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ABSTRACT 

 

Rationale: Heart failure with preserved ejection fraction (HFpEF) is rapidly growing as a 

major public health problem and there are no proven therapeutics available. This lack of 

therapeutics may be partially attributed to the lack of well-established animal models and 

understanding of the underlying pathophysiology.  

Aim: Our aim was to complete an in-depth fibrotic and hypertrophy analysis of the feline 

HFpEF heart. 

Methods and Results: Male kittens, age 2 months, underwent aortic banding to induce a 

slow, progressive pressure overload resulting in a HFpEF phenotype. Four months after 

banding, terminal studies were conducted after which the heart was explanted and 

underwent a histological work up. The fibrotic area was examined using Masson’s 

trichrome staining and cardiomyocyte cross-sectional area was examined by staining for 

the cell membrane. There was a significant increase in left ventricle fibrosis in banded cats 

compared to sham animals. In banded cats, the sub-endocardial layer of the left ventricle 

had more fibrosis than the sub-epicardial layer of the left ventricle. There was an increase 

in fibrosis in the left atrium, right atrium, and right ventricle in the banded animals 

compared to the sham animals, but it did not reach statistical significance. There was a 

significant increase in the cardiomyocyte cross-sectional area of banded cats compared to 

sham cats.  

Conclusions: An in-depth analysis of the feline HFpEF heart revealed important insights 

into the state of fibrosis and hypertrophy, which further supports the use of this model as 

pre-clinical platform for testing therapeutics.  
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CHAPTER 1 

 

INTRODUCTION 

 

Significance 

 

Heart failure is defined by the American Heart Association as a “chronic, 

progressive condition in which the heart muscle is unable to pump enough to meet the 

bodies needs for blood and oxygen” 1. Heart failure is a major public health concern and 

only seems to be growing in the number of patients impacted. There are 5.7 million adults 

living with heart failure in the United States, and this number is only expected to rise in the 

future, exceeding 8 million people by 20302. The estimated financial burden of heart failure 

is $30.7 billion per year in the United States alone. Approximately $21 billion is direct 

costs, while $10 billion is indirect costs3. However, there is also a large international 

financial burden as well.  The overall direct costs internationally are $65 billion per year 

and indirect costs are estimated to be $43 billion per year 4.  With such high financial 

burdens associated with the disease, a better understanding of the underlying 

pathophysiology and better treatments are urgently needed.  

Heart Failure Background 

 

There are three main classifications of heart failure; heart failure with reduced 

ejection fraction (HFrEF), heart failure with mid-range ejection fraction (HFmEF), and 

heart failure with preserved ejection fraction (HFpEF). The American Heart Association 

defines ejection fraction as “a percent measurement of how much blood the left ventricle 

pumps out with each contraction”1. Around half of heart failure patients are diagnosed with 

HFpEF, while the other half are diagnosed with HFrEF 5. However, there is a group of 

patients who fall in between which is defined as HFmEF 6. HFrEF is associated with more 
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severely reduced systolic function and an ejection fraction less than 40%, while HFpEF is 

associated with moderately reduced systolic function and an ejection fraction greater than 

50% 7.  

The classification of HFmEF was termed out of necessity for the group of patients 

who had ejection fractions that fell between the reduced ejection fraction of 40% and 

preserved ejection fraction greater than 50%. The prevalence of HFmEF has been estimated 

to be 10-20% based off data collected from clinical studies 8. The mortality rate of HFmEF 

was documented as 115 deaths per 1,000 people per year 8. Phenotypically HFmEF has 

been described as having left ventricle eccentric remodeling in between HFpEF and 

HFrEF, decreased left ventricle contractility, increased left ventricle diastolic stiffness 

closer to what is seen in HFpEF patients 8.  

