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Abstract 
Heart failure (HF) is the most potent epidemic of the 21st century. Based on ejection fraction (EF), HF 

has been classified into two distinct entities; heart failure with reduced EF (HFrEF) and heart failure 

with preserved EF (HFpEF). At present, HFpEF accounts for about half of all HF cases worldwide but 

owing to the rising incidence of comorbid diseases and an aging population, its prevalence is expected 

to rise in the coming years. While the medical community has a good arsenal of therapeutics to deal 

with HFrEF, there exists no dedicated treatment for HFpEF as of now. An important limitation in this 

context is the lack of animal models to capture the multifactorial and multi-organ pathological profile 

of HFpEF. This dearth of reliable animal models often translates into a lack of our collective 

understanding of the disease. This dissertation aims to create tailor-made models of ‘’HFpEF like’’ 

states based on different comorbid etiologies and seeks to stratify them based on clinically relevant 

end-points to gather insights about their pathomechanisms. To this end, two models were created 

using the most common factors associated with HFpEF. The first model was made by combining 

dyslipidemia induced by high fat diet (HFD) and low grade pressure overload (PO) using transverse 

aortic constriction (TAC) to realistically reflect the metabolic syndrome in HFpEF. The other model was 

based on natural aging and looked at the advanced age of 18-20 months in mice in terms of HF.  

After 10 weeks of HFD and 2 weeks post TAC the models were assessed. For the first model we 

observed that the combination of HFD+PO resulted in a selective shift in EF towards a preserved state 

(≥50%) while control mice on normal diet (ND) + PO presented with a reduction in EF (≤40%) which 

reflects HFrEF. This prompted us to hypothesize that metabolic deregulation led by HFD induced 

dyslipidemia in presence of low grade PO was important in the differential presentation of HF. An in-

depth structural characterization of the myocardium revealed a hypertrophic, apoptotic and a highly 

fibrotic phenotype which presented with evidence of atrial remodeling. There was significant 

accumulation of neutral lipid deposits in the myocardial tissue indicating global dyslipidemic effects. 

The model showed an overall preserved systolic function in HFD- TAC (in contrast to ND-TAC controls) 

as evidenced by unchanged echocardiographic parameters like EF and reverse longitudinal strain rate 

(r-LSR) and pressure volume (PV) loop parameters like ESPVR, dp/dtmax and PRSW when compared to 

HFD-Sham group. Moreover, an impairment in diastolic function was confirmed by significant changes 

in EDPVR, EDP and Tau. On the aspect of remodeling, the dyslipidemic HFpEF state presented with 

concentric hypertrophy as evidenced by higher relative wall thickness (RWT) as compared to 

dyslipidemic shams. Fetal gene reprogramming was highly active in both dietary groups but differed 

in terms of Serca-2α downregulation seen only in the HFrEF group. Perivascular fibrosis was uniquely 

enhanced in HFpEF state. The inflammatory cytokine profile within the two states also revealed a 

differential signature with more upregulation in the dyslipidemic group. VCAM-1 and PECAM-1 also 

presented with enhanced expression only in HFpEF group suggestive of distinct dynamics of 

endothelial dysfunction(ED). IL-1 showed enhanced expression in HFpEF only, while IL-6 showed no 

change in either groups. Endothelin-1 was exclusively upregulated in HFpEF state. Nox2 was 

upregulated in both HF states. In terms of cardiac kinases and calcium handling, phosphorylation levels 

of HDAC-4, Akt, Erk, RyR(2814) and Plb(Thr17) were only exclusively enhanced in HFpEF and cardiac 

troponin phosphorylation was preserved to basal levels in the HFpEF group indicating yet another 

differential aspect. Transcriptomic analysis of the two HF states identified several key genes involved 

mainly in actin-myosin structural and functional dynamics. Pathway analysis revealed an enrichment 

of gene-set involved in adrenergic signaling indicating that adrenergic deficits play a differentiating 

role between the two HF states. 

The second model of cardiac aging was characterized on similar levels. In contrast to dyslipidemic 

HFpEF, it presented with an overall non-hypertrophic, non-remodeled, highly fibrotic, highly apoptotic 
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and non-steatotic phenotype. There was no evidence for LA remodeling and concentric hypertrophy 

of the LV. Systolic parameters discussed above were preserved and all studied diastolic parameters 

were significantly perturbed. Fetal gene reprogramming was evident but, Acta-1 showed no change 

in contrast to dyslipidemic HFpEF. BNP was upregulated in both HFpEF states but ANP was preserved 

in aging. Perivascular fibrosis as the previous HFpEF group was remarkably enhanced. Inflammatory 

cytokine analysis showed no changes in IFN-γ levels which was in contrast to dyslipidemic HFpEF. 

PECAM-1 upregulation was not observed here as well (just like dyslipidemic HFpEF) suggesting an 

exclusive role. IL-6 expression unlike the previous HFpEF group, was upregulated here. Endothelin-1 

expression was again upregulated in this HFpEF state too. Notably, higher accumulation of CD45+ cells 

was seen in LV myocardium of the aging HFpEF state only. Nox2 expression was not enhanced here 

unlike the previous dyslipidemia induced HFpEF cohort and HFrEF. Akt phosphorylation was not 

upregulated while Erk, p-38 and Jnk were. The latter two are in contrast with dyslipidemic HFpEF. In 

terms of calcium handling, phosphorylation of CAMKII, RyR(2814) , RyR(2808), Plb (Thr17) and Plb (Ser 

16) were all enhanced showing a more potent deregulation than the dyslipidemic HFpEF group. Only 

HDAC-4 phosphorylation which was present in the previous group, could not be seen here. 

Assessment of the coding transcriptome of the two HFpEF states revealed an over representation of 

genes involved in response to chemokine and extracellular matrix (ECM) organization and the 

resulting KEGG pathway showed an enrichment in ECM-receptor pathway interaction genes. It 

suggests that these two HFpEF states differ strongly in the context of ECM based signaling. 

PCA plot revealed a clustering of both HFpEF groups together despite their divergent etiologies. This 

further stresses on the multifactorial nature of HFpEF. The differences and similarities between the 

two ‘’HFpEF like’’ states and between HFpEF vs HFrEF reveal a distinct mechanistic profile. This study 

provides first such cross-comparative insight which ultimately may contribute to our collective 

understanding of different HFpEF pheno-groups and help in identifying mechanistically intuitive 

therapeutic targets for this elusive entity. 
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Introduction  

1. Heart failure and its definition 
Heart failure (HF) is a global pandemic of the present age. Most recent statistics emerging from 2017 

indicate that about 64.3 million people are currently affected with the disease (Murray et al., 2018). 

HF is seen as a collection of different pathophysiologies and aetiology instead of one specific disease. 

The non-consensus on its definition immediately makes sense in this light. Traditional definitions of 

HF were restricted to the incapability of the heart structurally and functionally, to ensure optimal 

cardiac output in concert with neurohormonal processes and elevated left ventricular (LV) filling 

pressures (Savarese et al., 2023). In 2021, two major additions were made to the universal definition 

namely, elevated natriuretic peptides and systemic or pulmonary congestion (Bozkurt et al., 2021) as 

shown as the schematic in figure 1. 

 

Fig.  1 Universal definition and classification of heart failure as revised in 2021 (modified according to 
Bozkurt et al., 2021). 

 

To diagnose HF, the presence of cardiac dysfunction is important to demonstrate which may present 

as myocardial abnormality in structure and function leading to systolic or diastolic dysfunction. HF can 

also be a consequence of other conditions like valve abnormalities as in stenosis and regurgitation; 

rhythmogenic defects and pericardial or endocardial problems. This wide spectrum of causation 

necessitates that therapeutic decisions be made only after proper identification of the 

pathophysiology being presented. 

2. Current classifications of heart failure 
To address the spectrum of pathophysiology of HF, several grades of classification have been laid 

down to specify distinct subtypes as tabulated below. 
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Table 1. Classification schemes of Heart failure (modified according to Lam et al., 2021) 

 

2.1. HF classifications based on Ejection fraction (EF) 

A key measure of LV systolic function and a cornerstone of HF diagnosis is ejection fraction or EF. LVEF 

is defined as the ratio of LV chamber blood volume ejected at the end of systole with respect to the 

initial amount present at the end of diastole. It is basically a fraction of stroke volume (SV) v/s end 

diastolic volume (EDV) and characterizes ventricular ejection. 

Stroke volume can be calculated as a difference of EDV and end systolic volume (ESV) 

Thus, LVEF: (SV/EDV) X 100 

Table 2. Grades of HF classification as per EF according to Lam et al., 2021 

 

Clinical trial inclusion criteria have often classified HF subtypes based on EF by conforming to the 

universal nomenclature defined namely under HFrEF: HF with reduced EF ≤40% ; HFmrEF: HF with 

mid-range EF ≤50% and HFpEF; HF with preserved EF ≥50%. HFpEF has recently further been divided 

into two subcategories; ‘’borderline’’ corresponding to EF of 41–49% and ‘’improved’’ with an EF of 

>40%.  

However, definitions of HFpEF have differed across several clinical trials: 

1. CHARM-Preserved, EMPEROR-Preserved, DELIVER, SPIRIT-HF and SPIRRIT-HFpEF trials  >40% 

or ≥40 (Yusuf et al., 2003; Abraham et al., 2021; Lund et al., 2017). 

2. TOPCAT, I-PRESERVE and PARAGON-HF ≥45% (Solomon et al., 2016). 

3. SOLOIST-WHF trial  ≥50% (Bhatt et al., 2021). 
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The inclusion of HFmrEF is thus a necessary step to counter the inconsistent process of including 

patients within EF range of 40-49%. It is also widely accepted now that LVEF on its own fails to 

adequately characterize all HF patients and a more holistic approach is needed. Cardiac output (CO) 

and LV filling pressures should also be evaluated to improve characterization and diagnosis (Mele et 

al., 2018). 

3. Pathophysiology of HF 
In broad terms, HF can be classified as diastolic HF of diastolic dysfunction (DD) where there is 

impaired relaxation leading to sub-optimal ventricular filling at end-diastole. In this form, left ventricle 

is mainly affected. On the other hand, systolic HF hampers the ability of the heart to eject blood 

properly. A failing heart in advanced stages is usually a combination of both components. A failing 

heart undergoes abnormal changes in shape and structure due to maladaptive cardiac remodeling and 

neurohormonal activation resulting into LV systolic dysfunction. There are many factors that can cause 

such alterations namely, afterload, preload, exacerbated wall tension, stretch, reactive 

oxygen/nitrogen species, collagen deposits etc. Even though primarily cardiomyocyte function can be 

hampered but changes in the extracellular matrix can also be a dominant presentation. Abnormalities 

in heart rhythm, increased metabolic demands and structural defects of the heart as in valve disorders 

and congenital defects can also lead to HF. Fundamentally, HF can be viewed as a progressive disorder 

starting from any of these factors or ‘’index events’’ onwards. (Bristow et al., 2016). Such an index 

event whether it is sudden onset like a myocardial infarction or a chronically developing condition, 

can lead to an impairment in cardiac compliance which then forces the heart to activate adaptive 

compensatory mechanisms. These in addition to secondary damages can then lead to the clinical 

manifestations of HF. In both systolic and diastolic HF, the patients may remain asymptomatic or 

minimally symptomatic for years until the maladaptive phase of compensation takes over and they 

start exhibiting symptoms with a concomitant increase in morbidity and mortality. 

Viewing the heart as a neurohormonal model posits that HF progression is a cascade effect of active 

biological molecules that cause deleterious effects on the cardiovascular system (Stephen et al., 1966). 

These molecules may include hormonal modulators like norepinephrine, peptide growth factors or 

cytokines like tumor necrosis factor (TNF), endothelin, angiotensin II and Natriuretic peptides. The 

neurohormonal mechanism lead by these similar biologics successfully explains why despite different 

etiologies, patients exhibit remarkably consistent phenotypes and why HF develops chronically after 

an acute event such as MI. Furthermore, loss of cardioprotective effects of endogenous vasodilators 

like kinins, nitric oxide (NO) and prostaglandins can also fail to counteract the compensatory 

mechanisms and lead to endothelial dysfunction. Another important compensation is adrenergic 

activation which can lead to a variety of effects like cardiomyocyte hypertrophy, positive ionotropic 
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effects, increase in contractility, increase in chronotropy and enhanced end diastolic volume (Eichhorn 

E.J. et al., 1996). 

4. HFpEF 
HFpEF is a complex constellation of cardiovascular symptoms and it often presents with dysmetabolic 

and pro-inflammatory comorbidities along with the hallmark of preserved EF at ≥ 50% (Borlaug et al., 

2011). Several characteristics of this entity include diastolic impairment, cardiomyocyte hypertrophy, 

fibrosis and activation of pro-inflammatory mechanisms. In its contract, HFrEF presents with 

cardiomyocyte loss, systolic impairment and defects in contraction. A main finding from the clinic is 

that some form of chronic comorbidity often precedes HFpEF like, renal dysfunction, diabetes (type 

2), hypertension or obesity (Clemenza et al., 2022). On the other hand, HFrEF is preceded by loss of 

cardiomyocytes due to ischemia, valve disorders, genetics etc. Mechanisms pertaining to HFrEF have 

been quite well understood and the neurohormonal activation theory has provided a trove of 

therapeutic targets which in the last few decades have led to a steady decline in its prevalence. 

Clinically proven and efficacious drugs for HFpEF still remain elusive and that has caused its prevalence 

to rise continuously. At present more than 50% of HF cases are HFpEF and it is expected to rise further 

(Tsao et al., 2018). HFpEF shares the same grim prognosis as HFrEF with a 75% five-year mortality rate 

(Shah et al., 2017).  

When we couple this with the current aging demograph, better life expectancy and increased 

incidence of HFpEF-comorbid conditions, we are looking at a pandemic of epic proportions that the 

current medical community is ill-equipped to handle. Despite the shared risk factors, certain 

comorbidities between the two HFs differ. Aging is a common factor as HFpEF is the prevalent type of 

HF seen in older patients (Ho et al., 2013), incidence rate is two-fold higher in women (Lee et al., 2009) 

and the spectrum of non-cardiac comorbidities like hypertension, T2DM, stroke, anemia, lung/liver 

disease, sleep apnea, gout, and cancer is quite different from those in HFrEF. The major point of 

concern is that regardless of these differences, the morbidity and mortality rates of HFpEF and HFrEF 

are similar and importantly, the incidence of hospitalizations related to comorbid complications are 

higher in HFpEF (Streng et al., 2018).  

Subtle contractile dysfunction may also be present in HFpEF and can be detected using advanced 

imaging methods (Van Aelst et al., 2018). As compared to HFrEF, there is similar increase in end-

diastolic pressure (EDP) and congestion. The major factors that lead to this EDP elevation in HFpEF are 

diastolic dysfunction, reduced atrial compliance and myocardial stiffness so essentially the whole 

heart is involved (Borlaug et al., 2014). From a patients perspective, HF symptoms in HFpEF tend to be 

more subtle and often manifest on physical exertion which is the main cause of delayed diagnosis.  
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4.1.  Subtypes of HFpEF 

The heterogeneity in HFpEF is due to the wide array of comorbidities that lead to a multi-organ and 

systemic involvement. Different methods aimed at disease classification have been proposed to guide 

decisions for therapies and designing clinical trials. These stratifying parameters include clinical 

(etiological or HFpEF symptoms driven by the primary comorbidity), pathophysiological (driven by a 

primary pathomechanism in the patient), type of presentation at clinic, myocardial and data-driven. 

Machine learning approaches on OMICS data have recently identified several pheno-groups in which 

HFpEF patients can be broadly categorized (Sanders-van Wijk et al., 2020). 

Table 3. Classification of HF into distinct pheno-groups based on the main factor driving pathogenesis 
according to Sanders-van Wijk et al., 2020 

 

From a purely clinical vantage point, these subclassifications can be quite bothersome because the 

categories and hallmarks of clinical presentation are not mutually exclusive. There are huge and 

varying degrees of overlap so, categorization of patients into one specific pheno-group is 

challenging. Unlike HFrEF, the underlying phenotypic heterogeneity in HFpEF could be an important 

factor for the failure or inconclusiveness of several clinical trials in the past but these trial histories 

have helped in advancing our understanding of the heterogeneity and have led to better 

classification systems.  
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Table 4. HFpEF categorization (Adapted from Shah et al., 2014) 

 

 

5. Structural and functional alterations in HFpEF 

5.1. Diastolic dysfunction (DD) and ventricular stiffness 

DD is an important precursor of symptomatic HFpEF and patients exhibit alterations in both the active 

and passive phases of relaxation (Zile et al., 2015). Active relaxation is when LV goes from end 

contraction to relaxation stage, it is energy consuming while the second phase is energetically passive 

and LV relaxation occurs as a consequence of natural filling. One important mechanism is the hypo-

phosphorylation of protein kinase A and G (PKA, PKG) on cardiac Titin protein. (Borbély et al., 2005). 

Apart from changes in levels of phosphorylation, titin stiffness is also modulated by isoform shifts 

caused by alternate splicing. (LeWinter et al., 2013). There are two isoforms of Titin N2B and N2BA, 

where N2B is the smaller and stiffer version. In a normal post-natal heart, the N2BA: N2B ratio is about 

40-60%. In HFpEF, an isoform shift occurs which increases the amount of more compliant N2BA 
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isoform. The overall effect of increased N2BA isoform and hypo-phosphorylation on PKA/PKG sites is 

an elevation in resting tension in HFpEF cardiomyocytes. (Borbély et al., 2005). Hamdani et al., in 2013 

showed that components of metabolic syndrome aside from hypertension are enough to cause 

changes in passive stiffness due to reduced titin phosphorylation. Moreover, oxidative stress can 

induce disulfide bridges in titin leading to increased passive stiffness (Grützner et al., 2009). However, 

there could be other causes of ventricular stiffness in HFpEF aside from titin phosphorylation. For 

example, perturbation in extracellular matrix (ECM) collagen where the collagen volume fraction i.e. 

relative abundance of collagen 1 and cross linking are increased (Kasner et al., 2011). Another 

important contributor can be several mechanisms that restore systolic [Ca2+]in to systolic levels (Selby 

et al., 2011). Cross-bridge dissociation dynamics are energy dependent and thus, slowed LV relaxation 

can be due to energy deficit in the myocardium as evidenced by low creatine phosphate: ATP ratio 

(Phan et al., 2009, Donaldson et al., 2012). These mechanisms are summarized in figure 2. 

 

Fig.  2 Mechanisms leading to myocardial stiffness in HFpEF. 
Extra cellular matrix (ECM) and cardiomyocyte (CM) milieu collaborate with distinct driving factors (created 
using BioRender).  

5.2. Reduced cardiac reserve and chronotropic incompetence 

At rest HFpEF patients may appear asymptomatic but on exertion they often start to complain which 

points to affected cardiac reserve subsequent to exercise stress (Ennezat et al., 2008; Brubaker et al., 

2006). In a healthy heart, peripheral vasodilation, heart rate, venous return and contractility act in a 

concerted manner to increase cardiac output during exertion. HFpEF patients are often unable to 

achieve this and may present with a defect in any of these mechanisms. Ideally when a normal heart 
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faces exercise exertion, it is able to increase ventricular filling volume at preload in a short time 

without imbalancing filling pressure. Diastolic reserve is reduced in a HFpEF heart and thus the 

increase in preload volume at exertion is reduced and filling pressure is increased. Proposed 

determinants are likely increased stiffness of ventricular chamber (Westermann et al., 2008), delayed 

relaxation (Wachter et al., 2009) and restraint from the pericardial tissue (Dauterman et al., 1995). 

Minute and subtle defects in systolic function are also sometimes unmasked with exercise stress (Tan 

et al., 2009). 

Exercise induced increase in heart rate is also lower i.e. chronotropic incompetence is observed in 

HFpEF even on comparison with older, age matched controls (Borlaug et al., 2010). Defects in 

downstream pathways of β-adrenergic stimulation are an important mediator of this. “Baroreflex 

sensitivity” has been shown to be reduced in HFpEF patients so there may be some autonomic deficits 

as well along with reduced arterial elastance (Borlaug et al., 2006). Many of these deficits are found 

in a naturally aging heart but in HFpEF they are more pronounced. Overall, diastolic, systolic, 

chronotropic and vascular function defects may together contribute to the cardiovascular reserve 

dysfunction. 

 

5.3. Ventricular-arterial coupling and vascular dysfunction 

Along with ventricles, blood vessel abnormalities also have an important role in HFpEF 

pathophysiology. Stiffness of the large arteries like aorta is evident in patients with comorbid certain 

conditions like diabetes, hypertension and ageing (Owan et al., 2006) and strongly correlate with 

exercise intolerance (Hundley et al., 2001). A healthy heart is able to provide optimal blood flow at 

physiological pressures when the body demands for it. Ventricular-arterial compliance allows the 

pulse and peak pressures to be buffered so that massive fluctuations in blood pressure are 

circumvented and prevent damage to the end-organs. Arterial elastance (Ea) and End-systolic 

elastance (Ee) are both increased in HFpEF and lead to ‘’labile blood pressure changes’’ in response to 

changing preload and afterload. (Gandhi et al., 2001;Borlaug et al., 2008).  

Moreover, systemic vasodilatory mechanisms are also impaired in HFpEF resulting in reduced delivery 

of blood to skeletal muscles during increased oxygen demands. Endothelial dysfunction and Nitric 

oxide (NO) bioavailability are important mediators here engaged in a complex crosstalk. (Borlaug et 

al., 2010). It has been shown that patients without defects in vasodilation have a better prognosis than 

those with impaired vasodilation (Akiyama et al., 2012).  
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5.4. Endothelial dysfunction (ED), role of oxidative-nitrosative stress and the pro-
inflammatory hypothesis of HFpEF 

The endothelial layer is highly interactive and dynamic in nature and plays a pivotal role in homeostasis 

and vascular regulation through the release of vasoactive substances like NO, Endothelin1 and Apelin. 

The main effector of endothelium is the gaseous molecule, NO which works through the cyclic 

guanosine monophosphate (cGMP) pathway to prevent shear pressures induced vascular injury 

(Segers et al., 2018). However, in the setting of HFpEF and many of its associated comorbidities, 

endothelial homeostasis is greatly disturbed and driven towards vasoconstriction, inflammation and 

thrombosis. 

Paulus and Tschӧpe in their seminal work from 2013 showed that ED plays an important role in HFpEF 

development though coronary microvascular defects caused by the comorbidities. Secondary to ED, 

circulating pro-inflammatory cytokines and ROS activate and inflame the global endothelium. NO 

bioavailability is reduced which decreases PKG activity in cardiomyocytes leading to fundamental 

hallmark characteristics of HFpEF like concentric remodeling, cardiac hypertrophy and titin hypo-

phosphorylation. Cardiomyocyte stiffness and collagen deposition are also concurrent. A more direct 

effect is seen through eNOS expression (Yoshizumi et al., 1993). This state of systemic inflammation 

has been highly correlated with incidences of HFpEF and not HFrEF, indicating an important driving 

force to shift the HF spectrum (Kalogeropoulos et al., 2010). These mechanisms are summarized in 

figure 3. 
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Fig.  3. Several HFpEF linked comorbidities lead to a systemic state of chronic-low grade inflammation.  
This meta-inflammation then imparts direct effects on the endothelium and cardiomyocytes (created in 
BioRender and modified from Segers et al., 2018; Yoshizumi et al., 1993).  

