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Resumo 

A insuficiência cardíaca com fração de ejeção preservada (ICFEP) é já responsável por 

mais de 50% dos casos de insuficiência cardíaca (IC) e prevê-se que esta proporção 

continue a crescer em virtude do aumento quer da esperança média de vida, quer da 

incidência de hipertensão arterial, obesidade e diabetes mellitus [1]. Os dados clínicos e 

epidemiológicos mais recentes sugerem que o prognóstico destes doentes é semelhante 

ao dos que apresentam IC com fração de ejeção reduzida (ICFER), com hospitalizações 

frequentes e um consumo de recursos de saúde avultado [2, 3]. No entanto, ao contrário 

da ICFER, para a ICFEP ainda não existem estratégias terapêuticas baseadas na evidência 

que conduzam a uma melhoria de sobrevida, sendo o seu tratamento, atualmente, em 

grande medida empírico e direcionado à melhoria sintomática [4].  

Uma vez que o principal elemento distintivo entre os casos de ICFER e ICFEP, é 

precisamente a fração de ejeção, esta é tida como elemento definidor de disfunção 

sistólica. A disfunção diastólica tem sido classicamente considerada como o principal 

mecanismo subjacente ao desenvolvimento de ICFEP [5]. No entanto, múltiplos trabalhos 

têm salientado alterações sistémicas, envolvimento marginal da função sistólica sem 

tradução na fração de ejeção e alterações vasculares, ou do acoplamento ventrículo-

vascular, como mecanismos alternativos, salientando uma grande heterogeneidade entre 

os pacientes com ICFEP e uma enorme complexidade nas suas vias fisiopatológicas que 

têm tornado o próprio diagnóstico controverso e um verdadeiro desafio clínico [4, 5]. Esta 

heterogeneidade clínica e fisiopatológica podem explicar a ausência de terapêuticas que 

comprovadamente melhoram a sobrevida, tornando-se claro que diferentes subgrupos 

de pacientes, com fenótipos também distintos, poderão beneficiar de abordagens 

terapêuticas diferenciadas e que o desenho dos ensaios clínicos deve contemplar uma 

seleção cuidadosa de pacientes, de acordo com as vias fisiopatológicas dominantes em 

cada fenótipo [6]. No entanto, a própria subdivisão em fenótipos exigirá uma 
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contrapartida em termos de prognóstico, história natural e resposta terapêutica, não se 

afigurando fácil o caminho para eventuais soluções. Neste campo, a investigação pré-

clínica poderia dar um contributo fundamental, todavia, não existe nenhum modelo 

animal capaz de mimetizar todas as características clínicas da ICFEP e muitos dos 

modelos atualmente conotados com ICFEP não preenchem requisitos essenciais do 

diagnóstico [7]. A validação de modelos animais e a sua caraterização funcional, por um 

lado, e a avaliação farmacológica pré-clínica, nestes mesmos modelos, por outro, são 

passos críticos na geração de evidência que ajude a orientar futuros ensaios clínicos. 

Os principais objetivos deste trabalho foram assim: (i) explorar mecanismos 

fisiopatológicos, (ii) identificar ferramentas de diagnóstico precoce e (iii) testar novas 

estratégias terapêuticas na ICFEP, encontrando-se a dissertação dividida de acordo com 

estes 3 objetivos. 

Para o efeito, foram efetuados diversos estudos, usando o modelo animal dos ratos ZSF1 

obesos, implementado e caracterizado por nós como um modelo experimental de 

ICFEP[8] e daqui resultaram 4 artigos. Identificamos, (1) o atraso do relaxamento em 

resposta ao aumento da pós-carga, como um preditor independente do aumento da 

pressão telediastólica (PTD), constituindo assim um mecanismo com um importante 

papel na congestão pulmonar e na intolerância ao esforço na ICFEP. Demonstrámos (2) a 

presença de alterações funcionais, moleculares e estruturais nos grandes vasos centrais, 

nomeadamente, no que respeita às vias parácrinas, integrando um mecanismo 

fisiopatológico alternativo para o desenvolvimento da ICFEP e identificamos diversas 

proteínas como possíveis alvos terapêuticos nesta síndrome. Apresentámos (3) o papel 

da fenilefrina e do posicionamento de Trendelenburg como alternativas ao exercício na 

deteção precoce da ICFEP e identificamos parâmetros ecocardiográficos com correlação 

com a PTD. Demonstrámos ainda (4) os efeitos benéficos miocárdicos e vasculares do 

tratamento crónico com sildenafil, num modelo animal que mimetiza um subgrupo de 
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doentes jovens, do sexo masculino, nos quais as comorbilidades não controladas ou não 

tratadas, parecem dominar a fisiopatologia da ICFEP.  

Os achados encontrados através desta dissertação constituem assim importantes marcos 

para o desenvolvimento da investigação da ICFEP, necessitando, no entanto, de uma 

translação clínica iminente. 
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Abstract 

Heart failure with preserved ejection fraction (HFpEF) is already responsible for more 

than 50% of the heart failure (HF) cases and it is expected to continue to grow due to the 

constant increase in the average life expectancy of population and the increased incidence 

of hypertension, obesity and diabetes mellitus [1]. Recent clinical data have shown that 

these patients’ prognosis is similar to that of HF with reduced EF and is associated with 

frequent hospitalisations and large consumption of health resources [2, 3]. However, 

there is still no evidence-based therapeutic strategy for HFpEF and the current treatment 

is largely empirical [4]. 

Since the main distinguishing element between the cases of HFrEF and HFpEF, it is the 

ejection fraction, this is seen as a defining element of systolic dysfunction. Diastolic 

dysfunction has been classically considered as the main mechanism underlying the 

development of HFpEF [5]. However, multiple studies have highlighted systemic changes, 

involvement of systolic function without translation to the EF and vascular changes, or 

ventricular-vascular coupling, as alternative mechanisms [5]. These changes reflect a 

great heterogeneity among patients with HFpEF and enormous complexity in 

pathophysiological pathways that have made the diagnosis itself controversial and a real 

clinical challenge [4, 5]. This clinical and pathophysiological heterogeneity may explain 

the lack of therapies, making it clear that different subgroups of patients, with different 

phenotypes, may benefit from different therapeutic approaches and that the design of 

clinical trials should include careful selection of patients, according to the dominant 

pathophysiological pathways in each phenotype [6]. However, the subdivision in 

phenotypes itself will require a counterpart in terms of prognosis, natural history and 

therapeutic response, and the path to possible solutions does not seem easy. In this field, 

preclinical research could make a fundamental contribution, however, there is no animal 

model capable of mimicking all the clinical features of HFpEF and many of the models 
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currently associated with HFpEF do not meet essential diagnostic requirements [7]. The 

validation of animal models and their functional characterization and the preclinical 

pharmacological evaluation, are critical steps in the generation of evidence that will help 

guide future clinical trials. 

The main objectives of this work were: (i) to explore pathophysiological mechanisms, (ii) 

to identify early diagnosis tools and (iii) to test new therapeutic strategies in HFpEF. 

Therefore, this dissertation is divided into these three major themes. 

For this purpose, several studies were carried out, using the animal model of ZSF1 obese 

rats, implemented and characterized by us as an experimental model of HFpEF [4], which 

resulted in 4 articles. We identified, (1) the delay relaxation in response to increased 

afterload, as an independent predictor of increased end-diastolic pressure (EDP), which 

is a mechanism with an important role in pulmonary congestion and intolerance to effort 

in HFpEF. We demonstrated (2) the presence of functional, molecular and structural 

changes in the great central vessels, namely, with regard to the paracrine pathways, 

integrating an alternative pathophysiological mechanism for the development of HFpEF 

and we identified several proteins as possible therapeutic targets in this syndrome. We 

demonstrated (3) the role of phenylephrine and Trendelenburg positioning as 

alternatives to exercise in the early detection of HFpEF and identified echocardiographic 

parameters with correlation with EDP. We also presented (4) the beneficial myocardial 

and vascular effects of chronic treatment with sildenafil, in an animal model that mimics 

a subgroup of young male patients, in which uncontrolled or untreated comorbidities 

seem to dominate the pathophysiology of HFpEF. 

The findings found through this dissertation constitute important milestones for the 

development of the HFpEF investigation, however, they require an imminent clinical 

translation.
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1. Introduction 

Heart failure (HF) is a syndrome caused by a structural and/or functional cardiac 

abnormality, characterised by typical signs and symptoms, in which an impaired heart is 

unable to supply enough blood flow to meet the body's needs, or does it only at the 

expense of high intracardiac pressures at rest or during stress [4]. HF is currently the 

main cause for hospitalisation and disability amongst the elderly and a leading cause of 

mortality and morbidity [4]. This syndrome comprises a wide range of patients and so it 

is divided through the left ventricular (LV) ejection fraction (EF) in HF with reduced 

ejection fraction (HFrEF), HF with preserved ejection fraction (HFpEF) and the newly 

created group of mid-range LV EF, which comprises all the patients that were previously 

in the grey zone with an EF between 40% and 49% [9]. Although considered by some as 

a single syndrome characterised by a progressive decline in systolic function; structural, 

functional, molecular biology and clinical features rather suggest that HFrEF and HFpEF 

are distinct syndromes [10].   

HFpEF is characterised by an EF ≥50% and accounts for a rising proportion of over 50% 

of the HF cases, with a 10% increase per decade compared to HFrEF [1, 11]. The ageing 

of the population and the increasing incidence of hypertension, obesity and diabetes are 

partly responsible for this evolution and recent data have also shown that contrarily to 

what was previously thought, the prognosis of HFpEF is as ominous as that of HFrEF [1]. 

Therefore, it represents a complex clinical syndrome in which patients are elderly and 

demonstrate a high prevalence of non-cardiac comorbidities [12, 13]. There seems to be 

a slight predominance of post-menopausal females amongst HFPEF patients. 

The pathophysiologic mechanisms of HFrEF are well-characterised and the diagnosis and 

treatment are well-established [11, 14]. Regarding HFpEF, there is a lack of evidence-

based therapies that can change the course of disease in terms of hard clinical endpoints 
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such as survival and rate of hospital admissions. Of note, for all neurohormonal 

antagonists shown to improve survival in HFrEF treatment neutral outcomes were 

reported in HFpEF [1, 11].  This might be due to numerous factors. Firstly, the diagnostic 

criteria still remain controversial and have evolved throughout the past years, while 

European Societies such as the ESC and the HFA from the ESC have enforced the inclusion 

of criteria documenting impairment of diastolic function, American Societies such as the 

AHA have rather focused on effort intolerance with preserved ejection fraction, rendering 

the inclusion criteria for most of the clinical trials carried out to date obsolete or 

questionable. Secondly, there is a large heterogeneity amongst HFpEF patients which may 

warrant targeted therapies for patient subgroups according to specific phenotypes that 

are yet to be clearly established. Thirdly, it is recognized that many patients only become 

symptomatic when some form of stress is imposed on the cardiovascular syndrome, 

namely exertion, tachycardia, volume or pressure overload [9].  

Many of the advances in HFrEF therapy were heralded by preclinical research in animal 

models. Preclinical research is crucial to pathophysiological understanding and initial 

screening of potential therapeutic targets. The puzzling nature of HFpEF is accentuated 

by the lack of animal models that effectively mimic the syndrome and recapitulate most 

of its features enabling further insight on pathophysiological mechanisms and potential 

therapeutic targets.  

1.1 Pathophysiology: what we know so far 

HFpEF descriptions were initially focused on diastolic dysfunction, and the syndrome was 

originally called diastolic HF. Indeed, diastolic dysfunction is highly prevalent in patients 

with this syndrome. Nevertheless, patients may become symptomatic with effort and may 

not show diastolic function disturbances at rest, and many authors even question the 

need for abnormalities in diastolic function as a diagnosis criterium therefore this 
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syndrome is currently designated as HFpEF. Although the mechanisms of HFpEF are not 

completely understood, extensive evidence has linked many factors and comorbidities to 

HFpEF’s pathophysiology (Figure 1) [15, 16]. 

 

Figure 1 - Pathophysiological mechanisms and comorbidities involved in HFpEF. LV, Left Ventricle; VVC, 
ventricular-vascular coupling; COPD, chronic obstructive pulmonary disease; HFpEF, heart failure with 
preserved ejection fraction. This figure was created using Servier Medical Art templates, which are licensed 
under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com. 

Diastolic Dysfunction 

Elderly patients develop diastolic dysfunction and systolic hypertension that are usually 

asymptomatic. However, diastolic dysfunction in HFpEF patients presents a more severe 

phenotype associated with an increase of the left atrial (LA) size and a concentric 

hypertrophy of the LV. Therefore, in the absence of the mitral valve disease, LA 

remodelling reflects LV end-diastolic pressure (EDP) and is used as an index of LV 

diastolic dysfunction [17]. Additionally, LA dysfunction was shown to be related to 
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symptom onset, exertional capacity and outcomes in HFpEF, which gives to this 

mechanism a major role in its pathophysiology [17].  

Diastolic dysfunction in HFpEF patients involves slow relaxation and increased 

myocardial stiffness which together yield increased filling pressures (Figure 2) [18]. 

Myocardial stiffness is determined by two key components, the extracellular matrix 

(ECM) and the cardiomyocytes, and while the first one is largely mediated by collagen, the 

second one is related to the giant cytoskeletal protein, named titin [18]. Changes in 

expression of stiff and compliant isoforms can modify titin-based cardiomyocyte stiffness 

[19]. Also, the total amount of collagen, the type of collagen, the degree of collagen cross-

linking and the imbalance between matrix metalloproteinases (MMP) and its inhibitors 

(TIMP) can result in interstitial fibrosis [20, 21]. 

