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Figure Index

Figure 1 - Pathophysiological mechanisms and comorbidities involved in HFpEF.

LV, Left Ventricle; VVC, ventriculawascular 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

Cammons Attribution 3.0 Unported License; https://smart.servier.com...................... 10...

Figure 2 - Schematic representation of the main actors of diastolic dysfunction.

ECM, extracellular matrix; NO, NItriC OXid€..........cuviivuriivrimcemmmmeeeeeieeenseeessmmmmmmme e een el L

Figure 3 - Sygemic low -grade inflammation secondary to comorbidities as a

keystone of HFpEF pathophysiology. CKD, chronic kidney disease; COPD, chronic

obstructive pulmonary disease; CRP,-eactive protein; D2M, diabetes mellitus type 2;

HFpEF, heart failure with preserved ejection fraction; HTN, hypertension; IL1,

interleukin-1; IL6 interleukin-pN 4. &1 h OOI T O 1T AAOT OEO AEAAOI O |
created using Servier Medical Art templates, which are licensed under a Creative

Commons Attribution 3.0 Unported Licensehttps://smart.servier.com. ............c........ 14...

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..............ooeevveeevieemeeecmrceseseeeeee e e s e 16

Figure 5 - Flowchart of the HFA -PEFF diagnostic algorithm. AF, atrial fibrillation; BNP,

brain natriuretic peptide; CAD, coronary artery disease; (B complete blood count; Cr,
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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
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strain; HbAlc, 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 ejetion fraction; LVH, left ventricle hypertrophy; LVMI, left

ventricular mass index; M, men; Nerminal pro-brain natriuretic peptide; PCWP,

pulmonary capillary wedge pressure; RWT, relative wall thickness; ; Step E,
echocardiography and natriuretic peptidescore; Step P, préest assessment; Step F1,
functional testing; Step F2, final aetiology; SR, sinus rhythm; TR, tricuspid regurgitation;

TSH, thyroid stimulating hormone; U, urea; W, WOMEeN................ooovvieeemeeemrvnvnnnnnennn. 19...

Figure 6 z 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 Kp. 1.
sGC stimulators (No. 2) target only nomxidised 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 (PDE5S) operates the breakdown of cGMP produced by sGC, while
0$%w EO OAOPITOEAIT A &£ O OEA AOCAAEAT xIT 1
COAT 1T OmmdndphospBate, Angll angiotensin I, Ca 2+ calcium, ECM extracellular
matrix, ET-1 endothelin-1, GTP guanosine triphosphate, HFpEF heart failure with
preserved ejection fraction, IC intracellular, LTCC-type calcium channel, P phosphate
group, PLB phospholamban, PKG protein kinase G, SERCAZ2a sarco/endoplasmic
reticulum Ca2+ATPase, SRasco/endoplasmic reticulum, RyR2 ryanodine receptor 2,
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2016 April;24(4):268-274. doi:10.1007/512471-016-0814-X. ..eevvvvvieeeeeeiiiiicemmmenemenn 31
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Figure 7 z Mechanisms responsible for delayed relaxation during pressure

challenge in experimental HFpEF . AL, afterlad; dP/dtmin, maximum rate of pressure

fall; EDP, enediastolic pressure; EDVi, endliastolic volume indexed to body surface area;

HR, heart rate; PRSW, preloa@ AAOOE OAAT A OOOI EA x1 OEN 4! 2h OE]
chamber stiffness constantforindeA A 01 1 61 Adn zh OEI A Ai 1T OOAT O 1 A

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.....102

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..............ccceevvvvvvemmemmmmrecsesssseeesessmmmmmmnme . 106

Figure 9 - Stress echocardiography in the early diagnosis of HFpEF. AL, afterload;

EDP, enddiastolic pressure; E/DTn, ratio of peak Doppler velocity of early filling wave to

AAAAT AOAOGETT OEI A 1101 Al EUAA &£ O AUAT A 1 AT cOEN
filing wave to peak mitral annulus tissue Doppler veloity in early diastole; HR, heart

rate; LAAI, left atrial area indexed for body surface area; MAP, mean arterial pressure; PL,
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Medical Art templates, which are licened under a Creative Commons Attribution 3.0

Unported License; https://smart.Servier.Com.............ccooevveevviemmeemccrcceeaeeeeeeees e 109

Figure 10 - Effects of Sildenafil in exp erimental HFpEF. ATP, adenosine triphosphate;
EDP, enddiastolic pressure; HTA, arterial hypertension; LV, left ventricle; VASP,
vasodilator-stimulated phosphoprotein; @02, oxygen consumption. This figure was
created using Servier Medical Art templates, hich are licensed under a Creative

Commons Attribution 3.0 Unported License; https://smart.servier.com................... 112
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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, -afidstolic

pressure; EDVi, enelliastolic volume index for body surface area; HFpEF, heart failure

with preserved ejection fraction; HR, heart rate; LV, left ventricle; PL, preload, TAR, time

AOAE]I AAT A OF OAI Agn 4' &h OOAT O& Oivédmg COI xOF
relaxation. This figure was created using Servier Medical Art templates, which are

licensed wunder a Creative Commons Attribution 3.0 Unported License;
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New physiological mechanisms, dignostic and therapeutic approaches in heart failure with preserved ejection fraction

Resumo

A insuficiéncia cardiaca confracdo de ejecéo preservada (ICFER ja responsavel por
mais de 50% dos casos de insuficiéncia cardiaca (IC) e pres€ que esta proporcao
continue a crescer em virtude do aumenta@uer da esperanca média de vidaguer da
incidéncia dehipertensao arterial, obesdade ediabetes mellitus[1]. Os dados clinicose
epidemiolégicosmais recentessugeremque o progndstico destes doentes € semelhante
ao dos que apresentam IC corftacdo de ejecadaeduzida (ICFER) com hospitalizacdes
frequentes e um consumo de recursos de saude avultaffty 3]. No entanto, ao contrario
dalCFERpara a ICFEP aindado existem estratégias terapéuticas baseadas na evidéncia
gue conduzam a umanelhoria de sobrevidg sendo o seu tratamentpatualmente, em

grande medidaempirico e direcionado a melhoria sintomaticd4].

Uma vez que o principal elemento distintivo entre os casos deCFERe IGFEP, é
precisamente a fracdo de ejecdesta étida como elemento definidor de disfuncdo
sistélica. Adisfuncéo diastélicatem sido classicamerng¢ considerada como o principal
mecanismo subjacente ao desenvolvimento dEFEF5]. No entanto, mdltiplos trabalhos
tém salientado alteracbes sistémicas, envolvimento marginal da funcdo sistolica sem
traducdo na fracdo de ejecé@o e alteracdes vasculares, ou do acoplamento ventriculo
vascular, como mecanismos alternativos, salientando ungaande heterogeneidadesntre

os pacientes comCFEPe uma enormecomplexidadenas suas vias fisiopatolégicague
tém tornado o préprio diagndstico controverso e um verdadeiraesafio clinico[4, 5]. Esta
heterogeneidade clinica e fisiopatoldgica pode explicar a auséncia de terapéuticas que
comprovadamente melhoram a sobrevida, tornandese claro que diferentes subgrupos
de pacientes, com fenotipos também distintos, poderdo beneficiar de abordagens
terapéuticas diferenciadas e que o desenho dos ensaios clinicos deve contemplar uma
selecdo cuidadosa de arientes, de acordo com as vias fisiopatologicas dominantes em

cada fendtipo [6]. No entanto, a propria subdivisdo em fenotipos exigird uma
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contrapartida em termos de progostico, histéria natural e resposta terapéuticando se
afigurando facil o caminho paraeventuais solugdes Neste campo, a investigacdo pré
clinica poderia dar um contributo fundamenta) todavia, ndo existe nenhum modelo
animal capaz demimetizar todas as caracteristicas clinicas alICFEPe muitos dos
modelos atualmente conotados com ICFEP n&o preenchem requisitos essenciiis
diagnostico[7]. A validacdo de modelos animais a sua caraterizagao funcional, por um
lado, e a avaliacdo farmacoldgica préinica, nestes mesmos modelos, por outrGao

passoscriticos na geracéo de evidéncia que ajude a ontar futuros ensaios clinicos.

Os principais objetivos deste trabalho foram assim (i) explorar mecanismos
fisiopatologicos, (ii) identificar ferramentas de diagnéstico precocee (iii) testar novas
estratégias terapéuticasna ICFERencontrando-se adissertacéo divididade acordo com

estes3 objetivos.

Para o efeito, foram efetuados diversos estudos, usanden@delo animal dos ratos ZSF1
obesos, implementado e caracterizado por nés como um modelo experimental de
ICFER8] e daqui resultaram 4 artigos Identificamos, (L) o atraso do relxamento em
resposta ao aumento da pésarga como um preditor independente do aumento da
pressao telediastolica(PTD), constituindo assim um mecanismo com um importante
papel na congestédo pulmonar e natolerancia ao esforco na ICFERemonstramos(2) a
presenca de Herac¢desfuncionais, moleculares e estruturais nos grandes vasos centrais,
nomeadamente, no que respeita as vias paracrinasntegrando um mecanismo
fisiopatoldgico alternativo para o desenvolvimento da ICFEP e identificamatversas
proteinas como possiveis alvos terapéuticosiesta sindrome.Apresentdmos(3) o papel
dafenilefrina e do posicionamento deTrendelenburg como alternativas ao exercicio na
detecdo precoce da ICFE®identificamosparametros ecocardiograficoscom correlagao
com aPTD. Demonstramosainda (4) os efeitos benéficos miocardicos e vasculares do

tratamento cronico com sildenafil,num modelo animal que mimetiza um subgrupo de



New physiological mechanisms, dignostic and therapeutic approaches in heart failure with preserved ejection fraction

doentes jorens, do sexo masculino, nos quais as comorbilidades ndo controladas ou nédo

tratadas, pareem dominar a fisiopatologia da ICFEP.

Os achados encontradoatravés desta dissertacaconstituem assim importantes marcos
para o desenvolvimento da investigacdo da ICFERecessitando, no entantode uma

translacéo clinica 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 iis expectedto continue to grow due tothe
constantincreasein the averagelife expectancyof population and the increased incidence
of hypertension, obesity and diabetes mellitugl]. Recent dinical data haveshown that
OEAOA DAOEAT OO0 drtofhatiofGHF ivith E2Qucell BFan0 i& sgotiaked with
frequent hospitalisations and large consumption of health resource$2, 3]. However,
there is still no evidencebased therapeutic strategyfor HFpEFand the current treatment

is largely empirical [4].

Since the main distinguishing element between the cases of HFF and HIBEF, 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 HFpEH5] . However, multiple studies have highlighted systemichanges,
involvement of systolic function without translation to the EFand vascular changes, or
ventricular-vascular coupling, as alternative mechanism§5]. These changesreflect 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 mthophysiological 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 cardul selection of patients, according to thedominant
pathophysiological pathways in each phenotype[6]. However, the subdivision in
phenotypes itself will require a countepart 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 mimickingall the clinical features of HFpEF and many of the models
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currently associated with HFpEF do not meet essential diagnostic requiremen{g]. The
validation of animal models and their functional characterizationand 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 pathopisiological mechanisms, (ii)
to identify early diagnosis tools and (iii) to test new therapeutic strategies in HFpEF

Therefore, this dissertation is divided into these three majothemes.

For this purpose, several studies were carried out, using the anirhenodel of ZSFlobese
rats, implemented and characterized by us as an experimental modelldFpEF4], which
resulted in 4 articles. We identified, (1) the delay relaxation in response to increased
afterload, as an independent predictor of increasednd-diastolic pressure EDB, which

is a mechanism with an important role in pulmonary congestion and intolerance to effort
in HFpEF. We demonstrated (2) the presence dfinctional, molecular and structural
changes in the great central vessels, namely, with gard 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 Tredelenburg 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 sildenalf 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 ths 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 sighs and symptom#) which an impaired heartis
unable to supply enough blood flow to meet the body's needs, odoesit only at the
expense ofhigh intracardiac pressuresat rest or during stress[4]. HF is currently the
main causefor hospitalisation and disability amongst the elderly and a leadingause of
mortality and morbidity [4]. This syndromecomprises 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 ofmid-range LVEF,which comprises all the patientsthat were previously
in the grey zone with an EF between 40%and 49% [9]. Although consideredby someas
a single syndrome charactersed by a progressivedecline in systolic function; structural,
functional, molecular biology and clinical features rather suggest thadFrEF and HFpEF

are distinct syndromes[10].

HFpEFis characterised by an %& | amd Bccounts for a rising proportion of over 50%
of the HF caseswith a 10% increaseper decadecomparedto HFrEF[1, 11]. The ageing
of the population andthe increasing incidence of hypertensionobesityand diabetes are
partly responsible for this evolution andrecent data have also shown that contrarily to
what was previously thought the prognosis of HFpEF is as ominous as that of HFr&F.
Therefore, it represents a complex clinical syndrome in which p#ents are elderly and
demonstrate a high prevalence of norcardiac comorbidities[12, 13]. There seems to be

a slight predominance ofpost-menopausalfemales amomyst HFPEF patients.

The pathophysiologic mechanisms of HFrEF are wetharacterised and the diagnosis and
treatment are well-established [11, 14]. Regarding HFpEFthere is a lack ofevidence

based therapiesthat 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 alleurohormonal
antagonists shown to improve survival in HFrEF treatment neutral outcomes wee
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 sucas 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
guestionable. Secondly, there is a large heterogeneity amongst HFpERgrats 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 camlascular syndrome,

namely exertion, tachycardia, volume or pressure overloaf®].

Many of the advances in HFrEF therapy were heralded by preclinical research in animal
models. Preclinical research is crucial to pathophysiological understandinand initial
screening of potential therapeutic targets. The puzzling nature of HFpEF is accentuated
by the lack of animal models that effectively mimic the syndromand recapitulate most
of its features enabling further insight on pathophysiological mecénisms and potential

therapeutic targets.

1.1 Pathophysiology : what we know so far

HFpERdescriptionswereinitially focused ondiastolic dysfunction,and the syndromewas
originally called diastolicHF. 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 derium therefore this
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syndrome is currently designated as HFpEF.lthough the mechanisns of HFpEF arenot
completely understood,extensive evidence has linkeanany factorsand comorbiditiesto

( & B Ygaihaphysiology (Figure 1) [15, 16].

LV Hypertrophy

Hypertension
Oxidative Stress

Diabetes mellitus
Abnormal VVC

Renal Failure
Endotelial
Dysfunction
Atrial Fibrilation

Diastolic Dysfunction

Pulmonary

. . H .
Systolic Dysfunction ypertension

Systemic Obesity
Inflammation
Ageing Coron-a ry Artery
Myocardial Fibrosis Disease
Gender COPD

Myocardial Stiffness

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 andsystolic 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 ofthe mitral valve disease, LA
remodelling reflects LV em-diastolic pressure (EDP) andd used as an index of LV

diastolic dysfunction [17]. Additionally, LA dysfunction was shown to be related to

10
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symptom onset, exertional capacity and outcomes in HFpEF, which gives to this

mechanism a major role in its pathophysialgy[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 twokey components, the extracellular matrix
(ECM)and the cardiomyocytes, and while theirfist one is largely medated by collagenthe
second oneis related to the giant cytoskeletal protein named titin [18]. Changes in
expression of stiff and compliant isoforms can modify titinbased 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) anitls inhibitors

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

Slow relaxation is responsible for the inability to enhance stroke volume (SV) at
increasing heart rates[22]. This mechanism isaffected bycross-bridge detachment,Ca*

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

Diastolic Dysfunction

Ve %
\
Passive relaxation Active relaxation
1 Myocardial Stiffness Impaired relaxation
/’/ X“\\v
] LN
Cardiomyocyte ECM Intracellular Ca?* overload
Titin Collagen Cross-bridge detachment
Ca?* - reuptake
) NO signalling
Isoform shift Interstitial fibrosis Myocardial energy deficit

Hypophosphorylation

Figure 2 - Schematic repr esentation 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 HFpEFRegional wall motion during systole is knowrto have
three main components caused byhe differences in the myocardial fibre orientation in
longitudinal, radial and circumferential. Thanks to thenumerous advancements in the
field of echocardiographyit is now possible to evaluatethem individually [26].While the
majority describe a depressed longitudinal systolic functionf27, 28] in HFpEF patients
there is still no agreement regarding which of the components is impaireddthers show
evidence of radial and circumferential systolic dysfunctioras well[29]. These discrepant
findings could be explained by theexistenceof different subgroups with varying degrees

of LV systolic functionimpairment in the HFpEFpopulation [30].

Ventriculararterial coupling and vasculargsfunction

Increased afterload due to reduced arterial compliance is present in HFpEF patients and
together with ventricular stiffness, is responsible for a greater increase of theblood
pressure and further impair diastolic relaxation during stress, contributing to highLV
filling pressures [11, 31]. This ventricular-arterial uncoupling is held as an important
pathophysiological mechanismin HFpEF, particularly in exertional intolerance. It is a
potential therapeutic target since the reduction of ventricular-vascular stiffness with
verapamil in elderly hypertensive patientswas 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 myocardialremodelling trigger, whereas in HFrEF, the myocardial remodelling
was driven by cardiomyocyte cell death. Thesdindings provided the impetus for the
proposal ofanew pathophysiological paradigm in which endothelial inflammation of the

coronary microvasculaturehasan important role in the developmentof HFpEH12, 33].

12



Introduction

Systemic Inflammation

Over the years, inflammationwas shown to be increased in animal models of LV
hypertrophy associated with LV fibrosis, suggestig 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 anddiastolic dysfunction in
animal models of HFpEF andrere positively correlated with LV EDP, lung weight and LV

myocardial stiffness constan{35].

There is also a significantamount of data showing increased seruminflammation
biomarkers in patients with both HFrEF and HFpERN a cross-sectional studyenrolling
stable hypertensive patients withor without HFpEF, hcreased circulating I-6 and IL-8
was observed in the HFpEF group [36]. Another sudy correlated markers of
inflammation (soluble ST2 and pentraxin 3) with thepresence ofLV diastolic dysfunction

in HFpEF patient37].

More recently, lowgrade systemic inflammaton together with microvascular
dysfunction secondary to comorbidities were considered keystones in the

pathophysiology of HFpER Figure 3) [12, 38].

