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ABSTRACT 

Heart failure with preserved ejection fraction (HFpEF) is currently the most 

prominent form of heart failure (HF). Despite the rising prevalence over the last 

few years, the pathogenesis of this disease is still unknown. Therefore, the focus 

of this dissertation is to investigate the molecular pathogenesis of fibrotic cardiac 

remodeling in swine models of HFpEF as cardiac fibrosis is a hallmark feature of 

this disease and hypothesized to be involved in its pathogenesis. Fibrotic cardiac 

remodeling can occur when there is a dysregulation between the synthesis and 

degradation of extracellular matrix (ECM) proteins. Additionally, the focus of this 

dissertation is to evaluate fibrosis in the left and right ventricles as right ventricle 

(RV) dysfunction can increase the risk of mortality up to 80% in individuals with 

HFpEF. Overall the goals of this dissertation are two-fold. First, to evaluate RV 

remodeling in a cardio-metabolic swine model of HFpEF. Second, to investigate 

the differences between the regulation of cardiac fibrosis in left ventricle (LV) and 

RV in a swine model subject to chronic pressure overload and/or the loss of female 

sex hormones. With the cardio-metabolic swine model, RV transcriptome analysis 

identified MAPK8/JNK1 as a hub gene associated with ECM remodeling that 

included an increase in fibronectin in the right coronary artery (RCA).  This 

increase in fibronectin was potentially due to a regulatory imbalance between JNK 

and matrix metalloproteinase-14 (MMP-14). Additionally, this increase in 

fibronectin was associated with an increase in vascular stiffness. With the second 

goal of this study, it was demonstrated that the regulation of cardiac fibrosis occurs 

in a chamber-specific manner. In the LV, there was an increase in total collagen 
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levels due to the loss of sex hormones but this increase in fibrosis was not a result 

of linear alterations in synthesis or degradation. In the RV, though, there was an 

increase in total collagen levels due to chronic pressure overload and independent 

of the loss of sex hormones. This increase in fibrosis was due to an increase in 

synthesis associated with increases in JNK activation and myofibroblast activation. 

Taken together, these results demonstrate differences in the regulation of ECM 

remodeling that occur in the LV, RV, and RCA in two swine models with relevance 

to HFpEF. This emphasizes the need to further explore the regulation of ECM 

remodeling at multiple levels of the heart in order to fully understand the 

pathogenesis of HFpEF.  
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CHAPTER 1: INTRODUCTION 

Heart Failure 

Heart failure (HF) is growing epidemic that is expected to increase from 6 

million to 8 million cases with an economic burden more than doubling from $30.7 

billion to $69.8 billion by the year 2030 (1, 2). The lifetime risk of developing HF 

can range from 20% to 45% in individuals aged 45 to 95, respectively. Currently, 

heart disease is the leading cause of death in the US. 1 in 8 deaths have HF 

mentioned on the death certificate and the number of deaths with an underlying 

cause of HF has increased 52.8% over the last decade (1).  

HF occurs when there is a lack of cardiac reserve either through contraction 

or relaxation impairment resulting in exercise intolerance, dyspnea, fatigue, and 

edema (3, 4). There are three HF subclasses that are categorized based on 

ejection fraction: HF with reduced ejection fraction (HFrEF), HF with mid-range 

ejection fraction (HFmrEF), and HF with preserved ejection fraction (HFpEF). 

While the classification of HF based on ejection fraction is not definitive, it is 

typically thought of as HFrEF having an ejection fraction below 35-40%, HFmrEF 

having an ejection fraction between 40-49%, and HFpEF having an ejection 

fraction above 50% (5, 6). In addition to the lack of cardiac reserve and symptoms 

mentioned previously, each subtype of HF presents with elevated brain natriuretic 

peptide (BNP) levels and left ventricular (LV) remodeling (7). With HFrEF, the LV 

remodeling consists of eccentric hypertrophy with chamber dilation and thinning of 

the ventricle wall (3). This eccentric remodeling can occur with HFmrEF in addition 

to left atrial enlargement (5, 7). HFpEF presents with LV concentric hypertrophy 
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with an increase in wall thickness without a change in chamber dimensions. 

Previously, HFrEF was known as systolic HF while HFpEF was known as diastolic 

HF but these classifications are no longer utilized as all three HF subtypes can 

present with both systolic and/or diastolic impairments (3).   

While HFrEF was the most prominent form of HF, the rates of HFpEF have 

steadily been increasing over the past few decades making it the most prominent 

form of HF with morbidity and mortality rates similar to values observed in HFrEF 

(8). This rise in the prevalence of HFpEF is often attributed to an aging population 

and an increase in comorbidities such as hypertension and diabetes (9). Despite 

the increased incidence of HFpEF, conventional HF treatments have failed to 

improve the prognosis of this HF sub-group illustrating the need to understand its 

specific pathophysiology (6). While the pathogenesis of HFrEF stems from 

myocardial injury, such as myocardial infarction, the pathogenesis of HFpEF is not 

well defined (10). It has been hypothesized that HFpEF arises from a chronic 

inflammatory state associated with comorbidities like metabolic syndrome and 

hypertension that lead to left ventricular dysfunction and remodeling (10, 11). Since 

the pathogenesis of HFpEF is not completely defined, the National Heart, Lung, 

and Blood Institute (NHLBI) working group has recommended that the study of the 

molecular pathogenesis of HFpEF be a focus over the next ten years in order to 

develop novel treatment strategies (10).  

Heart Failure with Preserved Ejection Fraction 

 As previously mentioned, HFpEF was formerly classified as diastolic HF, as 

diastolic dysfunction was a hallmark feature of this subclass of HF. The clinical 
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classification has since expanded and now HFpEF is clinically classified as having 

symptoms of HF including a lack of cardiac reserve and exercise intolerance, an 

ejection fraction greater than 50%, and either LV hypertrophy, left atrial 

enlargement, or diastolic dysfunction (7). However, HFpEF is a complex and 

heterogenous disease that is influenced by multiple other clinical parameters 

including cardiac impairments and comorbidities. Other cardiac impairments seen 

in HFpEF include: chronotropic incompetence, elevated left atrial pressure, 

abnormal E/A or E/e’ ratio, right ventricle (RV) dysfunction, diffuse myocardial 

fibrosis, increased vascular stiffness, and impaired vascular and coronary 

microvascular function (4, 6, 12-14). Individuals with HFpEF may have multiple 

comorbidities with as much as 50% of patients having more than 5 comorbidities. 

Comorbidities often seen with HFpEF include: obesity, insulin resistance, diabetes 

mellitus, hypertension, atrial fibrillation, pulmonary hypertension, kidney disease, 

skeletal muscle weakness, chronic lung disease, liver disease, and cancer (4, 13, 

15-18). Individuals with HFpEF are also older in age and tend to be female (15).  

HFpEF is hypothesized to arise from a chronic inflammatory state due to 

the multiple comorbidities present such as obesity, hypertension, diabetes 

mellitus, chronic obstructive pulmonary disease (COPD), and kidney disease (11). 

This increase in inflammation is systemic as it can affect skeletal muscle, 

pulmonary vasculature and the kidneys in addition to the heart; therefore, HFpEF 

is a multi-organ disease. This increase in systemic inflammation can lead to an 

increase in myocardial stiffness through multiple mechanisms and an increase in 

LV filling pressures. First, individuals with HFpEF see increases in proinflammatory 



 4 

signaling with increases of growth differentiation factor-15, interleukin 1 receptor-

like 1, c-reactive protein, and interleukin 6. This increase in proinflammatory 

signaling can be due to comorbidities like obesity or alterations in the 

hemodynamic load. This can lead to increases in the activation of immune cells 

such as macrophages and fibroblasts which are pro-fibrotic. Individuals with 

HFpEF have an increase in the volume of collagen leading to a less compliant, 

stiffer ventricle which would affect the passive stiffness (11).  Myocardial stiffness 

is also altered in individuals with HFpEF due to alterations in titin, which is a 

sarcomeric protein responsible for passive stiffness. This can occur through a 

decrease in the more compliant titin isoform N2BA, decreased phosphorylation of 

titin, or an increase in the noncompliant isoform N2B, all of which would decrease 

the distensibility (8). However, LV end-diastolic pressure does not correlate with 

titin-based stiffness, but does correlate with collagen-based stiffness suggesting 

that collagen plays a more prominent role in the development of diastolic 

dysfunction (19). This increase in inflammatory signaling due to multiple 

comorbidities can also alter paracrine signaling between endothelial cells and 

cardiomyocytes which would decrease nitric oxide (NO) and cyclic guanosine 

monophosphate (cGMP). This decrease in signaling can lead to an increase in 

cardiomyocyte hypertrophy and concentric remodeling of the heart (11, 18). 

The five-year mortality rate in individuals with HFpEF is between 65-75% 

(4, 14). The cause of death in individuals with HFpEF is not always attributed to 

cardiac symptoms. In reality, 30-40% of deaths in individuals with HFpEF is 

attributed to comorbidities such as renal dysfunction, respiratory dysfunction, 
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infections, or cancer (20). The other 60-70% of deaths are attributed to cardiac 

events such as sudden death, myocardial infarction, aortic aneurysm, pulmonary 

embolism, stroke, progressive pulmonary hypertension and right heart failure (20). 

There are currently no treatment options available for individuals with 

HFpEF as HFpEF is a heterogenous systemic disease that affects multiple organ 

systems. Drugs utilized to treat HFrEF including angiotensin-converting enzyme 

inhibitors, angiotensin-receptor blockers, aldosterone-receptor blockers, and beta 

blockers have not been shown to be efficacious (20). Recommended treatment 

strategies focus on treating symptoms such as reducing LV filling pressures with 

diuretics or treating the comorbidities to improve quality of life (18, 20). However, 

there have been a few studies conducted to determine if exercise is a beneficial 

treatment strategy for individuals with HFpEF. Studies that have evaluated 

exercise training via biking or treadmill exercise have shown improvements in 

cardiorespiratory fitness evaluated by VO2 peak, six-minute walk distance, time to 

exhaustion, HR reserve and oxygen pulse (21-24). However, there are conflicting 

results on whether exercise directly improves LV function, diastolic function or 

quality of life in individuals with HFpEF. In a study that evaluated caloric restriction 

and exercise, caloric restriction reduced LV mass and LV wall thickness as well as 

improved E/A ratio, a measure of diastolic function, while exercise alone did not 

alter any cardiac parameters. Most studies have evaluated overall 

cardiorespiratory fitness of LV function. However, one study evaluated RV global 

longitudinal strain and reported improvements after high intensity interval training 

for 4 weeks with no alterations in LV function (25). Therefore, while exercise may 
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not alter heart morphology or function alone, it did improve exercise capacity, 

which is often compromised in individuals with HFpEF. In addition to the lack of 

effective treatment for HFpEF, myocardial biopsies from individuals with HFpEF 

are not readily available which limits gene expression, protein expression, and 

subsequent -omics analyses that would aid in the understanding of the 

pathogenesis of this disease and development of possible therapeutics. Since 

these biopsies are not readily available, the development of animal models with 

clinical relevance to HFpEF is crucial for the understanding of the development of 

this disease. 

The Left and Right Ventricles  

The heart can be divided into the left heart and the right heart. The left heart 

pumps oxygenated blood into the systemic circulation while the right heart pumps 

deoxygenated blood into the pulmonary circulation (26). The RV is a crescent-

shaped, thin-walled ventricle compared to the more spherical, thick-walled LV. The 

RV also has smaller cardiomyocytes and a smaller mass but with 30% more 

collagen. Little research has been conducted on protein and gene expression 

differences between the two ventricles but due to differences in morphology and 

function seen in the RV and LV, the processes and pathways altered in LV in the 

progression of HF cannot be generalized to the RV. 

The RV can be thought of as the “forgotten ventricle” as the general focus 

of HFpEF is on LV dysfunction and most research has solely evaluated the LV 

even though right ventricular dysfunction (RVD) has been associated with more 

frequent hospitalization as well as increases in mortality (27, 28). RVD occurs 
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when the RV is not able to meet the body’s metabolic demands. The pathogenesis 

of RVD in HFpEF is unknown but it is hypothesized to arise from comorbidities 

such as pulmonary hypertension, atrial fibrillation, obesity, or renal dysfunction (28, 

29). Specifically, the development of RVD can occur through an increase in 

afterload due pulmonary hypertension, a common comorbidity seen with HFpEF, 

or through an increase in pulmonary vascular resistance via other HFpEF 

comorbidities such as COPD, hypertension, or obesity. This increase in afterload 

can result in an RV dilation and hypertrophy to compensate for the increase in 

pressure gradient but over time this can deteriorate into RVD (28). The 

development of RVD can also occur though interventricular dependence. The LV 

and RV share a septal wall in addition to muscle fibers; therefore, contraction in 

the LV can aid in contraction in the RV. When there is an increase in RV afterload, 

such as with pulmonary hypertension, the RV can dilate and protrude towards the 

LV thus hindering LV filling and lead to an increase in RV size and dysfunction (28, 

30).   

A meta-analysis of clinical studies looking at RVD estimates 18-28% of 

individuals with HFpEF also have RVD (31). However, this number could be an 

underestimate. In these studies, echocardiography measurements are taken at 

rest when the RV may be functioning normally. In most HFpEF patients, cardiac 

function becomes compromised during stress, such as exercise. From these 

clinical studies, those with RVD had increased renal dysfunction, more severe 

pulmonary vascular disease, atrial fibrillation, coronary artery disease, higher 

body-mass index (BMI), higher RV filling pressures, increased RV mass, RV 
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remodeling, and reduced RV ejection fraction (EF) (31-34). Overall individuals with 

RVD have a more severe phenotype that can lead to decreased survival rates but 

little research has been conducted targeting the pathology of this dysfunction or 

possible treatment strategies (35). In a clinical study that evaluated the four-year 

progression of LV and RV function in individuals with HFpEF, RVD was shown to 

increase over time with increase in RV diastolic area and decreases in RV 

fractional area change. In comparison, only minor changes were seen in the LV. 

In those individuals that developed RVD, the risk of death was increased by 80% 

(34). However, in another retrospective analysis of individuals with HFpEF, the risk 

of death was associated with an increase in LV mass and LV fibrosis but not 

associated with LV end diastolic volume (EDV), LV end systolic volume (ESV), LV 

stroke volume (SV), LV EF, RV EDV, RV ESV, RV SV, RV EF, or RV mass (36). 

This study did not specify the length of time since diagnosis of HFpEF while the 

previous study was reported after a 4 year follow up; therefore, these studies may 

represent different prognostic markers of HFpEF and how they can change over 

the progression of the disease.  

As previously mentioned, no effective therapeutics have been reported for 

HFpEF and traditional HFrEF treatments, such as beta blockers, have not been 

found to be efficacious in individuals with HFpEF. This is also true for individuals 

with HFpEF and RVD (28). However, recently beta blocker treatment for HFpEF 

was evaluated in individuals with HFpEF and preserved RV function or RVD.  Beta 

blocker treatment in individuals with HFpEF and preserved RV function produced 
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less cardiac events compared to those with HFpEF and RVD suggesting that RVD 

may play a role in the efficacy of treatments for HFpEF (37).  

Sex Differences with Heart Failure 

HF has been shown to affect males and females differently depending on 

age. Under 75 years of age, HF prevalence and mortality rates have been shown 

to be greater in males than females but as the population ages, HF prevalence 

and mortality rates are similar between sexes while women report a lower quality 

of life (16, 38, 39). This discrepancy between age and sex is hypothesized to be 

due to cardioprotective effects of female sex hormones (i.e. progesterone and 

estrogen) as the onset of heart disease typically occurs ten years later in females 

than males (40). Postmenopausal women have a greater incidence of ventricular 

diastolic stiffness, ventricular systolic stiffness, vascular stiffness, increased 

cardiac fibrosis, and impaired diastolic function compared to men regardless of 

cardiovascular disease status (39, 41, 42). Both diastolic dysfunction and cardiac 

fibrosis have been associated with increased risk of HF, specifically HFpEF, and 

death (43, 44). Additionally, the increased risk of death or adverse cardiac events 

in individuals with HFpEF was independently associated with female sex (45).  

In addition to an increase in death for females with HFpEF compared with 

males, females also have a decreased LV EDV and LV mass compared with males 

while no differences are seen in LV EF, LV end diastolic pressure (EDP), or LV 

ESV (46). However, another clinical study saw that RV mass, RV EDV, RV SV, LV 

EDV and LV ESV decrease with increasing age and men had higher RV mass, RV 

EDV, and RV SV than women, suggesting a possible role of sex hormones in the 
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regulation of the RV (47, 48). This role of female sex hormones in the regulation 

of the RV is further supported by another study that evaluated hormone 

replacement therapy in postmenopausal women. This study found that hormone 

replacement therapy correlated with higher RV EF and lower RV ESV. This 

correlation was absent in men and postmenopausal women who are not taking 

hormone replacement therapy (49). Besides differences in LV and RV function 

between males and females with HFpEF, there are also differences in the 

prevalence of comorbidities due to sex. Females have an increased prevalence of 

comorbidities including diabetes, hypertension, renal disease, and anemia (7). 

Additionally, these comorbidities increase the risk of HF in females compared with 

males. Females with diabetes or hypertension have a five-fold increased risk or a 

3.4-fold increased risk of developing heart failure, respectively, while males with 

diabetes or hypertension have a two-fold increased risk (7).   

Cardiac Fibrosis 

One common feature of HFpEF that has been hypothesized to contribute to 

the pathogenesis of the disease is cardiac fibrosis. One study demonstrated 93% 

of individuals with HFpEF have cardiac fibrosis (50). Individuals with HFpEF often 

demonstrate an increase in perivascular and interstitial fibrosis (10, 18, 50), which 

is associated with impaired cardiac function and an increase in mortality (36, 51). 

Specifically, interstitial myocardial fibrosis is correlated with diastolic and systolic 

function in individuals with HFpEF but not in individuals with HFrEF (52). Cardiac 

fibrosis occurs when there is an accumulation of extracellular matrix (ECM) 

proteins, specifically collagen. The accumulation of ECM proteins can be beneficial 
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for structural scaffold, force distribution and wound healing; however, excessive 

accumulation of ECM protein can lead to a stiffer ventricle, contractile impairments, 

and diastolic dysfunction (42, 53-56). Collagen type I and III are the prominent 

ECM proteins in the myocardium that lead to cardiac fibrosis, but collagen type IV, 

V, and VI, elastin and fibronectin can also play a role (53, 54, 56). In addition to an 

excess accumulation of collagen, fibrosis can occur when there are alterations in 

collagen content that affect ventricular compliance, such as with a shift in the ratio 

between collagen I and collagen III (57). Collagen I fibers are stiffer than collagen 

III fibers which are more elastic, or compliant (58). When there is more collagen III 

compared to collagen I then the ventricle is more elastic and more compliant and 

when there is a shift towards an increase in collagen I, this is associated with an 

increase in myocardial stiffness. An example of this shift in collagen isoforms 

occurs with aging in which there is an increase in collagen I levels compared with 

collagen III levels leading to a stiffer ventricle (59).  

The excess accumulation of collagen that leads to cardiac fibrosis can occur 

through a dysregulation of synthesis and degradation of ECM proteins. ECM 

proteins as well as their regulators, matrix metalloproteinases (MMPs) and tissue 

inhibitors of MMPs (TIMPs), are secreted by multiple cell types including 

myofibroblasts. Myofibroblasts differentiate from fibroblasts upon activation by 

inflammatory cytokines, ischemia, or stress such as that induced by pulmonary 

hypertension (4, 59-61). Therefore, an increase in synthesis of collagen and ECM 

proteins occurs in the pro-fibrotic environments after the differentiation of 

fibroblasts to myofibroblasts. Collagen is secreted from myocardial fibroblasts as 
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a procollagen in which it must be cleaved to form insoluble collagen. It will then 

undergo posttranslational modifications followed by eventual degradation (18). 

Degradation of ECM proteins are regulated by MMPs, as well as TIMPs, which 

inhibit MMPs. TIMPs inhibit MMPs in a 1:1 ratio (62). The balance of MMPs and 

TIMPs is crucial for the maintenance of the ECM as an imbalance can lead to 

fibrosis (63). There are multiple MMPs and they each degrade a different set of 

ECM proteins. MMP-1, -2, -3, -9, -13, and -14 degrade collagen I and/or III and are 

located in the myocardium (64-66). There are four TIMPs (TIMP-1, -2, -3, -4) which 

inhibit all MMP family members, except TIMP-1 weakly inhibits MMP-14 (63). 

MMP-1 has a high affinity for collagen and is often the first MMP to degrade the 

protein as it must be broken down prior to further processing by other MMPs such 

as MMP-2, -3, or -9 (67).  

Previous studies have shown that collagen synthesis is increased while 

collagen degradation is decreased in individuals with HFpEF and overall collagen 

content is increased in HFpEF compared with controls (12, 18). There is an 

increase in collagen turnover in individuals with diastolic dysfunction and diastolic 

heart failure. This was previously documented through elevated serum markers of 

collagen synthesis including increased levels of carboxy-terminal pro-peptide of 

procollagen I (PICP) and amino-terminal pro-peptide type III (PIIINP) as well as 

increases in serum markers of collagen degradation including carboxy-terminal 

telopeptide of collagen type I (CITP), MMP-2 and MMP-9 (68). Recent studies 

have been conducted evaluating potential biomarkers for HFpEF. Biomarkers for 

collagen homeostasis, including markers for synthesis and degradation, were 
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shown to be more useful in identifying HFpEF than other classic biomarkers of HF 

including BNP (8, 69). However, elevated plasma markers of fibrosis are not 

indicative of cardiac specific fibrosis but they could be representative of a systemic 

increase in fibrosis that would be imperative to know in treating individuals with 

HFpEF (70). This highlights the need for further investigation into the regulation of 

fibrosis in individuals with HFpEF to understand how these potential biomarkers 

are involved in the pathogenesis of the disease. Additionally, a more complete 

understanding of fibrosis is crucial for development of novel therapeutics. For 

example, in individuals with aortic stenosis that underwent valve replacement and 

in mice subject to trans aortic constriction (TAC) that was reversed three weeks 

later, there was a reduction in the levels of fibrosis, suggesting that fibrosis can be 

reversed (71-74). This provides further rationale for investigating the pathogenesis 

of fibrosis as it is hypothesized to be reversible.  

Degradation of collagen is an important step in the regulation of fibrosis and 

is shown to be altered in individuals with clinical relevance to HFpEF. In patients 

with chronic pressure overload, there were increased plasma levels of TIMP-1 and 

MMP-9 which correlated with ECM remodeling and increases in MMP-2 and TIMP-

4 that correlated with diastolic HF (62). In individuals with hypertension, there was 

a decrease in serum levels of MMP-1 and increased serum levels of TIMP-1 

suggesting a decrease in collagen degradation (75). However, in individuals with 

hypertension and diastolic HF, there was an increase in plasma MMP-2 levels (76). 