Slow relaxation is responsible for the inability to enhance stroke volume (SV) at 

increasing heart rates [22]. This mechanism is affected by cross-bridge detachment, Ca2+ 

reuptake, nitric oxide (NO) signalling and myocardial energy status [23-25].  

 

Figure 2 - Schematic representation of the main actors of diastolic dysfunction. ECM, extracellular 
matrix; NO, nitric oxide.  
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Systolic Dysfunction 

Despite the preservation of EF there is substantial evidence supporting impaired single 

deformation parameters in HFpEF. Regional wall motion during systole is known to have 

three main components caused by the differences in the myocardial fibre orientation in 

longitudinal, radial and circumferential. Thanks to the numerous advancements in the 

field of echocardiography, it is now possible to evaluate them individually [26]. While the 

majority describe a depressed longitudinal systolic function [27, 28] in HFpEF patients, 

there is still no agreement regarding which of the components is impaired. Others show 

evidence of radial and circumferential systolic dysfunction as well [29]. These discrepant 

findings could be explained by the existence of different subgroups with varying degrees 

of LV systolic function impairment in the HFpEF population [30]. 

Ventricular-arterial coupling and vascular dysfunction 

Increased afterload due to reduced arterial compliance is present in HFpEF patients and, 

together with ventricular stiffness, is responsible for a greater increase of the blood 

pressure and further impair diastolic relaxation during stress, contributing to high LV 

filling pressures [11, 31]. This ventricular-arterial uncoupling is held as an important 

pathophysiological mechanism in HFpEF, particularly in exertional intolerance. It is a 

potential therapeutic target since the reduction of ventricular-vascular stiffness with 

verapamil in elderly hypertensive patients was related to a substantial improvement in 

exercise capacity [18, 32]. More recently, chronic endothelial inflammation of the 

coronary microvasculature induced by metabolic comorbidities was considered an 

HFpEF myocardial remodelling trigger, whereas in HFrEF, the myocardial remodelling 

was driven by cardiomyocyte cell death. These findings provided the impetus for the 

proposal of a new pathophysiological paradigm in which endothelial inflammation of the 

coronary microvasculature has an important role in the development of HFpEF [12, 33]. 
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Systemic Inflammation 

Over the years, inflammation was shown to be increased in animal models of LV 

hypertrophy associated with LV fibrosis, suggesting that inflammation can play an 

important role in the development of diastolic dysfunction [34]. Interleukins (IL) were 

found to be major players in the process of inflammation and diastolic dysfunction in 

animal models of HFpEF and were positively correlated with LV EDP, lung weight and LV 

myocardial stiffness constant [35]. 

There is also a significant amount of data showing increased serum inflammation 

biomarkers in patients with both HFrEF and HFpEF. In a cross-sectional study enrolling 

stable hypertensive patients with or without HFpEF, increased circulating IL-6 and IL-8 

was observed in the HFpEF group [36]. Another study correlated markers of 

inflammation (soluble ST2 and pentraxin 3) with the presence of LV diastolic dysfunction 

in HFpEF patients [37].  

More recently, low-grade systemic inflammation together with microvascular 

dysfunction secondary to comorbidities were considered keystones in the 

pathophysiology of HFpEF (Figure 3) [12, 38]. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/interleukin
https://www.sciencedirect.com/topics/medicine-and-dentistry/cross-sectional-study
https://www.sciencedirect.com/topics/medicine-and-dentistry/ventricle-heart
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Figure 3 - Systemic low-grade inflammation secondary to comorbidities as a keystone of HFpEF 
pathophysiology. CKD, chronic kidney disease;  COPD, chronic obstructive pulmonary disease; CRP, c-
reactive protein; D2M, diabetes mellitus type 2; HFpEF, heart failure with preserved ejection fraction; HTN, 
hypertension; IL1, interleukin-1; IL6 interleukin-6; TNFα, tumor necrosis factor alpha. This figure was 
created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 
Unported License; https://smart.servier.com. 

Right Heart and Pulmonary Hypertension 

Recent studies have reported a high prevalence of pulmonary hypertension (PH) in 

HFpEF patients which could be ascribed not only to high LV filling pressures but also to 

intrinsic pulmonary vascular disease (Figure 4)[11, 39]. PH in HFpEF appears to be 

associated with older age and comorbidities such as hypertension, obesity, coronary 

artery disease (CAD) and diabetes mellitus. Although it is not clear why some patients 
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develop intrinsic pulmonary vascular disease, recently, Obokata et al. proposed a central 

role for endothelin and adrenomedullin pathways at the early stages of pulmonary 

vascular disease in HFpEF patients [40]. Typically, these patients exhibit worse prognosis 

[39, 41].
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Figure 4 - Pathophysiology of pulmonary hypertension in heart failure with preserved ejection fraction. AL, afterload; PA, pulmonary artery; PH, pulmonary hypertension; 
RA, right atrium; RV, right ventricle. This figure was created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; 
https://smart.servier.com. 
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Peripheral Abnormalities 

Impaired skeletal muscle O2 extraction and consumption have also been identified in 

HFpEF patients [11]. The mechanisms of inadequate O2 peripheral usage were related to 

vascular rarefaction, increased muscular adiposity, impaired flow-mediated vasodilation 

and impaired skeletal muscle oxidative metabolism [42, 43]. Furthermore, Kitzman et al. 

described a reduced percentage of slow-twitch oxidative type-I fibres, reduced type I-to-

type-II fibre ratio and reduced capillary-to-fibre ratio in HFpEF patients [42]. These 

findings were related to exercise intolerance and the severity of symptoms in the HFpEF 

population [42, 44]. 

1.2 The challenge of HFpEF diagnosis 

Diagnostic criteria for HFpEF are controversial and still evolving. The guidelines for the 

American College of Cardiology/American Heart Association (ACC/AHA) are mainly 

based on a diagnosis of exclusion [14]. They identify HFpEF patients through clinical signs 

and/or symptoms of HF, preserved EF and no other obvious explanation for symptoms 

[14]. The current consensus of the European Society of Cardiology (ESC) uses existing 

symptoms and/or signs combined with comorbidities/risk factors, electrocardiography, 

echocardiography and natriuretic peptides. Then, according to the HFA-PEFF score, a 

further workup may be necessary (Figure 5) [4]. Echocardiography findings are typically 

used to establish the HF diagnosis and determine the EF subtype with diastolic 

dysfunction as key criterion [4, 9]. Although seemingly discrepant, these two views can 

be reconciled if we consider the heterogeneity of this syndrome [45] and if we consider 

that patients may not show diastolic function abnormalities at rest. Indeed, previous ESC 

guidelines relied on large clinical databases obtained from patients hospitalised due to 

acute HF decompensation [9, 10]. When stable euvolemic outpatients with unexplained 

chronic dyspnoea were assessed by effort testing, these guidelines lost strength [46]. In 
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Fact, most recently, a new HFpEF diagnostic algorithm was published [4]. This ESC 

consensus advocated exercise stress echocardiography and/or invasive haemodynamic 

(step 3 – F1) in the subset of patients with an inconclusive HFA-PEFF score that account 

for symptoms/signs, comorbidities, ECG, echocardiography and natriuretic peptides 

(Figure 5) [4]. After confirming the HFpEF diagnosis, an investigation of the specific 

aetiology is advised in order to make a precise diagnosis (step 4 – F2) (Figure 5) [4].  

Direct measurement of LV relaxation and filling pressures is the gold standard to assess 

diastolic function [16]. However, it requires an invasive haemodynamic using cardiac 

catheterisation, which is not appropriate as a general approach to all patients with HFpEF 

[16]. Thus, echocardiography with doppler flow and tissue doppler echocardiography are 

the diagnostic tools that are most commonly used [16]. Other imaging modalities 

alternatives include speckle tracking echocardiography (STE) and cardiovascular 

magnetic resonance (CMR), as well as the use of a variety of serum biomarkers [16].  
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Invasive haemodynamic 

The time constant of ventricular pressure decay (τ) assesses myocardial relaxation, while 

filling pressures are gauged by EDP. Both require LV catheterization. Pulmonary capillary 

wedge pressure (PCWP) measured using a pulmonary artery catheter is a surrogate of 

Figure 5 - Flowchart of the HFA-PEFF diagnostic algorithm. AF, atrial fibrillation; BNP, brain natriuretic peptide; CAD, 
coronary artery disease;  CBC, complete blood count; Cr, creatinine; ECG, electrocardiogram; e’, mitral annular early 
diastolic peak velocity; E/e’, ratio of the peak velocity of mitral inflow during early diastole, over the average of septal 
and lateral mitral annular early diastolic peak velocity; GLS, global longitudinal systolic strain; HbA1c, glycated 
haemoglobin; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; LA, left atrium; LAVI, left atrial 
volume index; LV, left ventricle; LVEF, left ventricle ejection fraction; LVH, left ventricle hypertrophy; LVMI, left 
ventricular mass index; M, men; N-terminal pro-brain natriuretic peptide; PCWP, pulmonary capillary wedge pressure; 
RWT, relative wall thickness; ; Step E, echocardiography and natriuretic peptide score; Step P, pre-test assessment; Step 
F1, functional testing; Step F2, final aetiology; SR, sinus rhythm; TR, tricuspid regurgitation; TSH, thyroid stimulating 
hormone; U, urea; W, women. 
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EDP   commonly used in HFpEF diagnostic workup after an inconclusive non-invasive 

stress test. Measurements  at rest and/or during supine exercise, in case of normal resting 

filling pressures can be enlightening, [4]. The LV chamber stiffness constant ultimately 

determines LV stiffness independently of load constituting the clearest indicator of high 

LV stiffness in HFpEF. Nevertheless, it requires an end-diastolic pressure-volume 

relationship (EDPVR). Continuous real-time acquisition of LV volume is usually limited to 

clinical and pre-clinical research for it requires pressure-volume catheters [47, 48].   

Echocardiography and other imaging techniques 

Since invasive haemodynamic evaluation poses risk, particularly in HFpEF patients who 

have extensive comorbidities and are usually elderly and frail, transthoracic 

echocardiography is the preferred approach for diagnosing diastolic dysfunction. After a 

standard echocardiography, in which EF and LV diameter should be measured in step 1 

(Pre-test assessment), the major echocardiographic criteria for HFpEF diagnosis are early 

diastolic velocity of mitral annular motion (e’), the ratio between the early peak velocity 

of mitral inflow (E) over the average of septal and lateral e′ (E/e’ ratio), peak velocity of 

tricuspid regurgitation, LA volume index, LV mass index and relative wall thickness [4]. 

While e’ reflects LV relaxation, the E/e′ ratio is associated with elevated filling pressures 

and therefore also with LV stiffness and fibrosis [4]. The peak velocity of tricuspid 

regurgitation allows calculating pulmonary arterial systolic pressure (PSAP) through the 

modified Bernoulli equation, which is a prognostic marker [4]. Finally, LA volume index 

corresponds to an indirect measurement of LV filling pressures, whereas LV mass index 

and relative wall thickness allows evaluating the presence of concentric LV hypertrophy, 

commonly present in HFpEF patients [4]. 

Even though echocardiography is the most widely used modality to assess HFpEF, 

significant weaknesses still exist, as noted by operator dependence, calculation errors, 

difficulty in obtaining clear imaging windows, and limited spatial resolution [49].  
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Other tools, like speckle-tracking echocardiography (STE) and cardiac magnetic 

resonance (CMR) are used in HFpEF diagnosis to overcome some of the echocardiography 

limitations. STE assesses myocardial deformation (strain) [50]. Strain measurement is 

independent of angle, segmental motion disturbances, and tethering to adjoining 

structures [51, 52], thus strain-derived indexes may fare better than conventional 

Doppler in early detection of HFpEF. Indeed, in the new European diagnostic consensus, 

the LV global longitudinal systolic strain represents a minor criterion [4], but despite the 

great advantages that STE offers, we also need to be aware of its limitations, regarding 

imaging quality, frame rate and complexity [53]. 

CMR also effectively measures diastolic dysfunction. Although some reports suggest it is 

comparable to echocardiography, the use of CMR has not been fully established clinically.  

[54, 55]. CMR is expensive and time-consuming and access is not widespread  [55]. 

Moreover, claustrophobic patients and patients with certain implants cannot undergo 

CMR [55]. These disadvantages render CMR unpractical as a first line diagnosis tool [55]. 

Still, some experts suggest it can be valuable in patients with inconclusive 

echocardiography results [16] or mistakenly identified as having HFpEF [56].   

Stress Tests 

Many experts advocate incorporating exercise evaluation into diagnostic algorithms [57]. 

In many patients with early diastolic dysfunction, filling pressures can be normal at rest 

and only elevated with exertion [58]. Therefore, measuring invasive haemodynamic and 

echocardiography parameters with exercise may allow an earlier detection of diastolic 

dysfunction and subclinical HFpEF, especially in patients with normal resting 

echocardiogram [16]. Indeed, for the new European diagnostic consensus, an exercise 

stress echocardiography or exercise invasive haemodynamic should be considered in 

patients with an intermediate HFA-PEFF score [4]. Nevertheless, the technical challenge 

of performing echocardiography or haemodynamic during exercise, the multifarious 
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responses to exercise [59], the limitations to exertion posed by comorbidities typical of 

elderly patients such as osteoarticular disease and the confounding by ageing itself [60] 

raise important hurdles to this approach. Many of HFpEF patients cannot undergo 

exercise testing therefore echocardiography stress with mechanical or pharmacological 

manipulation can be an alternative [61]. The role of preload stress echocardiography in 

HF prognosis stratification has recently been advocated. Another hypothetical alternative 

to exercise testing could be dobutamine which is a cornerstone to echocardiography 

stress testing. Indeed, many have considered dobutamine and exercise stress testing as 

interchangeable. Nevertheless, compared with exercise, dobutamine induces smaller 

increases in cardiac output (CO) and systolic wall tension while decreasing end-diastolic 

volume (EDV), peripheral venous tone, central venous pressure and PCWP. 