13
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Systemic Inflammation
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Figure 3 - Systemic low-grade inflammation secondary to comorbidites as a keystone of HFpEF
pathophysiology. CKD, chronic kidney disease;COPD, chronic obstructive pulmonary diseaseCRP,c-
reactive protein; D2M, diabetes mellitus type 2HFpEF, heart failure with preserved ejection fractionHTN,
hypertension; IL1, interleukin-1; IL6 interleukin -6 4 . t&nprhnecrosis 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 aml Pulmonary Hypertension

Recent studies havereported a high prevalence of pulmonary hypertension (PH) in
HFpEF patientswhich could be ascribednot only to high LV filling pressures but alsoto

intrinsic pulmonary vascular disease(Figure 4)[11, 39]. PH in HFpEF appears to be
associated with older age and comorbidities such asypertension, obesity, coronary

artery disease (CAD) and diabetes miglus. Although it is not clear why some patients

14
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developintrinsic pulmonary vascular disease recently, Obokataet al. proposed a central
role for endothelin and adrenomedullin pathwaysat the early stages of pulmonary
vascular disease in HFpEF patien{d0] . Typically, these patients exhibiworse prognosis

[39, 41].
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Pre-capillary PH Post-capillary PH

6 Intrinsic arterial remodelling Q Milling pressures

e M pulmonary arterial tone O Pulmonary venous hypertension

e L PA compliance/ T AL

o RV remodelling, dilation, fibrosis
9 RA remodelling, dilation, fibrosis

o Tricuspid regurgitation

Figure 4 - Pathophysiology of pulmonary hypertension in hea rt failure with preserved ejection fraction. AL, afterload PA, pulmonary artery; PH, pulmonary hypertensior
RA, right atrium; RV, right ventricle This figure was created using Servier Medical Art templas, which are licensed under a Creative Commons Attribution 3.0 Unported Licer
https://smart.servier.com.
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PeripheralAbnormalities

Impaired skeletal muscleO; extraction and consumption havealso been identified in
HFpEF patientg11]. The mechaiisms of inadequate @peripheral usagewere related to
vascular rarefaction increasedmuscular adiposity, impaired flow-mediated vasodilation
and impaired skeletal muscle oxidative metabolisnid2, 43]. Furthermore, Kitzmanet al.
describeda reduced percentage of slowwitch oxidative type-I fibres, reduced type Ho-
type-ll fibre ratio and reduced capillaryto-fibre ratio in HFpEF patients [42]. These
findings were related toexercise intolerance andhe sewerity of symptomsin the HFpEF

population [42, 44].

1.2 The challeng e of HFpEFdiagnosis

Diagnostic criteria for HFpEF arecontroversial and still evolving. The guidelines for the
American College of Cardiology/American Heart Association (ACC/AHA) are mainly
based on a diagnosis of exclusidi4] . 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 (E®€8s existing
symptoms and/or signs combined with comorbidities/risk factors, electrocardiography,
echocardiography andnatriuretic peptides. Then, according to the HFAREFF score, a
further workup may be necessary Figure 5) [4]. Echocardiography findings are typically
used to establish the W diagnosis and determine the EF subtypevith diastolic
dysfunction as key criterion[4, 9]. Although seemingly discrepant, these two views can
be reconciled if weconsider the heterogeneity of this syndromd45] and if we consider
that patients may not show diastolic function abnormalities at rest. Indeegyrevious ESC
guidelines relied on large clinical databases obtained from patients hospitalised due to
acute HF decompensatior9, 10]. When stable euvolemic outpatients with unexplained

chronic dyspnoea were assessed by effort testinthese guidelines lost strength [46]. In

17



Introduction

Fact most recently, a new HFpEF diagnostic algorithm was publishdd]. This ESC
consensus advocated exercise stress echocardiography and/or invasive haemodynamic
(step 3z F1) in the subset of patients with arinconclusive HFAPEFF 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 tamake a precise diagnosis (step 4 F2) (Figure5) [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 #il patients with HFpEF
[16].Thus, ehocardiography 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 biomarKad .

18
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Step F1

Introduction

Symptoms and/or signs compatible
with a diagnosis of HF?

JL
S
Hx compatible with HFpEF?

= E
\/

Standard diagnostictests
ECG Laboratory tests Natriuretic peptides Echocardiography Exercise Test

LVH Na, K, U, and Cr, HbAlc, TSH; Liver Serum levels Exclude alternative causes if CAD is suspected
LA enlargement function tests; CBC, ferritin, >35/125 pg/mL (BNP/NT- LVEF 250%
AF transferrin sat pro-BNP) LV diameters and volumes

Pretest results suggestive of HFpEF
JL
S

Step E HFA-PEFF Score

Functional Morphological Biomarkers

e' < 7/10 cm/s (S/L) [aged <75 years] LAVI> 34/40 mL/m2 (SR/AF) NT-proBNP > 220/660 pg/mL (SR/AF)

e’ <5/7 cmv/s (S/L) [aged = 75 years] or or
p LVMI 2 149/122 g/m2 (M/W) BNP > 80/240 pg/mL (SR/AF)

Average E/e'215 and RWT > 0.42
or

TR velocity > 2.8m/s

Major Criteria
= 2 points

LAVI; 29 - 34/34-40 mL/m2 (SR/AF)
or NT-proBNP 125-220/365-660 pg/mL
average E/e'9 - 14 LVMI 2 115/95 g/m2 (M/W) (SR/AF)
or wr or
GLS < 16% RWT > 0.42 BNP 35 - 80/105-240 pg/mL (SR/AF)

or
LV wall thickness = 12mm

Minor Criteria
=1 point

Max 2 points for each domain
v\}
<1 point 2-4 points =5 points
search for alternative causes - HFpEF
N
Echo Stress Test Step F2

average E/e' 215
or
TR velocity >3.4m/s

Invasive Stress Test [
PCWP 225 mmHg

or
TR velocity >3.4m/s

Investigate for specific

HFpEF
E E.' aetiology

Figure 5 - Flowchart of the HFA -PEFF diagnostic algorithm. AF, atrial fibrillation; BNP, brain natriuretic peptide; CAL
coronary artery disease; CBC, complete blood count; Cr, creatinif€CG, electrocardiogramA 6 h | EOOAI
AEAOOI T EA PAAE OAITAEOUN %wrAdh OAOET 1 &£ OEA PAAE OA
and lateral mitral annular early diastolic peak velocity; GLS,global longitudinal systolic strain; HbAlc, ¢ycated
haemoglobin HF, heart failure; HFpEF, heart failure with preserved ejection fraction; LA, left atrium; LA/t atrial
volume index LV, left ventricle; LVEF, left ventricle ejection fraction; LVH, left vemtle hypertrophy; LVMI, left
ventricular mass index M, men;N-terminal pro-brain natriuretic peptide; PCWP pulmonary capillary wedge pressure
RWT, relative wall thickness; Step Eechocardiography and natriuretic peptide score; Step Pre-test assesment; Stef
F1, functional testing; Step F2, final aetiology; SBinus rhythm; TR, tricuspid regurgitation; TSH, hyroid stimulating
hormone; U, urea; W, women.

Invasive laemodynamic
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filling pressures are gauged b¥DP Both require LV catheterization. Rlmonary capillary
wedge pressure (PCWP) measured usingmulmonary artery catheter is a surrogate of
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EDP commonly usedn HFpEF diagnostic workupafter an inconclusive non-invasive
stress test Measurementsat rest and/or during supine exercise, in case of normal resting
filling pressures can beenlightening, [4]. TheLV chamber stiffness constanultimately
determines LV stiffnessindependently of load constituting the clearest indtator of high
LV stiffness in HFpEF. Nevertheless, it requirean enddiastolic pressurevolume
relationship (EDPVR) Continuous realtime acquisition of LV volume is usually limited to

clinical and pre-clinical research for it requires pressurevolume caheters[47, 48].

Echocardiographynd other imaging technigues

Since invasive laemodynamic evaluation poses risk, particularly in HFpEF patients who
have extensive comorbidities and are usually elderly and frail transthoracic
echocardiographyis the preferred approach for diagnosingdiastolic dysfunction. After a
standard echocardiography, in which EF and LV diameter should be measured in step 1
(Pre-testassessment), lhe major echocardiographic criteria forHFpEFdiagnosisare early
diastolic velocity of mitral annular motion (e €hé ratio betweenthe early peak velocity

of mitral inflow (E)T OAO OEA AOAOACA T1EAS OB AMeénk VeocilyiofA 1 AOAOA]
tricuspid regurgitation, LA volume index, LVmass index and relative wall thicknes$4].
7TEEI A A8 OA &£l AR Oratidéaassokihtetdith Odvdteld fillingpressures
and therefore also with LV stiffness and fibrosis[4]. The peak velocity of tricuspid
regurgitation allows calculating pulmonary arterial systolic pressure(PSAP) throughthe
modified Bernoulli equation, which is a prognostic markei{4]. Finally, LA volume index
corresponds to an indirect neasurement of LV filling pressures, whereas Lmass index
and relative wall thicknessallows evaluating the presence of concentric LV hypertrophy,

commonly present in HFpEF patient$4].

Even though echocardiography is the most widely used modality to assess HFpEF,
significant weaknesses still exist, as noted by operator dependence, calcubattierrors,

difficulty in obtaining clear imaging windows, and limited spatial resolution[49] .
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Other tools, like speckletracking echocardiography (STE) and cardiac magnetic
resonance (CMRare used in HFpEF diagnosis to overcome some of the echocardiography
limitations. STEasses®&s myocardial deformation (strain) [50]. Strain measuement 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 HFpEFIndeed, in the new European diagnostic consensus,
the LV global longitudinal systolic strain represents a minor criteriorf4], but despite the
great advantages that STE offers, we also need to be aware of its limitations, regarding

imaging quality, frame rate and complexityf53].

CMRalso effectively measuresdiastolic dysfunction. Although some reports suggest it is
comparable toechocardiography, the use of CMR hasot been fully established clinically
[54, 55]. CMR is expensive and timeonsuming andaccessis not widespread [55].
Moreover, claustrophobic patients and patients with certain implants cannot undergo
CMR][55]. These disadvantagesender CMRunpractical as a first linediagnosistool [55].
Still, some experts suggestit can be valuable in patients with inconclusive

echocardiography results[16] or mistakenly identified as having HFpEF56].

Stress Test

Many experts advocate incorporating exercise evaluation into diagnostic algorithn&7].
In many patients with early diastolic dysfunction, filling pressires can be normal at rest
and only elevated with exertion[58]. Therefore, measuring invasive haemodyamic 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 Eurpean diagnostic consensus, aaxercise
stress echocardiography orexercise invasive haemodynamicshould be considered in
patients with an intermediate HFAPEFF scord4]. Nevertheless,the technical challenge

of performing echocardiography or haemodynamic during exercise, the multifarious
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responses to exercisg59], the limitations to exertion posed by comorbidities typical of
elderly patients such as osteoarticular diseasand the confoundirg by ageing itself60]
raise important hurdles to this approach. Many of HFpEF patients cannot undergo
exercise testing thereforeechocardiography 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 testingcould 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 oyput (CO) and systolic wall tension while decreasing endiastolic

volume (EDV), peripheral venous tone, c#ral venous pressure and PCWP.

Biomarkers

In addition to imaging, serum biomarkers arealso a valuable tool for evaluating cardiac
function. Natriuretic peptides, especiallyorain natriuretic peptide (BNP) and N-terminal
proBNP (NT-proBNP) are by far the most extensively studied, widely accepted and

employed biomarkersin HFdue to their correlation with ventricular wall stress [62, 63].

Natriuretic peptides are moderately elevated in HFpEF patientand a recent study has
found that NT-proBNP levels were significantly correlated with diastolic dysfunction
echocardiographic parameters[64]. In the new European consensus, different cuff
values d 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 galectin3 as anincremental prognostic value over natriuretic
peptide levels along63]. However, these recommendations arfor HF in general and not

specificto 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 additinto expand their prognostic value

[16, 62].

1.3 Phenotyping HFpEF

From many potential explanations for neutral outcomegegarding HFpEF clinical trials
the fact that HFpEF remains a syndromehat encompasses a large heterogeneous set of
patient phenotypes that warrant clusteringand tailored therapeutic strategies remain the
most consensual hypothesi$65]. Several authors have proposed methods for classifying
HFpEF in therapeutically homogeneous patient classesThese pioneering efforts
however, remain far from clinical application. Manypatients fall into more than one
category [65] . Therefore, until an impact in therapeutic effectiveness is shown, current

phenotyping strategies should be viewed as tools f@ampling in clinical research trials

At least 5 types of classification have been described based on clinicakgentation,
aetiology/pathophysiology, myocardial phenotypes, latent class analysis and deep

phenotyping (Table 1).

Clinical presentationclassification divides HFpEFpatients into 3 categoriesaccording to
the severity of disease presentation at the time of diagnosis while
aetiology/pathophysiology classification, proposed by Shalet al, dividesHFpEFpatients

into seven phenotype subgrops according to associated comorbiditie§66] .

Later on, Burkhoff et al. described 4 HFpEF phenotypes in order to evaluate LA
mechanical circulatory support as a treatmenbption for HFpEF patientsand called this
classification as myocardial phenotype$67]. Whereas Shalet al. proposed to use deep

phenotyping in order to create phenotypic heat mapdrom physical characteristics, vital
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signs, ECG data, laboratory, echocardiographind haemodynamic data of HFpEF

patients [45]. With this approach, 3 phenegroups were created.

More recently, Kaoet al. used latent class analysisn HFpEF patients enrolled in I-
PRESERVE trial in order to evaluate the response to irbesartan and as exterral
validation in HFpEF patients enrolled in CHARNPreserved [68]. According to 11 clinical
variables (age, genderBMI, atrial fibrillation , CAD diabetes mellitus, hyperlipidaemia,
valvular disease, alcohol use, estimated glomerular filtration rate antdaematocrit), 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 - exerciseinduced diastolic dysfunction
- symptoms - exertional dyspnoea
- prognosis - no signs of volume overload
Low-risk or exercise induced HFpEF L
- rare HF hospitalizations
- normal or only mildly elevated BNP levels

- low morbidity and mortality risk

- the most common one
- overt volume overload
- dyspnoea, exercise intolerance
Medium -risk or volume overloaded - LV hypertrophy and/or left atrial enlargement
HFpEF - elevated BNP or N7proBNP levels
- history of HF hospitalization

- high morbidity and mortality risk

- right heart failure

- pulmonary venous and arterial hypertension
High-risk or Right heart failure HFpEF - highest BNP levels

- highest morbidity and mortality risk

Etiologic /
pathophysiologic
Classification

(66]

- associated comorbidities O AOAAT OAOEA ¢ -hypertension, DM, obesity, and/or CKD

CAD-HFpEF - multi -vessel CAD

- pulmonary venous hypertension

Right heart failure HFpEF - pulmonary arterial hypertension
- RVdysfunction
Atrial Fibrillation HFpEF - uncontrolled atrial fibrillation
Hypertrophic cardiomyopathy -like - do not have genetic forms of HCM
HFpEF
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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 diseaser severe anaemia

Restrictive cardiomyopathy HFpEF

- like cardiac amyloidosis

Myocardial phenotypes

(67]

- echocardiographic and emodynamic 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

- meanaortic pressure of 76 mmHg

- cardiac index of 2,1 L/min/m?2

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 2,9_/min/m 2

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, SBR DBP, PP

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

axis, T wave axis, QRB angle

- laboratory: Na+ K+, HCO3, urea, Cr, eGFR, fasting
glucose, white bloodcell count, haemoglobin, red cell

distribution width, platelet count, BNP

- lesser electrical and myocardial remodelling and
dysfunction

- lesser haemodynamic deangement
- 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

- echocardiograpty: LV and R\étructure and function

- haemodynamics: SV, CQ PA systolic pressure, RA
pressureand PV loops

Pheno-group 2 : Obesity-
cardiometabolic phenotype

- highest prevalence of obesityDM, and obstructive sleep
apnoea

- highest fasting glucose
- highestPCWP
- highest pulmonaryvascular resistance

- mean stroke work of 1,40 g-m/ml

Pheno-group 3: Right ventricular
failure, cardiorenal phenotype

- older patients

- highest prevalence ofCKD

- highest BNP and MAGGIC risk score values
- severe electrical and myocardiatemodelling

- longest QRS duration

- largest QRST angle
-EECEAOO OAI AGEOA xAl1l OEE
ratio

-worst RV function

- mean stroke work of 0,89 g-m/ml

Latent Class analysis [68] - Age

- gender A

- prevalence of comorbidities: obesity, CAD, DM, (younger, obese men)

hyperlipidaemia, valvular disease, alcohol use GFR

-100% Il
- median age: 65 years

- lowest prevalence of AF, kidney dysfunction and valvular
disease

- alcohol use

and haematocrit 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% Il
- median age: 70 years

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

- worst renal function

D

(older, diabetic women)

-100% |
- median age: 73 years

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

-100% Il
E - median age: 75 years
(older male) - lower BMI
- high prevalence of AF and CAD
-77,5%I
E - median age: 82 years

(frail older women)

- lower BMI

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

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

output; Cr, creatinine; DBP, diastolic blood pressure; DM, diabetes mellitus,

eGFR, estimag@merular filtration rate; HCM, hypertrophic

cardiomyopathy; HFpEF, heart failure with preserved ejection fraction; HF, heart failure; HR, heart rate; LV, left ventraiMI, myocardial infarction;
PA, pulmonary artery; PCWP, pulmonary capillary wedggressure; PP, pulse pressure; PV, pressuvelume; RA, right atrial; RV, right ventricular;

SBP, systolic blood pressure; SV, stroke voliem
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Phenotypeguidedtherapeutics

Unlike HFrEE no treatment has proven to reduce morbidity and mortality efficiently in
HFpEF patients (Table 2). Therefore, ESC guidelinesonly 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
a0l 1 A OE hpproZEE dde tA failuré Therefore, according to Silvermanet al. a
phenotype-guided therapy may be beneficial in some groups of HFpEF patiend&&CEl may
be useful to treathypertension or as renal protectionin patients with diabetes mellitus;
BBs could be used in CAD patients withowhronotropic incompetence Dihydropyridine
calcium channel blockerscould have a specific indication inrefractory hypertension,
while non-dihydropyridine calcium channel blockers could be beneficial in
tachyarrhythmias; Digoxin may be effective in patientswith 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 PDE5

may be useful in HFpEF patients with Réfysfunction [70].