Additionally, cardiac biopsies from individuals with aortic stenosis showed 

increased collagen content, increased TIMP-1, increased TIMP-2 with no change 
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in MMP-1, -2, or -9 (77). Similarly, pressure overload in pigs has been shown to 

increase plasma levels of TIMP-1 and TIMP-4 and increase total collagen content 

(78). Overall, TIMP levels have been shown to be increased in multiple disease 

models such as hypertension with HF, aortic stenosis, and chronic pressure 

overload which would lead to an increase in the inhibition of the degradation of 

collagen. Whereas, MMP levels vary depending on the specific MMP and the 

disease model (57, 62, 78-80). 

While most of the research on cardiac fibrosis has been conducted in the 

LV or by measuring serum levels of potential biomarkers, few clinical studies have 

been conducted on the remodeling of the RV in individuals with HFpEF. In 

individuals with pulmonary hypertension and HFpEF, diffuse RV fibrosis was 

correlated with RV ESV, RV EDV, RV diastolic stiffness, and RV longitudinal strain 

but not correlated with RV EF. These results indicate that remodeling of the RV 

may precede functional changes, making RV fibrosis a potential therapeutic target 

to prevent RVD (81). In regards to RV remodeling with common comorbidities seen 

with HFpEF, obese individuals without HF demonstrate increased RV volume, 

mass and dysfunction compared with normal weight individuals (82). Individuals 

with HFpEF and obesity display greater RV remodeling, higher filling pressures 

and pulmonary vascular dysfunction during exercise (29). 

Sex Hormones and Fibrosis  

Estrogen is the main female sex hormones that is involved in multiple 

biological processes including regulation of the menstrual cycle and female sex 

characteristics (83). Estrogen is produced in the ovaries and the adrenal gland and 
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binds to estrogen receptor alpha (ERa) and estrogen receptor beta (ERb). These 

receptors can be found in cells throughout the body, including cardiac myocytes 

and cardiac fibroblasts (84, 85). After menopause, circulating estrogen levels 

decline. While ERa and ERb protein levels in the heart of postmenopausal women 

have not been evaluated, the protein levels of these receptors have been shown 

to be decreased in the heart of ovariectomized rats (86-88). Estrogen’s actions on 

the cardiovascular system are known to be cardioprotective, due to its ability to 

reduce inflammation, decrease fibrosis, inhibit collagen synthesis, decrease infarct 

size post myocardial infarction, reduce hypertrophy, reduce atherosclerosis, and 

increase cell survival (85, 89-95).  

Progesterone, the other primary female sex hormone, is crucial for the 

preparation and maintenance of pregnancy but after menopause, circulating levels 

of the hormone decline. Even though progesterone is produced by the ovaries and 

adrenal gland, there are PGRs in cells throughout the body, including cardiac 

fibroblasts and cardiac myocytes (84, 96). Following menopause, progesterone 

receptor (PGR) levels have been shown to decline in the brain, breast cancer 

tissue, and epidermal skin (83, 97-99). However, it is unknown how the loss of sex 

hormones affects progesterone receptor levels in the heart of postmenopausal 

women or ovariectomized animals. Progesterone’s role in the cardiovascular 

system has not been as extensively evaluated as estrogen. Another PGR is the 

progesterone receptor membrane component 1, or PGRMC1, which has been 

implicated in cardiac fibrosis, inflammation and heart failure development (100). It 

is hypothesized that progesterone, like estrogen, has cardioprotective effects as 
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physiological concentrations of progesterone have been shown to reduce 

arrhythmias, increase coronary blood flow, as well as improve cardiac output after 

hemorrhagic shock (101-103). Additionally, progesterone has been shown to 

decrease blood pressure in ovariectomized ewes (104). The hormone has also 

been shown to inhibit collagen synthesis in cardiac fibroblasts to a greater extent 

than estrogen in vitro, further suggesting a cardioprotective effect (90, 105). 

In a small, case control study, hormone replacement therapy (HRT) showed 

promising results in primary cardiac outputs and HRT resulted in a decrease in 

cardiac hypertrophy (106). The women were on HRT ~15 years with no adverse 

cardiac events and were either taking estrogen or estrogen with progesterone. 

However, large-scale HRT studies, such as the Women’s Health Initiative (WHI) 

and the Heart and Estrogen/Progestin Replacement study (HERS), have not 

shown improvement in cardiovascular endpoints (107, 108). The WHI and HERS 

studies provided women with HRT of estrogen plus synthetic progesterone, or 

progestin (41, 92). These studies employed synthetic progesterone, specifically 

medroxyprogesterone acetate (MPA), which has been shown to produce 

contradictory effects on the cardiovascular system compared to natural 

progesterone, such as vasoconstriction instead of vasodilation (109). Additionally, 

MPA can reduce cardioprotective effects seen with estradiol treatment (90, 110). 

Progesterone, alone or with estrogen, has yet to be evaluated as a preventative 

measure or treatment for cardiovascular disease. Overall, these studies suggest 

that the lack of improvement in cardiovascular outcomes seen in large-scale HRT 

trials may be due to the use of synthetic progestin rather than a more natural form 
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of progesterone. Synthetic progestin disrupts progesterone’s molecular 

mechanisms and while the physiological cardioprotective effects of progesterone 

have been shown, the molecular mechanism behind these functions has not been 

evaluated.  In a recent retrospective analysis of the WHI which suggests that HRT 

with estrogen alone that begins in participants shortly after the start of menopause, 

ages 50-59, decreased the risks for breast cancer, coronary heart disease and 

mortality. Interestingly, these benefits were eliminated in the age-matched 

estrogen + MPA groups (111).  

While progesterone’s role in cardiovascular disease has not been 

evaluated, individuals subject to chronic pressure overload via aortic stenosis 

showed an increase in both ERa and ERb mRNA levels (93).  Additionally, female 

ERb knockout mice that underwent an increase in pressure overload via TAC saw 

increases in fibrosis (94) and a separate study saw decreases in fibrosis with ERa 

agonists (95). These results suggest that alterations in estrogen receptor levels or 

activation could be involved in protection against cardiac fibrosis in chronic 

pressure overload as a tissues responsiveness to a hormone is dependent upon 

the number of receptors as well as the amount of circulating hormones (99). From 

this information, alterations in sex hormone receptor levels could be due to the loss 

of sex hormones and/or aortic banding highlighting a need to elucidate the role of 

each condition in the alteration of these sex hormone receptor levels.  

Female sex hormones are hypothesized to play a cardioprotective role 

against the development of fibrosis. Postmenopausal women have increased 

levels of cardiac fibrosis, specifically increased collagen I and III protein levels, 
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compared to men and premenopausal women. Additionally, postmenopausal 

women demonstrated increases in TIMP-1, -2, and -3 protein levels without 

changes in MMP-2, and -9 levels suggesting that cardiac fibrosis could be due to 

an increase in the inhibition of collagen degradation (42). Similarly, to 

postmenopausal women, ovariectomized (OVX) rats demonstrate increases in 

cardiac fibrosis without changes to MMP-2 levels, or decreases in MMP-2 levels 

(87, 88, 112). Lastly, in individuals with HFpEF, plasma levels of MMP-3 were 

decreased in females compared to males (113). Overall, the increase in collagen 

in postmenopausal women could be due to an alteration in the degradation of 

collagen. In contrast, from a synthesis perspective, there are differences seen in 

cardiac fibroblasts. For example, cardiac fibroblasts are more abundant in female 

mice compared with male mice and these differences due to sex were no longer 

present after gonadectomy suggesting alteration in the fibroblast population after 

the loss of sex hormones. Estrogen can also protect fibroblasts from differentiating 

into myofibroblasts thus inhibiting the synthesis of ECM proteins and regulators 

(61). This is one possible mechanism to explain the decrease in collagen synthesis 

seen in cardiac fibroblasts with treatment of estrogen. This decrease in collagen 

synthesis by estrogen is also enhanced in the presence of progesterone (90). 

Estrogen can also decrease collagen I and collagen III mRNA and protein levels 

through an ERa, but not an ERb, dependent mechanism in cardiac fibroblasts in 

vitro (112). While progesterone and estrogen have been shown to decrease 

collagen synthesis in cardiac fibroblasts, only progesterone was shown to alter 

fibronectin mRNA levels in cardiac fibroblasts (114).   
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The studies reported so far connecting sex hormones and fibrosis have 

been completed in vitro, but there are in vivo studies that further demonstrate this 

link between the two variables. Estrogen treatment reduced myocardial fibrosis in 

mice that underwent TAC to increase pressure load on the heart (115). This 

regulation in fibrosis after pressure overload is hypothesized to occur through ERb 

as ERb knockout animals demonstrated a further increase in fibrosis compared 

with controls; however, this was not evaluated in ERa knockout animals (94). In 

another animal model of HF induced by angiotensin-II, animals subject to OVX 

followed by estrogen treatment demonstrated reduced fibrosis that was blunted in 

ERb knockout mice while ERa mice demonstrated similar results to controls (116). 

These results suggest that in vivo reduction of collagen through estrogen is 

mediated through ERb. Most research on the cardioprotective role of sex 

hormones in mitigating fibrosis is completed through supplementation of estrogen 

while little research has evaluated progesterone’s role in vivo. There is one study 

that evaluated PGRMC1 knockout mice fed a high fat diet and these mice 

demonstrated an increase in the number of fibroblasts as well an increase in 

cardiac fibrosis, highlighting progesterone’s possible cardioprotective role in vivo 

(100). This research has all been completed on the LV, but some animal research 

has been conducted on the RV of OVX animals with pulmonary hypertension. In 

these animals, progesterone supplementation reduced RV hypertrophy, RV peak 

systolic pressure, RV EDP and mortality (117) while estrogen supplementation 

reduced fibrosis and improved RV systolic pressure through a ERb-dependent 

pathway (60, 118). While this was evaluated in an animal model of pulmonary 
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hypertension, pulmonary hypertension is a comorbidity commonly seen in HFpEF 

and a hypothesized mechanism for the development of RVD. 

Regulation of Fibrosis through Mitogen-Activated Protein Kinases 

Mitogen-activated protein kinases (MAPKs) are a family of protein kinases 

heavily involved in cell signaling and many cell processes such as proliferation, 

metabolism, motility, survival and apoptosis (119). There are four main subfamilies 

of MAPKs: ERK1/2; JNK-1, -2, and -3; p38 kinase; and ERK5. The activation of 

MAPKs occurs via a signaling cascade that begins with phosphorylation of MAPK 

kinase kinase (MAP3K, MEKK, MKKK). The MAPKKK then phosphorylates MAPK 

kinase (MAP2K, MEK, MKK) to then activate the MAPK. The regulation of this 

signaling cascade occurs through tyrosine, serine/threonine, or dual-specificity 

phosphatases (DUSPs) (119). Each MAPK has its role in different biological 

processes and are stimulated by different signals, such as hormones, growth 

factors, or stress. However, there is cross talk between subfamilies, convergence 

on similar effector targets, and even negative-feedback regulation between MAPK 

families.  

Extracellular signal-related kinase 1/2 (ERK1/2) is activated by hormones 

and growth factors and then proceeds through a Ras, Raf, MEK1, ERK signaling 

cascade (119). Once activated, ERK can translate to the nucleus to phosphorylate 

and activate many proteins, including transcription factors such as specificity 

protein 1 (SP1), ETS like-1 protein (Elk1), ETS proto-oncogene 1 (ETS1), and c-

myc or c-jun, which are components of activator protein 1 (AP-1) (119-121). 

ERK1/2 is involved in many cellular processes including proliferation, transcription, 
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differentiation, cell death, and cell adhesion (119). ERK1/2 has also been 

implicated in many pathological processes such as cardiovascular disease, 

specifically cardiac fibrosis. However, ERK1/2’s role is still debated as the fibrotic 

response varies depending on the physiological or pathological stressor. An 

overexpression of MEK1 for 6 months did not alter cardiac fibrosis or cardiac 

function even though hypertrophy was induced, suggesting ERK1/2 did not play a 

role in fibrosis (122). However, in another model where ERK1 was activated in the 

heart for 3 months, there was less fibrosis accumulation after TAC suggesting that 

activation of ERK1 is cardioprotective as it was able to reduce fibrosis (123). 

Additionally, one study demonstrated an increase in fibrosis after 4 weeks 

correlated with a decrease in activation of ERK in mice subject to pressure 

overload via TAC. While the increase in fibrosis also correlated with a decrease in 

the activation of protein kinase B (AKT) and glycogen synthase kinase 3 beta 

(GSK3b), the correlation does encourage further investigation (124). However, the 

addition of the ERK1/2 inhibitor PD98059 for 4 weeks in an animal model of dilated 

cardiomyopathy resulted in a decrease in total fibrosis as well as a decrease in 

collagen I and fibronectin mRNA levels (125). Therefore, ERK1/2’s role in cardiac 

fibrosis may be dependent upon the timing of activation as well as the pathological 

stimulus.  

c-Jun N-terminal kinase (JNK) is a member of the stress-activated protein 

kinase (SAPK) family and is activated by physical, chemical, and physiological 

stressors such as inflammatory cytokines, oxidant stress, ER stress, stretch, and 

to a lesser extent, growth factors. JNK is activated through a MEKK1/2/3, MKK4/7, 
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JNK signaling cascade to phosphorylate many downstream proteins, including 

similar transcription factors mentioned previously that are activated by ERK1/2 

(121, 126). JNK is involved in multiple cell processes such as proliferation, 

differentiation, apoptosis, cell survival, and metabolism (119). JNK has been 

implicated in the pathogenesis of many diseases including obesity, diabetes, and 

cardiovascular disease. The role of JNK in cardiac fibrosis is a subject of debate, 

similarly to ERK1/2. JNK has been shown to play a role in selective extracellular 

matrix remodeling where increases in the activation of MKK upstream of JNK 

resulted in an increase in fibronectin but not collagen (119, 127). In another study, 

the deletion of JNK resulted in an increase in fibrosis after pressure overload via 

TAC suggesting that JNK is cardioprotective against fibrosis (128). JNK inhibition 

prior to the development of dilated cardiomyopathy resulted in an increase in 

cardiac fibrosis (129). However, addition of the JNK inhibitor SP600125 for 4 

weeks in an animal model of dilated cardiomyopathy resulted in a decrease in total 

fibrosis as well as a decrease in collagen 1 and fibronectin mRNA levels (125). 

The addition of the JNK inhibitor C66 to a diabetic mouse model reduced cardiac 

fibrosis, cell death and hypertrophy; therefore, JNK’s role in fibrosis is dependent 

upon timing as well as pathological disease state (130). Lastly, upstream activation 

of ERK1/2 and JNK in the heart and subsequent microarray analysis demonstrated 

that ECM remodeling is common pathway altered between these two MAPK 

families (131). Specifically, upstream ERK1/2 activation resulted in an increase in 

collagen I, collagen III, fibronectin, and TIMP-1 with a decrease in MMP-2 while 

upstream activation of JNK resulted in an increase in collagen I, fibronectin, TIMP-
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1 and MMP-2. This could be due to the transition of fibroblasts to myofibroblasts 

which is dependent upon the MAPK pathway as inhibiting both the ERK1/2 and 

JNK pathway has blocked this differentiation (70). Overall, both ERK1/2 and JNK’s 

role in fibrosis appears to depend heavily on timing and disease state reflecting its 

diverse role in this process.  

Estrogen has been shown to inhibit cardiac fibrosis and this can occur 

through multiple mechanisms including ER activation of the MAPK pathway which 

lies upstream of collagen transcription and MMP/TIMP transcription (93). Both 

progesterone and estrogen receptors have similar signaling transduction 

mechanisms. Sex hormone receptor signaling can occur through two main 

pathways: genomic and non-genomic. In the genomic pathway, the sex hormone 

binds to its receptor in the cytoplasm, dimerizes and translocates to the nucleus. 

There it will bind to either the estrogen response element or the progesterone 

response element on DNA and act as a transcription factor (132, 133). In the non-

genomic pathway, estrogen binds to membrane-bound estrogen receptors and 

can activate signal transduction pathways including mitogen-activated protein 

kinase (MAPK) pathways (133). PGRs are also linked to cardiac fibrosis through 

MAPK pathways and can participate in non-genomic signaling pathways. 

Progesterone receptor B (PGR-B) has been reported to be involved in extra-

nuclear signaling whereas progesterone receptor A (PGR-A) has not been shown 

to be involved in extra-nuclear signaling (134). One molecular mechanism of 

progesterone action is through the p60-Src kinase and subsequent MAPK 

pathway, specifically ERK1/2 (135). Similarly, to PGR-B, PGRMC1 has binding 
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domains for SRC homology, suggesting that this receptor could also be involved 

in the ERK1/2 signaling cascade (132). ERs are also involved in cell signaling 

where estrogen binding to its receptor can mediate downstream signaling 

pathways such as the MAPKs, ERK1/2 and JNK (40, 93, 136). ERs can also 

influence transcription as the receptors contain binding sites for AP-1 and SP1 

transcription factors (137) while progesterone has also been linked to these 

transcription factors (132). In this transcriptional cross-talk estrogen has been 

shown to both activate and inactivate AP-1 transcription while progesterone in 

complex with SP1 has been shown to increase transcription (137, 138). 

The transcriptional regulation of ECM proteins, MMPs, and TIMPs, is very 

complex and there are multiple binding sites for transcription factors that can be 

altered by MAPKs. For example, AP-1 has binding sites located in the promoter 

regions of ECM proteins, MMPs, and TIMPs and is essential for their 

transcriptional activation (53, 56, 62, 63). Of the MMPs located in the heart that 

degrade collagen I and/or III, MMP-1, -3, -9, and -13 have AP-1 binding sites in 

their promoter regions, whereas MMP-2 and -14 are lacking AP-1 binding sites and 

are not under AP-1 control (58, 65). Of the four TIMPs, TIMP-1 and -2 have AP-1 

binding sites whereas TIMP-3 and -4 do not (65). Additionally, TIMPs, specifically 

TIMP-1, have multiple AP-1 binding sites as well as regulatory sites upstream of 

AP-1 that could play an additional role in the regulation of its transcription that 

differs from MMPs (63, 65). Other transcription binding sites include polyomavirus 

enhancer activator 3 (PEA-3), which can be altered via phosphorylation by ERK, 

and have binding sites in the same MMP and TIMP promoters as AP-1 (139-141). 
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Lastly, transcription factor SP-1 can be altered by ERK1/2 and JNK as well as 

estrogen and progesterone receptors directly (93, 142). MMP-2, -9, -14 as well as 

all four TIMPs have binding sites for SP1; therefore, there are multiple points of 

regulation of ECM biomarkers that can occur through MAPKs (65). Overall these 

previous studies provide a possible mechanism as to the regulation of fibrosis due 

to the loss of sex hormones and chronic pressure overload as ECM proteins and 

their regulators lie downstream of MAPKs which can be altered by sex hormone 

receptors.  

From this information the purpose of this dissertation is to evaluate how the 

synthesis and degradation of ECM proteins is altered in two previously completed 

animal models from our lab. This first study evaluates JNKs role in remodeling in 

the RV and right coronary artery of a cardio-metabolic swine model of HF. The 

second study investigates how the loss of female sex hormones alters cardiac 

fibrosis in a swine model with aortic-banding induced HF. This latter study will also 

compare differences in fibrotic remodeling between the LV and RV through 

analysis of pathways upstream and downstream of collagen regulation including 

sex hormone receptors, MAPK signaling, MMPs and TIMPs. Overall, the goal of 

this dissertation is to provide insight into the development of cardiac fibrosis and 

how it can be altered due to diet, sex hormones, heart failure, and tissue type.   
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Abstract 

Heart failure (HF) patients with deteriorating right ventricular (RV) structure and 

function have a nearly two-fold increased risk of death compared to those without. 

Despite the well-established clinical risk, few studies have examined the molecular 

signature associated with this HF condition. The purpose of this study was to 

integrate morphological, molecular, and functional data with the transcriptome 

dataset in the RV of a pre-clinical model of cardio-metabolic HF.  Ossabaw swine 

were fed either normal diet without surgery (lean control, n=5) or Western Diet and 

aortic-banding (WD-AB; n=4). Postmortem RV weight was increased and 

positively correlated with lung weight in the WD-AB group compared to CON. Total 

RNA-seq was performed and gene expression profiles were compared and 

analyzed using Principal Component Analysis, Weighted Gene Co-Expression 

Network Analysis, Module Enrichment Analysis, and Ingenuity Pathway Analysis. 

Gene networks specifically associated with RV hypertrophic remodeling identified 

a hub gene in MAPK8 (or JNK1) that was associated with the selective induction 

of the extracellular matrix (ECM) component fibronectin. JNK1 and fibronectin 

protein were increased in the right coronary artery (RCA) of WD-AB animals and 

associated with a decrease in matrix metalloproteinase 14 protein, which 

specifically degrades fibronectin. RCA fibronectin content was correlated with 

increased vascular stiffness evident as a decreased elastin elastic modulus in WD-

AB animals. In conclusion, this study establishes a molecular and transcriptome 

signature in the RV using Ossabaw swine with cardio-metabolic HF. This signature 
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was associated with altered ECM regulation and increased vascular stiffness in 

the RCA, with selective dysregulation of fibronectin. 
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Introduction  

Recently, there has been an increased focus on right ventricular (RV) 

structural and/or functional impairment in heart failure (HF) patients regardless of 

ejection fraction (28, 143-145). A meta-analysis of clinical studies estimates 18-

28% of individuals with HF also have RV disease (31). Heart failure patients with 

RV pathology have increased renal dysfunction, higher natriuretic peptide levels, 

more severe pulmonary vascular disease, and coronary artery disease. These 

individuals also have a higher incidence of atrial fibrillation, increased RV filling 

pressures, larger RV and atrial volumes, decreased RV and LV ejection fraction, 

and increased RV diastolic stiffness (28, 32, 33). Importantly, this more severe 

pathological phenotype is associated with an increased risk of death (34, 35), 

highlighting the need to understand mechanisms influencing the negative synergy 

between RV disease and HF.  

We recently developed a pre-clinical swine model of cardio-metabolic HF 

that showed aortic-banded Ossabaw pigs fed a Western Diet display an increase 

in postmortem RV weight compared to lean controls, similar to HF with 

deterioration of RV structure and function (146). We hypothesized that gene 

networks associated with hypertrophic remodeling would be activated in the RV of 

these same animals. Accordingly, we performed total RNA-sequencing analyses 

in the RV homogenate and interrogated the dataset to identify differentially 

expressed genes associated with chronic pressure-overload and metabolic 

challenge. Unbiased Ingenuity Pathway Analysis (IPA) from the differentially 

expressed genes detected specific molecular signatures indicative of cardiac 
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hypertrophy and fibrosis in the RV. The initial gene-network analysis also identified 

a HF-associated gene module centered around a number of hub genes. We 

specifically focused on stress-activated protein kinase 8 (MAPK8; also known as 

JNK1), which after targeted validation we demonstrate was significantly increased 

in the RV.  