Biomarkers 

In addition to imaging, serum biomarkers are also a valuable tool for evaluating cardiac 

function. Natriuretic peptides, especially brain natriuretic peptide (BNP) and N-terminal 

proBNP (NT-proBNP) are by far the most extensively studied, widely accepted and 

employed biomarkers in HF due to their correlation with ventricular wall stress [62, 63].  

Natriuretic peptides are moderately elevated in HFpEF patients and a recent study has 

found that NT-proBNP levels were significantly correlated with diastolic dysfunction 

echocardiographic parameters [64]. In the new European consensus, different cut-off 

values of natriuretic peptides are used according to the diagnostic algorithm step and 

according to the presence of sinus rhythm or atrial fibrillation [4]. The ACC/AHA 

guidelines recommend the measurement of natriuretic peptides and troponin in the 

setting of HF diagnosis and prognosis, as well as the assessment of suppression of 

tumorigenicity 2 and galectin-3 as an incremental prognostic value over natriuretic 

peptide levels alone [63]. However, these recommendations are for HF in general and not 

specific to HFpEF, since no single biomarker has shown to effectively distinguish HFpEF 
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from HFrEF. Further investigations are warranted to improve biomarker indices for the 

detection of diastolic dysfunction and HFpEF, in addition to expand their prognostic value 

[16, 62]. 

1.3 Phenotyping HFpEF 

From many potential explanations for neutral outcomes regarding HFpEF clinical trials, 

the fact that HFpEF remains a syndrome that encompasses a large heterogeneous set of 

patient phenotypes that warrant clustering and tailored therapeutic strategies remain the 

most consensual hypothesis [65]. Several authors have proposed methods for classifying 

HFpEF in therapeutically homogeneous patient classes. These pioneering efforts, 

however, remain far from clinical application. Many patients fall into more than one 

category [65]. Therefore, until an impact in therapeutic effectiveness is shown, current 

phenotyping strategies should be viewed as tools for sampling in clinical research trials.  

At least 5 types of classification have been described based on clinical presentation, 

aetiology/pathophysiology, myocardial phenotypes, latent class analysis and deep 

phenotyping (Table 1). 

Clinical presentation classification divides HFpEF patients into 3 categories according to 

the severity of disease presentation at the time of diagnosis, while 

aetiology/pathophysiology classification, proposed by Shah et al, divides HFpEF patients 

into seven phenotype subgroups according to associated comorbidities [66].  

Later on, Burkhoff et al. described 4 HFpEF phenotypes in order to evaluate LA 

mechanical circulatory support as a treatment option for HFpEF patients and called this 

classification as myocardial phenotypes [67]. Whereas Shah et al. proposed to use deep 

phenotyping in order to create phenotypic heat maps from physical characteristics, vital 
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signs, ECG data, laboratory, echocardiographic and haemodynamic data of HFpEF 

patients [45]. With this approach, 3 pheno-groups were created.  

More recently, Kao et al. used latent class analysis in HFpEF patients enrolled in I-

PRESERVE trial in order to evaluate the response to irbesartan and as an external 

validation in HFpEF patients enrolled in CHARM-Preserved  [68]. According to 11 clinical 

variables (age, gender, BMI, atrial fibrillation, CAD, diabetes mellitus, hyperlipidaemia, 

valvular disease, alcohol use, estimated glomerular filtration rate and haematocrit), 6 

HFpEF groups were born and named with letters from A to F.  
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Table 1 - HFpEF phenotypes 

Classification Reference Criteria Categories Characteristics 

Clinical presentation [69] - signs 

- symptoms 

- prognosis 
Low-risk or exercise induced HFpEF 

- exercise-induced diastolic dysfunction 

- exertional dyspnoea 

- no signs of volume overload 

- rare HF hospitalizations 

- normal or only mildly elevated BNP levels 

- low morbidity and mortality risk 

Medium-risk or volume overloaded 
HFpEF 

- the most common one 

- overt volume overload 

- dyspnoea, exercise intolerance 

- LV hypertrophy and/or left atrial enlargement 

- elevated BNP or NT-proBNP levels 

- history of HF hospitalization 

- high morbidity and mortality risk 

High-risk or Right heart failure HFpEF 

- right heart failure 

- pulmonary venous and arterial hypertension 

- highest BNP levels 

- highest morbidity and mortality risk 

Etiologic/ 
pathophysiologic 

Classification 

[66] - associated comorbidities “Garden variety” - hypertension, DM, obesity, and/or CKD 

CAD-HFpEF - multi-vessel CAD 

Right heart failure HFpEF 

- pulmonary venous hypertension  

- pulmonary arterial hypertension 

- RV dysfunction  

Atrial Fibrillation HFpEF - uncontrolled atrial fibrillation 

Hypertrophic cardiomyopathy-like 
HFpEF 

- do not have genetic forms of HCM 
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- small LV cavities 

- thick walls 

- respond best to negative inotropes 

 
Valvular HFpEF 

- 2 or more moderate valvular lesions  

- do not meet surgical criteria 

High-output HFpEF - usually, due to liver disease or severe anaemia 

Restrictive cardiomyopathy HFpEF - like cardiac amyloidosis 

Myocardial phenotypes [67] - echocardiographic and haemodynamic data 

Type 1 

HCM 

- thick LV walls 

- small LV chamber 

- mean aortic pressure of 83 mmHg 

- cardiac index of 1,9 L/min/m2 

Type 2 

Infiltrative 

- small LV chamber 

- highest wall thickness 

- RV involvement 

- mean aortic pressure of 76 mmHg 

- cardiac index of 2,1 L/min/m2 

Type 3 

Non-LVH 

- normal wall thickness 

- small or normal chamber size 

- no significant physiologic stimuli for hypertrophy 

- mean aortic pressure of 77 mmHg 

- cardiac index of 2,5 L/min/m2 

Type 4 

HTN 

- LV hypertrophy 

- cardiovascular comorbidities: hypertension, MI, CAD, DM, 
CKD, obesity, etc. 

- high number of hospitalizations and morbidity 

- mean aortic pressure of 95 mmHg 

- cardiac index of 3 L/min/m2 

Deep phenotyping [45] - age Pheno-group 1: Natriuretic peptide 
deficiency syndrome 

- younger patients 

- lower BNP levels 
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- physical characteristics: BMI, HR, SBP, DBP, PP 

- ECG: PR interval, QRS duration, QTc interval, QRS 

axis, T wave axis, QRS-T angle 

- laboratory: Na+, K+, HCO3-, urea, Cr, eGFR, fasting 

glucose, white blood cell count, haemoglobin, red cell 

distribution width, platelet count, BNP 

- echocardiography: LV and RV structure and function 

- haemodynamics: SV, CO, PA systolic pressure, RA 

pressure and PV loops 

- lesser electrical and myocardial remodelling and 
dysfunction 

- lesser haemodynamic derangement 

- moderate diastolic dysfunction 

- mean PCWP of 20 mmHg 

- average invasive pulmonary artery systolic pressure of 
42 mmHg 

- mean stroke work of 1,06 g·m/ml 

Pheno-group 2: Obesity-
cardiometabolic phenotype 

- highest prevalence of obesity, DM, and obstructive sleep 
apnoea 

- highest fasting glucose 

- lowest e′ velocity 

- highest PCWP 

- highest pulmonary vascular resistance 

- mean stroke work of 1,40 g·m/ml 

Pheno-group 3: Right ventricular 
failure, cardiorenal phenotype 

- older patients 

- highest prevalence of CKD 

 - highest BNP and MAGGIC risk score values 

- severe electrical and myocardial remodelling 

- longest QRS duration 

- largest QRS-T angle 

- highest relative wall thickness, LV mass index and E/e′ 
ratio 

- worst RV function 

- mean stroke work of 0,89 g·m/ml 

Latent Class analysis [68] - Age 

- gender 

- prevalence of comorbidities: obesity, CAD, DM, 

hyperlipidaemia, valvular disease, alcohol use, eGFR, 

and haematocrit 

A  

(younger, obese men) 

- 100% ♂ 

- median age: 65 years 

- lowest prevalence of AF, kidney dysfunction and valvular 
disease 

- alcohol use 

B 

(younger, active women) 

- 90% ♀ 

- median age: 65 years 
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- lowest prevalence of AF, kidney dysfunction and valvular 
disease  

- high prevalence of anaemia  

C 

(metabolic syndrome) 

- 56% ♂ 

- median age: 70 years 

- highest prevalence of cardiovascular comorbidities: 
obesity, DM, hyperlipidaemia, CAD, and anaemia 

- worst renal function 

D 

(older, diabetic women) 

- 100% ♀ 

- median age: 73 years 

- average prevalence of cardiovascular comorbidities: DM, 
hyperlipidaemia, obesity and kidney dysfunction 

E 

(older male) 

- 100% ♂ 

- median age: 75 years 

- lower BMI 

- high prevalence of AF and CAD 

F 

(frail older women) 

- 77,5% ♀ 

- median age: 82 years 

- lower BMI 

- high prevalence of AF, valvular disease, kidney 
dysfunction, and anaemia 

AF, atrial fibrillation; BNP, B-type natriuretic peptide; BMI, body mass index; CAD, coronary artery disease; CKD, chronic kidney disease; CO, cardiac 

output; Cr, creatinine; DBP, diastolic blood pressure; DM, diabetes mellitus,  eGFR, estimated glomerular filtration rate; HCM, hypertrophic 

cardiomyopathy;  HFpEF, heart failure with preserved ejection fraction; HF, heart failure; HR, heart rate; LV, left ventricular; MI, myocardial infarction; 

PA, pulmonary artery; PCWP, pulmonary capillary wedge pressure; PP, pulse pressure; PV, pressure-volume; RA, right atrial; RV, right ventricular; 

SBP, systolic blood pressure; SV, stroke volume.
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Phenotype-guided therapeutics 

Unlike HFrEF, no treatment has proven to reduce morbidity and mortality efficiently in 

HFpEF patients (Table 2). Therefore, ESC guidelines only recommend symptom 

alleviation and quality of life improvement [9] by careful titration of  diuretics. According 

to most experts this is due to the heterogeneous nature of HFpEF patients which renders 

a “one size fits all” approach prone to failure. Therefore, according to Silverman et al. a 

phenotype-guided therapy may be beneficial in some groups of HFpEF patients: ACEI may 

be useful to treat hypertension or as renal protection in patients with diabetes mellitus; 

BBs could be used in CAD patients without chronotropic incompetence; Dihydropyridine 

calcium channel blockers could have a specific indication in refractory hypertension, 

while non-dihydropyridine calcium channel blockers could be beneficial in 

tachyarrhythmias; Digoxin may be effective in patients with RV dysfunction; Loop 

diuretics are commonly used to alleviate dyspnoea and exercise intolerance in HFpEF 

more effectively than thiazide diuretics; MRA could be used in synergism with loop 

diuretics or as an alternative to loop diuretic in patients with hypokalaemia and iPDE5 

may be useful in HFpEF patients with RV dysfunction [70].  

Recent data support the beneficial impacts of non-pharmacology therapy (Table 3). The 

CardioMEMS device, that is a wireless implantable haemodynamic monitoring system 

used to daily measurement of pulmonary artery pressures, should be considered in 

patients with NYHA III symptoms with history of frequent HF exacerbations and in 

patients with RV dysfunction and cardiorenal syndrome. Additionally, due to the pro-

inflammatory state of HFpEF patients, lifestyle modifications like caloric restriction and 

exercise training should be reassured in any patient (Table 3) [70]. 
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Phosphodiesterase type 5 inhibitors 

Since the discovery of disturbed NO-cGMP-PKG signalling in the development of 

cardiovascular stiffness in HFpEF, many expectations have been created regarding PDE5i 

(Figure 6)  [12, 71].  However, the results obtained from the RELAX clinical trial in 

patients with HFpEF were discouraging regarding the therapeutic use of PDE5i [72].  A 

total of 216 patients with hypertension, ischemic heart disease, atrial fibrillation, 

diabetes, anaemia, and chronic kidney disease, as major comorbidities, were enrolled in 

this trial, and only patients with a normal ejection fraction (≥50%) were included. They 

had a median age of 69 years and a median BMI of 33 Kg/m2 and 48% were women [72]. 

A median systolic blood pressure of 126 mmHg was measured, and New York Heart 

Association functional class III was observed in 53% of the study population. Sildenafil 

was administered orally at 20 mg, 3 times daily for 12 weeks and then increased to 60 

mg, 3 times daily for further 12 weeks [72]. The primary end point was the change in peak 

oxygen consumption after 24 weeks of therapy. Secondary end points included time to 

death, time to hospitalization for cardiovascular or cardiorenal causes and change in 

heart failure questionnaire from baseline. After 24 weeks of treatment, not significantly 

differences were observed in primary and secondary end points and additionally, quality 

of life, left ventricular remodelling, diastolic function parameters, and pulmonary artery 

systolic pressure remained unchanged.  

However, Guazzi et al, using an HFpEF population with fewer comorbidities and 

significantly higher blood pressure, LV mass, and higher pulmonary artery systolic 

pressure than the patients in the RELAX trial, reported several beneficial effects, including 

improvements in LV relaxation and distensibility, and RV function and dimension. In this 

study a population of 44 patients with an ejection fraction ≥ 50% were used, in a total 

treatment period of 12 months. Also chronic and acute experimental therapy with 

sildenafil in animal models also reduced cardiovascular remodelling and improved 
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diastolic function, respectively [73, 74]. The disappointing results in RELAX trial may be 

attributed to several reasons. The absence of pulmonary hypertension or the concomitant 

presence of chronotropic incompetence in RELAX HFpEF patients could be one of the 

reasons. These findings reinforce the need of clustering and tailored therapeutic 

strategies in clinical and experimental trials using PDE5i.

