which laid the foundation for using aortic banding as a progressive model of 

heart failure63. Further studies were performed assessing myocyte physiology and found 

that both calcium reuptake and release by the sarcoplasmic reticulum in myocytes isolated 

from banded animals was slower, which could be an explanation for why there were 

changes in the contraction rate and magnitude64. Another paper by Bailey et al. described 

the new contractile phenotype that develops after banding and provided evidence that 

cytosolic calcium and myofibrillar calcium sensitivity are altered and have a role in this 

phenotypic shift, but internal loading is not involved65.  

Moving into the 2000’s, the Houser lab described how myocytes isolated from 

banded animals had decreased phase 1 action potential repolarization and a reduction in 

the density of the L-type Calcium Channel current as well as having dysregulated 

sarcoplasmic reticulum calcium release (decreased spatial and temporal 

synchronization)66. The balance between the ratio of sarcoendoplasmic reticulum calcium 

transport ATPase (SERCA) and sodium-calcium exchanger (NCX) was also found to be 

important in contractile function and that modulating the ratio of SERCA/NCX could 

mimic the dysfunctional contractile phenotype67. Another study found that the 

concentration of intracellular sodium was increased in myocytes isolated from banded 

animals and described it as “an important adaptive mechanisms to support contractions at 

slow heart rates but may limit contractility at high heart rates”68. Banded animals were also 

found to have decreased arginase I abundance and function, which leads to increased 

arginine availability that can be used to produce nitric oxide69. Another study dug deeper 
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into the adrenergic response and found that banded animals had an attenuated adrenergic 

response while in this compensatory phase and phospholamban phosphorylation at Thr17 

has a major role, suggesting that phospholamban is important in mediating an adrenergic 

response via key calcium handling proteins70.  

Many of these papers refer to the model as concentric hypertrophy or compensated 

hypertrophy, which is a correct description of the morphological changes of the LV with 

aortic banding. However, as the field of cardiology has continued to evolve and the term 

HFpEF and HFrEF are now accepted as the general classifying terminology, the science 

must also evolve to stay relevant. In order to use this feline model as a platform for testing 

new therapies, we needed to first characterize the phenotype. We performed a 

comprehensive cardiopulmonary phenotyping which provided novel insights into 

pulmonary function and structural changes that develop with pressure-overload6. No prior 

study in the Houser lab has looked at sex-based differences in pressure-overload. Only one 

study looked at sex differences in myocardial contractile reserve using trabeculae from 

normal/healthy animals and found that while baseline contractile function may be no 

different, under physiological stress females had a reduction in peak contractile reserve71. 

An explanation suggested for this difference is males having a higher SR load of calcium71.   

Cardiopulmonary Characterization of Pressure-Overload in Males 

 As mentioned above, we recently published an in-depth cardiopulmonary 

characterization in male felines describing the pathophysiological response to slow-

progressive pressure overload6. Figure 1 describes the proposed pathological process.   
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Male animals have preserved ejection fraction but develop systolic and diastolic 

dysfunction when assessed using speckle-tracking based strain analysis and invasive 

hemodynamics55. Left ventricle end-diastolic pressure (LVEDP), E/e’, and tau are all 

abnormal. Aortic banded animals also develop pulmonary hypertension downstream of the 

elevated LV filling pressures, which is accompanied by structural remodeling, reduced 

lung compliance, increased intrapulmonary shunting, and impaired oxygenation. Banded 

animals had an increase in heart weight to body weight and cardiomyocyte cross sectional 

area, suggestive of cardiac hypertrophy and an increase in fibrotic area. The fibrosis is 

present in a fibrotic gradient, with a higher percentage in the endocardium decreasing out 

towards the epicardium (Figure 2). The comprehensive pulmonary profiling in addition to 

the identification of perivascular fluid cuff formation lung tissue in banded animals added 

novel information to the literature.  
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Figure 1. Schematic detailing effects of pressure-overload. Pathophysiological changes 

occurring downstream of aortic banding in 2month old male kittens as they rapidly grow over 

the course of the next 4-months. Figure from: Wallner M, Eaton DM et al. A Feline HFpEF 

Model with Pulmonary Hypertension and Compromised Pulmonary Function. 2017. Sci Rep. 

No changes were made to the image. https://creativecommons.org/licenses/by/4.0/. 
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Sex-Based Differences in HFpEF 

It is well recognized that male and female hearts have sex-based structural and 

functional differences72. Regardless of age, LV diastolic and systolic elastance is higher in 

female vs. males73. Females also have a smaller LV chamber (15% less vs. males) and mass 

(40% lower vs. males) despite adjustments for smaller body type, which corresponds to a 

lower stroke volume73, 74. During the aging process females are more likely to develop LV 

hypertrophy with no dilation and more likely to develop concentric remodeling, which are 

Figure 2. Fibrotic Gradient in Males. Representative images of Massons Trichrome staining 

in male (A) sham and (B) banded hearts at 4months post-banding highlighting the fibrotic 

gradient most prominent on the lateral wall and becoming more diffuse from the endocardium 

to epicardium. Scale bars: 5 mm, 250 μm, and 50 μm. Figure from: Wallner M, Eaton DM et 

al. A Feline HFpEF Model with Pulmonary Hypertension and Compromised Pulmonary 

Function. 2017. Sci Rep. No changes were made to the image. 

https://creativecommons.org/licenses/by/4.0/. 
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very similar to the pathophysiological changes of HFpEF75, while males are more likely to 

develop eccentric hypertrophy76. Studies have found that even when hemodynamic load is 

increased, female LV chambers differ from males in that they do not dilate, which leads to 

the development of higher estimated filling pressures, another key feature of HFpEF74. The 

symptoms of HF between males and females are different, with females having a wider 

range of symptoms including edema, fatigue, bronchitis-like symptoms, and decreased 

quality of life compared to men76, 77. HF-ACTION reported that women had a significantly 

lower peak VO2 (oxygen uptake) and 6-minute walk test distance compared to men with 

similar clinical characteristics78. Women with HFpEF still live longer than men despite 

these differences79. 

Relevant to our model which develops pulmonary hypertension, 82% of patients 

that have both HFpEF and pulmonary hypertension are female73. There is evidence 

supporting differences in myocardial substrate metabolism, ie. females have increased fatty 

acid uptake, lower glucose uptake and utilization, as well as higher metabolic inefficiency 

vs. males73. Even at the level of the cardiomyocyte, studies in rodents have described sex-

based differences in calcium handling and reported decreased excitation-contraction 

coupling gain and smaller calcium currents80. Despite the growing body of evidence 

documenting sex-based differences, clinical trials still predominantly enroll male patients 

even though there are distinct differences between males and females’ physiological 

responses to therapies81. This makes having a more in-depth understanding of the sex-based 

differences in cardiopulmonary responses to the stress of pressure overload valuable. 
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Summary and Objectives 

The first objective was to determine differences in the cardiopulmonary phenotype 

between male and female felines after slow progressive pressure overload. The functional, 

structural, and morphological changes taking place in both the heart and lungs were 

quantified in male and female cats following slow progressive pressure overload. The 

second objective addresses determining the fundamental molecular bases of sex-based 

differences in cardiac structure and function that occur after slow progressive pressure 

overload.  