After initial findings failed to confirm the transcriptome signature in the RV 

at the protein level, we extended our examination of the regulation of MAPK8/JNK1 

signaling into the right coronary artery (RCA). The RV homogenate assessed 

herein is composed of a number of cell types including vascular and immune cells, 

cardiomyocytes, and fibroblasts. Given our laboratory has extensively studied 

vascular contributions to HF (146-153), the extension of this study to the coronary 

vasculature was a logical choice. Our results indicate an increase in JNK1 protein 

in the RCA that was associated with dysregulation of fibronectin, an extracellular 

matrix (ECM) component that is a selective target of MAPK8/JNK1 signaling (119, 

127). These molecular and structural changes in the RCA were functionally 

correlated to an increase in coronary vascular stiffness. These results highlight the 

potential value of this pre-clinical RV transcriptome dataset to uncover novel 

insights and molecular targets potentially relevant to the mechanistic 

understanding of cardio-metabolic HF with pathological RV remodeling. 
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Methods 

Experimental Design 

This was an analysis of the total RV homogenate (cardiomyocytes, fibroblasts, 

coronary blood vessels) and right coronary artery (RCA) harvested from the same 

animals previously used in a recently published study from our laboratory (146). 

Briefly, intact, female Ossabaw swine (15-20 kg; 2 mo. old) were randomly 

assigned to either a non-sham sedentary control group (CON; n=5) that ingested 

a standard chow diet (5L80, Lab Diet; 3.03 kcal∙g-1, carbohydrate=71%, 

protein=18.5% and fat=10.5%; 500 g per day) or a  Western Diet-fed aortic-banded 

heart failure group (WD-AB; n=4) that consumed a diet high in fat, high fructose 

corn syrup, and cholesterol (5B4L, Laboratory Diet; 4.14 kcal∙g-1; carbohydrate, 

40.8% [17.8% of total calories from high fructose corn syrup]; protein, 16.2%; fat, 

43%, 2% cholesterol wt/wt) (154-159). At 6 months of age, an aortic band was 

placed on the ascending aorta to increase afterload on the heart as previously 

described (149-151, 154, 160-164). A trans-stenotic systolic gradient was set to 

≈70 mmHg (72 ± 2 mmHg) under anesthesia using phenylephrine (I.V. 1-3 

ug/kg/min) to set equivalent hemodynamic conditions defined as a mean aortic 

pressure (MAP) of ≈90 mmHg (87 ± 2 mmHg) and a heart rate of ≈85 beats/min 

(84 ± 3 bpm). After 6 months of chronic cardiac pressure overload and 10 months 

of Western Diet feeding, terminal experiments were performed at 1 year of age. 

Animals were anesthetized with a telazol (5 mg/kg)/xylazine (2.25 mg/kg) mix and 

maintained on propofol (6-10 mg•kg-1•min-1 with bolus as needed) for previously 
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published in vivo hemodynamic experiments before euthanasia and tissue harvest 

as previously described (154, 155). 

RV Gross and Cellular Morphology 

Gross RV morphology was calculated by postmortem weight. Cardiomyocyte 

morphology was determined using cross-sections of RV that were formalin fixed, 

embedded in paraffin for analysis, and stained for measurement of cross-sectional 

area. After dewaxing and rehydrating, antigen retrieval was performed using 10 

mM sodium citrate buffer at 98°C for 30 minutes. Samples were incubated in 6 

µg/mL Alexa Fluor 488-conjugated wheat germ agglutinin (WGA; Invitrogen) for 30 

minutes (165). Sections were imaged under 400x magnification with fluorescence 

microscope (Nikon Eclipse E600) with camera (Olympus DP72). A minimum of 50 

cells from 4 cross-sectional views/animal were analyzed using Image J software 

(National Institute of Health, Bethesda, MA).  

RNA-seq, Principal Component Analysis, Weighted Gene Co-Expression Network 

Analysis, Module Enrichment Analysis, and Ingenuity Pathway Analysis:   

Total RNA was extracted from the complete RV homogenate (a transmural section 

of the RV including cardiomyocytes, fibroblasts, and coronary blood vessels 

dissected from the midwall) using Trizol (Thermo Fisher Scientific) and RNA-seq 

libraries were prepared using a standard Illumina protocol as previously described 

(154, 166-168).  Transcript abundances were calculated using the 0.8.2 version of 

the Salmon algorithm (169) and the Ensembl SusScrofa 10.2 build of the pig 

genome with correction for both sequence biases and GC biases in the reads. 

Principle component analysis was performed on all expressed and varying genes 
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(FPKM >1, Coefficient of Variation >5%) using the prcomp R function and the 

ggbiplot R package (170). Differentially expressed genes were calculated using 

DESEQ2 (171) and GeneAnalytics (172) was used to identify enriched biological 

categories in these differentially expressed genes. Significance was determined 

by a Bejamini-Hochberg corrected binomial test reported at the P < 0.05 level.  

Networks were generated through the use of Ingenuity Pathway Analysis (IPA, 

Ingenuity Systems, www.ingenuity.com) based on the list of differentially 

expressed genes, and subject to statistical analysis as previously described (154, 

156, 158, 173). 

qRT-PCR 

Total RV homogenate was flash frozen in liquid nitrogen and stored at -80°C until 

processed. Quantitative Real Time-PCR (qRT-PCR) was performed as previously 

described using the 2-∆∆Ct method (149, 174, 175). Primers for analysis of 18S, 

Fibronectin, collagen I, collagen III, matrix metalloproteinase-2 (MMP2), MMP9, 

tissue inhibitor of matrix metalloproteinase-1 (TIMP1), and TIMP4 mRNA levels 

were previously published (149). Primers used for MAPK8, MMP14, TIMP2, dual 

specificity phosphatase-1 (DUSP1), DUSP4, and DUSP10 to measure mRNA 

levels are listed in Table 1.  
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Western Blot 

Western blot analysis was used to determine RV (from the total RV homogenate) 

and RCA protein levels as previously described (149, 160, 176, 177). RV tissue 

was homogenized in buffer containing 150 mM NaCl, 50 mM Tris pH 8.0, 2 mM 

EDTA, 1% Triton X-100, 0.5% Sodium Deoxycholate and protease/phosphatase 

inhibitors (Halt, Thermo Scientific). After homogenization in TissueLyser (Qiagen), 

the RV lysates were incubated on ice for 30 minutes and then centrifuged at 

12,000g for 10 min. Protein from right coronary arteries were extracted in Laemmli 

buffer (62.5 mM Tris, pH 6.8, 6 M urea, 160 mM dithiothreitol, 2% SDS, and 

0.0001% bromophenol blue) using sonication (150). Protein concentration was 

determined by Bradford assay (Bio-Rad) or NanoOrange assay (ThermoFisher). 

10 µg of protein in SDS loading buffer were run on 4-20% SDS/PAGE acrylamide 

gels (GeneScript) before transfer to PVDF membranes (GE Life Sciences). After 

blocking in 2.5% non-fat milk, membranes were incubated overnight at 4°C in 

primary antibodies: SAPK/JNK (46 kDa; Cell Signaling Technologies, 1:1000), 

phospho-SAPK/JNK (46 & 54 kDa, Thr 183 / Thr 185; Cell Signaling Technologies, 

1:1000), Fibronectin (262 kDa; Sigma-Aldrich, 1:5000), Elastin (70 kDa, Abcam, 
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1:1000), MMP14 (65 kDa; Invitrogen, 1:1000), TIMP2 (24 kDa; Abcam, 1:1000), 

and b-actin (42 kDa, Sigma, 1:5000). The appropriate horseradish peroxidase-

linked secondary antibodies (Cell Signaling, 1:1000) were then applied to the 

membrane prior to imaging on a Kodak image station (4000R) using Luminata 

Forte Western Chemiluminescent HRP substrate reagent (EMD Millipore). b-actin 

was utilized as a loading control. No statistical differences in the loading control 

was observed between groups, thus, absolute protein levels normalized relative to 

the CON group were used for analysis.  

RV Fibrosis 

Total RV collagen levels were determined through the biochemical quantification 

of collagen-specific hydroxyproline using a commercially available kit (Cedarlane, 

QuickZyme Total Protein and Collagen, Leinden, The Netherlands), and reported 

as the ratio of total collagen: total protein as previously described (146). 

Visualization of RV fibrosis was accomplished using Masson’s trichrome stain 

(146, 149, 176, 177).  

Immunohistochemistry (IHC)  

IHC was performed by standard procedures as previously described (148, 164, 

178). Segments of RCA were embedded with optimal cutting temperature (O.C.T.) 

and frozen. Arteries were cross-sectioned (8µm), fixed on glass slides with acetone 

and stained using Dako Envison+ system HRP-DAB kit (Agilent). An elastin 

primary antibody was used (Abcam, ab21607) with slides incubated at 4°C 

overnight at a 1:300 dilution. The secondary HRP conjugated labeled polymer was 
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applied for 30 minutes at room temperature followed diaminobenzidine (DAB) 

application for approximately 2 minutes until the appropriate darkness was 

achieved. Images were acquired using a Nikon 80i microscope with a 4x objective. 

Densitometry analysis was performed by ImageJ (NIH) and the data are presented 

as relative density in arbitrary units (AU).  

Elastin Elastic Modulus 

Right coronary artery stress-strain curves were utilized to calculate the elastin 

elastic modulus (EEM), an indicator of vascular stiffness, as previously described 

(148, 164). The RCA was cleaned of adipose tissue and cut into ~1.5-mm 

segments. The RCA rings were placed in a myograph (DMT 620) with preheated 

(37°C) Ca2+- and Mg2+-free phosphate-buffered saline. The RCA was then 

stretched every 3 min by 1 mm increments until mechanical failure. The elastic 

modulus was calculated as the greatest r2 value from the stress-strain curve. The 

stress-strain curve was generated in which stress (t) was calculated as t = lL/2HD 

and strain (l) was defined as l = Dd/d(i), where L = one-dimensional load applied, 

H = wall thickness, D = length of vessel, and Dd = change in diameter, d(i) = initial 

diameter. Wall thickness and diameter were assessed via histology and length was 

assessed under a dissecting microscope.  

Zymography 

Activity and abundance of MMP2 was analyzed by gelatin zymography (149, 179). 

Frozen RV tissue was homogenized in lysis buffer (100 mM NaCl, 25 mM Tris-

HCl, 1% Triton X-100, and 1x HALT protease inhibitor) with stainless steel beads 



 37 

(Next Advance) using a TissueLyser (Qiagen). Samples were then centrifuged at 

16,000g for 10 min at 4°C. Protein concentration was quantified with BCA protein 

assay. 100 µg total protein from each animal was prepared in 4x sample buffer 

(250 mM Tris-HCl, pH 6.8, 40% v/v glycerol, 8% SDS w/v, 0.01% w/v bromophenol 

blue) and ran on 10% zymography gel (Invitrogen) for 110 minutes at 125 V. Gels 

were then incubated in zymography renaturing buffer (Invitrogen) for 30 minutes 

at room temperature with gentle agitation. This process was followed by incubation 

in zymography developing buffer (Invitrogen) for 30 minutes at room temperature 

and subsequent exposure to fresh developing buffer for 36 hours at 37°C with 

gentle agitation. After incubation, gels were stained with Coomassie blue (0.5% 

w/v Coomassie, 5% v/v methanol, and 10% v/v acetic acid in H2O) for one hour. 

The gels were then destained with buffer (10% v/v methanol and 5% v/v acetic 

acid in H2O) until adequate resolution of bands was observed. Gels were imaged 

with Azure Biosystems c600 Imager and quantified with ImageJ software.  

Statistical Analysis 

Statistical analysis was performed using SigmaPlot 14 (SysStat Software, San 

Jose, CA) and RStudio software (R version 3.5.3, Boston, MA). Linear regression 

was used to examine the relationship between: 1.) RV postmortem weight and 

postmortem lung weight; and 2.) EEM and fibronectin protein levels. Group 

comparisons were completed using Student’s t-test (180). Power analysis for this 

study was described previously (154, 181) and indicate 4 swine per group is 

sufficient to detect group differences. All data is presented as mean ± standard 
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error (SE) and significance is reported at the P < 0.10 and P < 0.05 levels (182, 

183).  
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Results 

Right Ventricular Morphological Remodeling 

A comprehensive description of whole animal morphological and functional 

characteristics for the same animals used in the current study was recently 

published by our laboratory in the Journal of the American College of Cardiology: 

Basic to Translational Science (154). Herein, we provide a brief summary of these 

results. Normal resting systolic function (ejection fraction >50%) was observed in 

parallel with global hypertrophic remodeling in the LV, atria, and RV. The 

combination of diastolic dysfunction (increased slope of the end diastolic pressure-

volume relationship and abnormal diastolic strain), atrial hypertrophy, increased 

aortic systolic and pulse pressure, and increased wet lung weight in WD-AB 

animals support a theory of backward hemodynamic transmission that could 

increase RV mechanical stress (184, 185). Significant comorbidities were present 

including metabolic derangement indicated by obesity, inactivity, insulin 

resistance, dyslipidemia, and systemic inflammation. Extensive vascular 

dysfunction was present in multiple organ systems including the heart, brain, and 

skeletal muscle. Finally, the LV transcriptome showed substantial enrichment of 

gene signatures associated with HF, fibrosis, metabolic syndrome, and chronic 

inflammation. Collectively, the outcomes observed in the WD-AB group are 

consistent with a series of integrated physiological, morphological, and genetic 

phenotypes evocative of cardio-metabolic HF.  

To evaluate RV hypertrophy, postmortem RV weight was measured. Tibia 

length was examined to determine if normalization of the morphometric data was 
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necessary (186, 187). As previously reported in these same animals, tibia length 

was not different between groups (154). Therefore, absolute RV weights were 

used for group morphological analyses (188). As shown in Figure 1A, postmortem 

RV weight was significantly increased in WD-AB animals compared to CON and 

positively correlated to postmortem lung weight, demonstrating a right and upward 

shift in the group mean along the regression line (Figure 1B). Wheat germ 

agglutinin staining was utilized to further evaluate hypertrophy in individual 

cardiomyocytes (representative images are shown in Figure 1C). Cross-sectional 

area of individual myocytes was significantly increased in WD-AB animals 

compared to CON (Figure 1D) indicating RV hypertrophy at the organ and cellular 

level the WD-AB group. Additional evidence from the transcriptome supporting 

cardiopulmonary integration linking RV remodeling and lung disease is presented 

in Table 2, where gene ontology analysis in the RV shows enrichment of mRNA 

signatures related to pulmonary hypertension, fibrosis, and edema. 
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Figure 1. Western diet-fed, aortic banded Ossabaw swine demonstrate right 
ventricular (RV) hypertrophy. (A) Postmortem RV weight was increased in WD-
AB animals and (B) positively correlated to postmortem lung weight. (C-D) 
Cardiomyocyte cross-sectional area was increased in WD-AB animals 
compared to CON as demonstrated by quantification of representative cross-
sectional images stained for wheat-germ agglutinin (green, scale bar = 20 µm). 
*t-test vs. CON (P<0.05). n=5 animals, 50 cells/animal in the CON group; n=4 
animals, 50 cells/animal in the WD-AB group. 
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Right Ventricular Transcriptome 

 To evaluate the molecular signature present in the total RV homogenate, 

the transcriptome was profiled using RNA-seq and IPA. Unbiased IPA detected 

top gene expression changes in the WD-AB heart including Cardiac Hypertrophy 

and Cardiac Fibrosis, the #1 and #2 top significant Toxicology Lists (Table 3).  
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Further IPA analysis showed significant interactions between gene networks 

centered around MAPK8 (or JNK1), leukemia inhibitory factor (LIF), Interleukin-8 

(IL-8 or CXCL8), and pentraxin 3 (PTX3) (Figure 2). Gene ontology analysis 

indicated a significant enrichment of molecular functions related to protein 

tyrosine/threonine phosphatase activity, including dual-specificity phosphatases 

(DUSP) and fibronectin binding, both of which regulate or are regulated by 

MAPK8/JNK1 (119, 127). Significant enrichment of several other gene networks 

related to RV hypertrophy and cardiac fibrosis are also listed in Table 3, including 



 44 

traditional molecular indicators of HF such as atrial natriuretic peptide (NPPA). The 

increase in MAPK8 mRNA level reported by RNA-seq was verified independently 

using qRT-PCR. As shown in Figure 3A, there was a significant increase in 

MAPK8 mRNA levels in WD-AB animals compared to CON. Significant differences 

were not observed for LIF, CXCL8, or PTX3 mRNA levels between CON and WD-

AB animals (Figure 3B), thus, subsequent analyses were focused on 

MAPK8/JNK1.  

 

 

Figure 2. Ingenuity Pathway Analysis demonstrates the activation of stress-
activated protein kinase-8 (MAPK8 or JNK1), leukemia inhibitory factor (LIF), 
pentraxin 3 (PTX3), and interleukin-8 (CXCL8 or IL-8) in Western diet-fed, aortic 
banded Ossabaw swine. Graphic illustration showing the interactions between 
MAPK8, LIF, PTX3, and CXCL8 in the RV of WD-AB animals compared to CON. 
Specified number represents fold-change in gene expression per RNA-seq 
analysis. n=3 for CON and WD-AB groups.  
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Additional verification by qRT-PCR showed increased mRNA levels of 

DUSP1 and DUSP4 in WD-AB compared to CON animals, suggesting an 

imbalance in the regulation of MAPK8 activation (Figure 3C). MAPK8/JNK1 

signaling is linked to selective extracellular matrix (ECM) remodeling characterized 

by an increase in fibronectin, but not collagen, deposition (119, 127). Fibronectin 

mRNA level measured by qRT-PCR was increased in the WD-AB group compared 

to CON (Figure 3D), while collagen I and III mRNA levels were not significantly 

different between groups (Figure 3E). 
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To further evaluate regulation of the ECM in the RV, mRNA levels of MMPs 

and TIMPs were also measured using qRT-PCR. Our results indicate an 

imbalance of these regulatory biomarkers of the ECM in the RV, as multiple MMP 

and TIMP isoforms were elevated in the WD-AB group (Figure 3F). Specifically, a 

significant increase in MMP14 mRNA (which degrades fibronectin) was observed 

in parallel with increases in both TIMP2 and TIMP4 mRNA levels, which inhibit 

MMP14 (189-191).  

To determine if these changes in mRNA levels translated to changes in 

protein level, western blot was utilized to evaluate phosphorylated-JNK, total JNK, 

fibronectin, MMP14, TIMP2, and elastin (Figure 4A). There were no significant 

differences between CON and WD-AB animals regarding the activation of JNK, 

phosphorylated JNK, or total JNK levels (Figure 4B, 4C). Protein levels were not 

significantly different between the two groups for fibronectin (Figure 4D), MMP14 

(Figure 4E), TIMP2 (Figure 4F), elastin (Figure 4G), or calsequestrin (loading 

control; Figure 4H). Total RV collagen was evaluated biochemically with no 

Figure 3. Independent verification of RNA-seq by qRT-PCR in Western diet-
fed, aortic banded Ossabaw swine demonstrate increased MAPK8, DUSP, 
fibronectin and matrix metalloproteinase (MMP) and tissue inhibitors of matrix 
metalloproteinase (TIMP) mRNA levels that are associated with RV 
hypertrophy. (A) MAPK8 mRNA levels were increased in WD-AB swine 
compared to CON. (B) Right ventricular CXCL8, LIF, and PTX3 mRNA levels 
measured by qRT-PCR are not different between groups. (C) The WD-AB group 
showed an increase in DUSP1 and DUSP4 mRNA levels compared to CON. 
(D) Fibronectin mRNA levels were increased in the RV of WD-AB animals 
compared to CON. (E) Collagen I and Collagen III mRNA levels were not 
different between groups. (F) MMP2, MMP9, MMP14, TIMP1, TIMP2, and 
TIMP4 mRNA levels were increased in WD-AB animals compared to CON. *t-
test vs. CON (P<0.05).  n=4 for CON and WD-AB in Figures 3A, D, and F. n=5 
for CON and n=4 for the WD-AB group in Figures 3B, C.   
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differences seen in protein level between groups (Figure 4I) and that was 

confirmed visually via Masson’s trichrome stain (Figure 4J). 
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Right Coronary Artery Structure 

When deciding how to further explore the molecular resources identified in 

the transcriptome from the total RV homogenate in this study given initial findings 

failed to confirm gene signatures in the RV at the protein level, we considered that 

fibroblasts, immune cells, cardiomyocytes, or vascular cells could be involved in 

the gene network oriented around MAPK8 (184). Our laboratory has focused on 

vascular contributions to HF (147-151, 154, 162, 164), and our initial examination 

of the RCA found structural adaptations in the WD-AB group. Specifically, a 

decrease in the RCA elastin elastic modulus (EEM) was found in WD-AB animals 

compared to CON (Figure 5A; stress-strain curves are presented in Figure 6) that 

was accompanied by a predicted reduction in vascular elastin protein level (Figure 

5B; representative immunohistochemistry images of the RCA are shown in Figure 

5C). The combination of these findings is consistent with increased vascular 

stiffness. Additionally, elastin is a target for degradation by MMP2, an MMP isoform 

that is regulated by both MMP14 and TIMP2 (190, 191). Quantification of MMP2 

activity/abundance by gelatin zymography (Zymography gel presented in Figure 

5D) showed an increase in the WD-AB group compared to CON (Figure 5E), 

Figure 4. Western diet-fed, aortic banded Ossabaw swine show no differences 
in RV protein levels of p-JNK, JNK, fibronectin (Fn), MMP14, TIMP2, or elastin. 
(A) Western blot images of p-JNK, JNK, Fn, MMP14, TIMP2, elastin, and CSQ 
for the RV. (B) Quantification of the p-JNK:total JNK ratio showed no difference 
between CON and WD-AB animals. (C) Both p-JNK and total JNK did not show 
significant differences in WD-AB animals compared to CON after individual 
analyses. (D) Fn, (E) MMP14, (F) TIMP2, (G) Elastin, and (H) CSQ protein level 
were not different in WD-AB animals compared to CON. (I) Biochemically 
measured total collagen protein levels were not different between the two 
groups and visually supported by (J) representative Masson’s trichrome images 
(Magnification x40, scale bar = 100 µm). *t-test vs. CON (P<0.05). n=5 for CON 
and n=4 for the WD-AB group. 
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suggesting decreased vascular elastin protein level may be the result of increased 

degradation.  
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Figure 5. Increased RCA vascular stiffness and elastin regulation is associated 
with fibronectin in Western diet-fed, aortic banded Ossabaw swine. (A) The 
elastin elastic modulus was significantly decreased in the RCA of WD-AB 
animals compared to CON and (B) associated with a decrease in elastin protein 
level (C, representative immunohistochemistry images of RCA elastin staining; 
scale bar = 250 µm). (D) Western blot (top) and zymography gel (bottom) 
images of Fibronectin (Fn) and MMP2, respectively. (E) MMP2 
activity/abundance was increased in WD-AB animals compared to CON. (F) Fn 
protein level in the RCA was increased in the WD-AB group compared to CON. 
(G) Increased coronary vascular stiffness, represented by a decrease in the 
elastin elastic modulus, was negatively correlated with fibronectin protein levels. 
*t-test vs. CON (P<0.05); †one-tailed t-test vs. CON. n=5 for CON and n=4 for 
the WD-AB group.  
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Given these vascular observations, we chose to verify protein levels of 

JNK1, fibronectin, MMP14, and TIMP2 in the RCA. The first indication that findings 

from the RV transcriptome may relate to functional increases in coronary vascular 

stiffness was supported by data showing an increase in RCA fibronectin protein 

level in WD-AB animals (Figure 5F; Western blot presented in Figure 5D) that 

was negatively correlated to the EEM, with a right and downward shift in the group 

mean along the regression line in the WD-AB group compared to CON (Figure 

5G). Further assessment of protein in the RCA (Western blots presented in Figure 

7A) demonstrated the ratio of p-JNK:total JNK was not different, suggesting JNK 

activation was similar between groups (Figure 7B). However, separate evaluation 

of the two proteins normalized to the CON group indicated p-JNK and total JNK 

protein levels were increased in WD-AB animals compared to CON (Figure 7C). 