 

Figure 6 – NO-cGMP-PKG pathway within the cardiomyocyte and classes of drugs that modulate this 
pathway. Cyclic guanosine monophosphate (cGMP) is produced either via cytosolic soluble guanylate cyclase 
(sGC), which is activated by nitric oxide (NO) or by the transmembrane particulate guanylate cyclase (pGC), 
which is activated by the natriuretic peptides (ANP, BNP). Class of NO and nitroxyl donors is displayed by No. 
1. sGC stimulators (No. 2) target only non-oxidised sGC (Fe2+); vice versa sGC activators (No. 3) target 
oxidised sGC (Fe3+) by reactive oxygen species (ROS). Inhibitors of neprilysin (NEP) responsible for ANP and 
BNP breakdown are indicated by No. 4. Phosphodiesterase 5 (PDE5) operates the breakdown of cGMP 
produced by sGC, while PDE9 is responsible for the breakdown of cGMP produced by pGC (No. 5). 5’GMP 
guanosine 5’-monophosphate, Ang-II angiotensin II, Ca 2+ calcium, ECM extracellular matrix, ET-1 
endothelin-1, GTP guanosine triphosphate, HFpEF heart failure with preserved ejection fraction, IC 
intracellular, LTCC L-type calcium channel, P phosphate group, PLB phospholamban, PKG protein kinase G, 
SERCA2a sarco/endoplasmic reticulum Ca2+-ATPase, SR sarco/endoplasmic reticulum, RyR2 ryanodine 
receptor 2, TGF β transforming growth factor β. Figure [adapted] from Netherlands Heart Journal. 2016 
April;24(4):268-274. doi: 10.1007/s12471-016-0814-x.
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Table 2 - Pharmacological clinical trials in HFpEF 

Trial Year Drug Cohort 
Follow 

up 

HFpEF patient type 
Results 

Baseline Characteristics Comorbidities 

  
Beta-blockers  

SWEDIC[75] 2004 Carvedilol 
EF≥40% 
N=113 

6 months 
- Mean‐age 66 years 
- 46% women  
- 53% NYHA II 

- 62% HTN  
- 16% DM  
- 6% IHD  

- Improved E/A ratio  
 

SENIORS [76] 2005 Nebivolol 
EF>35% 
N=752 

21 
months 

- Mean‐age 76 years 
- 62% women  
- 57% NYHA II  
 

- 61% HTN  
- 46% Hyperlipidaemia  
- 34 % AF  
- 27% DM  

- No benefit 

COHERE registry[77] 2007 Carvedilol 
EF≥40% 
N=4280 

1 year 

- Mean‐age 68 years 
- 46% women  
- 56% NYHA II  
 

- 66% HTN  
- 35% DM  
- 34% MI 
- 15% AF  

- No benefit 

OPTIMIZE-HF 
registry[78] 

2009 
All BBs 

(prescribed 
at discharge) 

EF>40% 
N=21149 

90 days 

- Mean‐age 80 years 
- 66% women 
- Mean BMI 30kg/m2 
- Mean SBP 128mmHg 

- 37% DM  
- 33% AF  
- 28% Hyperlipidaemia 
- 14%CKD 

- No benefit 

ELANDD [79] 2012 Nebivolol 
EF>45% 
N=116 

21 
months 

- Mean‐age 67 years 
- 65% women 
- 77% NYHA II 
- Mean BMI 30kg/m2 

- 86% HTN 
- 56% Hyperlipidaemia 
- 21% DM  

- No benefit 

J-DHF [80] 2013 Carvedilol 
EF>40% 
N=245 

3,2 years 
- Mean‐age 72 years 
- 42% women 
- Mean BMI 24kg/m2 

- 80% HTN 
- 48% AF 
- 31% DM  

- Standard doses ↓CV mortality and unplanned 
hospitalizations  

El-Refai et al.[81] 2013 

BB exposure 
(bisoprolol, carvedilol, 
metoprolol, labetalol, 

andatenolol) 

EF≥50% 
N=1835 

2,1 years 

- Mean‐age 71 years 
- 61% women 
 

- 73% HTN 
- 46% DM  
- 30% AF  

- Protective effect in terms of time to death or 
hospitalization 

Swedish Heart 
Failure Registry[82] 

2014 
All BBs 

(prescribed at 
discharge) 

EF>40% 
N=19083 

755 days 

- Mean‐age 78 years 
- 46% women 
- 46% NYHA class II 
- Mean SBP 132 mmHg 

- 58% HTN 
- 52% AF  
- 32%MI 
- 25% DM  

- ↓ all-cause mortality but not with combined 
all-cause mortality or HF hospitalization 

CIBIS-ELD trial[83] 2016 bisoprolol vs carvedilol 
EF≥45% 
N=883 

3 months 

- Mean‐age 73 years 
- 66% women  
- 76% NYHA class II  
- Mean BMI 30kg/m2 
- Mean SBP 146mmHg 
 

- 90% HTN  
- 66% Hyperlipidaemia  
- 33% CAD 
- 27% CKD 
- 23% DM  
- 18% MI 
- 10% AF  

- Bisoprolol and carvedilol were similar in 
tolerability and clinical endpoints  
 

Statin 

Fukuta et al.[84] 
2005 

 
 

Standard HF therapy 
with statin vs without 

statin 

EF≥50% 
N=137 

21 
months 

- Mean-age 65 years 
- 49% women 
- 9% NYHA class > II 
 

- 87% HTN 
- 68%CAD 
- 34% DM 
 

Statin therapy was associated with a 
reduction in mortality 
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Ouzounian et al.[85] 2009 
Standard HF therapy 

with statin vs without 
statin 

EF≥50% 
N=6451 

3,2 years 

- Mean-age 71 years 
- 42% women 
 

- 89%CAD 
- 73% Hyperlipidaemia 
- 61% HTN 
- 56% MI 
- 49% DM 
- 24% AF 
 

- No benefit 

Calcium channel blockers 

Setaro et al.[86] 1990 Verapamil 
EF≥45% 

N=20 
5 weeks 

- Mean-age 68 years 
- 0% women 
 

- 75% HTN 
- 25% CAD 
- 9% DM 
- 4% CKD 

- Improved in an objective clinicoradiographic 
HF score compared with placebo 

Hung et al.[87] 2001 Verapamil 
EF>45% 

N=13 
3 months 

- Mean-age 65 years 
- 39% women 
- Mean SBP 124 mmHg 

 - Improved exercise tolerance, and LV 
diastolic function 

Diuretics  

Hong Kong Diastolic 
Heart Failure [88] 

2008 

Furosemide or thiazide 
 

(1) diuretics alone, (2) 
diuretics plus 

irbesartan, or (3) 
diuretics plus ramipril 

EF≥45% 
N=150 

52 weeks 

- Mean-age 73 years 
- 58% women 
- 70% NYHA class II 
- Mean BMI 27 kg/m2 
- Mean SBP 145 mmHg 
 

- 82% HTN  
- 20% DM 
- 10 % AF 
- 8% Hyperlipidaemia 
 

- Diuretics alone significantly improved 
symptoms 
- Diuretics in combination with irbesartan or 
ramipril marginally improved LV systolic and 
diastolic function 

ALLHAT[89] 2008 
Chlorthalidone vs 

lisinopril 
EF≥50% 
N=404 

12 
months 

- Mean-age 70 years 
- 52% women  
- Mean BMI 32 kg/m2 
- Mean SBP 150 mmHg 

- 51% DM  
 

- ↓ the incidence of new-onset hospitalization  

HYVET[90] 2008 
Indapamide with or 
without perindopril 

EF≥% 
N=3845 

1,8 years 

- Mean-age 84 years 
- 61% women 
- Mean BMI 25 kg/m2 

- Mean SBP 173 mmHg 

- 90% HTN 
- 7% DM 
 

- Indapamide combined with or without 
perindopril showed a significant HF reduction  

ACE inhibitors  

PEP-CHF[91] 2006 Perindopril 
LVEF>45% 

N=850 
1 year 

- Mean-age 75 years 
- 54% women 
- 77% NYHA class I/II 
- Mean BMI 28 kg/m2 

- Mean SBP 138 mmHg 

- 79% HTN 
- 21% DM 
- 19% AF 
 

- ↓HF admissions 
 

Aronow et al. 1993 Enalapril 
EF≥50% 

N=21 
3 months 

- Mean-age 80 years 
- 86% women 
- 100% NYHA class III 
- Mean SBP 126 mmHg 
 

 - Improved E/A ratio 

Angiotensin II receptor blockers  

CHARM[92] 2003 Candesartan 
EF>40% 
N=3023 

36,6 
months 

- Mean-age 75 years 
- 39% women 
- 62% NYHA class II 
- Mean BMI 29 kg/m2 

- Mean SBP 136 mmHg 

- 65% HTN 
- 29% DM 
- 29% AF 
 

- ↓HF hospitalization 
- No mortality benefit 

I-PRESERVE[93] 2008 Irbesartan 
EF≥50% 
N=4128 

2 years 
 

- Mean-age 72 years 
- 59% women 

- 89% HTN 
- 29% AF 

- No benefit 
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 - 77% NYHA class III 
- Mean BMI 30 kg/m2 

- Mean SBP 137 mmHg 

- 28% DM 
 

Angiotensin receptor blocker neprilysin inhibitors  

PARAMOUNT[94] 2012 
Sacubitril/valsartan 

 
EF≥45% 
N=301 

12 and 36 
weeks 

- Mean-age 71 years 
- 57% women 
- 81% NYHA class II 
- Mean BMI 30 kg/m2 

- Mean SBP 136 mmHg 

- 95% HTN 
- 41% DM 
- 40% AF 
- 38% CKD 
- 21% MI 

- LCZ696 reduced NT-proBNP compared with 
valsartan 

PARAGON-HF 2019 
Sacubitril/valsartan 

 
EF≥45% 
N=4822 

35 
months 

- Mean-age 73 years 
- 52% women 
- 78% NYHA class II 
- Mean BMI 30 kg/m2 

- Mean SBP 131 mmHg 

- 96% HTN 
- 44% DM 
- 32% AF 
- 23% MI 
 

- No benefit 

Mineralocorticoid receptor antagonists  

Aldo-DHF[95] 2013 Spironolactone 
EF≥50% 
N=213 

12 
months 

- Mean-age 67 years 
- 52% women 
- 85% NYHA class II 
- Mean BMI 29 kg/m2 

- Mean SBP 135 mmHg 

- 92% HTN 
- 61% hyperlipidaemia 
- 17% DM 
- 6% AF 

- Improved LV diastolic function but did not 
affect maximal exercise capacity, HF 
symptoms, or QoL  
 

TOPCAT[96] 2014 Spironolactone 
EF≥45% 
N=3445 

3,3 years 

- Mean-age 69 years 
- 52% women 
- 63% NYHA class II 
- Mean BMI 31 kg/m2 

- Mean SBP 130 mmHg 
 

- 91% HTN 
- 59% hyperlipidaemia 
- 57%CAD 
- 39%CKD  
- 36% AF 
- 33% DM 

- ↓HFpEF hospitalizations 

STRUCTURE[97] 2016 Spironolactone 
EF≥50% 
N=150 

6 months 

- Mean-age 66 years 
- 88% women 
- 78% NYHA class II 
- Mean BMI 31 kg/m2 

- Mean SBP 131 mmHg 

- 92% HTN 
- 39% DM 

- Improved exercise capacity  
 

Digoxin        

DIG[98] 2006 Digoxin 
EF>45% 
N=987 

37 
months 

- Mean-age 67 years 
- 42% women 
- 59% NYHA class II 

- 62% HTN 
- 50%MI 
- 27% DM 

- No benefit 

Ivabradine  

Kosmala et al.[99] 2013 Ivabradine 
EF≥50% 

N=61 
7 days 

- Mean-age 67 years 
- 77% women 
- Mean BMI 30 kg/m2 

- Mean SBP 130 mmHg 
 

- 90% HTN 
- 40% DM 
 

- Improved exercise capacity and peak 
oxygen uptake 

EDIFY[100] 2017 Ivabradine 
EF≥45% 
N=171 

8 months 
 
 

- Mean-age 72 years 
- 62% women 
- 80% NYHA class II 
- Mean BMI 30 kg/m2 

- Mean SBP 132 mmHg 

- 94% HTN 
- 51%CAD 
- 43% DM 
 

- No benefit 

Phosphodiesterase-5 inhibitors 

RELAX[72] 2013 Sildenafil 
EF≥50% 
N=216 

24 
months 

- Mean-age 69 years 
- 48% women 

- 80% HTN 
- 56% CKD 

- No benefit 
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AF, atrial fibrillation; BB, beta-blockers; BNP, B-type natriuretic peptide; BMI, body mass index; CAD, coronary artery disease; CKD, chronic kidney 

disease; CV, cardiovascular; DM, diabetes mellitus;  E/A, ratio of the early (E) to late (A) ventricular filling velocities; EF, ejection fraction; HFpEF, heart 

failure with preserved ejection fraction; HF, heart failure; HTN, hypertension; IHD, ischemic heart disease; LV, left ventricular; MI, myocardial 

infarction; NYHA, New York Heart Association; PAP, pulmonary artery pressure; QoL, quality of life; RV, right ventricular; SBP, systolic blood pressure; 

- 53% NYHA class III 
- Median BMI 33 kg/m2 

- Median SBP 126 mmHg 

- 52% AF 
- 42%IHD 
- 42% DM 

Guazzi et al[101] 2011 Sildenafil 
EF≥50% 

N=44 
1 Year 

- Mean-age 73 years 
- 23% women 
- Mean BMI 32 kg/m2 

- Mean SBP 153 mmHg 

- 100% HTN 
- 18% DM 
 

- improved pulmonary pressure and 
vasomotility, RV function and dimension, LV 
relaxation and distensibility and lung 
interstitial water metabolism 