 

Nitrosative-oxidative stress arising from NADPH oxidases NOX2 and NOX4 (Santos et al., 2016), 

xanthine oxidase, monoamine oxidase (Kaludercic et al., 2010), inducible nitric oxide synthase (iNOS) 

and uncoupled nitric oxide synthase (eNOS) (Schiattarella et al., 2019) are important in conferring 

downstream endothelial injury.  

5.5. Cardiomyocyte remodeling 

As previously highlighted, LV hypertrophy is a prominent feature of HFpEF and it directly leads to 

elevated filling pressures and diastolic dysfunction at normal EF. However, clinical trials have 

established that 30-60% patients show LV hypertrophy so, it is not an absolute requirement for HFpEF 

and reinforces the heterogeneity of the condition (Armstrong et al., 2014). Nakamura and Sadoshima 

in their work from 2018 report that the major determinants of pathological cardiomyocyte 

hypertrophy are impairment in calcium handling, oxidative stress, apoptosis, suboptimal angiogenesis, 

metabolic dysfunction, fetal gene reprogramming, cell growth and hypertrophic protein synthesis. 

Most hypertrophic effects are exerted through G-protein-coupled receptors (GPCRs) and their ligands. 

These ligands are of four major classes.  

1. Hormonal: angiotensin II, endothelin 1, α-adrenergic receptors and β- adrenergic receptor 

substrates 

2. Signaling Kinases: ERK1/2, Janus kinase (JNK), Ca2+/calmodulin-dependent protein kinase II 

(CAMKII), Protein kinase C, A, G (PKC/PKA/PKG), p38 , mechanistic target of rapamycin 1 

(mTORC1) and AMPK. 



Introduction 
 

16 
 

3. Epigenetic modifiers: myocyte enhancer factor 2 (MEF2), nuclear factor of activated T cells 

(NFAT), GATA4, class II Histone deacetylases (HDACs) and Hippo. 

4. Mechanosensory membrane channels: Transient receptor potential channel (TRPC) and TRPV. 

In contrast with HFrEF, activation of the Renin Angiotensin Aldosterone System (RAAS) and sustained 

catecholamine hyperstimulation play “no primary role in HFpEF hypertrophy”. (Wintrich et al., 2020; 

Yamamoto et al., 2014).  

 5.6. Fibrosis and ECM remodeling 

Interstitial fibrosis stimulated by LV hypertrophy and hypertension have been known to cause passive 

stiffness and reduced ventricular compliance in HFpEF (Doi et al., 2000). Advanced glycation end 

products from diabetes are also known to cause matrix protein alterations and lead to fibrosis (van 

Heerebeek et al., 2008). Since, diabetes is a common comorbidity in HFpEF, this driving factor is an 

important one. Obesity is also linked to enhanced hepatic and myocardial fibrosis (Panchal et al., 

2011). But the question here is, when is fibrosis in HFpEF pathophysiologically relevant? It seems that 

not the amount of fibrosis per se but the type of fibrosis and its location seems to be more relevant in 

HFpEF context as well as the quality of collagen cross-linking (Ravassa et al., 2018). There are multiple 

types of complex fibroblast cells which are derived from different lineages and they lead to the 

variation found in scar-tissue after injury. The main pro-fibrotic signaling mechanisms are insulin 

resistance, RAAS, TGF-β, Endothelin 1, dynamics of matricellular proteins, RHO-Kinase and Leptin 

mediated signaling (Cavalera et al., 2014). The ECM is made up of collagens, proteoglycans, 

glycoproteins and glycosaminoglycans. The amount of collagen is intricately balanced by synthesis, 

modifications, post-translational modification and degradation. Interstitial fibrosis is an important 

occurrence in most HFpEF subtypes although the severity varies (Hahn et al., 2020). Mainly, the 

crosstalk between inflammatory cells and the resident fibroblast happens via paracrine signaling. 

Continued myofibroblast activation then produces pro-fibrotic ECM and matricellular proteins. 

Matrix-crosslinking enzymes like Lysyl oxidase (Lox) prevent collagen degradation leading to its 

deposition causing enhanced collagen content and stiffness. Matrix metalloproteinases (MMPs), 

which can degrade ECM proteins and tissue inhibitors of matrix metalloproteinases (TIMPs) play an 

important role in ECM remodeling consequently, MMP1/TIMP1 ratio is an important plasma 

biomarker of fibrosis. The schematic in figure 4 attempts to elaborate on the fibrotic-inflammatory 

pathways in HFpEF. 
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Fig.  4. Crosstalk between pro-fibrotic inflammatory pathways in HFpEF 
IL-1, IL-6 and IL-8,  Interleukins;  G-CSF,  granulocyte-colony stimulating factor; M-CSF ,macrophage colony-
stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; CCL2, C-C motif chemokine 2; 
TNF , tumor necrosis factor, VCAM1, vascular cell adhesion protein 1; LOX, lysyl oxidase; TGFβ, transforming 
growth factor-β; SMAD2–SMAD3, mothers against decapentaplegic homologue 2,3; ROCK ,Rho-associated 
protein kinase; ERK , extracellular-signal-regulated kinase; JAK, Janus kinase; STAT, signal transducer and 
activator of transcription; NFAT ,calcineurin–nuclear factor of activated T cells; TRPCs , transient receptor 
potential channels; AngII, angiotensin II; AT1R, angiotensin II receptor type 1; CITP, carboxy-terminal pro-peptide 
of procollagen type I; COL, collagen; CTGF, connective tissue growth factor; JNK, JUN N-terminal kinase; MAPK, 
mitogen-activated protein kinase; MMP, matrix metalloproteinase; MEK, MAPK/ERK kinase; NF-κB, nuclear 
factor-κB; P, phosphate; PIIINP, amino-terminal pro-peptide of procollagen type III; sST2, soluble protein ST2; 
TGFBR1, transforming growth factor-β receptor type 1; TIMP, metalloproteinase inhibitor; YKL40, chitinase-3-
like protein 1. (Adapted from Mishra et al., 2021). 

 5.7. Calcium handling 

HFpEF is mainly a ventricular relaxation defect and a part of it is energy-dependent where intracellular 

Ca2+ homeostasis play an important role (Barry et al., 1993). Electrophysiological studies on animal 

models have shown that it is mainly a cascade effect of increased Sarcoplasmic reticulum (SR) Ca2+ 

leak current and a decreased Ca2+ release from ryanodine receptors (RyR) (Zile et al., 2011, Borbély et 

al., 2005). The regulatory protein, phospholamban (PLN) is also relevant here in addition to 

downstream CaMKII (Bridge et al., 1990). At the level of cardiomyocytes, efficient relaxation is directly 

linked to efficient removal of Ca2+ from SR cytosol. The main mechanisms that facilitate Ca2+ removal 

are recycling back to SR by SR Ca2+ ATPase 2a (SERCA2a), Ca2+ outflow mediated by Na+/ Ca2+ exchanger 

(NCX) and through mitochondrial Ca2+ Uniporter. The type of impairment is variable across different 

subtypes of HFpEF populations (Louch et al., 2012). In contrast, in HFrEF Ca2+ release is affected which 

leads to slower and smaller contractions which may be because of reduced SERCA2a activity, increased 

RyR leak, T-tubule disruption leading to orphaned RyRs and lastly, increased NCX activity. These 
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mechanisms are not completely absent in HFpEF however, their presentation varies vastly. In addition, 

HFrEF patients have impaired myocardial Na+ gradient but in HFpEF it is not the case (Pieske et al., 

2017). Mitochondria also plays pivotal role in calcium dynamics and in HFpEF rat models it has been 

shown that due to differential cytosolic and mitochondrial calcium processing, free mitochondrial 

[Ca2+] was higher (Miranda-Silva et al., 2020).  

5.8. Mitochondrial and metabolic alterations 

Recent reviews indicate that abnormal mitochondrial function and metabolism may be highly 

implicated in HFpEF (Noordali et al., 2018; Karwi et al., 2018). Exercise stress tests on HFpEF patients 

often show a reduction in exercise duration, peak power output, CO and peak exercise oxygen 

consumption (Haykowsky et al., 2011). These alterations suggest that there is an imbalance in oxygen 

delivery and utilization systems. Predominantly, factors like mitochondrial dysfunction in skeletal 

muscle or cardiomyocyte seemed to be important here. On the other hand, in HFrEF the same effects 

appear to be mediated through cardiac pump performance (Pugliese et al., 2019). The main 

mechanisms of skeletal and cardiomyocyte mitochondrial dysfunction can be due to reduced Electron 

Transport chain (ETC) activity (Garnier et al., 2003), assembly defects in the ETC complexes (Rosca et 

al., 2008), increase in ROS (Sheeran et al., 2006), alteration in mitochondrial inner membrane or 

mitochondrial uncoupling (Murray et al., 2008), quality control defects in mitochondrial fission and 

fusion (Song et al., 2015). 

Alterations in a wide variety of metabolic pathways can alter ATP production in mitochondria and 

substrate utilization which then leads to reduced myocardial energy stores and work efficiency. Here 

also, the spectrum of comorbidities can lead to differential presentation. For example in obesity, there 

is an oversupply of systemic fatty acid through adipose tissues which are then directed to peripheral 

organs like the heart. There is essentially an imbalance between uptake of fatty acids and fatty acid 

oxidation leading to accumulation of metabolites like diglycerides and ceramides in the myocardium 

(Dávila-Román et al., 2002). Hypoxic states can shift the metabolism towards glycolysis thus impairing 

pyruvate dehydrogenase. Compensatory mechanisms divert metabolism towards anaplerosis through 

hexosamine biosynthetic pathway and the pentose phosphate pathway (Lauzier et al., 2013). Elevated 

levels of myocardial triglycerides are reported in HFpEF (Mahmod et al., 2018) and the extent of 

steatosis directly relates to impaired diastolic strain rates and exercise intolerance (Wei et al., 2016). 

Moreover, a higher risk in HFpEF is associated with increased plasma levels of fatty acids (Djoussé et 

al., 2014). In addition, ketone bodies are reported to increase in HFpEF as a compensatory mechanism 

to energy deficit (Zordoky et al., 2015). A major ketone body is β-Hydroxybutyrate which is known to 

inhibit HDACs (Newman et al., 2014) so ketone body supplementation may exert beneficial effects 



Introduction 
 

19 
 

that go beyond metabolism (Jeong et al., 2018). Cardioprotective effects of empagliflozin are known 

to act through increasing ketone levels in the plasma (Ferrannini et al., 2016). Deng et al., in 2021 also 

showed that increasing utilization of mitochondrial ketone can help in certain HFpEF subtypes by 

reducing the acetyl-CoA pool and increase activity of citric synthase which then breaks the harmful 

cycle of mitochondrial dysfunction. 

6. Risk factors involved in HFpEF 
As per the above review of literature, it is evident that HFpEF is a constellation of comorbidities that 

induce a systemic pro-inflammatory state. The risk factors involved in the disease are a reflection of 

this vast collection of comorbid illnesses. Cardiac factors like hypertrophic/infiltrative 

cardiomyopathy, systemic HTN and CAD are some risk factors central to the heart. Apart from these, 

extra cardiac factors like obesity, metabolic syndrome, diabetes, insulin resistance, kidney disorders, 

chronic obstructive pulmonary disease (COPD), sleep apnea, muscular deconditioning and iron 

deficiency are highly relevant. Some social and demographic factors include aging, female gender, 

menopause and sedentary lifestyle (Juillière et al., 2018). 

Some risk factors that are especially relevant to this dissertation are discussed in detail in the following 

section. 

6.1. Metabolic syndrome 

Metabolic syndrome is defined as a collection of conditions that simultaneously increase the risk of 

heart disease, stroke and other serious illnesses. These conditions include abdominal obesity, 

hypertension, high blood sugar, high triglycerides and low levels of high density lipoprotein (HDL). 

Patients with HFpEF and metabolic syndrome exhibit more cardiovascular abnormalities, deteriorated 

renal function and overall worse quality of life (Zhou et al., 2021). The incidence rate of metabolic 

syndrome is usually high in HF but it becomes seemingly more important in the context of HFpEF. 

Ferrari et al., in 2015 demonstrated that 85% of patients present with a form of metabolic syndrome. 

Glucose intolerance and dysglycemia are characteristic end-points triggered by central obesity 

(Mottillo et al., 2010). Hyperinsulinemic states afforded by metabolic syndrome can result in 

peripheral vasoconstriction and sodium retention (Perrone-Filardi et al., 2015). Echocardiographic 

findings also show worse diastolic function in HFpEF patients with metabolic syndrome than without 

(Zhou et al., 2021). Increased occurrence of dyslipidemic states can lead to increased free fatty-acid 

utilization by cardiomyocytes leading to mitochondrial dysfunction and ultimately production of ROS 

and toxic lipid intermediates (McHugh et al., 2019). Adipocytes also secrete cytokines involved in 

inflammation and AGEs which can enhance microvascular and endothelial damage. The clinical 

consensus is that increased neurohumoral activation due to dyslipidemic states precede the vascular 
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congestion and cardio-renal symptoms in HFpEF leading to increased hospitalizations (Chirinos et al., 

2019). It is no surprise that the obesity epidemic has been parallel to the HFpEF epidemic in recent 

times. 

6.2. Aging 

Aging in HFpEF has been seen in the light of a ‘’geriatric syndrome’’ as multiple age related changes in 

cardiovascular function and structure are involved in HFpEF. More than 50% of HF patients over the 

age of 65 and almost all patients above the age of 90 years exhibit HFpEF (Upadhya et al., 2020). Age 

related changes to arterial/myocardial stiffness, diastolic relaxation, LV mass, contractility, coronary 

flow reserve and β-adrenergic stimulation; all follow a pattern that is commonly seen in HFpEF 

patients (Rich et al., 2000). Aging also affects endothelial vasodilation in a negative manner and is 

associated with poor vascular compliance. Geriatric comorbidities associated with aging can initiate 

or aggravate chronic systemic inflammation that can lead to a deleterious signaling cascade leading to 

the belief that older patients with HFpEF may exhibit a form of presbycardia. Interesting experiments 

involving parabiosis have shown that young animals develop HFpEF like features when exposed to the 

blood of of animals supporting the idea of a ‘’systemic trigger’’ (Loffredo et al., 2013). Studies have 

also shown that senescent mice have low incidence of common HFpEF risk factors like hypertension 

indicating that aging helps enhance the condition independent of these conventional risk factors (Roh 

et al., 2020). 

6.3. Female gender 

Female gender is independently associated with increased incidence of diastolic dysfunction (Lau et 

al., 2020). Female HFpEF patients outnumber men by a ratio of 2:1 at any given age (Dunlay et al., 

2017). Several studies have shown that female patients show worse forms of exercise induced 

hemodynamic parameters like impaired diastolic reserve and lower systemic-pulmonary compliance 

at stress (Beale et al., 2019). These findings hint that gender-specific pathways to HFpEF might exist. 

Sex-differences can affect calcium handling, myocyte stiffness and cardio-metabolism (Parks et al., 

2014; Peterson et al., 2008). Low estrogen states in men have been correlated with an activated RAAS 

(Zhao et al., 2014) and drop in PKA and NO with menopause in older female patients may also be a 

differentiating factor (Kravtsov et al., 2007). Other causal risk factors like anemia and iron deficiency 

are more prevalent in women (Scantlebury et al., 2011) who also show that in response to arterial 

HTN, women show increased concentric left ventricular remodeling and reduced ventricular 

dilatation. A hypothesis supports that females have a higher predisposition towards HFpEF due to a 

similar cardiac output compared to men despite the reduced ventricular size and stroke volume 
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(Acropinto et al., 2022). Cardioprotective effects of estrogen are well studied and the decline in its 

levels post-menopause could be the trigger of enhanced microvascular endothelial damage in older 

female patients. Women are also predisposed to greater levels of pro-inflammatory cytokines and 

higher involvement of T cell mediated immunity which may enhance the chronic low-grade systemic 

inflammation, an important sect of HFpEF pathophysiology (Klein et al., 2016). The association of 

obesity is also stronger in women (Eaton et al., 2016). 

6.4. Pressure overload (PO) 

PO secondary to aortic valve stenosis is a well characterized process leading to syndromes reminiscent 

of HFpEF. From a pathological standpoint, it is one of the most important risk factors for LV-DD and 

HFpEF, about 60-80% patients with HFpEF present with HTN induced PO (McMurray et al., 2008). 

Pathophysiologies subsequent to PO cause a concentric type compensatory cardiac remodeling  

leading to increased filling pressures commonly seen in HFpEF (Gao et al., 2021). Molecular 

mechanisms relating to PO culminate in cardiomyocyte hypertrophy and activation of pro-fibrotic 

pathways (van den Borne et al., 2010). PO also culminates in other molecular and cellular mechanisms 

involved in promoting LVDD like structural changes to ECM, structural and functional perturbations in 

cardiomyocytes, posttranslational changes to sarcomeric titin, enhanced oxidative-nitrosative stress, 

reduced NO bioavailability and reduced cGMP/PKG signaling (van Heerebeek et al., 2012). This can 

also alter the hemodynamics of the heart in terms of impairment in contractility, relaxation delay, 

increased myocardial stiffness and reduction in compliance. The schematic in figure 5 attempts to 

summarize the global effects of PO leading to HFpEF symptoms. 
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Fig.  5.  Pressure overload and the cascade leading to HFpEF. Endothelial injury activates a cytokine cascade 
leading to vascular inflammation.  
The cytokine driven inflammatory state also affects collagen dynamics due to fibroblast activation which in 
turn leads to reactive myocardial fibrosis and subsequent remodeling. This along with hypertrophic and 
diastolic defects lead to further adverse remodeling and the typical symptoms of HFpEF. (created using 
BioRender, modified from Gao et al., 2021; Van-Hereebeek et al., 2012) 
 

7. Modeling HFpEF in the lab 
Since the recognition of HFpEF as a distinct and separate entity, development of its specific 

therapeutics have remained largely elusive. Therapeutics borrowed from HFrEF like angiotensin 

converting enzyme (ACE) inhibitors, mineralocorticoid receptor antagonists and angiotensin receptor 

blockade have failed to convincingly decrease the morbidity and mortality in HFpEF (Khan et al., 2017;  

Pitt et al., 2014). Moreover, clinical trials that aimed to increase NO bioavailability and stimulate cGMP 

also proved non-significant, inconsistent or inconclusive (Pieske et al., 2017; Borlaug et al., 2018). Our 

advances in understanding HFpEF have sadly not paralleled in treating it and currently no specific  

therapeutic exists for the condition. Animal models exhibiting the constellation of HFpEF symptoms 

are a bottleneck in the drug development pipeline. This unsuccessful translation from bench-to-

bedside has been made even more cumbersome by the heterogeneity of HFpEF subpopulations that 

are infamously difficult to categorize. A consensus needs to exist between pre-clinical animal models 

and clinical HFpEF but it is a difficult aim to achieve. It has been suggested that pre-clinical animal 

models should fit the majority of the following requirements to be sufficient, reliable and accurate 

(Withaar et al., 2021) as illustrated in figure 6. 
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Fig.  6. Capturing the inherent complexity of HFpEF in animal models. 
Factors deemed essential to develop a reliable and accurate pre-clinical HFpEF model: (1) pulmonary 
congestion and elevated natriuretic peptides; (2) a distinct phenotype with preserved systolic LV function with 
concentric hypertrophy, fibrosis, atrial remodeling and diastolic dysfunction; (3) extra-cardiac comorbidities 
and (4) evaluation of the effect of sex and aging.  (Adapted from Withaar et al., 2021) 

 

However, meeting this standard criteria is no easy task. Animal models have yet to achieve complete 

recapitulation of the complexities that exist in this truly multifactorial syndrome. Another setback in 

laboratory modelling is that it is a sudden HF onset while in reality, the condition develops in continuity 

over several years. With regards to DD, it is also worth noting that rodent models gradually progress 

to HFrEF like states which is different from humans (Van Ham et al., 2022). 

Angiotensin II (ANGII) infusion models are reliable to induce HF with hypertrophy and 

remodeling even though the effects of infusion appear to be strain specific (Peng et al., 2011). DD 

dysfunction is clearly evident but the effects of obesity are largely not included resulting in low 

relevance. Leptin receptor-deficient (db/db) models aimed at inducing dyslipidemia develop DD, 

fibrosis and concentric hypertrophy on aging but do not include congestion and elevation of 

natriuretic peptides (Broderick et al., 2012). In contrast, the Leptin-deficient model (ob/ob) 

recapitulate lipid accumulation induced concentric hypertrophy and DD. But they lack relevance 

because the maladaptive effects are absolutely related to the loss of leptin-signaling and HFpEF 

patients with leptin deficiency are rare so they do not fully mimic the human phenotype despite being 

a good model to study pathomechanisms (Clément et al., 2006). High fat diet (HFD)/western diet 

models have been adapted to holistically mimic the effects of obesity. These models are able to 
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capture dyslipidemic effects subsequent to hyperglycemia and insulin resistance in a strain and sex 

specific manner (Agrawal et al., 2019; Salinero et al., 2018).  Pulmonary hypertension, concentric 

remodeling, fibrosis and DD have been well characterized in HFD mice. Pulmonary congestion, 

natriuretic peptide elevation and skeletal muscle weakness has not been reported consistently 

throughout literature (Meng et al., 2017). 

Natural aging models beyond the age of 24 months exhibit maladaptive cardiac phenotypes 

associated with HFpEF including DD, hypertrophy, fibrosis and reduced exercise tolerance (Aurich et 

al., 2013). Some studies report lung congestion and increased natriuretic peptides however, 

hypertension and effects of diabetes have not been reported (Roh et al., 2020). To accelerate aging, 

accelerated senescence model (SAMP) have been developed to reduce the time span of studies and 

report similar findings.  

The last few years have seen a paradigm shift in the development in pre-clinical models of HFpEF as 

multifactorial models have gained more prominence. Deoxycorticosterone acetate salt-sensitive 

model (DOCA) exhibits fibrotic hypertrophy, NP elevation, DD and mild increase in blood pressure but 

the age and sex related differences have not yet been described. Models with aldosterone + uni-

nephrectomy show renal dysfunction, hypertension, lung congestion, and decreased exercise capacity 

but effects of obesity and T2DM are largely ignored (Withaar et al., 2021). Combination models with 

HFD have also been a trend recently considering the growing recognition of metabolic and 

dyslipidemic contributions to HFpEF. HFD + ANGII infusion mice develop DD, concentric hypertrophy 

with fibrosis and high NP levels but the evidence for lung congestion and exercise impairment is 

missing (Piek et al., 2019). Aging has been added as a factor to increase the relevance of this model. 

Very recently, an elegant study by Schiattarella et al. successfully developed a two-hit pre-clinical 

mouse model that comes close to resembling human HFpEF. HFD + L-NAME (constitutive nitric oxide 

synthase inhibitor) was used to induce lung congestion, reduced exercise capacity and increased NP 

along with typical DD symptoms. More recently, gender specific effects have also been shown in this 

model (Tong et al., 2019). The effect of aging remains yet to be determined here. 
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Aims and project design 
In light of the literature review, it is quite evident that animal models that reliably capture the inherent 

complexity of HFpEF are urgently needed. However, the heterogeneity of the condition makes 

achieving a ’one-size-fits-all’ model highly difficult and improbable. Here, the parable of cancer can be 

drawn where the condition itself is so variable on a wide spectrum that a personalized approach is 

deemed necessary towards modeling it. It is also of note that in the clinic, patients often exhibit a 

constellation of symptoms that can be broadly (but not perfectly) categorized into various subtypes 

so, the fishing expedition for one perfect model that achieves this is impossible but also highly 

redundant.  