HFpEF Background 

 

The term HFpEF is relatively new. In the 1970-80’s, patients were diagnosed with 

diastolic dysfunction or diastolic heart failure 9. Overtime it became more clear that 

diastolic dysfunction was a homogenous term being applied to a non-homogenous patient 

population10. Just because one set of patients had normal systolic function with 

compromised diastolic function, did not mean that a different set of patients with 

compromised diastolic function could not have reduced systolic function. For a brief period 

of time, it was referred to as diastolic heart failure or heart failure with normal ejection 

fraction11. Overtime as the cardiology field has evolved, HFpEF has become the accepted 

term and widely used12. The European Society of Cardiology defines HFpEF as having the 

signs and symptoms of HF, LVEF ≥ 50%, elevated levels of natriuretic peptides 
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(BNP>35pg/ml and/or NT-proBNP>125pg/ml), and at least one of the following: left 

ventricle hypertrophy, left atrium enlargement, diastolic dysfunction 6.  

Patients diagnosed with HFpEF are more likely to be female and older in age 

compared to HFrEF patients 13. Approximately 50% of HFpEF patients have five or more 

comorbidities, which can be either cardiac or non-cardiac specific 14. The cardiac specific 

comorbidities include: atrial fibrillation, systolic LV dysfunction, ventricular-vascular 

stiffening, impaired systemic vasodilatory reserve, chronotropic incompetence, pulmonary 

hypertension, RV dysfunction15. Non-cardiovascular specific comorbidities include: 

obesity, diabetes mellitus, metabolic syndrome, hypertension, renal dysfunction, chronic 

obstructive pulmonary disease, and anemia13, 15. Many of these comorbidities are 

associated with a chronic state of inflammation, which may play a role in disease 

progression 16.    

HFpEF Clinical Trials 

 

While there are multiple treatment options available for HFrEF, clinical trials 

focused on HFpEF have not produced positive results. Therapies such as angiotensin-

converting enzyme (ACE) inhibitors, angiotensin receptor blocker (ARB), and β-blockers 

did not have a beneficial effects on HFpEF patient’s prognosis 17 (Table 1). This may be 

partially explained by the lack of understanding regarding the underlying pathophysiology 

leading to HFpEF. 
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Table 1. Completed HFpEF Clinical Trials. Source: Clinical Trials Database, 

National Institute of Health 18. 

 

Pathophysiology associated with HFpEF 

 

A healthy left ventricle has two main functions. It must be compliant in order to fill 

the ventricle during diastole at acceptable low pressures, and it must be firm enough to 

eject the stroke volume during systole 19. The changes that are occurring in the heart leading 

to diastolic dysfunction include an increase in myocardial stiffness and myocardial 

inactivation, which occurs as a result of contractile myofilaments breaking apart and 
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calcium reuptake to the sarcoplasmic reticulum20. Concentric hypertrophy is observed 

during HFpEF, which means that the walls of the ventricles are becoming thicker without 

changing the internal chamber dimensions, but can eventually lead to a reduction in 

chamber dimensions 13. The myocytes undergo morphological changes, becoming thicker, 

shorter and sarcomeres are added in parallel21. There is also an increase in the collagen 

content, but not a loss in the number of myocytes 22, 23. These changes are detrimental to 

cardiac function.  

Cardiac Remodeling 

 

A key determinant in myocardial stiffness is the extracellular matrix, more 

specifically collagen 20. Collagen synthesis, post-synthetic processing, post-translational 

modification and degradation are all essential in maintaining normal collagen levels 24. It 

has been established that in HFpEF the net increase in collagen is the product of an increase 

in collagen synthesis, and a decrease in collagen degradation, which ultimately results in 

the presence of reactive, interstitial fibrosis 25. Fibrosis is associated with many different 

mechanisms of impairing heart function, including decreased compliance, impaired 

oxygen diffusion and electrical activity due to repolarization problems 26, 27. A four stage 

process has been proposed for the development of fibrosis: 1. Initiation of response due to 

injury, or in terms of this project progressive pressure overload, 2. Activation of effector 

cells, 3. Growth of the extracellular matrix, and 4. Imbalance of the growth and break down 

of the extracellular matrix 27. The heart is not alone in the development of fibrosis; some 

of the factors are common across organs. An increase in transforming growth factor beta 