The following study goes beyond comparing the HFpEF cardiopulmonary 

phenotype in males vs. females and searches for mechanistic insight. Our hypothesis is that 

females are more resistant to pressure overload induced HFpEF, with less hypertrophy, 

fibrosis, and better relaxation. These differences would improve heart function in females 

vs. males when both sexes are subjected to the same stress. The overall goal was to define 

critical differences in the cardiopulmonary phenotype between male vs. female cats after 

slow progressive pressure overload.  The cellular and molecular bases for these differences 

were explored using single nucleus RNAseq, cardiac extracellular matrix molecular 

remodeling studies, and myofibril assays. The significance of this work is that it will define 

the cellular and molecular bases of sex-based differences in the response to pathological 

stress that causes HFpEF.  
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CHAPTER 2 

METHODS 

Study Protocol 

The protocol described below has been extensively described by our lab6, 55. Lewis 

Katz School of Medicine at Temple University Institutional Animal Care and Use 

Committee approved all animal procedures. A total of 18 male and 17 female short hair 

kittens (aged 2 months (approximately 1.0 kg)) (Marshall Bioresources, Waverly, NY) 

were included in the study. After an acclimation period, animals underwent either aortic 

constriction (male: n=11, female: n=10), using a customized pre-shaped band or sham 

procedure (male: n=7, female: n=7). Serial transthoracic echocardiography, recording of 

body weight, pulmonary function testing, and venous blood sample collection via cephalic 

vein puncture were performed for all animals prior to surgery at baseline (BL), 2-months, 

and 4-months post-surgery. The animals were group housed with enrichment (ie. scratching 

posts, climbing towers, and hammocks) and food and water ad libitum. 

Serial Transthoracic Echocardiography  

Serial echocardiography measurements were acquired using the Vivid q Vet 

Premium BT'12 with a 12S-RS sector probe. Animals were sedated with an intramuscular 

(i.m.) injection of alfaxalone (1 mg/kg), butorphanol (0.5 mg/kg), and midazolam (0.5 

mg/kg). After venous blood collection and before beginning the echo assessment, 

Ivabradine (0.3 mg/kg) was administered (intravenously via cephalic vein) to decrease the 

heart rate to around 150 bpm 82. Blinded analysis was performed offline using the 

EchoPAC SW v201 software. Left ventricular (LV) wall thickness was measured at end-
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diastole by calculating the mean of LV anterior ventricular septum and posterior wall 

diameter. The left atrial to aortic root ratio (LA/Ao) was measured in early ventricular 

diastole using the first frame after aortic ejection from the right parasternal short axis view 

83. LA volume (LAV) was calculated as described in humans 84  from a right parasternal 

long-axis view, using the Simpson’s rule at end-systole and end-diastole. LA function, 

assessed by LA volumes, was calculated according to atrial function studies in humans 85. 

Changes in LAV were expressed as ejection fraction (LA-EF = (LAVmax - 

LAVmin)/LAVmax) 86. LV end-diastolic diameter and ejection fraction (EF) were 

measured in b-mode from a right parasternal short-axis view. Diastolic function was 

assessed using Pulsed-wave Doppler (PW) imaging. Using an apical 4-chamber view, 

transmitral inflow velocities were recorded by setting the sample volume in the mitral 

orifice close to the tips of the mitral leaflets. Spectral waveforms were analyzed for peak 

early- and late-diastolic transmitral velocities (E and A waves). If there was any fusion of 

the E/A waves, that time point was excluded for the specific animal.  

Serial Pulmonary Function Testing 

The protocol for pulmonary function testing has been used and described in the 

feline model previously6, 55. Pulmonary mechanics were assessed using tidal volume and 

trans-pulmonary pressure measurements acquired from spontaneously breathing animals 

using a clinical device (PeDS-LAB, MAS, Hatfield, PA). To measure tidal volume, a 

pneumotachograph is integrated into a facemask and trans-pulmonary pressure is measured 

from the difference between airway and esophageal pressure.  To measure esophageal 

pressure, the end of a soft esophageal balloon catheter was connected to a differential 
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pressure transducer. These techniques are used clinically in non-sedated human preterm 

neonates (as early as first few days of life) and are well tolerated. 

Aortic Banding 

For surgery, animals were sedated with ketamine (25 mg/kg) and acepromazine 

(0.1 mg/kg), intubated, and mechanically ventilated (Narkomed 2b). During the procedure, 

surgical (plane) anesthesia was maintained using 1-2% isoflurane mixed with 100% 

oxygen and animals received constant heat support during the surgery and post-operative 

period. All surgical procedures were performed under sterile operating conditions. For both 

sham and banded animals, a 2-4 cm skin incision was made between the 3rd-4th intercostal 

space, extending through the intercostal muscles. After the pericardium was identified and 

nicked to open, the aorta was dissected from the pulmonary artery in order to place the pre-

shaped band around the ascending aorta (Figure 3). The next step in the surgery is essential 

in the development of the model. The band must be tied down loosely around the ascending 

aorta so slow progressive overload can occur as the kitten rapidly grows over the next 4-

months. If the band is tied down too tightly during surgery, it will cause an immediate 

pressure overload resulting in a more dilated phenotype.  

Figure 3. Aortic 

Band. (A) Aortic 

band and (B) view 

of aortic band in 

place around aorta 

before being tied 

into place. 
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Hemodynamic Studies and Pulmonary Function Assessment 

At 4-months post-surgery, invasive hemodynamic studies were performed. 

Induction was performed using intravenous sodium pentobarbital (20mg/kg) and 

maintained with 10 mg/kg/hr sodium pentobarbital for the duration of the study. 

Intravenous Pancuronium bromide (0.1 mg/kg/hr), a paralytic agent, was administered so 

during the study animals had comparable intrathoracic pressure profiles and were not 

breathing spontaneously. Animals were then intubated orally with a cuffed endotracheal 

tube (3.0mm, Medline, Industries, IL, USA), and mechanically supported with pressure 

sensitive volume guaranteed ventilation (Babylog 8000 plus, Dräger Lubeck, Germany). 

All animals were initially ventilated with the same settings: FIO2 = 1, peak inspiratory 

pressure = 10 cmH2O, positive end expiratory pressure = 3 cmH2O, inspiratory flow = 4 

L/min, inspiratory time = 0.66 sec, expiratory time = 3 sec. Data generated by the integrated 

pulmonary mechanics module using airway manometry and pneumotachography as fitted 

to the equation of motion were manually recorded. Arterial and venous blood gas sample 

analysis was used to guide ventilation to maintain the PaCO2 within 25-35 mmHg. This 

was achieved by keeping the tidal volume range to 6-8mL/kg and adjusting peak 

inspiratory pressures and respiratory phase timing as needed while keeping all other 

ventitlor settings consistent. Animals were infused intravenously with a balanced 

crystalloid infusion (Ringer-Lactate) at a fixed rate of 10 mL/kg/hr for the entire study and 

temperature was maintained between 38–39°C using a heating pad with continuous ECG 

and SPO2 monitoring. The following vessels were instrumented: 

Right femoral artery: 2F pressure catheter (SPR-320 Mikro-Tip) 
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Left carotid artery: 2F pressure catheter (SPR-320 Mikro-Tip) 

All catheters were placed using fluoroscopic guidance. Data (LVEDP, tau, t-dia/tau, 

dP/dtmin, dP/dtmax) were acquired using Powerlab and LabChart Pro 8.1.5 (ADInstruments, 

CO, USA) and analyzed offline using LabChart Pro 8.1.5 (ADInstruments, CO, USA). 