Therefore, this dissertation broadly aims to: 

1. Create models of HFpEF by mimicking separate pheno-groups into different mouse models 

that recapitulate a particular subtype of patients. 

2. Characterize these models based on phenotypic stratifications reflecting clinically relevant 

endpoints. 

3. Adopt a novel cross-comparative approach to find differences between patho-mechanisms 

that drive different pheno-groups of HFpEF which might further assist in identifying novel 

therapeutic targets for patients. 
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Materials and Methods 

1. Animal housing, care and maintenance 
All animal experiments used in this thesis were approved by the Institutional Review Board (Lower 

Saxony State Office for Consumer Protection and Food Safety (LAVES), including certain amendments. 

Care was taken so that the investigations conform to the Guide for Care and Use of Laboratory Animals 

published by the US National Institutes of Health (publication No. 85-23, revision 1996) and were in 

accordance with the ethical standards laid down in the Declaration of Helsinki 1964. 

Wild type male and female C57Bl/6J and FVB/N mice were acquired from Charles River and were 

housed under the standard conditions of 12 hours light/dark cycling with ad-libitum access to food 

and water. All animals were allowed to acclimatize for 1-2 weeks before starting any experimental 

protocols. 

2. Dyslipidemia through high fat diet 
For all experiments involving HFD, female C57BL/6J mice between the age of 6-8 weeks were used. To 

acclimatize, these mice were fed with standard chow (10-12% kcal fat, in-house diet at the central 

animal facility) for two weeks. After acclimatization, the mice were divided into four groups HFD sham 

and TAC groups received a modified diet with 60% kcal fat obtained from ResearchDiets Inc. (diet 

number D12492) for 8-10 weeks. The diet composition is shown in table 5 and it has been proven 

effective in inducing a dyslipidemic state consistent with metabolic syndrome through several studies 

(Che et al., 2018, Johnston et al., 2007). The control groups of normal diet sham and TAC were put on 

regular chow. Body mass was regularly measured every week for both groups. 

Table 5. Composition of High fat diet D12492 (Source: Research Diets Inc. USA) 

Ingredient Gm Kcal  

Protein 26.2% 20% 

Carbohydrate 26.3% 20% 

Fat 34.9% 60% 

Casein 200 800 

L-Cystine 3 12 
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Corn starch 0 0 

Maltodextrin 10 125 500 

Sucrose 68.8 275.2 

Cellulose 50 0 

Soybean oil 25 225 

Lard 245 2205 

Mineral Mix, S10026 10 0 

Di-Calcium Phosphate 13 0 

Calcium Carbonate 5.5 0 

Potassium Citrate 16.5 0 

Vitamin mix, V10001 10 40 

Choline Bitartrate  2 0 

Blue dye  0.05 0 

Total 773.5 4057 

 

3. Aged mice 
For HFpEF models based on aging, one year old female C57BL/6J mice from Charles River laboratories 

were purchased and kept at the central animal facility for an additional 6-8 months. It has been shown 

that 18-24 months of age in mice correlates with 56-69 years of human age (Flurkey, 2007). 4-6 weeks 

old female mice were used as controls. 
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4. Transverse aortic constriction (TAC) 
After HFD, the animals underwent a transverse aortic constriction procedure as described by Hu et al., 

in 2003. TAC creates PO by limiting outflow of the LV by reducing the diameter of transverse section 

of aorta. Mice were briefly anesthetized by injecting 50 μl 0.9% sodium chloride solution containing 

Medetomidin (0.5 mg/kg), Midazolam (5 mg/kg) and Fentanyl (0.05 mg/kg) peritoneally. A 1.5 cm long 

suprasternal incision was made to visualize the aortic arch and a 6-0 polyviolene non-absorbable 

surgical suture was used to make a loose knot between the first and second aortic arch trunk.  The 

constriction was standardized using a 26-gauge blunt needle under the loose knots before fastening 

as shown in figure 7. This corresponds to a low-grade of PO than the ones caused by a 27-gauge 

needle. Sham animals went through the identical process except there was no tying of the aorta.  

 

Fig.  7. Schematic representation of the transverse aortic constriction (TAC) surgery.  
The location of the constriction is between the brachiocephalic and left carotid artery near the left ventricle. The 
direction of blood flow in aorta is shown through the dotted arrow (created using BioRender).   

 

Subsequently, a subcutaneous injection of 50 μl 0.9% sodium chloride solution containing Atipamezol 

(2.5 mg/kg) and Flumazenil (0.1 mg/kg) was given to reverse the effects of anesthesia. Operated mice 

were then allowed to recover on a warm plate incubator. Post-Op care included injection with 

buprenorphine (0.1mg/kg) 3 hours later to relieve pain. On the first and second day post-Op, analgesic 

therapy with carprofen (0.1mg/kg) was given and for one week, 3mL/L of Metamizol was added to the 

drinking water. The animals were consistently monitored every week until the experiment ended. 

These surgeries were performed by Sabrina Koszewa (Cardiology and Pneumology, University Medical 
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Center Goettingen) and Sarah Zafar (Pharmacology and Toxicology, University Medical Center 

Goettingen) from the SFB1002 service unit. 

5.  Transthoracic echocardiography 
Mice were anesthetized using 2-3% Isoflurane in an induction system with 0.5-1 L/min of 100% O2, 

then subsequently maintained with 1.5% isoflurane through an inhalation mask on a heated pad in 

supine position. Vital parameters were closely monitored and kept at physiological levels as heart rate 

400-500 beats per minute (BPM), respiratory rate 120-180 and body temperature 36-37°C. Limb 

electrodes were used to obtain electrocardiogram recordings. A Vevo 2100 imaging systems equipped 

with a MS-400 30 MHz transducer (Visual Sonics, Toronto, Canada) was used for Transthoracic 

echocardiography. Conventional 2D parasternal long, short axis views and M-mode view were 

recorded. Using the LV-trace mode of the VevoLab software (version 3.1.1), images were assessed to 

determine systolic function (EF, fractional shortening, and stroke volume) and LV morphological 

parameters including septum thickness, posterior wall thickness, LV end diastolic diameter (LVEDD). 

The relative wall thickness (RWT), a concentric remodeling marker was calculated as Septum thickness 

+ posterior wall thickness) / LVEDD. 

Pulsed wave (PW) Doppler echocardiography was employed to assess the transverse aortic flow 

velocity and the pressure gradients across the transverse aorta (Mohammed et al., 2012) using the 

modified Bernoulli equation (Pressure gradient = 4*Velocity2 ). 2 days after TAC, Doppler velocity was 

measured using a 20 MHz probe to quantify the pressure gradient across the TAC/Sham region by 

transthoracic echocardiography.  

Speckle tracking echocardiography was performed as described by Tanabe et al., 2008 and Schnelle 

et al., 2018 using Vevo2100 Imaging Application 3.1.1. in the parasternal axis view, tracking points 

(speckles) were placed on the endocardial and epicardial borders which were subsequently used for 

framewise tracking throughout the whole cardiac cycle. From the motion of these speckles on the 

borders, LV volume and EF were measured. The application divides the LV into six specific segments: 

two basal, two mid, and two apical to calculate parameters of deformation (strain, strain rate) and 

motion (displacement and velocity), as a separate segment value or an overall mean. The data 

presented here are the averages from these six different values per mouse. The peak longitudinal 

strain rate during early LV filling defined as the reverse longitudinal strain rate (rLSR) was measured 

to assess the diastolic function. Echocardiography was performed by Marcel Zoremba from the 

SFB1002 service team (Cardiology and Pneumology, University Medical Center Göttingen). Echo 

measurements and analyses were performed with blindness towards cohort assignment. 
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6. LV Pressure-Volume Analysis 
Pressure volume loops form the basis of cardiac physiological and functional assessment. LV 

catheterization was performed surgically according to the procedures described by Pacher et al., 2008. 

The mouse to be analyzed was placed in an induction chamber with 2-3% isoflurane supplied with 0.5-

1 L/min of 100% O2 briefly for 30-60 seconds then transferred to the operating area. Here the mouse 

was kept on a heating pad and anesthesia was maintained with 1.5% isoflurane through an inhalation 

mask. A rectal probe was used to monitor body temperature which was kept constant at 37°C and a 

hydrating ophthalmic ointment was applied on the corneas to prevent drying and discomfort. Upon 

confirmation of complete anesthesia, a midline incision was made in the neck, tracheal muscles were 

gently teased apart to expose the trachea. An endotracheal tube connected to a respirator was guided 

through the mouth ensuring goof visualization into the trachea. The left salivary gland was then 

laterally displaced to expose the jugular vein which was very carefully cannulated using a home-made 

setup. An incision was then made in the xiphoid process ≈ 1.5cm laterally across the chest. Once the 

diaphragm was visible, a small incision was made to expose the apex of the heart. Then carefully a 

stab wound was made into the center of apex using a 26G needle and a murine ventricular catheter 

SPR-839 1.4F (Mikro-Tip® catheters, Millar instruments, USA) was inserted into the LV. 100-150 

microliters of (10%) human albumin in (0.9%) NaCl was injected intraperitoneally to balance the loss 

of fluids during the invasive surgery. 15 minutes were allowed for the catheter to measure baseline 

hemodynamics, a pause or a sigh in ventilation was employed here to avoid respiratory artefacts 

(MPVS-Ultra Single Segment Pressure-Volume System for Mice, Millar ADInstruments, UK). Transient 

inferior vena cava (IVC) occlusion was done by briefly obstructing the vena cava by gently passing a 

surgical thread underneath it and pulling it upwards as illustrated in figure 8. This reduced the preload 

and gave load independent parameters of LV contractile function. Catheter based PV loop 

technologies employ a pressure transducer and the measurement of conductance to estimate LV 

volume which is governed by the changes in an electrical field generated by the catheter. The 

conductance signal has two components: conduction through blood and conduction on the ventricular 

wall (parallel conductance). To calculate the parallel conductance, 10 μl of hypertonic saline (10%) was 

injected into the animal through the jugular vein cannula. This briefly changes the conductivity of the 

blood, whereas the conductivity of the wall remains constant. This data can be used to determine 

parallel conductance which is converted to a volume function (Vp), and subtracted from the total 

signal to determine the absolute ventricular volume. 
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Fig.  8. Analysis of Pressure- Volume relationship using left ventricle catheterization.  
A murine catheter was inserted in to the LV through a stab wound in the apex. Pressure and volume were measured to 
establish baseline. Subsequently, brief vena cava occlusion was done using a surgical thread to quantify load independent 
parameters. End systolic and End diastolic pressure volume relations (ESPVR and EDPVR) were calculated from the resulting 
PV loops. 

 

At the end of the recording, the LV catheter was withdrawn, blood was aspirated from the LV using a 

heparinized syringe to be used for volumetric cuvette calibration. The animal was sacrificed and the 

heart tissue was obtained for further histological and molecular analysis. Data was processed and 

analyzed using PowerLab 8/35 with LabChart Pro software. The following parameters were then 

calculated. 

Physiologically relevant parameters of systolic function: 

a. ESPVR: This denotes the maximum pressure generated by the ventricle at a given volume in 

LV. Its slope represents end-systolic elastance (Ees) and is a marker for myocardial 

contractility. 

b. dp/dt max: Used as an index of ventricular compliance and denotes the maximum rate of 

change of pressure in ventricle. 

c. Pre-load Recruitable stroke work (PRSW): It is an empirical relationship between stroke work 

and end-diastolic volume (EDV) and reflects myocardial contractility independent of preload 

and afterload. 

Physiologically relevant parameters of diastolic function: 

a. EDPVR: it represents the passive filling properties of the ventricle and is a standard marker for 

impairment in ventricular relaxation. 

b. Tau: Constant for isovolumic relaxation or Tau denotes the exponential decay of ventricular 

pressure during isovolumic relaxation. It is independent of preload. 

c. End diastolic pressure (EDP): Ventricular pressure at the end of diastole. 
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d. dp/dt min: Used as an index of ventricular compliance and denotes the minimum rate of 

change of pressure in ventricle. 

 

7. Organ harvesting 
Animals were anesthetized with isoflurane and cervical dislocation was done for sacrifice. Body weight 

was measured and the thorax was cut to visualize the beating heart. Intra-cardiac injection of  500 μl 

5% potassium chloride (KCl) was administered to suspend the heart in diastole. The heart was then 

excised near the aorta and transferred to ice cold Phosphate buffered saline (PBS). Retrograde 

perfusion was done by placing a 21-guage needle in the aorta with sterile saline. The heart was dried 

and weighed using a fine balance (Sartorius, Germany), the right ventricle, both atria were cut aside 

and weighed and finally LV weigh was measured. The LV was then cut transversely into three parts, 

the apex and base was quickly frozen in liquid nitrogen to be used for protein and RNA isolation 

respectively. The middle part was stored overnight in 4% paraformaldehyde (PFA) for fixation and 

used for histology. Peripheral organs like lungs, kidney and liver were also weighed. Tibia was isolated 

and measured with an electronic gauge to normalize organ weights as a function of mouse size.  

8. Protein extraction 
LV tissue snap frozen liquid nitrogen (20-30 mg) was placed in RNAse-free 2 ml Eppendorf having a 

5mm stainless steel bead (Qiagen, 69989) and RIPA lysis buffer (Thermo Fischer, 89900) along with 

cOmpleteTM protease inhibitors (Sigma, 11873580001) and phosphatase inhibitor tablets (Sigma, 

4906837001). The mixture was then lysed and homogenized using tissue Lyser LT (Qiagen, 85600) for 

5 min with 50 Hz. The lysate was briefly centrifuged at 4°C and placed on a cooled overhead rotor at 

for 30 minutes before they were again centrifuged for 15 min at 16,000 x g and transferred into a fresh 

1.5 ml Eppendorf tube. Photometric determination of protein concentration was performed by 

measuring absorbance at 562 nm using Pierce™ BCA Protein Assay Kit (Thermo Fischer, 23225) and a 

96-well plate reader (Biotek). These lysates were then aliquoted and stored at -80°C. 

9. Western Blotting 
Protein lysates as per the required concentration (20-30 μg) were denatured by conventional cooking 

at 95°C for five minutes in 4x Laemmli buffer (Invitrogen, NP0007) and 0.2M DTT (Sigma-Aldrich, 

D9779) and then separated on 4–12% SDS-PAGE (NuPAGE Novex Bis-Tris 4-12% Gel, Invitrogen, 

NP0321) in MES running buffer (Invitrogen, NP0002) at 120 Voltage for 90 minutes. Pre-stained 

protein standard was run in parallel lanes to aid in molecular mass estimation of proteins (Precision 

Plus proteinTM All Blue pre-stained protein standards, Bio-Rad, 1610373). Separated proteins were 

blotted on 0.45 µm nitrocellulose membranes (Amersham™ Protran™, Sigma-Aldrich, GE10600002) at 

a constant current of 0.5A in transfer buffer (25 mM Tris-HCl, pH 8.3; 150 mM Glycine; 20% Methanol) 
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for 2 hours while constantly being kept cold. As per the manufacturer’s instructions, samples used for 

phospho-PLN detection were not cooked but instead incubated at 37oC for 30 minutes, separated on 

10-15% SDS-PAGE and transferred on 0.2µm PVDF membranes (Amersham™ Hybond™, SigmaAldrich, 

GE106000021). After successful blotting, the membranes were briefly stained with Ponceau Red 

solution. Unbound sites on the membranes were then blocked for 1 h with 5% non-fat milk (Roth, 

68514-61-4) in 0.1% Tween-20 (Sigma-Aldrich, P2287) in TBS (20 mM Tris-base, 50 mM NaCl, pH=7.5), 

and probed at 4oC overnight with respective primary antibody diluted in 1% milk TBS-Tween. 

Membranes were then washed three times with TBS-Tween 10 minutes each, followed by incubation 

with a secondary peroxidase-conjugated antibody for one hour at room temperature. Antibodies used 

in this dissertation are listed in table 6. Afterwards, membranes were washed three times with TBS-

Tween 10 minutes each. Signals were detected using SuperSignal™ West Femto Maximum Sensitivity 

Substrate (Thermo Fisher, 34095) chemiluminescent kit and Chemidoc XRS™ + imager. Signals were 

analyzed using Image Lab software 5.1 (Bio-rad). 
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Table 6. Antibodies used for immunoblotting experiments 
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10. RNA isolation, cDNA synthesis and quantitative real-time polymerase chain reaction 

(RT-qPCR) 
10.1. In-silico oligonucleotide design 

Primers for RT-qPCR were designed using Primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The settings used were, product size: 100-

200 bp; exon junction span: may not span exon-exon junction; intron inclusion: yes (if possible); 

organism: Mus musculus (taxid:10090); allow splice variants: yes. Melting temperatures were 

calculated using the Thermo Fisher Tm Calculation platform All oligonucleotides were synthesized 

by Eurofins Genomics. 

10.2. RT-qPCR 

Tissue samples were lysed using a proprietary lysis buffer from RNeasy Fibrous tissue Mini kit 

(Qiagen, 74704) and 7mm stainless steel beads for 5 min with 50 Hz. RNA purification from the 

lysate was performed using the same kit as per manufacturer´s instructions. Total RNA was then 

eluted in 30 μl nuclease free water. Absorbance at 260 nm was measured to quantify RNA 

concentration using the Nanodrop 2000 (Thermo Fisher). Quality control absorbance ratios of 

260/280 and 260/280 were also measured. The RNA was then used for reverse transcription or 

stored at -80°C for prolonged storage. Complementary DNA synthesis was done using iScript cDNA 

synthesis kit (Bio-Rad, 1708891) according to manufacturer’s protocols.  Relative gene expression 

was quantified via qRT-PCR performed on a Biorad iQ-Cycler using SYBR Green Supermix (BioRad). 

Table 7 shows the constituents of reaction master mix (A) and the program (B) while table 8 shows 

all the primer pairs used. 

Table 7. Components of RT-qPCR reaction mix (A), PCR program protocol (B). 

 

 

 

 

 

 

 

A B 
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Table 8. Primers used for qPCR 

Primer Forward sequence Reverse sequence 

Nppa (ANP) GAGACGGCCGCATCTTCTT CAATCTCCACTTTGCCACTGC 

Nppb (BNP) ACAAGATAGACCGGATCGGA ACCCAGGCAGAGTCAGAAAC 

Serca2-α GGGCAAAGTGTATCGACAGG TCAGCAGGAACTTTGTCACC 

Acta1(α-skeletal actin) CTCACTTCCTACCCTCGGC GCCGTTGTCACACACAAGAG 

Mhc-β TCCCAAGGAGAGACGACTGTG CCTTAAGCAGGTCGGCTGAGT 

Mhc-α CCGGGTGATCTTCCAGCTAAA GCTCAGCACATCAAAGGCACT 

TGF-β TGATACGCCTGAGTGGCTGTCT CACAAGAGCAGTGAGCGCTGAA 

TNF-α GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG 

IFN-γ CAGCAACAGCAAGGCGAAAAAGG TTTCCGCTTCCTGAGGCTGGAT 

IL-1 β TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG 

IL-6 TACCACTTCACAAGTCGGAGGC CTGCAAGTGCATCATCGTTGTTC 

VCAM-1 GCTATGAGGATGGAAGACTCTGG ACTTGTGCAGCCACCTGAGATC 

ICAM-1 AAACCAGACCCTGGAACTGCAC GCCTGGCATTTCAGAGTCTGCT 

PECAM-1 CCAAAGCCAGTAGCATCATGGTC GGATGGTGAAGTTGGCTACAGG 

FN1 CCCTATCTCTGATACCGTTGTCC TGCCGCAACTACTGTGATTCGG 

ET1 CTACTTCTGCCACCTGGACATC CGCACTGACATCTAACTGCCTG 

GAPDH GAGACGGCCGCATCTTCTT CAATCTCCACTTTGCCACTGC 

 

11. Histology 
LV sections pre-fixed in 4% PFA (8-12 hours) were dehydrated through an increasing concentration 

gradient 60% ethanol, 2x 75% ethanol, 2x 96% ethanol, 2x 100% ethanol, 2x xylol, and 3x paraffin, 

each for 90 min using an automated system (Leica, TP1020). Paraffin blocks were prepared using an 

embedding station (Leica, EG1150H) and 3-5 μm thick LV cross-sections were made using a Microtome 

(Leica RM 2165). Cryosectioning was done for lipid quantification using the Leica CM1950 cryostat. 

Prior to staining, sections were dewaxed in xylene, followed by graded serial rehydration in ethanol 

100% → 96% →80%→70%→50%→30%→ water (five minutes/ incubation). The sections were then 

subjected to the respective staining protocols: 

Picro Sirius Red staining: To measure the levels of deposition of connective tissue, slides were 

immersed in Picro-Sirius Red solution (Abcam, ab 150681) for 1 hour. They were then removed and 

rinsed twice in 0.5% acetic acid solution and once in absolute ethanol. At the end, slides were mounted 

with Permount (Fischer Scientific, SP15-100) medium. Images were captured using the Olympus CK 40 

microscope. Collagen components were stained red/pink and non-collagen deposits appeared yellow. 

Percentage fibrotic area was calculated by red staining density relative to the total area of the LV 

tissue slice using Image J (Bethesda, USA). Two random sections per LV were quantified. 
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Fluorescein-conjugated wheat germ agglutinin (WGA): For assessment of cross-sectional area (CSA), 

LV sections were first washed three times in Hank’s balanced salt solution (HBSS) and then incubated 

in 5.0µg/ml fluorescein-conjugated WGA solution (Invitrogen, W11262) in HBSS for 15 minutes at RT. 

Slides were then washed twice in PBS and mounted with ProLong® Gold antifade with DAPI (Thermo 

Fischer, P36935). Images were captured using a fluorescence microscope (Leica DF350 FX). At least 

350-400 random cardiomyocytes (Inclusive of all sizes) per animal were measured using Image J 

(Bethesda, USA). 

TUNEL (TdT-mediated dUTP-biotin nick end labelling) staining: cells undergoing apoptosis were 

detected using the In-Situ Cell Death Detection Kit (Roche, 11684795910) according to the 

manufacturer's protocols. At the end, sections were mounted using ProLong® Gold antifade with DAPI 

(Thermo Fischer, P36935). In principle, terminal deoxynucleotidyl transferase (TdT) catalyzes the 

conjugation of fluorescein labelled deoxyuridine triphosphate nucleotides to the 3´OH end of DNA 

strand breaks. Fluorescein-dUTP helps in identifying apoptotic cells directly after the TUNEL reaction. 

TUNEL-positive apoptotic cells were detected with a fluorescence microscope (Leica DF350 FX) in 5-8 

randomly selected fields versus total number of cells/LV using Image J (Bethesda, USA). 