(TGF- β) plays a major role as a molecular initiator for both the development of fibrosis 

and hypertrophy 27, 28. The effector cells responsible for cardiac fibrosis are cardiac 
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fibroblasts. Sources of cardiac fibroblasts include myocardial fibroblasts, circulating 

fibroblasts, epithelial-to-mesenchymal transitioned fibroblasts, and even collagen-

secreting bone marrow-derived cells 26, 27. Once the fibrotic pathway is initiated, the 

formation of myofibroblasts is pushed forward by TGF-β1, endothelin-1, and angiotensin 

II 27 (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Role of Myofibroblasts in Development of Fibrosis 

Myofibroblasts play an important role in the development of fibrosis and the overall 

decrease in cardiac function. Myofibroblasts propagate the inflammatory state, degradation 

of matrix, ECM deposition and collagen formation, and even more myofibroblast 

development. ECM = extracellular matrix. Used with permission (Travers, 2016). 

 

The healthy structure of the heart is a complex network of muscle working together 

to meet the demands of the body. Collagen provides support to the cardiomyocytes via the 

extracellular matrix and has different sub-types to fit the various functions needed. Type I 

collagen consists of thick parallel fibrils that play a role in providing high tensile strength, 

and account for approximately 85% of the fibrous collagen present in the heart 29, 30. Type 

III collagen is composed much more of fine fibrils compared to Type I collagen, and is 
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important in maintaining the elastic nature of the matrix 29. There are fibrous elastic tissue 

envelopes around the heart as a whole, around and between cardiomyocytes. The 

epimysium is on the outside of endocardial and epicardial surfaces and surrounds the heart 

as a whole 29. Cardiomyocytes are surrounded and connected by perimysium sheaths. 

Single cardiomyocytes themselves are surrounded by endomysium sheaths.  

It is well established that cardiac hypertrophy is how the heart responds to both 

pressure and volume overload 21. When the heart is in a hypertrophic state, embryonic gene 

expression is increased, ie. natriuretic peptides and fetal contractile peptides31, 32. 

Biomechanical sensors, which includes myocytes and non-myocyte cells, “monitor” the 

hemodynamic load and when an increase in pressure occurs, growth factors and cytokines 

produce growth factors, resulting in a very localized response to the area where the pressure 

overload was sensed 32. G protein-coupled receptors are thought to be activated by 

“endothelin-1, angiotensin II, interleukin-6-related cyotkines” and receptor tyrosine 

kinases are thought to be activated by insulin-like growth factor32. These factors and their 

receptors on the cell-surface are the initial step in myocyte growth and progression of 

hypertrophy. 

A common biomarker used to track the progression of heart failure and classify 

patient’s progression is B-type natriuretic peptide (BNP). Normally, natriuretic peptides 

are important in stabilizing blood pressure and regulating salt and water balance in order 

to maintain blood volume33. However, cardiomyocytes secrete BNP in response to stretch 

and is secreted from both the atria and ventricles 34, 35. Increased BNP levels act as an 

important alarm that abnormal changes may be occurring in the heart. BNP and NT-

proBNP, which is the N-terminal pro-hormone of BNP, can be measured in the circulation. 
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However, laboratory tests that are commonly available focus on measuring levels of NT-

proBNP35.  

We have established a feline model of HFpEF using customized pre-shaped bands 

around the aorta of two-month old kittens, which results in a slow, progressive pressure 

overload as the animals mature36. This model will be used for pre-clinical testing of 

therapeutics and provides a great variety of functional data through echocardiography and 

invasive hemodynamics. Parameters such as left ventricle end diastolic pressure, dp/dt 

max, dp/dt min, cardiac output, mean pulmonary arterial pressure, left ventricle fractional 

shortening, left atrium end systolic volume, and left atrium ejection fraction are all 

extremely useful for evaluating animals at 4 months post-banding and provide many 

different measurements for evaluating the efficacy of therapies. However, it is also 

important to understand the morphological changes that are occurring in the heart during a 

disease state. The left ventricle dysfunction characteristic of HFpEF is thought to be 

induced by cellular hypertrophy, interstitial fibrosis or a combination of both pathologies 