After baseline measurements were recorded, dobutamine was infused at 5 μg/kg/minute 

and all measurements outlined above were performed again 

After all instrumentation was completed, animals were given at least 30 minutes to 

stabilize. Fractional Flow Reserve (FFR) module (Quantien, St. Jude Medical Inc., MN, 

USA) was used to invasively measure trans-aortic pressure gradients across the band. 

Steady-state hemodynamics were recorded at end-expiration with a steady PEEP of 3 

cmH2O, this minimized respiration-induced changes of intrathoracic pressure. 

Heart Procurement and Processing 

After completing the hemodynamic study, a cardiectomy was performed to remove 

the heart, which was then rinsed and weighed. The aorta was cannulated so the coronary 

arteries could be flushed using cold Krebs-Henseleit Buffer. The apex was then dissected 

off so samples could be flash frozen for molecular studies. The hearts were then switched 

to gravity perfusion with 10% formalin at a mean arterial pressure (100 mmHg) and 

collateral vessels from where the apex was cut were clipped to generate back pressure.  

After satisfactory formalin perfusion, the hearts were immersed in 10% formalin until the 

tissue was cut and processed. The heart was cut on a short axis plane, starting at the apical 

end and continuing up to the base. These short axis sections were then cut in half (lateral 

and septal wall) and shipped to AML Laboratories for processing and embedding paraffin. 
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For slides, 5 µm tissue sections from 6 different levels from each sample were mounted 

(AML Laboratories, Florida, USA).  

Heart Histology 

To determine the percentage of fibrosis, paraffin-embedded LV samples were 

stained with Masson’s Trichrome (Sigma-Aldrich; St. Louis, MO). Cytoplasm and muscle 

fibers are stained red, while collagen (fibrosis) is stained blue. Endocardial and epicardial 

regions of the heart were imaged separately so they could be quantified for comparison. 68 

slides (34 lateral wall, 34 septal wall) from 34 animals (banded male: n=11, normal male: 

n=6, banded female: n=10, normal female: n=7) were analyzed to obtain representative 

data from the lateral and septal walls. The stained slides were imaged at 10x magnification 

using a Nikon Eclipse Ti microscope with an attached brightfield camera (Nikon Inc.; 

Mellvile, NY) and analyzed using NIH ImageJ FIJI software with color threshold analysis. 

A total of 1090 pictures were analyzed. The percentage of fibrotic tissue was determined 

as the collagen positive tissue out of the total stained LV tissue. 

To quantify myocyte cross-sectional area, LV tissue sections were stained for wheat 

germ agglutinin (WGA; Life Technologies; Eugene, OR) and nuclei were labeled with 

4’,6- diamidino-2-phenylindole (DAPI, Millipore; Billerica, MA). Images were taken 

using a Nikon Eclipse T1 confocal microscope (Nikon Inc.; Mellvile, NY). Myocyte cross-

sectional area was measured using NIH ImageJ FIJI software as previously described (10). 

A total of 36401 myocytes were counted from 27 animals (banded male: n=9, normal male: 

n=6, banded female: n=9, normal female: n=7). 
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NT-proBNP 

Blood was collected via cephalic vein puncture at BL and 4-months post-banding 

in spray-coated K2EDTA vacutainers, microcentrifuged at 1300 rpm for 10 minutes, and 

stored at -80°C. Samples were then sent to Idexx Laboratories (Memphis,TN) for NT-

proBNP analysis (banded male: n=11, normal male: n=7, banded female: n=10, normal 

female: n=7). 

Lung Procurement and Processing 

After the heart was procured as described above, the pulmonary artery was isolated 

and cannulated as previously reported6, 55. The pulmonary vasculature was then perfused 

with cold sterile 0.9% saline ≤ 15 mm Hg until the perfusate ran clear. The left and right 

lungs were then identified, isolated, and dissected according to a predetermined matrix to 

support unbiased sampling procedures 87, 88. Tissue samples (2 x ~1 cm3) from the right 

lower lobe were stored in buffered formalin saline, washed using PBS, and then stored in 

ethanol until processed for cutting slides.   

Lung Histology 

All analyses were performed in a blinded fashion to modification and gender. The 

following histology protocols were used previously for the feline model6, 55.  For 

histological investigation, embedded lung samples were sectioned at 500μm intervals. In 

total, 5 x 5 μm sections from each sample were slide-mounted and stained with 

hematoxylin and eosin. Lung sections were first visualized using transparent grid matrix at 

low power (100x) and then switched to higher power (400x) to randomize selection of the 

area for analyses. Every tenth grid region was imaged and digitized to eliminate bias during 
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sampling.  Morphometric image analysis (Image Pro Plus®, Silver Spring, MD)  using 

customized algorithms free of geometric assumptions were used to assess the expansion 

index (ratio of volume of gas exchange/parenchymal space) using densitometry, count the 

number of open gas exchange units per fixed field size using a modified version of the 

radial alveolar count method, measure alveolar area (~1000 alveoli) and thickness of the 

alveolar-capillary membrane (~100 alveoli; 4 measurement points/alveolus)87, 89, 90.  

Perivascular cuff quantification was performed using modified version of a method 

described by Lowe, et.al.91. Images were digitized and visualized at 100x magnification 

through an overlaying grid matrix. Using NIH Image J, the outer border of all vessels in 

the digitized fixed field were traced and the external diameter the vessels was measured. 

The outer border of all vessels ≤500 um and the perimeter of the corresponding perivascular 

cuff surrounding each of the vessels were traced. The area of the cuff relative to the area 

of the vessel were analyzed as a function of group.     
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CHAPTER 3 

RESULTS 

 

General Characterization 

 Female and male domestic short hair kittens underwent a baseline assessment and 

were then randomized to aortic banding or sham surgery group based on weight. The study 

design is outlined in Figure 4. All sham animals will be referred to as normal animals. 

 

There was no significant difference in body weight between groups at baseline (BL) 

(Figure 5A). By 2-months post-surgery, there was separation between sexes, ie. male (band 

and normal) vs. female (band and normal). At 4-months post-surgery, this separation 

between sexes was significant but there was still no significant difference within each sex 

between band and normal. Despite females having a smaller body weight compared to 

males at 4-months post-banding, there was no difference in the peak systolic pressure 

gradient generated by aortic band measured using fractional flow reserve (FFR) (female 

(n=7): 51.29mmHg ± 8.61 vs. male (n=9): 57.78mmHg ± 8.21, NS) (Figure 5B). The 

Figure 4. Study Design. Male and feline kittens (age 2-months) underwent baseline 

echocardiography, pulmonary function testing, and blood collection. Animals underwent either 

sham surgery or aortic banding and then underwent serial echocardiography and pulmonary 

function testing at 2- and 4-months post-surgery. At 4-months, terminal studies and tissue 

harvests were performed to record invasive hemodynamics, and lung mechanics. To further 

characterize the phenotype, histology, single nucleus RNA sequencing, extracellular matrix 

mass spectrometry (ECM mass spec), and myofibril functional assays were performed. BL = 

baseline, echo = echocardiography, PFT = pulmonary function testing, RNA = ribonucleic acid. 
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plasma concentration of NT-proBNP, which is released when there is increased wall stress 

in the LV and atria, was significantly increased at 4-months in both sexes compared to 

respective normal animals and all groups at baseline months (female normal (n=7): 24.00/L 

± 0.00 vs. female banded (n=10): 521.30pmol/L ± 208.81, P<0.01; male normal (n=7): 

36.43pmol/L ± 4.46 vs. male banded (n=11): 535.45pmol/L ± 156.51, P<0.01) (Figure 5C). 