Recent data support the beneficial impactsf non-pharmacology therapy (Table 3). The
CardioMEMS devicethat is a wireless implantable haemodynamic monitoring system
used to daily measurement of pulmonary artery pressures, should be considered m
patients with NYHA 11l symptomswith history of frequent HF exacerbatiors and in
patients with RV dysfunctionand cardiorenal syndrome.Additionally, due to the pro
inflammatory state of HFpEF patients, lifestyle modifications likealoric restriction and

exercise trainingshould be reassuredn any patient (Table 3) [70].
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Phosphodiesterasgype 5 inhibitors

Since the discovery of tturbed NO-cGMRPKG signalling in the development of
cardiovascular stiffnessin HFpEF, many expectationshave been created regarding® DE5i
(Figure 6) [12, 71]. However, the results obtained from the RELAX clinical trial in
patients with HFpEF were discouraging regarding the therapeutic use of PDH3Z2]. A
total of 216 patients with hypertension, ischemic heart disease, atrial fibrillation,
diabetes anaemia, and chronic kidney diseaseas major comorbidities,were enrolled in
this trial, and only patients with a normal ejection fraction (#60%) were included. They
had amedian age of 69 years and a median BMI 08 8g/m2 and 48% were women[72].

A median systolic blood pressure of 126 mmHg was measured, and New York Heart
Association functional class Ill was observed in 53% dhe study population. Sildenafil
was administered orallyat 20 mg, 3 times daily for 12 weeks and then increased to 60
mg, 3 times daily for further 12 weekq72]. 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 pointnd additionally, quality

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

systolic pressure remained unchanged.

However, GQuazzi et al, using an HFpEF population with fewer comorbidities and
significantly higher blood pressure, LV mass, anthigher pulmonary artery systolic
pressure than the patients in the RELAX triateported severalbeneficial effecs, including
improvementsin LV relaxation and distensibility, andRV function and dimensionin this
study a population of 44 patients with an ejection fractiorrk 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 andmproved
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diastolic function, respectively[73, 74]. The disappointing results in RELAX trial may be
attributed to several reasons. The absare 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 PDESI
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Figure 6 Z 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 nonxidised sGC (Fe2+); vice versa sGC activators (No. 3) target
oxidised sGC (Fe3+) by reactive oxygen species (ROS). Inhibitors of neprilysin (NEP) resjiale for ANP and
BNP breakdown are indicated by No. 4. Phosphodiesterase 5 (PDE5) operates the breakdown of cGMP
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Table 2 - Pharmacologicalclinical trial sin HFpEF

; Follow HFpEF patient type
Trial vear Drug Cohort up Baseline Characteristics Comorbidities Results
Beta-blockers
ER 40% - MeanZge 66 years -62% HTN - Improved E/A ratio
SWEDI(75] 2004 Carvedilol N=113 6 months - 46% women -16% DM
-53% NYHAI -6% IHD
- Meanzge76 years -61% HTN - No bendit
. EF>35% 21 - 62% women - 46% Hyperlipidaemia
SENIORS76] 2005 Nebivolol N=752 months - 57% NYHA II -34 % AF
-27% DM
- Meanz&ge 68years -66% HTN - No benefit
. . ER 40% - 46% women - 35% DM
COHERE registnf77] 2007 Carvedilol N=4280 1year 569 NYHA II -34% Ml
-15% AF
All BBS - Meanzge 80 years - 37% DM - No benefit
OPTIMIZE-HF 2009 (prescribed EF>40% 90 days - 66% women -33% AF
registry [78] at discharge) N=21149 - Mean BMI 30kg/m¢ - 28% Hyperlipidaemia
- Mean SBP 128mmHg - 14%CKD
- MeanZge 67 years -86% HTN - No bendit
. EF>45% 21 - 65% women - 56% Hyperlipidaemia
ELANDD(79] 2012 Nebivolol N=116 months - 77% NYHA Il -21% DM
- Mean BMI 30kg/n?
EF>40% - MeanZge72 years -80% HTN - Standard doses!CV mortality and unplanned
JDHF[80] 2013 Carvedilol N=245 3,2years -42% women -48% AF hospitalizations
- Mean BMI 24kg/m? - 31% DM
BB exposure - MeanZge 71 years -73% HTN - Protective effect in terms of time to death or
. (bisoprolol, carvedilol, ER 0% - 61% women - 46% DM hospitalization
El-Refai et al.[81] 2013 metoprolol, labetalol, N=1835 2,1 years -30% AF
andatenolol)
All BBs - MeanZge 78 years -58% HTN - 8 all-cause mortality but not with combined
Swedish Heart 2014 (prescribed at EF>40% 755 days 46% women -52% AF all-cause mortality or HF hospitalization
Failure Registry[82] discharge) N=19083 - 46% NYHA class I - 32%MI
- Mean SBP 132 mmHg - 25% DM
- MeanZge 73years -90% HTN - Bisoprolol and carvedilol were similar in
- 66% women - 66% Hyperlipidaemia tolerability and clinical endpoints
ER 45% - 76% NYHA class Il -33% CAD
CIBISELD trial [83] 2016 bisoprolol vs carvedilol N=883 3 months - Mean BMI 30kg/n? -27% CKD
- Mean SBP 146mmHg -23% DM
-18% MI
-10% AF
Statin
- Meanage 65 years -87% HTN Statin therapy was associated with a
Fukuta et al. [84] 2005 v?ittﬂngtzrt(ijnT/Z \5\:3:25{ ER v% 21 - 49% women - 68%CAD reduction in mortality
’ N=137 months -9% NYHA class > I - 34% DM

statin
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Standard HF therapy

- Mean-age 71 years
- 42% women

- 89%CAD
- 73% Hyperlipidaemia
-61% HTN

- No benefit

Ouzounian et al.[85] 2009 with statin vs without EIH:GXSO};I 3,2 years -56% Ml
statin -49% DM
-24% AF
Calcium channel blockers
- Mean-age 68 years -75% HTN - Improved in an objective clinicoradiographic
. %&1 T ULl - 0% women -25% CAD HF score compared withplacebo
Setaro et al.[86] 1990 Verapamil N=20 5 weeks -9% DM
- 4% CKD
EF>45% - Meanrage 65years - Improved exercise tolerance, and LV
Hung et al.[87] 2001 Verapamil N=13 3 months - 39% women diastolic function
- Mean SBP 124 mmHg
Diuretics
Furosemide or thiazide - Meanrage 73 years -82% HTN - Diuretics alone significantlyimproved
- 58% women -20% DM symptoms
Hong Kong Diastolic 2008 (1) diuretics alone, (2) EHR 45% 52 weeks 70% NYHA class Il -10 % AF - Diuretics in combination with irbesartan or
Heart Failure [88] diuretics plus N=150 - Mean BMI 27 kg/n? - 8% Hyperlipidaemia ramipril marginally improved LV systolic and
irbesartan, or (3) - Mean SBP 145 mmHg diastolic function
diuretics plus ramipril
- Meanage 70 years -51% DM - 8 the incidence of newonset hospitalization
CHhorthalidone vs ER uvo% 12 - 52% women
ALLHATI89] 2008 lisinopril N=404 months - Mean BMI 32kg/m 2
- Mean SBP 150 mmHg
- Meanage 84 years -90% HTN - Indapamide combined with or without
Indapamide with or ER % - 61% women -7% DM perindopril showed a significant HF reduction
HYVETI90] 2008 without perindopril N=3845 L8years Mean BMI 25kg/m 2
- Mean SBP 173 mmHg
ACE inhibitors
- Mean-age 75 years -79% HTN - @HF admissions
- 54% women -21% DM
PEP-CHH91] 2006 Perindopril LVI\|IE=|:8>5405% 1year -77% NYHA class I/l -19% AF
- Mean BMI 28kg/m 2
- Mean SBRL38 mmHg
- Mean-age 80 years - Improved E/A ratio
_ EA L% - 86% women
Aronow et al. 1993 Enalapril N=21 3 months  -100% NYHA class Il
- Mean SBP 126 mmHg
Angiotensin Il receptor blockers
- Meanage 75 years -65% HTN - @ HF hospitalization
- 39% women -29% DM - No mortality benefit
CHARM92] 2003 Candesartan EZ‘(‘)% mi?]'t?]s -62% NYHA class I -29% AF
- Mean BMI 29kg/m 2
- Mean SBP 136 mmHg
%&1 vl 2years - Mean-age 72 years -89% HTN - No bendit
I-PRESERVP3] 2008 Irbesartan N=4128 -59% women -29% AF
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-77% NYHA class IlI - 28% DM
- Mean BMI 30kg/m 2
- Mean SBP 137 mmHg
Angiotensin receptor blocker neprilysin inhibitors
- Mean-age 71 years -95% HTN - LCZ696 reduced NIproBNP compared with
- - 57% women -41% DM valsartan
PARAMOUNT94] 2012 ~ Sacubitrilivalsartan EI\T—3TO?.@ 12 a“?( 36 _819% NYHA class I - 40% AF
= WEEKS  _Mean BMI 30kg/m? -38% CKD
- Mean SBP 136 mmHg -21% MI
- Meanage 73 years -96% HTN - No benefit
- - 52% women -44% DM
PARAGONHF 2019 ~ Sacubitifvalsartan R 3 -78% NYHAclass I -32% AF
= monts —_Mean BMI 30kg/m 2 -23% MI
- Mean SBP 131 mmHg
Mineralocorticoid receptor antagonists
- Meanage 67 years -92% HTN - Improved LV diastolic function but did not
%& 1 vl 12 - 52% women - 61% hyperlipidaemia affect maximal exercise capacity, HF
Aldo-DHF95] 2013 Spironolactone N=213 months - 85% NYHA class Il -17% DM symptoms, or QoL
- Mean BMI 29kg/m 2 -6% AF
- Mean SBP 135 mmHg
- Mean-age 69 years -91% HTN - @ HFpEF hospitalizations
- 52% women - 59% hyperlipidaemia
. %&I1 TULl -63% NYHA class Il -57%CAD
TOPCAT96] 2014 Spironolactone N=3445 3,3years Mean BMI 31kg/m ? -39%CKD
- Mean SBP 130 mmHg -36% AF
-33% DM
- Mean-age 66 years -92% HTN - Improved exercise capacity
' %&l LTl - 88% women -39% DM
STRUCTURP7] 2016 Spironolactone N=150 6 months - 78% NYHA class Il
- Mean BMI 31kg/m2
- Mean SBP 131 mmHg
Digoxin
- Mean-age 67 years -62% HTN - No benefit
DIG[98] 2006 Digoxin E,\Tj;g;/o mo3n7ths - 42% women - 50%MI
-59% NYHA class Il -27% DM
Ivabradine
- Mean-age 67 years -90% HTN - Improved exercise capacity and peak
EA L% - 77% women -40% DM oxygen uptake
Kosmala et al.[99] 2013 Ilvabradine N=61 7 days - Mean BMI 30kg/m 2
- Mean SBP 130 mmHg
- Mean-age 72 years -94% HTN - No bendit
_ ER 45% 8 months - 62% women -51%CAD
EDIFY[100] 2017 Ivabradine N=171 -80% NYHA class Il -43% DM
- Mean BMI 30kg/m 2
- Mean SBP 132 mmHg
Phosphodiesterase -5 inhibitors
. ) %&1 vl 24 - Meanage @ years -80% HTN - No bendit
RELAX72] 2013 Sildenatil N=216 months - 48% women -56% CKD
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-53% NYHA classll -52% AF
- Median BMI 33 kg/m 2 - 42%IHD
- Median SBP 15 mmHg -42% DM
- Meanage 73 years -100% HTN - improved pulmonary pressure and
. . ) ER vmthb - 23% women -18% DM vasomotility, RV function and dimension|.V
Guazzi et al[101] 2011 Sildenafi N=44 1 year - Mean BMI 2 kg/m2 relaxation and distensibility and lung
- Mean SBP 33 mmHg interstitial water metabolism
Soluble guanilate cyclase stimulators
- Mean-age 73 years -91% HTN - Improved QoL
- - 48% women -41% CKD
0
PRESECF?\/jlzTEﬁz] 2017 Vr?gg'gu“;t’ /,‘ﬁ 4'77‘ U1 12 weeks - 45% NYHA class lI1IV
9 B - Mean BMI 30kg/m 2
- Mean SBP 133 mmHg
Exogenous nitrates
- Meanrage 69years -88% HTN - No bendit
- 49% women - 63%IHD
Isosorbide %&1 vl -51% NYHA class Il -43% DM
NEAT-HFpER103] 2015 mononitrate N=110 L8years _y1ean BMI 36kg/m? -42% CKD
- Mean SBP 129 mmHg -37% AF
- Mean-age 67 years -77% HTN - Reduced biventricular filling pressures and
. L %&1 vl . - 46% women - 54%CAD pulmonary artery pressures at rest and during
Borlaug et al. [104] 2016 Inhaled sodium nitrite N=26 5 min - Mean BMI 33kg/m? -31% DM exercise
- Mean SBP 149 mmHg
- Meanage 63 years -100% HTN - Improved exercise duration and QoL
. - 67% women - 78% Hyperlipidaemia
0
Zamani et al.[105] 2017 O KN&?O‘:%gOtaSS'”m /ON&—I12U Tl ) week  -89% NYHA class Il -56% DM
- - Mean BMI 33kg/m 2 - 33%CAD
- 0% AF
- Meanage 68 years -81% HTN - No bendit
- 68% women - 72% Hyperlipidaemia
) L %&1 vl -51% NYHA class IlI - 68%IHD
INDIE-HFpEH106] 2018 Inhaled inorganic nitrite N=100 4 weeks Mean BMI 36kg/m - 45% AF
- Mean SBP 130 mmHg - 38% DM
- 23% CKD

AF, atrial fibrillation; BB, betablockers; BNP,B-type natriuretic peptide; BMI, body mass index; CAD, coronary artery diseaseD, chronic kidney
disease;CV, cardiovascularDM, diabetes mellitus;E/A, ratio of the early (E) to late (A) ventricular filling velocities EF, egction fraction; HFpEF, heart
failure with preserved ejection fraction; HF, heart failure;HTN, hypertension;IHD, ischemic heart diseasel.V, left ventricular; MI, myocardial
infarction; NYHA, New York Heart Associatiof®AP, pulmonary artery pressure; Qad., quality of life;RV, right ventricular; SBP, systolic blood pressure;
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Table 3 - Non-pharmacologicalclinical trial interventions in HFpEF

Trial Year Intervention Cohort Follow . H FpEF patient type . Results
up Baseline Caracteristics Comorbidities
Calorie restriction or exercise training
Exercise training - Meanzage 67years -88% HTN - Improved 6MWD, QoL and depression
Gary et al[107] 2004 Home-based EF>45% 15 weeks ~ooY0women - 19%IHD scores
Walking sessions N=32 -63% NYHA class Il -19% DM
- Mean BMI 35 kg/m?
- MeanZge70 years -87% HTN -y peak and submaximal exercise
. - - 83% women -8% DM capacity
PARIS108] 2010 Eéegi'rfe g)?;\:]\/l:g %,\f‘_ :53“ T} 16 weeks - 79% NYHA II
yeling - - Mean BMI 30 kg/n?
- Mean SBP 145 mmHg
- MeanZge 64years -86% HTN - Improved exercise capacity and QoL scores
. endurance training %&1 vl - 55% women - 46% Hyperlipidaemia
Ex-DHF trial [109] 2011 Cycling 2x/wk N=64 3 months  -80% NYHA II -16% DM
- Mean BMI 31 kg/n?
- Mean SBP 140 mmHg
- Meanage 67years -17% HTN - hpeak WO
Exercise training EF>45% - 42% women -17% DM
Smart et al[110] 2012 Cycle ergometer N=25 16 weeks -50% NYHA I/l
3x/wk - Mean BMI 31 kg/n?
- Mean SBP 130 mmHg
. . - MeanZge 63years -68% HTN - yexercise tolerance,
Alves et al,[111] 2012 Treagglcl)lrs;tbel::ycle EF>55% 6 months 29% women - 35% DM - Improved cardiac systolic and diastolic
' 3wk N=31 - 55% NYHA class Il -32% Ml function
- Mean BMI 28 kg/n? - 3% AF
Exercise training - Meange70 years -94% HTN - I peak 6O, and 6MWD
Walking, arm and leg %&1 v Tl - 12% women -28% DM
PARISII[112] 2013 ergyometry N=63 16 weeks -53% NYHA Il
3wk - Mean BMI32 kg/m2
- Mean SBP 146 mmHg
- - 449 R ;
. Ex.ercise. tra.lining 0 - gﬂliznvflogrﬁfr?years e - ﬁgfc?\/keﬁiastolic dysfunction
Angadi et al[113] 2015  Mgh-intensity interval EF>45% 4 \weeks - NYHA class Il
treadmill training N=9
3wk - Mean BMI 30 kg/n?
- Mean SBP 134 mmHg
Caloric Restriction or - MeanZge 67 years -94% HTN - ™y exercise capacity and QoL
Aerobic Exercise %&l U Tl - 80% women -41% DM - benefit was greatest for calorie restriction
SECRETL[114] 2016 . ) _ 20 weeks -53% NYHA I -2% AF
(Walking exercise N=100
3x/wK) - Mean BMI 40 kg/n?
- Mean SBP 137 mmHg
Fu et al[115] 2016 Exercise training %& 1 vl 12weeks -MeanZage 6lyears -83% HTN - 'y PeakaO; and QoL
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Bicycle ergometer N=30 - 33% women -77% CAD - Improved diastolic function
3x/wk -NYHA class Il/lll -63% DM
- Mean BMI 31 kg/m? - 50% Hyperlipidemia
- Mean SBP 138 mmHg
CardioMEMs sensor
Wireless implantable - MeanZage 61lyears -77% HTN - @ hospitalization
haemodynamic - 28% women -67% CAD
monitoring system %& 1 1 Tl -NYHA class Il -48% DM
CHAMPION116] 2011 daily measurement of N=270 6 months - Mean BMI 31 kg/m? - 44% AF
pulmonary artery - Mean SBP 121 mmHg -28% COPD
pressures -20% CKD
Transcatheter interatrial shunt device
transcatheter interatrial EF>40% :?Giznvz\lagsfr?years gézz 2;’; - @PCWP during exercise
REDUCE LAFHF[117] 2016 shuntLdAeF\)/rlgzstSr;educe N=64 6 months 7206 NYHA class |l -33% DM
- Mean BMI 33 kg/m? -36% AF
- MeanZage 70years -82% HTN - @ PCWP during exercise
transcatheter interatrial - 36% women - 73% Hyperlipidemia
REDUCE LARHF I 2018 shunt device to reduce %&I1 T Ml 1 month -100% NYHA class llI -55% DM
[118] LA pressure N=44 - Mean BMI 35 kg/rr? -55% AF
- Mean SBP 131 mmHg -23% Ml
-14% COPD
Adaptive servo -ventilation
- MeanZ&ge 64years -72% HTN - Improved NYHA class, LA volume, BNP,
R A - 11% women - 44% Hyperlipidemia diastolic function
Yoshihisa et al[119] 2013 : Ce’:t”i ti% E OA ¢ %,\f‘: '36T Tl 6months - 67% NYHA class Il -33% DM -@ CV events or hospitalization
- Mean BMI 25 kg/mr? -39% AF
-28% IHD
- MeanZge 61lyears -80% HTN - @ CV hospitalizations
AN A A - 25% women - 54% DM - B6MWD
CAT HH120] 2017 : Ceﬁtifljatioorlf OA « E[\']:=>112560A) 6 months - 51% NYHA class IlI -41% AF
- Mean BMI 32 kg/m? -40% IHD
-19% COPD