Staining of neutral lipids by oil red O (ORO): The lysochrome ORO (C26H24N4O) is a fat soluble diazol 

dye. It has an absorbance maxima at 518 nm. The advantage is that ORO stains only neutral lipids and 

cholesteryl esters but not membrane lipids, making it ideal to study lipid accumulation of steatosis in 

dyslipidemic tissue samples. The principle involves first diluting the highly hydrophobic ORO in water, 

when it reaches the tissues it follows the lipophilic gradient and accumulates in lipid deposits. The 

protocol described by Mehlem et al., has been followed. Cryosectioned LV tissue was briefly stained 

with ORO working solution and washed under running tap water for 30 minutes. Sections were 

mounted with a water based mounting medium and images were acquired through a bright field 

microscope. 

Immunocytochemistry:  Epitopes were unmasked using an antigen retrieval step. Slides were 

incubated with antigen retrieval solution (S2369 Dako Target Retrieval Solution) and incubated at 60-

65°C for 15-20 minutes. Tissue permeabilization was the achieved by using permeabilization buffer 

having 1% goat/rabbit serum and 0.4% Triton X-100 in TBS (TBS-T). Non-specific sites were blocked 

with 5% serum in TBS-T for 30 minutes at room temperature. Primary antibody was diluted in 1% 

animal serum TBS (with 0.05-0.1 % Triton X 100) and added to the sections overnight at 4°C in 

humidified chamber. The next morning, sections were washed twice with 1% serum TBS-T for 10 

minutes each. Then a fluorescent-probe conjugated secondary antibody in 1% serum in TBS (with 0.05-

0.1% Triton X 100) was added and incubated at room temperature for 1-2 hours. Sections were 
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washed twice with 1% serum TBS-T for 10 minutes each. The slides were then mounted in medium 

containing DAPI (ProLong™ Gold Antifade, Thermofisher P36931), dried and sealed with a coat of clear 

nail-polish. The antibodies used are mentioned in table 9. 

Table 9.  Antibodies used for immunocytochemistry. 

Antibody Manufacturer Dilution used 

Rabbit- anti CD45 Abcam, ab10558 1:500 

Alexa Fluor® 633 Goat anti-Rabbit IgG 

(H+L) 

ThermoFisher, A-21070 1:1000 

 

12.  Next Generation Sequencing  

12.1.  mRNA library preparation  

Sequencing of RNA-seq samples and initial data analysis was conducted at the Microarray and Deep-

Sequencing Facility Göttingen (Transcriptome and Genome Analysis Laboratory, TAL, headed by Dr. 

Gabriela Salinas). TruSeq RNA Library Preparation Kit v2 was used to generate RNA-seq libraries using 

the RS-122-2001 protocol from Illumina starting with 500 ng of total RNA. Quality and integrity of RNA 

was ascertained with the Fragment Analyzer from Advanced Analytical by using the standard 

sensitivity RNA Analysis Kit (DNF-471). All samples selected for sequencing had an RNA integrity 

number over 8.5. Ligation step was optimized by optimizing the adapter concentration to increase 

ligation efficiency (>94%), and finally the number of PCR cycles was reduced to avoid PCR duplication 

artifacts as well as primer dimers in the final product in library. For quantification of cDNA libraries, a 

fluorometric analysis system, the QuantiFluor™ dsDNA System from Promega, was used. The size of 

final cDNA libraries was determined by using the dsDNA 905 Reagent Kit (Fragment Analyzer from 

Advanced Bioanalytical) having a means sizing of 300 bp. Libraries were pooled and sequenced on an 

Illumina HiSeq4000 (Illumina) generating 50 bp single-end reads (30-40 Mio reads for each sample).  

12.2.  Raw read and Quality check  

Sequence images were transformed with Illumina software BaseCaller to BCL files, which was 

demultiplexed to fastq files with bcl2fastq v2.17.1.14. The sequencing quality was found out using 

FastQC (Andrews et al., 2010).  

 

12.3.  Mapping and Normalization  
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Sequences were aligned to the reference genome Mus musculus (mm10 version 89, 

https://www.ensembl.org/Mus_musculus/Info/Index) using the STAR aligner (Dobin et al., 2013) 

(version 2.5.2a) allowing for 2 mismatches within 50 bases. Subsequently, read counting was 

performed using featureCounts (Liao et al., 2014).  

12.4. Differential expression analysis  

Read counts were analyzed in the R/Bioconductor environment (version 3.4.2, 

www.bioconductor.org) using the DESeq2 (Love et al. 2014) package version 1.14.1. Candidate genes 

were filtered using an absolute log2 fold-change >0.5 and FDR-corrected pvalue <0.05. Gene 

annotation was performed using Mus Musculus entries via biomaRt R package version 2.32.1 (Durinck 

et al., 2009). Pathway analysis and over representation assessment was done using WebGestalt 

platform. Pathway mapping was done through KEGG website. 

13. Statistics and data analysis 
All statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad Software, Inc, 

California, USA) with two-tailed unpaired Student’s t-test, one-way or two-way analysis of variance 

(ANOVA) where appropriate along with Bonferroni post-test correction where suitable. Kaplan–Meier 

survival analysis was performed, and significance was determined through a Log-rank test. Data are 

presented as mean ± standard error of mean (SEM). Differences between groups were considered 

statistically significant if the p-value was <0.05. 
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Results 1: High fat Diet+ Low grade TAC model 

1. Survival after low-grade TAC 
The first model we wanted to assess was based on the combination of dyslipidemia induced by high 

fat diet (HFD) and low grade pressure overload (PO) through transverse aortic constriction (TAC) 

surgery. Normal diet (ND) and TAC operated animal were used as controls. Sham operated mice were 

included in each dietary group.  

To ensure consistency of TAC constriction, pressure gradient across the transverse aorta was 

measured through echocardiography. Gradients between the ND TAC and HFD TAC group were 

comparable showing consistent aortic constriction. A 20 fold increase in TAC dependent pressure 

gradient was observed in ND group (p<0.01, sham n=10-12, TAC n= 15-17) from about 3.1 mmHg at 

baseline to 64.7 mmHg at TAC. HFD group showed a 21 fold increase (p<0.01, sham n=15, TAC n= 17-

20) from about 2.9 mmHg at baseline to 61 mmHg at TAC. TAC mediated mortality between the groups 

was similar and comparable 15.3% in ND-TAC and 16.04% in HFD-TAC operated mice as shown in 

figure 9.A.  In either groups mortality was similar on comparing sham vs TAC (p>0.05, Log-rank Mantel-

Cox test, n=13-17) as shown in figure 9.B. 

 

Fig.  9. Gradient echocardiography and survival.  
A: Pressure gradient across the aorta before and after TAC procedure, ***p<0.001. B:  Kaplan-Meier-survival 
curves representing the survival percentage after TAC (transverse aortic constriction) or sham in HFD (high fat 
diet) vs ND (normal diet) groups. Mortality within 24 hours of TAC was considered as a death from surgical 
complications, and thus was excluded from long-term survival of TAC vs. corresponding sham using Log-rank 
Mantel-Cox test, numbers in brackets represent animals examined. 
 

 

 

A B 
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2. Morphometric analysis  
2.1.  Organ weights 

All weight measurements were normalized to the respective tibia length (TL) as shown in figure 10. 

Despite the clear increase in average body weight in HFD (28 g) as compared to ND (20 g), both groups 

showed similar increase in heart weight (p<0.01) and LV hypertrophy after TAC (p<0.01). Both groups 

showed a trend towards higher lung congestion (HFD-Sham 11.02 mg/mm vs HFD-TAC 13.35 mg/mm; 

ND-Sham 10 mg/mm, ND-TAC 10.4 mg/mm) after TAC, failing to reach significance (p>0.05).  

 

Fig.  10. Morphometry of HFD and ND mice following 2 weeks of TAC.  
BW/TL, Body weight; HW, Heart weight; LV; Left ventricular weight; TL, tibia length and lung weight-to-tibia 
length ratios. Data are expressed as mean ± SEM. *p <0.05, **p <0.01 vs. corresponding group using one-way 
ANOVA with Bonferroni post-test, n=13/group. 
 

2.2. LA hypertrophy  

In human subjects, LA hypertrophy has been linked to adverse remodeling in HFpEF and a high-risk 

marker for AF, stroke and MI (Kuo et al., 2022). LA hypertrophy was almost significantly increased in 

the HFD sham vs TAC group (p>0.05, n=13/group), figure 11. However, the results were highly variable 

among the animals, 20% mice showed on average a 10 fold increase in LA/TL. It was not prominent in 

ND-TAC group. 
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Fig.  11. Left atrial remodeling.  
Analysis of left atrial (LA) hypertrophy 2 weeks after TAC. A:LA weight normalized to tibia length (TL) using 2-
way ANOVA with Bonferroni post-test , n=13/group. B: representative images from HFD sham and TAC groups, 
black border traces the LA area.  
 

2.3. Cardiomyocyte hypertrophy 

WGA-stained LV cross sections were used to determine the diameter of individual cardiomyocytes by 

measuring their cross-sectional area (CSA). Both dietary groups showed a similar increase in 

cardiomyocyte hypertrophy after TAC; HFD (p<0.001) and ND (p<0.001) as demonstrated by two-way 

ANOVA analysis. It was interestingly found that despite similar HW as described in section 2.1, the 

HFD-sham group showed a higher cardiomyocyte CSA when compared to ND-sham suggesting that 

HFD is sufficient to model the cellular profile independent of TAC (p<0.05). the difference in both TAC 

groups showed a non-significant trend towards higher CSA in HFD-TAC, figure 12. 
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Fig.  12. Hypertrophy at cellular level.  
Left ventricular cardiomyocyte cross sections stained with wheat germ agglutinin (WGA) after TAC. Mean data 
for cross-sectional area (CSA) are shown. Data are presented as mean ± SEM. *p < 0.05, ***p<0.001 between 
groups using 2-way ANOVA with Bonferroni post-test, n=7/group. 
 

3. Echocardiographic evaluation after TAC 
3.1.  LV remodeling  

Non-invasive echocardiographic evaluation was done on all mice that underwent TAC and sham 

surgeries. The animals were serially analyzed once a week for two weeks. A look at geometric 

dimensions as in figure 13, revealed significant differences in sham vs TAC in both the groups. In ND 

group, septum thickness was significantly increased in the first week itself (p<0.05, sham n=15, TAC 

n= 17-20) and was consistent in the second week. ND group however, showed rising septum thickness 

only after the first week, hinting at a delayed but similar response to cardiac remodeling as HFD 

(p>0.05, sham n=15, TAC n= 17-20). Left-ventricular end-diastolic dimension was however, unchanged 

during the course of two weeks for both the dietary groups. The relative wall thickness (RWT), a 

marker for concentric remodeling (can also be used as a marker for eccentric hypertrophy if reduced), 

was then calculated as previously mentioned in methods. It was found that both groups exhibited a 

higher RWT in both weeks post PO. ND (p>0.01, sham n=15, TAC n= 17-20) and HFD (p>0.01, sham 

n=15, TAC n= 17-20) leading to an evidence of concentric hypertrophy of the left ventricle.  
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Fig.  13. Left ventricular hypertrophy in HFD versus ND mice following two weeks of PO.  
Echocardiographic assessment of left ventricular remodeling. Septum thickness ; LVEDD, Left ventricular end-
diastolic diameter and RWT, relative wall thickness. Data are presented as mean ± SEM. *p < 0.05, **p<0.01 
between respective groups using one way ANOVA followed by Bonferroni post-hoc test for multiple 
comparisons. n=15-20/group. 

3.2. Systolic function assessment 

With comparable heart rates, it was found that EF and fractional shortening (FS) were differentially 

presented in the two dietary groups. Remarkably, when HFD sham vs TAC were compared, it was 

found that EF and FS appeared to be well conserved in both weeks. In the ND cohort, TAC vs sham EF 

was reduced in the first week itself by 20% (p<0.001) and the change was further exacerbated in the 

second week of evaluation. FS in ND followed a similar trend with a 15% drop in first (p<0.05) and 21 

% in the second week (p<0.01). This led us to believe that the condition of dyslipidemia induced by 

HFD is an important component that shifts the spectrum of HF towards a preserved state after low 

grade PO. Ultimately, at the end of two weeks of serial echocardiographic evaluation, ND+TAC mice 

were at an average EF of less than 40% while HFD+TAC mice EF was well preserved at 55 %. SV was 

also slightly decreased in both groups at the end of two weeks after PO, data not shown(P>0.05). Data 

is summarized in figure 14. 
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Fig.  14. Differential systolic function in HFD vs ND mice during two weeks of low grade PO. 
 A: Respective AM-mode images from echocardiography show a representation of LV function and geometry. B: 
Heart rate (HR), ejection fraction (EF), fractionation shortening (FS) and stroke e volume (SV) between the 
groups. Data are expressed as mean ± SEM. *p <0.05, **p <0.01, ***p<0.001 vs. corresponding group using two-
way ANOVA with Bonferroni post-test for multiple comparisons. n=13/group. 

 

Henceforth, in this dissertation, HFD+TAC is considered to be a ‘’HFpEF like’’ model while ND+TAC is 

reflective of a ‘’HFrEF like ‘’ scenario. Further diastolic and systolic function measurements to ascertain 

this hypothesis are described in the following sections. 

A 

B 
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3.3. Strain echocardiography to ascertain diastolic dysfunction  

To truly be able to say that HFD exhibits a HFpEF like state, we needed to demonstrate that along with 

preserved systolic function, there is a clear indication of diastolic dysfunction. Strain echocardiography 

was employed for this purpose to measure finer aspects of diastolic dysfunction. Speckle tracking 

echocardiography was performed as described previously by Bhan et al., 2014.  Vevo2100 Imaging 

Software 1.5.0 was used to place a series of tracking points on the endocardial and epicardial borders 

of LV in parasternal long-axis views. Then though an automated frame by frame tracking for one whole 

cardiac cycle allowed for calculation of calculation of EF and strain parameters like strain and strain 

rates.  

The program divided the left ventricle into six segments from which strain rate values were quantified 

for each segment. Using the “reverse peak” option during strain analysis, the peak longitudinal strain 

rate (r-LSR) was also measured as depicted in figure 15. 

 

 

Fig.  15. Speckle tracking echocardiography. 
A: Note the position of tracking points of epicardial and pericardial borders. B: Vevo2100 allows for automatic 
measurement of reverse strain rates by using the reverse peak function. C: A typical longitudinal strain rate 
profile is shown for WT mouse with color coded ventricular segments. Reverse longitudinal strain rate and 
longitudinal strain rate peaks are shown that corelate temporally with early LV filling. Adapted from Schnelle, M 
et al., 2018. 

 

EF was kept consistent with the B-mode measurements to keep a control on strain quantification. It 

was found that for HFD+TAC, r-LSR was decreased in the second week when sham vs TAC comparisons 

were made suggesting diastolic dysfunction (p<0.05, sham n=7, TAC n= 7), while first week showed no 

change. ND group showed no change in strain rate in first week or second week as shown in figure 16. 

Pressure volume loop was then employed to further assess systolic and diastolic functions in detail as 

described in the subsequent section. 

A B C 
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Fig.  16. Reverse-Longitudinal strain rate (r—LSR) in HFD vs ND during two weeks of low grade PO.  
Data are expressed as mean ± SEM. *p <0.05 vs. corresponding group using two-way ANOVA with Bonferroni 
post-test, n=7/group.  

 

4. Pressure Volume loop analysis for in depth cardiac function characterization 
Since the data from speckle tracking analysis post PO pointed towards diastolic dysfunction, we 

wanted to further explore this aspect in depth. We employed the analysis of pressure volume 

relationship in the mice undergoing TAC in both dietary groups. Real time measurement of pressure 

and volume within the ventricle and plotting them against each other for several time-points during a 

cardiac cycle generates a PV loop. PV loops can be used to calculate several physiologically relevant 

hemodynamic can be calculated like stroke volume, cardiac output, end systolic pressure volume 

relationship (ESPVR), end diastolic pressure volume relationship (EDPVR) etc. At the end of experiment 

prior to harvesting organs, PV loop analysis was performed as described in section 6 of methods. In 

sync with echo data, HFD mice showed preserved systolic function (figure 17) as denoted by an 

unchanged ESPVR and dp/dt max   in sham vs TAC (p>0.05). However, in ND cohort, ESPVR was markedly 

increased by 110% hinting at a non-preserved systolic function (p<0.05, sham n=4, TAC n=5). PRSW 

similarly showed a load-independent increase (p<0.05, sham n=4, TAC n=5). dp/dtmax did not show any 

change in either of the groups. The main takeaway for this part is that HFD TAC operated mice 

exhibited a preservation of systolic function as compared to ND group. 
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Fig.  17. Systolic LV function in HFD vs ND mice at the end of two weeks of low grade PO.  
ESPVR: End systolic pressure volume relationship, dp/dtmax: maximal rate of pressure fall with time, PRSW: 
Preload recruitable stroke work. Data are expressed as mean ± SEM. *p <0.05 vs. corresponding group using 
one-way ANOVA with Bonferroni post-test. n=4-5/group.  

 

Looking at diastolic dysfunction (figure 18) indices, it was found that the load independent parameter 

of EDPVR was significantly elevated in HFD group after PO; HFD (p<0.001, sham n=4, TAC n=5) and ND 

(p>0.01, sham n=4, TAC n=5) reflective of increased LV stiffness and restrictive pattern of filling. The 

isovolumic relaxation time (Tau) was prolonged in both groups HFD (p<0.01, sham n=4, TAC n= 5) and 

ND (p<0.05, sham n=4, TAC n=5). EDP was elevated in both groups HFD and ND (p<0.001, sham n=4, 

TAC n= 5) as a result of similar PO. The peak rate of decline of pressure dp/dt min was decreased in HFD 

group only (p<0.01, sham n=4, TAC n=5) showing the sustained elevation of high pressure state in 

contrast to ND where the parameter remained unchanged. This shows that despite a different pattern 

of systolic function, both dietary groups showed a dysfunction in diastolic properties albeit with minor 

differences. Representative PV loops as baseline and vena cava occlusion are shown in figure 19. 
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Fig.  18. Diastolic LV function in HFD vs ND mice at the end of two weeks of low grade PO.  
EDPVR: End diastolic pressure volume relationship, Tau: time constant of isovolumetric relaxation, EDP: end 
diastolic pressure, dp/dtmix: minimal rate of pressure fall with time. Data are expressed as mean ± SEM. *p 
<0.05, **p<0.05, ***p<0.001 vs. corresponding group using one-way ANOVA with Bonferroni post-test. n=4-
5/group. 

 

 

Fig.  19. Representative PV loops of HFD group.  
Sham vs TAC comparison of HFD cohort at baseline and vena cava occlusion to account for preload. Note the 
changes in ESPVR and EDPVR values. 
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5. Gene expression of cardiac stress markers in HFpEF and HFrEF 
Myocardial gene expression for cardiac stress markers (figure 20) was investigated two weeks after 

TAC subsequent to PV analysis using RT-qPCR. A pattern reminiscent of the fetal gene program was 

seen in both dietary groups. Common stress markers were increased but in a differential manner. The 

transcript levels of Natriuretic peptides A and B (nppa, nppb) were found to be similarly and 

consistently increased in ND and HFD sham vs TAC mice (p<0.05, n=7/group). ANP was 3.6 fold higher 

in HFD sham vs TAC and 2.7 fold higher in ND sham vs TAC. BNP was almost 3 fold higher in both 

dietary groups. This confers with previous findings that PO can lead to re-activation of fetal gene 

program and increase the levels of stress related markers. mRNA level of α-skeletal actin (Acta1) which 

is known to be a marker of compensated cardiac hypertrophy was increased after PO to a much higher 

extent in HFD group (12.3 fold, p<0.001, n=7/group) vs ND group (6 fold, p<0.05, n=7/group). 

Sarcoplasmic/Endoplasmic Reticulum Ca2+ ATPase-2α (Serca2-α) was decreased in both groups but it 

was much lower in ND (0.2 fold, p<0.01, n=5/group) vs only a trend to decrease in HFD groups 0.6 fold 

(p>0.05). Myosin heavy chain (Mhc) often undergoes an isoform shift during the fetal gene program, 

and it was observed that both dietary groups showed a shift from α-myosin heavy chain to β-myosin 

heavy chain after TAC; HFD (184 fold, p<0.01, n=7/group) and ND (95 fold, p<0.05, n=7/group). 
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Fig.  20. Cardiac gene expression of stress markers in HFD and ND following two weeks of low grade PO. 
Cardiac mRNA levels of Nppa, natriuretic peptide A; Nppb, natriuretic peptide B; Serca2-α, 
Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase-2α; Acta, α-skeletal actin; Mhc-α, myosin heavy chain-α; 
Mhc-β, myosin heavy chain-β and Mhc-β/ Mhc-α ratio were measured using RT-qPCR. Values are presented as 
fold change normalized to ND-sham controls. Gapdh was used for normalization. Data are presented as mean ± 
SEM. *p<0.05, **p < 0.01, ***p<0.001 vs. corresponding groups using one-way ANOVA followed by Bonferroni 
post-hoc test for multiple comparisons, n=7/group.  
 

6. Steatosis in ventricular cryosections 
Excess accumulation of lipid in peripheral tissues is a key feature in a variety of metabolic disorders 

and pathophysiologies involving insulin resistance. In order to support the finding of increase in BW 

subsequent to HFD for 10 weeks, we measured the accumulation of lipid or steatosis within 

cryosections from snap frozen ventricular tissue. Oil red O staining was employed for this, which stains 

only the neutral lipids (triglycerides, diacylglycerols and cholesterol esters) present in a specimen 

which correspond basically to steatotic lipid droplets. It was seen that 10 weeks of HFD was indeed 

sufficient to induce steatosis in LV sections of HFD group with respect to ND group (p<0.001, 
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n=5/group). However, sham vs TAC in HFD showed no differences in any group, indicating that lipid 

accumulation subsequent to HFD is not altered by PO. However, the analysis does support that HFD 

mice are indeed dyslipidemic. ND group showed no significant lipid deposition as shown in figure 21. 

 

Fig.  21. Lipid accumulation in HFD and ND mice after two weeks of low grade PO.  
Oil red O stained cryosections show lipid deposits (as dark pink granules) at 20X magnification. Inlets show five 
times magnified image to emphasize the staining. Data are presented as mean ± SEM. ***p<0.001 vs. 
corresponding groups using two-way ANOVA followed by Bonferroni post-hoc test for multiple comparisons, 
a.u: arbitrary units, n=5/group. 
 

7. Dynamics of collagen induced fibrosis in HFpEF and HFrEF 
7.1. Total LV fibrosis  

LV myocardial sections were stained with picrosirius red to distinctly identify collagen (pink) from 

surrounding matrix (yellow). Both groups exhibited enhanced LV fibrosis when shams were compared 

with TAC; ND (p<0.05, n=7/group) and HFD (p<0.05, n=7/group). However, the level of fibrosis as 

shown in figure 22.A, in both TAC groups was significantly different, with HFD TAC showing 

exacerbated collagen content with respect to ND TAC (p<0.05). 
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7.2. Perivascular fibrosis  

Upon picrosirius staining, two types of reactive fibroses were seen in the LV tissues, interstitial and 

perivascular. It has been known that states of disturbed metabolism can lead to increased fibrosis in 

perivascular regions (de Boer et al., 2019) so we wanted to see if the same holds true for the HFD 

cohort. To analyze perivascular fibrosis, a similar protocol was followed in stained sections but the 

region of interest for quantification was limited to only perivascular regions (figure 22.B). It was found 

that, although there were no changes in perivascular fibrosis between the sham and TAC groups of 

ND. HFD TAC group had 2 fold higher levels as compared to ND TAC (p<0.001, n=8/group) as shown in 

figure 25.b which may explain the higher levels of fibrosis between the two TAC groups. 