MMP14 protein level in the RCA was significantly decreased in the WD-AB group 

compared to CON (Figure 7D) and observed alongside no differences for TIMP2 

(Figure 7E) or b-actin protein levels (loading control; Figure 7F). Complete 

Western blot gel images for all RCA and RV proteins assessed are presented in 

Figure 8. 

Figure 6. Stress-strain curves. Right coronary artery stress-strain curves 
showing mean group data for the CON and WD-AB groups. The linear region 
indicates where the elastin elastic modulus, an index of mechanical stiffness, 
was calculated for CON (red) and WD-AB animals (yellow). 
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Figure 7. Western diet-fed, aortic banded Ossabaw swine show increased p-
JNK and total JNK protein levels, in addition to decreased MMP14 protein 
levels, in the RCA. (A) Western blot images of p-JNK, JNK, MMP14, TIMP2, 
and b-actin for the RCA. (B) Quantification of the p-JNK:total JNK ratio showed 
no difference between CON and WD-AB animals. (C) Both p-JNK and total JNK 
were increased in WD-AB animals compared to CON after individual analyses. 
(D) MMP14 protein level was decreased in WD-AB animals compared to CON. 
(F-G) No differences in TIMP2 or b-actin protein levels were observed. *t-test 
vs. CON (P<0.05). n=5 for CON and n=4 for the WD-AB group.  
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Figure 8. Full images of western blots for the RCA (A-F) and RV (G-M). RCA: 
(A) p-JNK, (B) total JNK, (C) fibronectin (Fn), (D) MMP14, (E) TIMP2, and (F) 
b-actin. RV: (G) p-JNK, (H) total JNK, (I) fibronectin (Fn), (J) MMP14, (K) 
TIMP2, (L) calsequestrin (CSQ), and (M) elastin. 
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Discussion 

 Metabolic derangement is known to disrupt regulatory mechanisms 

controlling ECM remodeling, resulting in increased myocardial stiffness and 

enhanced risk for the development of HF (184). However, specific alterations to 

the balance between synthesis and degradation of ECM components leading to 

cardiac dysfunction in a setting of HF with RV disease remain unresolved. Critical 

gaps to our understanding include a lack of clarity regarding how alterations to the 

ECM contribute to the development of HF in patients with comorbidities such as 

diabetes (51). While a great deal of experimental focus has been centered on 

evaluation of the LV, significantly increased mortality in HF patients with RV 

pathology suggests mechanisms regulating fibrosis in the RV may also play a key 

pathological role in their overall health (28, 35, 143, 145). Indeed, recent evidence 

indicates structural and functional disease develops much more rapidly in the RV 

compared to the LV over the same time frame in HF patients, while almost doubling 

the risk of death (34). Therefore, the purpose of this study was to use the RV 

transcriptome signature from a recently established pre-clinical swine model of 

cardio-metabolic HF (154) as a first step towards elucidating potential mechanisms 

relevant to the pathogenesis of HF with associated RV remodeling. 

 Initial evaluation of the RV transcriptome indicated an increase in MAPK8 

mRNA levels in the WD-AB group. This finding led to the exploration of localized 

remodeling centered around the regulation of the ECM component fibronectin as 

previous work in mice demonstrated that activation of MAPK8/JNK in the LV can 

lead to ECM remodeling resulting in the selective induction of fibronectin, but not 
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collagen, deposition (127). The initial finding that the transcriptome profile was not 

conserved at the protein level in the total RV homogenate guided the extension of 

this study into the coronary vasculature. Our subsequent findings in the RCA 

suggest changes to both the synthesis and degradation of fibronectin may play a 

role in its accumulation in this coronary conduit artery as summarized in Figure 9. 

Specifically, an increase in both total and phosphorylated JNK protein considered 

with a parallel decrease in MMP14 protein (a critical regulator of fibronectin 

turnover) (189) outline a scenario of regulatory imbalance potentially contributing 

to the increased fibronectin protein levels observed in the RCA.  The RV 

transcriptome signature included herein complements recent work by Hahn et al. 

(192) examining RNA-seq from human RV-septal biopsies collected in heart failure 

with preserved ejection fraction patients and provides new perspective into 

vascular-related genes that may have important ramifications regarding perfusion 

of the myocardium in cardio-metabolic HF. 
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Indeed, our results indicate dysregulation of fibronectin may have functional 

ramifications as indicated by its association with increased vascular stiffness. The 

negative correlation between the EEM and fibronectin suggests that as protein 

levels increase, there is an increase in RCA stiffness in WD-AB animals (reflected 

as a decrease in the EEM). Elastin is a primary contributor to vascular stiffness 

(193), and reductions in this important ECM protein by genetic manipulation or 

metabolic disease has been shown to promote arterial stiffening (178, 194, 195). 

The findings of a parallel decrease in the EEM and elastin protein level in the RCA 

in the WD-AB group are consistent with an interpretation of increased coronary 

vascular stiffness, matching previous findings from our laboratory in a separate 

Yucatan mini-swine model of aortic banding-induced HF without metabolic 

comorbidities (164). Considered together, these results indicate that both chronic 

pressure overload in the presence or absence of metabolic derangement can 

cause remodeling of coronary conduit vessels. An increase in large elastic artery 

stiffness is an independent predictor of cardiovascular events, although whether 

this idea can be applied by extension into the smaller coronary conduit vessels 

(i.e., the RCA) is not completely elucidated. Increased coronary conduit stiffness 

could enhance energy transmission to coronary resistance vessels, potentially 

Figure 9. Summary of ECM regulatory imbalance. Initial findings failed to 
confirm the transcriptome signature in the RV at the protein level, we therefore 
extended our examination into the right coronary artery (RCA) where outcomes 
included - Synthesis (left) Increased total p-JNK and JNK protein levels in the 
RCA potentially: OUTCOME - increase vascular fibronectin accumulation in the 
RCA. Degradation (right) Decreased MMP14 and normal TIMP2 protein levels 
in the RCA may contribute to: OUTCOME - increased vascular fibronectin 
accumulation in the RCA. Functional Outcome (center) Dysregulation of 
fibronectin in the coronary vasculature may have functional consequences as 
demonstrated by its association with increased RCA vascular stiffness. 
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increasing pulsatility and promoting cardiac damage resulting in microvascular 

dysfunction. Our laboratory has previously shown an increase in coronary vascular 

conduit stiffness that was associated with increased vascular pulsatility (148), and 

when combined with our recent demonstration of impaired coronary microvascular 

vasodilatory capacity in the LV of the same animals used in this study (146) begin 

to build a foundation for this well-established large elastic artery concept in the 

heart. In the current study, the correlation between fibronectin and vascular 

stiffness observed highlights a new potential mechanistic link between coronary 

structure and function potentially worthy of future interrogation. 

Indeed, coronary vascular dysfunction is prevalent in HF patients and 

associated with an increased risk of adverse cardiac events (196-198). Previous 

studies from our laboratory have demonstrated coronary microvascular 

dysfunction mediated by the large conductance calcium-activated potassium 

(BKCa) channel in this Ossabaw and the aforementioned Yucatan models of 

experimental HF (150, 154).  Interestingly, fibronectin has been shown to influence 

BKCa channel function via coordinated regulation through integrin signaling (199, 

200).  In this regard, β8-integrins have been shown to interact: 1) with fibronectin 

independently (201); and 2) in concert with the αv-integrin to influence 

transforming growth factor-β (TGF-β) and extracellular signal-related kinase (ERK) 

signaling (202, 203). Additional gene ontology analysis of the RV transcriptome in 

this study showed significant enrichment of the TGF-β, ERK, and Integrin signaling 

pathways that further implicate DUSP, MAPK8, β8-integrin (gene notation - 

ITGB8), and fibronectin (gene notation – FN1) interactions in the observed 
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dysregulation of ECM remodeling in the WD-AB group (Table 4). These data 

expand upon previous basic science biophysical findings to demonstrate the 

potential relevance of these mechanisms to HF in a translational large animal 

model and while not definitive, set the foundation for further examination regarding 

their relationship to ECM remodeling and overall coronary vascular function. 

 

 In this study, a combination of transcriptome gene signatures indicative of 

pulmonary disease and pathological hypertrophy at the whole organ and cellular 

levels were observed in the RV of this pre-clinical model of cardio-metabolic HF. 
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Previous evidence of LV diastolic dysfunction and atrial hypertrophy was observed 

in these same animals (154), supporting a theory of chronic backward 

hemodynamic conveyance that increases RV mechanical stress resulting in 

activation of signaling cascades like MAPK8 that can promote pathological 

remodeling (184, 185). The role of MAPK8 in cardiomyocyte hypertrophy is a 

subject of debate with in vitro studies showing a hypertrophic effect while in vivo 

studies demonstrate an anti-hypertrophic effect (119, 127, 128, 204, 205). Given 

the high prevalence of pulmonary hypertension in HF and its association with RV 

disease and increased mortality (35, 144, 206), the observed interactions between 

the RV, lungs, and LV suggest this large animal model holds translational potential 

for this specific cohort of patients. Further examination of cardiopulmonary 

hemodynamic function to complement the structural and genetic findings of the 

current study is warranted.  

 Although the focus herein was on the confirmation of MAPK8/JNK1 

signaling identified via analysis of the RV transcriptome at the protein level in the 

RCA, the significant hypertrophic remodeling observed at the organ and cellular 

level in the RV provides an opportunity to compare its genetic signature to that of 

the LV. Cardio-metabolic HF is often accompanied by dysfunction in both the LV 

and RV (10, 18), and it is currently unclear if the pathological process is similar 

between heart chambers. Figure 10A shows a Venn diagram indicating out of 

13,00 genes present in our original data, 401 genes in the RV and 626 genes in 

the LV were differentially expressed between the CON and WD-AB groups.  Of 

these genes, 116 were differentially expressed between groups in both chambers 
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(P = 1.622 x 10-60) demonstrating core conserved genes that are affected similarly 

in both the LV and RV during the development of HF. A number of significant 

differences in gene signatures was also observed between cardiac chambers, and 

we explored these differences using a heat map displaying ‘Disease and Biological 

Function’ canonical pathways generated using unbiased IPA. From this analysis 

we identified two gene networks related to fibrosis, specifically “Differentiation of 

Connective Tissue Cells” and “Growth of Connective Tissue”, that were 

significantly activated (as determined by a z-score >2) in WD-AB animals 

compared to CON in the RV only. The interaction of these two pathways activated 

in the RV are presented in Figure 10B. Together, these data detail a preliminary 

examination comparing the RV and LV transcriptomes in this pre-clinical Ossabaw 

swine model of cardio-metabolic HF and highlight a number of novel gene targets 

for future exploration that may be relevant to differences in fibrotic structural 

remodeling between cardiac chambers. 
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Figure 10. Transcriptome comparison in the RV vs. LV. (A) Venn diagram 
demonstrating out of the 401 genes in the RV and 626 genes in the LV that 
were differentially expressed between the CON and WD-AB groups, 285 were 
specific to the RV, 510 were specific to the LV, and 116 were conserved 
between chambers. (B) RV gene interactions between significantly activated 
‘Differentiation of Connective Tissue Cells’ and ‘Growth of Connective Tissue’ 
networks revealed by Ingenuity Pathway Analysis between CON and WD-AB 
animals. These gene networks were not activated in the LV.  
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Limitations  

This study examining the RV transcriptome presented a unique opportunity 

to evaluate molecular mechanisms in the RV and expand this assessment into the 

coronary vasculature. Our findings certainly warrant RNA-seq studies in the RCA 

and other individual cell types (cardiomyocyte, smooth muscle, endothelium, 

fibroblast) in the future. While currently the primary focus was on structural 

remodeling of the right side of the heart, the results indicate a more thorough 

evaluation of in vivo RV hemodynamics and structure is justified for subsequent 

evaluation. Finally, although a strength of this model is the multi-hit combination of 

Western diet and chronic pressure overload reminiscent of human cardio-

metabolic HF, this experimental design does not allow for the determination of 

individual contributions by these variables to the transcriptome and provide 

information relevant only to this time point of disease.   

Conclusions 

The results of this study uncovered regulatory imbalance of the ECM based 

on unbiased analysis of the RV in a new pre-clinical Ossabaw swine model of 

cardio-metabolic HF. Initial assessment of the RV transcriptome detected 

molecular signatures indicative of pathological remodeling centered around 

MAPK8. Further verification found an imbalance in the synthesis and degradation 

of fibronectin in the RCA, potentially mediated by JNK1 and MMP14, that was 

associated with increased coronary vascular stiffness. Additional evaluation of the 

RV transcriptome highlighted genetic signatures supporting integration of 

pulmonary and RV pathology and mechanistic insight regarding the functional 
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implications of vascular fibronectin accumulation, providing a basis for future 

molecular interrogation. Overall, our findings establish a comprehensive molecular 

signature in the RV and uncover new insights related to the signaling mechanisms 

involved in coronary vascular structural remodeling in a setting of experimental HF. 

These outcomes suggest this unique RV transcriptome dataset may have clinical 

relevance for HF patients exhibiting deterioration of RV structure. 
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CHAPTER 3: CHRONIC PRESSURE OVERLOAD AND THE LOSS OF 
FEMALE SEX HORMONES ALTERS THE REGULATION OF CARDIAC 

FIBROSIS IN A CHAMBER-SPECIFIC MANNER 
 

Abstract 

Heart failure with preserved ejection fraction (HFpEF) disproportionality affects 

postmenopausal women compared with premenopausal women. The 

pathogenesis of HFpEF, previously known as diastolic heart failure, is not well 

defined. Cardiac fibrosis is a hallmark feature of HFpEF that has increased 

prevalence in postmenopausal women and is hypothesized to contribute to the 

pathogenesis of this disease. Therefore, the goal of this study was to evaluate the 

effect of the loss of sex hormones via ovariectomy (OVX) on the regulation of 

cardiac fibrosis during the development of aortic-banding (AB) induced heart 

failure in four groups of female Yucatan mini-swine: control, intact (CON-INT; 

N=7); control, ovariectomized (CON-OVX; N=6); aortic-banded, intact (AB-INT; 

N=7); and aortic-banded, ovariectomized (AB-OVX; N=7). Biochemical evaluation 

of total collagen protein demonstrated an increase in total collagen due to OVX 

(main effect) in the left ventricle (LV) independent of AB. In contrast, total collagen 

was increased due to AB (main effect) in the right ventricle (RV) independent of 

OVX. These results led to the hypothesis that collagen is differentially regulated in 

a chamber-specific manner due to imbalances in its synthesis and degradation. To 

determine alterations in the synthesis and degradation of collagen, mRNA and 

protein levels of extracellular matrix proteins and regulators were evaluated 

including: collagen I, collagen III, fibronectin, myofibroblasts, sex hormone 

receptors, the JNK pathway, the ERK1/2 pathway, matrix metalloproteinases 



 70 

(MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs). In the RV, 

there was increased JNK activation and myofibroblasts due to chronic pressure 

overload. Additionally, collagen I mRNA levels were positively correlated to total 

collagen protein. These results point to an increase in collagen synthesis in the 

RV. Conversely, in the LV, these synthesis pathways were unaltered due to the 

loss of sex hormones suggesting that cardiac fibrosis in the LV is not due to an 

increase in synthesis. As for degradation, there was an increase in TIMP-3 protein 

levels which could suggest an increase in the inhibition of collagen degradation in 

the RV. In the LV, multiple MMP and TIMP isoforms were altered due to both OVX 

and AB suggesting an imbalance in the regulation of extracellular matrix 

degradation which could ultimately result in the accumulation of collagen. In 

conclusion, these findings demonstrate important differences in the regulation of 

fibrosis due to the loss of sex hormones and chronic pressure overload between 

the LV and RV that may be critical to understanding the pathophysiology of HFpEF.  
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Introduction  

Heart failure (HF) is an epidemic that disproportionality affects 

postmenopausal women compared with premenopausal women, especially in 

heart failure with preserved ejection fraction (HFpEF) (3, 4, 15, 41, 43, 198). 

Additionally, cardiac fibrosis and diastolic dysfunction have increased prevalence 

in postmenopausal women compared with premenopausal women and these two 

characteristics are hallmark features of HFpEF that are shown to increase mortality 

rates (2, 38, 39, 41, 42, 44, 207, 208). These differences in disease and 

comorbidity prevalence between postmenopausal women and premenopausal 

women is often attributed to the loss of female sex hormones (i.e., estrogen and 

progesterone).  While progesterone has not been as heavily evaluated as 

estrogen, both female sex hormones are shown to have cardioprotective effects. 

Estrogen and progesterone are anti-inflammatory, anti-hypertrophic, anti-

arrhythmic, vasodilators, and anti-apoptotic (85, 89, 93, 94, 101, 102). Estrogen 

has also been shown to reduce cardiac fibrosis and inhibit collagen synthesis, 

while both processes are enhanced in the presence of progesterone (90). Although 

both estrogen and progesterone have been shown to reduce cardiac fibrosis, the 

alterations in molecular signaling pathways upstream of collagen synthesis are 

unknown. Additionally, changes to other extracellular matrix (ECM) regulatory 

pathways by sex hormones have not been heavily evaluated.  

Cardiac fibrosis occurs where there is an accumulation of ECM proteins, 

primarily collagen, which can lead to ventricular impairments and diastolic 

dysfunction (55, 56). This accumulation of ECM proteins can occur when there is 
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an imbalance in its synthesis and degradation. It has been hypothesized in 

postmenopausal women that cardiac fibrosis occurs through an increase in the 

inhibition of collagen degradation while cardiac fibrosis in individuals with HFpEF 

occurs through increases in collagen synthesis as well as decreases in 

degradation (42, 68). Therefore, the goal of this study was to evaluate the effect of 

the loss of sex hormones via ovariectomy (OVX) on the development of cardiac 

fibrosis in female Yucatan swine with aortic-banding (AB) induced HF, a model 

previously developed in our lab (151, 161, 163). Unpublished results in this animal 

model have shown that diastolic dysfunction, as determined through the end-

diastolic pressure volume relationship (EDPVR), and cardiac fibrosis in the left 

ventricle (LV) were increased due to the loss of sex hormones and independent of 

chronic pressure overload, similarly to postmenopausal women (EDPVR: CON-

INT = 0.010 ± 0.002; AB-INT = 0.012 ± 0.002; CON-OVX = 0.19 ± 0.002; AB-OVX 

= 0.015 ± 0.002; main effect of OVX p < 0.05; LV total collagen protein: CON-

INT = 8.27 ± 1.88; AB-INT = 8.57 ± 0.75; CON-OVX = 12.59 ± 1.97; AB-OVX = 

11.38 ± 1.07; main effect of OVX p < 0.05). These results led to the hypothesis 

that the loss of sex hormones through OVX leads to an accumulation of collagen 

in the LV due to an imbalance in its synthesis and degradation.  

Another goal of this study was to evaluate whether alterations in the 

synthesis and degradation of collagen in the LV are translated to the right ventricle 

(RV). Right ventricular dysfunction (RVD) in individuals with HFpEF is associated 

with increased risk of hospitalizations and up to an 80% increased risk of death 

(27, 28, 34). However, little research, especially from a molecular perspective, has 
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been conducted on the RV. A recent study from our lab evaluating transcriptome 

signatures between the LV and RV in a swine model of cardiometabolic HF 

demonstrated only 13% of the genes differentially expressed were altered in both 

ventricles establishing ventricle-dependent gene signatures in the progression of 

HF (209). Therefore, I hypothesized that chamber-specific differences in collagen 

regulation exist between the two ventricles. Results of this study indicate that there 

are ventricular dependent alterations at the mRNA, protein, and activity level in 

multiple regulators of both ECM synthesis and degradation. These results highlight 

important differences in the regulation of fibrosis due to the loss of sex hormones 

and chronic pressure overload between the LV and RV, emphasizing the need to 

evaluate the whole heart, as one system and as individual chambers, in order to 

fully understand the development of this disease.   



 74 

Methods 

Experimental Design 

This is an analysis on total LV and RV homogenates (cardiomyocytes, fibroblasts, 

coronary blood vessels) harvested from animals previously published by our 

laboratory (151, 161, 163, 210). Briefly, twenty-eight intact, female Yucatan swine 

(7 months old) were divided into four groups: control intact (CON-INT), aortic-

banded intact (AB-INT), control ovariectomy (CON-OVX), and aortic-banded 

ovariectomy (AB-OVX). A bilateral ovariectomy was performed at 7 months of age 

to surgically induce menopause and was confirmed by reduced uterus weight at 

the time of euthanasia as previously described (151, 163, 210). At 8 months of 

age, an aortic band was placed on the ascending aorta proximal to the 

brachiocephalic artery as previously described (5, 146, 149-152, 160, 161, 163, 

210). Prior to placing the band, the peripheral mean arterial pressure was set to 

~90 mmHg (AB-INT = 90 ± 1; AB-OVX = 89 ± 1) under anesthesia using 

phenylephrine (iv 1-3 µg/kg/min) and heart rate intrinsically set itself to ~100 bpm 

(AB-INT = 99 ± 5; AB-OVX = 100 ± 4). Following hemodynamic stabilization, the 

trans-stenotic systolic pressure gradient was set to ~70 mmHg (AB-INT = 73 ± 3; 

AB-OVX = 72 ± 3). One month prior to terminal studies, intact swine were orally 

dosed with altrenogest (4.5 mL, 0.22% solution; MATRIXâ, Merck, New Jersey) 

to ensure that intact swine were not in estrus at the time of sacrifice (151, 163, 

210). Dosing was performed for 14 days followed by 12-15 days of non-treatment. 