37. Fibrosis is therefore a potential target for treating HFpEF. In order to understand the 

impact of therapeutics on the fibrosis, having a baseline characterization of the fibrosis and 

cardiomyocyte hypertrophy present during HFpEF is necessary.   
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CHAPTER 2 

 

METHODS 

 

Aortic Banding Procedure 

 

 All animal procedures were approved by the Temple University Lewis Katz School 

of Medicine Institutional Animal Care and Use Committee. Following baseline 

measurements (ECHO, blood collection and pulmonary function testing), male two-month-

old kittens underwent a mini-thoracotomy during which the animal underwent either the 

aortic banding procedure with a customized, pre-shaped band or a sham operation as 

previously described 38-41 (Figure 2). A pre-shaped band was put in place around ascending 

aorta proximal of the outgoing branches and gently tied down to avoid immediate 

constriction. This step of the procedure is extremely important because if the band is tied 

down too tightly and causes an immediate pressure overload, the animal will develop left 

ventricle dilation and therefore presents a different phenotype. 

 

Figure 2. Aortic Banding Surgery 

Mini thoracotomy with lungs (°) and the pre-shaped band (white arrow) placed around the 

aorta. 
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Post-surgery Maturation Period 

 

 Animals were monitored for four months post-banding as they matured. During this 

time, the animals were group housed and able to roam freely. They underwent monthly 

serial blood draws, echocardiograms and pulmonary function tests. Four months post-

banding animals underwent terminal invasive hemodynamic procedures.  

NTpro-BNP 

 Arterial blood, collected via cephalic vein puncture at baseline and 4 months post-

banding, was stored in EDTA vacutainers and centrifuged at 1300rpm for 15 minutes. The 

plasma was then separated from the rest of the blood sample and sent to Idexx Laboratories 

(Memphis, TN) to measure NT-proBNP levels via ELISA.   

Tissue Harvesting and Processing 

 

After the completion of the terminal studies, an extensive tissue harvest protocol 

was carried out. Lung, diaphragm, kidney, soleus, and liver were all harvested for both 

molecular and histological purposes. The heart was removed via cardiectomy. Immediately 

after removal, the heart was cannulated via the aorta and flushed with cold Krebs-Henseleit 

Buffer. Once the heart was cleared, the cannula was removed in order to the record the 

weight of heart. The aorta was cannulated again and the bottom apical region of the heart 

was removed for molecular purposes, yielding left atrium, left ventricle, right atrium, and 

right ventricle tissue samples. The remaining upper portion of the heart was left intact and 

fixed via gravity perfusion fixation with 10% formalin at a mean arterial pressure of 

100mmHg. Once the heart was fixed to satisfaction, they were cut on a short axis plane, 

starting at remaining apical region and continuing up to the base. The short axis sections 

were then cut in half, separating the heart into a lateral section and septal + RV section. 
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The tissue was then stored in 10% formalin until it underwent processing and was 

embedded in paraffin. Sections of the left atrium and right atrium were sectioned, processed 

and embedded in paraffin as well. For the lateral and septal sections of the left ventricle, 

5µm tissue sections from 6 different levels from each sample were slide-mounted (AML 

Laboratories, Florida, USA). 