 

Fig.  22. Left ventricular fibrosis following two week of TAC surgery.  
A: Representative histological images of cardiac sections stained with picrosirius red staining to measure fibrotic 
regions (pink), scale bar = 200 µm. B: Quantification of fibrosis percentage area as mean data for the fibrotic 
area relative to the total left ventricular section and quantification of fibrosis only around perivascular regions. 
Data are presented as mean ± SEM, *p < 0.05, **p<0.05 between groups using 2-way ANOVA with Bonferroni 
post-hoc test for multiple comparisons, n=7/group. 

 

 

A 

B 
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7.3. Collagen subtypes expressed in HFpEF and HFrEF states 

Analysis of mRNA transcripts coding for pro-fibrotic proteins, fibronectin-1, collagen I and III through 

RT-qPCR was subsequently performed, figure 23. While fibronectin expression was the same in both 

groups in sham vs TAC (p<0.01, n= 5/group), it was found that both dietary cohorts exhibit a similar 

profile of collagen subtypes. In HFD group, Col I was found to be 3 fold higher in HFD sham vs TAC 

(p<0.05, n=7/group) group while in ND sham vs TAC group, Col III was abundantly expressed (p<0.05, 

n=7/group). Resultingly, Col I / Col III ratio was higher in HFD group after PO. The differences in 

dominant collagen subtype may be correlated to the differential pattern of fibrosis seen in HFD group. 

 

Fig.  23. Cardiac gene expression of pro-fibrotic markers in HFD and ND following two weeks of low grade PO. 
Cardiac mRNA levels of FN-1, Fibronectin-1; Procollagen I and Procollagen III were measured using RT-qPCR. 
Values are presented as fold change normalized to ND-sham controls. Gapdh was used for normalization. Data 
are presented as mean ± SEM. *p<0.05, **p < 0.01 between corresponding groups using one-way ANOVA 
followed by Bonferroni post-hoc test for multiple comparisons, n=7/group. 

 

8. Inflammation and endothelial dysfunction in HFpEF and HFrEF 
8.1. Expression of common inflammatory cytokines in HFrEF vs HFpEF 

Metabolic stress caused by dyslipidemia is often driven by cytokine signaling that may lead to further 

pro-inflammatory cascades. An analysis of common inflammatory cytokines relevant to the 

myocardial environment revealed a differentially activated pattern, as shown in figure 24. mRNA 

levels of TGF-β and IFN-γ were only upregulated in the HFD sham vs TAC examination with 5 fold 

(p<0.05, n=7/group) and 7 fold (p<0.01, n=7/group) higher expression levels in TAC respectively. In ND 

group, only the level of TNF-α was enhanced 6 fold (p<0.01, n=7/group) with respect to sham and in 

HFD group, it was not significant. IL-1β was found to be upregulated differentially in the HFD group 

with a 7 fold higher expression (p<0.001, n=7/group), IL-6 was not significantly increased in either 
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group. Interestingly, Endothelin-1 was also only selectively enriched in HFD mice after PO with about 

2.5 fold higher expression as compared to sham (p<0.05). 

 

Fig.  24. Cardiac gene expression of pro-inflammatory markers in HFD and ND following two weeks of low 
grade PO.  
Cardiac mRNA levels of TGF-β, transforming growth factor β; IFN-γ, interferon γ and TNF-α, tumor necrosis factor 
α; IL-1β, interleukin 1 β and IL-6, interleukin 6 were measured using RT-qPCR. Values are presented as fold 
change normalized to ND-sham controls. Gapdh was used for normalization. Data are presented as mean ± SEM. 
*p<0.05, **p < 0.01 vs. corresponding groups using one-way ANOVA followed by Bonferroni post-hoc test for 
multiple comparisons, n=7/group.  

 

 

8.2. Endothelial dysfunction  

Cytokine signaling is multidimensional in aspect, while it may lead to inflammation through one 

signaling cascade, through the other it can exert a different effect. To analyze markers of endothelial 



Results 1: High fat diet + Low grade TAC model 

56 
 

dysfunction, mRNA levels of Cell adhesion molecules- Vcam-1, Pecam-1 and Icam-1 were assessed. 

Moreover, the vasopeptide hormone endothelin 1 (Et1) was also examined, as shown in figure 25. 

It was seen that the dominant active cell adhesion molecules in HFD group were Vcam-1 and Icam-1 

with an approximately 2 fold (p<0.01, n=7/group) and 2.75 fold (p<0.01, n=7/group) higher expression 

in TAC operated mice . While both Icam-I and Pecam-1 were active in ND TAC mice as well (p<0.05, 

n=7/group), Vcam-1 showed no upregulation.  

 

Fig.  25. Cardiac gene expression of pro- endothelial dysfunction markers in HFD and ND following two weeks 
of low grade PO. 
Cardiac mRNA levels of CAMs, cell adhesion molecules namely vascular (VCAM-1), intracellular (ICAM-1), 
platelet endothelial (PECAM-1) and ET-1, endothelin 1 were measured using RT-qPCR. Gapdh was used for 
normalization. Data are presented as mean ± SEM. *p<0.05, **p < 0.01, ***p<0.001 vs. corresponding groups 
using one-way ANOVA followed by Bonferroni post-hoc test for multiple comparisons, n=7/group.  

8.3. CD45 mediated inflammation  

CD45 or protein tyrosine phosphatase receptor type C (PTPRC) is a marker for hematopoietic cells and 

it is implicated in lymphocyte mediated myocardial inflammation (Woudstra et al., 2017). 

Immunofluorescence staining specific to CD45 revealed that it was unchanged in TAC vs sham of both 
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ND and HFD. However, when the two ND-sham and HFD-TAC were compared, the percentage of CD45 

positive cells was higher in HFD-TAC mice (p<0.05, n=6/group) indicating that the dual stress of HFD 

and PO is sufficient to lead to inflammatory pathways originating from lymphocytes, as shown in figure 

26. 

 

Fig.  26. CD45 levels in HFD and ND mice after two weeks of low grade PO.  
LV sections were stained with primary antibody against CD45 antigen and then incubated with fluorophore 
conjugated secondary antibody (red). Counterstaining with DAPI was done to visualize individual nuclei (blue) at 
20X magnification, number of CD45 positive nuclei were measure / 1000 nuclei. Data are presented as mean ± 
SEM. *p<0.05 vs. corresponding groups using two-way ANOVA followed by Bonferroni post-hoc test for multiple 
comparisons, n=5/group. 

 

8.4.  NOX2 expression 

NADPH oxidase NOX2 is a major source of ROS within the heart and its overactivation has been 

implicated in several cardiovascular defects, including PO and diastolic dysfunction (Harvey et al., 

2020; Zhang et al., 2012). Since a number of differentially regulated cytokine levels were observed in 

the two dietary groups, we were curious to see whether ROS mechanisms triggered through NOX2 

may be relevant here. Protein expression level analysis through immunoblotting showed higher 

expression of NOX2 in sham vs TAC in both ND (1.8 fold, p<0.05, n=6/group) and HFD group (3 fold, 

p<0.05, n=7/group). Interestingly, the two sham groups also showed a significant difference with 1.8 

fold higher expression in HFD sham (p<0.05) as compared to ND sham indicating a higher basal level 

of NOX2 as a consequence of HFD independent of PO (figure 27). 
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Fig.  27. Expression of NADPH oxidase (Nox-2).  
Western blot images for Nox-2 and GAPDH from LV lysates are shown. Values are presented as fold change 
normalized to ND sham controls. Data are presented as mean ± SEM. *p < 0.05 between respective groups using 
one way ANOVA followed by Bonferroni post-hoc test for multiple comparisons. n=6-7/group. 

8.5. HDAC-4 phosphorylation  

HDAC-4 belongs to the class-IIa of histone deacetylase family and it is strongly associated to be 

positively correlated with indices of obesity (Shanaki et al., 2022). It has been known to induce 

maladaptive hypertrophy in several cardiomyopathies. We measured the levels of phosphorylation at 

Serine246 by comparing P-HDAC4 normalized to HDAC-4 and found that it was unequivocally higher 

in the HFD-TAC vs sham (p>0.05, sham n=6, TAC n=7) while remaining unchanged in ND sham vs TAC 

animals as shown in figure 28. 

 

 

 

Fig.  28. Phosphorylation of HDAC-4 in HFD vs ND mice following two weeks of low grade PO.  
Western blot images for phospho-HDAC-4 (Ser246) (p-HDAC-4), total HDAC-4, and GAPDH from LV lysates are 
shown. Values are presented as fold change normalized to ND sham controls. Data are presented as mean ± 
SEM. *p < 0.05 between respective groups using one way ANOVA followed by Bonferroni post-hoc test for 
multiple comparisons. n=6-7/group. 
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9. Programmed cell death in HFpEF and HFrEF  
Immunohistochemistry with terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick 

end-labelling (TUNEL) of LV myocardium cross sections from both dietary groups was performed to 

analyse the levels of programmed cell death or apoptosis. As shown in figure 31, the number of TUNEL 

positive cells was 8.5 fold higher in HFD TAC (p<0.01, n=6/group) compared to sham littermates and 

5.2 fold higher in ND sham vs TAC mice (p<0.01, n=6/group). No difference was seen in intergroup 

comparisons, indicating that differential activation of apoptosis is not a discriminating factor in the 

two states as shown in figure 29. 

 

Fig.  29. LV apoptosis in HFD and ND cohorts following two week of TAC surgery.  
TdT-mediated dUTP-biotin nick end-labelling (TUNEL) staining of LV sections and white arrows indicate TUNEL-
positive cardiomyocytes (scale bar = 25 µm) and subsequent quantification of TUNEL-positive cells per 1000 
DAPI-positive nuclei. Data are presented as mean ± SEM. **p < 0.01 vs. corresponding groups using two way 
ANOVA with Bonferroni post-hoc test for multiple comparisons, n=6/group. 
 

10. Cardiac kinases in HFpEF and HFrEF states 
Protein kinases in the myocardium are involved in several signal transduction pathways that regulate 

important cardiac function. We wanted next to investigate signaling kinases that could be conferring 

the aforementioned striking differences between the HFpEF and HFrEF like states afforded by HFD 

and ND after the induction of low grade PO. Total protein lysates from the LV were probed through 

immunoblotting to assess the levels of active phosphorylated forms of each of these kinases. 

Serine/threonine kinase protein kinase B (Akt) is a downstream of phosphatidylinositol 3-kinase (PI3K) 

and it has been shown to be activated in response to a pathological event where it leads to 

compensatory hypertrophy and remodeling. Moreover, it is also implicated in regulation of cardiac 

growth, myocardial angiogenesis, glucose metabolism, and apoptosis in cardiac myocytes (Chaanine 
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et al., 2011). Upon comparing the sham and TAC of our dietary groups, it was found that active 

phosphorylation of Akt was unchanged in the ND group, however HFD group showed significant 

activation of this kinase in TAC mice with approximately 2.6 fold higher upregulation (p<0.001, sham 

n=6, TAC n=6). The data is shown in figure 30. 

 

Fig.  30. Phosphorylation of cardiac Akt in HFD and ND mice following two weeks of PO.  
Representative Western blot images for phospho-Akt (Ser473) (p-Akt), total Akt, and GAPDH from LV lysates two 
week after intervention are shown alongside quantification of phosphorylated Akt to total Akt abundance. 
Values are presented as fold change normalized to corresponding ND sham controls. Data are presented as mean 
± SEM. ***p < 0.001 between corresponding groups using one way ANOVA with Bonferroni post-hoc test for 
multiple comparisons, n=6-7/group. 

 

Mitogen-activated protein kinase (MAPK) and its downstream effector kinases namely extracellular 

signal‐regulated kinases 1/2 ERK (ERK1/2), p38 kinases and c-Jun N-terminal kinases (JNK) are involved 

in a wide variety of cellular responses to a pathological injury. They play pivotal roles in regulation of 

cell proliferation, development, differentiation, inflammation, cell death and overall response to 

stress (Rose et al., 2010). ERK1/2 phosphorylation at at TEY (Thr-Glu-Tyr) motif followed a similar trend 

as P-Akt and was highly upregulated in the HFD group post PO with upto 2.75 fold higher expression 

(p<0.01, sham n=7, TAC n=7) while maintaining basal levels in ND- TAC mice (p>0.05, sham n= 7, TAC 

n=7). The levels of p38 phosphorylation at Threonine180/Tyrosine182 remained unchanged between 

sham vs TAC comparison of both HFD and ND but a comparison of respective TAC operated mice 

exhibited a significant 1.4 fold upregulation in HFD (p<0.01). The levels of JNK phosphorylation at 

Threonine183/Tyrosine185 was however, unchanged in both groups (p>0.05) as shown in figure 31. 
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Fig.  31. Assessment of cardiac MAPK activation levels in HFD and ND mice following two weeks of PO. 
Representative blots of phosphorylation levels of ERK1/2 (at TEY motif) and p38 (at Threonine180/Tyrosine182) 
with GAPDH as a loading control. Values are presented as fold change normalized to ND sham group. Data are 
presented as mean ± SEM. *p < 0.05, **p < 0.01 vs. corresponding groups using one- way ANOVA with Bonferroni 
post-hoc test for multiple comparisons, n=7/group. 

 

11. Calcium handling in HFpEF vs HFrEF 
Calcium handling and signaling cannot be ignored when we talk about the global effects of PO in the 

myocardium. The levels of Ca2+/calmodulin-dependent protein kinase type II (CaMKII) 

phosphorylation were not significantly enhanced in any group but there was an upwards trend in HFD-

TAC vs sham comparisons (p=0.08, sham n=6, TAC n=6), figure 32.  

 

Fig.  32. Activity of CaMKII in HFD and ND cohorts following two weeks of low grade PO.  
Cardiac protein levels of phosphorylated CaMKII beta/gamma/delta (Thr287) were assessed by immunoblotting 
vs. CaMKII delta (CaMKII δ), the major CaMKII isoform expressed in the heart, GAPDH was loading control. 
Quantification of p-CaMKII abundance to CaMKIIδ/GAPDH is shown alongside. Values are presented as fold 
change normalized to corresponding shams. Data are presented as mean ± SEM using one -way ANOVA with 
Bonferroni post-hoc test for multiple comparisons, n=6/group. 

 

The non-significance was a little conflicting because an important downstream target of CaMKII, RyR2 

appeared to be selectively phosphorylated at Ser2814 again only in the HFD-TAC vs sham group by 1.4 
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fold (p<0.05, sham n=6, TAC n=6). In ND group, there was no change in levels of phosphorylation. 

Another important target is phospholamban (PLN) and levels of phosphorylation at Thr17 followed 

the same trend as RYR2 phosphorylation at Ser2814 with 1.3 fold upregulation in HFD group after TAC 

as compared to its sham littermates (p<0.05, sham n=7, TAC n=6) as shown in  figure 33.A and B. 

Additionally, the phosphorylation of another downstream target, RyR2 at Ser2808 and the respective 

PLN at Ser16 were unchanged in both groups, figure 34.A and B. 

 

Fig.  33. Immunoblot assessment of CaMKII dependent phosphorylation sites of ryanodine receptors and 
phospholamban in HFD and ND mice following two weeks of low grade TAC. 
 Cardiac protein levels of A: Serine 2814-phosphorylated ryanodine (p-RyR2 Ser 2814), and for B: threonine 17- 
phosphorylated phospholamban (p-PLN Th17) were assessed at two weeks post PO, GAPDH used as loading 
control. Densitometric quantification of phosphorylated proteins to total protein are shown alongside. Values 
are presented as fold change normalized to ND sham controls. Data are presented as mean ± SEM. *p < 0.05 
between groups using one-way ANOVA with Bonferroni post-hoc test for multiple comparisons, n=6-7/group. 

 

 

 

 

A B 
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Fig.  34. Immunoblot assessment of PKA dependent phosphorylation sites of ryanodine receptors and 
phospholamban in HFD and ND mice following two weeks of low grade TAC.  
Cardiac protein levels of A: Serine 2808-phosphorylated ryanodine (p-RyR2 Ser 2808), and for B: threonine 16- 
phosphorylated phospholamban (p-PLN Th16) were assessed at two weeks post PO, GAPDH used as loading 
control. Densitometric quantification of phosphorylated proteins to total protein are shown alongside. Values 
are presented as fold change normalized to ND sham controls. Data are presented as mean ± SEM. *p < 0.05 
between groups using one-way ANOVA with Bonferroni post-hoc test for multiple comparisons, n=6-7/group. 

 

Furthermore, phosphorylation levels of cardiac troponin (cTnI) at the Ser22/23, another PKA target 

that decreases the myofilament Ca2+ sensitivity thereby leading to enhanced effects on cardiac 

relaxation, were also assessed. It was found that P-cTnI levels were selectively reduced in the ND group 

after PO by upto 0.4 fold (p<0.001, sham n=6, TAC n=6) but remained unchanged in HFD, figure 35.  

 

Fig.  35.  Immunoblot assessment of Troponin I in HFD and ND mice following two weeks of low grade-TAC.  
Cardiac protein levels of phosphorylated cardiac troponin, p-CTnI at Ser22/23 with respect to total cardiac 
troponin, CTnI. Densitometric quantifications are shown alongside. GAPDH was used as loading control. Values 
are presented as fold change normalized to ND sham controls. Data are presented as mean ± SEM. *p<0.05, 
***p < 0.001 between groups using one- way ANOVA with Bonferroni post-hoc test for multiple comparisons, 
n=6/group. 

A B 
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Results 2: Natural aging model 

1. Morphometric analysis 

1.1 Organ level and cellular analysis of hypertrophy 

In contrast to the findings from the first model, we found that aged mice (18-20 months) showed no 

significant change in heart, LV and LA size when compared with young ones (6-8 weeks old) as shown 

in figure 36. All weights normalized to tibia length were non-significant in young vs old except for a 

slight upwards trend in LV mass (p>0.05, young n= 10, aged n=13). Lungs from old mice however, 

showed on average 30 times more hypertrophy than young mice(p<0.05) indicating evidence for 

pulmonary congestion. Analysis of LV CSA with WGA staining also showed no presence of hypertrophy 

on the cellular level (figure 37).  

 

Fig.  36. Morphometry of young and aged mice.  
BW/TL, Body weight; HW, Heart weight; LV; Left ventricular weight; TL, tibia length and lung weight-to-tibia 
length ratios. Data are expressed as mean ± SEM. *p <0.05 vs. corresponding group using unpaired Student’s t-
test, n=10-13/group. 
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Fig.  37. Hypertrophy at cellular level and natriuretic peptide expression in young vs aged hearts.  
A: Left ventricular cardiomyocyte cross sections stained with wheat germ agglutinin (WGA). Mean data for cross-
sectional area (CSA) are shown. Data are presented as mean ± SEM between groups using unpaired Student’s t-
test, n=7/group. B: Cardiac mRNA levels of Nppa, natriuretic peptide type A and Nppb, natriuretic peptide type 
B were measured using RT-qPCR. Values are presented as fold change with respect to young mice. Gapdh was 
used for normalization. Data are presented as mean ± SEM. *p< 0.01 vs. between groups using unpaired 
Student’s t-test, n=7-8/group.  
 

2. Echocardiographic evaluation  

2.1. Cardiac remodeling at 18-20 months 

The comparison of septum thickness, LVEDD and subsequently, RWT did not show any signs of 

hypertrophy (concentric or eccentric) in old mice. However, left ventricular posterior wall dimension 

at diastole LVPW,d was slightly enhanced by 1.2 fold with respect to young controls (p<0.05, young 

n=10, aged n= 13) . This could suggest the beginning stages of a concentric remodeling phase which 

has not yet lead to significant hypertrophy. The data is shown in figure 38. 
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Fig.  38. Left ventricular hypertrophy in young versus aged mice.  
Echocardiographic assessment of left ventricular remodeling. Interventricular septum thickness IVs ; LVEDD, Left 
ventricular end-diastolic diameter, LVPW,d, left ventricular posterior wall dimension at diastole and RWT, 
relative wall thickness. Data are presented as mean ± SEM. *p < 0.05 between respective groups using unpaired 
Student’s t-test. n=10-13/group. 

 

2.2. Systolic function at 18-20 months 

Echocardiographic analysis revealed that EF was preserved (at similar heart rates) between young and 

aged mice averaging around 50-55%. At the age of 18-20 months, the mice still were in a preserved 

systolic function stage. However, other cardiac function parameter like SV, CO and FS were perturbed 

in old mice indicating some level of functional disturbance. SV was reduced by 19% (p<0.01), CO was 

8.25% less (p<0.05) and FS was reduced by 18.5% (p<0.001) when compared to young controls (young 

n=7, aged n=13). The presence of dysregulated cardiac function parameters hints that these mice are 

undergoing aging related cardiac complications such as diastolic dysfunction even though systolic 

function remains preserved. This is shown in figure 39.A-C. 
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Fig.  39. Differential systolic function in young vs. aged mice. 
A: Respective AM-mode images from echocardiography show a representation of LV function and geometry. B: 
Ejection fraction (EF) for comparable heart rates (HR) between the groups. C: Other perturbed heart function 
parameters SV, stroke volume; FS, fractionation shortening; CO, cardiac output. **p<0.01,***p<0.001 Data are 
expressed as mean ± SEM. between corresponding group using unpaired Student’s t-test. n=10-13/group. 

2.3. Strain echo for evidence of diastolic dysfunction in aging 

Strain analysis through speckle tracking was similarly applied as the previous model to look at diastolic 

dysfunction in detail. r-LSR was significantly decreased by 24% in the aging group (p<0.05, young n=6, 

A 

B 

C 
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aged n=7) as shown in figure 40. This shows further evidence of diastolic dysfunction despite 

preserved systolic function in old mice. 

 

Fig.  40. Reverse-Longitudinal strain rate (r—LSR) in young vs aged mice.  
Data are expressed as mean ± SEM. *p <0.05 vs. corresponding group using unpaired Student’s t-test, n=6-
7/group.  
 

3.Pressure volume loop analysis of aging mice 

Similar to the analysis of the previous model, ventricular catheterization was done on aged and young 

mice prior to organ harvesting to ascertain systolic and diastolic function in a broader detail. in 

accordance with echo data, we found that systolic function parameters of ESPVR, dp/dtmax and PRSW 

were unchanged in the old mice when compared to younger controls showing a clear preservation of 

systolic function(p>0.05, n=4-5/group) as shown in figure 41. 
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Fig.  41. Systolic LV function in young vs aged mice.  
ESPVR: End systolic pressure volume relationship, dp/dtmax: maximal rate of pressure fall with time, PRSW: 
Preload recruitable stroke work. Data are expressed as mean ± SEM. vs. corresponding group using unpaired 
Student’s t-test, n=4-5/group. 
 