AF, atrial fibrillation; BB, betablockers; BNP B-type natriuretic peptide; BMI, body mass index; CAD, coronary artery diseaseD, chronic kidney
disease; COPD, chronic obstructive pulmonary disease; CV, cardiovascular; DM, diabetes mellitus; EF,ogjdctiction; HFpEF, heart failure with
preserved ejection fraction; HF, heart failure; HTN, hypertension; IHD, ischemic heart disease; LA, left atrium; LV, leftnveuwar; MI, myocardial
infarction; NYHA, New York Heart Association; PCWP, pulmonary cagiy wedge pressure; QoL, quality of life; SBP, systolic blood pressucad;,
I UCAT AT 1001 POET TN ¢-7%h ¢ 1 ET OOAOGE xAl E AEOOAT AAs8
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1.3 The search for the perfect animal model

Part of the knowledge gap irHFpEF isdue tothe lack of suitable animal moded. Seveal
animal models have been described as HFpEF models, but none of thems able to
recapitulate all the clinical features ofthis complexand heterogeneoussyndrome (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 tilsame
pheno-group strategy proposed for clhical trials. Therefore, distinct animal models may
mimic particular subgroups of HFpEF patients according to their predominant features.
In this work, | propose a classification based on the associated comorbidities of the animal
models, a similar approab used by Shahet al. in the atiologic/pathophysiologic

classification[66] .

HypetensivePhenotype

Hypertension is the mostcommon comorbidity involved in both the pathogenesis and
prognosis of HFpEF. Some animal models proposed as HFpEBdels have systemic
arterial hypertension as the main driver in pathogenesis, namely the Dahl sadensitive

(DSS) rat and he aldosterone-infused uninephrectomized mouse

DSS rat is a mutant strain that was selectively bred from Spragiawley presenting
severe hypertension [102]. While taking high-salt diet, the DSS rats developed renal
failure, severe hypertensionLV hypertrophy and increased lung weightwhich may lead
to HFpEF [103105]. Myocardial fibrosis is a distinctive feature. This animal mode

exhibits a very high value of systolic blood pressure and additionally,ug to a continued
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salt administration, there is progression to HFrEF78]. Some authors have questioned
the utility as HFpEF model precisely because there is progression to HFrERddrecause
many of the changes in myocardial physiology are not due to intrinsic stiffening of the

myocardium but rather to changes in sodium and water balandd.21].

Eight-week C57BL/6J old miceafter an uninephrectomy, d-aldosterone infusionand 1%
saline intake for 4 weeks develop hypertension, LV hypertrophy, fibrosis, diastolic
dysfunction and anHFpEF phenotypd122] . Aldosterone also induces a proinflammatory
response increasemyocardial natriuretic peptide expression pulmonary congestionand
an impaired exercise capacityin these mice, which constitutes importantoiomarkers of
clinical HFpEF[123]. At the molecular level, they also present aincrease myocardial
oxidative stress a reduce arcoplasmic reticulum Ca(2+)adenosine triphosphatase
expression together with a reduce protein kinase A (PKA) and Ca2+/calmodulin
dependent protein kinase 1l (CAMKIdependent phosphorylation of phospholamban

[124].

Metabolic Risk Phenotype

HFpEF has a high prevalence of metabolic comorbidities, nameipesity and diabetes

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

The leptin-deficient obese and type 2 diabetidb/db and ob/ob mice [125, 126] develop
myocardial hypertrophy, with diastolic dysfunction that progresses to overt HFdespite
preserved ejection fraction at the earlier stages of disea$&27-129]. Db/db mice also
show exercise intolerance at 12weeks of age with clear evidence epulmonary
congestion andelevatedBNP levelg130-132]. Thus, these models mimic several clinical
aspects of HFpEF and are valuable to explore the combinedntribution of obesity and
type 2 diabetesin mice. Nevertheless, progression to reduced ejection fraction has been

documented.
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The DSS obese rat is ametabolic syndrome model derived from crossingthe
aforementioned DSSrats and Zucker rats. DSS obesats develop a phenotype similar
to human metabolic syndrome, with obesity, hypertension, dyslipidaemia and type 2
diabetes[133, 134]. In addition, they present cardiac hypertrophyas well as renal and
liver damage.At 15 weeks d age, female DSS obese rats with IdNastolic dysfunction
marked LV hypertrophy and fibrosis, as well agncreased cardiac oxidative stress and

inflammation [133, 134].

The diabetic Zucker fattys pontaneously hypertensiveHF F1 hybrid (ZSF1) model was
developed by crossing lean female Zucker diabetic fatty rat (#) and lean male
spontaneously hypertensive HF rat (+facr) thus generating a crossbreed with compound
heterozygotes forleptin receptor mutations (fa and facr) [135]. The first description of
this model was madean 2000 by Tofovicet al. as a renafailure model at 46 weeks of age.
ZSF1 obese ramodel displays metabolic syndrome with hypertension, obesity, type 2
diabetes, hyperinsulinemia, insulin resistance and dyslipidaemidaave shown that these
cardiometabolic risk features heraldLV diastolic dysfunction consistent with HFpEF at
20 weeks of agewith elevated E/ex LA enlargement, high LV diastolic chamber and
cardiomyocyte stiffness, oxidative stress and microvascular inflammationdespite
preserved global LV systolic function, which resemble clinicalfeatures of many HFpEF
patients [8, 33]. Of note, we have clearly demonstrated that this animal model shows
effort intolerance and decreasedd) max and on an extended followup neither our

group nor Tofovic reported progression to reduced ejection fraction.

Eldety Phenotype

HFpEF ispredominantly seen in elderlypatients with multiple comorbidities . However,
ageingis the most challengindgeature to be addressed bgnimal models Rats have a short
lifespanand all of the aforementioned models are develop in aduitut not elderly animals,

Two animal modelsmimic HFpEF development in the elderly.
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The Fisher 344 rat mirrors the pathophysiology of aging in the heart and other organs
[136]. Between 22 and 30 months of age, this rat develomiastolic dysfunction with

decreased LV compliance and impaired LV relaxatiddi37-141]. Pulmonary congestion
is apparent at 25months of agewith a modest decline inthe LV systolic function, as well

asexercise intolerance[138, 142].

The pontaneous senescence pron€SAMP8)mouse isalsoan ageing model that shows
accelerated senescence and agelated pathological phenotypeswhile its senescence
resistant (SAMRL1) control strain shows normal aging[143]. At 6 months of ageSAMPS8
exhibited reduction of transmitral flow, increased EDPVRwith normal ejection fraction.
Transforming growth factor beta overexpressionwith cardiac hypertrophy and fibrosis

seems to be the underlying mechanisii44].

41



Introduction

Table 4 - HFpEF animal models.

Model Ref. Species Etiology Hypertension/ Metabolic Na*/H20  Aging Cardiac features %& Other features
hypertrophy risk retention
Dahl salt-sensitive [121, 145 Rats Multifactorial Yes Yes, IR Yes Yes 8 2A1 AQARYRin 1 Yes , 01 ¢ xAECEO
147] genetic + vivo, fibrosis, ED fatigue
environment
Dahl salt-sensitive [133, 134] Rats Multifactorial Yes Yes, Yes ND Disturbed TMF, fibrosis Yes nw o " .0
obese genetic + obesity, IR
environment
ZSF1 obese [8, 148- Rats Multifactorial Yes Yes, Yes ND 8 2A1 AGAOERT No nw , 01 ¢ xAECE
151] genetic obesity, vivo, stiff CMs, no 011 ACADAR N 8
DM, MS fibrosis
SHR and SHR [152-154] Rats Multifactorial Yes No Likely Yes 8 2A1 AGAOEMR 1 VYes n . 0
related genetic vivo, fibrosis
SHRobese [155] Rats Multifactorial Yes Yes, Yes Yes Fibrosis No n .0
genetic obesity, IR
SHHF [156] Rats Multifactorial Yes No Likely Yes Fibrosis, disturbed TMF Yes Signs of HF
genetic
OLETF [157-160] Rats Genetic + No hypertension, Yes, Yes Yes 8 2A1 AGAOEek1 ND ND
environment hypertrophy obesity, DM vivo, disturbed TMF,
fibrosis
5/6 nephrectomy [161] Rats Surgical Yes No Yes Yes s 2A1 AGAOE! No nw , 01 c xAECE
EAEAOT OEON
Uninephrectomy + [162] Rats Surgical + Yes, fast No Yes No 8 2A1 AGAOET No ND
DOCAsalt environment hypertrophy vivo, fibrosis
TG (mRen-2)27 + [163] Rats Genetic + Yes Yes, DM Yes ND 8 OAl AGAOERXKT ND ND
STZ + insulin pharmacologic vivo, fibrosis
Female mRen(2) [164] Rats Genetic + surgical + Yes ND Yes No $EOOOOAAA 4 ND ND
Lewis rat + salt + environment fibrosis
oophorectomy 2
ZDF [165, 166] Rats Genetic + No Yes, Yes Yes 8 2A1 AGAOEn 1 No 3 dfrength, shift in SkM
environment obesity, IR, vivo, fibrosis fibre type
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DM
SAMPS8 mice [144, 167] Mice Genetic No ND ND Yes n %S D 6ivD, No 8 %@ Adelabc® A
AEOOOOAAA 4
fibrosis
Fisher 344 [138] Rats Genetic Yes ND ND Yes ¢ OAIl AigrdsB BRI No Lung congestion,
OADOAL +wdF 5 %@AOAEOA (
CM-specific Bmall [168] Mice Genetic Hypertrophy ND ND Yes Disturbed TMF, fibrosis Yes ND
deletion
Uninephrectomy + [122, 124] Mice Surgical + Yes No Yes No " % HokeEich Nd n , 01 ¢ xAECH
aldosterone + salt environment 8 %@ Ac@pAdiyO A
db/db (leptin [8, 125, Mice Genetic No hypertension, Yes, Yes Yes 8 2A1 AGAOEET Yes Lung remodelling,
receptor 130, 131] late hypertrophy  obesity, IR, vivo, late fibrosis 5 %@AOAEOA (
deficiency) DM
Phosphorylation - [169] Mice Genetic No No No No 8 OAl AGAOGET  VYes 8 611 01 OAOU
deficient cMyBP C EDPVRn vivo
Titin Ig -like domain [170] Mice Genetic No hypertension, No ND Yes 1 %$ i sivdand ex Yes 8 Exercise tolerance
KO late hypertrophy vivo, no fibrosis
ob/ob [129, 171] Mice Genetic No hypertension, Yes, ND Yes Disturbed TMF Yes ND
(leptin deficiency) hypertrophy obesity, IR,
DM
Prohypertrophic [172,173]  Mice, rats Pharmacological Yes No Likely ND 8 2A1 AGAOER T Yes w0
agents, e.g. vivo, fibrosis,
angiotensin Il
Aortic banding [174-177]  Mice, rats, Surgical No hypertension, No Likely ND 8 2A1 AGAOER 1 VYes Lung congestion
pigs, dogs fast hypertrophy vivo, fibrosis
Renal wrapping in [74,178-  Dogs, pigs, Surgical Yes No Yes Yes s 2A1T AGAOE No ND
old animals 183] primates stiffness, fibrosis
Renal wrapping in [184] Dogs Surgical + Hypertension, No Yes Yes 8 2A1 AGAC No ND
old animals + DOCA pharmacological hypertrophy,
Repeated coronary [185] Dogs Catheter No No Yes ND " %$0h ET A Variable mw " 0h OECIO
microembolization intervention changes in (rales, weight loss, ascites)
EDPVR/relaxation,
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fibrosis
DOCA + WD [186] Pigs Pharmacological + Slight Yes Yes ND n o %$ D 6ivd, no No 1 QUi DOT T AGEAN
environment hypertension, fibrosis high-frequency
hypertrophy pace/dobutamine

AT, anaerobic threshold; Bmall, aryl hydrocarbon receptor nuclear translocator like; BNP, tyie natriuretic peptide; CM, cardiomyocyte; DM,

diabetes mellitus; ED, endothelial dysfunction; EDP, ertlastolic pressure; EDPVR, endiastolic pressurezvolume rA1T AQET T OEEDPN %I %86 h O
peak velocity of early TMF Doppler and peak velocity of early mitral annulus displacement by tissue Doppler; DOCA, deoxymmsterone acetate; HF,

heart failure; Ig, immunoglobulin; IR, insulin resistance; KO, knoetiut; m(ren-2), murine Ren2 gene; LA, left atrial; MS, metabolic syndrome; MyBP

C, myosinbinding protein C; ND, not determined; NP, natriuretic peptides; OLETF, Otsuka LelBgans Tokushima Fatty rat; SAMP8, Senescence
Accelerated MouseProne 8 line; SHHF, spomaineously hypertensive heart failure prone rat; SHR, spontaneously hypertensive rat; SkM, skeletal

muscle; STZ, streptozotocin; TG, transgenic; TMF, transmitral floeXmax, maximum Q consumption; WD, western diet; ZDF, Zucker diabetic fatty;

ZSF1, firs-generation hybrid crossing between Zucker diabetic fatty female and spontaneously hypertensive heart failure prone matenly model

that addresses postmenopause infemales. Table [adapted] from Eur J Heart Fail. 2018 Feb;20(2):21&27. doi: 10.1002/ejhf.1059. Epub 2017 Nov

16.
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2. Aims

The key issues addressed by the current dissertation ard)(to assessnew and poorly
investigated pathophysiologicalmechanisms in HFpEF,I() to investigate screening or
diagnostic tools that may enable earlier detection ofHFpEF and (lll) to test new
therapeutic approaches in HFpEHNn the preclinical scenaria To achieve these general

goals, we aim to:

- explore diastolic function response to sudden singlébeat isovolumic afterload
elevation in ZSF1 obse and ascertainthe potential role of afterloadinduced
diastolic dysfunction;

- characterise central arterial remodelling and dysfunction in ZSF1 obese rats and
compare it with hypertensive ZSF1 lean rats and healthy Wistafyoto (WKY)
controls;

- describe ZSF1 diastolic response to increased afterload, preload aH& achieved
by phenylephrine infusion, Trendelenburg positioning and dobutamine infusion,
respectively, and correlate lmemodynamic stress changes with simultaneously
acquired echocardiographic indexes in vivo;

- characterise the effects of chronicherapy with sildenafil in ZSF1 oleserat
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3. Results

The results of this dissertation will be presented aspublished articles:

3.1. Underlying mechanisms

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

Leite, S.,Rodrigues, S., TavareSilva, M., OliveiraPinto, J., Alaa, M., Abdellatif, M.,
FalcacPires, I., Gillebert, T.C., Le®loreira, A.F., Lourencgo, A.P. Am J Physiol Heart
Circ Physiol, 2015. 309(10): p. H164&4. D0i:10.1152/ajpheart.00397.2015

Il. Arterial r emodeling and dysfunction in the ZSF1 obese rat model of
heart failure with preserved ejection fraction

Leite, S.*, Cerqueira, R.*, Ibarrola, J.*, Fontoura, D., Fernandeelis, A., Zannad, F.,
FalcacPires, I., Paulus, WJ., Leildoreira, AF., RossignolP., LopezAndrés, N.,
Lourenco, AP. Circ Heart Fail, 2019. 12(7): p. e005596. Doi:
10.1161/CIRCHEARTFAILURE.118.005596

3.2. Early diagnostic tools

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

Leite, S.,Oliveira-Pinto, J., TavaresSilva, M., Abdellatif, M., Fontoura, D., FaleRaes,
l., LeiteMoreira, A.F., Lourenco, A.P. Am J Physiol Heart Circ Physiol, 2015. 308(12):
p. H1556-63.d0i:10.1152/ajpheart.00076.2015.