Soluble guanilate cyclase stimulators 

SOCRATES-
PRESERVED[102] 

2017 
Vericiguat, 
riociguat 

EF≥45% 
N=477 

12 weeks 

- Mean-age 73 years 
- 48% women 
- 45% NYHA class III/IV 
- Mean BMI 30 kg/m2 

- Mean SBP 133 mmHg 

- 91% HTN 
- 41% CKD 
 

- Improved QoL 

Exogenous nitrates  

NEAT-HFpEF[103] 2015 
Isosorbide 

mononitrate 
EF≥50% 
N=110 

1,8 years 

- Mean-age 69 years 
- 49% women 
- 51% NYHA class III 
- Mean BMI 36 kg/m2 

- Mean SBP 129 mmHg 
 

- 88% HTN 
- 63%IHD 
- 43% DM 
- 42% CKD 
- 37% AF 

- No benefit 

Borlaug et al.[104] 2016 Inhaled sodium nitrite 
EF≥50% 

N=26 
5 min 

- Mean-age 67 years 
- 46% women 
- Mean BMI 33 kg/m2 

- Mean SBP 149 mmHg 

- 77% HTN 
- 54%CAD 
- 31% DM 

- Reduced biventricular filling pressures and 
pulmonary artery pressures at rest and during 
exercise 

Zamani et al.[105] 2017 
Oral KNO3 vs potassium 

chloride 
EF≥50% 

N=12 
1 week 

- Mean-age 63 years 
- 67% women 
- 89% NYHA class II 
- Mean BMI 33 kg/m2 

 

- 100% HTN 
- 78% Hyperlipidaemia 
- 56% DM 
- 33%CAD 
- 0% AF 

- Improved exercise duration and QoL 

INDIE-HFpEF[106] 2018 Inhaled inorganic nitrite 
EF≥50% 
N=100 

4 weeks 

- Mean-age 68 years 
- 68% women 
- 51% NYHA class III 
- Mean BMI 36 kg/m2 

- Mean SBP 130 mmHg 
 

- 81% HTN 
- 72% Hyperlipidaemia 
- 68%IHD 
- 45% AF 
- 38% DM 
- 23% CKD 

- No benefit 
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Table 3 - Non-pharmacological clinical trial interventions in HFpEF 

Trial Year Intervention Cohort 
Follow 

up 

HFpEF patient type 
Results 

Baseline Caracteristics Comorbidities 

 

Calorie restriction or exercise training 

Gary et al[107] 2004 

Exercise training 

Home-based 

Walking sessions 

EF>45% 

N=32 
12 weeks 

- Mean‐age 67 years 

- 33% women  

- 63% NYHA class III 

- Mean BMI 35 kg/m2 

- 88% HTN  

- 19% IHD 

- 19% DM 

 

- Improved 6MWD, QoL and depression 

scores 

PARIS[108] 2010 
Exercise training 

Cycling 3x/wk 

EF≥50% 

N=53 
16 weeks 

- Mean‐age 70 years 

- 83% women  

- 79% NYHA II  

- Mean BMI 30 kg/m2 

- Mean SBP 145 mmHg 

- 87% HTN  

- 8% DM  

- ↑ peak and submaximal exercise 

capacity 

Ex-DHF trial[109] 2011 
endurance training 

Cycling 2x/wk 

EF≥50% 

N=64 
3 months 

- Mean‐age 64 years 

- 55% women  

- 80% NYHA II  

- Mean BMI 31 kg/m2 

- Mean SBP 140 mmHg 

- 86% HTN  

- 46% Hyperlipidaemia 

- 16% DM 

 

- Improved exercise capacity and QoL scores 

Smart et al[110] 2012 

Exercise training 

Cycle ergometer  

3x/wk 

EF>45% 

N=25 
16 weeks 

- Mean‐age 67 years 

- 42% women  

- 50% NYHA I/II  

- Mean BMI 31 kg/m2 

- Mean SBP 130 mmHg 

- 17% HTN  

- 17% DM 

 

- ↑peak �̇�O2 

Alves et al,[111] 2012 

Treadmill or bicycle 

ergometer 

3x/wk 

EF>55% 

N=31 
6 months 

- Mean‐age 63 years 

- 29% women  

- 55% NYHA class III 

- Mean BMI 28 kg/m2 

- 68% HTN  

- 35% DM 

- 32% MI 

- 3% AF 

- ↑exercise tolerance,  

- Improved cardiac systolic and diastolic 

function  

PARIS-II[112] 2013 

Exercise training 

Walking, arm and leg 

ergometry 

3x/wk 

EF≥50% 

N=63 
16 weeks 

- Mean‐age 70 years 

- 72% women  

- 53% NYHA III  

- Mean BMI 32 kg/m2 

- Mean SBP 146 mmHg 

- 94% HTN  

- 28% DM 
- ↑ peak �̇�O2 and 6MWD 

Angadi et al[113] 2015 

Exercise training 

high-intensity interval 

treadmill training 

3x/wk  

EF>45% 

N=9 
4 weeks 

- Mean‐age 69 years 

- 11% women  

- NYHA class II/III 

- Mean BMI 30 kg/m2 

- Mean SBP 134 mmHg 

- 44% DM 

 
- ↑ peak �̇�O2 

- Improved diastolic dysfunction 

SECRET-1[114] 2016 

Caloric Restriction or 

Aerobic Exercise 

(Walking exercise 

3x/wk) 

EF≥50% 

N=100 
20 weeks 

- Mean‐age 67 years 

- 80% women  

- 53% NYHA II 

- Mean BMI 40 kg/m2 

- Mean SBP 137 mmHg 

- 94% HTN  

- 41% DM  

- 2% AF  

- ↑ exercise capacity and QoL 

- benefit was greatest for calorie restriction 

Fu et al[115] 2016 Exercise training EF≥50% 12 weeks - Mean‐age 61 years - 83% HTN  - ↑ Peak �̇�O2 and QoL 
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Bicycle ergometer 

3x/wk 

N=30 - 33% women  

- NYHA class II/III 

- Mean BMI 31 kg/m2 

- Mean SBP 138 mmHg 

- 77% CAD 

- 63% DM 

- 50% Hyperlipidemia 

 

- Improved diastolic function  

 

CardioMEMs sensor 

CHAMPION[116] 2011 

Wireless implantable 

haemodynamic 

monitoring system 

daily measurement of 

pulmonary artery 

pressures 

EF≥40% 

N=270 
6 months 

- Mean‐age 61 years 

- 28% women  

- NYHA class III 

- Mean BMI 31 kg/m2 

- Mean SBP 121 mmHg 

- 77% HTN  

- 67% CAD 

- 48% DM 

- 44% AF 

- 28% COPD 

- 20% CKD 

- ↓ hospitalization  

 

Transcatheter interatrial shunt device 

REDUCE LAP-HF[117] 2016 

transcatheter interatrial 

shunt device to reduce 

LA pressure 

EF>40% 

N=64 
6 months 

- Mean‐age 69 years 

- 66% women  

- 72% NYHA class II 

- Mean BMI 33 kg/m2 

- 81% HTN  

- 36% CAD 

- 33% DM 

- 36% AF 

- ↓PCWP during exercise 

REDUCE LAP –HF I 

[118] 
2018 

transcatheter interatrial 

shunt device to reduce 

LA pressure 

EF≥40% 

N=44 
1 month 

- Mean‐age 70 years 

- 36% women  

- 100% NYHA class III 

- Mean BMI 35 kg/m2 

- Mean SBP 131 mmHg 

 

- 82% HTN 

- 73% Hyperlipidemia  

- 55% DM 

- 55% AF 

- 23% MI 

- 14% COPD 

- ↓ PCWP during exercise 

Adaptive servo-ventilation 

Yoshihisa et al[119] 2013 
Adaptive servo‐

ventilation 

EF≥40% 

N=36 
6 months 

- Mean‐age 64 years 

- 11% women  

- 67% NYHA class II 

- Mean BMI 25 kg/m2 

 

- 72% HTN 

- 44% Hyperlipidemia  

- 33% DM 

- 39% AF 

- 28% IHD 

- Improved NYHA class, LA volume, BNP, 

diastolic function 

- ↓ CV events or hospitalization 

CAT HF[120] 2017 
Adaptive servo‐

ventilation 

EF>45% 

N=126 
6 months 

- Mean‐age 61 years 

- 25% women  

- 51% NYHA class III 

- Mean BMI 32 kg/m2 

 

- 80% HTN 

- 54% DM 

- 41% AF 

- 40% IHD 

- 19% COPD 

- ↓CV hospitalizations 

- ↑6MWD 

AF, atrial fibrillation; BB, beta-blockers; BNP, B-type natriuretic peptide; BMI, body mass index; CAD, coronary artery disease; CKD, chronic kidney 

disease; COPD, chronic obstructive pulmonary disease; CV, cardiovascular; DM, diabetes mellitus; EF, ejection fraction; HFpEF, heart failure with 

preserved ejection fraction; HF, heart failure; HTN, hypertension; IHD, ischemic heart disease; LA, left atrium; LV, left ventricular; MI, myocardial 

infarction; NYHA, New York Heart Association; PCWP, pulmonary capillary wedge pressure; QoL, quality of life; SBP, systolic blood pressure; �̇�O2, 

oxygen consumption; 6MWD, 6 minutes’ walk distance.
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1.3 The search for the perfect animal model 

Part of the knowledge gap in HFpEF is due to the lack of suitable animal models. Several 

animal models have been described as HFpEF models, but none of them was able to 

recapitulate all the clinical features of this complex and heterogeneous syndrome (Table 

4). Most importantly, many experimental models are proposed to be HFpEF models 

without clear documentation of effort intolerance or lung congestion. It is crucial to 

establish minimum criteria to define an animal model as a suitable HFpEF model. 

Moreover, since the HFpEF syndrome is heterogeneous, a single animal model may never 

encompass the full spectrum of HFpFE. Preclinical research should follow the same 

pheno-group strategy proposed for clinical trials. Therefore, distinct animal models may 

mimic particular subgroups of HFpEF patients according to their predominant features. 

In this work, I propose a classification based on the associated comorbidities of the animal 

models, a similar approach used by Shah et al. in the aetiologic/pathophysiologic 

classification [66]. 

Hypertensive Phenotype 

Hypertension is the most common comorbidity involved in both the pathogenesis and 

prognosis of HFpEF. Some animal models proposed as HFpEF models have systemic 

arterial hypertension as the main driver in pathogenesis, namely the Dahl salt-sensitive 

(DSS) rat and the aldosterone-infused uninephrectomized mouse. 

DSS rat is a mutant strain that was selectively bred from Sprague-Dawley presenting 

severe hypertension [102]. While taking high-salt diet, the DSS rats developed renal 

failure, severe hypertension, LV hypertrophy and increased lung weight, which may lead 

to HFpEF [103-105]. Myocardial fibrosis is a distinctive feature. This animal model 

exhibits a very high value of systolic blood pressure and additionally, due to a continued 
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salt administration, there is progression to HFrEF [78]. Some authors have questioned 

the utility as HFpEF model precisely because there is progression to HFrEF and because 

many of the changes in myocardial physiology are not due to intrinsic stiffening of the 

myocardium but rather to changes in sodium and water balance [121]. 

Eight-week C57BL/6J old mice after an uninephrectomy, d-aldosterone infusion and 1% 

saline intake for 4 weeks, develop hypertension, LV hypertrophy, fibrosis, diastolic 

dysfunction and an HFpEF phenotype [122]. Aldosterone also induces a proinflammatory 

response, increase myocardial natriuretic peptide expression, pulmonary congestion and 

an impaired exercise capacity in these mice, which constitutes important biomarkers of 

clinical HFpEF [123]. At the molecular level, they also present an increase myocardial 

oxidative stress, a reduce sarcoplasmic reticulum Ca(2+)–adenosine triphosphatase 

expression, together with a reduce protein kinase A (PKA) and Ca2+/calmodulin-

dependent protein kinase II (CAMKII)-dependent phosphorylation of phospholamban 

[124].  

Metabolic Risk Phenotype 

HFpEF has a high prevalence of metabolic comorbidities, namely obesity and diabetes. 

Several animal models fit into this group but only 3 will be highlighted.  

The leptin-deficient obese and type 2 diabetic db/db and ob/ob mice [125, 126] develop 

myocardial hypertrophy, with diastolic dysfunction that progresses to overt HF despite 

preserved ejection fraction at the earlier stages of disease[127-129]. Db/db mice also 

show exercise intolerance at 12 weeks of age with clear evidence of pulmonary 

congestion and elevated BNP levels [130-132]. Thus, these models mimic several clinical 

aspects of HFpEF and are valuable to explore the combined contribution of obesity and 

type 2 diabetes in mice. Nevertheless, progression to reduced ejection fraction has been 

documented.   
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The DSS obese rat is a metabolic syndrome model derived from crossing the 

aforementioned DSS rats and Zucker rats.  DSS obese rats develop a phenotype similar 

to human metabolic syndrome, with obesity, hypertension, dyslipidaemia and type 2 

diabetes [133, 134]. In addition, they present cardiac hypertrophy, as well as renal and 

liver damage. At 15 weeks of age, female DSS obese rats with LV diastolic dysfunction 

marked LV hypertrophy and fibrosis, as well as increased cardiac oxidative stress and 

inflammation [133, 134].  

The diabetic Zucker fatty/spontaneously hypertensive HF F1 hybrid (ZSF1) model was 

developed by crossing lean female Zucker diabetic fatty rat (+/fa) and lean male 

spontaneously hypertensive HF rat (+/facp)  thus generating a crossbreed with compound 

heterozygotes for leptin receptor mutations (fa and facp) [135]. The first description of 

this model was made in 2000 by Tofovic et al. as a renal failure model at 46 weeks of age. 