Masson’s Trichrome 

 

Cytoplasm and muscle fibers stain red, while collagen (fibrosis) is stained blue. 120 

slides (60 lateral wall, 60 septal wall) from 10 animals (sham=4, banded=6) and from 6 

different levels of the LV were utilized to obtain representative data from different regions 

of the heart. A total of 1103 pictures were analyzed. The percentage of fibrotic tissue was 

determined as the collagen positive tissue out of the total stained LV tissue. For the left 

ventricle fibrotic gradient, the sub-endocardium and sub-epicardium were imaged 

separately. 20 slides (10 lateral wall, 10 septal wall) from 10 animals (sham=4, banded=6) 

were examined. A total of 267 pictures were analyzed for the LV fibrosis gradient. All 

images of the left ventricle were taken at 4x magnification (Nikon Eclipse Ni, NIS 

Elements software; New York, USA). For the left atrium, 40 slides from 10 animals 

(sham=4, banded=6) were examined and a total of 208 images were analyzed. All images 

were taken at 10x magnification. For the right atrium, 20 slides from 10 animals (sham=4, 

banded=6) were examined and a total of 204 images were analyzed. All images were taken 

at 10x magnification. For the right ventricle, 10 slides from 10 animals (sham=4, 

banded=6) were examined and a total of 208 images were analyzed. All images were taken 

at 20x magnification. All images were analyzed using Image J software with color 
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threshold analysis. The percentage of fibrotic tissue was determined as the collagen 

positive tissue out of the total stained LV tissue.  

Cross-sectional Area 

 

 To examine 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 from all 

slides were acquired using a Nikon Eclipse T1 confocal microscope (Nikon Inc.; Mellvile, 

NY). All images were taken at 20x magnification. Myocyte cross-sectional area was 

measured using NIH Image J software as established previously36. A total of 6384 

myocytes were counted from 15 animals (sham=7, banded=8). To examine a gradient in 

the cross-sectional area of left ventricle myocytes, the sub-endocardium and sub-epicardial 

layers were divided. A total of 8888 myocytes were counted, more specifically 4921 

myocytes from the sub-endocardial layer and 3967 myocytes from the sub-epicardial layer, 

from 10 animals (sham=4, banded=6) animals were analyzed. 

Statistics 

Statistical analyses were completed using Graph Pad PRISM 6.07. Values are expressed as 

mean ± SEM, dependent variables were treated as being continuous, and a mixed-effects 

model was used. Variance multifactorial design and repeated measures on time were used 

to analyze ECHO and hemodynamic data (Time = baseline, 1, 2, 3, and 4-months post-

surgery; treatment = sham vs. banded). Dunn-Bonferroni procedure was used to vertically 

compare treatment groups and compared to their baseline horizontally. The Mann-Whitney 

test was used for group comparisons. p < 0.05 was used as the cut off for accepting 

statistical significance.  
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CHAPTER 3 

 

RESULTS 

 

Confirmation of HFpEF Phenotype 

 

Following the aortic banding or sham procedure, cats were followed out four-

months post-banding. At no time point during the study were there any difference in body 

weight between sham and banded animals (Figure 3). At the end of the study, banded cats 

had significantly higher heart weight to body weight ratio compared to sham animals, 

which is an indicator for hypertrophy (Figure 3). 

 

Figure 3. HW/BW ratio and Body Weight  

(A) HW/BW ratio shows an increase in banded cats compared to sham cats. (B) No 

difference in body weight between banded cats compared to sham cats at any time point 

during the study. ***p < 0.001 between groups, † † † † <0.0001 vs BL. HW=heart weight, 

BW=body weight. 

 

At baseline, there was no difference in NT-proBNP levels between banded and sham 

animals (banded: 35.4 ± 3.3pmol/L vs. sham: 42.1 ± 3.3pmol/L, p = 0.99), but there was a 

significant difference at four-months post banding (banded: 420.8 ± 179.9 pmol/L = 3566 

± 1270 pg/ml vs. sham: 26.1 ± 1.3 pmol/L = 221 ± 11 pg/ ml; p < 0.01) (Figure 4). Banded 

animals had significantly increased left ventricle wall thickness compared to sham animals 

at every time point after the aortic banding procedure (Figure 4).  
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Figure 4. Changes in Myocardium 

(A) NT-proBNP levels measured from serum at baseline and 4 months post-banding. (B) 

Banded cats had hypertrophy of the left ventricle as demonstrated in wall thickness. NT-

proBNP=N-terminal pro-brain natriuretic peptide, LV Wall thickness=left ventricle wall 

thickness.  