3.3. Therapeutic approaches
l. 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. VasquesNOvoa, Francisco.|eite-
Moreira, AF., Lourengo, ABBubmittedto Journal of Cardiovascular Pharmacology and
Therapeutics
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3.1. Underlying mechanisms :

l. Afterload-induced diastolic dysfunction contributes to high filling pressures in
experimental heart failure with preserved ejection fractio
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Am J Physiol Hearf Circ Physiol 309: H1648-H1654, 2015.
First published September 25, 2015; doi:10.1152/ajpheart.00397.2015.
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Afterload-induced diastolic dysfunction contributes to high filling
pressures in experimental heart failure with preserved ejection fraction
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Leite S, Rodrigues S, Tavares-Silva M, Oliveira-Pinto J, Alaa
M, Abdellatif M, Fontoura D, Falcao-Pires I, Gillebert TC, Leite-
Moreira AF, Lourenco AP. Afterload-indnced diastolic dysfunction
contributes to high filling pressures in experimental heart failure with
preserved ejection fraction. Am J Physiol Heart Circ Physiol 309:
H1648-H1654, 2015. First published September 25, 2015;
doi:10.1152/ajpheart.00397.2015.—Myocardial stiffness and up-
ward-shifted end-diastolic pressure-volume (P-V) relationship
(EDPVR) are the key to high filling pressures in heart failure with
preserved ejection fraction (HFpEF). Nevertheless, many patients
may remain asymptomatic unless hemodynamic stress is imposed
on the myocardinm. Whether delayed relaxation induced by pres-
sure challenge may contribute to high end-diastolic pressure (EDP)
remains unsettled. Our aim was to assess the effect of suddenly
imposed isovolumic afterload on relaxation and EDP, exploiting a
highly controlled P-V experimental evaluation setup in the ZSF1
obese rat (ZSF1 Ob) model of HFpEF. Twenty-week-old ZSF1 Ob
(n = 12), healthy Wistar-Kyoto rats (WKY, n» = 11), and hyper-
tensive ZSF1 lean control rats (ZSF1 Ln, n = 10) underwent
open-thorax left ventricular (LV) P-V hemodynamic evaluation
under anesthesia with sevoflurane. EDPVR was obtained by infe-
rior vena cava occlusions to assess LV ED chamber stiffness
constant [3, and single-beat isovolumic afterload acquisitions were
obtained by swift occlusions of the ascending aorta. ZSF1 Ob
showed increased ED stiffness, delayed relaxation, as assessed by
time constant of isovolumic relaxation (1), and elevated EDP with
normal ejection fraction. [sovolumic afterload increased EDP with-
ont concomitant changes in ED volume or heart rate. Inisovolumic
beats, relaxation was delayed to the extent that time for complete
relaxation as predicted by 3.5 X monoexponentially derived 7
(Texp) exceeded effective filling time. EDP elevation correlated
with reduced time available to relax, which was the only indepen-
dent predictor of EDP rise in multiple linear regression. Our results
suggest that delayed relaxation during pressure challenge is an
important contributor to lung congestion and effort intolerance in
HFpEF.

* 8. Leite and S. Rodrigues contributed equally to this work.
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afterload; relaxation; diastolic function; heart failure with preserved
ejection fraction

NEW & NOTEWORTHY

In a highly controlled hemodynamic evaluation setup in exper-
imental heart failure with preserved efection fraction, we dem-
onsirate thai delayed relaxation independently explains end-
diastolic pressure elevation during suddenly imposed after-
load. This is an imporiant coniribufion to understanding the
response to exercise or hypertensive stress in preserved efec-
tion fraction heart failure.

HEART FAILURE with preserved ejection fraction (HFpEF) re-
mains a major unsolved health issue and a complex disease in
which the contribution of various aspects is still incompletely
understood (22, 24). Although HFpEF pathophysiology is
multifarious and HFpEF patients constitute a heterogeneous
group comprising several risk factors (26), most experts would
agree upon abnormalities of left ventricular (LLV) relaxation
and high passive stiffness as underlying hemodynamic
mechanisms (31) as well as upon comorbidity and systemic
inflammation-induced microvascular coronary endothelium
disturbances, decreased cardiomyocyte nitric oxide (NO)
availability, and protein kinase G activity as key determi-
nants of molecular remodeling (namely myocardial hyper-
trophy), titin hypophosphorylation, and interstitial fibrosis
that ultimately lead to LV stiffening (23). On top of these
essential aspects, vascular stiffening and the effects of
vascular reflection on myocardial load and function are
often underscored. Both magnitude and timing of load play
a role in diastolic function (3, 18). We have recently charac-
terized a new cardiometabolic risk model of HFpEF that
recapitulates this paradigm. Despite preserved systolic func-
tion, hypertensive, obese, and diabetic ZSF1 obese rats (ZSF1
Ob) show high end-diastolic pressure (EDP) and increased
cardiomyocyte stiffness that can be ascribed mostly to titin
hypophosphorylation (9). Moreover, these animals show im-
paired maximal oxygen consumption (Vo2 max) and decreased

http:/fwww ajpheart.org
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AFTERLOAD-INDUCED DIASTOLIC DYSFUNCTION IN HFpEF

anaerobic threshold in effort testing and low diastolic function
tolerance to both afterload and preload closely mimicking
clinical HFpEF (20). Indeed, many patients who have high
passive stiffness may not show symptoms at rest. Underlying
disturbances are only revealed during exercise or hemody-
namic stress, suggesting that further diastolic function abnor-
malities come into play (2). Our group has pioneered the
investigation of the effects of sudden single-beat afterload
elevations in diastolic function. This in sitn experimental
preparation allows a full and unique understanding of the
interplay between afterload, relaxation, and filling pressures
without the confounding factors of neurchumoral and reflex
responses, overall hemodynamic status, ventricular interdepen-
dence, and pericardial constraint (16—-19). In dogs and rabbits
we have demonsirated a biphasic response between afterload
and relaxation. Small afterload elevations accelerate relaxation,
whereas large elevations delay relaxation (18) to the point
where it becomes incomplete at end-diastole, enabling the
buildup of residual EDP (17), defying the rough dichotomy
between independent active relaxation and passive elastance
determinants of diastolic function and the view that no matter
how delayed relaxation is it may never impact on EDP (8). We
have proposed that delayed and incomplete relaxation might
contribute to residual active force development at end-diastole
and thus constitute a pathophysiological mechanism in acute
hypertensive lung edema (7), which we labeled afterload-
induced diastolic dysfunction (16, 17). Indeed, we have docu-
mented that the diseased myocardium tolerates afterload ele-
vations poorly both in patients with impaired ejection fraction
(EF) (19) and in a rat disease model (6). In healthy rats,
however, likely owing to particularities in myofilament com-
position and Ca®" kinetics (21), only isovolumic afterload
significantly impaired relaxation with faint consequences in
EDP (6). Most importantly, although it may provide important
mechanistic views on myocardial response to sudden afterload,
this experimental setup was never applied to the stiff HFpEF
myocardium.

The aim of this study was to explore diastolic function
response to sudden single-beat isovolumic afterload elevation
in ZSF1 Ob and to ascertain the potential role of afterload-
induced diastolic dysfunction in experimental HFpEF.

METHODS

Animal model. ZSF1 Ob (n = 12), ZSF1 lean rats (ZSF1 Ln, n =
10), and Wistar-Kyoto rats (WKY, »n = 11; Charles River Laborato-
ries, Barcelona, Spain) were fed with standard diet (Purina diet 5008)
to achieve metabolic syndrome and HFpEF, systemic arterial hyper-
tension, or absence of any cardiovascular risk factor, respectively, as
previously reported (9). Animals were kept in individually ventilated
chanibers in groups of two per cage in a controlled environment with
a 12:12-h light-dark cycle at 22°C room temperature. All animals
received humane care. Experimental procedures were approved by the
ethical committee of the Faculty of Medicine of Porto and were
performed in accordance with Portuguese law on animal welfare, EU
Directive 2010/63/EU for animal experiments, and the National In-
stitutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals (NTH Pub. No. 85-23, revised 2011). Although we have
previously reported echocardiography data for this experimental
model (9), we performed confirmation echocardiography in six ani-
mals per group, as previously described (9).

Hemodynamic studies. Briefly, animals were anesthetized with
sevoflurane (8% and 2.5-3% sevoflurane for induction and mainte-
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nance, respectively, Penlon Sigma Delta) after sedation and analgesia
with 100 pg/kg and 5 mg/kg intraperitoneal midazolam and fentanyl,
respectively. Mechanical ventilation with positive end-expiratory
pressure held at 5 emH,Q, tidal volume set at 6 ml/kg, and respiratory
rate adjusted to achieve normocapnia (MouseVent Automatic Venti-
lator, Physiosunite, Kent Scientific) was institnted npon endotracheal
intubation (14 gange). Electrocardiogram (Animal Bio Amp, FE136,
ADInstruments), peripheral oximetry (MouseSTAT Pulse Oximeter
and Heart Rate Monitor, Physiosuite, Kent Scientific), capnography,
minute ventilation {(CapnoScan End-Tidal CO, Menitor, Physiosuite,
Kent Scientific), and body temperature were recorded throughout.
Temperature was kept at 38°C on a heating pad (RightTemp Tem-
petature Monitor and Homeothermic Controller, Physiosnite, Kent
Scientific). Fluid replacement with heated Ringer lactate at 32
mlkg~*h~' (NE-1000, New Era Pump Systems) was instituted
through a peripheral dorsal foot vein catheter (24 gauge). The heart
was exposed by a left thoracotomy, and the pericardium was widely
opened. A flowmeter probe was transiently placed in the ascending
aorta for cardiac output (CO) calibration (2.5PS, Transomic), a pres-
sure-volume catheter (SPR-847, Millar Instruments) was inserted
through the apex and positioned along the LV long axis, and 3-0 silk
threads were passed around the inferior vena cava and through a
plastic tube to enable transient occlusions. Parallel conductance was
determined by a 40-pl 10% hypertonic saline injection, and slope
factor o was derived by simultaneous measurement of CO by a
flowmeter (TS420, Transonic). After a stabilization period of 30 min,
recordings were obtained at suspended end-expiration. Transient 5- to
7-cycle occlusions of the inferior vena cava were performed to obtain
load-independent indexes of LV contractility and chamber stiffness by
fitting the end-systolic and end-diastolic (EDPVR) pressure-volume
relationships to a linear and an exponential function, respectively, as
previonaly described (9). After careful dissection, single-beat occlu-
sions of the ascending acrta were performed with a nontranmatic
vascular clamp to assess diastolic response to isovolumic afterload
Clamping was performed during diastole and maintained throughout
systole, as reported previously (16). Three separate acquisitions were

Table 1. Hemodvnamics

WKY ZSF1 Ln ZSF1 Ob
HR, min~" 330 * 12 374+ 8 319 + 16}
BSA, em? 451 = 6 504+ 6 650 + 4%
CI, plmin~'-cm—2 125 +9 128 + 10 136 + 6
EF, % 60 *3 55+3 61+ 4
EDV, plem? 0.65 £0.03 068+ 0.07 0.76 + 0.07
AP/, mmHg/s 7860 £ 571 9340 =386 10240 + 582*
ESPVR Eksi, mmHeul -om™ 0077 £0.007 0197 + 0.031%  0.156 + 0.020%
PRSW, mmEg 673 64+ 12 709
EDPVR i, pl~'om? 0.016 = 0.004 0022 + 0.006  0.027 * 0.009F
Prosx, mmHz 109 + 4 135 + 2% 170 + 6%
Prusx(ISO), mmHg 204 = 10% 204 + 5¢ 203 + 3%
EDP, mmHg 6+1 5+1 13+ 1%}
EDP{IS0), mmHg 9+ 1} 9+ 1% 20 + 2FFEE
Texps IS $7 £ 0.4 82+ 04 12,5 + 0.5+
TexpISO), ms 123 +08f 1.9+ 1.4 25.6 + 1.67FL§
Time at dP/dam, ms 80 4 $1+3 109 + g+
Time at dP/dmin(ISOY, ms % = 5% 100 = 6% 130 + 6%F%

Summary of hemodynamic variables for Wistar-Kyoto rats (WKY, s = 11),
ZSF1 lean rats (ZSF1 Ln, # = 10), and ZF1 obese rats (ZSF1 Ob, = 12).
Data are means = SE. HR, heart rate; BSA, body surface area; CI, cardiac
index; EF, ejection fraction; EDV, end-diastolic volume indexed for BSA;
dP/dtnay, maximum rate of pressure rise; ESPVR Egs;, end-systolic elastance
derived from end-systolic pressure-volume relationship, PRSW, preload re-
cruitable stroke work; EDPVR B, left ventricular chamber stiffness constant
derived from end-diastolic pressure-volume relationships, Pmay., maximum
pressure; EDP, end-diastolic pressure; T.sp, time constant of isovolumic relax-
ation derived by the monoexponential method; dP/d#yi,, maximum rate of
pressure fall; ISO, during isovolumic beat. P < 0.05: *vs. WKY and vs. ZSF1
Ln in post hoc group comparisons, fvs. control beat as main effect, §rise vs.
other groups, denoting an interaction term.
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Fig. 1. Superimposed representative baseline and isovolumic pressure (A—C) and pressure-volume (D-F) tracings from Wistar-Kyoto rats (WKY: A and D), ZSF1
lean rats (ZSF1 Ln; B and E), and ZSF1 obese rats (ZSF1 Ob; C and F). Tracings were obtained by averaging 20 evenly spaced isophasic determinations in each
of the animals from every group. Note the conspicuous rise in end-diastolic pressure (EDP) in the isovolumic beats from ZSF1 Ob compared with ZSF1 Ln and
WKY. Not only maximum pressure (Prax) rises in the isovolumic beat [Pra(ISO)] but also EDP [EDPUISO)]. In A-C, dotted lines are added to improve
visualization of the differences between Prax and Prax(ISO) between groups. In D—F| dotted lines represent end-systolic elastance (Egs) as derived from the slope
of single-beat end-systolic pressure-volume relationships (EDPVR). In A the arrow represents the higher contractile reserve in WKY (see text for detailed results).

obtained and averaged in every animal. Data with arrhythmia, heart
rate (IR) changes higher than 2%, or evidence of incomplete after-
load elevations were excluded. When several heartbeats were spanned
in the occlusion, only the first beat after clamping was analyzed.
Resting periods were allowed between each intervention. Signals were
continuously acquired (MPVS 300, Millar Instruments), digitized at
1.000 Hz (ML880 Powerlab 16/30, ADInstruments), and analyzed
off-line (PVAN 3.5, Millar Instruments). Time constant of isovolumic
relaxation (7) was computed by logistic (Tiog) and monoexponential
(Texp) methods, Prediction of time to complete relaxation was derived
as 3.5 X Tax, based on Weisfeldt et al. (29), and effective diastolic
filling time was established as the time interval from the maximum
rate of pressure fall (dP/din,) to end-diastole (peak R wave of the
ECG). To account for large differences in body weight between
groups, volumes were indexed for body surface area (BSA) as
estimated by 9.1 X body weight in grams**. Upon completion of
experiments, animals were euthanized by exsanguination under anes-
thesia.

Statistical analysis. Groups were compared regarding baseline
hemodynamic parameters with one-way ANOVA or Kruskal-Wallis
test according to normal or nonnormal distribution. respectively, as
verified by Shapiro-Wilk test. Homogeneity of variances in ANOVA
was checked by Levene’s test and corrected by Welch's F-ratio with
adjusted degrees of freedom whenever violations occurred. Post hoc
comparisons were performed with Kramer's modification for unequal
group sizes of Tukey’s method. The effects in isovolumic beats were
assessed with mixed general linear models with group and change
from baseline to isovolumic beat as between-effect and within-effect
predictors, respectively. Homogeneity of variances was verified with
Bartlett’s test. Multivariate general linear models with overall model
estimation by Pillai’s trace followed by univariate test were used to
compare groups regarding joint changes in EDP and end-diastolic

volume (EDV) and to assess the influence of 7 and time available to
relax (TAR) on EDP. Deviations from sphericity were corrected with
Huynh-Feldt's method. The influence of TAR and LV chamber
stiffness constant 3 on EDP rise during isovolumic beats was assessed
by best-subsets multiple linear regression with group recoded as

50 -

40 4

30 4

20 1

Pressure (mmHg)

10 4

0.4 05 0.6 07 0.8 0.9
Indexed volume (pL.cm™)

Fig. 2. EDPVR derived from transient inferior vena cava (IVC) occlusions in
WKY, ZSF1 Ln, and ZSF1 Ob. Baseline (continuous) and sequential loops
after IVC occlusion (progressive shading) are represented. Tracings were
obtained by averaging 20 evenly spaced isophasic determinations in each of
the animals from every group. A thick continuous line represents the expo-
nential fitting of the EDPVR. Note the upward shift in ZSF1 Ob compared with
ZSF1 Ln and WKY.
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Fig. 5. Correlations between upward shift in EDP (AEDP) and curtailing of TAR as % (A) and chamber stiffness constant for indexed volumes (Bi: B). Individual
data from WKY. ZSF1 Ln. and ZSF1 Ob are differentiated. Correlation coefficients (R) and significance levels are presented.

7.SF1 Ob compared with both ZSF1 Ln and WKY (Table 1 and
Fig. 1) independently of EDV; as confirmed by multivariate
analysis. Indeed, EDV; was virtually unchanged (Fig. 3). To
evaluate the determinants of EDP elevation in ZSF1 Ob we
conducted multivariate analysis of 7.,, and TAR. Since pro-
longation of relaxation (7.xp) can only impact on EDP inas-
much as its completeness is delayed beyond the point of
end-diastole, the variable TAR was defined as the difference
between effective diastolic filling time and time predicted to
complete relaxation. Although time to dP/diy,, was similarly
increased by the isovolumic intervention in all groups (Table 1,
Fig. 4), 7exp and TAR were significantly prolonged and cur-
tailed, respectively, in ZSF1 Ob compared with ZSF1 Ln and
WKY (Fig. 4). Indeed, 7 of 12 ZSF1 Ob animals presented
negative TAR values, denoting incomplete predicted relaxation
at end-diastole, whereas all ZSFI Ln and WKY animals
showed positive values. To further clarify the determinants of
EDP rise in isovolumic beats we explored correlations with the
independent variables TAR and (3;. Because individual subjects
had a single observation for stiffness constant but two for TAR,
the influence of TAR was assessed by expressing it as percent
change from baseline to isovolumic beat (Fig. 5). Although
both correlations were significant, a stronger correlation coef-
ficient was observed for percent drop in TAR., Indeed, account-
ing for group as a potential confounder, and after recoding as
dummy variables, in multiple linear regression analysis change
in TAR and not [3; was the only independent predictor of EDP
rise (Table 3).

DISCUSSION

We demonstrate that sudden single-beat isovolumic eleva-
tions of afterload delay relaxation and shorten the TAR, lead-
ing to residual high EDP independently from end-diastolic
stiffness in ZSF1 Ob with metabolic syndrome and HFpEF
compared with hypertensive ZSF1 Ln and healthy normoten-
sive WKY controls.