Upon analyzing the diastolic parameters, it was found that all diastolic function markers were 

perturbed in the aged mice group (figure 42). EDPVR was significantly different and enhanced by 31% 

indicating clear impairment in relaxation consistent with higher LV stiffness and ventricular filling 

defects (p<0.05 n=4-5/group). The isovolumic relaxation constant- Tau and EDP were also relatively 

increased in aged mice by 25.6% (p<0.01) and 46% respectively (p<0.05). Last but not the least, 

dp/dtmin was similarly increased in naturally aged mice by 15.1% (p<0.05). Representing PV loops are 

shown in figure 43. 

 

Fig.  42. Diastolic LV function in HFD vs ND mice at the end of two weeks of low grade PO.  
EDPVR: End diastolic pressure volume relationship, Tau: time constant of isovolumetric relaxation, EDP: end 
diastolic pressure, dp/dtmin: minimal rate of pressure fall with time. Data are expressed as mean ± SEM. *p 
<0.05, **p<0.05, *** vs. corresponding group using one-way unpaired Student’s t-test, n=4-5/group. 
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Fig.  43. Representative PV loops of young mice vs. aged mice.  
Sham vs TAC comparison of HFD cohort at baseline and vena cava occlusion to account for preload. Note the 
changes in ESPVR and EDPVR values. 

 

4. Cardiac stress markers in aged mice 
Myocardial gene expression was also investigated in naturally aged mice using RT-qPCR. An activation 

of the fetal gene program where common stress markers are upregulated was seen in senescence. 

The analysis of natriuretic peptides showed that the levels of BNP were 1.9 fold higher in aged mice 

(p<0.05, young n= 5-6/group) and not ANP when being compared with young controls. mRNA levels 

of Acta1 a known marker of compensated cardiac hypertrophy was unchanged which is consistent 

with the absence of hypertrophy but,  Serca2-α showed a marked decrease in aged mice to 0.2 fold of 

the value of young mice(p<0.01, n=5-6/group). In aged mice, isoform shift from α-myosin heavy chain 

to β-myosin heavy chain was also significantly observed which was up to 21 fold of basal levels in 

young mice (p<0.01, n=5-6/group). this data is shown in figure 44. 
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Fig.  44. Cardiac gene expression of stress markers in young and aged mice.  
Cardiac mRNA levels of Nppa, Natriuretic peptide A; Nppb, Natriuretic peptide B; Serca2-α, 
Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase-2α; Acta, α-skeletal actin; Mhc-α, myosin heavy chain-α; 
Mhc-β, myosin heavy chain-β and Mhc-β/ Mhc-α ratio were measured using RT-qPCR. Values are presented as 
fold change normalized to young controls. Gapdh was used for normalization. Data are presented as mean ± 
SEM. *p<0.05, **p < 0.01, ***p<0.001 vs. corresponding groups using unpaired Student’s t-test, n=5-6/group.  

 

5. Steatosis in age related HFpEF 
We analyzed if natural cardiac aging is also associated with any defects in lipid dynamics in the 

myocardium (independent of diet). Though some amount of lipid accumulation was evident in aged 

sections however, we found no significant differences due to high sample inter-variability. Neutral 

lipid droplets were not significantly larger in size and number as younger controls, as illustrated in 

figure 45. 
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Fig.  45. Lipid accumulation in young vs aged mice.  
Oil red O stained cryosections show lipid deposits (as dark pink granules) at 20X magnification. Inlets show five 
times magnified image to emphasize the staining. Data are presented as mean ± SEM vs. corresponding groups 
using unpaired Student’s t-test, a.u: arbitrary units, n=4/group in duplicates. 

 

6. Fibrosis in aging related HFpEF 

6.1. Interstitial and perivascular fibrosis in aging mice 

Analysis of total and perivascular fibrosis area with respect to younger mice revealed a marked 

increase of pro-fibrotic tissue in senescent mice. While interstitial fibrosis was increased by 4 fold 

(p<0.001, n=6-7/group), perivascular fibrosis was similarly up by 4.4 fold (p<0.001) as depicted in 

figure 46.A and B. 
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Fig.  46. Left ventricular fibrosis in young vs aged mice. 
A: Representative histological images of cardiac sections stained with picrosirius red staining to measure fibrotic 
regions (pink), scale bar = 200 µm. B: Quantification of fibrosis percentage area as mean data for the fibrotic 
area relative to the total left ventricular section and quantification of fibrosis only around perivascular regions. 
Data are presented as mean ± SEM, ***p < 0.001 between groups using unpaired Student’s t-test, n=6-7/group. 

 

 6.2. Collagen isotypes in aging based HFpEF 

In contrast to the dyslipidemic model, no particular dominant isotype was selectively upregulated in 

aged mice. Col I and Col III showed an increase in expression when compared with younger controls 

as shown in figure 47. Col I was 4.3 fold higher (p<0.01) while Col III was 2.4 fold higher (p<0.05). Fn-

1 was 3.8 fold high (p<0.01) in young vs old mice (n=6-7/group).  
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Fig.  47. Cardiac gene expression of pro-fibrotic markers in young and aged mice.  
Cardiac mRNA levels of FN-1, Fibronectin-1; Procollagen I and Procollagen III were measured using RT-qPCR. 
Values are presented as fold change normalized to young controls. Gapdh was used for normalization. Data are 
presented as mean ± SEM. *p<0.05, **p < 0.01 between corresponding groups using unpaired Student’s t-test, 
n=6-7/group.  

 

7. Inflammatory mechanisms and endothelial dysfunction in aging based HFpEF 

7.1.  Expression of common inflammatory cytokines in young vs aged mice 

Consistent with other studies we found 18-20 months old senescent mice differed significantly in their 

inflammatory cytokine profile. All cytokines except IFN-γ were highly upregulated with respect to 

younger controls as shown in figure 48. TGF-β (p<0.001, n=7/group) and TNF-α were upregulated by 

3.8 fold and 2 fold (p<0.05, n=7/group) respectively. IFN-γ however, showed no change between the 

two groups. IL-1β and IL-6 also exhibited a 4.5 fold (p<0.01) and 2.9 fold (p<0.05) enhanced expression 

respectively. The pattern of cytokine upregulation is distinct from those described by dyslipidemic 

HFpEF and HFrEF. 
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Fig.  48. Cardiac gene expression of pro-inflammatory markers in young vs aged mice.  
Cardiac mRNA levels of TGF-β, transforming growth factor β; IFN-γ, interferon γ ; TNF-α, tumor necrosis factor 
α; IL-1β interleukin 1 beta and IL-6 interleukin 6 were measured using RT-qPCR. Values are presented as fold 
change normalized to young controls. Gapdh was used for normalization. Data are presented as mean ± SEM. 
*p<0.05, ***p < 0.001 vs. corresponding groups using unpaired Student’s t-test, n=7/group.  

 

7.2. Endothelial dysfunction in aging based HFpEF  

Upon investigation of common endothelial dysfunction markers, they were obviously found to be 

highly upregulated in aging mice. Interestingly, the pattern of upregulated cytokines was quite similar 

to dyslipidemic HFpEF described in section 8.2 of results 1, with an 8 fold increase in Vcam-1 

expression (p<0.001, n=7/group) and 15 fold upregulation in Icam-1(p<0.05, n=7/group). On the other 

hand, endothelin-1 expression was unchanged in the two groups as shown in figure 49.  
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Fig.  49. Cardiac gene expression of pro- endothelial dysfunction markers in young vs aged mice.  
A: Cardiac mRNA levels of CAMs, cell adhesion molecules namely vascular (VCAM-1), intracellular (ICAM-1) 
platelet endothelial (PECAM-1) and ET-1, endothelin 1 were measured using RT-qPCR. Values are presented as 
fold change normalized to young controls. Gapdh was used for normalization. Data are presented as mean ± 
SEM. *p<0.05, **p < 0.01, ***p<0.001 vs. corresponding groups using unpaired Student’s t-test, n=7/group.  

 

7.3. NOX2 expression is not upregulated on aging 

Levels of Nox2 were found to be unchanged when compared with younger controls. NOX2 has been 

implicated in metabolic complications associated with aging (Fan et al., 2017). It is also known to 

induce oxidative damage effects on the endothelium but we see a disparity in Nox2 upregulation 

between the two models as depicted in figure 50. 
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Fig.  50. Expression of NADPH oxidase (Nox-2).  
Western blot images for Nox-2 and GAPDH from LV lysates are shown. Values are presented as fold change 
normalized to young controls. Data are presented as mean ± SEM between respective groups using one unpaired 
Student’s t-test, n=6-7/group. 

7.4. HDAC-4 phosphorylation is not present in aged mice  

Immunoblot assays revealed no significant difference between the levels of phosphorylation of HDAC-

4 when compared with young controls as shown in figure 51. This is again in contrast to the findings 

from HFD sham vs TAC comparisons, hinting that HDAC-4 may be essential in implicating hypertrophic 

effects exclusively leading to diastolic dysfunction driven by dyslipidemia. 

 

Fig.  51. Phosphorylation of HDAC-4 in young vs aged hearts.  
Western blot images for 77hosphor-HDAC-4 (Ser246) (p-HDAC-4), total HDAC-4, and GAPDH from LV lysates are 
shown. Values are presented as fold change normalized to young controls. Data are presented as mean ± SEM 
using Student’s t-test, n=6-7/group. 
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7.5. CD45 mediated inflammation is highly prevalent in aging 

Previous studies have shown an age associated increase in CD45+ leukocytes in aged human hearts 

(Trial et al., 2017) and play an important role in ROS driven signaling mechanism from fibroblast 

activation. The data from aged mice further corroborated this with an 85% percent increase in CD45 

positive cells (p<0.01, n=5/group) as shown in figure 52. 

 

Fig.  52. CD45 levels in young and aged mice. 
LV sections were stained with primary antibody against CD45 antigen and then incubated with fluorophore 
conjugated secondary antibody (red). Counterstaining with DAPI was done to visualize individual nuclei (blue) at 
20X magnification, number of CD45 positive nuclei were measure / 1000 nuclei. Data are presented as mean ± 
SEM. **p<0.01 vs. corresponding groups using unpaired Student’s t-test, n=5/group. 

 

8. Apoptosis age related HFpEF 
In line with previous studies we also found that senescent mice had highly active programmed cell 

death (3.6 fold higher, p<0.01, n=6/group) when compared to younger controls (figure 53). The level 

was much higher than HFrEF (2.5 fold) as mentioned in section 9 of results 1.  
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Fig.  53. LV apoptosis in young and aged mice.  
TdT-mediated dUTP-biotin nick end-labelling (TUNEL) staining of LV sections and white arrows indicate TUNEL-
positive cardiomyocytes (scale bar = 25 µm) and subsequent quantification of TUNEL-positive cells per 1000 
DAPI-positive nuclei. Data are presented as mean ± SEM. **p < 0.01 vs. corresponding groups using two unpaired 
Student’s t-test, n=6/group. 

 

9. Cardiac kinases in aging related HFpEF 
Cardiac kinases were shown to be differentially regulated in dyslipidemic HFpEF vs HFrEF as described 

in section 10 of results 1. We further wanted to see which of these cardiac kinases are active in 

senescent mice. It was found that Akt was not significantly phosphorylated in aged vs young mice as 

shown in figure 54. A, which is contrast to what was seen in HFD-TAC vs sham mice groups (p>0.05, 

n=6-7/group). However, the level of phosphorylation (MAPK) and its downstream effectors ERK1/2, 

p38 kinases and c-Jun N-terminal kinases (JNK) at their relevant phosphorylation sites showed 

significant differences. Erk phosphorylation at T202/Y204 was doubled in aged mice (p<0.05, n=6-

7/group). p38 phosphorylation at Threonine180/Tyrosine182 was also two fold higher in aged mice 

(p<0.05, n=6-7/group). JNK another downstream effector was 2.5 fold more phosphorylated at 

Threonine183/Tyrosine185 in the aged cohort (p<0.01, n=7/group) as shown in figure 54.B.   
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Fig.  54. Phosphorylation of cardiac Akt and assessment of cardiac MAPK activation levels in young vs aged 
mice.  
A: Representative Western blot images for phospho-Akt (Ser473) (p-Akt), total Akt, and GAPDH from LV lysates 
are shown alongside quantification of phosphorylated Akt to total Akt abundance. B: Representative blots of 
phosphorylation levels of ERK1/2 (at TEY motif) and p38 (at Threonine180/Tyrosine182) with GAPDH as a loading 
control. Values are presented as fold change normalized to corresponding young controls. Data are presented 
as mean ± SEM between corresponding groups using unpaired Student’s t-test, n=6-7/group.  

 

10. Calcium handling in aged heart  
Looking at the proteins involved in calcium handling, level of CaMKII phosphorylation was significantly 

enhanced in aged mice by almost three fold (p<0.01, n=7/group) which is again in contrast to what 

was seen in the previous model in section 11 of results 1. This data is shown in figure 55. 

 

A 

B 
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Fig.  55. Activity of CaMKII in young vs aged mice.  
Cardiac protein levels of phosphorylated CaMKII beta/gamma/delta (Thr287) were assessed by immunoblotting 
vs. CaMKII delta (CaMKII δ), the major CaMKII isoform expressed in the heart, GAPDH was loading control. 
Quantification of p-CaMKII abundance to CaMKIIδ/GAPDH is shown alongside. Values are presented as fold 
change normalized to young controls. Data are presented as mean ± SEM using unpaired Student’s t-test, 
n=7/group. 

 

Also, in contrast to HFD model, RyR2 appeared to be significantly highly phosphorylated at both 

Ser2814 by 2.7 fold (p<0.01, n=6-7/group) and Ser2804 by 2.5 fold (p<0.01, n=6-7/group). PLN 

phosphorylation reflected a similar pattern as RyR2 phosphorylation with increased levels at both 

Thr17 and Ser16 in aged mice by 2.5 fold (p<0.01) and 1.7 fold (p<0.01) respectively as shown in figures 

56.A-D. 

 

 

 

 



Results 2: Natural aging model 

82 
 

 

 

Fig.  56. Immunoblot assessment of CaMKII dependent and PKA dependent phosphorylation sites of ryanodine 
receptors and phospholamban in young vs aged mice. 
A: Cardiac protein levels of A: Serine 2814-phosphorylated ryanodine (p-RyR2 Ser 2814), and for B: threonine 
17- phosphorylated phospholamban (p-PLN Th17) were assessed, GAPDH used as loading control. C:  Serine 
2808-phosphorylated ryanodine (p-RyR2 Ser 2808), and for D: threonine 16- phosphorylated phospholamban 
(p-PLN Th16) were assessed and GAPDH used as loading control. Densitometric quantification of phosphorylated 
proteins to total protein are shown alongside. Values are presented as fold change normalized to young controls. 
Data are presented as mean ± SEM. **p < 0.01 between groups using unpaired Student’s t-test, n=6-7/group. 

 

Furthermore, phosphorylation levels of cTnI at the Ser22/23 was again unchanged in aged mice which 

is similar to what was observed in dyslipidemic HFpEF. In conclusion, except for CTnI, all calcium 

handling parameters showed a differential regulation in aging when compared with the profiles in 

dyslipidemia induced HFpEF (figure 57). 

 

 

A B 

C D 
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Fig.  57. Immunoblot assessment of Troponin I in young vs aged mice.  
Cardiac protein levels of Phosphorylation of cardiac troponin, p-CTnI at Ser22/23 with respect to total cardiac 
troponin, CTnI. Densitometric quantifications are shown alongside. GAPDH was used as loading control. Values 
are presented as fold change normalized to young controls. Data are presented as mean ± SEM between groups 
using unpaired Student’s t-test, n=6-7/group.  
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Results 3: Transcriptomics of different models of HFpEF 
The two ‘’index events’’ led to a distinct presentation of HFpEF phenotype in separate mouse models. 

Sections 1 and 2 deal with these differences in major cardiac structure and function parameters. 

Overall, dyslipidemia+ low grade pressure overload gave rise to an overall hypertrophic, highly 

inflammatory, steatotic, apoptotic phenotype with calcium kinetics dysfunction. In contrast, aging 

induced HFpEF exhibited a non-hypertrophic, non-steatotic, apoptotic phenotype with stark 

differences in calcium signaling. However, to get a broader understanding of these differences it was 

necessary to look at the differential regulation of key genes in each group. mRNA sequencing was 

performed on RNA extracted from snap frozen LV sections. First, the clustering of different 

experimental groups was analyzed where a total of 15870 variables were tested in 4 mice/group. One 

outlier from aging group was removed subsequently. The following plot in figure 58 shows the 

clustering of cohorts where group A is ND-Sham, group B: ND-TAC, group C: aged mice, group D: HFD-

Sham and group E: HFD-TAC. The two dietary group clustered in different regions with distinct 

demarcation between sham and TAC operated mice. Interestingly, aged mice tended to cluster along 

with HFD-TAC which proves yet again the shared ‘’HFpEF like’’ phenotype despite different driving 

factors. 

 

 

Fig.  58. Principle component analysis (PCA).  
PCA plot of the experimental groups based on all mRNAs sequenced using Illumina HiSeq4000 next generation 
sequencing. A total of 15870 variables were analyzed and compressed into two components plotted against 
each other, n=4/group (except aged mice where one outlier was removed).  
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Subsequently, the differentially expressed genes (DEGs) were analyzed. Between ND sham vs TAC 

reflecting the HFrEF phenotype, 2289 DEGs were found (padj<0.05, log2FC±0.5). A volcano scatter 

between log2foldchange and -logFDR was plotted, a cutoff at -logFDR=2 shows genes that are 

statistically significant, the most highly significant genes were labelled (figure 59). Kyoto encyclopedia 

of genes and genomes (KEGG) pathway analysis of deregulated genes showed an enrichment in TNF 

signaling pathway, dilated/hypertrophic cardiomyopathy, IL-17 signaling, ECM receptor interaction, 

cytokine/chemokine interaction and PI3-Akt signaling to name a few all with a false discovery rate 

(FDR) of ≤ 0.05. Gene ontology (GO) term analysis revealed that extracellular matrix, inflammation, 

leukocyte recruitment and cytokine/chemokine process related genes were highly enriched 

(FDR≤0.05) as shown in figure 60. 

 

Fig.  59. Volcano plot of differentially regulated mRNAs in ND-Sham vs ND-TAC.  
The X-axis represents the log2 fold change ratio (ND-Sham/ND-TAC) plotted against its significance level -log(false 
discovery rate-FDR). The cut off of -log(FDR)=2 at the y-axis corresponds to statistically significant deregulation. 
Left side represents downregulated genes and right side shows the upregulated genes in ND-sham as compared 
to ND-TAC. Some genes of highest significance are labelled. 

ND Sham vs ND TAC 
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Fig.  60. Significantly over represented gene ontology terms and KEGG pathway analysis of DEGs between ND-
Sham and ND—TAC.  
Bar charts show the enriched GO terms in the category of biological process (A), cellular components (B)and the 
list of enriched KEGG pathways (C) for significantly deregulated genes. The numbers on the chart indicate the 
enrichment ratio. FDR<0.05. Enrichment analysis was done using the WebGestalt platform. 

 

 

ND Sham vs ND TAC 
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While in the HFD sham vs TAC comparisons which is reflective of the HFpEF phenotype, the DEGs 

represented a different set of genes. GO terms showed enrichment in response to cytokine, lipid, 

nitrogen and oxygen containing compounds amongst others as shown in figure 60 (FDR≤0.05). KEGG 

pathways were enriched in genes associated with TNF-α, MAPK, PI3-Akt and IL-17 signaling pathways 

(FDR≤0.05). Notably, genes associated with diabetic complications due to Receptors of advanced 

glycation end products (AGE/RAGE) pathway also popped in the results, which has been highly 

associated with oxidative damage (figure 62). This further supports the ‘meta inflammation’ 

hypothesis of HFpEF. 

 

Fig.  61. Volcano plot of differentially regulated mRNAs in HFD-Sham vs HFD-TAC.  
The X-axis represents the log2 fold change ratio (HFD-Sham/HFD-TAC) plotted against its significance level -log (false 
discovery rate-FDR). The cut off of -log (FDR)=2 at the y-axis corresponds to statistically significant deregulation. 
Left side represents downregulated genes and right side shows the upregulated genes in HFD-sham as compared 
to HFD-TAC. Some genes of highest significance are labelled. 

HFD Sham vs HFD TAC 
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Fig.  62. Significantly over represented gene ontology terms and KEGG pathway analysis of DEGs between 
HFD-Sham and HFD—TAC.  
Bar charts show the enriched GO terms in the category of biological process (A), cellular components (B)and the 
list of enriched KEGG pathways (C) for significantly deregulated genes. The numbers on the chart indicate the 
enrichment ratio. FDR<0.05. Enrichment analysis was done using the WebGestalt platform. 

  

HFD Sham vs HFD TAC 
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The comparison of the third cohort, young vs aged mice showing aging associated HFpEF, revealed 

yet another enriched cluster. While GO term analysis showed a similar trend of enrichment in 

leukocyte recruitment and inflammation associated process (FDR≤0.05), KEGG pathway analysis 

showed arrhythmogenic right ventricular cardiomyopathy (ARVC) as the most enriched (FDR≤0.05). 

This is in contrast to the dietary models. Figure 63 shows a volcano plot of deregulated genes and 

subsequent enrichment analysis is shown in figure 64. Figure 65 depicts the highly enriched pathway 

of ARVC and the genes within it that were deregulated.  

 

Fig.  63. Volcano plot of differentially regulated mRNAs in young vs aged mice. 
The X-axis represents the log2 fold change ratio (young mice/aged mice) plotted against its significance level -log (false 
discovery rate-FDR). The cut off of -log (FDR)=2 at the y-axis corresponds to statistically significant deregulation. 
Left side represents downregulated genes and right side shows the upregulated genes in young mice as 
compared to aged mice. Some genes of highest significance are labelled. 

Young mice vs aged mice 
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Fig.  64. Significantly over represented gene ontology terms and KEGG pathway analysis of DEGs between 
young mice and aged mice.  
Bar charts show the enriched GO terms in the category of biological process (A), cellular components (B)and the 
list of enriched KEGG pathways (C) for significantly deregulated genes. The numbers on the chart indicate the 
enrichment ratio. FDR<0.05. Enrichment analysis was done using the WebGestalt platform. 

 

 

 

Young mice vs aged mice 
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Fig.  65. Young vs aged mice groups exhibit significant expression changes in genes relating to arrhythmogenic 
right ventricular cardiomyopathy.  
Schematic view of a cardiomyocyte with key proteins associated with the KEGG pathway map (05412) for 
arrhythmogenic right ventricular cardiomyopathy. Differentially expressed genes for young mice versus aged 
mice (HFpEF) are highlighted in blue. ITG A and B, integrin alpha 1 beta 1; NCX, sodium calcium exchanger; DMD, 
dystrophin; RR2, ryanodine receptor 2; Serca2α, P-type Ca2+ transporter type 2A; NCAD, N-cadherin and DSG2, 
desmoglein 2. 

 

Next up, a cross analysis was drawn out between the two TAC cohorts, ND TAC vs HFD TAC analysis 

was done to assess the diet mediated drivers of HFpEF. Volcano plot in figure 66 shows the distribution 

of DEGs. In GO terms, remarkable representation of actin filament dependent pathways, 

cardiomyocyte differentiation along with ECM dynamics were represented with a high significance 

(FDR≤0.05) suggestive of a potent structural perturbance in HFrEF vs HFpEF. KEGG pathway revealed 

an enrichment in the adrenergic signaling pathway of cardiomyocytes for which the genes are shown 

in figure 67. The highly enriched pathway of adrenergic signaling in cardiomyocytes was further 

mapped to visualize the DEGs associated within it as shown in figure 68. 