 

During terminal studies the pressure gradient across the band was measured invasively 

using fractional flow reserve (FFR) technique and the mean systolic pressure gradient was 

52±12mmHg (Figure 5). The left ventricle end-diastolic pressure (LVEDP) was higher in 

banded cats compared to sham cats (Figure 5). There was no difference in left ventricle 

fractional shortening (LV FS) between the banded animals and sham animals, which is an 

assessment for systolic function. Left atrial end systolic volume was significantly different 

between banded animals and sham animals at every time point after baseline, and banded 

animals also had a significant increase within the group at each time point (LAVES: 1.05 ± 

0.17 ml vs. 0.52 ± 0.04 ml at 4-months, p < 0.001). This functional data was previously 

described by our group36. 
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Figure 5. Confirmation of HFpEF phenotype 

(A) LV FS displaying preserved systolic function in banded cats. (B) Left atrium was 

enlarged. (C) Pressure gradient across the band. (D) Banded cats had an increase in 

LVEDP. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 between sham and banded 

animals. †p < 0.05, †††p < 0.001, ††††p < 0.0001 vs BL. LV FS= left ventricle fractional 

shortening, LAVES=left atrium end systolic volume, LVEDP=left ventricle end-diastolic 

pressure. 

 

Fibrosis 

 

Sections of the left atrium, left ventricle, right atrium, and right ventricle were 

stained with Masson’s trichrome. The total percentage of aniline blue area (collagen) was 

calculated (Figure 6). When the total fibrotic area in the banded animals was compared to 

the sham animals, an increase was seen in the banded animals (banded: 8.4±1.6% vs sham: 

4.0±0.3%; p<0.01). The lateral and septal walls of the left ventricle were then analyzed 

separately. Both of the walls showed an increase in fibrosis in banded compared to sham 

animals, but the difference was only significant in the lateral wall (banded: 10.2±2.2% vs 

sham: 3.6±0.2%, p<0.01). 
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Figure 6. LV Fibrosis 

(A) Quantification of LV fibrosis showed a significant increase in banded animals 

compared to sham animals. (B-C) Brightfield micrographs showing Masson’s trichrome 

stained tissue sections in sham (B) vs. banded (C) animals. LV = left ventricle. Scale bar 

is 50μm. 

 

In banded cats, the sub-endocardial layer had significantly more fibrosis compared to the 

sub-epicardial layer, forming a fibrotic gradient (Figure 7).  
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Figure 7. LV Fibrotic Gradient 

(A) Quantification of LV fibrotic gradient showed a significant increase in the sub-

endocardial layer compared to the sub-epicardial layer in banded animals. (B-C) Overview 

images of the LV and RV highlighting the difference in the fibrotic gradient between sham 

(B) and banded (C) animals. LV = left ventricle. 

 

There was an increase in fibrosis in the left atrium in the banded animals compared to sham 

animals, but it was not significant (Figure 8).  

 

Figure 8. LA Fibrosis 

(A) Quantification of LA fibrosis showed a slight increase in banded animals compared to 

sham animals. (B-C) Brightfield micrographs showing masson’s trichrome stained tissue 

sections in sham (B) vs. banded (C) animals. LA = left atrium. Scale bar is 100μm. 

 

There was a slight increase in fibrosis in the right atrium in banded cats compared to sham 

animals, but it was not significant (Figure 9).  
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Figure 9. RA Fibrosis 

(A) Quantification of RA fibrosis showed a slight increase in banded animals compared to 

sham animals. (B-C) Brightfield micrographs showing masson’s trichrome stained tissue 

sections in sham (B) vs. banded (C) animals. RA = right atrium. Scale bar is 100μm. 

 

There was also an increase in fibrosis in the right ventricle, but it was not significant (Figure 

10).  