To confirm animals were not in estrus, concentrations of serum progesterone were 

measured with a chemiluminescent enzyme immunoassay (IMMULITE 1000, 
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Siemens Healthineers, PA) and serum estrogen levels were measured through 

radioimmunoassay at the University of Pennsylvania Radioimmunoassay and 

Biomarkers Core (University of Pennsylvania, Philadelphia, PA). Anestrus was 

confirmed in these animals as estrogen levels in 23 out of 27 animals were below 

the level of detection and progesterone levels were greater than 0.5 ng/ml in intact 

animals (CON-INT = 6 ± 4 ng/mL; AB-INT = 16 ± 4 ng/mL; CON-OVX = 

undetectable; AB-OVX = undetectable) (151). Terminal studies were then 

performed at 14 months of age in which animals were anesthetized with telazol (5 

mg/kg)/xylazine (2.25 mg/kg). The animals were maintained on Propofol (6-10 

mg/kg/min) for in vivo hemodynamic experiments. LV and RV tissue were 

harvested, flash-frozen in liquid nitrogen, and stored at -80°C for future analyses 

as previously described (151, 163).  

Cardiac Fibrosis 

Whole homogenates of LV and RV tissue were utilized to biochemically evaluate 

total collagen through the commercially available collagen-specific hydroxyproline 

assay kit per manufacturer’s instructions (Cedarlane, QuickZyme Total Protein and 

Collagen, Leiden, The Netherlands). Briefly, LV and RV tissue were hydrolyzed in 

hydrochloric acid then a colorimetric assay was utilized to quantify collagen-

specific hydroxyproline. Results are reported as the ratio of total collagen: total 

protein (146). Masson’s trichrome stain and picrosirius red stain were utilized to 

visually assess fibrosis in the LV and RV (146, 149, 176, 177, 209).  
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Quantitative RT-PCR 

Quantitative real-time PCR was performed as previously described (146, 149). 

Briefly, TRIzol was utilized to extract RNA from LV and RV homogenate per 

manufacturer’s instructions (Applied Biosystems). RNA was then transcribed to 

cDNA using the High-Capacity cDNA Reverse Transcription kit (Applied 

Biosystems). qPCR was performed in conditions optimized for each primer and 

normalized to 18S ribosomal RNA using the 2-DDCt method (149, 174, 175). Primer 

sequences for 18S, collagen I, collagen III, fibronectin, matrix metalloproteinases-

2 (MMP-2), MMP-9, MMP-14, tissue inhibitor of matrix metalloproteinase-1 (TIMP-

1), TIMP-2, TIMP-4, mitogen activated protein kinase-8 (MAPK8), dual specificity 

phosphatase-1 (DUSP1), DUSP4, and DUSP10 have been previously published 

(149, 209). Sequences for primers utilized for progesterone receptor (PGR), 

progesterone receptor membrane component 1 (PGRMC1), estrogen receptor 1 

(ESR1), ESR2, MMP-1, MMP-3, MMP-13, TIMP-3, MAPK1, MAPK3, MAPK9, 

DUSP6, and DUSP9 can be found in Table 1.  
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Western Blot 

LV and RV protein levels were evaluated through western blot as previously 

described (149, 160, 176, 177, 209). To begin, LV and RV tissue were 

homogenized in TissueLyser (Qiagen) with stainless steel beads (Next Advance) 

using Pierce RIPA buffer (Thermo Scientific) and protease/phosphatase inhibitors 

(HALT, Thermo Scientific). A Bradford assay (Bio-Rad) was utilized to determine 

protein concentrations per manufacturer’s instructions. Western blot conditions 

were optimized for each protein. 10-40 µg of protein was resolved on 4-12% or 8% 

SDS/PAGE acrylamide gels (GenScript) followed by transfer to PVDF membranes 

(GE Life Sciences). Membranes were blocked in 2.5-5% milk followed by 

incubation in primary antibodies overnight at 4°C. Primary antibodies are listed in 

Table 2. After primary incubation, membranes were incubated in appropriate 

horseradish peroxidase-linked secondary antibodies (Cell Signaling, 1:2500). 

Membranes were then imaged using Immobilonâ Forte Western HRP substrate 

reagent (EMD Millipore) or SuperSignal West Femto Maximum Sensitivity 

Substrate (Thermo Scientific) on a Kodak image station (4000R) or Bio-Rad 

ChemiDoc XRS+. Membranes were stained with Coomassie blue as a loading 

control. No differences were seen in loading controls between groups (LV: CON-

INT = 1.0 ± 0.05; AB-INT = 1.0 ± 0.03; CON-OVX = 0.99 ± 0.04; AB-OVX = 1.02 ± 

0.03; p = 0.66; RV: CON-INT = 1.0 ± 0.07; AB-INT = 0.98 ± 0.10; CON-OVX = 

1.05± 0.05; AB-OVX = 0.97 ± 0.08; p = 0.65). Therefore, protein levels were 

normalized to CON-INT groups.  
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Zymography 

Gelatin zymography was utilized to determine activity/abundance of MMP-2 and 

MMP-9 as previously described (179, 209). LV and RV tissue were homogenized 

in TissueLyser (Qiagen) with stainless steel beads (Next Advance) using lysis 

buffer containing 100 mM NaCl, 25 mM Tris-HCl, pH 7.5, 1% Triston X-100, and 

protease/phosphatase inhibitors (HALT, Thermo Scientific). Protein 

concentrations were determined using a Bradford Assay (Bio-Rad). 100 µg of 

protein was prepared in 4x loading buffer containing 250 mM Tris-HCl, pH 6.8, 

40% v/v glycerol, 8% w/v SDS, 0.01% w/v bromophenol blue. Protein was resolved 

on 10% zymography gels (Invitrogen) prior to incubation in zymography renaturing 
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buffer for 30 minutes at room temperature (Invitrogen). Gels were then incubated 

in zymography developing buffer (Invitrogen) for 30 minutes at room temperature 

followed by 36 h incubation in fresh developing buffer at 37°C. Coomassie blue 

(0.5% w/v Coomassie, 5% v/v methanol, and 10% v/v acetic acid) was then utilized 

to stain the gel for one hour prior to destaining with buffer containing 10% v/v 

methanol and 5% v/v acetic acid until visualization of clear band with Azure 

Biosystems c600 Imager. Gels were further destained with buffer containing 50% 

v/v methanol and 10% v/v acetic acid for visualization of total protein. Image was 

quantified by normalizing the MMP band intensity to total lane intensity using 

ImageJ.  

MMP-14 Activity Assay 

MMP-14 activity was determined using a MMP-14 fluorogenic substrate (211, 212). 

LV and RV protein prepared for zymography analysis was utilized for this assay. 

50 µg of protein was incubated with or without 7.5 µM of MMP-14 fluorogenic 

substrate (Calbiochem) for 2 hours at 37°C prior to measuring the 

excitation/emission (328/400; Tecan Safire).  

Electrophoretic Mobility Shift Assay (EMSA) 

The transcription binding of SP1 to the collagen I promoter was evaluated through 

EMSA with protocol adapted for infrared oligonucleotide probes from 

ThermoScientific’s LightShift Chemiluminescent EMSA kit instructions. To begin, 

nuclear fractions of LV and RV tissue was extracted as previously described (213). 

Briefly, LV and RV tissue were homogenized in lysis buffer containing 25 mM Tris, 

pH 7.4, 5 mM EDTA, and protease/phosphatase inhibitors (HALT, Thermo 
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Scientific) with stainless steel beads (Next Advance) and TissueLyser (Qiagen). 

After centrifugation at 2000 rpm for 5 minutes at 4°C, the pellet containing the 

nuclear fraction was washed five times with hypotonic lysis buffer containing 10 

mM HEPES, pH 7.5, 10 mM KCl, 3 mM MgCl2, 0.05% NP-40, 1 mM EDTA, and 

protease/phosphatase inhibitors (HALT, Thermo Scientific) and centrifugation at 

3000 rpm at 4°C. After washes, the remaining pellet was suspended in Gel Shift 

Lysis Buffer containing 50 mM HEPES, pH 7.9, 250 mM KCl, 0.1% NP-40, 0.1 mM 

EDTA, 0.1 mM EGTA, 10% glycerol and protease/phosphatase inhibitors (HALT, 

Thermo Scientific) and let sit on ice for 30 minutes prior to centrifugation at 13300 

rpm. Protein concentrations of nuclear fractions were determined through Bradford 

Assay (Bio-Rad). EMSAs were completed through incubation of 20 µg nuclear 

extract with 10X binding buffer (100 mM Tris, pH 7.5, 500 mM KCl, 10 mM DTT), 

2.5% glycerol, 5 mM MgCl2, 50 ng/µL Poly (dI•dC) (Thermo Scientific), 0.05% NP-

40, and 5 nM IR-700 tagged SP1 probe (F: 5’/5IR700/AGG ATA TCG GGC GGG 

TAA AGG A-3; R: 5’-/5IRD700/TCC TTT ACC CGC CCG ATA TCC T-3’; 

Integrated DNA Technologies, Inc.) for 30 minutes at 4°C. After reaction is 

complete, 10X orange loading dye (65% sucrose, 10 mM Tris-HCl, pH 7.5, 10 mM 

EDTA, and 0.3% orange G) was added to reaction. Competition experiments were 

completed with 200-fold excess of unlabeled SP1 probe incubated with nuclear 

extract 20 min prior to addition of labeled SP1 probe. Samples were resolved with 

5% polyacrylamide gel followed by imaging of gels with Azure Biosystems c600 

Imager. Image was quantified by normalizing the shifted band intensity to total lane 

intensity using ImageJ.  
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Histology  

Immunofluorescence was performed on LV and RV tissue slices that were formalin 

fixed and embedded in paraffin. After paraffin was removed, antigen retrieval was 

performed using 10 mM citrate buffer with 0.05% Tween-20. Slides were then 

blocked with 10% FBS followed by incubation overnight at 4°C in primary 

antibodies: a-smooth muscle actin (a-SMA; Sigma-Aldrich, 1:1000) and troponin I 

(Cell Signaling, 1:100). Alexa-488 and Alexa-568 linked-secondary antibodies 

(1:250) were applied to slides followed by incubation in 5 µg/ml DAPI. Prolong gold 

antifade mounting media (Thermo Scientific) was used to mount slides prior to 

imaging using Nikon Eclipse E600 fluorescence microscope with Olympus DP72 

camera at 20x objective. A minimum of 10 random fields/animal were analyzed for 

a-SMA positive counts which were then normalized to tissue area (214).   

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism (Version 9.3.1, San 

Diego, CA). Group comparisons were completed using a two-way ANOVA (AB x 

OVX) and between group differences were determined using Fisher’s least 

significant difference (LSD) posthoc test. Relationships between total collagen 

protein and collagen mRNA levels were determine using linear regression. Data is 

presented as mean ± SEM and significance is reported at the P < 0.10 and P < 

0.05 levels (183, 215).  
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Results 

Left Ventricle Fibrosis 

Total collagen levels were biochemically evaluated in the LV and 

demonstrated a main effect of OVX, indicating an increase in total collagen levels 

in the LV due to the loss of sex hormones and independent of AB (Figure 1A). 

Collagen I mRNA levels were increased due to AB (Figure 1B) while there was a 

trend for an interaction for collagen III mRNA levels to be altered due to both AB 

and OVX (Figure 1C). The relationship between collagen I or III mRNA levels and 

total collagen was evaluated through linear regression. There was no significant 

relationship between collagen I mRNA levels and total collagen levels (Figure 1D). 

Additionally, there was no linear relationship between collagen III mRNA levels and 

total collagen levels (Figure 1E) indicating a disconnect between mRNA and 

protein. Fibrosis was visually assessed through picrosirius red (PSR) and 

Masson’s trichrome stain (Figure 1F). Fibrosis deposition was diffuse within the 

interstitial space, consistent with HFpEF (10, 50). Cardiac fibrosis is often 

assessed via specific changes in collagen deposition, but fibronectin is another 

ECM protein that can increase ventricle and vascular stiffness as well as aid in the 

process of collagen matrix assembly (209, 216-218). Fibronectin mRNA levels did 

not show any significant differences due to OVX or AB; however, a significant 

decrease in fibronectin protein levels due to AB and independent of OVX was 

observed (Figure 2A-C).  
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Left Ventricle Fibrosis – Synthesis 

 To evaluate the synthesis of cardiac fibrosis, sex hormone receptor levels 

were examined to determine if alterations in hormone receptor levels could lead to 

increases in collagen due to OVX as alterations in circulating hormones and their 

receptor levels can alter signal transduction pathways (99). Estrogen receptors 

Figure 1: Myocardial collagen levels are increased due to the loss of sex 
hormones and independent of chronic pressure overload in the left ventricle. 
(A) Total collagen protein levels were increased due to OVX (main effect). (B) 
Collagen I mRNA levels were increased due to AB (main effect). (C) There was 
a trend towards an interaction effect with collagen III mRNA levels. There was 
no linear relationship between total collagen protein levels and collagen I mRNA 
levels (D) and collagen III mRNA levels (E). (F) Representative images of 
picrosirius red (PSR) demonstrate collagen deposition in red and Masson’s 
trichrome stain demonstrates fibrosis in blue (scale bar = 100 microns). p < 0.05; 
INT, intact; OVX, ovariectomy; AB, aortic-banded; CON, control.  

Figure 2: Fibronectin protein levels are decreased due to the loss of sex 
hormones and independent of chronic pressure overload in the left ventricle. 
(A) Fibronectin mRNA levels were not significantly different between groups 
while (B) Fibronectin protein levels were decreased due to AB (main effect). (C) 
Western blot images of fibronectin (Fn). p < 0.05; INT, intact; OVX, ovariectomy; 
AB, aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; a.u., arbitrary units. 

 



 85 

and progesterone receptors were evaluated both at the mRNA and protein levels. 

Estrogen receptor 1 (ESR1/ERa) mRNA levels were increased due to AB (Figure 

3A), but protein levels were not significantly different between groups (Figure 3B). 

Similar to ESR1/ERa, estrogen receptor 2 (ESR2/ERb) mRNA levels trended to 

be increased due to aortic banding (Figure 3C), but ERb protein levels were not 

significantly altered (Figure 3D). These results suggest that increases seen in total 

collagen levels were not due to alterations in estrogen receptor protein levels. 

There are two progesterone receptors (PGR A and PGR B) transcribed from the 

same PGR transcript (132).  There were no significant differences in PGR mRNA 

levels between groups (Figure 3E). However, there was a significant decrease in 

PGR B protein levels due to AB and a trend for PGR A and PGR B protein levels 

to be increased due to OVX (Figure 3F-G); therefore, alterations in PGR A and 

PGR B due to OVX are directionally consistent with the increase in total collagen 

levels. Progesterone receptor membrane component 1 (PGRMC1) has also been 

hypothesized to be involved with cardiac fibrosis (100). PGRMC1 mRNA levels 

were increased due to OVX (Figure 3H), but there were no significant differences 

in PGRMC1 protein levels (Figure 3I). Images from western blots are shown in 

Figure 3J.  
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 Both estrogen and progesterone receptors lie upstream of the MAPK 

pathways ERK1/2 and JNK (40, 93, 132, 134-136). MAPK8/JNK1 mRNA levels 

were not significantly altered between groups (Figure 4A) while MAPK9/JNK2 

mRNA levels trended to be increased due to AB (Figure 4B). The activation of 

JNK was evaluated by examining the ratio of phosphorylated JNK to total JNK 

levels. Phosphorylated JNK (pJNK) levels were significantly increased due to AB 

while total JNK protein levels were decreased due to OVX (Figure 4C-D). 

However, the activation of JNK was not significantly altered between groups 

(Figure 4E). Western blot images of pJNK and JNK are shown in Figure 4F. To 

determine if activation of JNK is unaltered due to an increase in phosphatase 

levels, DUSP-1, -4 and -10 were evaluated at the mRNA level (119). There were 

no significant differences in DUSP-1, DUSP-4, or DUSP-10 suggesting that 

DUSPs are not playing a role in the unaltered activation of JNK (Figure 4G-I).  

Figure 3: Progesterone receptor protein levels trended to be increased due to 
the loss of sex hormones in the left ventricle. (A) Estrogen receptor 1/ERa 
mRNA levels were increased due to AB (main effect) while (B) no significant 
differences were seen at the protein level. (C) Estrogen receptor 2/ERb mRNA 
levels trended to be increased due to AB (main effect) while (D) no significant 
differences were seen at the protein level. (E) There were no differences seen 
in progesterone receptor (PGR) mRNA levels but (F) PGR A protein levels 
trended to be increased due to OVX (main effect) and (G) PGR B protein levels 
trended to be increased due to OVX (main effect) as well as significantly 
decreased due to AB (main effect). (H) Progesterone receptor membrane 
component 1 (PGRMC1) mRNA levels were increased due to OVX (main effect) 
while (I) no significant differences were seen at the protein level. (J) Western 
blot images of ERa, ERb, PGR A, PGR B, and PGRMC1. p < 0.05; INT, intact; 
OVX, ovariectomy; AB, aortic-banded; CON, control; CI, control intact; AI, 
aortic-banded intact; CO, control ovariectomy; AO, aortic-banded ovariectomy; 
a.u., arbitrary units.  
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ERK1/2 is also downstream of sex hormone receptors. At the transcript 

level, ERK2 (MAPK1) and ERK1 (MAPK3) were trending to be increased due to 

aortic banding (Figure 5A-B). The phosphorylation of ERK1/2 (pERK1/2), total 

ERK1/2 protein levels and the activation of ERK1/2 (ratio of phosphorylated protein 

to total protein) were not significantly different between groups (Figure 5C-E). 

ERK1 and ERK2 activation were also evaluated separately and no significant 

differences were seen (ERK1: CON-INT = 1.0 ± 0.14; AB-INT = 1.30 ± 0.23; CON-

OVX = 1.05 ± 0.29; AB-OVX = 1.29 ± 0.31; p = 0.91; ERK2: CON-INT = 1.0 ± 0.20; 

AB-INT = 1.36 ± 0.30; CON-OVX = 0.95 ± 0.32; AB-OVX = 1.70 ± 0.71; p = 0.66). 

Western blot images can be seen in Figure 5F. Phosphatases that 

dephosphorylate ERK1/2 are DUSP-1, -6, and -9 (119). DUSP-1 was shown in 

Figure 4G to be unaltered between groups. DUSP-6 and DUSP-9 were also not 

significantly between groups (Figure 5G-H). Overall, these results indicate no 

differences in these MAPK pathways in the LV due to the loss of sex hormones or 

chronic pressure overload.  

Figure 4. Activation of JNK is not altered in the left ventricle due to the loss of 
sex hormones or chronic pressure overload. (A) MAPK8/JNK1 mRNA levels 
were not significantly different between groups. (B) MAPK9/JNK2 mRNA levels 
trended to be increased due to AB (main effect). (C) pJNK was increased due 
to AB (main effect) while (D) total JNK protein was decreased due to OVX (main 
effect). (E) Activation of JNK as determined by the ratio of pJNK to JNK was not 
significantly different between groups. (F) Western blot images of pJNK and 
JNK. mRNA levels of DUSP1 (G), DUSP4 (H), and DUSP10 (I) were not altered 
between groups. p < 0.05; INT, intact; OVX, ovariectomy; AB, aortic-banded; 
CON, control; CI, control intact; AI, aortic-banded intact; CO, control 
ovariectomy; AO, aortic-banded ovariectomy; DUSP, dual specificity 
phosphatases; a.u., arbitrary units.  
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Sex hormone receptors and the MAPK pathways lie upstream of 

transcription factors in the promoter regions of ECM protein and regulators, 

including the transcription factor SP1 found in the promoter region of collagen I 

(65, 70, 93, 139, 140, 219). SP1 transcription factor activity in the collagen I 

promoter region were evaluated through electromobility shift assay (EMSA). No 

significant differences in transcription factor binding were observed suggesting that 

SP1 is not playing a role in the increase in collagen I mRNA levels seen in the LV 

(Figure 6A). EMSA images are seen in Figure 6B-C. MAPK pathways also lie 

within the noncanonical pathway that activates fibroblast differentiation into 

myofibroblasts which can secrete ECM proteins (55). To further investigate the 

synthesis pathway of cardiac fibrosis, immunofluorescent staining was performed 

to evaluate the number of percent positive a-smooth muscle actin (a-SMA) cells, 

a marker of myofibroblasts. Representative images for four groups as well as the 

negative controls are seen in Figures 7A-B. Quantification of the percent positive 

a-SMA cells showed a trend for there to be a decrease in myofibroblasts due to 

OVX (Figure 7C). While this decrease in myofibroblasts due to OVX may not be 

consistent with the increase in total collagen levels due to OVX from a synthesis 

Figure 5. Activation of ERK1/2 is not altered in the left ventricle due to the loss 
of sex hormones or chronic pressure overload. (A) MAPK1/ERK2 mRNA levels 
and (B) MAPK3/ERK1 mRNA levels trended to be increased due to AB (main 
effect). (C) pERK, (D) total ERK protein and (E) activation of ERK as determined 
by the ratio of pERK to ERK was not significantly different between groups. (F) 
Western blot images of pERK and ERK. (G) mRNA levels of DUSP6 and 
DUSP9 (H) were not altered between groups. INT, intact; OVX, ovariectomy; 
AB, aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; DUSP, dual specificity 
phosphatases; a.u., arbitrary units. 
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perspective, this could suggest a possible compensatory mechanism to counter-

balance the increase in collagen protein levels seen in this study.   

 

 

Figure 6. SP1 transcription factor activity is not altered in the left ventricle. (A) 
Quantification of SP1 EMSA showed no significant differences between groups. 
(B) EMSA images of the left ventricle. (C) EMSA control images that show (1) 
tagged-SP1 probe only, (2) competitive inhibition with excess unlabeled SP1 
probe, and (3) tagged-SP1 probe with protein. INT, intact; OVX, ovariectomy; 
AB, aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; a.u., arbitrary units. 
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Figure 7. a-SMA positive cells trend to be decreased due to OVX in the left 
ventricle. (A) Representative images with stains for a-SMA (red), troponin I 
(green), and DAPI (blue) (scale bar = 50 microns). (B) Negative control image 
without a-SMA (red) or troponin I (green). (C) Quantification of a-SMA cells 
demonstrated a trend to be decreased due to OVX (main effect). INT, intact; 
OVX, ovariectomy; AB, aortic-banded; CON, control; a-SMA, a-smooth muscle 
actin.  
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Left Ventricle Fibrosis – Degradation  

 Excess accumulation of ECM proteins that leads to cardiac fibrosis can also 

occur through changes in degradation. ECM proteins are degraded through MMPs. 

ECM degradation is also regulated through TIMPs, which inhibit MMPs (63, 190). 

In the heart, MMP-1, -2, -3, -9, -13 and -14 are found to degrade collagen I and/or 

collagen III (64-66). At the transcript level, there was an increase in MMP-1 levels 

due to AB (Figure 8A) while there were no differences seen with MMP-2 (Figure 

8B). MMP -3 was also increased due to AB (Figure 8C). MMP-9 was not 

significantly altered due to AB or OVX (Figure 8D). Additionally, there was a trend 

for MMP-13 to be increased due to AB (Figure 8E), while levels of MMP-14 were 

not significantly different between groups (Figure 8F). TIMPs were also evaluated 

as an increase in fibrosis in postmenopausal women is hypothesized to be due to 

an increase in the inhibition of collagen degradation (42). At the mRNA level, there 

was a trend for an interaction effect with TIMP-1 (Figure 8G), while there were no 

significant differences in TIMP-2, TIMP-3, or TIMP-4 levels (Figure 8H-J). From 

an mRNA perspective, these results suggest an increase in degradation due to 

MMP-1, -3, and -13 due to AB which is not directionally consistent with the increase 

in total collagen seen due to OVX. 
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 Protein and/or activity levels of MMPs and TIMPs were also evaluated. 