ZSF1 obese rat model displays metabolic syndrome with hypertension, obesity, type 2 

diabetes, hyperinsulinemia, insulin resistance and dyslipidaemia. have shown that these 

cardiometabolic risk features herald LV diastolic dysfunction consistent with HFpEF at 

20 weeks of age with elevated E/e′, LA enlargement, high LV diastolic chamber and 

cardiomyocyte stiffness, oxidative stress and microvascular inflammation despite  

preserved global LV systolic function, , which resemble clinical features of many HFpEF 

patients [8, 33]. Of note, we have clearly demonstrated that this animal model shows 

effort intolerance and decreased �̇�𝑂2max and on an extended follow-up neither our 

group nor Tofovic reported progression to reduced ejection fraction. 

Elderly Phenotype 

HFpEF is predominantly seen in elderly patients with multiple comorbidities. However, 

ageing is the most challenging feature to be addressed by animal models. Rats have a short 

lifespan and all of the aforementioned models are develop in adult but not elderly animals, 

Two animal models mimic HFpEF development in the elderly. 
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The Fisher 344 rat mirrors the pathophysiology of ageing in the heart and other organs 

[136]. Between 22 and 30 months of age, this rat develops diastolic dysfunction with 

decreased LV compliance and impaired LV relaxation [137-141]. Pulmonary congestion 

is apparent at 25 months of age with a modest decline in the LV systolic function, as well 

as exercise intolerance [138, 142].  

The spontaneous senescence prone (SAMP8) mouse is also an ageing model that shows 

accelerated senescence and age-related pathological phenotypes, while its senescence-

resistant (SAMR1) control  strain shows normal aging [143]. At 6 months of age, SAMP8 

exhibited reduction of transmitral flow, increased EDPVR with normal ejection fraction. 

Transforming growth factor beta overexpression with cardiac hypertrophy and fibrosis 

seems to be the underlying mechanism[144]. 
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Table 4 - HFpEF animal models. 

Model  Ref. Species Etiology Hypertension/ 

hypertrophy 

Metabolic 

risk 

Na+/H2O 

retention 

Aging Cardiac features EF↓ Other features 

Dahl salt-sensitive  [121, 145-

147] 

Rats Multifactorial 

genetic + 

environment 

Yes Yes, IR Yes Yes ↓ Relaxation, ↑ EDPVR in 

vivo, fibrosis, ED 

Yes ↑ Lung weight, ↑ BNP, SkM 

fatigue 

Dahl salt-sensitive 

obese  

[133, 134] Rats Multifactorial 

genetic + 

environment 

Yes Yes, 

obesity, IR 

Yes ND Disturbed TMF, fibrosis Yes ↑ BNP 

ZSF1 obese  [8, 148-

151] 

Rats Multifactorial 

genetic 

Yes Yes, 

obesity, 

DM, MS 

Yes ND ↓ Relaxation, ↑ EDPVR in 

vivo, stiff CMs, no 

fibrosis 

No ↑ Lung weight, ↓ effort 

tolerance, ↓ �̇�O2max, ↓ AT 

SHR and SHR-

related  

[152-154] Rats Multifactorial 

genetic 

Yes No Likely Yes ↓ Relaxation, ↑ EDPVR in 

vivo, fibrosis 

Yes ↑ BNP 

SHR-obese  [155] Rats Multifactorial 

genetic 

Yes Yes, 

obesity, IR 

Yes Yes Fibrosis No ↑ BNP 

SHHF  [156] Rats Multifactorial 

genetic 

Yes No Likely Yes Fibrosis, disturbed TMF Yes Signs of HF 

OLETF  [157-160] Rats Genetic + 

environment 

No hypertension, 

hypertrophy 

Yes, 

obesity, DM 

Yes Yes ↓ Relaxation, ↑ EDPVR ex 

vivo, disturbed TMF, 

fibrosis 

ND ND 

5/6 nephrectomy  [161] Rats Surgical Yes No Yes Yes ↓ Relaxation, ↑ EDP, 

fibrosis, ↑ LA size 

No ↑ Lung weight, ↑ BMP 

Uninephrectomy + 

DOCA-salt  

[162] Rats Surgical + 

environment 

Yes, fast 

hypertrophy 

No Yes No ↓ Relaxation, ↑ EDPVR ex 

vivo, fibrosis 

No ND 

TG (mRen-2)27 + 

STZ + insulin  

[163] Rats Genetic + 

pharmacologic 

Yes Yes, DM Yes ND ↓ relaxation, ↑ EDPVR ex 

vivo, fibrosis 

ND ND 

Female mRen(2) 

Lewis rat + salt + 

oophorectomya 

[164] Rats Genetic + surgical + 

environment 

Yes ND Yes No Disturbed TMF, ↑ E/E´, 

fibrosis 

ND ND 

ZDF  [165, 166] Rats Genetic + 

environment 

No Yes, 

obesity, IR, 

Yes Yes ↓ Relaxation, ↑ EDPVR in 

vivo, fibrosis 

No ↓ SkM strength, shift in SkM 

fibre type 
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DM 

SAMP8 mice  [144, 167] Mice Genetic No ND ND Yes ↑ EDPVR in vivo, 

disturbed TMF, ↑ E/E´, 

fibrosis 

No ↓ Exercise tolerance 

Fisher 344 [138] Rats Genetic Yes ND ND Yes ↓ relaxation, fibrosis, ↓ 

septal E’, ↑IVRT 

No Lung congestion,  

↓ Exercise tolerance 

CM-specific Bmal1 

deletion  

[168] Mice Genetic Hypertrophy ND ND Yes Disturbed TMF, fibrosis Yes ND 

Uninephrectomy + 

aldosterone + salt  

[122, 124] Mice Surgical + 

environment 

Yes No Yes No ↑ E/E´, fibrosis Nd ↑ Lung weight, ↑ NP 

↓ Exercise capacity 

db/db (leptin 

receptor 

deficiency)  

[8, 125, 

130, 131] 

Mice Genetic No hypertension, 

late hypertrophy 

Yes, 

obesity, IR, 

DM 

Yes Yes ↓ Relaxation, ↑ EDPVR ex 

vivo, late fibrosis 

Yes Lung remodelling, 

↓ Exercise tolerance 

Phosphorylation-

deficient cMyBP C  

[169] Mice Genetic No No No No ↓ relaxation, ↑ E/E´, ↑ 

EDPVR in vivo 

Yes ↓ Voluntary exercise 

Titin Ig-like domain 

KO  

[170] Mice Genetic No hypertension, 

late hypertrophy 

No ND Yes ↑ EDPVR in vivo and ex 

vivo, no fibrosis 

Yes ↓ Exercise tolerance 

ob/ob  [129, 171] Mice Genetic 

(leptin deficiency) 

No hypertension, 

hypertrophy 

Yes, 

obesity, IR, 

DM 

ND Yes Disturbed TMF Yes ND 

Prohypertrophic 

agents, e.g. 

angiotensin II  

[172, 173] Mice, rats Pharmacological Yes No Likely ND ↓ Relaxation, ↑ EDPVR in 

vivo, fibrosis, 

Yes ↑ NP 

Aortic banding  [174-177] Mice, rats, 

pigs, dogs 

Surgical No hypertension, 

fast hypertrophy 

No Likely ND ↓ Relaxation, ↑ EDPVR in 

vivo, fibrosis 

Yes Lung congestion 

Renal wrapping in 

old animals  

[74, 178-

183] 

Dogs, pigs, 

primates 

Surgical Yes No Yes Yes ↓ Relaxation, ↑ CM 

stiffness, fibrosis 

No ND 

Renal wrapping in 

old animals + DOCA  

[184] Dogs Surgical + 

pharmacological 

Hypertension, 

hypertrophy, 

No Yes Yes ↓ Relaxation No ND 

Repeated coronary 

microembolization  

[185] Dogs Catheter 

intervention 

No No Yes ND ↑ EDP, inconsistent 

changes in 

EDPVR/relaxation, 

Variable ↑ BNP, signs of stable HF 

(rales, weight loss, ascites) 
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fibrosis 

DOCA + WD  [186] Pigs Pharmacological + 

environment 

Slight 

hypertension, 

hypertrophy 

Yes Yes ND ↑ EDPVR in vivo, no 

fibrosis 

No Asymptomatic, ↓ response to 

high-frequency 

pace/dobutamine 

 

AT, anaerobic threshold; Bmal1, aryl hydrocarbon receptor nuclear translocator like; BNP, type-B natriuretic peptide; CM, cardiomyocyte; DM, 

diabetes mellitus; ED, endothelial dysfunction; EDP, end-diastolic pressure; EDPVR, end-diastolic pressure–volume relationship; E/E’, ratio between 

peak velocity of early TMF Doppler and peak velocity of early mitral annulus displacement by tissue Doppler; DOCA, deoxycorticosterone acetate; HF, 

heart failure; Ig, immunoglobulin; IR, insulin resistance; KO, knock-out; m(ren-2), murine Ren-2 gene; LA, left atrial; MS, metabolic syndrome; MyBP 

C, myosin-binding protein C; ND, not determined; NP, natriuretic peptides; OLETF, Otsuka Long-Evans Tokushima Fatty rat; SAMP8, Senescence 

Accelerated Mouse-Prone 8 line; SHHF, spontaneously hypertensive heart failure prone rat; SHR, spontaneously hypertensive rat; SkM, skeletal 

muscle; STZ, streptozotocin; TG, transgenic; TMF, transmitral flow; 𝑉̇O2max, maximum O2 consumption; WD, western diet; ZDF, Zucker diabetic fatty; 

ZSF1, first-generation hybrid crossing between Zucker diabetic fatty female and spontaneously hypertensive heart failure prone male. aOnly model 

that addresses post-menopause in females. Table [adapted] from Eur J Heart Fail. 2018 Feb;20(2):216-227. doi: 10.1002/ejhf.1059. Epub 2017 Nov 

16. 
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2. Aims 

The key issues addressed by the current dissertation are (I) to assess new and poorly 

investigated pathophysiological mechanisms in HFpEF, (II) to investigate screening or 

diagnostic tools that may enable earlier detection of HFpEF and (III) to test new 

therapeutic approaches in HFpEF in the preclinical scenario. To achieve these general 

goals, we aim to: 

- explore diastolic function response to sudden single-beat isovolumic afterload 

elevation in ZSF1 obese and ascertain the potential role of afterload-induced 

diastolic dysfunction; 

- characterise central arterial remodelling and dysfunction in ZSF1 obese rats and 

compare it with hypertensive ZSF1 lean rats and healthy Wistar-Kyoto (WKY) 

controls; 

- describe ZSF1 diastolic response to increased afterload, preload and HR achieved 

by phenylephrine infusion, Trendelenburg positioning and dobutamine infusion, 

respectively, and correlate haemodynamic stress changes with simultaneously 

acquired echocardiographic indexes in vivo; 

- characterise the effects of chronic therapy with sildenafil in ZSF1 obese rat
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3. Results  

The results of this dissertation will be presented as published articles: 

3.1. Underlying mechanisms  

I. Afterload-induced diastolic dysfunction contributes to high filling 
pressures in experimental heart failure with preserved ejection 
fraction.  

Leite, S., Rodrigues, S., Tavares-Silva, M., Oliveira-Pinto, J., Alaa, M., Abdellatif, M., 
Falcão-Pires, I., Gillebert, T.C., Leite-Moreira, A.F., Lourenço, A.P. Am J Physiol Heart 
Circ Physiol, 2015. 309(10): p. H1648-54. Doi:10.1152/ajpheart.00397.2015 

 

II. Arterial remodeling and dysfunction in the ZSF1 obese rat model of 
heart failure with preserved ejection fraction  

Leite, S.*, Cerqueira, R.*, Ibarrola, J.*, Fontoura, D., Fernández-Celis, A., Zannad, F., 
Falcão-Pires, I., Paulus, WJ., Leite-Moreira, AF., Rossignol, P., López-Andrés, N., 
Lourenço, AP. Circ Heart Fail, 2019. 12(7): p. e005596. Doi: 
10.1161/CIRCHEARTFAILURE.118.005596. 

 

3.2. Early diagnostic tools  

I. Echocardiography and invasive hemodynamics during stress testing for 
diagnosis of heart failure with preserved ejection fraction: an 
experimental study.  

Leite, S., Oliveira-Pinto, J., Tavares-Silva, M., Abdellatif, M., Fontoura, D., Falcao-Pires, 
I., Leite-Moreira, A.F., Lourenço, A.P. Am J Physiol Heart Circ Physiol, 2015. 308(12): 
p. H1556-63.doi:10.1152/ajpheart.00076.2015. 

 

3.3. Therapeutic approaches  

I. Chronic Sildenafil therapy in the ZSF1 obese rat model of metabolic 
syndrome and heart failure with preserved ejection fraction 

Leite, S.*, Moreira-Costa, Liliana*, Cerqueira, R., Vasques-Nóvoa, Francisco., Leite-
Moreira, AF., Lourenço, AP. Submitted to Journal of Cardiovascular Pharmacology and 
Therapeutics
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II. Arterial remodeling and dysfunction in the ZSF1 obese rat model of heart failure 
with preserved ejection fraction 
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4. Discussion 

4.1 Underlying mechanisms 

With the experimental data included in this dissertation we demonstrated, firstly, that 

delayed relaxation during sudden imposed afterload partly explains EDP elevation and is 

a likely contributor to effort intolerance and lung congestion during cardiovascular stress 

in the form of pressure overload, and, secondly, that central arterial remodelling and 

dysfunction may dictate increased aortic impedance, decreased compliance and systolic 

wave reflection thus contributing to dynamic afterload as an important driver mechanism 

for myocardial remodelling and dysfunction in  HFpEF pathophysiology.  