There was no difference between male and female banded NT-proBNP. There are several 

banded animals that did not have elevated levels of NT-proBNP, but this has been 

previously reported in HFpEF12, 15.   

 

Echocardiography 

LV ejection fraction (EF), a parameter assessing systolic function, was preserved 

throughout the entire study (Figure 6A).  Male banded animals had a slighter higher LV 

Figure 5. General Characteristics. (A) Male and female kittens were weighed at BL, 2-

months, and 4-months post-surgery. (B) During the terminal study, the peak systolic pressure 

gradient generated by the aortic band was measuring using FFR. (C) Plasma concentrations of 

NT-proBNP, a heart failure biomarker, were quantified by an independent commercial 

laboratory. Data shown are means ± SEM. For (A) body weight, statistical analysis to determine 

significance was performed using linear mixed-effects models. For (B) FFR and (C) NT-

proBNP, statistical analysis to determine significance was performed using two-way analysis 

of variance (ANOVA). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 between band 

vs. normal; Φ P < 0.05, ΦΦ P < 0.01, ΦΦΦ P < 0.001, ΦΦΦΦ P < 0.0001 between male band 

vs. female band; Ψ P < 0.05, Ψ Ψ P < 0.01, Ψ Ψ Ψ P < 0.001, Ψ Ψ Ψ Ψ P < 0.0001 between 

male normal vs. female normal; δ P < 0.05, δ δ P < 0.01, δ δ δ P < 0.001, δ δ δ δ P < 0.0001 

between male band or normal vs. BL; @ P < 0.05, @@ P < 0.01, @@@ P < 0.001, @@@@ 

P < 0.0001 between female band or normal vs. BL. BL = baseline, FFR = fractional flow 

reserve, NT-proBNP = N-terminal-pro hormone B-type natriuretic peptide. 
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EF compared to female banded animals at baseline (female banded (n=10): 56.50mm ± 

1.05 vs. male banded (n=11): 59.64mm ± 1.79, P < 0.05), and there was a significant 

decrease vs. baseline at 2- (56.45mm ± 1.21, P<0.05) and 4-months (56.27mm ± 1.24, 

P<0.05) but it has no clinical significance as EF is still preserved. Both female and banded 

animals developed increased LV wall-thickness at 2-months post-banding and continued 

to increase at 4-months (Figure 6B), with no difference between females and males at 4-

months post-surgery (female banded (n=10): 54.50mm ± 0.96 vs. male banded (n=11): 

56.27mm ± 1.24, P=NS). There was also an increase in the LV wall-thickness of normal 

animals, but this is likely due to the animals going through a rapid period of growth from 

2-months to 6-months of age during the study. LV diastolic function was assessed using 

pulsed-wave doppler and banded cats had a range of E/A values representing various 

degrees of potential diastolic dysfunction (Figure 6C). Representative images are in Figure 

6D. 

There was a decrease in left atrium (LA) EF throughout the study (Figure 7A), 

which reached significance at 4-months post-banding in both sexes (female normal (n=7): 

65.00% ± 1.43 vs. female banded (n=10): 48.70 ± 4.44, P<0.001; male normal (n=7): 65.57 

± 2.40 vs. male banded (n=11): 43.91 ± 4.77, P<0.001). Both LA end-systolic volume 

(LAVES) and the ratio of the LA to aortic root (LA/Ao) increased during the study in banded 

animals (Figure 7B and 7C), suggesting the development of LA enlargement. Once again, 

there were no differences between female and male banded animals in any LA ECHO 

parameters. 
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Figure 6. LV ECHO Assessment. Serial echocardiography was performed at BL, 2-, and 4-

months post-surgery. (A) Systolic function was assessed via LV ejection fraction and (B) LV 

wall thickness was quantified to examine hypertrophy. (C) Transmitral velocities were assessed 

to evaluate diastolic function via E/A. (D) Representative images of E and A wave forms 

showing different patterns. Data shown are means ± SEM. Statistical analysis to determine 

significance was performed using linear mixed-effects models. * P < 0.05, ** P < 0.01, *** P 

< 0.001, **** P < 0.0001 between band vs. normal; Φ P < 0.05, ΦΦ P < 0.01, ΦΦΦ P < 0.001, 

ΦΦΦΦ P < 0.0001 between male band vs. female band; δ P < 0.05, δ δ P < 0.01, δ δ δ P < 0.001, 

δ δ δ δ P < 0.0001 between male band or normal vs. BL; @ P < 0.05, @@ P < 0.01, @@@ P 

< 0.001, @@@@ P < 0.0001 between female band or normal vs. BL. LV = left ventricle, E 

and A = peak early and late diastolic transmitral velocities. 
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Invasive Hemodynamics 

At 4-months post-surgery, terminal studies were performed. Invasive 

hemodynamics, lung mechanics, blood gas analysis, and tissue harvest were performed in 

order to build a comprehensive profile of each animal. Left ventricular end-diastolic 

pressure (LVEDP) was significantly higher in male banded vs. normal animals LVEDP 

(male normal (n=6): 5.68mmHg ± 0.60 vs. male banded (n=9): 15.05mmHg ± 2.70, 

P<0.01), but was not significantly elevated in female banded vs normal animals (female 

Figure 7. LA ECHO Assessment. Serial echocardiography was performed at BL, 2-, and 4-

months post-surgery. (A) LA EF was measured as a way of comparing LA function. Two 

different parameters quantifying LA size were assessed, (B) LAVES and (C) LA/Ao. Data shown 

are means ± SEM. Statistical analysis to determine significance was performed using linear 

mixed-effects models. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 between band 

vs. normal; δ P < 0.05, δ δ P < 0.01, δ δ δ P < 0.001, δ δ δ δ P < 0.0001 between male band or 

normal vs. BL; @ P < 0.05, @@ P < 0.01, @@@ P < 0.001, @@@@ P < 0.0001 between 

female band or normal vs. BL. LA = left atrium, LAVES = left atrium end-systolic volume, 

LA/Ao = ratio of left atrium to aortic root. 
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normal (n=7): 4.33mmHg ± 0.57 vs. female banded (n=6): 8.11mmHg ± 1.91, P=NS) 

(Figure 8A). Comparing banded groups, males had significantly higher LVEDPs compared 

to females (P<0.05). No differences between groups were observed for dP/dtmax or dP/dtmin 