MMP-1 protein levels were decreased due to OVX which would suggest a 

decrease in collagen degradation due to the loss of sex hormones (Figure 9A). 

While MMP-3, MMP-13 mRNA levels were increased due to AB, there were no 

significant differences between groups at the protein level (Figure 9B-C). MMP-

14 protein levels were not significantly altered between groups, but MMP-14 

activity levels were decreased due to AB (Figure 9D-E). MMP-2 and MMP-9 

activity and/or abundance was determined through zymography. The activity 

and/or abundance for MMP-2 and MMP-9 due to AB was dependent upon the 

presence of sex hormones (interaction). Specifically, MMP-2 activity/abundance 

was increased in AB-INT animals compared with AB-OVX animals (Figure 9F) 

while MMP-9 activity/abundance was decreased in the CON-INT group compared 

with the AB-INT and CON-OVX groups (Figure 9G). Western blot and zymography 

images are seen in Figure 9H-I. Overall, MMP protein and activity levels are 

altered due to both AB and OVX in the LV.  

 

Figure 8. MMP-1, -3, and -13 mRNA levels are increased due to chronic 
pressure overload in the left ventricle. (A) MMP-1 mRNA levels were 
significantly increased due to AB (main effect). (B) MMP-2 mRNA levels were 
not significantly different between groups. (C) MMP-3 mRNA levels were 
significantly increased due to AB (main effect). (D) MMP-9 mRNA levels were 
not significantly different between groups. (E) MMP-13 mRNA levels trended to 
be increased due to AB (main effect). (F) MMP-14 mRNA levels were not 
significantly different between groups. (G) There was a trend towards an 
interaction effect with TIMP-1 mRNA levels. mRNA levels of TIMP-2 (H), TIMP-
3 (I), TIMP-4 (J) were not altered due to OVX or AB. p < 0.05; INT, intact; OVX, 
ovariectomy; AB, aortic-banded; CON, control.  
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TIMP-1 protein levels were not significantly altered between groups (Figure 

10A). TIMP-2 protein levels were trending to be decreased due to OVX suggesting 

that there is a decrease in inhibition of collagen degradation due to the loss of sex 

hormones (Figure 10B). TIMP-3 protein levels were significantly increased due to 

AB (Figure 10C), while there was a trend for an interaction effect with TIMP-4 

protein levels (Figure 10D). Western blot images can be seen in Figure 10E. 

Similar to MMP protein/activity results, TIMP protein levels are altered due to both 

AB and OVX in the LV.  

Figure 9. MMP-1, -2, -9 and -14 protein or activity levels were altered by both 
AB and/or OVX in the left ventricle. (A) MMP-1 protein levels trended to be 
decreased due to OVX (main effect). MMP-3 (B), MMP-13 (C), and MMP-14 (D) 
protein levels were not significantly different between groups. (E) MMP-14 
activity was significantly decreased due to AB (main effect). (F) There was a 
significant interaction effect with MMP-2 activity/abundance consisting of an 
increase in activity/abundance in AB-INT animals compared with AB-OVX 
animals. (G) There was a significant interaction effect for MMP-9 
activity/abundance with decreased MMP-9 activity/abundance in CON-INT 
animals compared AB-INT and CON-OVX animals. (H) Western blot images of 
MMP-1, -3, -13, and -14. (I) Zymography images of MMP-2 and -9. # Post hoc 
vs AB-INT, * Post hoc vs CON-OVX, p < 0.05; INT, intact; OVX, ovariectomy; 
AB, aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; a.u., arbitrary units. 
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Figure 10. TIMP-2, -3, and -4 protein levels were altered by AB and/or OVX in 
the left ventricle. (A) TIMP-1 protein levels were not altered between groups. 
(B) TIMP-2 protein levels trended to be decreased due to OVX (main effect). 
(C) TIMP-3 protein levels were increased due to AB (main effect). (D) There 
was a trend for an interaction effect with TIMP-4 protein levels. (E) Western blot 
images of TIMP-1, -2, -3 and -4. p < 0.05; INT, intact; OVX, ovariectomy; AB, 
aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; a.u., arbitrary units. 
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Right Ventricle Fibrosis 

 Often, alterations in the LV are hypothesized to be translated to the RV. 

Therefore, this study also sought to determine how molecular pathways are altered 

due to AB and/or OVX in the RV. Total collagen was biochemically evaluated and 

a significant main effect of AB was observed (Figure 11A). These results indicate 

an increase in cardiac fibrosis in the RV due to chronic pressure overload and 

independent of the loss of female sex hormones that contrasts the results seen in 

the LV. These data suggest that the regulation of cardiac fibrosis due to AB and 

OVX occurs in a chamber-specific manner. Evaluation of mRNA levels showed an 

increase in collagen I due to AB (Figure 11B) and a trend for collagen III to be 

increased due to AB (Figure 11C). Additionally, collagen III mRNA levels were 

decreased due to OVX. Linear regression indicated a significant positive 

correlation between collagen I mRNA levels and total collagen protein suggesting 

that increases in mRNA are associated with increases in total protein (Figure 

11D). This linear relationship was not seen with collagen III mRNA and total 

collagen protein (Figure 11E). Fibrosis was also visually assessed through PSR 

and Masson’s trichrome and similar to the LV, fibrosis in the RV was observed to 

be diffuse in the interstitial space (Figure 11F). In the RV, fibronectin mRNA levels 

were increased due to AB (Figure 12A), but this did not translate to alterations at 

the protein level as there were no significant differences between groups (Figure 

12B; representative western blot images are shown in Figure 12C). 
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Right Ventricle Fibrosis – Synthesis 

 While there was not an alteration in total collagen content due to OVX, sex 

hormone receptors levels, specifically estrogen receptors, have been shown to be 

increased due to pressure overload as well as play a role in the regulation of 

Figure 11: Myocardial collagen levels are increased due to chronic pressure 
overload and independent of the loss of sex hormones in the right ventricle. (A) 
Total collagen protein levels were increased due to AB (main effect). (B) 
Collagen I mRNA levels were increased due to AB (main effect). (C) Collagen 
III mRNA levels were decreased due to OVX (main effect) and trended to be 
increased due to AB (main effect). (D) There is a positive correlation between 
collagen I mRNA levels and total collagen protein in the right ventricle. (E) There 
is no linear relationship between total collagen protein levels and collagen III 
mRNA levels. (F) Representative images of picrosirius red (PSR) and Masson’s 
trichrome stains (scale bar = 100 microns). p < 0.05; INT, intact; OVX, 
ovariectomy; AB, aortic-banded; CON, control.  

Figure 12: Fibronectin mRNA is increased due to chronic pressure overload in 
the right ventricle. (A) Fibronectin mRNA levels were increased due to AB (main 
effect) while (B) fibronectin protein levels were not significantly different 
between groups. (C) Western blot images of fibronectin (Fn). p < 0.05; INT, 
intact; OVX, ovariectomy; AB, aortic-banded; CON, control; CI, control intact; 
AI, aortic-banded intact; CO, control ovariectomy; AO, aortic-banded 
ovariectomy; a.u., arbitrary units. 
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fibrosis (93, 94). ESR1/ERa mRNA and protein levels were not altered due to AB 

or OVX (Figure 13A-B). ESR2 mRNA levels were increased due to AB (Figure 

13C) while alterations in ERb protein levels due to AB were dependent upon the 

presence of sex hormones (Figure 13D; interaction). Specifically, ERb protein 

levels were increased in AB-OVX animals compared with AB-INT and CON-OVX. 

Differences in PGR mRNA levels due to AB were also dependent upon the 

presence of female sex hormones (Figure 13E; interaction). PGR mRNA levels 

were increased due to AB-OVX compared with CON-OVX and trended to be 

increased compared to AB-INT. However, PGR A and PGR B protein levels were 

not significantly different between groups (Figure 13F-G). Finally, PGRMC1 

mRNA levels trended to be decreased due to AB (Figure 13H) while no significant 

differences were seen at the protein level (Figure 13I). Western blot images can 

be seen in Figure 13J.  
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To determine if there are differences in sex hormone receptor levels 

between ventricles, a three-way ANOVA was utilized. As a result, ESR1 mRNA 

levels were increased in the LV compared to the RV and due to AB (Figure 14A) 

while alterations in ERa protein levels due to AB were dependent upon the 

presence of sex hormones as well as the ventricle (Figure 14B, interaction). 

Specifically, ERa protein levels in LV CON-INT animals were trending to be 

increased compared to RV CON-INT animals (p = 0.09) and were significantly 

increased compared to RV AB-INT, and RV CON-OVX animals. ERa protein levels 

in LV AB-INT animals were significantly increased compared with RV CON-INT 

and RV AB-INT, as well as trending to be increased compared to RV AB-OVX 

animals (p = 0.06). LV CON-OVX ERa protein levels were significantly increased 

compared to RV CON-INT and RV CON-OVX levels, as well as trending to be 

increased compared to RV AB-OVX levels (p = 0.07). Lastly, LV AB-OVX ERa 

Figure 13: Estrogen receptor b protein levels were increased in AB-OVX 
animals in the right ventricle. (A) Estrogen receptor 1/ERa mRNA levels (B) and 
protein levels were not significantly different between groups. (C) Estrogen 
receptor 2/ERb mRNA levels were increased due to AB (main effect) while (D) 
there was a significant interaction effect for ERb protein levels consisting of 
increased ERb protein in AB-OVX animals compared to CON-OVX animals and 
AB-INT animals. (E) There was a significant interaction effect for progesterone 
receptor (PGR) mRNA levels in which PGR mRNA levels were increased in AB-
OVX animals compared to CON-OVX animals and trended to be increased in 
AB-OVX animals compared to AB-INT animals. (F) PGR A protein levels and 
(G) PGR B protein levels were not significantly different between groups. (H) 
Progesterone receptor membrane component 1 (PGRMC1) mRNA levels 
trended to be increased due to AB (main effect) while (I) no significant 
differences were seen at the protein level. (J) Western blot images of ERa, ERb, 
PGR A, PGR B, and PGRMC1. # Post hoc vs AB-INT, * Post hoc vs CON-OVX, 
p < 0.05; INT, intact; OVX, ovariectomy; AB, aortic-banded; CON, control; CI, 
control intact; AI, aortic-banded intact; CO, control ovariectomy; AO, aortic-
banded ovariectomy; a.u., arbitrary units.  
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protein levels were significantly increased compared to RV AB-INT and RV CON-

OVX levels, as well as trending to be increased compared to RV AB-OVX levels 

(p = 0.052). ESR2 mRNA levels were increased in the LV compared to the RV as 

well as trending to be increased due to AB and trending to be decreased due to 

OVX (Figure 14C). ERb protein levels were not significantly different between the 

two ventricles but were trending to be increased due to AB (Figure 14D). When 

PGR mRNA levels were evaluated, alterations due to AB were dependent upon 

the presence of sex hormones (Figure 14E, interaction). Specifically, PGR mRNA 

levels in RV AB-OVX animals were trending to be increased compared to LV CON-

OVX, RV AB-INT, and RV CON-OVX animals (RV AB-OVX vs LV CON-OVX p = 

0.07, RV AB-OVX vs RV AB-INT p = 0.07, RV AB-OVX vs RV CON-OVX p = 

0.098). Additionally, PGR mRNA levels were trending to be increased in LV AB-

OVX animals compared with RV CON-OVX animals (p = 0.07). PGRMC1 mRNA 

levels were decreased in the LV compared to the RV as well as trending to be 

increased due to OVX (Figure 14F). PGRMC1 protein levels were not significantly 

different between groups (Figure 14G). Overall, there were significant differences 

in sex hormone receptor mRNA and protein levels between ventricles.  
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 The MAPK pathways of JNK and ERK1/2 were evaluated as they are both 

activated by sex hormone receptors. At the transcript level, MAPK8/JNK1 was 

significantly increased due to AB (Figure 15A) while there was a trend for an 

interaction with MAPK9/JNK2 (Figure 15B). The phosphorylation of JNK and total 

JNK were not significantly different between groups (Figure 15C-D), but when the 

ratio of pJNK/JNK was utilized to evaluate the activation of JNK, there was a trend 

for increased activation due to AB (Figure 15E). Images of these western blots 

can be seen in Figure 15F. Phosphatases of JNK were evaluated to determine if 

alterations could be affecting activation of pJNK. DUSP1 mRNA levels were 

significantly increased due to AB which could suggest an increase in the 

dephosphorylation of JNK (Figure 15G). DUSP4 mRNA levels were not 

Figure 14: ESR1 mRNA, ERa protein, and ESR2 mRNA levels are increased 
in the left ventricle while PGRMC1 mRNA levels are increased in the right 
ventricle. (A) Estrogen receptor 1 (ESR1) mRNA levels are increased in the left 
ventricle and due to AB (main effect). (B) There is a significant interaction affect 
in ERa protein levels due to the ventricle, AB, and OVX. Specifically, ERa 
protein levels in LV CON-INT were increased compared with RV CON-INT, RV 
AB-INT, and RV CON-OVX. ERa protein levels in LV AB-INT were increased 
compared with RV CON-INT, RV AB-INT, and RV AB-OVX. LV CON-OVX ERa 
protein levels were increased compared to RV CON-INT, RV CON-OVX, and 
RV AB-OVX. LV AB-OVX ERa protein levels were increased compared to RV 
AB-INT, RV CON-OVX, and RV AB-OVX. (C) Estrogen receptor 2 (ESR2) 
mRNA levels were increased in the LV compared to the RV as well as increased 
due to AB and decreased due to OVX (main effect). (D) ERb protein levels were 
increased due to AB (main effect). (E) There was a significant interaction effect 
for progesterone receptor (PGR) mRNA levels due to AB and OVX in which 
PGR mRNA levels were increased in RV AB-OVX animals compared to LV 
CON-OVX, RV AB-INT, and RV CON-OVX animals and LV AB-OVX animals 
compared to RV CON-OVX animals. (F) Progesterone receptor membrane 
component 1 (PGRMC1) mRNA levels were increased in the RV and due to 
OVX (main effects) while (G) no significant differences were seen at the protein 
level. & Posthoc vs LV CON-INT, # Posthoc vs LV AB-INT, * Posthoc vs LV 
CON-OVX, % Posthoc vs LV AB-OVX, ^ Posthoc vs RV AB-OVX, p < 0.1; INT, 
intact; OVX, ovariectomy; AB, aortic-banded; CON, control; a.u., arbitrary units.  
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significantly different between groups (Figure 15H) while there was a trend 

towards an interaction effect with DUSP10 (Figure 15I). Overall, we see a trend 

towards an increase in JNK activation with an increase in DUSP1 levels suggesting 

a compensatory regulatory response regarding increased activation of synthesis 

pathways known to increase ECM protein levels.  
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 Examination of ERK1/2 at the mRNA level showed a trend towards an 

interaction effect for both MAPK1/ERK2 and MAPK3/ERK1 in which alterations at 

the mRNA levels due to AB were dependent upon the presence of sex hormones 

(Figure 16A-B; interaction). Phosphorylated ERK1/2, total ERK1/2 protein, and 

activation of ERK1/2 were not significantly different between groups (Figure 16C-

E). When evaluated at the protein level, no significant differences were seen in 

ERK1 activation (ERK1: CON-INT = 1.0 ± 0.19; AB-INT = 1.14 ± 0.36; CON-OVX 

= 0.57 ± 0.13; AB-OVX = 1.23 ± 0.33; p = 0.36) while there was a trend for an 

interaction effect with ERK2 activation (ERK2: CON-INT = 1.0 ± 0.28; AB-INT = 

1.72 ± 0.93; CON-OVX = 0.38 ± 0.09; AB-OVX = 1.31 ± 0.42; p = 0.086). These 

results could suggest specific isoform differences with ERK1/2 activation in the RV. 

Western blot images of pERK, ERK, and ERK activation are shown in Figure 16F. 

Evaluation of DUSP6 and DUSP9 mRNA showed no significant differences 

between groups suggesting that unaltered activation in ERK1/2 is not due to 

alterations in phosphatases (Figure 16G-H).  

Figure 15. Activation of JNK trended to be increased in the right ventricle due 
to chronic pressure overload. (A) MAPK8/JNK1 mRNA levels increased due to 
AB (main effect).  (B) There was a trend towards an interaction effect with 
MAPK9/JNK2 mRNA levels. (C) pJNK protein levels and (D) total JNK protein 
levels were not significantly different between groups. (E) Activation of JNK as 
determined by the ratio of pJNK to JNK trended to be increased due to AB (main 
effect). (F) Western blot images of pJNK and JNK. (G) mRNA levels of DUSP1 
were increased due to AB (main effect). (H) DUSP4 mRNA levels were not 
significantly altered between groups.  (I) There was a trend towards an 
interaction effect with DUSP10 mRNA levels. p < 0.05; INT, intact; OVX, 
ovariectomy; AB, aortic-banded; CON, control; CI, control intact; AI, aortic-
banded intact; CO, control ovariectomy; AO, aortic-banded ovariectomy; DUSP, 
dual specificity phosphatases; a.u., arbitrary units.  
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 JNK activation can lead to activation of multiple transcription factors in the 

collagen promoter regions, such as SP1. Therefore, SP1 transcription factor 

activity was evaluated through EMSA. There were no significant differences 

between groups in the binding of SP1 suggesting that the increases seen in 

collagen I mRNA are not due to alterations in SP1 transcription factor binding 

(Figure 17A-B). As mentioned previously, JNK is involved in the noncanonical 

pathway for myofibroblast differentiation (55). Representative images of a-SMA 

staining, a marker of myofibroblasts, are shown in Figures 18A (negative control 

image is presented in Figure 18B). Quantification of these images show a trend 

towards an increase in the percent of a-SMA cells due to AB (Figure 18C). Overall, 

these results suggest that there is an increase in collagen synthesis due to AB in 

the RV. 

Figure 16. Activation of ERK1/2 is not altered in the right ventricle due to the 
loss of sex hormones or chronic pressure overload. (A) There is a trend in an 
interaction effect with MAPK1/ERK2 and (B) MAPK3/ERK1 mRNA levels. (C) 
pERK, (D) total ERK protein and (E) activation of ERK as determined by the 
ratio of pERK to ERK were not significantly different between groups. (F) 
Western blot images of pERK and ERK. (G) mRNA levels of DUSP6 and 
DUSP9 (H) were not altered between groups. INT, intact; OVX, ovariectomy; 
AB, aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; DUSP, dual specificity 
phosphatases; a.u., arbitrary units. 
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Figure 17. SP1 transcription factor activity is not altered in the right ventricle. 
(A) Quantification of SP1 EMSA showed no significant differences between 
groups. (B) EMSA images of the right ventricle. INT, intact; OVX, ovariectomy; 
AB, aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; a.u., arbitrary units. 
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Right Ventricle Fibrosis – Degradation 

The potential role of degradation in the increased collagen deposition 

observed in the RV was also examined. At the mRNA level, MMP-1 was not 

significantly different between groups (Figure 19A). MMP-2 levels were 

significantly increased due to AB and decreased due to OVX (Figure 19B). There 

were no significant differences in MMP-3 levels (Figure 19C) while MMP-9 levels 

were increased due to AB and trended to be decreased due to OVX (Figure 19D). 

MMP-13 was not altered between groups (Figure 19E). Lastly, MMP-14 was 

significantly increased due to AB (Figure 19F). This is different from the mRNA 

results seen in the LV as there was an increase in MMP-1, MMP-3, and MMP-13 

due to AB in the LV but no significant differences in the RV. While MMP-2, -9, and 

-14 were not significantly different in the LV but demonstrated a main effect of AB 

in the RV. TIMP mRNA levels demonstrate TIMP-1 was significantly decreased 

due to OVX (Figure 19G) while TIMP-2 and TIMP-4 were significantly increased 

due to AB (Figure 19H and J) with no significant differences seen for TIMP-3 

(Figure 19I). Overall, these results suggest that there are increases in ECM 

degradation as well as increases in the inhibition of ECM degradation in the RV.  

Figure 18. a-SMA positive cells trend to be increased due to chronic pressure 
overload in the right ventricle. (A) Representative images with stains for a-SMA 
(red), troponin I (green), and DAPI (blue) (scale bar = 50 microns). (B) Negative 
control image without a-SMA (red) or troponin I (green). (C) Quantification of a-
SMA cells demonstrated a trend to be increased due to AB (main effect). INT, 
intact; OVX, ovariectomy; AB, aortic-banded; CON, control; a-SMA, a-smooth 
muscle actin.  
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Evaluation at the protein and/or activity level indicated MMP-1 protein levels 

and MMP-2 activity/abundance were significantly decreased due to OVX (Figure 

20A and F). Alternately, MMP-3, -13, and -14 protein levels, MMP-14 activity, and 

MMP-9 activity/abundance were not significantly different between groups (Figure 

20B-E, G). Images from these western blots and zymography assays can be seen 

in Figure 20H-I. Overall, these results suggest that an alteration in degradation is 

seen in the RV due to the loss of sex hormones which is not directionally consistent 

with the increase in total collagen protein levels due to AB in the RV. Regarding 

TIMP protein levels, TIMP-1, -2, and -4 levels were not significantly altered 

between groups in the RV (Figure 21A, B, D). However, TIMP-3 protein levels 

trended to be increased due to AB suggesting an increase in the inhibition of 

collagen degradation due to AB (Figure 21C). Western blot images can be seen 

in Figure 21E.  