On the basis of computer model simulations of the human
cardiovascular system, Hay et al. (11) have predicted that
isolated impairment of active myocardial relaxation could
generate elevated filling pressures in the setting of rapid HR

and increased systolic intervals (11). Our previous works with
this experimental setup have been mainly conducted on healthy
rabbits and dogs. The magnitude of afterload that leads to
incomplete relaxation and residual EDP was more obvious in
the dog than in the rabbit (17) and unremarkable in the healthy
rat (6). Compared with previous works that were carried out
using volume estimation by sonomicrometry, we used gold-
standard volume assessment by conductance catheters clearly
demonstrating that any changes in EDP cannot be attributed to
slight shifts in EDV, With this work we also further extend the
role of afterload-induced diastolic dysfunction (o the setting of
HFpEF. In contrast to healthy WKY controls and hypertensive
Z8F1 Ln controls, ZSF1 Ob showed delayed and prolonged
relaxation as assessed by 7 and time (0 dP/dfym, respectively,
that all together led to insufficient time to relax, incomplete
relaxation, and high residual EDP. Independently of L.V myo-
cardial diastolic stiffness, in this open-thorax preparation a
single isovolumic beat raised EDP on average from 13 to 20
mmHg. Moreover, as mentioned above, rats are particularly
resistant to afterload-induced diastolic dysfunction; thus it is
foreseeable that the effect may be more relevant in closed-chest
unanesthetized large-animal and human physiology. This find-
ing addresses an important unsolved issue in HEpEF patho-
physiology: whether delayed relaxation during exercise or
afterload elevation can lead o EDP elevation per se, Wester-

Table 3. Multiple linear regression of end-diastolic pressure
elevation determinants

Standardized 3 * SE 93% Clof B 1 (28) P Value
ATAR 0.549 = 0.14 0.29 to 0.88 3.85 =<0.001
CSC Bi 0.05 = 0.17 —0.381t00.42 0.26 0.80
Group 1 —0.03 = 0.17 —0.40t00.36 —0.15 0.87
Group 2 0.16 = 0.22 —0.38 t0 0.66 0.71 0.48
Intercept 1.10 = 0.90* —1.84103.98 1.22 0.22

Overall model assessment: adjusted R? = 0.30, F(1,31) = 14844, P <
0.001. Standardized coefficients (), standard errors (SE), and confidence
intervals (CI) are provided as well as t-test results for the appropriate degrees
of freedom. Groups 1 and 2 are dummy variables that recode the 3 groups in
2 binary variables. ATAR, % change from baseline to isovolumic beat of time
available to relax; CSC f3;, chamber stiffness constant for indexed volumes.
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mant ef al. (30) 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 HFEpEF 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. In a similar study on another small subset
of HFpEF patients with pressure-volume evaluation during
handgrip exercise Kawaguchi et al. (15), on the other hand,
reported prolonged relaxation and filling pressure elevation and
suggested that ventricular-arterial stiffening exacerbates hyper-
tensive stress responses by delaying relaxation, limiting filling,
and raising diastolic pressures. Our experimental results with
isovolumic beats clearly indicate that the rise in EDP can be
attributed neither to a steeper EDPVR nor to increased EDV.
Indeed, in order to achieve EDPs of 20 mmHg, ZSF1 Ob would
require an important increase in EDV as represented in Fig. 2,
which was clearly ruled out by the conductance methodology
(Figs. 1 and 3). Indeed, according to our multivariate analysis
relaxation disturbances clearly influenced EDP to a larger
extent than chamber stiffness itself. Finally, we must empha-
size that our results in isovolumic beats were obtained under
constant HR; increasing HR during exercise will predictably
enhance the effects of afterload-induced diastolic dysfunction.
Nevertheless, we must acknowledge that handgrip exercise is
not a good representative of activities of daily living. Borlaug
et al. examined changes with supine dynamic exercise in
HFpEF patients and found enhanced relaxation. Although this
was inadequate to compensate for tachycardia-induced short-
ening of diastolic filling period, relaxation was still estimated
to be complete by 50% of the filling period (1). This can be
partly explained by the distinct hemodynamic responses elic-
ited by isotonic aerobic exercise and isometric exercise. In-
deed, isometric exercise usually evokes higher blood pressure
rise (15). Although isovolumic pressure challenge has no
clinical counterpart, the results from our proof-of-concept
work underscore the role of sudden pressure challenge, 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 pathophysiol-
ogy of effort intolerance in HEpEF is multifarious, but delayed
relaxation elicited by sudden pressure challenge may impor-
tantly contribute to elevate EDP and cause an HFpEF patient to
become symptomatic, as proposed by Borlaug et al. (4).
Beyond load and ventricular stiffening, many cellular and
molecular determinants likely contribute to impaired relaxation
in HFpEF. Changes in protein kinase G activity (28), changes
in myofilament composition, namely regarding titin, a giant
sarcomeric protein that mediates restoring forces and length-
dependent deactivation during the early phase of diastole (12)
and that we have shown to be hypophosphorylated in this
experimental model (9), as well as disturbances in calcium
kinetics (13) may justify disturbed cross-bridge detachment
and relaxation kinetics. Relaxation is dependent on both cross-
bridge detachment and calcium kinetics, and impaired protein
kinase G signaling that has been reported in HFpEF patients
(28) may be involved not only in titin hypophosphorylation but
also in increased calcium sensitivity of the myofilaments and
slow cross-bridge detachment (14). Recently, in old hyperten-

H1653

sive dogs with HFpEF decreased troponin I, Myosin binding
protein C, and myosin light chain 2 hypophosphorylation along
with increased calcium sensitivity were also described and
related to altered protein kinase activity (10), further support-
ing changes in regulatory myofilament proteins as a likely
molecular explanation for delayed relaxation in HFpEF. More-
over, impaired myocardial bioenergetics may also be involved
in delayed relaxation, as observed in HFpEF patients (25). 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, al-
though their relative contribution and that of other potential
molecular determinants remains to be established.

Finally, although confractility indexes such as Egps and
dP/diax suggest hypercontractility in ZSF1 Ob, PRSW, which
is not confounded by the size and geometry of the LV, was
unaltered. In fact, isovolumic beats unmasked an impaired
response to pressure challenge in ZSF1 Ob. Accordingly, we
have previously demonstrated that relaxation and contractility
are closely related in sudden pressure challenge (18), and
subtle impairment of systolic function has been shown in
HEpEF patients particularly during effort (27). As proposed by
Borlaug et al. (3), 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 Ob model
of metabolic syndrome and HFpEF that acutely imposed af-
terload delays relaxation to the extent that it impacts on
end-diastole. As shown by our experimental observations,
incomplete relaxation and buildup of residual EDP may con-
tribute to high filling pressures and lung congestion during
hypertensive stress in HFpEF.
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ORIGINAL ARTICLE

Arterial Remodeling and Dysfunction in
the ZSF1 Rat Model of Heart Failure With

Preserved Ejection Fraction

BACKGROUND: The interplay between the stiffened heart and vessels
has long been viewed as a core mechanism in heart failure with preserved
ejection fraction, but the incremental vascular molecular remodeling
mechanisms from systemic arterial hypertension to heart failure with
preserved ejection fraction remain poorly investigated. Qur aim was to
characterize central arterial remodeling and dysfunction in ZSF1 obese rats
and to compare it with hypertensive ZSF1 lean and healthy Wistar-Kyoto
controls.

METHODS AND RESULTS: Twenty-week-old male ZSF1 obese (n=9), lean
(n=9), and Wistar-Kyoto rats (n=9) underwent left ventricular pressure-
volume loop evaluation and synchronous acquisition of ascending

aortic flow and pressure. Aortic rings underwent functional evaluation,
histology, and molecular biology studies. Although mean arterial pressure,
characteristic aortic impedance, and reactivity to phenylephrine were
similarly increased in hypertensive ZSF1 lean and obese, only ZSF1 obese
showed impaired relaxation and upward-shifted end-diastolic pressure-
volume relationships despite preserved systolic function indexes, denoting
heart failure with preserved ejection fraction. ZSF1 obese phenotype
further showed decreased aortic compliance, increased wave reflection,
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 -5 integrin protein expression and upregulated
TGF (transforming growth factor)-f} and CTGF (connective tissue growth
factor) levels.

CONCLUSIONS: Functional, molecular, and structural disturbances of
central vessels and their potentially underlying pathways were newly
characterized in experimental heart failure with preserved ejection fraction
rendering the ZSF1 obese rat model suitable for preclinical testing.
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WHAT IS NEW?

* We describe central arterial changes in the ZSF1
obese rat model of heart failure with preserved
ejection fraction. The model has both healthy and
hypertensive controls.

Functional disturbances such as decreased aortic
compliance and increased wave reflection mimick-
ing the clinical scenario were documented.

Novel vascular remodeling mechanisms  that
accompany the progression from systemic hyper-
tension to heart failure with preserved ejection
fraction were identified.

WHAT ARE THE CLINICAL
IMPLICATIONS?

This model constitutes a good tool for preclinical
trials in at least a subset of patients with heart fail-
ure and preserved ejection fraction, and potential
targets for intervention are now provided.

hile heart failure with preserved ejection frac-
Wtion (HFpEF) rises to epidemic proportions

because of population aging, therapeutic op-
tions remain inadequate. Comorbidities such as hyper-
tension and diabetes mellitus, among others, as well
as aging seem to be the main drivers of cardiovascular
function impairment and remodeling in HFpEF by way
of complex intertwined pathways that remain unre-
solved." Disturbances are systermic and affect not only
the myocardium but also central arteries and the micro-
circulation.? The interplay between the stiffened heart
and vessels as long been viewed as a core mechanism
in HFpEF.*5 The current knowledge on the relationship
between pulsatile hemodynamics and heart failure has
been recently surnmarized.® The arterial wall is a complex
tissue subject to structural and functional modifications.
Alterations in extracellular matrix (ECM) composition and
structure are major determinants of arterial stiffening, a
change known to be predictive of increased cardiovas-
cular mortality.” Indeed, the ECM within the vessel wall
regulates the attachment, contractility, motility, prolifera-
tion, and differentiation of vascular smooth muscle cells ®
Molecular mechanisms of vascular remodeling in HFpEF
remain poorly established partly because good animal
models are lacking.® Indeed, most works have devoted
their attention to myocardial disturbances, whereas vas-
cular changes have been poorly investigated.”'" We
have recently described an animal model of HFpEF asso-
ciated with cardiometabolic risk, namely obesity, diabe-
tes mellitus, and hypertension, the obese ZDFxSHHF-fa/
fa(cp) model (ZSF1) that was developed by crossing lean
ferale Zucker Diabetic Fatty (ZDF +/fa) and lean male
Spontaneously Hypertensive Heart Failure (SHHF/Mcc-
falcp), +/fa) rats. ZSF1 obese rats show effort intolerance
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and impaired maximum oxygen consumption along with
increased left ventricular (LV) myocardial stiffness and
hypertrophic remodeling despite the absence of rernark-
able changes in systolic function and thus the ZSF1 obese
model closely mimics HFpEF.'*'?

Our aim was to characterize central arterial remodel-
ing and dysfunction in ZSF1 obese rats and to compare
it with hypertensive ZSF1 lean rats and healthy Wistar-
Kyoto (WKY) controls.

METHODS

Data will be available from the authors on reasonable request.

Animal Model

Twelve-week-old male ZSF1 obese (n=9), ZSF1 lean (n=9), and
WKY rats (n=9; Charles River Laboratories, Barcelona, Spain)
were fed with standard diet (Purina diet 5008) to achieve
metabolic syndrome and HFpEF, systemic arterial hyperten-
sion, or absence of any cardiovascular risk factor, respec-
tively. Animals were kept in individually ventilated chambers,
in groups of 2-per cage under controlled environment with
a 12-hour light-dark cycle at 22°C room temperature. All
animals received humane care. Experimental procedures
complied with the Faculty of Medicine of Porto guidelines,
Portuguese law on animal welfare, EU Directive 2010/63/EU
for animal experiments and the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (National
Institutes of Health publication no. 85-23, revised 2011).

Hemodynamic Studies

Briefly, at 20 weeks of age animals were anesthetized with
sevoflurane (8% and 2.5% to 3% sevoflurane for induc-
tion and maintenance, respectively; Penlon Sigma Delta)
after sedation and analgesia with 100 and 5 mg/kg intra-
peritoneal midazolam and fentanyl, respectively. Mechanical
ventilation with positive end-expiratory pressure held at
5 cm H,0, tidal volume set at 6 ml/kg and respiratory rate
adjusted to achieve normocapnia (MouseVent, Automatic
Ventilator, Physiosuite, Kent Scientificy was instituted on
endotracheal intubation (14G). ECG (Animal Bio Amp, FE136,
ADInstruments), peripheral oximetry (MouseSTAT, Pulse
Oximeter & Heart Rate Monitor, Physiosuite, Kent Scientific),
capnography, minute ventilation (CapnoScan, End-Tidal CO2
Monitor, Physiosuite, Kent Scientific), and body tempera-
ture were recorded throughout. Temperature was kept at
38°C on a heating pad (RightTernp, Temperature Monitor &
Homeothermic Controller, Physiosuite, Kent Scientific). Fluid
replacement with warmn Ringer’s lactate at 32 ml/kg per hour
(NE-1000, New Era Pump Systems) was instituted through
a peripheral dorsal foot vein catheter (24G). The heart was
exposed by a left thoracotomy, and the pericardium was
widely opened. A flowmeter probe was placed in the ascend-
ing aorta (2.5PS, Transonic), a pressure-volume catheter (SPR-
847 Millar Instruments) was inserted through the apex and
positioned along the LV long axis and 3-0 silk threads were
passed around the inferior vena cava and through a plastic
tube to enable transient occlusions. Parallel conductance was
determined by 40 pL 10% hypertonic saline injection and
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slope factor a was derived by simultaneous measurement
of cardiac output by a flowmeter (TS420, Transonic). After a
stabilization period of 30 minutes, recordings were obtained
at suspended end-expiration. Transient 5 to 7 cycle occlu-
sions of the inferior vena cava were performed to obtain load
independent indexes of LV contractility and chamber stiffness
by fitting the end-systolic and end-diastolic pressure-volume
relationships to a linear and an exponential function, respec-
tively. On completion of LV function assessment, the catheter
was advanced to the ascending aorta as recognized by the
pressure tracings, and simultaneous acquisitions of aortic
pressure and flow were recorded for 6 minutes. Signals were
continuously acquired (MPVS 300, Millar Instruments), digi-
tized at 1000 Hz (ML880 Powerlab 16/30, ADinstrurnents),
and analyzed offline (PVAN 3.5, Millar Instruments). Time
constant of isovolumic relaxation (t) was computed by the
monoexponential method. Systemic vascular resistance was
computed neglecting central venous pressure. To account for
large differences in body weight between groups, volumes
were indexed for body surface area as estimated by 9.1xbody
weight in grams??,

Characteristic aortic impedance (Z) was determined in
the frequency domain by means of Fourier analysis of the
measured pressure and flow waves (MATLAB R2014b, The
MathWorks, Inc). The average of harmonics 4 to 10 was
used. Backward and forward pressure and flow waves were
determined in the time-domain according to the correspond-
ing Z,. The augmentation index was calculated as the propor-
tion of pulse pressure because of reflected waves. Duration of
ejection was defined as percent time until the dicrotic notch.
Compliance was determined by monoexponential fitting of
diastolic pressure decay from the dicrotic notch onward for
known systemnic vascular resistances. Determination of aortic
impedance at early systole by the time-dorain method and
of compliance by the pulse pressure method were consistent
with the aforementioned procedures and are not reported for
the sake of simplicity.

On completion of experiments, animals were euthanized
by exsanguination under anesthesia.

Aortic Ring Preparations

Two 1.5 mm-long aortic rings were isolated from the ascend-
ing aortas of each animal and mounted between metal pins in
an organ bath system (770MO, Danish Myo Technology). On
stabilization, we monoaxially stretched preparations at 20%
intervals from slack length (L) to 200% of L to assess passive
tension-length relationships. Strain (e) was defined as percent
increase in length from L. A stiffness constant was obtained
from exponential fitting. Vascular reactivity was then assessed
by dose-response effects of phenylephrine (10 to 10-*, at
0.5 log unit intervals) on active tension followed by an assess-
ment of vasodilator response to direct NO donor sodium
nitroprusside or indirect endothelium-mediated dilation
induced by acetylcholine (10-* to 10-4, at 0.5 log unit intervals
for both). Each new dose of drug was administered on stable
effect of the previous dose. Drug response was assessed by
S-parameter logistic regression.

Aortic Composition
Aortic segments from the descending thoracic aorta were
opened longitudinally, the media separated from the

Circ Heart Faif. 2019;12:e005596 DOI: 10.1161/CIRCHEARTFAILURE.118.005596

57

adventitia, and the medial length measured under a micro-
scope. Media were then defatted, dried, and weighed.
Medial cell proteins were extracted by 0.3% sodium dodecyl
sulfate (SDS) and subsequently assayed, insoluble elastin was
purified by the hot alkali method and quantified by weigh-
ing. Proteins in the NaOH extract were then hydrolyzed, and
total medial collagen was quantified by assaying hydroxypro-
line in the hydrolysate, using a colorimetric assay, as previ-
ously reported. '

Morphological and Histological Evaluation

Aortic segments from the descending thoracic aorta were
rapidly cleaned from the surrounding tissues and blood, cut
into rings fixed in formalin 37% and embedded in paraf-
fin blocks. Afterward, 5-pm-thick sections were cut with a
rotational microtome (Leitz 1512, IMEB INC), placed onto
glass microscope slides and stained with picrosirius red, van
Gieson, or Verhoeff’s van Gieson by routine methods. Images
from transverse sections of the arterial segments were cap-
tured using a camera connected to an optical microscope.
Media and lumen areas were measured in triplicate and were
quantified by planimetry using an image analyzer (LEICA
Q550 IWB). Media thickness of the aorta was measured in 8
to 10 different regions with LEICA software.