Delayed relaxation during pressure challenge is an important contributor to lung congestion 
and effort intolerance  

We demonstrated that sudden single-beat isovolumic elevations of afterload delay 

relaxation and shorten the time available to relax, which is an important mechanism of 

EDP rise in ZSF1 obese rat (Figure 7).  

Previous works with this experimental setup have mainly been conducted on healthy 

rabbits and dogs [187, 188]. With this work we also further extend the role of afterload-

induced diastolic dysfunction to the setting of HFpEF using a gold-standard volume 

assessment with pressure-volume (PV) catheters. In contrast to healthy WKY controls 

and hypertensive ZSF1 lean controls, ZSF1 obese showed delayed relaxation, as assessed 

by τ and time to maximum rate of pressure fall which led to insufficient time to relax, 

incomplete relaxation and high residual EDP (Figure 7). In an open-thorax preparation, 

independently of LV myocardial diastolic stiffness, a single isovolumic beat raised EDP on 

average from 13 to 20 mmHg. We know that diastolic dysfunction refers to disturbances 

in LV stiffness and LV relaxation [189]. Perez Del Villar et al.[190], using handgrip 
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exercise to induce acute hypertension transients, described acute chamber stiffness, 

beyond incomplete relaxation, as a major mechanism responsible for rising EDP during 

acute increases in afterload in HFpEF patients. Additionally, whether delayed relaxation 

during exercise or afterload elevation can lead to EDP elevation per se is an uncertain 

issue. Westermann et al. [191] compared the response to handgrip exercise in HFpEF 

patients and control subjects and reported that despite similar rises in systolic blood 

pressure up to 179 mmHg, EDP rose from 15 to 24 mmHg in HFpEF patients, while no 

changes were observed from the 6 mmHg baseline in control subjects. Curiously, and 

although no significant changes were reported for EDV, the authors attributed the rise in 

EDP to the steeper EDPVR in HFpEF. Our experimental results with isovolumic beats 

clearly indicate that the rise in EDP can be attributed neither to steeper EDPVR nor to 

increased EDV or increased stiffness. Indeed, in order to achieve EDPs of 20 mmHg, ZSF1 

obese would require an important increase in EDV, which was clearly ruled out by the 

conductance methodology. According to our multivariate analysis, relaxation 

disturbances clearly influenced EDP to a larger extent than chamber stiffness itself. 

Finally, the results in isovolumic beats were obtained under constant (HR); increasing HR 

during exercise will predictably enhance the effects of afterload-induced diastolic 

dysfunction. Although isovolumic pressure challenge has no clinical counterpart, the 

results from our proof-of-concept work underscore the role of sudden pressure challenge 

(e.g. during handgrip or isometric exercise) during effort or psychological, environmental, 

pharmacological and other forms of acute cardiovascular stress, as a mechanism of acute 

decompensation in a stiff high-gain and poor-reserve ventricular-arterial system such as 

HFpEF. The pathophysiology of effort intolerance in HFpEF is multifarious, but delayed 

relaxation elicited by sudden pressure challenge may importantly contribute to elevate 

EDP and cause an HFpEF patient to become symptomatic, as proposed by Borlaug et al. 

[18]. Beyond load and ventricular stiffening, many cellular and molecular determinants 

are likely to contribute to impaired relaxation in HFpEF. Changes in protein kinase G 
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(PKG) activity [192], changes in myofilament composition, namely titin [193], as well as 

disturbances in calcium kinetics [194] may justify disturbed cross-bridge detachment and 

relaxation kinetics. Relaxation is dependent on both cross-bridge detachment and 

calcium kinetics, and impaired PKG signalling that has been reported in HFpEF patients 

[192] may be involved not only in titin hypophosphorylation but also in increased calcium 

sensitivity of the myofilaments and slow cross-bridge detachment [195]. Moreover, 

impaired myocardial bioenergetics may also be involved in delayed relaxation, as 

observed in HFpEF patients [196]. All of the aforementioned mechanisms that are already 

disturbed at baseline, explaining delayed relaxation in HFpEF, will likely exacerbate load-

induced slowing of relaxation in HFpEF, although their relative contribution and that of 

other potential molecular determinants remain to be established. Finally, although 

contractility indexes such as end-systolic elastance (Ees) and maximum rate of pressure 

rise suggest hypercontractility in ZSF1 obese, preload-recruitable stroke work, which is 

not confounded by the size and geometry of the LV, was unaltered (Figure 7). Accordingly, 

we have previously demonstrated that relaxation and contractility are closely related in 

sudden pressure challenge [197], and subtle impairment of systolic function has been 

shown in HFpEF patients particularly during effort [198]. As proposed by Borlaug et al. 

[199], the inability to enhance contractility upon imposed afterload may limit CO reserve 

during effort and contribute to effort intolerance. In conclusion, in a highly controlled 

experimental setup that assesses the interplay between afterload, relaxation and filling in 

the intact heart, we have demonstrated in the ZSF1 obese model of metabolic syndrome 

and HFpEF that acutely imposed afterload delays relaxation to the extent that it impacts 

on end-diastole (Figure 7). As shown by our experimental observations, incomplete 
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relaxation and build-up of residual EDP may contribute to high filling pressures and lung 

congestion during hypertensive stress in HFpEF (Figure 7). 

 

Central arterial remodelling and dysfunction as an important player in the development of 
HFpEF  

We newly report vascular function disturbances and remodelling during the progression 

from systemic arterial hypertension to HFpEF in the ZSF1 obese rat model. While ZSF1 

lean hypertensive rats already show stiffer aortas, increased characteristic aortic 

impedance, heightened response to 2-agonist phenylephrine and incipient molecular 

Figure 7 – Mechanisms responsible for delayed relaxation during pressure challenge in experimental HFpEF. AL, 
afterload; dP/dtmin, maximum rate of pressure fall; EDP, end-diastolic pressure; EDVi, end-diastolic volume indexed to body 
surface area; HR, heart rate; PRSW, preload-recruitable stroke work; TAR, time available to relax; βi, chamber stiffness 
constant for indexed volumes; τ, time constant of isovolumic relaxation. This figure was created using Servier Medical Art 
templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com. 
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features of vascular remodelling, ZSF1 obese HFpEF rats further present decreased aortic 

compliance, pronounced wave reflection, and impaired direct NO donor-mediated and 

endothelium-mediated vasodilation (Figure 8). ZSF1 obese rats also distinctively show 

medial aortic thickening, higher collagen content, upregulation of fibronectin and integrin 

−5, as well as overexpression of transforming growth factor (TGF)- and connective 

tissue growth factor (CTGF), suggesting that central vascular remodelling is an important 

contributor to the transition from systemic hypertension to HFpEF (Figure 8).  

Accelerated vascular ageing due to comorbidities such as arterial hypertension, obesity 

and diabetes has been postulated as a contributor to HFpEF pathophysiology, but our 

work in ZSF1 obese rats is the first original clear demonstration of the phenomenom. 

Lifelong cyclic mechanical strain combined with cardiovascular risk factors, promotes 

large elastic artery thickening by way of collagen deposition and structural disarray of 

elastin fibres [72, 200] leading to loss of aortic elastic recoil. Central arterial remodelling 

seems to be exaggerated in HFpEF since incremental wall-thickening cannot be explained 

by ageing or comorbidities alone [201]. Obese ZSF1 animals showed aortic wall 

remodelling was characterised by increase in media cross-sectional area and wall 

thickness. These morphological alterations were accompanied by increased ECM proteins 

deposition (mainly collagen type I and fibronectin) in the absence of elastin modifications, 

supporting increased arterial stiffness in the obese animals, a change which is known to 

be predictive of increased cardiovascular mortality [72]. The mechanotransduction 

pathway that leads to vascular remodelling in HFpEF is yet to be established. Two 

pathways are supported by the current work. Firstly, stretch-induced paracrine pathways 

involving TGF-β and CTGF lead to collagen and total protein synthesis [200] (Figure 8). 

Secondly, integrins, the key sensing mechanotransduction elements within vessels at the 

interface between ECM and cells, interact with the fibronectin network determining 

arterial stiffness, with a particular role attributed to fibronectin-α5 integrin complexes 

[201, 202] (Figure 8). Fibronectin is one of the first ECM proteins to be expressed around 
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the vasculature and is essential for cardiovascular development [203]. Assembly of 

fibronectin occurs predominantly through the binding of the heterodimeric cell surface 

adhesion receptor integrin α5β1. α-5 integrin also plays a key role in the development of 

the vasculature [204]. Indeed, integrin α-5 KO mice die at E10.5 with severe vascular 

defects [205]. 

An unexpected finding was decreased vascular MMP levels in ZSF1 obese rats, which was 

confirmed by lower activity on zymography. Indeed, although lower MMP activity may 

contribute to matrix component build-up, previous works have linked vascular ageing 

with enhanced MMP activity [72]. This may be partly explained by genetic determinants 

since the JCR:LA-cp rat, which, like the ZSF1 obese rat, also carries the corpulent cp gene, 

was shown to have decreased MMP levels [200]. 

In this work, ZSF1 obese HFpEF rat vascular pathophysiology does not distinguish itself 

from hypertensive ZSF1 lean regarding vascular stiffness, arterial elastance or 

ventricular-vascular coupling (VVC). Although, VVC ratio falls compared with healthy 

individuals, HFpEF patients ordinarily show ratios close to hypertensive patients without 

HFpEF and most importantly within the optimal work and efficiency range. Rather than 

the coupling ratio, it is the increase in absolute ventricular and vascular stiffness that 

offsets the dynamic range of volume to pressure transfer during ejection, amplifying 

blood pressure response to load changes, posing a greater workload on the heart and 

driving myocardial hypertrophy [148, 201, 202]. Moreover, arterial elastance poorly 

reflects vascular stiffness in the presence of wave reflections [202]. ZSF1 obese rats 

distinctively showed decreased aortic compliance and marked wave reflection and mid-

to-late systolic loading leading to wasted LV effort, extra-pulsatile work [202, 203], 

slightly prolonged ejection and delayed relaxation consistent with load dependent 

diastolic dysfunction [204]. These findings are in line with a recent case-control study of 

well-matched HFpEF and asymptomatic diastolic dysfunction patients that found 
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impaired aortic distensibility or low aortic compliance only after progression to HFpEF 

[205]. Indeed, both decreased aortic distensibility [206] and dynamic arterial stiffening 

and wave reflection may contribute to exercise intolerance [207]. The forward and 

backward waves of HFpEF patients during effort [207] and ZSF1 obese rats are strikingly 

similar. 

So far, all trials with antihypertensive agents in HFpEF proved to be ineffective in 

mortality reduction, despite blood pressure lowering [208, 209]. This raises the 

possibility that mean blood pressure may not be the best target to address vascular 

dysfunction and remodelling in HFpEF. Therapeutic agents that address structural 

aspects of vascular remodelling [210] or enhance arterial compliance and reduce wave 

reflection such as inorganic nitrite [207, 211] may be more effective. 

Aging and comorbidities also drive endothelial dysfunction, which has been mostly 

ascribed to the microcirculation [12]. Whether HFpEF patients show endothelial-

dysfunction in large central arteries is controversial, while Haykowsky et al. reported no 

differences compared with old healthy controls [212], Maréchaux et al. reported impaired 

brachial artery flow-mediated dilation in HFpEF patients compared with closely matched 

hypertensive controls [213]. Our findings in experimental HFpEF support the existence 

of endothelial dysfunction even in large conduit vessels, namely the aorta. 
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Figure 8 - Mechanisms involved in the transition from systemic arterial hypertension to HFpEF. CTGF, 
connective tissue growth factor; HFpEF, heart failure with preserved ejection fraction; LV, left ventricle; NO, 
nitric oxide; TGF, transforming growth factor; Zc, characteristic aortic impedance. This figure was created 
using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported 
License; https://smart.servier.com. 

4.2. Early diagnostic tools 

In addition to the underlying mechanism characterised above, this work also allowed the 

description of a new technique for the early diagnosis of HFpEF. In order to achieve this 

aim, stress echocardiography with Trendelenburg position and pharmacologic challenges 

were investigated in experimental HFpEF. 
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Stress echocardiography with phenylephrine or Trendelenburg positioning as a useful early 
diagnostic tool in HFpEF 

Recent ESC consensus on HFpEF diagnosis advocate the use of non-invasive or invasive 

diastolic stress test with exercise in patients with an HFA-PEFF intermediate score of 2-4 

points, but given the limitations of exercise testing in HFpEF, an alternative approach 

might be to perform haemodynamic stress tests by manipulating load conditions and HR. 

We carried out our experimental assessment in 17-wk-old rats presuming that they 

would be at risk of HFpEF and tried to isolate the effects of haemodynamic stresses by 

Trendelenburg, phenylephrine and dobutamine. Trendelenburg increased preload as 

intended with a slight increase in HR. Reflex changes in the systemic arterial pressure 

likely took place [214]. Preload elevation increased EDP and prolonged τ (Figure 9). With 

α-adrenergic drug phenylephrine infusion, we observed higher mean arterial pressure 

without significant changes in EDVi or HR and therefore selectively increased afterload 

(Figure 9). Another hypothetical alternative to exercise testing could be dobutamine 

which is a cornerstone to echocardiography stress testing [215]. Indeed, many view 

dobutamine and exercise stress testing as interchangeable. Nevertheless, compared with 

exercise, dobutamine induces smaller increases in CO and systolic wall tension while 

decreasing EDV, peripheral venous tone, central venous pressure and PCWP [216]. We 

found decreased EDP and curtailed τ, suggesting improved diastolic performance (Figure 

9). Also, in patients with concentric hypertrophy, a pattern similar to ZSF1 obese, the wall 

stress at peak effort is reduced by dobutamine that paradoxically reduces myocardial 

oxygen consumption, partly explaining the higher rate of false negatives in stress testing 

for coronary artery disease [217]. 