(Figure 8B and 8C). Female banded animals had significantly longer LV time constant of 

isovolumic relaxation (tau, τ) vs. normal females and vs. male banded animals (female 

normal (n=7): 24.98 ± 2.74 vs. female banded (n=6): 48.54 ± 7.73, P<0.001; male normal 

(n=6): 28.65 ± 1.87 vs. male banded (n=9): 35.48 ± 2.53, P=NS) and female banded vs. 

male banded animals (P<0.05) (Figure 8D). There was a trend towards prolongation of tau 

in male banded vs. male normal animals but it did not reach significance. The ratio between 

diastolic time interval (t-dia) and tau, which is a way of normalizing tau to the duration of 

diastole, was significantly decreased in both banded females vs. normal females and 

banded males vs. normal males (female normal (n=7): 6.77 ± 1.04 vs. female banded (n=6): 

3.17 ± 0.28, P<0.001; male normal (n=6): 5.58 ± 1.87 vs. male banded (n=9): 3.85 ± 0.17, 

P=NS) and female banded vs. male banded animals (P<0.05) (Figure 8E). There was a 

positive correlation between LVEDP and LA/Ao (r=00.6036, P=0.0007) and LVEDP and 

HW/BW (r=0.6449, P=0.002) (Figure 8F and 8G). 
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Pulmonary Function 

Lung compliance was assessed at BL, 2- and 4-months post-surgery in all animals 

by measuring tidal volume and trans-pulmonary pressure using a clinical device (PeDS-

LAB, MAS, Hatfield, PA). All animals were spontaneously breathing while collecting 

Figure 8. Invasive Hemodynamics. At 4-months post-banding, invasive hemodynamics were 

performed. (A) LVEDP, (B) dP/dtmax, (C) dP/dtmin, (D) τ, and (E) t-dia/τ were all assessed. Data 

shown are means ± SEM. Correlation between (F) LVEDP and LA/Ao and (G) LVEDP and 

HW/BW. Statistical analysis to determine significance was performed using(A-E) two-way 

analysis of variance (ANOVA) and (F-G) pearson correlation. * P < 0.05, ** P < 0.01, *** P < 

0.001 between band vs. normal; Φ P < 0.05 between male band vs. female band. LVEDP = left 

ventricular end-diastolic pressure, dP/dtmax = maximum rate of pressure rise, dP/dtmin, = 

minimum rate of pressure decay, τ = isovolumic rate constant, t-dia = diastolic time interval. 
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measurements. There was a decrease in compliance in both sexes of banded animals at 2- 

and 4-months post-surgery (Figure 9A).   

 During terminal studies at 4-months post-surgery, blood gas analyses and lung 

mechanics were acquired as mentioned above. Using these assessments together was 

essential for maintaining the animals at stable respiratory function throughout the terminal 

study. There was no difference between female animals for PaCO2 (female normal (n=5): 

34.02 ± 2.22 vs. female band (n=7): 33.93 ± 1.53, NS) and male animals had a trend 

towards a slightly higher PaCO2 that did not reach significance (male normal (n=7): 37.54 

± 1.34 vs. male band (n=10): 39.62 ± 1.40, NS) (Figure 9B). PaCO2 was significantly 

higher in banded males vs. females (P<0.05).  Both female and male banded animals had 

decreased PaO2 compared to their respective normal group (Figure 9C). O2 consumption 

was also decreased in both sexes of banded animals compared to normal animals (female 

normal (n=5): 54.35 ± 1.79 vs. female band (n=7): 36.84 ± 4.56, P < 0.01; male normal 

(n=6): 35.10 ± 2.18 vs. male band (n=8): 32.02 ± 2.41, NS) (Figure 9D). Banded females 

and males had increased pulmonary shunt (female normal (n=5): 0.04 ± 0.002 vs. female 

band (n=7): 0.11 ± 0.03, P<0.05; male normal (n=6): 0.07 ± 0.01 vs. male band (n=8): 0.10 

± 0.02, NS) and A-aDO2 compared to their respective normal group (female normal (n=5): 

107.29 ± 15.52 vs. female band (n=7): 222.03 ± 49.88, NS; male normal (n=7): 161.49 ± 

19.79 vs. male band (n=10): 208.09 ± 36.94, NS) (Figure 9E and 9F). PaO2/FiO2 was 

decreased in banded animals compared to normal animals (female normal (n=5): 568.40 ± 
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16.43 vs. female band (n=7): 458.86 ± 51.06, NS; male normal (n=7): 516.29 ± 21.41 vs. 

male band (n=10): 467.10 ± 37.27, NS) (Figure 9G).  

Figure 9. Pulmonary Function. Pulmonary function testing was performed at BL, 2, and 4-

months post-surgery to assess (A) compliance. During terminal studies, (B) PaCO2, (C) PaO2, 

and (D) O2 consumption were evaluated using arterial and mixed venous BGA. Lung mechanics 

and oxygen exchange were evaluated using (E) A-aDO2, (F) pulmonary shunt, and (G) 

PaO2/FiO2I. Data shown are means ± SEM. Statistical analysis to determine significance was 

performed using (A) linear mixed-effects models and (B-G) two-way analysis of variance 

(ANOVA). * P < 0.05 between band vs. normal; Φ P < 0.05 between male band vs. female 

band; δ P < 0.05 between male band or normal vs. BL; @ P < 0.05, @@ P < 0.01, @@@ P < 

0.001, @@@@ P < 0.0001 between female band or normal vs. BL. PaCO2 = partial pressure 

of carbon dioxide in arterial blood, PaO2 = partial pressure of oxygen in arterial blood, O2 

consumption = oxygen consumption, BGA = blood gas analysis, A-aDO2 = alveolar-arterial 

oxygen difference, PaO2/FiO2 = partial pressure of oxygen in arterial blood to fraction of 

inspired oxygen. 
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Pulmonary Histology  

Histological analysis revealed no difference between females for expansion index 

(female normal (n=6): 240.67 ± 29.79 vs. female band (n=10): 233.00 ± 16.44, NS) but a 

trend towards a decrease in banded males compared to normal animals (male normal (n=6): 

241.33 ± 12.84 vs. male band (n=6): 189.19 ± 16.88, NS) (Figure 10A). There was no 

significant difference between females for alveolar area (female normal (n=6): 710.50 ± 

174.13 vs. female band (n=10): 749.90 ± 103.07, NS), but it was once again a trend towards 

being lower in banded males compared to normal (male normal (n=6): 575.50 ± 75.53 vs. 

male band (n=7): 441.86 ± 23.52, NS) (Figure 10B). There was also a trend towards 

increased alveolar-capillary wall thickness in female banded animals and a significant 

increase in banded males (female normal (n=6): 17.11 ± 1.04 vs. female band (n=10): 19.47 

± 1.34, NS; male normal (n=6): 15.50 ± 1.12 vs. male band (n=7): 20.01 ± 1.74, P<0.05) 

(Figure 10C). The ratio of cuff area to alveolar area in both banded females and males 

compared to normal animals was somewhat elevated, but only reached significance in 

males (female normal (n=6): 1.02 ± 0.12 vs. female band (n=10): 1.31 ± 0.12, NS; male 

normal (n=6): 0.96 ± 0.13 vs. male band (n=7): 1.39 ± 0.09, P<0.05) (Figure 10D). 