 
Figure 10. RV Fibrosis 

(A) Quantification of RV fibrosis showed a slight increase in banded animals compared to 

sham animals. (B-C) Brightfield micrographs showing masson’s trichrome stained tissue 

sections in sham (B) vs. banded (C) animals. RV = right ventricle. Scale bar = 100μm. 

 

Cross-Sectional Area 

 

Sections of the left ventricle were stained with wheat germ agglutinin (WGA), 

which labels cell membranes, in order to quantify cardiomyocyte cross-sectional area. The 

cross-sectional area of cardiomyocytes from banded animals was significantly larger 

compared to the sham animals (468±24µm2 vs. 278±9µm2; p<0.001) (Figure 11). In 

banded animals, there was no gradient in cardiomyocyte size between the sub-endocardial 

layer and sub-epicardial layer (Figure 11). However, in sham animals the cross-sectional 
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area of sub-endocardial cardiomyocytes was increased compared to sub-epicardial 

myocytes (Figure 11).  

 
Figure 11. LV CM CSA 

(A) Quantification of CM CSA showed a significant increase in CM size, indicating 

hypertrophy in banded animals compared to sham animals in the sub-endocardial layer, 

sub-epicardial layer, and total CSA. (B-D) Confocal micrographs of LV tissue sections 

stained for WGA (green) and DAPI (blue), which show an increase in CM size and 

extracellular matrix deposition in banded cats. LV = left ventricle, CM = cardiomyocyte, 

CSA = cross-sectional area. *p < 0.05, **p < 0.01. Scale bars = 50 μm. 
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CHAPTER 4 

 

DISCUSSION 

 

Other studies with large animal models of heart failure have examined fibrosis and 

hypertrophy, but we completed an in-depth analysis of the remodeling that takes place 

looking not only at fibrosis and hypertrophy in general, but also comparing the sub-

endocardial to the sub-epicardial layer. 

Aortic Banding 

 

Four months post-aortic banding, we found that the banded animals had elevated 

left ventricle end-diastolic pressures, which is the gold standard for securing a HFpEF 

diagnosis 42. Banded animals and sham animals had comparable NT-proBNP levels at 

baseline, but four months after aortic banding the banded animals had increased NT-

proBNP levels compared to sham animals. The band created a pressure gradient and caused 

an increase in afterload, mimicking hypertension, which is the common risk factor for 

HFpEF 43. ECHO based parameters of LV FS showed that the banded animals had no 

decrease in their global systolic function, but they did have left atrium enlargement and an 

increase in left ventricle wall thickness. While we have not quantified or defined signs and 

symptoms in our model, we have observed banded animals being less active than sham 

animals when they are housed together. Based off the functional data and the NT-proBNP, 

our model fits the guideline definition for a HFpEF diagnosis according to the European 

Society of Cardiology 6.  

Fibrosis 

The fibrosis present in HFpEF has been described as being interstitial, which is a 

reactive form of fibrosis15. Our histological analysis revealed an increase in fibrosis in the 
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left ventricle of banded animals compared to sham animals, which has been reported in 

other HFpEF animal models as well44-46. In the banded cats, we found more pronounced 

fibrosis in the lateral wall compared to the septal wall, which has not been reported 

elsewhere. This increase in fibrosis plays a role in the diastolic dysfunction27 that we 

observed in our animals and the progression of the HFpEF phenotype. Interestingly, the 

fibrosis also formed a gradient from the sub-endocardial layer moving out to the sub-

epicardial layer. Differences in the sub-endocardial layer and sub-epicardial layer were 

previously reported in a canine model of heart failure and left ventricle hypertrophy due to 

chronic-pressure overload, and examined in terms of limited sub-endocardial coronary 

reserve47. It has been established that following coronary artery occlusion, ischemic injury 

first occurs in the sub-endocardial layers and then moves out to sub-epicardial layer48 and 

that sub-endocardial regions are more at risk during ischemic periods because they have a 

less blood supply than the sub-epicardium49, 50. A study by Vincent et al. concluded that 

severe valvular or supravalvular aortic stenosis can result in left ventricular sub-