Young mice vs aged mice 
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Fig.  66. Volcano plot of differentially regulated mRNAs in ND-TAC vs HFD-TAC.  
The X-axis represents the log2 fold change ratio (ND-TAC/HFD-TAC) plotted against its significance level -log (false 
discovery rate-FDR). The cut off of -log (FDR)=2 at the y-axis corresponds to statistically significant deregulation. 
Left side represents downregulated genes and right side shows the upregulated genes in ND-TAC as compared 
to HFD-TAC. Some genes of highest significance are labelled. 

 

 

ND TAC vs HFD TAC 
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Fig.  67. Significantly over represented gene ontology terms and KEGG pathway analysis of DEGs between ND-
TAC and HFD—TAC.  
Bar charts show the enriched GO terms in the category of biological process (A), cellular components (B)and the 
list of enriched KEGG pathways (C) for significantly deregulated genes. The numbers on the chart indicate the 
enrichment ratio. FDR<0.05. Enrichment analysis was done using the WebGestalt platform. 

ND TAC vs HFD TAC 
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Fig.  68. HFrEF and HFpEF groups exhibit significant expression changes in genes relating to adrenergic 
signaling in cardiomyocytes.  
Schematic view of a cardiomyocyte with key proteins associated with the KEGG pathway map (04261) for 
adrenergic signaling. Differentially expressed genes for ND-TAC (HFrEF) versus HFD-TAC (HFpEF) are highlighted 
in blue. Ina, voltage-gated sodium channel type V alpha; NCX, solute carrier family 8 (sodium/calcium exchanger; 
INaK, sodium/potassium-transporting ATPase subunit alpha; β1ar, adrenergic receptor beta-1; Gi guanine 
nucleotide-binding protein G(i) subunit alpha; AC, adenylate cyclase 1; PI3K, phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit gamma; DHPR, voltage-dependent calcium channel L type alpha-1C; 
PP2A, serine/threonine-protein phosphatase 2A catalytic subunit; RyR2 ryanodine receptor 2; CREB, cyclic AMP-
responsive element-binding protein 1; ICER, cAMP response element modulator; NCX, Sodium-calcium 
exchanger; TPM, tropomyosin 1; I-I, protein phosphatase 1 regulatory subunit 1A; αAR, adrenergic receptor 
alpha-1A; AGT, angiotensinogen. 

 

The last worthwhile comparison was between the two HFpEF models, aged mice vs HFD TAC. Figure 

69 shows a volcano distribution of deregulated genes between the two groups. Using over 

representation analysis, it was found that canonical GO terms were enriched under the umbrella of 

chemokine, ECM and tissue remodeling as shown in figure 70. KEGG pathway analysis showed that 

ECM protein interaction pathway and hypertrophic cardiomyopathy were significantly relevant here. 

ECM protein interaction pathway was further mapped to visualize a screenshot of the genes that were 

dysregulated as shown in figure 71. 

 

ND TAC vs HFD TAC 
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Fig.  69. Volcano plot of differentially regulated mRNAs in aging vs HFD-TAC.  
The X-axis represents the log2 fold change ratio (aging/HFD-TAC) plotted against its significance level -log (false 
discovery rate-FDR). The cut off of -log (FDR)=2 at the y-axis corresponds to statistically significant deregulation. 
Left side represents downregulated genes and right side shows the upregulated genes in ND-TAC as compared 
to HFD-TAC. Some genes of highest significance are labelled. 

 

Aged mice vs HFD TAC 
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Fig.  70. Significantly over represented gene ontology terms and KEGG pathway analysis of DEGs between 
aging and HFD—TAC.  
Bar charts show the enriched GO terms in the category of biological process (A), cellular components (B)and the 
list of enriched KEGG pathways (C) for significantly deregulated genes. The numbers on the chart indicate the 
enrichment ratio. FDR<0.05. Enrichment analysis was done using the WebGestalt platform. 

 

Aged mice vs HFD TAC 
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Fig.  71. Aging induced and dyslipidemia + PO HFpEF exhibit significant expression changes in genes relating 
to extracellular matrix receptor interaction cardiomyocytes. 
Schematic view of extracellular matrix receptor interaction with key proteins associated with the KEGG pathway 
map (04512). Differentially expressed genes for aging induced HFpEF versus dyslipidemia + PO induced HFpEF 
are highlighted in blue. THBS, thrombospondin 1; α2,5,8,11, integrin alpha 2,5,8,11; β4, integrin beta 4; CD44, 
CD44 antigen; SV2, synaptic vesicle glycoprotein 2, GPIX, platelet glycoprotein IX; RHAMM, hyaluronan-
mediated motility receptor. 

 

 

 

 

 

Aged mice vs HFD TAC 
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Discussion 
At present, HFpEF accounts for almost half of the HF cases worldwide (Oktay et al., 2013) and several 

factors are working in synchrony to further increase its prevalence. Increased life expectancy and aging 

population has given rise to a demograph that is highly susceptible to develop HFpEF (59%) as 

compared to young patients (46%) (Von Bibra et al., 2010). Another reason is the steady rise in cardiac 

and metabolic comorbidities like diabetes, obesity, metabolic syndrome and coronary artery disease. 

The recent past has seen advances in cardiac catheterization and imaging techniques which have 

proved instrumental in identifying the possibility of HF in presence of normal EF, this has further led 

to an increased awareness and thus higher prevalence. Morbidity and mortality associated with HFpEF 

and HFrEF are similar (Yancy et al., 2006) but, HFpEF suffers from a poorer prognosis because of our 

collective lack of its mechanistic knowledge. Clinical findings have not been reinforced with an 

understanding of pathological mechanisms of the syndrome. As a result, dedicated therapies aimed 

at positively reducing the morbidity and mortality of HFpEF have not yet been recognized (McDonagh 

et al., 2021). A glaring obstacle towards enhancing our understanding of HFpEF is the lack of animal 

models that truly capture the inherent complexity of the syndrome. HFpEF is a multifactorial and 

multiorgan disease which ultimately culminates in a syndrome with highly heterogenous patient 

populations. Tactfully capturing this heterogeneity in one pre-clinical model would require previous 

understanding of complex interconnected pathomechanisms. So essentially, we are at an impasse 

inside a vicious circle. In this dissertation we have aimed to circumvent this problem using a novel 

cross-comparative approach towards modeling HFpEF. A ‘’one-size-fits-all’’ model is highly improbable 

and clinically unrealistic as well. We have aimed to create HFpEF models using distinct ‘’index events’’ 

to drive a HFpEF like pathophysiological state in separate mouse models. These models then 

underwent deep characterization and stratification on clinically relevant levels in terms of HFpEF. 

Afterwards, the key differences and similarities were demarcated in an attempt to understand how 

different factors lead to a distinct avenue of pathological mechanisms leading to the shared fate of 

HFpEF. 

Part 1: Cross-characterization of different HFpEF like states 
High fat diet and western diet have been regularly used to mimic the symptoms of dyslipidemic HFpEF. 

However, high lipid content on its own is not sufficient to capture the pathophysiology of HFpEF and 

is rather more reflective of early stages of metabolic heart disease (Schilling et al., 2020). To 

realistically translate a HFpEF like state in mice, we used a two-hit combination of dyslipidemia 

induced by HFD along with a low-grade PO. PO induced by hypertensive states often leads to activation 

of mechanisms reminiscent of LV-DD like hypertrophy, fibrosis, ECM dysfunction, nitrosative-oxidative 

damage etc. (Van Heerebeek et al., 2012). A low grade PO was induced by 26G TAC surgery and when 
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combined with HFD, it represented theoretically a more logical and holistic presentation of HFpEF. To 

our knowledge, this study is the first one to use this intuitive combination. The second model was 

based solely on natural aging. Aging in the cardiac context is often seen as a geriatric syndrome which 

again has a multifactor involvement and senescence induced HF is often seen as a form of 

‘’presbycardia’’. Similar to the metabolic syndrome, a lot of distinct elements play a key role in leading 

to the aging driven syndrome of HFpEF. So how do these two multidimensional events show up in 

distinct patient populations with HFpEF? What brings these two together in terms of pathophysiology 

and what sets them apart? These questions are addressed in the following paragraphs. 

1. High fat drives a HFpEF like state in presence of low grade pressure overload, aging reflects a 
distinct HFpEF like state  

The models were defined to be ‘’HFpEF like’’ or ‘’HFrEF like’’ after an extensive characterization of 

systolic and diastolic function parameters measured by echocardiography, strain imaging and PV 

analysis. At two weeks post PO, HFD-TAC showed a preservation of EF at >50% as compared to sham 

while in ND-TAC it was reduced to ≤40%. The aging group also presented with a preservation of 

ejection fraction at >50%. FS also followed a similar pattern and was reduced in both TACs and aging 

group. This was further corroborated by a perturbance in r-LSR an important diastolic function 

parameter. While HFD group showed a significantly decreased r-LSR, only a trend was observed in ND 

group. Aging group showed a similar significant decrease. These results are consistent with previous 

reports of reduced r-LSR in models of HFpEF (Schnelle et al., 2018). PV analysis provided a much 

detailed look at diastolic and systolic states of the models. In HFD group, all parameters of systolic 

function namely- ESPVR, dp/dtmax and PRSW remained unchanged and were similar to the 

observations in aging group (except a slight increasing trend in PRSW). The ND-TAC group however 

showed significant increment in these systolic dysfunction parameters when compared to shams. This 

showed that ND group has a clearly pronounced systolic deficit which was absent in HFD-TAC and 

aging cohort. On the other hand, diastolic function parameters were unequivocally disturbed in HFD 

group with an increase in all indices- EDPVR, Tau, EDP and dp/dtmin in TAC as compared to shams. The 

aging group followed suit. The ND group exhibited a significant change in EDP and a trend towards 

high Tau. This indicated that in ND also, some degree of diastolic dysfunction is present which is 

consistent with the current clinical guidelines (Nagueh et al., 2016). This prompted us to hypothesize 

that the underlying mechanisms afforded by HFD must be important in shifting the HF spectrum 

towards a state of preserved EF when compared to ND after TAC. As previously discussed, metabolic 

syndrome has been reported to be a major driver of HFpEF and is often one of the most common 

associated comorbidity. Preservation of systolic function in HFD and not ND mice with PO further 

support this.  
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Henceforth, HFD-TAC and aging have been referred to as ‘’HFpEF like’’ and ND-TAC as a ‘’HFrEF like’’ 

state.  

2. Differential hypertrophic response in dyslipidemic vs aging based HFpEF state  

Hypertrophic response to PO induced by low grade TAC was found in both dietary groups as evidenced 

by increased LV weight, increased RWT and higher cardiomyocyte CSA as compared to controls. Both 

HFD and ND induced similar levels of hypertrophic response but, HFD-TAC groups showed a trend 

towards higher LA remodeling as well which was distinctly absent in the ND-TAC group. Patients with 

HFpEF have been shown to present with LA hypertrophy associated with increased wall stiffness and 

it has been positively correlated with higher mortality rates (Melenovsky et al., 2015). We found that 

both dietary models exhibited similar levels of mortality after PO, despite the evidence (albeit not 

significant) of LA remodeling exclusively in HFD. The levels of pro-hypertrophic natriuretic peptides 

also supported these findings in both dietary groups. On the other hand, in the aging based model of 

HFpEF, no significant hypertrophic response was observed at the organ or cellular level despite the 

advanced age. There was however a prominent increase in LVPWd that would indicate the initial 

stages of ventricular remodeling. Increased concentricity has sometimes been reported in HFpEF 

patients with no apparent hypertrophy and it further emphasizes the differences in HFpEF patient 

populations (Melenovsky et al., 2007). A look at the molecular expression of genes involved in cardiac 

stress response also gave some differential insights. The levels of Serca2-α RNA were significantly 

decreased in ND-TAC as compared to sham and aged mice as compared to young controls. This 

decrease was absent in HFD-TAC group, which is in contrast to previous findings (Kranstuber et al., 

2012). We hypothesize that looking at advanced stages in this model may reflect the data from other 

studies. The pattern of expression of pro-hypertrophic natriuretic peptide ANP and BNP was also 

different with a clear increase in both in the HFD group, but only an increase of BNP in ND and aging 

group. BNP has been demonstrated to be of diagnostic and prognostic value in HF and have been 

shown to be higher in HFrEF vs HFpEF (Januzzi et al., 2013) but our data showed no significant 

differences between the two, this could be due to a relatively short period of two weeks of observation 

post-TAC. Whether the differential signature of natriuretic peptide activation in these two distinct 

HFpEF like states is of prognostic value, remains to be further explored. α-skeletal actin was increased 

in both dietary groups consistent with a global structural stress on the myocardium (Stilli et al., 2006) 

but it was unchanged within the aging group, and it could hint that other stress mechanisms might be 

more predominant in aging induced HFpEF.  

3. Structural features of the LV myocardium show differences in steatosis and fibrosis 
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Structural characterization at tissue architecture level was done on the basis of steatosis and fibrosis 

with associated collagen content. Myocardial steatosis has been reported to occur in both HFrEF and 

HFpEF and is related to indices of LV remodeling (Mohmod et al., 2015). It has also been corelated 

with endoplasmic reticulum dysfunction and contractile deficit (Gupta et al., 2021). In the HFD group, 

we could observe clear accumulation of neutral lipid deposits in the ventricle with no distinction in 

sham vs TAC. In normal diet group reflective of HFrEF, it was absent. A plausible explanation could be 

that at this point in observation, the steatosis is more a function of just the HFD and not PO. Perhaps 

with a longer timepoint, the steatotic effects of PO could be observed. Nevertheless, increased lipid 

accumulation in the dyslipidemic mouse model is in line with previous reports (Mehlem et al., 2013). 

The aging group also showed no significant increase in lipid accumulation but, a clear increase in trend 

was observed. The increased content of neutral lipids in the heart is reported to reflect an increased 

expression of gene transcripts in the myocardium that stimulate fatty acid uptake in cardiomyocytes 

and triglyceride storage (Christofferson et al., 2003).  

Total fibrotic area was enhanced in both dietary TAC groups as compared to their respective shams as 

well as the aging group compared to young controls. Perivascular fibrosis on the other hand results 

from an enrichment of inflammatory cells and is more prominent where predominant endothelial 

damage is present such as hypertensive heart disease or diabetes (López et al., 2016). Consequently, 

both the HFpEF models exhibited a highly significant increase in perivascular fibrosis when compared 

to HFrEF. This is also in correlation with higher upregulation of inflammatory cytokines in the two 

HFpEF states as compared to HFrEF. Untangling the two types of fibrosis is challenging because they 

often coexist and are quantified together but our findings stress on the importance of differentially 

assessing and pharmacologically targeting the two types. Studies have reported an increase in ratio of 

type I vs. type III collagens in both animal and human models of PO (Kasner et al., 2011). In dyslipidemic 

HFpEF model, collagen I/III ratio was higher and so was in aging HFpEF, the ND diet cohort however 

showed no such increase. It could be postulated that the combination of HFD+PO is more potent in 

inducing collagen switch rather than just PO alone at the early observation timepoint of two-weeks. 

Fibronectin (FN-1) polymerization has been implicated in increased collagen deposition and its 

inhibition leads to attenuation of fibrosis in mouse models of HF (Valiente-Alandi et al., 2018). We also 

found that all models exhibited an increase in FN-1 in line with overall increase in fibrosis. 

4. Differential inflammatory profile marks dyslipidemic and aging based HFpEF like state 

Furthermore, the role of inflammation was investigated in the mouse models. Progressive states of 

myocardial structural and function in HFpEF have been associated with a chronic low grade systemic 

inflammation owing to comorbid states (Mesquita et al., 2022). Experimental models have 
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demonstrated that enhanced production of pro-inflammatory cytokines upregulates oxidative stress, 

induces the differentiation of fibroblasts into pro-fibrogenic myofibroblasts, and causes ECM 

degradation, leading to increased myocardial stiffness and coronary microvascular dysfunction (CMD) 

(Paulus et al., 2013; Bairey et al., 2020). Whether this chronic meta inflammation is a general 

phenomenon of HFpEF or a by-product of comorbid conditions is not well understood. mRNA 

expression analysis of common pro-inflammatory cytokines was performed to answer some of these 

questions. TGF-β has been referred to as the master switch of fibrotic program induction in fibroblasts 

and it has been shown that inhibition of this cytokine attenuates fibrosis and improves diastolic 

function (unaffecting hypertrophy) in TAC based animal models of HFpEF (Kuwahara et al., 2002). In 

this study, we observed selective upregulation of TGF-β in HFD-TAC and aging mice only. This further 

reinforces the convergence of HFpEF subtypes through shared mechanisms. In ND group, it was not 

significantly upregulated in response to PO, this finding seems to be in line with a 2016 study by 

Bielecka-Dabrowa et al., who found that TGF-β1 and its downstream syndecan 4 served as biomarkers 

to independently distinguish HFpEF and HFrEF. IFN-γ has been shown to be elevated in adaptation to 

high fat diet in rodent models of long term obesity and may act through concerted effects on 

mitochondrial function, regulatory T cell (Treg) function and fatty acid β oxidation (Bradley et al., 

2022). In our study, it was shown to be only enhanced in HFD-TAC group which may be an early 

adaptive response to dyslipidemic and pressure overloaded states but the two sham groups showed 

no difference. TNF-α was increased in HFrEF and aging based HFpEF which is concordant to previous 

findings (Schumacher et al., 2018). However, in contrast to what has been reported in literature (Putko 

et al., 2014), we found no upregulation in dyslipidemia based HFpEF. Is it an isolated difference 

between the two HFpEF states or not remains to be analyzed as the literature regarding such cross 

comparisons is scarce.  

Next, interleukins involved in pro-inflammatory cascade associated with heart failure were 

investigated. IL-1β has been known to increase in several cardiovascular disorders and it is a well 

exploited therapeutic target for Anakinra (human recombinant IL-1 receptor antagonist) (Buckley et 

al., 2018). In our findings, IL-1β was elevated only in the HFpEF like states of HFD-TAC and aging. We 

did indeed see a significant increase in HFD-TAC group as compared to ND-TAC suggestive that 

dyslipidemic comorbid states may induce an early activation of this interleukin in the setting of HFpEF. 

IL-6 is another important cytokine which has been reported to have a potential as a selective 

biomarker in HFpEF (Albar et al., 2022). We found that it was enhanced only in the aging subtype of 

HFpEF states. Could it be also a selective biomarker for different HFpEF subtypes can’t be extrapolated 

from our findings alone and would need further proof. However, we provide proof of concept that the 
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temporal and qualitative profile of inflammatory cytokine levels can be a putative differentiator 

between HFpEF and its subtypes along with HFpEF and HFrEF. 

5. Endothelial dysfunction and cardiomyocyte apoptosis show distinct features in both HFpEF 
states 

In subsequent sections we describe the effects of cytokines involved in endothelial dysfunction namely 

cell adhesion molecules. Previous reports have associated VCAM-1 with HFpEF incidence and not 

HFrEF with consistent risk rates in human patients (Patel et al., 2020). Our findings resonated with this 

as VCAM-1 overexpression seemed to be selectively induced in both HFpEF like states, i.e. dyslipidemia 

and aging and not in HFrEF. ICAM-1 showed an overall increase in all groups in comparison with their 

respective controls. PO has been known to induce ICAM-1 expression in mice models of TAC as early 

as 48 hours after surgery (Salvador et al., 2015). Our low grade TACs may have taken longer but we 

don’t have the data from early timepoints but it might be worth further exploring to characterize 

different grades of PO induced by TAC. Moreover, ICAM-1has been implicated to be overexpressed in 

senescent cell lines in a p53 dependent manner, which correlates to our findings of enhanced 

expression in aging (Gorgoulis et al., 2005). PECAM-1 is reported to be a critical regulator of 

atherosclerosis (Stevens et al., 2008) and is shown to have pleiotropic effects on cardiovascular 

pathophysiology (Caligiuri et al., 2019). However, we found only an increased expression in the HFrEF 

group. This is in contrast to previous findings but they were reported in a cardiorenal model of HFpEF 

(Valero-Muñoz et al., 2021). Whether this is of prognostic value remains uncertain but it highlights 

again the importance of recognizing distinct cytokine profile in HFpEF subtypes.  

In line with investigation of endothelial damage pathways in the models, we also looked at CD45 

positive cells in ventricular sections. CD45 is one of the best markers for hematopoietic cells and is an 

important factor in driving endothelial-to-mesenchymal (EndMT) transition in a diverse set of 

cardiovascular disorders (Yamashiro et al., 2023). CD45+ leukocytes have been reported to be involved 

in chronic pressure overload HFpEF and are tied to IL- 1β, IL6 and IL10 induced pro-inflammatory states 

(Liu et al., 2021). In our experiments, CD45+ cells were only upregulated in the aging group and not in 

either dietary groups with PO. While Yamashiro et al., describe a systematic review of different PO 

models showing an increase in CD45 containing cell upregulation, they don’t talk about low grade PO 

for a brief period of time which may be the differentiating factor in our models. Nonetheless, crosstalk 

between innate immunity and aging has been previously reported and mechanisms underlying 

myocardial aging have been implied as a T-cell mediated phenomenon (Ramos et al., 2017; Trial et al., 

2017). Adverse fibrotic outcomes have also been positively corelated with higher CD45+ cell 

populations in aging hearts (Cieslik et al., 2014). 
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Endothelial dysfunction and inflammation are highly multidimensional and it is very unlikely 

that only a handful of factors described above characterize them in their entirety. So, we sought to 

increase our repertoire of understanding by assessing the expression of NADPH oxidase- NOX2. NOX2 

is a major driver of ROS induced endothelial damage (Lassègue et al., 2012). EndoMT induced by 

pressure overload has been linked back to NOX2 dependent mechanisms working in concert with 

VCAM-1 upregulation (Murdoch et al., 2014) which is further reinforced in our study. We found that 

NOX2 levels were enhanced after TAC in both dietary groups and not in the aging cohort. It could be 

probable that mechanical stress such as that induced by PO is a pre-requisite here (Akki et al., 2009), 

because NOX2 requires activation. NOX2 activation depends on various transduction pathways (PKC, 

PKD, PI3K and MAPK) which first phosphorylate one of NOX2 regulatory subunits p47phox (Zhang et al., 

2013). While we have studied the activation of PI3 and MAPK pathways as described in further 

sections, we did not exclusively look at p47phox activation.  

Class II histone deacetylases including HDAC-4 are important epigenetic modulators that can directly 

interact with essential transcription factors that drive hypertrophy and are often activated by ROS 

induced states (Backs et al., 2006). We wanted to see if HDAC-4 activation is differentially regulated 

since cardiac hypertrophy was a prominent distinguishing feature present in HFD induced HFpEF and 

not aging. It was found that HDAC-4 was highly phosphorylated in the HFD-TAC group as compared to 

HFD-sham, while ND group showed no such difference and neither did the aging group. It may be 

suggested that hypertrophy in the two-hit combination of HFD and PO has an additional involvement 

of HDAC-4 activation, which is not the case in regular diet + PO models.  