Representative images are in Figure 10E.  
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Figure 10. Lung Histology. Histological analysis of (A) expansion index, (B) alveolar area, 

(C) alveolar-capillary wall thickness, and (D) ratio of cuff area to alveolar area was performed 

to assess morphological changes. (E) Representative bright-field images of H & E-stained lung 

sections. Scale bar = 100µm. Data shown are means ± SEM. Statistical analysis to determine 

significance was performed using (A) linear mixed-effects models and (B-K) two-way analysis 

of variance (ANOVA). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 between band 

vs. sham; Φ P < 0.05, ΦΦ P < 0.01, ΦΦΦ P < 0.001, ΦΦΦΦ P < 0.0001 between male band vs. 

female band. H & E = hematoxylin & eosin stain. 
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Cardiac Fibrosis 

Masson’s trichrome staining was used to perform a surface level assessment of LV 

fibrosis (Figure 11A). Both sexes of banded cats had significantly more endocardial 

fibrosis compared to normals (female normal (n=7): 2.38 ± 0.24 vs. female banded (n=10): 

5.75 ± 1.40, P<0.05; male normal (n=6): 2.48 ± 0.60 vs. male banded (n=11): 5.88 ± 0.81, 

P<0.05). Male banded animals had significantly more epicardial fibrotic area vs. normal 

(male normal (n=6): 2.25 ± 0.50 vs. male banded (n=11): 3.67 ± 0.58, P<0.05). There was 

no difference between either sex of normal animals for endocardium vs. epicardium.  

Representative images are in Figure 11B. 
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Figure 11. Cardiac Fibrosis. (A) The percentage of fibrotic area was assessed using Masson’s 

trichrome stained slide mounted tissue sections collected at 4-months post-surgery. The hearts 

were sliced cross-sectionally to allow for visualization of the endocardium and epicardium. (B) 

Representative brightfield images were taken at 10x magnification. Scale bar = 200µm. Data 

shown are means ± SEM. Statistical analysis to determine significance was performed using 

two-way analysis of variance (ANOVA). * P < 0.05 between band vs. sham.  
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Cardiac Hypertrophy 

Cardiac hypertrophy was assessed using multiple parameters. As mentioned above, 

ECHO analysis revealed an increase in LV wall-thickness at 4-months post-banding in both 

sexes, suggestive of concentric hypertrophy (Figure 6C). The heart weight to body weight 

(HW/BW) ratio was significantly increased in both banded sexes vs. normal (female 

normal (n=7): 4.25 ± 0.12 vs. female banded (n=10): 6.71 ± 0.59, P<0.01; male normal 

(n=7): 4.06 ± 0.19 vs. male banded (n=11): 6.66 ± 0.56, P<0.01), and there was no 

difference between banded sexes (Figure 12A). These results are reflected at the level of 

the cardiomyocyte, quantified via Wheat Germ Agglutinin (WGA) immunohistochemistry 

to assess cross-sectional area (Figure 12B). Representative WGA confocal micrographs are 

in Figure 12C. 
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CHAPTER 4  

Figure 12. Cardiac Hypertrophy. (A) HW/BW was assessed at 4-months post-surgery and 

tissue was collected to perform WGA (green, cell membrane) and DAPI (blue, nucleus) staining 

to assess (B) CM CSA. (C) Representative confocal micrographs were taken at 20x 

magnification. Scale bar = 100µm. Data shown are means ± SEM. Statistical analysis to 

determine significance was performed using two-way analysis of variance (ANOVA). * P < 

0.05, ** P < 0.01, *** P < 0.001 between band vs. sham. HW/BW = heart weight to body weight 

ratio, CM CSA = cardiomyocyte cross-sectional area, WGA = wheat germ agglutinin, DAPI = 

4′,6-diamidino-2-phenylindole.  
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CHAPTER 4 

DISCUSSION 

 

This study addresses a major gap in the field of heart failure research and is the first 

to investigate sex-based differences in a large animal model of heart failure. Many studies 

are done primarily in males or females, but we tackled the problem head on by performing 

a direct comparison of age matched male and female kittens. Our strength is characterizing 

the cardiac physiology of animal models and we collaborated with experts in their 

respective fields to build an in-depth profile of the cardiac extracellular matrix, myofibril 

function, and transcriptome via single nucleus RNA sequencing. The heart and lungs are 

often treated as separate entities in basic and translational research, but their ability to 

function is inextricably intertwined.  Organs don’t exist as isolated systems, so we also 

performed a pulmonary work up to investigate how the failing heart impacts the lungs and 

if this response is different between sexes. While this model is not a perfect replicate of the 

complex phenotype of human HFpEF, it can still be useful in a translational capacity. 

Cardiac Dysfunction and Remodeling Post-Aortic Banding 

 The biggest point of discussion prior to starting this study was if females would 

develop a phenotype in response to aortic banding given their much smaller body weight 

during the same period of growth compared to males. While we addressed this indirectly 

by describing functional and morphological changes via echocardiography, we also 

directly measured the peak systolic pressure gradient generated by the band using FFR.  

There was no difference between female and male banded animals in any echo 

parameter at 4-months post-banding or the aortic pressure gradient, suggestive of 
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comparable cardiac pathology. Important to HFpEF, LV EF was preserved throughout the 

study for all groups. Both male and female banded animals developed significant cardiac 

hypertrophy assessed via 3 different independent parameters (LV wall thickness, HW/BW, 

CMA CSA) with no difference between sexes, indicative of comparable cardiac 

pathophysiological remodeling. E/A was used to monitor diastolic function throughout the 

study and reflected various different grades of dysfunction, which makes it a useful tool 

for evaluation but not definitive diagnostics. In particular, the doppler wave pattern of E/A 

in grade II diastolic dysfunction resembles the normal E/A wave pattern, which has led to 

grade II being referred to as psuedonormalization92. Based on this knowledge, our findings 

of a range of E/A values are suggestive of diastolic dysfunction and warranted further 

investigation using more sensitive methods. 

Sustained LV diastolic dysfunction will typically affect the LA. Both sexes of 

animals had echo findings suggestive of LA dysfunction and enlargement. There was no 

difference between male and female banded animals at 4-months in any LA parameter. 

Both sexes had a comparable drop in LA EF, with an increase in both LA end systolic 

volume and ratio of LA to aortic root. These findings are similar to what’s been reported 

in other large animal models of HFpEF53, 93 and humans with HFpEF94. 

Fibrosis was assessed using Massons Trichrome, which is used to quantify surface 

level changes in collagen deposition. The presentation of fibrosis in HFpEF is defined as 

reactive, instead of replacement as seen in HFrEF95. Previous studies have reported a 

relationship between the content of fibrillar collagen with increased myocardial stiffness96. 

Females developed the same fibrotic gradient we previously reported in males6, with a 
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higher percentage of fibrotic area in the endocardium that becomes more diffuse and 

decreases out towards the epicardium. We previously6 speculated that this transmural 

fibrotic gradient develops as a result of PO induced latent myocardial ischemia and 

decreases from the endocardium out to the epicardium just like the presentation of the 

“wavefront phenomenon” that occurs during myocardial infarction with acute coronary 

occlusion97. This is not the first time this phenomenon has been described in HF, it was 

previously examined in the context of sub-endocardial coronary reserve in a dog model of 

chronic pressure-overload98. The fibrotic phenotype in this model is best described as 

reactive and interstitial. 