endocardial ischemia, ultimately resulting in under perfusion of the left ventricle sub-

endocardial muscle in comparison to the oxygen demand51. Unverferth et al. stated that 

increased left-ventricular end-diastolic pressures produce a higher sub-endocardial 

resistance compared to sub-epicardial resistance to the diastolic coronary flow because the 

intraventricular pressure is primarily exerted on the sub-endocardium; they go on to state 

that the coronary reserve of the sub-endocardium is impaired and experiences an increase 

in the resistance to blood flow due to the increased filling pressures52. While making direct 

comparisons between our HFpEF model, aortic stenosis, and coronary artery occlusion 

would be inaccurate and inappropriate, the presentation of a fibrotic gradient does allow 
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for speculation. Perhaps the manifestation of the gradient is the result of slow, progressive 

ischemia due to hypoperfusion of the sub-endocardium, related to high LVEDPs. Since we 

use two-month old kittens for the aortic banding procedure, perhaps as they grow into the 

band slowly over the course of the four months post-banding the LVEDP continues to 

elevate, and the sub-endocardial layer becomes more oxygen deprived.  

Hypertrophy 

We clearly have cardiac hypertrophy occurring in the banded animals, as reflected 

by the increase in the HW/BW ratio. Upon further examination of the individual 

cardiomyocytes via immunohistochemistry, we found that we had an increase in cross-

sectional area. Hypertrophy has been well documented in HFpEF 22, 43, 53 and has also been 

reported in other animal models44, 46, 54. While the findings for cardiomyocyte cross-

sectional area were not novel, they do further support the HFpEF phenotype in this model. 

We also examined the cardiomyocyte cross-sectional area in terms of the sub-endocardial 

layer compared to the sub-epicardial layer. In banded animals, there was no difference 

between the sub-endocardial layer and sub-epicardial layer. In sham animals, the gradient 

between the sub-endocardial and sub-epicardial layers was significantly different. The 

cardiomyocyte cross-sectional area was larger in the sub-endocardial layer compared to the 

sub-epicardial layer. This observation has previously been described in the literature for 

normal, healthy rat and dog hearts 55, 56. 
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CHAPTER 5 

 

CONCLUSIONS 

 

 This study has shown that a feline model of HFpEF has remodeling via fibrosis and 

hypertrophy. The fibrosis formed a gradient, starting in the sub-endocardial layer and 

decreasing outwards into the sub-epicardium. Banded animals also had cardiac 

hypertrophy, but there was no gradient in cardiomyocyte size between the sub-

endocardium and sub-epicardium. All of the changes observed in the left ventricle 

contribute to the observed diastolic dysfunction and will serve as a baseline for remodeling 

as the study moves forward and looks at potential therapeutics. 

Future Directions 

 

 Moving forward, the fibrotic gradient that we observed will be an interesting area 

for more research. Obviously, the fibrosis is a prime target for treatment as it is so profound 

in the banded cats compared the sham and its implications on the diastolic dysfunction are 

clear. Further examination into the differences between the lateral and septal wall fibrosis 

may provide insight into wall stress during HFpEF, but was outside the scope of this study.  

Limitations 

 

 All animal models have limitations and our model is no exception. Recapitulating 

all of the complex risk factors and interacting pathophysiology that make up HFpEF is not 

an easy task. Since the aortic banding is the sole cause of the slow-progressive pressure 

over-load in the kittens and there are no other comorbidities, such as obesity, diabetes, or 

systemic hypertension, we are really only capturing one aspect of the disease. The kittens 

are also young during the study and we perform terminal studies at 4 months post banding, 

so any changes that occur after that point are unknown.  We also have no way of tracking 
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the progression of fibrosis or hypertrophy throughout the study since we only do tissue 

harvest at 4 months post-banding.  Preliminary experiments were performed in both male 

and female kittens, but the female cats developed a less severe phenotype. In order to 

develop a more severe phenotype, only male kittens were used. 
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