Non-invasive diastolic stress test with exercise is based on echocardiographic parameters 

like E/e’ and tricuspid regurgitation velocity but measuring these parameters during peak 

exercise was described as unfeasible in about 20% and 50% of the HFpEF patients 

respectively [4, 218].  Thus, there is an attempt to identify simple indexes that may 
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reliably predict EDP elevation during effort. In our experimental setting including a range 

of healthy, hypertensive, and HFpEF animals undergoing extensive haemodynamic stress 

testing, we found stronger correlations between invasively measured EDP and 

E/deceleration time of the E-wave normalized for cycle length (DTn) and LA area indexed 

for body surface area (LAAi) than between EDP and E/e′ (Figure 9). Receiver-operating 

characteristic curve analysis for a cut-off EDP of 13 mmHg, however, only showed a trend 

for improved prediction of the joint estimator combining E/DTn and LAAi compared with 

E/e′ although our sample size may not ensure enough power to draw a definite 

conclusion. Burgess et al. [219] reported good correlation between LV EDP and E/e′ 

during submaximal single-leg supine cycle ergometry exercise in 37 patients. 

Nevertheless, reliance on e′ as a parameter of LV relaxation kinetic may be flawed by 

sudden changes of cavity size and loading conditions [215, 220] during effort testing or 

haemodynamic stress echocardiography. Shortening of DT of the E-wave has long been 

recognised as a non-invasive surrogate for LV chamber stiffness [221]. DT, however, is 

also lengthened by impaired relaxation; thus, its interpretation is not linear. Also, by 

definition, DT is longer for higher E-wave velocities; thus, normalisation by E usually 

yields better estimates [222]. Compared with E/e′, the E/DT can be obtained from a single 

Doppler acquisition while probing a large part of early filling; therefore, it reduces 

variability and is not a snapshot index. Our results are in accordance with the recent 

findings of Nuyen et al. [175], who found stronger correlations between E/DT and lung 

and RV remodelling in aortic banded rats when compared with E/e′  [175] and suggest 

that alternative indexes may be helpful in stress echocardiography. 



Discussion 

 

109 

 

 

Figure 9 - Stress echocardiography in the early diagnosis of HFpEF. AL, afterload; EDP, end-diastolic 
pressure; E/DTn, ratio of peak Doppler velocity of early filling wave to deceleration time normalized for cycle 
length; E/e’, ratio of peak Doppler velocity of early filling wave to peak mitral annulus tissue Doppler velocity 
in early diastole; HR, heart rate; LAAi, left atrial area indexed for body surface area; MAP, mean arterial 
pressure; PL, preload; τ, time constant of isovolumic relaxation. This figure was created using Servier Medical 
Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; 
https://smart.servier.com. 

4.3. Therapeutic approaches 

In this dissertation, we also described cardiovascular and systemic beneficial effects of 

chronic sildenafil therapy in ZSF1 obese rat, a young male with extensive and poorly 

controlled comorbidities. 

Cardiovascular and systemic beneficial effects of chronic Sildenafil therapy in the ZSF1 obese 
rat   

In this paper, a course of 4 weeks of sildenafil, was able to reduce systemic arterial 

hypertension, increase aortic compliance and decrease the impact of reflected waves on 

LV afterload, as assessed by the augmentation index, ameliorate diastolic LV function with 

positive effects on myocardial histology and, finally, modestly improve peak and 

maximum workload during �̇�𝑂2 endurance effort (Figure 10). Additionally, we observed 

direct beneficial myocardial bioenergetic and PKG activity effects as assessed by restored 

adenosine triphosphate (ATP) levels and enhanced phosphorylation of vasodilator-

stimulated phosphoprotein (VASP). Attenuation of systemic arterial hypertension, 
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systemic vascular resistance, aortic stiffness and wave reflection by sildenafil were 

expected [223] and may partly explain improved effort tolerance [224] (Figure 10). The 

absence of effect in endothelial dysfunction and response to NO, may be explained by drug 

withholding 24h before evaluation and are in accordance with the lack of improvement 

in endothelial function, assessed with the non-invasive flow-mediated dilation method in 

brachial artery in hypertensive patients [225]. Both chronically decreased afterload and 

direct myocardial effects of sildenafil, confirmed by enhanced VASP phosphorylation 

and decreased cardiomyocyte hypertrophy in the LV myocardium, may explain 

improved relaxation, decreased EDP and improved LV compliance. Indeed, in a chronic 

pressure overload mouse model, sildenafil was able to reduce myocyte hypertrophy and 

ameliorate in vivo heart function [226]. Additionally, sildenafil therapy modestly 

improved peak �̇�𝑂2 and effort capacity during endurance suggesting that haemodynamic 

benefits may partly translate into improved functional performance. Nevertheless, the 

determinants of exercise capacity in HFpEF are complex and seem to be mainly 

determined by systemic inflammation and skeletal muscle mass [227] which may partly 

explain the discreet improvement of only around 10% in both peak �̇�𝑂2 and workload. 

Alternatively, a longer course of therapy might have achieved better results in endurance 

effort testing. Interestingly, chronic sildenafil therapy also prevented the rise in 

respiratory quotient suggesting enhanced oxidative metabolism of fatty acids and 

restored myocardial ATP levels (Figure 10). These metabolic and bioenergetic effects may 

be partly due to direct myocardial effects of sildenafil. Indeed, improved oxidative 

phosphorylation and mitochondrial function involving multiple subcellular pathways are 

known effects of sildenafil in ischemia and genetic cardiomyopathy models [228-230] and 

preconditioning with sildenafil improved functional recovery of the rat heart after 

cardioplegic arrest which was abolished by ATP-sensitive mitochondrial K+ channel 

blockade [231]. Myocardial bioenergetics impairment in HFpEF has been reported with 

P31 cardiac magnetic resonance spectroscopy showing decreased phosphor-creatine 
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content with or without concomitant ATP reduction and proposed by Phan et al. to be one 

of the determinants of effort intolerance and pulmonary congestion in HFpEF [196]. In 

HF progression, cardiomyocytes undergo a series of metabolic changes which limit the 

ability to adapt to variations in substrate bioavailability and favour glucose usage by non-

oxidative pathways instead of fatty acids [232]. In parallel, cardiomyocyte energy stores 

become depleted [233]. Although this is far from established, multiple mechanisms link 

bioenergetic depletion to cardiac dysfunction and it is appealing to assume that impaired 

bioenergetics partly underlie myocardial dysfunction [234]. In this work, we 

demonstrated that myocardial ATP levels are indeed reduced in the ZSF1 obese rat model 

of HFpEF through a precise analytical laboratory method. The levels of ATP measured by 

the ultra-high-performance liquid chromatography procedure in healthy control rats 

conform with previous reports [235]. All care was taken to snap freeze samples in liquid 

nitrogen as fast as possible upon collection and to carry out all experimental steps at 

negative temperatures to preserve the stability of adenosine nucleotides. We did not 

observe differences in the amounts of proteins or 2-chloro-adenosine between groups, 

which ensures the robustness of the experimental methodology. 

Regarding systemic effects on glucose metabolism, although sildenafil significantly 

decreased insulin resistance, this effect was marginal, as previously reported [236]. 
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Figure 10 - Effects of Sildenafil in experimental HFpEF. ATP, adenosine triphosphate; EDP, end-diastolic 
pressure; HTA, arterial hypertension; LV, left ventricle; VASP, vasodilator-stimulated phosphoprotein; �̇�O2, 
oxygen consumption. This figure was created using Servier Medical Art templates, which are licensed under 
a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com. 

4.4. ZSF1 obese rat as a suitable animal model to study HFpEF 

Over the years, research in HFpEF has been disappointing, without any major advances 

in its treatment and with several remaining questions regarding its pathophysiology and 

diagnosis. Much of this unaccomplished research has been caused by the absence of a gold 

standard animal model capable of recapitulate human HFpEF.  

We had previously shown that ZSF1 obese rats exhibited myocardial hypertrophy, 

elevated LV filling pressures, upward-shifted EDPVR, increased myocardial stiffness and 
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myofilament derangements along with lung congestion [8]. Standard measures of 

contractility are preserved or even suggest a hypercontractile phenotype. Indeed, Eesi is 

increased in ZSF1 animals because of concentric remodelling and ventricular stiffening 

[8]. 

In this dissertation we also show that ZSF1 obese decreases �̇�O2max and endures lower 

workload both in peak and endurance effort tests, denoting effort intolerance, the 

cardinal manifestation of HFpEF (Figure 11). Regarding vasculature, ZSF1 obese exhibit 

decreased aortic compliance and impaired direct NO-donor and endothelial-mediated 

vasodilation which were accompanied on structural and molecular grounds by aortic 

media thickening, higher collagen content and collagen/elastin ratio, increased 

fibronectin and α-5 integrin protein expression and upregulated TGF-β and CTGF levels 

(Figure 11). Therefore, we were the first to describe effort intolerance and to characterise 

functional, molecular and structural disturbances of central vessels and their potential 

underlying pathways in ZSF1 obese animals (Figure 11). We also described a chronic 

treatment experiment with sildenafil in ZSF1 obese rats, which reinforces the use of this 

animal model in further pre-clinical HFpEF studies with other therapeutic targets. 

Additionally, this model has convenient lean hypertensive reference controls as well as 

healthy normotensive WKY controls which strengthen the potentiality of this model for 

HFpEF pathophysiology and therapy research (Figure 11).   

Recently, the use of SU5416 (a vascular endothelial growth factor receptor blocker) in 

ZSF1 rats induced a “2-hit” model of PH plus metabolically impairment in HFpEF, where 

there is an increased RV systolic pressure, elevated pulmonary vascular resistance and 

pulmonary vascular proliferative remodelling [237]. Recent reports have highlighted PH 

in HFpEF patients as a condition more frequent than previously appreciated with 

important implications in HFpEF treatment [238] making this rat as a suitable animal 

model to study the disease and this sub-group of patients. 
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However, precautions should be taken when analysing data from this animal model. Rats 

have entirely distinct mechanisms governing myocardial relaxation and end-diastolic 

stiffness as denoted by distinct HR, responses to load and myofilament composition. The 

ZSF1 obese presents an extreme and untreated metabolic syndrome phenotype at a 

young age and therefore does not account for the effects of ageing and HFpEF therapy. All 

of the above-mentioned reasons limit the generalisation of findings to the clinical 

scenario. 
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Figure 11 - Summary scheme of the main findings found with the articles included in this thesis. AL, afterload; CTGF, connective tissue growth factor; 
EDP, end-diastolic pressure; EDVi, end-diastolic volume index for body surface area; HFpEF, heart failure with preserved ejection fraction; HR, heart rate; LV, 
left ventricle; PL, preload, TAR, time available to relax; TGF, transforming growth factor; τ, time constant for isovolumic relaxation. This figure was created 
using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com. 
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5. Conclusions 

Nowadays, HFpEF is one of the biggest unmet needs in Cardiology. In this dissertation 

new pathophysiological mechanisms were unveiled, a new early diagnostic tool was 

described, a potentially tailored pharmacological therapy was launched and an 

animal model that mimics several aspects of clinical HFpEF was established (Figure 

11). Despite the importance of these findings, this work represents basic science and an 

integrative translational outlook of these data should be done with caution.  

Incomplete relaxation was described as a main contributor of high filling pressures 

during a hypertensive challenge, in this dissertation. Recently, Runte et al. also reported 

an incomplete relaxation in isolated myocardium from HFpEF patients associated with 

an inadequate recovery of diastolic Ca2+-levels at increasing rates, supporting the role of 

impaired relaxation in the pathophysiology of HFpEF during cardiovascular stressors 

[239]. Also in the literature increased proximal aortic stiffness was associated with the 

development of HFpEF in patients with asymptomatic diastolic dysfunction [240]. In this 

dissertation further functional, molecular, and structural disturbances of central vessels 

and their potentially underlying pathways were newly characterized in experimental 

HFpEF.  

Regarding diagnostic tools, with the results obtained in this work, we suggest the use of 

stress echocardiography as an early diagnostic test in the clinical practice to identified 

HFpEF patients earlier and to start a prompt treatment (Figure 11).  The stress test in 

HFpEF patient’s evaluation was also recently advocated by several authors [4, 241, 242].  

They proposed the exercise as the ideal stressor but it reported some limitations [241, 

242]. We described phenylephrine and Trendelenburg position as being useful tools in 

patients with limited mobility (Figure 11). Phenylephrine can be administered by a 

peripheral intravenous line without major foreseeable side effects in a medically 

controlled environment, although careful selection of patients is warranted. 
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Trendelenburg positioning is also a safety approach to patients and the passive leg raising 

was recently performed in HFpEF patients without any constraints [243].  

In this dissertation, chronic treatment with sildenafil reduced blood pressure, systemic 

vascular resistance and aortic stiffness, it improved myocardial diastolic function and 

compliance, increased myocardial ATP levels and the activity of PKG, as assessed by VASP 

phosphorylation status,  as well as modestly restored endurance effort capacity and peak 

�̇�𝑂2 in the ZSF1 obese rat model of HFpEF(Figure 11). A model which mimics a subset of 

younger male patients with HFpEF, in whom the role of poorly controlled or untreated 

comorbidities seems to dominate pathophysiology. The clinical translation to young 

patients with metabolic syndrome, refractory hypertension or other similar subgroups of 

HFpEF patients, remains to be established and should be investigated.  

ZSF1 obese rats, mimic several features of clinical HFpEF. A suitable animal model to 

study HFpEF helps in the discovery of further pathophysiological mechanisms and further 

diagnostic tools.  A better understanding of HFpEF pathophysiology and an early 

detection of the disease allows an identification of new therapeutic targets and an early 

intervention in the treatment of the disease. 

Therefore, this dissertation provides important insights for the research evolution 

in basic and clinical HFp
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