The absence of a clear sex-difference at the organ level contrasts a recently 

published study by Tong et al., which described female sex as being protective in their 

mouse model of HFpEF43. A previous study from this group was published with only males 

and reported that inflammation suppressed the spliced X-box binding protein 1 (Xbp1s) 

signaling pathway, which drive the pathophysiological phenotype of HFpEF42. Female 

mice on the same “two-hit” high-fat diet and L-NAME protocol did not develop a 

comparable phenotype as males and did not have the same decreased expression of 

Xbp1s43, which is interesting given the emphasis placed on this pathway in their previous 

paper. Another study compared male and female obese Zucker diabetic 

fatty/Spontaneously hypertensive heart failure F1 hybrid (ZSF1) rats99. The only difference 

reported between males and females was the lack of hyperglycemia in females. Both sexes 

of rats developed a comparable cardiac phenotype with diastolic dysfunction, fibrosis, and 
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hypertrophy, similar to what we observed in this study. It’s important to note that the 

female rats were not ovariectomized, just as the cats in this study were not.  

Female humans are noted to have more concentric LV hypertrophy with systolic 

hypertension. Concentric LV hypertrophy can also occur during normal aging in females, 

as does LA enlargement. These are both cornerstone features of HFpEF. While wall stress 

is normalized with the development of thicker chamber walls in concentric hypertrophy, 

the compliance and ability of the chamber to relax can become abnormal100. Another study 

found that both sexes have increased diastolic chamber stiffness during aging, but it is 

elevated in females regardless of age101.  Non-HF diabetic patients were found to have 

exercise increased diastolic chamber stiffness in females vs. males, despite being 

comparable at resting conditions102.  

Differences in LV Filling Pressures 

A recent retrospective clinical study found no difference in LVEDP between male 

and female patients with HFpEF103. This contrasts with our findings, where banded males 

had significantly elevated LVEDP vs. normal males and banded females. A possible 

explanation for this is age. In the clinical study, the average age of female patients was 76.2 

years ± 10.8, while the animals in this study were 6 months old at the time of invasive 

hemodynamic measurements. Similar to our findings, they saw no difference between male 

and female patients concentrations of NT-proBNP or LV EF measured via echo103. Another 

study used 3D magnetic resonance tissue phase mapping to assess diastolic function in 

males and females and found that females aged 20-40 years old had better diastolic function 

compared to males104. There may be some protection in pre-menopausal females. 
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Historically HFpEF has been thought of as a disease of older patients but is now recognized 

as a multitude of different presentations all grouped under the same over-arching category. 

While LVEDP is the ultimate downstream expression of diastolic dysfunction, it 

doesn’t tell a complete story on its own. Diastole has two phases: active relaxation and 

passive filling17. LVEDP occurs after active relaxation is complete, so it doesn’t provide 

insight into this first phase of diastole. Tau and dP/dtmin are parameters used to assess active 

relaxation. While banded females did not have a significant increase in LVEDP compared 

to normal females, tau was significant prolonged and there was a trend towards decreased 

dP/dtmin, suggestive of dysfunctional active relaxation.  

Pulmonary Dysfunction and Morphological Changes 

 We previously reported the development of pulmonary hypertension in male 

banded animals6, 55. While we were unable to measure pulmonary artery pressures in 

female kittens, we still assessed various other parameters of lung function and morphology. 

Many of the same trends were observed in female and male banded animals, which 

suggests that females may also develop pulmonary dysfunction. Male banded animals had 

significant differences in several histological parameter’s representative of remodeling at 

the tissue level (alveolar-capillary wall thickness, cuff/vessel area), while females showed 

trends in the same direction but did not reach a significant difference. Interestingly, despite 

females not having the same elevation in LV filling pressures, both sexes had comparable 

LA enlargement (LA end systolic volume) and studies have established a positive 

association between LA volume and pulmonary pressure24, 105. 
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While the presence of pulmonary hypertension in patients with HFpEF is clear 

clinically, many animal models solely focus on the cardiac abnormalities9, 25. Continuing 

to understand how pulmonary dysfunction develops with HFpEF is important as the field 

evolves. Sharp et al. described the development of a pulmonary phenotype in a model of 

Gottingen minipig on a 20-week high fat, fructose, salt diet with 11-Deoxycorticosterone 

and reported increased PCWP, CVP, and pulmonary artery systolic pressure53. The “two-

hit” mouse model of HFpEF with L-Name and high fat diet was also reported to increase 

lung weight, which authors said indicated pulmonary congestion42.  

Female Specific Risks of HFpEF 

 Females have a unique set of risks for developing HF, mainly derived from 

pregnancy. Numerous cardiac changes occur during pregnancy, including increased 

cardiac output (up to 45% with singleton, 15% higher than singleton with twins)106, 

increased LV mass (52% above pre-pregnancy), increased LV wall thickness (28% above 

pre-pregnancy), and increased blood volume (20 – 100% pre pregnancy)107. Yet, following 

delivery many of these changes are reversed back to near pre-pregnancy levels. A 

correlation between parity (number of pregnancies) and diastolic dysfunction a decade after 

the final delivery has been reported108. While the heart may be able to adapt to the 

hemodynamic changes and remodeling initially, perhaps repeating these changes multiple 

times may set the ground for the development of diastolic dysfunction later in life. Another 

important health crisis that can occur during pregnancy is preeclampsia, which clinically 

can present with diastolic dysfunction and LV remodeling73, and is associated with an 

increased risk of HF (4-fold increase)109. 
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The animals used in this study are young, not ovariectomized, and have never been 

used for breeding purposes. The fact that the banded females don’t develop elevated filling 

pressures despite an increase in afterload and have nearly identical echo findings, cardiac 

hypertrophy, and fibrosis compared to banded males is interesting. Perhaps female kittens 

at this age are somewhat protected from this initial injury (ie. band) but with prolonged 

exposure would develop comparable LV filling pressures. 

We did not investigate the role of estrogen in this study but must briefly 

acknowledge the importance of this sex hormone in cardiac function. Estrogen regulates 

the L-type calcium channel, protein kinase A, and ryanodine receptors at the level of 

activity and protein expression110. This means that estrogen could improve relaxation of 

the myocyte and mediate intracellular concentrations of calcium, which are an essential 

part early diastole active relaxation. The second phase of diastole is also mediated by 

estrogen via its anti-fibrotic and anti-hypertrophic effects110. Titin stiffness may even be 

impacted by estrogen, which could have a role in mediating myocardium stiffness110.  