Maintenance of programmed cell death or apoptosis is a fine balancing act in the context of HF. 

Apoptosis, necrosis and autophagy have been implicated in the dynamics of HFrEF (Simmonds et al., 

2020). We wanted to characterize apoptosis in our HFpEF like states too. It was found that both dietary 

groups exhibited similar levels of cardiac apoptosis in response to PO, indicating that HFD alone does 

not influence ultimate cell death as assessed by TUNEL staining. Subtle effects on apoptotic pathways 

rendered by HFD have been previously described (Wang et al., 2019). A diabetic model of HFpEF has 

also been reported to have increased apoptosis (Mátyás et al., 2017). This may further assert that not 

just HFD but an overall state of insulin resistance as in diabetic complications may be more potent in 

driving myocardial cell death. In the aging group, apoptosis was observed to be even higher than HFrEF 

group. Cardiac-aging with abnormal diastolic function has been characterized by increased levels of 

programmed cell death (Lakatta et al., 2003). It might be worthwhile to look at mediators of apoptosis 

in these two HFpEF states to unravel hidden differences.  
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6. Cardiac kinases and calcium handling show a marked divergence 

Cardiac kinases are just as important as the above mentioned mediators in the pathophysiology of HF 

and are potential targets (Vlahos et al., 2003). Kinases catalyze reversible processes of 

phosphorylation which either directly or indirectly control a plethora of signaling pathways in 

cardiomyocytes.  

Also known as Protein kinase B, Akt is serine/threonine protein kinase. Akt is known to regulate a 

myriad of processes like cardiomyocyte hypertrophy, angiogenesis, glucose metabolism and cell death 

(Chaanine et al., 2011). While short term Akt activation can be lead to normal physiological 

hypertrophy and is cardioprotective against myocardial injury, its chronic activation can lead to 

pathological hypertrophy and HF (DeBosch et al., 2006). Akt signaling from endothelial cells plays 

important roles in maintaining vascular homeostasis (Phung et al., 2006). Akt phosphorylation at 

Serine 473 is mediated by mTORC2. We found that Akt phosphorylation at Ser473 was increased only 

in the HFD-TAC group as compared to HFD-Sham, moreover a significant difference existed between 

the two TAC groups. Aging model did not present with increased Akt phosphorylation which is 

consistent with absence of hypertrophy. The difference in Akt phosphorylation levels between the 

two dietary groups after PO may be attributed to dyslipidemic effects of additional stress of HFD. Akt 

has been shown to be an important modulator of glucose and fatty acid metabolism and since these 

mechanisms are altered by dyslipidemia, this may plausibly explain the selective upregulation of Akt 

phosphorylation in HFD despite hypertrophy being present in both dietary groups. 

ERK phosphorylation has both been reported in HFrEF and HFpEF (Mishra et al., 2021). ERK1/2 has 

been shown to be active in early phases of pathomechanisms arising because of PO and is similarly 

implicated in hypertrophy and fibrosis (Kehat et al., 2010). However, in our study ERK phosphorylation 

levels were selectively active in HFpEF like states of HFD-TAC group and aging. We did not study the 

early phase so we cannot say how low grade PO might play out here. But in HFpEF there was a clear 

increase denoting that long term maladaptive ERK activation may be an important feature in HFpEF. 

It has been shown that higher ERK activation after PO is seen in contractility preserved phases of HF 

(Gallo et al., 2019) and the same might be happening in our HFpEF like states. 

p38 kinases and c-Jun N-terminal kinases (JNKs) are a part of the MAPK signal transduction pathway 

and are implicated in hypertrophy and remodeling (Fischer et al., 2001). Despite the presence of 

hypertrophy and remodeling in both dietary groups after PO, we could not see an elevation in p38 

phosphorylation. It was however increased in the aging group. p38 plays a fundamental role in skeletal 

muscle regeneration and given the skeletal impairment in aging, a feasible link can be established 

between p38 activation and senescent hearts (Romero-Becerra et al., 2020). JNKs have been similarly 
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implicated and we saw a similar pattern of enhanced phosphorylation only in the aging group. The 

literature on effects of p38 and JNK activation on different types of HFpEF models is limited but our 

data suggest that it may be differentiator between dyslipidemic and age induced HFpEF states at the 

very least and consequently therapies aimed at inhibiting their activation may provide 

cardioprotective benefits in this subpopulation. 

  Abnormal dynamics of calcium handling have been implicated in HF. Our results also 

indicated disturbance in maintenance of rhythm and contractility like disturbances in end diastolic 

pressure volume relationship and Tau. A lot is known about this aspect in context of HFrEF but there 

is a lack of knowledge in HFpEF scenario. Calcium handling mechanisms in the models were studied. 

It has been shown that Ca2+ cycling differs in HFpEF and HFrEF qualitatively and quantitatively (Kilfoil 

et al., 2020). Ca2+/calmodulin-dependent protein kinase-II (CaMKII) is known to phosphorylate ion 

channels, calcium handling proteins and enzymes related to chromatin modification (Anderson et al., 

2011; Toischer et al., 2010). Knockdown of CAMKII delta variant has been reported to lessen 

pathological cardiac hypertrophy and remodeling in response to PO and its inhibition exerts 

cardioprotective effects by improvements on maladaptive remodeling (Zhang et al., 2003; Sossalla et 

al., 2010). We found that CAMKII phosphorylation was enhanced in aging hearts and not in HFrEF 

induced by low grade PO. In the HFD-TAC group it was increased but failed to reach significance. Our 

assessment at a relatively early time point of a especially low grade of TAC might be a tentative reason 

here. Recently it has been demonstrated that CAMKII interacts with ERK and PKA pathways to regulate 

titin phosphorylation which is a factor influencing passive stiffness in HF, mainly diastolic dysfunction 

(Hamdani et al., 2013). Our findings support this to a certain extent as the pattern of ERK activation 

and CAMKII phosphorylation was almost similar. CAMKII and PKA affect downstream targets such as 

ryanodine receptor (RyR2) and phospholamban (Plb). RyrR2 is phosphorylated at serine 2814 and Plb 

at threonine 17 in a CAMKII dependent manner. We found a concomitant increase in phosphorylation 

of both RyR2 and Plb in both HFpEF groups, i.e. HFD+PO induced and aging. Hyperphosphorylated 

states of RyR2, could lead to SR Ca2+ leak leading to ventricular arrhythmogenic effects (Landstrom et 

al., 2017).  This could potentially be a cause of sudden cardiac death in these mouse models and needs 

to be further explored. An investigation of PKA dependent sites (RyR serine 2808 and Plb serine 16) 

showed an increased activation only in the aging group. It suggests that PKA and CAMKII cross 

interaction are more relevant in aging induced HFpEF states. This is also suggested by McCluskey et 

al., who implicate this activation with enhanced endothelial damage in aging hearts undergoing HF. 

However, another PKA mediated phosphorylation is at cardiac troponin (CTnI) at Serine 22/23 and we 

could not see a subsequent effect on this. In normal diet-TAC however, p-CTnI was significantly 

downregulated which further supports that PKA activity was downregulated in HFrEF like states in this 
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study. Taken together our data asserts the importance of heterogeneity in calcium handling and 

dynamics in HFpEF and HFrEF. 

It was of further interest to look at the differential expression of mRNA profiles in our models to get a 

comprehensive overview of the coding transcriptome. 

 

Part 2: The transcriptome of different HFpEF like states 
LV sections from representative mice from each of the five groups were subjected to next-generation 

mRNA sequencing. A look at the variation from principal component analysis revealed that there was 

a clear demarcation between sham and TAC of both dietary groups. Notably the two TACs were also 

grouped far from each other with no overlap in the quadrants. This is important because it helps 

establish that based on the transcriptome, these groups are highly divergent and each represents a 

distinct form of HF. As per previous discussion, ND-TAC represents a state of HFrEF and HFD is 

reflecting a HFpEF like state at two weeks post PO. This suggests that not only at the level of cardiac 

physiology and the functions that we assessed, these groups are also distinct in their global cardiac 

mRNA profile. Interestingly, we found that the aged mouse cohort (reflective of a different HFpEF 

subtype) was clustered with HFD-TAC group while still having its own niche. This pattern immediately 

makes sense in the light of our characterization results where we observed some key differences in 

two subtypes but the pattern of diastolic dysfunction and its associated mechanisms were similar.  

Next, we made a few comparative analyses relevant to our hypothesis: HFrEF like state in ND-TAC as 

compared to ND-sham, Dyslipidemic HFpEF like state in HFD-TAC compared to HFD-sham, HFrEF vs 

HFpEF like states of ND-TAC vs HFD-TAC and ultimately the two HFpEF subtypes aging HFpEF vs 

dyslipidemic HFpEF. In the following sections we attempt to discuss some significant relevant genes, 

pathways and biological processes differentially handled in these groups. 

In the HFrEF state of PO induced in the presence of a normal diet (as compared by ND sham vs ND 

TAC), there was an enrichment of over represented biological terms relating to TNF-α related 

signaling, dilated and hypertrophic cardiomyopathy (DCM/HCM), IL-17 related mediated process, 

extra cellular matrix dynamics, PI3-Akt signaling and chemokine-chemokine interactions. The major 

KEGG pathways represented were ECM dynamics, inflammation, leukocyte recruitment and cytokine 

interactions. While this gives a very broad and general overview of the PO state in TAC mice, it does 

support that HFrEF also has major involvement of inflammatory pathways as in HFpEF which can 

directly influence a dilatory and hypertrophic phenotype. This has previously also been suggested 

(Castillo et al., 2020; Van Linthout et al., 2017). We then took a closer look at differentially regulated 

genes to get a better understanding. For the sake of brevity, we describe only the top few differential 
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genes in each comparative group. The most upregulated genes were Xirp2 (Xin repeat-containing 

protein 2), Myh7 (myosin beta heavy chain), Synpo2I (synaptopodin 2 like), Ace (angiotensin-

converting enzyme), Nrap (nebulin-related-anchoring protein) and Col1 (collagen 1) subtypes but 

these were also upregulated in a common fashion in HFD-TAC group when compared to HFD-sham. 

This suggests that these are constituents of a cascade that gets activated in cardiopathic models of HF 

in general in mice and are associated with a variety of cardiac functions (Wang et al., 2016; Clausen et 

al., 2021; Truszkowska et al., 2017). However, these set of genes were not upregulated in aged mice 

who clearly also have underlying HF. To our knowledge we are the first to describe the differential 

upregulation of these genes in a PO based HF model as compared to HF associated with natural aging. 

Other highest upregulated genes were Ankrd1 (ankyrin repeat domain 1) and Serpin (serine protease 

inhibitors) which have been related to dilated cardiomyopathy and ECM dynamics respectively 

(Bouton et al., 2021). Speaking of top downregulated genes, IL-15 is involved in protective immune 

response by its negative effects on cardiomyocyte death (Guo et al., 2022). Its deregulation suggests 

a dissimilar protective immune response between the two HF states. Similar conclusions can be drawn 

about another downregulated gene Alox 5 (arachidonate 5 lypoxygenase) which is involved in 

cardiomyocyte repair (Biswas et al., 2020). 

The biological processes enriched in HFD sham vs HFD TAC comparison were response to nitrogen 

and oxygen containing compounds which is in line with the high oxidative-nitrosative states of 

dyslipidemia, response to lipids and response to cytokines. KEGG pathway analysis showed 

enrichment in MAPK, PI3-Akt, IL-17 and TNF-α related pathways. Notably, the AGE/RAGE pathway 

associated with diabetic complications was also enriched further enforcing the induction of highly 

dysmetabolic states by this two hit combination. Conversely to HFrEF group, in the HFD-sham vs HFD-

TAC transcriptome, we found a completely different set of upregulated and downregulated genes. 

Apart from the common upregulated set as described in the paragraph above, we found some 

uniquely upregulated genes. PlekhA6 (Pleckstrin homology domain-containing family A member 6) 

was enhanced in levels which is implicated to play roles in cardiac proliferation through m6A 

methylation (Yang et al., 2021). If this is a typical presentation in dyslipidemic HFpEF needs to be 

further validated. Nlrc3 (NOD like receptor CARD domain containing 3) was also highly upregulated. It 

is interesting because it has been known to be linked with low density lipoprotein induced 

inflammasome activation in HF (Wang et al., 2021). Endothelin-3 (Edn3) was also very highly 

upregulated and it has been linked with cardiovascular syndromes associated with renal failure (Kao 

et al., 2017). Renal failure is also a potent comorbidity in HFpEF and it is very interesting to see this 

association pop-up in dyslipidemic HFpEF models suggesting a shared pathophysiology that may go 

beyond the models we have studied in this thesis. Among the uniquely downregulated genes was PVR 
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(poliovirus receptor gene or CD155) which is reported to play pleiotropic roles in tumor progression 

(Molfetta et al., 2020). Molfetta and colleagues have shown that CD155 is an IFN-γ inducible protein 

that attenuates T cell response in endothelial cells, since immune mechanisms are a prominent feature 

in HFpEF, the downregulation of this regulatory component may explain some characteristics of the 

dyslipidemic model (Escalante et al., 2011). Emilin 2 (Elastin Microfibril Interfacer 2) was also uniquely 

downregulated in dyslipidemic HFpEF, remarkably it was also downregulated in aged vs HFD-TAC 

comparisons, suggesting a potent role in HFpEF. It has been shown that Emilin-/- mice show defects in 

cardiac septal and right ventricular walls of the heart and an increase in TGF-β (Huang et al., 2015) 

which is completely concomitant with our findings of increased TGF- β in both HFpEF states. This may 

be a highly lucrative therapeutic target in our opinion.  

In the next comparison, young vs aged transcriptome was analyzed. Since it is not a novel comparison, 

we only discuss it in terms of differences in the two HFpEF states. Biological processes associated with 

leukocyte dynamics were highly enriched along with muscle and tissue remodeling. KEGG pathways 

analysis revealed enrichment of arrhythmogenic right ventricular cardiomyopathy (ARVC), DCM/HCM, 

rheumatoid arthritis and complement activation. Which was not the case in dyslipidemic HFpEF. 

Recent studies have characterized right ventricular defects in HFpEF patients and have reported that 

arrhythmogenic mechanisms can be prevalent in certain pheno-groups (Mohammed et al., 2014). 

Among the upregulated genes were CD209 and Vgll2 (Vestigial like family member 2). Vgll2 

overexpression in myocytes has been linked to reduced muscle mass and efficiency and may play key 

roles in age related skeletal muscle changes that can ultimately affect the heart (Honda et al., 2017). 

CD209 was also upregulated, this protein is reported to be positively corelated with levels of 

reparative fibrosis. Patients with higher infiltration of CD209 positive cell in myocardial infarct zone 

have been reported to have higher levels of fibrosis (Nagai et al., 2014). 

This brings us to the most important comparisons of HFrEF vs HFpEF and the two HFpEF subtypes. In 

two types of distinct HF, the biological processes that were overrepresented were related the most to 

actin and myosin dynamics, which may putatively explain the broad range differences in systolic and 

diastolic parameters. In ND TAC vs HFD TAC, cardiomyocyte differentiation, skeletal muscle process 

and differentiation along with second messenger signaling were also enriched. Consequently the 

cellular component was enriched in sarcolemma, ECM, contractile fiber, microtubule and spindle. T-

tubule related microdefects have been corelated with HFpEF previously (Frisk et al., 2021). KEGG 

pathway analysis revealed representation of oocyte maturation mediated by progesterone and 

interestingly, adrenergic signaling in cardiomyocytes. Adrenergic signaling and its defects are 

important mediators in chronotropic incompetence, we looked at adrenergic signaling pathway in 

detail and found changes in key genes which may be potential therapeutic targets in this selectively 
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dysregulated pathway between HFrEF and HFpEF like states. While some literature is available on such 

differences (Kilfoil et al., 2020; Lohse et al., 2003) our study provides a repertoire of previously 

unknown and selective targets. Deregulated genes with the highest significance are now discussed. 

Igfbp6 (insulin-like growth factor II binding protein 6) was upregulated in HFD-TAC. It is known that 

prolonged states of hypoxia can increase its expression in vascular endothelial cells (Zhang et al., 2012) 

and its mRNA expression was increased after explantation of a left ventricular assist device (Barton et 

al., 2005). This suggests that this gene may be involved in homeostasis of repair and injury. Pentraxin 

4 (Ptx4) was also highly upregulated and while a lot of literature is available on the role of pentraxin 3 

in HF, Ptx4 has not received due attention. We suggest that it is worth investigating because of its 

differential expression between the two HF states. Tenemodulin (Tnmd) was also upregulated and it 

is of importance because its genetic variations have been implicated in high risk of type 2 diabetes, 

central obesity, and impaired glucose metabolism. Its levels have also been correlated with levels of 

serum inflammatory markers (Tolppanen et al., 2008). We feel that this gene may have a therapeutic 

and biomarker potential exclusively in chronic low-grade inflammatory states of dyslipidemic HFpEF. 

Among the uniquely downregulated genes was Rap1Gap (regulating GTPase-activating-protein) which 

is known to mediate angiotensin-II induced cardiomyocyte hypertrophy through its inhibitory effects 

on autophagy and oxidative damage (Gao et al., 2021). We provide here a novel evidence that this 

important cardioprotective protein is highly downregulated between HFrEF and dyslipidemic HFpEF 

and could be a lucrative therapeutic target. In a similar manner, Myocardin (Myocd) was also reduced 

which is known to be involved in maintenance of cardiomyocyte structure and sarcomeric 

organization, and its ablation is linked to rapidly progressing HF (Huang et al., 2009). 

The two HFpEF subtypes were compared next. Between aging vs dyslipidemic HFpEF (HFD TAC), highly 

overrepresented biological processes were involved in chemokine signaling, chemotaxis, tissue 

remodeling, ECM structure, growth factor signaling, cell adhesion, angiogenesis and circulatory 

processes. Consequently, the cellular processes reflected this as they were enriched with ECM, 

contractile fibers and notably, transport vesicles. KEGG pathway terms showed HCM/DCM, protein 

digestion, ECM receptor interaction, AGE/RAGE signaling in diabetes, PI3-Akt and cytokine-cytokine 

interaction. The most significantly represented pathway was the ECM receptor interaction and several 

elements within it were deregulated including: collagen, laminin, reelin, fibronectin, tenascin, 

syndecan and thrombospondin to name a few. This suggests that the two index-events of dyslipidemia 

+ PO and aging may lead to distinct alteration of the ECM dynamics. In this regard, the common set of 

Xirp2, Nrap, Synpo2l, Myh7 and Col1 subtypes were upregulated here as well. Pentraxin4 and Nppb 

were upregulated. In terms of unique representation, we found a few candidates. Enah (enabled 

homolog) is a structural sarcomeric component and its overexpression is linked to enhancement of HF 
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after cardiac injury in mice (Belmonte et al., 2013). This can be corelated to the comparison of HFD+ 

PO related explicit cardiac injury vs natural aging. Another candidate was Tbx15 (T box 15) which is 

interestingly known to be a master trans regulator of abdominal obesity genes (Pan et al., 2021). A 

study has suggested that complementary activation of Tbx15 enhanced glycolytic metabolism in 

concurrence with the inhibition of PPAR signaling leading to exacerbated metabolic effects associated 

with DCM (Burke et al., 2016). Due to its strategic placement, it may be a good therapeutic target in 

dysmetabolic subtypes of HFpEF. Highly downregulated genes that were unique to this set included 

the newly discovered Efemp1 (ECM protein fibulin 3) which has been corelated to be concomitant 

with diastolic function indices of E/e’ and is a strong predicator of HF hospitalizations (Hiromi et al., 

2022). It is reported to be a matrix metalloprotein inhibitor and is implicated in angiogenesis (Zhang 

et al., 2009). CD209 is implicated in reparative fibrosis associated with adaptive remodeling in HF, its 

downregulation between the two HFpEF subtypes may suggest differences in not only activation of 

fibrosis but also inhibition of reparative fibrosis from turning pathologic in nature (Nagai et al., 2014). 

To summarize, transcriptomic analysis identified several genes of known and unknown functions 

implicated in HFpEF vs HFrEF and within the two HFpEF subtypes suggesting that these HF states are 

mechanistically different pheno-groups and warrant a tailored approach towards disease modeling 

and therapy. 

Limitations: 
Even though this cross-comparative approach provided a lot of information on the differential 

pathomechanisms of these models, it is important to talk about potential caveats in the study. 

1. HF is highly dynamic and whether HFpEF and HFrEF are distinct or progressive states of the 

same HF spectrum is still hotly debated in the medical community. What we have tried to 

capture with our models is a snapshot of characteristics that resemble HFrEF or HFpEF like 

states and not a fixed end point but a rather dynamic phenotype. 

2. We have characterized the models after a relatively short term after PO compared to other 

studies. It may be worthwhile to explore a long term effects on these animals. 

3. HF in mice is not like humans which develops “insidiously over several years”. HF in murine 

models tend to quickly proceed to advanced stages reflecting HFrEF, this may affect 

extrapolation of our findings to long term effects. 

4. It would have been beneficial to characterize the aspect of exercise stress test in HFpEF 

models because exercise intolerance is an important cornerstone in its pathophysiology. Due 

to the limited scope of the dissertation project, this aspect could not be investigated. 

5. Validation of important targets of transcriptomics data could not be done due to time 

constraints. 
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Conclusions and outlook: 
In this study we have adopted a novel cross- comparative approach towards demystifying the 

mechanistic differences in HFpEF subtypes through dedicated mouse models. We also report the use 

of an intuitive two-hit combination of dyslipidemia and low grade pressure overload to model 

metabolic syndrome in HFpEF. Our data collectively describes why some HFpEF (and its subtypes) and 

HFrEF share pathological characteristics and what is unique between them. Collectively, our results 

from characterization experiments suggest that the two HFpEF like states driven by distinct etiologies- 

‘’metabolic’’ and ‘’geriatric’’; differ on various levels of cardiac structure and function amongst each 

other and with HFrEF. Dyslipidemia+ low grade pressure overload gave rise to an overall hypertrophic, 

highly inflammatory, steatotic, fibrotic, apoptotic phenotype with some calcium kinetics dysfunction. 

LA hypertrophy and LV concentric hypertrophy were evident here. Moreover, we could provide 

evidence of a shift in HF spectrum towards preservation of ejection fraction with the combination of 

high fat diet and low grade pressure overload, further reinforcing the implication of dyslipidemic 

metabolic effects in HFpEF.  In contrast, aging induced HFpEF exhibited a non-hypertrophic, non-

steatotic, highly fibrotic apoptotic phenotype with highly pronounced differences in calcium handling. 

However, it showed no evidence for LV and LA remodeling.  

 Moreover, differential analysis of the transcriptome generated through this study will continue to 

provide potential biomarkers and therapeutic targets between different HFpEF subtypes for further 

validation. For future work, sex specific differences in these mechanisms could be investigated by 

including male models as well. Another important avenue worth exploring would be to try and reverse 

these deleterious effects by reversing PO or through dietary improvements to ‘’cure’’ the HFpEF 

phenotype. A cross comparative approach like this nonetheless gives us an opportunity to customize 

disease modeling for a highly variable syndrome like HFpEF into distinct tailor-made models. These 

models can then be correlated with HFpEF subtypes in the clinic and be used to test personalized 

therapeutic approaches, which would be the ultimate goal of these endeavors.  
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