Figure 19. MMP-2, -9, and -14 and TIMP-2 and -4 mRNA levels are increased 
due to chronic pressure overload in the right ventricle. (A) MMP-1 mRNA levels 
were not significantly different between groups. (B) MMP-2 mRNA levels were 
significantly increased due to AB (main effect) and decreased due to OVX (main 
effect). (C) MMP-3 mRNA levels were not significantly different between groups. 
(D) MMP-9 mRNA levels were significantly increased due to AB (main effect) 
and trended to be decreased due to OVX (main effect). (E) MMP-13 mRNA 
levels were not significantly different between groups. (F) MMP-14 mRNA levels 
were significantly increased due to AB (main effect). (G) TIMP-1 mRNA levels 
were significantly decreased due to OVX (main effect). (H) TIMP-2 mRNA levels 
of were increased due to AB (main effect). (I) TIMP-3 mRNA levels were not 
significantly decreased between groups. (J) TIMP-4 mRNA levels of were 
increased due to AB (main effect). p < 0.05; INT, intact; OVX, ovariectomy; AB, 
aortic-banded; CON, control; a.u., arbitrary units.  
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Figure 20. MMP-1 protein level and MMP-2 activity/abundance are decreased 
by ovariectomy in the right ventricle.  (A) MMP-1 protein levels were decreased 
due to OVX (main effect). MMP-3 protein (B), MMP-13 protein (C), MMP-14 
protein (D), and MMP-14 activity (E) levels were not significantly different 
between groups. (F) MMP-2 activity/abundance was decreased due to OVX 
(main effect). (G) MMP-9 activity/abundance was not significantly different 
between groups. (H) Western blot images of MMP-1, -3, -13, and -14. (I) 
Zymography images of MMP-2 and -9. p < 0.05; INT, intact; OVX, ovariectomy; 
AB, aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; a.u., arbitrary units.  
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Figure 21. TIMP-3 protein levels were increased due to AB in the right ventricle. 
TIMP-1 (A) and TIMP-2 (B) protein levels were not altered between groups. (C) 
TIMP-3 protein levels trended to be increased due to AB (main effect). (D) 
TIMP-4 protein levels were not significantly different between groups. (E) 
Western blot images of TIMP-1, -2, -3 and -4. INT, intact; OVX, ovariectomy; 
AB, aortic-banded; CON, control; CI, control intact; AI, aortic-banded intact; CO, 
control ovariectomy; AO, aortic-banded ovariectomy; a.u., arbitrary units. 
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Discussion  

 As the pathogenesis of HFpEF is not well defined, a great emphasis has 

been placed on evaluating molecular mechanisms behind the development of this 

disease (10). One hallmark feature of HFpEF that is hypothesized to contribute to 

the disease and increase the risk of death is cardiac fibrosis (36, 51). Cardiac 

fibrosis occurs when there are imbalances in synthesis and degradation resulting 

in the accumulation of ECM components. How these two pathways are altered to 

increase collagen deposition due to the loss of female sex hormones during the 

development of HF is unknown. Therefore, the purpose of this study was to 

evaluate these pathways in a swine model subject to chronic pressure overload 

and/or the loss of sex hormones in order to elucidate the mechanism behind the 

development of fibrosis. Overall, this study demonstrates how the influence of the 

loss of sex hormones on the progression of aortic-banded induced heart failure 

can affect the heart in a chamber-specific manner as well as alter regulation of 

both the synthesis and degradation of cardiac fibrosis.  

Left Ventricle 

 There is an increase in collagen deposition due to the loss of sex hormones 

which is in line with previous research conducted demonstrating an increase in 

fibrosis in post-menopausal women and animals subject to OVX (42, 86, 88, 112). 

However, this increase in total collagen levels due to the loss of sex hormones was 

not associated with an increase in collagen synthesis. This includes no significant 

increases due to the loss of sex hormones in activation of MAPK signaling, SP1 

transcription or myofibroblast activation. Additionally, the relationship between 
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collagen mRNA and protein is no longer intact. It is a common misconception that 

alterations at the mRNA levels are translated to similar alterations at the protein 

level. In reality, it has been reported that ~40% of variation in protein expression 

can be explained by changes in mRNA levels implying that other cellular 

mechanisms involved in protein regulation such as protein stability and 

degradation are also heavily involved in determining total protein concentrations 

(220). This is seen in the present study in which ~15% of alterations at the mRNA 

level are translated to the protein level. Therefore, other mechanisms such as 

protein degradation could be leading to this increase in collagen protein in the LV. 

The results of this study demonstrating no alterations in LV collagen synthesis due 

to the loss of sex hormones is similar to clinical studies that have evaluated 

markers of collagen synthesis in premenopausal and postmenopausal women. It 

has previously been reported that biomarkers of collagen synthesis, specifically 

carboxy-terminal pro-peptide of procollagen I (PICP) and amino-terminal pro-

peptide type I (PINP) serum levels, are not significantly altered after menopause 

(221-223). These results demonstrate that the increase in collagen seen in 

postmenopausal women is not attributed to an increase in synthesis, similar to the 

LV results seen in our animal model. Alternatively, these results from our pre-

clinical swine model on collagen synthesis differ from previous studies in 

individuals with HFpEF. It was reported that collagen synthesis is increased in 

individuals with HFpEF; however, these studies have focused on identifying 

biomarkers found in the blood rather than evaluating myocardial tissue as human 

biopsy samples are not readily available (12, 18). These studies have shown 
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elevated serum levels of PICP and amino-terminal pro-peptide type III (PIIINP), 

both of which are cleaved during collagen synthesis (68, 69, 224), and are 

indicative of an overall increase in systemic collagen synthesis rather than cardiac-

specific fibrosis.  

There are other processes involved in the regulation of protein expression 

besides the rate of synthesis including the rate of protein degradation. Regarding 

degradation of collagen in the LV, there is a decrease in MMP-1 protein due to the 

loss of sex hormones which is directionally consistent with the increase in collagen 

due to the loss of sex hormones as well as decreases in MMP-2 activity/abundance 

in AB-OVX animals compared with AB-INT animals leading to a decrease in 

degradation. However, increases in MMP-9 activity/abundance in CON-INT 

animals compared with CON-OVX animals were also observed suggesting an 

increase in degradation in CON-OVX animals. There are also decreases in TIMP-

2 protein levels due to the loss of sex hormones which would indicate a decrease 

in the inhibition of collagen degradation thus a decrease in collagen, which is not 

directionally consistent with the total collagen protein results. Interestingly, lower 

concentrations of TIMP-2 protein act in combination with MMP-14 to activate MMP-

2 (190, 191). Therefore, this could suggest a decrease in MMP-2 activation, but 

this decrease in activation is only seen in the AB-OVX groups compared with AB-

INT groups and not in the CON-OVX groups compared with the CON-INT groups. 

Overall, we see that degradation of collagen in the ECM is difficult to sort through 

as the results are not necessarily consistent with an increase in collagen due to 

the loss of sex hormones. Therefore, these results indicate that the accumulation 
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of cardiac fibrosis in the LV due to the loss of sex hormones is not due to the 

alteration of synthesis and there is a dysregulation of MMPs and TIMPs which 

degrade ECM proteins. Previous studies suggest the increase in collagen in 

individuals with HFpEF as well as postmenopausal women is due a decrease in 

collagen degradation either through decreases in MMPs and/or increases in TIMPs 

(42, 62, 75, 77). In individuals with HFpEF, serum biomarkers of collagen 

degradation including increases in carboxy-terminal telopeptide of collagen type I 

(CITP), MMP-2, MMP-3, and MMP-9 suggesting an increase in degradation and 

increases in collagen turnover (68, 224). TIMP-1, TIMP-2, and TIMP-4 levels were 

also increased in the serum of individuals with HFpEF which would suggest a 

decrease in collagen degradation through increases in its inhibition. Thus, in many 

studies there are increases in both MMPs and TIMPs so it is difficult to determine 

exactly how collagen degradation is altered, similar to the results presented in this 

present study. Overall, the results of this study indicate a collective imbalance in 

regulation of the ECM system that ultimately results in collagen accumulation, 

despite the inability to identify a clear linear path of molecular dysfunction (Figure 

22A). 

 Another aspect of collagen regulation occurs in collagen matrix assembly, 

which can be aided by the presence of fibronectin (216-218). Previous studies 

have demonstrated that an initial deposition of fibronectin allows for collagen 

matrix assembly; therefore, there is a positive relationship between these two ECM 

proteins (216-218). In the present study, fibronectin protein levels were decreased 

in aortic-banding animals which could suggest an impairment in the normal 



 127 

assembly of the collagen matrix. This may aid in the dysregulation of collagen in 

animals subject to chronic pressure overload thus attenuating an increase in 

collagen in the animals. However, aspects of collagen matrix assembly and cross-

linking were not evaluated in this study. Further research needs to be conducted 

to explore the relationship between fibronectin and collagen matrix assembly and 

determine whether these changes alter collagen cross-linking, matrix assembly, 

and ultimately normal regulation.   

  Overall, in the LV there is an increase in collagen due to the loss of sex 

hormones; however, from these results there is not a clear connection linking the 

loss of sex hormones mechanistically to this increase in fibrosis. In these animals, 

it has been previously reported that serum progesterone levels were undetected 

in OVX animals while no differences were seen in the intact animals (CON-INT = 

16 ± 4 ng/mL; AB-INT = 16 ± 4 ng/mL; p > 0.99) (151). Progesterone has been 

shown to be involved in other signal transduction pathways including the nitric 

oxide and protein kinase G (PKG) pathway, which have been shown to be anti-

fibrotic (18, 138, 225); therefore, there could be other pathways involved in this 

increase in fibrosis that we have yet to explore. Future directions would consist of 

exploring other pathways linking sex hormones and cardiac fibrosis as well as 

other regulators of the ECM such as a disintegrin and metalloproteinase (ADAMs) 

or ADAM with thrombospondin motifs (ADAMTS) which are also shown to degrade 

the ECM (184). Lastly, the accumulation of collagen leading to cardiac fibrosis is 

often thought of as this balance between synthesis and degradation, but the 

regulation of protein expression in a cell also involves rate of translation and the 
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stability of both the mRNA transcript and protein, all of which have yet to be 

evaluated and would provide more clues as to why there is an increase in collagen 

due to the loss of sex hormones in the LV.  

Right Ventricle 

 Overall, in the RV chronic pressure overload leads to an increase in 

collagen deposition due to an imbalance between synthesis and degradation 

consisting of an increase in synthesis as well as an increase in the inhibition of 

collagen degradation. This is demonstrated in our results by the increase in 

activation of JNK due to AB which can influence the transition of fibroblasts to 

myofibroblasts as well as stimulate collagen production in cardiomyocytes (70, 

226). This transition to myofibroblasts from fibroblasts leads to a pro-fibrotic 

environment and an increase in the synthesis of ECM components including 

collagen mRNA levels (4, 59). There was a significant positive correlation between 

collagen I mRNA levels and total collagen protein levels indicating that an increase 

in collagen mRNA was associated with an increase in collagen protein, once again 

suggesting an increase in collagen synthesis. However, this was not shown with 

collagen III mRNA levels suggesting that collagen I is playing a more prominent 

role in the accumulation of cardiac fibrosis in the RV. In addition to this increase in 

synthesis, there is a potential increase in the inhibition of collagen degradation 

through increases in TIMP-3 protein levels.  

 JNK activation and its role in cardiac fibrosis is debated. JNK, a member of 

the stress-activated protein kinase (SAPK) family, is activated by physical, 

chemical, and physiological stressors (119). Previous studies have demonstrated 
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that activation of JNK can lead to selective ECM remodeling with increases in 

fibronectin but not collagen (119, 127). In contrast, JNK inhibition has also been 

shown to be cardioprotective against fibrosis or induce cardiac fibrosis depending 

on the disease state as well as timing of inhibition (125, 128-130). However, 

cardiac specific JNK activation and subsequent microarray analysis did 

demonstrate an increase in collagen 1, fibronectin, TIMP-1 and MMP-2 gene 

expression (131). In the current study, the trend for JNK activation to be increased 

due to AB is consistent with the increase in collagen I mRNA levels and total 

collagen protein levels due to AB which could suggest a mechanistic relationship. 

JNK is upstream of multiple transcription factors, including SP1, which is located 

in the promoter region of the collagen I transcript (219); however, EMSA results 

demonstrated no significant differences in transcription factor binding that would 

suggest an increase in collagen I transcription due to SP1. There are multiple 

transcription factors involved in the transcription of collagen I; therefore, other 

transcription factors could be involved in this increase in transcription. One of these 

transcription factors increased due to JNK activation is the basic transcription 

element binding protein (BTEB) which could be further explored in the future as 

well as other pathways altered by the TGFb and SMAD pathways which are 

prominent regulators of fibrosis (219). While JNK activation might not directly 

activate transcription the SP1 factor in the collagen I promoter region, JNK is also 

involved in the differentiation of fibroblasts to myofibroblasts (70). Therefore, this 

increase in collagen synthesis due to chronic pressure overload could be due to 
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the pro-fibrotic environment of the myofibroblasts in AB animals which is aided by 

the activation of JNK.  

 Besides the increase in synthesis, there are also alterations seen in 

degradation in the RV, specifically a trend towards an increase in the inhibition of 

collagen degradation via TIMP-3 due to aortic-banding. This data would suggest a 

decrease in degradation due to chronic pressure overload which is directionally 

consistent with the increase in total collagen content seen in the RV. However, 

TIMP-3 is just one of ten ECM regulators evaluated in these animals. While a 

majority of these ECM regulators were unaltered due to AB or OVX at the protein 

or activity level in the RV, MMP-1 protein and MMP-2 activity/abundance were 

decreased due to OVX which would indicate a decrease in degradation; however, 

this is not directionally consistent with an increase in collagen protein levels due to 

chronic pressure overload. This once again suggests an imbalance in the 

regulation of collagen degradation that may be leading to an increase in collagen 

due to chronic pressure overload in the RV, specifically through an increase in the 

inhibition of collagen degradation (Figure 22B).  
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 Little research has been conducted from a molecular perspective on the RV 

in individuals with HFpEF and postmenopausal women, even though individuals 

with HFpEF demonstrate RV fibrosis in addition to LV fibrosis and estrogen has 

been shown to reduce fibrosis in the RV (60, 81, 118). One recently published 

study from our lab evaluated RV remodeling at a molecular level in a swine model 

Figure 22. Summary of results evaluating the balance between synthesis and 
degradation in the left and right ventricles. (A) Total collagen levels were 
increased due to the loss of sex hormones in the LV with a dysregulation of 
ECM components due to both AB and OVX, making it difficult to identify a clear 
linear path for this accumulation. (B) The increase in total collagen due to 
chronic pressure overload in the RV was due to an increase in synthesis of 
collagen and an inhibition of collagen degradation suggesting a decrease in 
degradation. p < 0.05; INT, intact; OVX, ovariectomy; AB, aortic-banded; CON, 
control 
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of cardiometabolic heart failure. This study demonstrated an increase in MMP-2 

activity/abundance due to chronic pressure overload and western-diet with no 

change in protein levels of RV collagen, fibronectin, MMP-14, TIMP-2, or JNK 

activation (209). These results are comparable to the current study as they both 

see no differences in fibronectin protein, MMP-14 protein, or TIMP-2 protein; 

however, they differ in that this current study demonstrated an increase in RV 

collagen and JNK activation due to chronic pressure overload which could be due 

to the increase in sample size or absence of metabolic derangement in the animals 

of the current study. Overall, this is the first study to evaluate how RV fibrosis 

turnover is altered due to both the loss of sex hormones and chronic pressure 

overload and demonstrates cardiac fibrosis is increased due to chronic pressure 

overload, independent of sex hormones which most likely occurs through an 

increase in the synthesis of collagen.  

Left and Right Ventricle Differences 

 Most research investigating the molecular pathogenesis of HFpEF focuses 

on the LV, and over the past few decades the results seen in the LV are assumed 

to translate to the RV. In a recently completed study from our lab, it was established 

that alterations in the LV rarely translate to alterations in the RV as only 13% of 

genes altered in the progression of heart failure are similarly altered in both 

ventricles (209). This highlights the need to evaluate both ventricles in the 

progression of heart failure. Likewise, in the current study there were profound 

differences seen between the left and right ventricles as only 34% of the targets 

evaluated were similarly altered (or unaltered) between the two ventricles. 
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Therefore, two-thirds of the targets evaluated regarding the regulation of cardiac 

fibrosis are not altered in a similar fashion between the two ventricles, once again 

highlighting the differences in the ventricles and providing evidence against long-

held assumptions that changes in the LV translate to the RV.  

One of the main differences seen between the two ventricles is with cardiac 

fibrosis. First, there are differences in the total amount of collagen between the two 

ventricles. A previous review has reported that the RV contains about 30% more 

collagen than the LV (26), but our results demonstrate that the RV has ~three times 

more collagen than the LV (LV = 10.24 ± 0.83; RV = 31.17 ± 1.55). This could be 

indicative of an increase in the stiffness of the RV compared to the LV, but little 

research has been conducted on the molecular differences between the LV and 

RV that could lead to this baseline increase of collagen. The results of this study, 

though, demonstrated differences between the LV and RV with ERa protein levels. 

ERa protein levels were increased in the LV compared to the RV for each of the 

four groups. Since tissues responsiveness to a hormone is dependent upon the 

number of receptors as well as the amount of circulating hormones, these results 

may be indicative of a greater hormone response in the LV compared to the RV 

(99). As sex hormones and their receptors have been shown to play a 

cardioprotective role against the development of fibrosis, this increase in receptor 

levels in the LV may suggest a reduction in fibrosis in the LV compared to the RV, 

which is seen in this study.   

Additionally, the increase in collagen protein levels in the LV occurs due to 

the loss of sex hormones and is independent of chronic pressure overload but in 
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the RV, total collagen protein levels were increased due to chronic pressure 

overload and independent of the loss of sex hormones. There are fundamental 

differences seen between the LV and RV which would lead to the hypothesis that 

alterations in one ventricle may not translate to the other ventricle. These 

differences include wall thickness, ventricle shape, cardiomyocyte size, collagen 

content, pressures, and compliance (26, 133). Due to the thinner wall that is 

present in the RV, it is more susceptible to changes in pressure than the LV thus 

smaller changes in pressure or afterload could activate a stress response, such as 

through the stress-activated protein kinase, JNK. However, this is speculation as 

differences in afterload or the pressure gradients in the RV were not determined in 

this analysis. Therefore, a conclusion about stress responses to stretch or 

pressure changes cannot be made. However, there is an increase in activation of 

the stress-activated protein kinase JNK in the RV but not the LV which would 

suggest differences in stress placed on each ventricle in this animal model. JNK 

can also be activated through inflammatory or oxidative stress; thus, the increase 

in synthesis seen in the RV (but not the LV) could be further evaluated though 

other upstream molecular stressors.  

Another interesting finding when evaluating differences between the LV and 

RV is regarding MMP transcription. In the LV, MMP-1, -3 and -13 were all 

increased due to AB while MMP-2, -9, and -14 were unaltered due to AB or OVX. 

In the RV, though, the mRNA levels of these MMPs produced the reverse results 

consisting of MMP-1, -3, and -13 levels that were unaltered due to AB or OVX and 

MMP-2, -9, and -14 were increased due to AB. This prompted further research into 
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the transcriptional regulation of these MMPs. MMP-1, -3, -13 are under 

transcriptional regulation through the AP-1 transcription factor while MMP-2 and 

MMP-14 are not under AP-1 transcriptional regulation. MMP-2, -9, and -14 are 

under transcriptional regulation through SP1 transcription factor while MMP-1, -3, 

and -13 lack SP1 binding sites (58, 65). The differences presented here highlight 

chamber-specific mechanisms in the regulation of cardiac fibrosis biomarkers. 

Both AP-1 and SP1 are common transcription factors involved in the regulation of 

many genes and cellular processes. AP-1 is mainly activated through MAPK 

pathways including JNK, ERK1/2 and p38 while SP1 is activated by multiple 

pathways in addition to the MAPKs including A-cyclin dependent kinase (CDK), 

phosphatidylinositol 3-kinase (PI3K), casein kinase II (CKII), and protein kinase C 

(PKC) (142, 227). These results provide insight into other potential pathways that 

are activated in the LV versus the RV that could be contributing to chamber-

specific differences.  

One unique aspect of this study is the evaluation of sex hormone receptor 

levels in the heart and whether they are altered after the loss of sex hormones 

through surgically induced menopause. This is the first study to report how protein 

levels of sex hormone receptors are altered after OVX in the heart of a large animal 

model. Previous studies have shown that ERa and ERb protein levels in the heart 

decline after OVX in rats but they have not been evaluated in a larger animal model 

or in postmenopausal women (86-88). Additionally, progesterone receptor levels 

have not been evaluated in the heart of postmenopausal women or in animals 

subject to OVX. Interestingly, the results differ from previous reported studies in 
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other tissues which demonstrate a decrease in sex hormone receptor levels after 

the loss of sex hormones (83, 97-99). ERa and ERb protein levels were not altered 

due to OVX in either the LV or the RV. Progesterone receptor levels in the RV 

were also unaltered due to OVX, but there were trends for increased PGR A and 

B protein levels due to OVX in the LV. Serum progesterone levels were previously 

shown to be undetected in these OVX animals which could lead to the idea of a 

possible compensation mechanism to increase PGR levels in the heart due to the 

loss of serum progesterone levels but this needs to be further explored (151). 

There were also ventricle-dependent sex hormone receptor differences due to 

chronic pressure overload which little research has been conducted on how these 

receptor levels change in the progression of heart failure. One previous study has 

demonstrated that individuals with aortic stenosis have increased mRNA levels of 

ERa and ERb (93). While our results are in line with this previous study given the 

observed increases in both ESR1 and ESR2 mRNA due to AB in the LV and 

increases in ESR2 mRNA due to AB in the RV, these results did not translate to 

the protein level. In the LV, there were no significant differences in ER protein 

levels, but PGR B was decreased due to AB while in the RV there was an increase 

in ERb in AB-OVX animals. While alterations in sex hormone receptor levels can 

provide clues into the signaling pathways of these proteins, the proteins 

themselves can also act as transcription factors by dimerizing and translocating to 

the nucleus (132, 133). Therefore, the transcriptional activity of these receptors 

should further be evaluated to determine if they have a direct effect on any genes 

involved in the regulation of fibrosis.  
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ERa and ERb are known as the nuclear estrogen receptors; however, the 

G protein-coupled receptor 30 (GPR30; also known as G protein-coupled estrogen 

receptor 1, or GPER1) is another receptor activated by estrogen and has been 

shown to activate multiple signaling pathways including PI3K and MAPKs (92, 

207). Additionally, GPR30 activation has been shown to have beneficial effects on 

the cardiovascular system, similar to estrogen’s nuclear receptors. These 

cardioprotective effects include: decreased cardiac fibrosis, suppression of 

fibroblast differentiation into myofibroblasts, vasodilation and reduction in 

myocardial infarction severity (41, 92, 207). Therefore, a limitation of this study is 

that only nuclear estrogen receptors were evaluated and future directions would 

include investigation into GPR30 to determine if this receptor could be playing a 

role in the development of fibrosis in the progression of HF. Overall, these results 

demonstrate different responses of sex hormone receptors in each ventricle due 

to the loss of sex hormones and chronic pressure overload.  

Limitations 

While this study provided a unique opportunity to determine how the loss of 

sex hormones alters the regulation of fibrosis in animals subject to chronic 

pressure overload in both the left and right ventricles, there were some limitations 

that were presented during this analysis. As this study has focused on the 

molecular alterations seen between the two chambers of the heart, it is difficult to 

link these alterations at the molecular level to functional changes as evaluation of 

RV structure and function was not completed at the time of sacrifice. Also, this 

study was designed for intact animals to be in anestrus during the time of sacrifice 
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at a time in the estrus cycle where estrogen levels are low. Indeed, estrogen levels 

were undetectable in all four groups of animals assessed by radioimmunoassay. 