Reverse-Transcription and Real-Time
Polymerase Chain Reaction

Total RNA was extracted with Trizol Reagent (Euromedex)
from aortic segments from the descending thoracic aorta
and purified using the RNeasy kit, according to the manufac-
turer’s instructions (Qiagen). First strand cDNA was synthe-
sized according to the manufacturer’s instructions (Bio-Rad).
Quantitative polymerase chain reaction analysis was then
performed with SYBR green polymerase chain reaction tech-
nology (ABGene; Table | in the Data Supplement). Relative
quantification was achieved with MyiQ (Bio-Rad) software
according to the manufacturer’s instructions. Data were nor-
malized by 18s, GADPH, and f-actin levels and expressed as
percentage relative to WKY rats. All polymerase chain reac-
tions were performed at least in triplicate for each sample.

Western Blotting

Descending thoracic aortic segments were homogenized in
lysis buffer (Roche). Protein concentrations were determined
by the Bradford method (Bio-Rad). Aliquots of 30 pg of pro-
teins were size fractionated on Criterion TGX Precast gradient
(4%-15% polyacrylamide) gels (Bio-Rad Laboratories, Inc) by
electrophoresis. The following specific antibodies were used:
CT-1 (cardiotrophin-1) at 1:500 (Santa Cruz Biotechnology),
collagen type | at 1:1000 (Chemicon International, Temecula,
CA), collagen type Il at 1:500 (Santa Cruz Biotechnology),
fibronectin at 1:500 (Santa Cruz Biotechnology), Galectin-3
at 1:500 (Thermo Scientific), elastin at 1:100 (Abcam),
MMP (matrix metalloproteinase)-2 at 1:500 (Santa Cruz
Biotechnology), MMP-3 at 1:500 (Novus Biologicals, Littleton,
CO), MMP-9 at 1:500 (Santa Cruz Biotechnology}, MMP-13 at
1:1000 (Chemicon International), TGF (transforming growth
factor)-f at 1:1000 (Abcam), CTGF (connective tissue growth
factor) at 1:1000 (Abcam), TIMP (tissue inhibitor of metal-
loproteinase)-1 at 1:250 (Santa Cruz Biotechnology), TIMP-2
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at 1:200 (Abcam), TIMP-3 at 1:250 (Abcam), a-1 integrin
(Abcam), a-5 integrin (Abcam),av integrin (Abcam), -1 inte-
grin (Abcam), and B-3 integrin (Abcam). Stain-free detection
was used as loading control for each lane. Bound antibody
was detected by peroxidase-conjugated secondary antibod-
ies (Amersham Biosciences Inc, Piscataway, NJ) and visual-
ized using the ECL-Plus chemiluminescence detection systemn
(Amersham Biosciences Inc). After densitometric analyses,
optical density values were expressed as arbitrary units (AU).

Zymography

MMP activity assay was performed by gelatin zymography.
Tissue homogenates were mixed with 2 pl of nonreduc-
ing sample buffer (Bio-Rad Laboratories, Inc, Berkeley, CA)
and fractionated by SDS-PEG electrophoresis on a 10% gel

containing 0.1% gelatin (Bio-Rad Laboratories, Inc) or casein
(Bio-Rad Laboratories, Inc). After electrophoresis, the gel was
washed with renaturing buffer (2.5% Triton X-100) for 1
hour, before incubation for 24 hours at 37°C in a reaction
buffer (50 mmol/L Tris-HCI [pH 7.5, 5 mmol/L CaCl2, and 1%
Triton X-100]). The gel was then stained with Coomassie bril-
liant blue, and densitometric analyses were performed.

Statistical Analysis

With the aid of STATISTICA 12 software (Stat Soft, Inc, Tulsa,
OK), groups were compared by 1-way ANOVA or the non-
parametric Kruskal-Wallis test whenever deviation either from
normality of residuals or from homogeneity of variances was
observed according to Shapiro-Wilk statistic or Levene test,
respectively. ANCOVA was used for data derived from linear
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Figure 1. Left icular and aortic f I in vivo.

Representative pressure-volume loops of a typical inferior vena cava occlusion (A), aortic impedance modulus and phase (B, top and bottom, respectively), and
reconstructed forward, backward, and joint aortic pressure and flow waves (C, top and bottom, respectively) for Wistar-Kyoto (WKY), ZSF1 lean (ZSF1 Ln), and

ZSF1 obese (ZSF1 Ob). Please notice the conspicuous upward-shift in end-diastolic p

ressure-volume relationship in ZSF1 Ob highlighted in the image insert (A), the

higher aortic impedance modulus in the upper harmonics in both ZSF1 Ln and Ob (B) and the larger magnitude of wave reflection and augmentation index in ZSF1

Ob. For detailed results please refer to Tables 1 and 2. Error bars in B are SE of mean
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Table 1. Hemodynamics

BSA, cm? 453 (436-467) 492 (480-520) 654 (648-657)*t <0.001 0008
Cl, pl/em? per minute 13217 144231 13420 0581 0.581
HR, bpm 318+24 366+25* 280+33*t <0.017 <0.001
P o MmHg 10716 143£14* 161£11%t <0.001 <0.001
Ea, mmHg/cm? per plL 217£39 330:67* 333x65* 0.002

MAFP, mmHg 80£10 116=14* 125:11* <0.001

SVRI, mm Hg/min per pL per cm? 0612010 0.87+024 0.9620.14* 0.005

EDF, mmHg 6(5-8) 7(5-8) 12 (11-13)*t 0.002 0.042
EDVI, pl/erm? 057+0.07 0.59+0.08 0.64+0.10 0321 0321
EF % 72(711-77) 70(68-75) 73 (71-84) 0370 0370
T, ms 10£1 9:2 1423%+ <0.001 <0001
PRSW, mmHg 7822 9631 10623 0111 [CREN|
Ees, mmHg e/l 241115 2692131 261293 0.804 0804
WC 0.93(0.61-1.42) 0.74 (063-0.97) 0.78 (0.50-0.96) 0547 0547
By cm?/plL 44411 53+1.9 6.922.5%t <0.001 <0.001

Data are mean=SD or median (interquartile range). B, indicates left ventricular chamber stiffness constant for indexed volumes; <, time constant
of isovolumic relaxation derived by monoexponential fitting; BSA, body surface area; Cl, cardiac index; Ea, arterial elastance for indexed volumes;
EDP, end-diastolic pressure; EDVI, end-diastolic volume index; Ees, end-systolic elastance for indexed volumes; EF, ejection fraction; HR, heart rate;
Ln, lean, MAF, mean arterial pressure; Ob, obese; P, maximum left ventricular pressure or systolic pressure; PRSW, preload recruitable stroke work,
SVRI, systemic vascular resistance index; VWC, ventricular-vascular coupling; and WKY, Wistar-Kyoto

*P<0.05 vs WKY and tP<0.05 vs ZSF1 Ln with Tukey's Honestly significant difference in 1-way ANOVA or the Dunn method in Kruskal-Wallis,
according to assumptions.

in which case data were previously log transformed whenever
necessary to meet assumptions. Post hoc group comparisons

or exponential fitting, namely end-systolic and end-diastolic
o] pressure-volume relationships in hemodynamic evaluation and

passive tension-length relationships in aortic ring preparations, were performed by parametric Tukey's Honestly significant
: Table 2. Vascular Studies
S
e
g
‘; In vivo
. PR mmHg 41211 4145 55:6%1 0.002 <0.001
: Ejection duration, % 36+2 39+3 42+3* 0.002
8 C, mUem? per mmHg 0.59 (0.44-0.77) 0.46(0.36-055) | 0.39(033-0.44)* 0.038
g Zc, mmHg/s per cr? per pl 0.17+0.05 0.28+0.08* 0.29:0,06* <0.008
g Al, % 2115 19+11 41127t <0.001 <0.001
E Aortic rings
E Phenylephrine
I F oo MN/mM 21 (20-22) 29 (27-34)* 26 (25-34) <0.023
© EC,, [log M| 68:08 74:16 7.4:17 0.143 0143
Nitroprusside
Relaxation, .. % 90+36 82+27 57+34*t <0.001 <0.001
EC,,, [log M| 76211 7307 7.1209% 0.016
Acetylcholine
Relaxation,,,,, % 8116 51420* 29:8*t <0.001 0.004
EC,, [log M| 7.6(6.9-9.4) 74(7.2-15) 69(67-7.2)* 0.045

Data are meansSD or median (interquartile range). Al indicates augmentation index; C, arterial compliance for indexed volumes; EC,, half-
maximal effective concentration; F,_, maximum developed force; Ln, lean; Ob, obese, PP, pulse pressure;, WKY, Wistar-Kyoto; and Zc, characteristic
aortic impedance for indexed volumes.

*P<0.05 vs WKY and 1P<0.05 vs ZSF1 Ln with Tukey’s Honestly significant difference in 1-way ANOVA or the Dunn method in Kruskal-Wallis,
according to assumptions.
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Figwre 2. Aorticring preparation.

Passive length-tension relationship (A), dose-response effects of phenylephrine (B), and subsequent dose-response vasodilation induced by sodium nitroprusside
(C) and acetylcholine (D) in Wistar-Kyoto (WKY), ZSF1 lean (ZSF1 Ln), and ZSF1 obese (ZSF1 Ob) The vascular stiffness constant derived from exponential fitting of
the passive length-tension relationship is presented in the insert to A. Dotted drop-lines and cross-hair symbols in B-D denote half-maximal effective concentration
(ECg). *P<0.001 vs WKY in 1-way ANCOVA accounting for other constants of fit. For detailed results of B-D, please refer to Table 2. Error bars are SE of mean

difference test or the nonparametric Dunn method. Data are
either mean+SD and mean+SE of mean, in tables and figures,
respectively, or median (interquartile range) according to distri-
bution. Significance was set at 2-tailed P<0.05.

RESULTS

Compared with their hypertensive ZSF1 lean coun-
terparts and healthy WKY controls ZSF1 obese rats
showed delayed relaxation, elevated end-diastolic
pressures, and upward-shifted EDPVR relationship,
denoting increased LV stiffness (Table1 and illustra-
tive pressure-volume loops in Figure 1A). Neverthe-
less, ZSF1 obese rats showed neither LV dilation as
appraised by indexed end-diastolic volurmes nor systolic
function disturbances as assessed by preload recruit-
able stroke work, end-systolic elastance, ejection frac-
tion, and cardiac index (Table 1). Mean arterial pres-
sure did not differ significantly between ZSF1 lean and
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ZSF1 obese rats, although there was a trend (P=0.141)
towards higher values in the latter (Table 1). Ventricu-
lar-vascular coupling remained unchanged. Representa-
tive pressure-volume loops are depicted in Figure 1A.
While Z_was similarly increased in ZSF1 lean and ZSF1
obese rats compared with WKY (Figures 1B and 2A)
only ZSF1 obese rats showed decreased compliance,
increased pulse pressure, slightly longer ejection dura-
tion, and higher augmentation index and wave reflec-
tion (Table 2). Representative joint, forward and back-
ward aortic pressure, and flow waves are displayed in
Figure 1C. Maximum vascular reactivity to phenyleph-
rine was increased in both hypertensive ZSF1 groups
(Figure 2B; Table 2) but only ZSF1 obese rats showed
impaired response to direct vasodilation by NO donor
sodium nitroprusside, as assessed by both maximum
vasodilation response and half-maximal effective con-
centration (Figure 2C; Table 2). Moreover, endothelium-
dependent vasodilation induced by acetylcholine was
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Table 3. Aortic Morphology and Composition

Aortic morphology
CSA, pme/10? 970+80 1200+140* 1260+250* <0.018
MCSA, pm#10° 454156 491£149 5632130* 0.048
Media thickness, um 10510 11511 119:12* 0038
Aortic composition
Dry weight, mg/cm 2.040.2 2.8+0.3* 2.6+0.3* <0.001
Cell proteins, % dry weight 32(22-35) 30(25-36) 35 (30-37) 0423 0423
Cell proteins, mg/cm 0603 09+03* 09:03* 0034
Elastin, % dry weight 42 (36-44) 45 (39-46) 41 (37-45) 0.385 0.385
Elastin, mg/cm 083(0.68-095) | 1.33(1.06-1.35)* 112(1.04-119 <0.001
Collagen, % dry weight 942 M2 12+3*t 0.038 0.049
Collagen, mg/cm 0.19+0.08 0.27+0.09* 0.30=0.10* 0.045
Collagen/elastin 24108 25£05 3410t 0.042 0044

Data are mean+SD or median (interquartile range). CSA indicates cross-sectional area, Ln, lean, MCSA, medial cross-sectional area, Ob,

obese; and WKY, Wistar-Kyoto

*P<0.05 vs WKY and 1P<0 .05 vs ZSF1 Ln with Tukey’s Honestly significant difference in 1-way ANOVA or the Dunn method in Kruskal-

Wallis, according to assumptions.

progressively impaired in ZSF1 lean and ZSF1 obese rats
compared with WKY (Figure 2D; Table 2).

Aortic Structure and Composition in ZSF1
Rats

Aortic dry weight was increased in both ZSF1 lean and
obese rats. However, aortic cell protein content and
collagen to elastin ratio were only increased in ZSF1
obese rats (Table 3) because of augmented collagen
levels without remarkable changes in aortic elastin con-
tent (Table 3; Figure 3; P=0.503 for elastin protein lev-
els in Figure 3). These changes were accompanied by
morphometric modifications. Both ZSF1 lean and ZSF1
obese rats showed aortic dilation compared with WKY
(Figure 3) but ZSF1 obese rats also presented increased
media thickness (Figure 3; Table 3). Complementary
assays to analyze in depth the molecular alterations that
accompanied hypertrophy and fibrosis in aorta from
ZSF1 animals were performed. Both procollagen and
fibronectin genes were overexpressed in the aortas of
ZSF1 obese rats (P<0.001 versus both WKY and ZSF1
lean; Figure 4A) and protein determinations confirmed
higher levels of fibronectin (P<0.001 versus both WKY
and ZSF1 lean) and collagen | (P=0.043 versus ZSF1 lean
and P=0.004 versus WKY) but not collagen Ill (P=0.644;
Figure 4B). Aortic tissue levels of MMP-2 and MMP-9
were unchanged (P=0.092 and P=0.067, respectively),
whereas MMP-13 and MMP-3 were decreased in ZSF1
lean rats compared with WKY (P<0.001) and further
decreased in ZSF1 obese rats (P<0.001 versus both WKY
and ZSF1 lean; Figure 4C). Nevertheless, MMP activ-
ity decreased in both ZSF1 groups for classes 2 and 13

Circ Heart Fail. 2019;12:¢005596  DOI: 10.1161/CIRCHEARTFAILURE 118 005596

(P<0.012 versus WKY) and specifically in ZSF1 obese rats
for class 9 (P<0.001 versus both WKY and ZSF1 lean;
Figure 4D). TIMPs-1, -2, and -3 were equally decreased
in both ZSF1 groups (P<0.001 versus WKY; Figure 4C).

Integrin gene expression was markedly changed. -
3 integrin levels increased in both ZSF1 lean and ZSF1
obese rats compared with WKY (P<0.001), a-5 integrin
was progressively elevated in ZSF1 lean (P<0.001 ver-
sus WKY) and ZSF1 obese rats (P<0.001 versus both
WKY and ZSF1 lean) while o-1 and B-1 integrin rose
only in ZSF1 obese rats (P=0.011 and P<0.001 versus
WKY, respectively, and P<0.001 versus ZSF1 lean; Fig-
ure 5A). Still, at the protein level, we only observed dif-
ferences in a-5 integrin, which increased in ZSF1 obese
rats (P=0.019; Figure 5B).

As for mediators of vascular remodeling, aortic
expression of TGF-f and CTGF was progressively upreg-
ulated in ZSF1 lean (P=0.003 and P<0.001 versus WKY,
respectively) and ZSF1 obese rats (P<0.001 versus WKY
and ZSF1 lean for both genes), which was confirmed
for ZSF1 obese rats at the protein level (P=0.004 and
P<0.001 versus both WKY and ZSF1 lean, respectively),
whereas we observed no difference in galectin-3 and
CT-1 levels (Figure 5C and 5D).

DISCUSSION

We newly report vascular function disturbances and
remodeling during the progression from systemic arte-
rial hypertension to HFpEF in the ZSF1 obese rat model.
While ZSF1 lean hypertensive rats already show stiffer
aortas, increased Z,, heightened response to a,-agonist
phenylephrine and incipient molecular features of vas-
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Figure 3. Aortic histology.

Representative Verhoeft’s van Gieson stained aortic cross sections and corresponding collagen and elastin staining {top, middle, and bottom images) in Wistar-
Kyoto (WKY), ZSF1 lean (ZSF1 Ln), and ZSF1 obese (ZSF1 Ob) rats (A, B, and C, respectively). Photomicrographs of aortic wall sections are oriented with vessel

lumen above. For detailed results please refer to Table 3

cular remodeling, ZSF1 obese HFpEF rats further present
decreased aortic compliance, pronounced wave reflec-
tion, and impaired direct NO donor-mediated and endo-
thelium-mediated vasodilation. ZSF1 obese HFpEF rats
also distinctively show medial aortic thickening, higher
collagen content, upregulation of fibronectin and integrin
a-5, and overexpression of TGF-§ and CTGF, suggesting
that central vascular remodeling is an important contribu-
tor to the transition from systemic hypertension to HFpEF.

Accelerated vascular aging due to comorbidities,
such as arterial hypertension, obesity, and diabetes
mellitus, is a known contributor to HFpEF's pathophysi-
ology. Lifelong cyclic mechanical strain combined with
cardiovascular risk factors promotes large elastic artery
thickening by way of collagen deposition and structural
disarray of elastin fibers'>'¢ leading to loss of aortic elas-
tic recoil. Central arterial remodeling seems to be exag-
gerated in HFpEF because incremental wall-thickening
cannot be explained by aging or comorbidities alone."”
Obese 7SF1 animals showed aortic wall remodeling
characterized by an increase in media cross-sectional

Circ Heart Fail. 2019;12:e005596. DOI: 10.1161/CIRCHEARTFAILURE 1 18.005596
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area and wall thickness. These morphological altera-
tions were accompanied by increased ECM proteins
deposition (mainly collagen type | and fibronectin) in the
absence of elastin modifications, supporting decreased
aortic compliance in obese animals, a change known to
be predictive of increased cardiovascular mortality.” The
mechanotransduction pathway that lead to vascular
remodeling in HFpEF is yet to be established. Two path-
ways are supported by the current work. First, stretch-
induced paracrine pathways involving TGF-f and CTGF
lead to collagen and total protein synthesis.'® Second,
integrins, the key sensing mechanotransduction ele-
ments within vessels at the interface between ECM and
cells, interact with the fibronectin network determin-
ing arterial stiffness, with a particular role attributed
to fibronectin-a5 integrin complexes.'2° Fibronectin is
one of the first ECM proteins to be expressed around
the vasculature and is essential for cardiovascular devel-
opment.?' Assembly of fibronectin occurs predominant-
ly through the binding of the heterodimeric cell sur-
face adhesion receptor integrin @58 1. ¢-5 integrin also
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(D). Results are reported in arbitrary units (AU) with Wistar-Kyoto (WKY) as reference group (dashed ling}. From left to right illustrative blots of WKY, ZSF1 lean
(ZSF1 Ln), and ZSF1 obese (ZSF1 Ob) are represented above each protein. Error bars are SE of mean. *P<0.05 vs WKY, tP<0.05 vs ZS1 Ln with Tukey’s Honestly

significant difference in 1-way ANOVA

plays a key role in the development of the vasculature.??
Indeed, integrin a-5 knockout mice die at E10.5 with
severe vascular defects.”