Connecting Pre-Clinical Model to Clinical Phenotyping 

Using the guideline-based definition of HFpEF36, both sexes of animals meet the 

criteria necessary for HFpEF with preserved LV EF, elevated levels of natriuretic peptides, 

LV hypertrophy, LA enlargement, and diastolic dysfunction. HF symptoms can be hard to 

quantify in felines, but as the phenotype progresses animals become more lethargic and 

take breaks during excerise. While not every animal had elevated levels of NT-proBNP, 

this is not surprising based on the literature, as some patients with HFpEF also don’t have 

elevated levels of NT-proBNP9, 111, 112. Shah et al. performed a complex unbiased clustering 
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analysis on clinical data (phenomapping) to define different phenotypes within the 

snydrome of HFpEF12. They reported 3 distinct groups of patients: “(1) younger patients 

with moderate diastolic dysfunction who have relatively normal BNP; (2) obese, diabetic 

patients with a high prevalence of obstructive sleep apnea who have the worst LV 

relaxation; and (3) older patients with significant chronic kidney disease, electric and 

myocardial remodeling, pulmonary hypertension, and RV dysfunction”12. Using these 

groupings as a way of stratifying phenotypes under the general diagnosis of HFpEF, we 

believe this model of aortic banding fits the first group of younger patients patients 

described by Shah et al. 

Limitations 

This model has limitations just like every other animal model. The kittens are young 

(2-months of age) and have no comorbidities, in contrast to HFpEF patients which have a 

wide burden of contributing factors. The band is the initiator of the phenotype, but during 

the initial surgery (sham (normal) or aortic banding) the pericardial sack is nicked, which 

could result in decreased left-sided filling pressures113. The role of sex-hormones was not 

investigated. The small size of the females made it difficult and unsafe to place a Swanz-

Ganz catheter in the pulmonary artery (PA) to record PA pressures. Following dobutamine 

infusion when the heart rate is increased, the small size of the female heart resulted in the 

pressure sensor of the catheter hitting the chamber wall causing an artifact in the LV 

pressure waveform (Figure 13), which is not able to be used for analysis.  
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Figure 13. Dobutamine Artifact. Representative LV pressure wave forms showing 

baseline vs. dobutamine. Arrow pointing to artifact from pressure sensor hitting LV wall 

in response to increased heart rate with dobutamine infusion.  
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CHAPTER 5 

FUTURE DIRECTIONS 

 

We are currently awaiting the final analysis of ex vivo myofibril mechanic studies, 

ECM mass spectrometry, and single nucleus RNA sequencing. These experiments will 

strengthen our understanding of sex-based differences at a more granular level. 

Given the complex nature of HFpEF and how intertwined hypertension is with the 

syndrome, exploring the pathological remodeling of the RV in this model would be 

interesting. It could also reveal a new set of potential therapeutic targets to develop or 

identify already approved therapies to test for efficacy. Phenotyping the RV would be 

beneficial to understand what the downstream changes of this increased filling pressures 

are beyond the LV and pulmonary circuit.  

We previously tested the effects of SAHA, a pan-HDAC inhibitor, in male felines 

and found that it reversed and prevented cardiopulmonary dysfunction55. Repeating this 

study with females would be interesting to compare the response between sexes. While we 

don’t note many functional or morphological changes between males and females in this 

study, they could respond differently to therapies and documenting this would be an 

important observation. 

We did not report pulmonary artery pressures or cardiac output in this study. This 

set of data would have provided another layer of information for comparison and should 

be prioritized in the future. We also did not report terminal study information post-



52 

 

dobutamine but performing a stress test (whether exercise or pharmacological) should also 

be a priority for assessing systolic reserve. 

 It would also be interesting to perform single cell experiments to look at 

contractility and calcium transients and responses to beta-adrenergic stimulation. We did 

not perform these experiments with this set of animals as we prioritized the histological 

and molecular biobanking vs. digesting tissue to isolate cardiomyocytes for functional 

experiments. Given the Houser lab expertise with performing single cell functional 

assessments, this would be a clear next step to add to the characterization of the model. In 

the past, our lab has published many papers examining the effects of slow progressive 

pressure overload in male felines, which induces LV hypertrophy with action potential 

duration prolongation, reduced calcium transients and contractions, and slowed SERCA 

calcium uptake with reduced sarcoplasmic reticulum loading63-65, 114, 115, but we have not 

yet defined the sex-based differences in response to pressure overload.   

 Examining differences in myocardial metabolism would also provide interesting 

insight in if there are differences in the way the heart uses fuel. There is evidence 

supporting differences in myocardial substrate metabolism, ie. females have increased fatty 

acid uptake, lower glucose uptake and utilization, as well as higher metabolic inefficiency 

vs. males73. Evaluating these substrates in banded females vs. males could provide novel 

insights into cardiac metabolism.  
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CHAPTER 6 

CONCLUSIONS 

 

 George Box, a brilliant statistician, once wrote “Essentially all models are wrong, 

but some are useful”. While he meant statistical models, the sentiment holds true for animal 

models. The potential impact of animal models is often amplified despite inherent 

limitations. While neither rodents nor felines are analogous to humans, there is no question 

that felines have more similarities to humans in terms of cardiac physiology (action 

potential duration and myosin heavy chain composition56, 57), which make them useful. The 

feline model has clear limitations as well, including lack of comorbidities and young age. 

The band is what initiates the downstream pathophysiological changes, but it also 

represents a clear sequella of pulmonary hypertension without any confounding factors.  

 Our previous work described the male cardiopulmonary phenotype6 and then used 

the model as a platform for preclinical testing of SAHA, a drug already approved by the 

United States Federal Drug Administration (FDA), for HFpEF55. The clear next step was 

characterizing the female model of aortic banding. In an effort to produce data with the 

most impactful results, parallel studies were performed in female and male animals to allow 

for direct comparison. We had built a robust biobank of cardiac tissue from male animals 

in our previous studies, but throughout the last several years many tissues have been used 

in experiments with collaborators. The addition of male cats allowed for direct comparison 

of the same tissue section from each animal and added both female and male samples to 

our biobank for future experiments and collaborations.  
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As previously mentioned, the biggest concern was that females would not develop a 

phenotype in response to aortic banding because of the difference in body weight compared 

to males. While echo had revealed that females were indeed developing cardiac 

hypertrophy and LA enlargement throughout the study, it was nevertheless very exciting 

to see comparable pressure gradients across the band during terminal studies.  

 Confirming the development of heart failure in female animals was essential. While 

their phenotype may not be as advanced as males when using LV filling pressures as a 

point of comparison, they develop similar LV wall thickness, LA enlargement, LA 

dysfunction, cardiac hypertrophy, and changes in pulmonary function. Tau, another 

important hemodynamic parameter, is also worse in banded females compared to males. 

The it would be interesting to see how the female phenotype would progress over a longer 

study period. 

 The pulmonary profiling that we previously published is what sets this model apart 

from others. Pulmonary hypertension is such a prevalent comorbidity in HFpEF and our 

robust phenotyping is an important component to have when evaluating new therapies. 

This study was the first to compare sex-based differences in pulmonary function in HFpEF 

and we gained new insight into pulmonary function, gas exchange, and lung morphology 

that adds to the literature. While we were not able to measure PA pressures or cardiac 

output in this study due to the size of the females, finding new methods or tools that would 

work in animals with smaller vessels and body size would add another layer of important 

information. Interestingly, male and female animals had comparable LA enlargement and 
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decreased function, which reflects a backwards transmission of pressure from the LV that 

would ultimately impact the pulmonary circulation. 

 There is still work to be done when defining sex-based differences in HFpEF. While 

we have determined that there are no major differences between sexes in response to PO, 

we have just scratched the surface on what is possible with the model and many of our 

findings in this study lay the groundwork for future studies.  
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