If the intact animals were sacrificed during estrus when estrogen levels are high, 

there may be more pronounced signaling differences between intact and OVX 

animals that might provide more clues to the increase in collagen in the LV due to 

the loss of sex hormones. In addition to the timing of the estrus cycle, some of the 

targets evaluated such as ERK1/2 and JNK are transient therefore it is difficult to 

determine if the inactivation of ERK1/2 in the LV and RV or inactivation of JNK in 

the LV is due to the protein not being activated or simply missing the time frame 

when it is activated. Lastly, the focus of this study has been on the balance 

between synthesis and degradation where an imbalance between these two 

factors has been shown to lead to cardiac fibrosis; however, there are other factors 

in the regulation of collagen that should be evaluated to determine why there is an 

increase in collagen in the LV due to the loss of sex hormones. Those other factors 

include evaluating the rate of translation of collagen as well as alterations in the 

stability of the protein.  

Conclusions 

 The results of this study revealed chamber-specific differences in the 

regulation of cardiac fibrosis due to the loss of sex hormones and chronic pressure 

overload in a pre-clinical swine model with relevance to HFpEF. These chamber 

specific differences consist of an increase in total collagen levels in the LV due to 

the loss of sex hormones but an increase in total collagen levels in the RV due to 

chronic pressure overload. In the RV, this increase in total collagen was due to an 
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increase in synthesis through activation of JNK and an increase in myofibroblasts. 

In the LV, the data did not elucidate a clear linear path supporting increases in 

collagen but rather, an imbalance in the entire regulatory system. Overall, these 

results highlight the need to evaluate both ventricles of the heart in order fully 

understand the pathogenesis of HFpEF and develop possible therapeutics for the 

disease. The stark chamber-specific differences in fibrosis between the two 

ventricles emphasizes a need to focus on the components of the heart in addition 

to the heart as a whole when evaluating fibrosis.   
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CHAPTER 4: CONCLUSIONS 

 The focus of this dissertation was to evaluate cardiac remodeling in the right 

ventricle in two swine models of HFpEF. The first model consisted of Ossabaw 

swine subject to western-diet and aortic-banding to replicate a “multi-hit” model of 

HFpEF focused on two common comorbidities including metabolic syndrome and 

hypertension (Chapter 2). The second model consisted of Yucatan mini-swine 

subject to surgically induced menopause through ovariectomy and/or aortic-

banding to investigate the influence of sex hormones and chronic pressure-

overload on the progression of HFpEF (Chapter 3). The second focus of this 

dissertation was to investigate the differences in cardiac remodeling between the 

left and right ventricles of the latter Yucatan mini-swine model.  

 The incidence of HF is expected to increase exponentially by 46% over the 

next decade while the cost of HF is expected to increase by more than 127% (1). 

Despite these projections, the pathogenesis of HFpEF, currently the most 

prominent form of HF, is not well defined and lacks effective treatment options (6, 

8, 10). HFpEF, formerly known as diastolic HF, occurs when the heart is not able 

to relax due to a stiffening of the ventricular wall (7, 10, 11). This increase in 

stiffness of the ventricular wall is hypothesized to be due in part to an increase in 

myocardial fibrosis through the accumulation of extracellular matrix proteins, as 

end-diastolic pressures have been shown to correlate with collagen-based 

stiffness (4, 12, 13, 19). While individuals with HFpEF have been shown to have 

increased collagen synthesis and well as decreased collagen degradation through 

serum biomarkers, these alterations reflect systemic changes in the regulation of 
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fibrosis and the myocardium has yet to be evaluated (12, 68, 69, 224). Therefore, 

the purpose of these studies was to determine how the regulation of fibrosis is 

altered in the myocardium of previously completed swine models from our lab in 

hopes to provide insight into the pathogenesis of HFpEF.  

 Swine represent a translational model for cardiovascular disease studies as 

humans and swine share similar physiological characteristics compared with other 

laboratory animal species, such as heart size, coronary anatomy, and heart rate 

(5, 228, 229). Therefore, our lab has focused on the use of large animal models to 

study the development of heart failure induced by aortic-banding. The first animal 

model of HFpEF replicates a cardiometabolic HF phenotype utilizing female, intact, 

Ossabaw swine with characteristics including: an ejection fraction greater than 

50%, global cardiac hypertrophy, concentric hypertrophy, diastolic dysfunction, 

increased wet lung weight, increased LV brain natriuretic peptide mRNA levels, 

obesity, inactivity, insulin resistance and dyslipidemia (146, 209). The second 

animal model of HFpEF in Yucatan mini-swine focused on a postmenopausal 

phenotype as HFpEF incidence greatly increases after menopause and more 

predominantly affects females over males (15, 151). This model developed 

characteristics replicative of a HFpEF phenotype including:  an ejection fraction 

greater than 50%, global cardiac hypertrophy, concentric hypertrophy, and 

increased LV BNP mRNA levels (151). However, diastolic dysfunction and cardiac 

fibrosis were only seen in those animals that underwent surgically induced 

menopause through OVX and not due to chronic pressure overload via aortic-

banding. While both animal models demonstrate characteristics of HFpEF, the 
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Ossabaw model also had classic comorbidities found with HFpEF, such as 

metabolic syndrome while the Yucatan mini-swine lack these comorbidities. This 

is due to the Ossabaw swine being genetically predisposed to develop metabolic 

syndrome when fed a high-fat diet (230, 231). Additionally, the Ossabaw swine 

subject to aortic-banding developed diastolic dysfunction that was independent of 

increases in cardiac fibrosis while the Yucatan swine did not develop diastolic 

dysfunction or cardiac fibrosis due to AB, but instead these characteristics were 

developed due to the loss of female sex hormones (146). Overall, these two animal 

models provide the opportunity to explore the development of cardiac fibrosis and 

how it is affected by chronic pressure overload, the loss of sex hormones, and 

Western diet induced metabolic comorbidities.  

 The first steps in evaluating RV remodeling in these swine models consisted 

of transcriptome analysis of the right ventricular tissue in the Ossabaw swine. This 

led to further exploration of the molecular target MAPK8/JNK1 and its role in 

ventricular remodeling as JNK was shown to be upstream of ECM remodeling 

consisting of an increase in fibronectin accumulation (119, 127). However, one 

limitation of this study was that we were unable to decipher whether alterations 

seen in the WD-AB animals were due to diet, chronic pressure overload, or a 

combination of these two variables. By comparing these results from the Ossabaw 

study to those in the Yucatan study, we do see that there are similar alterations 

due to chronic pressure overload thus suggesting that these alterations where not 

due to the influence of diet or metabolic comorbidities. There alterations at the 

mRNA level include increases in MAPK8, fibronectin, MMP-2, MMP-9, MMP-14, 
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TIMP-2, TIMP-4 and DUSP1 levels. These changes at the mRNA level in the RV 

of these animals due to AB did not translate to protein as there were no significant 

differences seen in pJNK, total JNK protein, fibronectin, MMP-9, MMP-14, or 

TIMP-2 protein levels. Even though some of the genes identified were not 

associated with a commensurate increase in protein expression, the transcript 

changes identified provide insight into the development of this disease. The 

differentially expressed genes and pathways are altered in response to stressors 

such as aortic-banding; therefore, this analysis allows for the identification of which 

particular pathways are first altered in response to these stressors and provides 

insights into potential upstream pathways that are initially activated or suppressed 

in the progression of aortic-banding induced HF (232, 233).  

 One of the most profound differences between these two animal models 

occurs when comparing the differences in total collagen protein in the RV. Total 

collagen levels in the RV of the Ossabaw swine model of cardiometabolic HF were 

not significantly altered in the WD-AB group; however, total collagen levels in the 

Yucatan model without comorbidities demonstrated an increase in RV total 

collagen levels due to AB. In the Yucatan model, collagen protein levels were also 

strongly correlated to collagen I mRNA levels which were similarly increased due 

to AB. Neither collagen I nor collagen III mRNA levels were increased due to WD-

AB nor were they correlated with total collagen protein levels (Collagen I: r = 

0.3652, p = 0.33; Collagen III: r = -0.051, p = 0.89). These results suggest 

differences in collagen regulation between these two sets of animals. Both models 

were subject to chronic pressure overload for 6 months with a trans-stenotic 
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systolic pressure gradient of ~70 mmHg; however, the Ossabaws were banded at 

6 months of age, the onset of sexual maturity in a swine, before terminal studies 

at 12 months of age while the Yucatan swine were banded at 8 months of age 

before terminal studies at 14 months of age (146, 151). Therefore, while it is difficult 

to draw solid conclusions given differences in multiple experimental variables 

between groups such as age, species, and metabolic comorbidities induced by 

western diet, it does raise the question as to whether western diet could be altering 

the development of cardiac fibrosis in the RV as a potential compensatory 

mechanism against the development of fibrosis after chronic pressure overload. 

This idea contradicts previous research, though. Metabolic syndrome has been 

shown to increase the incidence of cardiac fibrosis both in the left and right 

ventricles as well as increase the risk of developing HF (9, 234-238). Metabolic 

syndrome has also been shown to increase RV diastolic dysfunction, RV systolic 

function, RV EDV, RV ESV and RV hypertrophy as well as reduce RV ejection 

fraction (239-241). Thus, it is more likely that metabolic syndrome is detrimental to 

cardiac structure and function. However, the results presented in Chapter 2 do 

challenge this idea as there was no increase in cardiac fibrosis in aortic-banded 

Ossabaw swine fed a western-diet. Whether these results in collagen deposition 

would be similar after 8 months, 1 year or 2 years of chronic pressure overload 

shall be considered as a future question to explore in order to determine if diet 

alters fibrosis as this disease progresses. Additionally, it would be valuable to 

determine if the progression of fibrosis differs based on the comorbidities present 

as this has potential relevance to differences in HFpEF phenotypes.  
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While these results are perplexing, there are multiple regulatory steps 

involved in the development of fibrosis. One of these regulators evaluated in these 

models is stress-activated protein kinase, or JNK. The focus of these studies on 

JNK began when MAPK8/JNK1 was identified as a hub gene involved in RV 

remodeling from the transcriptome analysis in the cardio-metabolic swine model 

of HF. Previous studies have demonstrated that an increase in cardiac-specific 

activation of JNK lead to the increase in ECM mRNA levels including fibronectin, 

collagen, MMP-2, and TIMP-1 while additional studies have shown cardiac-

specific activation of JNK lead to increases in fibronectin, but not collagen protein 

levels (119, 127, 131). Therefore, JNK was investigated in the cardio-metabolic 

swine model. Evaluating the JNK pathway was then pursued in the Yucatan swine 

model as JNK has been shown to be altered due to sex hormone receptors and 

activated in HF models (40, 93, 136, 242-244). Therefore, JNK was evaluated to 

determine if these pathways are similarly altered in two swine models with 

relevance to two HFpEF phenotypes. In the Yucatan mini-swine model without 

comorbidities, there is a trend for an increase in the activation of JNK in the RV. In 

contrast, Ossabaw swine with metabolic comorbidities did not see a significant 

increase in JNK activation or total JNK protein levels in the RV whole homogenate. 

JNK’s role in the development of fibrosis is the subject of debate as it has been 

shown to both increase and decrease collagen levels depending on timing of 

activation or inhibition as well as the disease state (119, 125, 127, 128, 130, 131). 

Therefore, the increase in JNK could be leading to the increase in collagen I mRNA 

levels that is strongly correlated to total collagen in the Yucatan mini-swine but not 
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in the Ossabaw swine. Once again though, this contradicts previous research that 

demonstrates increases in JNK activation with metabolic syndrome and HF raising 

the question as to how metabolic syndrome is not associated with an increase in 

collagen due to aortic-banding (242-244). Mechanistically, there is an increase in 

DUSP4 mRNA levels due to WD-AB in the Ossabaws that is not altered in Yucatan 

mini-swine, suggesting a potential compensatory increase in phosphatase activity 

to offset an increase in JNK activation. Therefore, there are differences in 

upstream regulators of collagen synthesis that may be leading to these differences 

in total collagen protein levels seen in the RV of the Ossabaw and Yucatan mini-

swine.   

In the WD-AB Ossabaws, there are also alterations in the degradation of 

collagen that were not seen in the Yucatan mini-swine model. There was an 

increase in MMP-2 activity in the Ossabaws whereas in the Yucatan’s, there is no 

difference in MMP-2 activity due to AB. This could suggest that the increase in 

degradation of collagen through MMP-2 is helping to attenuate a potential increase 

in collagen levels due to chronic pressure overload as collagen levels are similar 

in WD-AB animals compared to controls. This is in line with previous studies that 

demonstrate an increase in serum MMP-2 levels with metabolic syndrome (245, 

246). Overall, when evaluating collagen regulation in the RV of these two animal 

models, there is an increase in collagen protein that correlates with collagen I 

mRNA levels in Yucatan mini-swine subject to AB as well as increases in upstream 

regulator JNK while Ossabaw swine subject to western-diet and AB do not have 

increases in collagen protein or mRNA, possibly due to normal JNK signaling 
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attenuated by increased DUSP4 and/or increases in MMP-2 activity/abundance 

(Figure 1).  

 

 

 There were also differences in ECM proteins in the LV of these two animal 

models. In the Ossabaw swine model, there were no differences in total collagen 

level but there were increases in total collagen levels in the Yucatan swine due to 

Figure 1. Summary of results evaluating the balance between synthesis and 
degradation of cardiac fibrosis in the right ventricle of two swine models of heart 
failure (HF). (A) An increase in degradation in western diet-fed, aortic-banded 
animals could lead to collagen levels similar to that of controls in the RV. (B) 
The increase in total collagen due to chronic pressure overload in the RV might 
be the result of increased synthesis as evident by an increase in activated JNK. 
p < 0.05; CON, control; WD-AB, western-diet, aortic-banded; INT, intact; OVX, 
ovariectomy; AB, aortic-banded; CON, control 



 148 

the loss of sex hormones via OVX (146). The Ossabaw swine were intact females 

and when this is compared to the intact Yucatan swine, there were no differences 

seen between the CON-INT and AB-INT groups. Therefore, the results in the 

Ossabaws are in line with the results seen with the Yucatan model. This is also in 

line with previous research conducted in animal models that have demonstrated 

the cardioprotective effects of sex hormones against the development of cardiac 

fibrosis (86, 87, 94). This could suggest that if the Ossabaw swine that were 

western-diet fed and aortic-banded underwent OVX, then there could be an 

increase in fibrosis due to the loss of sex hormones. This work is currently being 

investigated in our lab.  

Therapeutic potential  

The results of these studies identify multiple targets that are altered in the 

development of cardiac fibrosis; however, whether these genes or proteins would 

present possible therapeutic targets is questionable. First, there are multiple 

differences shown here in the development of fibrosis between the left and right 

ventricles; therefore, targeting one protein, such as JNK, may be beneficial for one 

ventricle but not the other. This would increase the need for drug-specificity that 

goes beyond just targeting the heart, but targeting each ventricle. Second, many 

of the proteins evaluated in this study are involved in multiple cell processes. For 

example, JNK is not only involved in cardiac fibrosis. It has also been shown to aid 

in cell proliferation, differentiation, metabolism, survival, and signal transduction as 

JNK cross-talk is implicated with many other signaling pathways (119, 247). 

Therefore, there may be multiple off-target effects that could be harmful to other 
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cellular processes. There has been research into the study of JNK inhibitors in the 

treatment of disease such as cancer and heart failure in vitro or in small animal 

models; however, most treatment options developed lack isoform specificity or 

present cellular toxicity (247, 248). ECM regulation through MMPs and TIMPs also 

present another possible therapeutic target, but previous studies have found that 

MMP inhibitors are not efficacious and resulted in an increase in musculoskeletal 

pain and inflammation (58, 140). While MMPs and TIMPs do provide a target for 

degradation of ECM proteins, it is difficult to specifically target one MMP or TIMP 

as they are under similar transcriptional regulation and there is cross-talk between 

isoforms (65, 140). Additionally, there is a fine balance between targeting 

pathological remodeling and physiological remodeling that occurs as a 

compensatory mechanism which also makes these enzymes a difficult target for 

therapeutics.  

 While no effective pharmacological therapies have been developed 

targeting the proteins identified in this study, exercise has been shown to have 

beneficial effects on cardiac function in individuals with HFpEF (21-24). 

Additionally, a previous study from our lab in male swine subject to 6 month of 

chronic pressure overload via aortic-banding has demonstrated chronic low-

intensity interval exercise training reduced pathological LV remodeling, attenuated 

LV diastolic dysfunction, and improved cardiac efficiency (149, 177). Additionally, 

exercise training reduced fibrotic remodeling and preserved normal ECM 

regulatory biomarkers mRNA levels including MMP-2, MMP-9, TIMP-1 and TIMP-

4 (149). However, this research was completed on the LV and has not been further 
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investigated in the RV. While research still needs to be done to find appropriate 

pharmacological interventions for treatment of HFpEF and targeting potential 

biomarkers identified by these studies, exercise intervention may be a possible 

first step towards improvements of ECM regulation in individuals with HF.  

 The genes and proteins identified in regulating cardiac fibrosis in the 

progression of AB-induced HF may not represent the most effective therapeutic 

targets due to their lack of specificity and potential off target effects; however, they 

do represent potential biomarkers for risk assessments to determine the severity 

of disease. Previous research has demonstrated that MMPs, TIMPs, and cleaved 

products of collagen synthesis and degradation can be measured in the blood and 

these products have potential to predict the presence of diastolic dysfunction and 

HFpEF (68, 69, 224). In a recent study, it was demonstrated that biomarkers of 

fibrosis ranked higher than traditional biomarkers such as BNP in predictive 

capabilities (69). Importantly, the use of biomarkers from the blood represents 

systemic changes rather than cardiac-specific changes. Thus, these biomarkers 

may be useful for diagnostic purposes but caution should be taken when utilizing 

these biomarkers in the blood to determine the molecular mechanisms involved in 

the pathogenesis of HFpEF as one cannot decipher what is altered within each 

ventricle.  

Limitations and Future Directions 

While both studies evaluated swine subject to chronic pressure overload for 

6 months with a trans-stenotic systolic pressure gradient of ~70 mmHg, there are 

inherent differences between the groups due to swine species such as Ossabaws 
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having a lower heart rate (Ossabaw = 84 ± 3 bpm; Yucatan = 104 ± 4 bpm; p < 

0.05) as well as Ossabaws having more collagen in the heart in both the LV and 

RV compared to Yucatan mini-swine LV (Ossabaw LV = 33.61 ± 2.1 µg/mg; 

Ossabaw RV = 27.08 ± 2.53 µg/mg; Yucatan LV = 10.24 ± 0.83 µg/mg; Yucatan 

RV = 31.17 ± 1.55 µg/mg; Interaction p < 0.0001). Therefore, results comparing 

differences between these two models should be completed with caution as it is 

difficult to determine if the differences seen are due to induction of western diet or 

inherent differences between species. Additionally, with the Ossabaw study, 

female animals were intact at the time of terminal studies, but their estrus cycles 

were not synchronized and estrogen or progesterone serum levels were not 

analyzed making it difficult to determine which stage of the estrus cycle they are in 

when tissue samples were taken. As estrogen and progesterone have been shown 

to alter the signaling of many targets and signaling pathways, it also makes it 

difficult to compare the intact Yucatan mini-swine with the intact Ossabaws as the 

stage of the estrus cycle could affect signaling pathways. Additionally, the Yucatan 

mini-swine were sacrificed during anestrus, a time where estrogen levels are low, 

which could attenuate estrogens effect on signal transduction pathways. 

Therefore, evaluating animals during peak estrus when estrogen levels are high 

may provide insight that we are unable to see due to the undetectable levels of 

estrogen. As a note, OVX removes the ovarian source of sex hormones, but these 

hormones are also produced by other sources including the adrenal gland. 

Estrogen is also produced through aromatization of testosterone in tissues such 

as adipose tissue, bone, and aortic smooth muscle cells (83, 249). Therefore, while 
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estrogen levels are reduced in the OVX animals and sex hormone levels were 

below the detectable threshold level of assays performed (10ng/ml), there could 

be circulating estrogen levels still present in the OVX animals that could be 

affecting multiple signaling pathways, particularly in the RV of AB-OVX animals as 

we see a significant increase in ERb receptor levels. Furthermore, providing 

animals that underwent OVX with hormone therapy to determine if further addition 

of hormones could reduce fibrosis or diastolic dysfunction in these animals which 

would provide insight into new therapeutic options for post-menopausal women.   

While differences in molecular signaling pathways have been proposed 

based on these studies, how these molecular changes affect the function of each 

ventricle is unknown as functional studies in the RV were not analyzed at the time 

of sacrifice. However, moving forward with new animal models RV functional data 

through echocardiography and pressure analysis is being completed in hopes to 

link functional changes and molecular changes in the future. Lastly, tissue samples 

in these animals were derived from powdered samples that contained multiple cell 

types including cardiomyocytes, fibroblasts, and coronary blood vessels; therefore, 

it is difficult to determine cell specific changes in these animals and whether these 

changes in the ECM stem from cardiomyocytes or fibroblasts. Future directions 

would consist of isolating specific cell types and performing analyses on these 

separate cell types to localize these changes observed from a combined tissue 

homogenate. Other future directions for these studies would consist of evaluating 

the Ossabaw LV to determine how the Ossabaw LV differs from the RV and if there 

are similar ventricle-dependent gene signatures as seen in the Yucatan study. 
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Also, vascular stiffness and function were not analyzed in the right coronary 

arteries in the Yucatan swine nor the left anterior descending artery or the left 

circumflex artery; therefore, a future direction would be to continue the vascular 

studies in future swine models to determine if the results found in the Ossabaws 

translate to other animal models or arteries.  

Conclusions  

 The current studies presented here investigated the molecular regulation of 

fibrotic remodeling in the heart due to chronic pressure overload, with the focus on 

the balance between the synthesis and degradation of ECM proteins. The main 

focus of these studies was on the RV as dysfunction on the right side of the heart 

can significantly increase mortality rates in individuals with HFpEF. Analysis of the 

RV in a cardiometabolic swine model of HF lead us to an increase in fibronectin in 

the RCA due to an increase in synthesis through JNK pathway as well as a 

decrease in degradation through MMP14. This increase in fibronectin was also 

associated with an increase in vascular stiffness. The second study analyzed the 

RV of swine subject to chronic pressure overload and/or the loss of sex hormones. 

There was an increase in cardiac fibrosis due to chronic pressure overload and 

independent loss of sex hormones through pathways related to collagen synthesis. 

Interestingly, in the LV the increase in cardiac fibrosis was due to the loss of sex 

hormones and independent of chronic pressure overload. This increase in collagen 

in the LV was not due to linear alterations in synthesis or degradation.  

Overall, these results highlight the differences between the LV, RV, and 

vasculature in the regulation of ECM proteins, and that alterations seen in one 
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tissue type may not necessarily translate to the other tissues even though they are 

all within the same organ system. Thus, these studies highlight the need to 

evaluate multiple components of one system to understand the development of a 

disease. Additionally, these results provide molecular insight into the pathogenesis 

of cardiac fibrosis in individuals with HFpEF. While these results may not present 

a straight-forward answer to the increase in deposition of fibrosis in the heart, the 

results do provide possible diagnostic markers as well as potential targets for 

pharmacological intervention and lifestyle interventions, such as exercise, for 

treatment of HFpEF.  
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