An unexpected finding was decreased vascular MMP
levels in ZSF1 obese rats, which was confirmed by
lower activity on zymography. Indeed, although low-
er MMP activity may contribute to matrix component
buildup previous works have linked vascular aging with
enhanced MMP activity.®* This may be partly explained
by genetic determinants since the JCR:LA-cp rat which
also carries the corpulent ¢p gene was shown to have
decreased MMP levels.?s

In the current work ZSF1 obese HFpEF rat vascu-
lar pathophysiology does not distinguish itself from
hypertensive ZSF1 lean rats with respect to character-
istic aortic impedance or ventricular-vascular coupling.
Although ventricular-vascular coupling ratio falls com-
pared with healthy individuals, HFpEF patients ordinar-
ily show ratios close to hypertensive patients without
HFpEF and most importantly within the optimal work
and efficiency range. Rather than the coupling ratio, it

Circ Heart Faif. 2019;12:e005596 DOI: 10.1161/CIRCHEARTFAILURE.118.005596

is the increase in absolute ventricular and vascular stiff-
ness that offsets the dynamic range of volume to pres-
sure transfer during ejection amplifying blood pressure
response to load changes, posing a greater workload
on the heart, and driving myocardial hypertrophy.?6-2%
Moreover, effective arterial elastance poorly reflects
vascular stiffness in the presence of wave reflections
and is rather determined by peripheral vascular resis-
tance.?® ZSF1 obese rats distinctively showed decreased
aortic compliance and marked wave reflection and
mid-to-late systolic loading leading to wasted LV effort,
extrapulsatile work,?®?° slightly prolonged ejection,
and delayed relaxation consistent with load-dependent
diastolic dysfunction.®® These mechanisms have been
recently revised as contributors to HFpEF pathophysiolo-
gy.”' Findings are in line with a recent case-control study
of well-matched HFpEF and asymptomatic diastolic dys-
function patients that found impaired aortic distensibil-
ity or low aortic compliance only after progression to
HFpEFE* Indeed, both decreased aortic distensibility,'”
and dynamic arterial stiffening and wave reflection
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are SE of mean, *P<0.05 vs WKY, 1P<0.05 vs ZS1 Ln with Tukey’s Honestly significant difference in 1-way ANOVA

may contribute to exercise intolerance.?* Indeed, the
forward and backward waves of HFpEF patients during
effort® 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.!* This raises the possibility
that mean blood pressure may not be the best target to
address vascular dysfunction and remodeling in HFpEF.
Therapeutic agents that address structural aspects of
vascular remodeling'® or enhance arterial compliance
and reduce wave reflection such as inorganic nitrite®*=°
may be more effective.

Aging and comorbidities also drive endothelial dys-
function, which has been mostly ascribed to microcircu-
lation.** Whether HFpEF patients show endothelial dys-
function in large central arteries is controversial, while
Haykowsky et al*” reported no differences compared
with old healthy controls, Maréchaux et al*® reported
impaired brachial artery flow-mediated dilation in
HFpEF patients compared with closely matched hyper-
tensive controls. Our findings in experimental HFpEF

Circ Heart Faif. 2019;12:e005596 DOI: 10.1161/CIRCHEARTFAILURE.118.005596

support the existence of endothelial dysfunction even
in large conduit vessels, namely the aorta. We hypoth-
esize that increased wave reflection and pulsatility may
lead not only to endothelial dysfunction in small arter-
ies*® but also in central arteries thereby contributing to
decreased compliance, aortic stiffening, and further
wave reflection in a vicious circle.

As limitations, we must point out that ZSF1 obese
rats’ leptin receptor is defective and, therefore, vascular
actions of leptin are dysregulated. This deviates from
normal physiology and warrants a word of caution
about generalization to hurmnan disease. ZSF1 obese rats
are also an extreme model of untreated systemic hyper-
tension and diabetes mellitus and, therefore, extrapola-
tion to all scenarios of HFpEF deserves a word of cau-
tion. Moreover, only male rats were studied, therefore,
the sex issue was not addressed. Finally, because of
sampling limitations histological and molecular studies
were performed in tissue harvested from the descend-
ing aorta while functional evaluation was performed in
the ascending aorta.
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In conclusion, the ZSF1 obese HFpEF rat model was
characterized as a suitable model for preclinical testing
of vasoactive compounds for it mimics most features of
vascular remodeling and dysfunction in HFpEF. Molecu-
lar and structural disturbances in central vessels were
identified, namely, stretch-induced paracrine pathways
involving TGF-B and CTGF and fibronectin-a5 integrin
interactions which may constitute therapeutic targets.

ARTICLE INFORMATION

Received September 18, 2018; accepted May 8, 2019
The Data Supplement is available at https Zwww ahajournals org/doisuppl/
10.1161/CIRCHEARTFAILURE. 118 005596

Correspondence

André P Lourengo, MD, PhD, Department of Surgery and Physiology, Faculty
of Medicine, University of Porto, Medical Research Centre, Alameda Professor
Herndni Monteiro, Porto 4200, Portugal. Email aplourenco@yahoo.com

Affiliations

Department of Surgery and Physiology, Faculty of Medicine, Unwersity of Porto,
Portugal (SL, RC, DF, |IFP, AFL-M, APL) Department of Cardiotho-
racic Surgery (R.C., AFL-M.) and Department of Anesthesiology (A.PL), Sd0
Jodo Hospital Centre, Porto, Portugal. Cardiovascular Translational Research,
N b d, Complejo Ht lario de Navarra (CHN), Universidad Pablica
de Navarra (UPNA), IdiSNA, Pamplona, Spain ()1, A.F-C., N.L-A). INSERM,
Centre d’Investigations Cliniques-Plurithématique 1433, UMR 1116 Université
de Lorraine, CHRU de Nancy, French-Clinical Research Infrastructure Network
(F-CRIN) INI-CRCT, Nancy, France (FZ., PR, N.L.-A). Institute for Cardiovascular
Research, VU University Medical Center, Amsterdam, the Netherlands (W.J.P).

Sources of Funding

This study was supported by grants from the European Union (FP7-HEALTH-
2010-MEDIA;  ERA-CVD/0001/2016-MINOTAUR), grants from Portuguese
Foundation for Science and Technology (PTDC/DTP-PIC/4104/2014, NORTE-01-
0145-FEDER-000003-DocNET, and SAICT-PAC/0047/2015; 01/12/2016-NETDI-
AMOND. S, Leite and D. Fontoura were supported by Portuguese Foundation for
Science and Technology (SFRH/BD/110404/2015 and SFRH/BD/12608&/2016,
respectively). Dr. Lépez-Andrés was supported by a Miguel Servet contract
CP13/00221 from the Instituto de Salud Carlos II-FEDER. Drs Rossignol, Zan-
nad, and Lépez-Andrés are supported by the French National Research Agency
Fighting Heart Failure (ANR-15-RHU-0004), by the French PIA project Lorraine
Université d’Excellence GEENAGE (ANR-15-IDEX-04-LUE) programs, and the
Contrat de Plan Etat Région Lorraine and FEDER IT2MP

Disclosures

None

REFERENCES

1. Rossignol P, Hernandez AF, Solomon SD, Zannad F Heart failure
drug treatment. Lencet 2019,393:1034-1044. doi. 10.1016/50140-
6736(18)31808-7

Lourengo AP, Leite-Moreira AF, Balligand JL, Bauersachs J, Dawson
D, de Boer RA, de Windt LI, Falcdo-Pires |, Fontes-Carvalho R, Franz S,
Giacea M, Hilfiker-Kleiner D, Hirsch E, Maack C, Mayr M, Pieske B, Thum T,
Tocchetti CG, Brutsaert DL, Heymans S. An integrative translational ap-
proach to study heart failure with preserved ejection fraction: a posi-
tion paper from the Working Group on Myocardial Function of the Eu-
ropean Society of Cardiology. Eur J Heart Fail 2018,20:216-227. doi:
10.1002/gjhf. 1059

Borlaug BA. The pathophysiology of heart failure with preserved ejection
fraction. Nat Rev Gardiof. 2014;11:507-515. doi: 10.103&/nreardio 2014 83
Borlaug BA, Kass DA. Ventricular-vascular interaction in heart failure. Car
diol Qlin. 2011,29:447-459. doi: 10.1016/).ccl. 2011.06.004

[N}

w

s

Circ Heart Faif. 2019;12:€005596. DOI: 10.1161/CIRCHEARTFAILURE. 118.005596

65

wn

o

~

o

©

~

Kawaguchi M, Hay |, Fetics B, Kass DA Combined ventricular systolic and
arterial stiffening in patients with heart failure and preserved ejection frac-
tion: implications for systalic and diastolic reserve limitations. Circulation
2003;107:714-720

Weber T, Chirinos JA. Pulsatile arterial haemodynamics in heart failure. Eur
Heart J. 2018,39.3847-3854. doi: 10.1093/eurthearty/ehy346

Laurent S, Boutouyrie P, Lacolley P Structural and genetic bases of ar-
terial stiffness. Hypertension. 2005,45:1050-1055. doi: 10.1161/01
HYP0000164580 39991 3d

Raines EW. The extracellular matrix can regulate vascular cell migration,
proliferation, and survival: relationships to vascular disease. Int J Exp
Pathol. 2000;81:173-182 doi: 10.1046/).1365-2613.2000.00155 x
Conceigao G, Heinonen |, Lourengo AP, Duncker DJ, Falcao-Pires |. Ani-
mal models of heart failure with preserved ejection fraction. Neth Heart J.
2016;24:275-286. doi: 10.1007/512471-016-08159

Yim J, Cho H, Rabkin SW. Gene expression and gene associations dur-
ing the development of heart failure with preseved ejection fraction
in the Dahl salt sensitive model of hypertension. Clin Exp Hypertens.
2018,40:155-166. doi: 10.1080/10641963.2017 1346113

Gevaert AB, Shakeri H, Leloup AJ, Van Hove CE, De Meyer GRY, Vrints CJ,
Lemmens K, Van Craenenbroeck EM. Endothelial senescence contributes
to heart failure with preserved ejection fraction in an aging mouse model.
Circ Heart Fail. 2017;10:2003806. doi: 10.1161/CIRCHEARTFAILURE
116003806

Leite S, Oliveira-Pinto J, TavaresSilva M, Abdellatf M, Fontoura D,
Falcao-Pires |, Leite-Moreira AF, Lourengo AP Echocardiography and inva-
sive hemodynamics during stress testing for diagnosis of heart failure with
preserved ejection fraction: an experimental study. Am J Physiol Heart Circ
Physiol. 2015,308 H1556-H1563. doi: 10.1152/ajpheart 00076 2015
Hamdani N, Franssen C, Lourengo A, Falcdo-Pires |, Fontoura D, Leite S,
Plettig L, Lépez B, Ottenheijm CA, Becher PM, Gonzélez A, Tschope C,
Diez J, Linke WA, Leite-Moreira AF, Paulus W) Myocardial titin hypophos-
phorylation importantly contributes to heart failure with preserved ejec-
tion fraction in a rat metabolic risk model. Circ Heart Fail. 2013,6:1239-
1249, doi: 10.1161/CIRCHEARTFAILURE 113000539

Calvier L, Miana M, Reboul P, Cachofeiro V, Martinez-Martinez E, de Boer
RA, Poirier F, Lacolley P, Zannad F, Rossignol P, Loépez-Andrés N. Galectin-3
mediates aldosterone-induced vascular fibrosis. Arterioscler Thromb Vasc
Biol 2013,33:67-75. doi: 10.1161/ATVBAHA 112.300569

Lakatta EG. Arterial and cardiac aging: major shareholders in cardiovas-
cular disease enterprises part Il cellular and molecular clues to heart and
arterial aging. Circulation. 2003;107:490-497

Duca L, Blaise S, Romier B, Laffargue M, Gayral S, £l Btaouri H, Kawecki C,
Guillot A, Martiny L, Debelle L, Maurice P Matrix ageing and vascular
impacts: focus on elastin fragmentation. Gardiovasc Res. 2016,110:298~
308 doi 10.1093/cvi/cvw061

Hundley WG, Kitzman DW, Morgan TM, Hamilton CA, Darty SN,
Stewart KP, Herrington DM, Link KM, Little WC. Cardiac cycle-dependent
changes in aortic area and distensibility are reduced in older patients with
isolated diastolic heart failure and correlate with exercise intolerance. J
Am Colf Cardiol. 2001,38:796-802.

Ungvan Z, Valcarcel-Ares MN, Tarantini S, Yabluchanskiy A, Fulop GA,
Kiss T, Csiszar A. Connective tissue growth factor (CTGF) in age-related vas-
cular pathologies. Gerascience. 2017,39:491-498. doi. 10.1007/s11357-
017-9995-5

Bézie Y, Lamaziére JM, Laurent S, Challande P, Cunha RS, Bonnet J,
Lacolley P Fibronectin expression and aortic wall elastic modulus in spon-
taneously hypertensive rats. Arterioscler Thromb Vasc Biol 1998;18:1027—
1034

Koffi I, Lacolley P, Kirchengaast M, Pomigs JF, Laurent S, Benetos A, Pre-
vention of arterial structural alterations with verapamil and trandolapril
and consequences for mechanical properties in spontaneously hyperten-
sive rats. Eur / Pharmacol 1998,361:51-60

Astrof S, Hynes RO. Fibronectins in vascular morphogenesis Angiogen-
esis. 2009;12.165-175. doi. 10.1007/510456-009-9136-6

Hynes RO, Cell-matrix adhesion in vascular development. J Thromb Hae-
most. 2007;5(suppl 1):32-40. doi- 10.1111/),1538-7836 2007 02569 x
Mittal A, Pulina M, Hou SY, Astrof S. Fibronectin and integrin alpha 5 play
requisite roles in cardiac morphogenesis. Dev Bio/. 2013,381:73-82 doi
10.1016/).ydbic 2013.06 010

Chen Q, Jin M, Yang F, Zhu J, Xizo Q, Zhang L. Matrix metallopro-
teinases: inflammatory regulators of cell behaviors in vascular forma-
tion and remodeling. Mediators Inflamm. 2013;2013:928315. doi:
10.1155/2013/928315

July2019 11



6107 ‘g wnSny uo Aq S10°sjewmo feye,/dny woly papeojumoc]

Results: Underlying Mechanisms

Leite et al, Arterial Remodeling and Dysfunction in ZSF1 Rats

2

"

2

a

27

2

@

2

w

3

=1

3

32

33

Circ Heart Fail. 2019,12:¢005596 DOI: 10 1161/CIRCHEARTFAILURE 118 005596

Wilson D, Massaeli H, Russell JC, Pierce GN, Zahradka P. Low matrix metal-
loproteinase levels precede vascular lesion formation in the JCR LA-cp rat
Mol Cell Biochem. 2003,249:151-155.

Borlaug BA, Kass DA. Ventricularvascular interaction in heart failure
Heart Fail Clin. 2008;4:23-36. doi: 10 1016/) hic 2007 10.001

Abdellatif M, Lette S, Alaa M, Oliveira-Pinto J, Tavares-Silva M, Forttoura D,
Falcao-Pires |, Leite-Moreira AF, Lourengo AP Spectral transfer function
analysis of respiratory hemodynamic fluctuations predicts end-diastolic
stiffness in preserved ejection fraction heart failure. Am J Physiol Heart
Circ Physiol 2016,310 H4-13. dor: 10.1152/ajpheart 00399.2015
Chirinos J& Deep phenotyping of systemic arterial hemodynamics in HF-
pEF (Part 1). physiologic and technical considerations. f Cardiovasc Transf
Res. 2017,10.245-259. doi. 10.1007/s12265-017-9735-3

Hashimoto J, Nichols WW, O'Rourke MF, Imai Y. Association between
wasted pressure effort and left ventricular hypertrophy in hypertension
influence of arterial wave reflection. Am J Hypertens. 2008,21.329-333
doi: 10.1038/ajh 2007 .49

Gillebert TC, Leite-Moreira AF, De Hert SG. Load dependent diastolic dys-
function in heart failure. Heart Faif Rev. 2000,5:345-355

Chirines JA, Sweitzer N. Ventricular-arterial coupling in chronic heart fail-
ure. Card Fail Rev 2017,312-18 doi: 10.15420/cfr 2017 4:2

Karagodin |, Aba-Omer O, Sparapani R, Strande JL. Aortic stiffening
precedes onset of heart failure with preserved ejection fraction in pa-
tients with asymptomatic diastolic dysfunction. BMC Cardiovasc Disord.
2017,17:62. doi: 10.1186/512872-017-0490-9

Reddy YNV, Andersen MJ, Obokata M, Koepp KE, Kane GC,
Melenovsky V, Olson TP, Borlaug BA. Arterial stiffening with exercise in

66

3

B

3

]

3

)

37

38

39

patients with heart failure and preserved ejection fraction JAm Coll Car
diol. 2017,70:136-148 doi: 10.1016/) jacc.2017.05.029

Tadic M, Cuspidi C, Frydas A, Grassi G. The role of arterial hyperten-
sion in development heart failure with preserved ejection fraction just
a risk factor or something more? Heart Fail Rev. 2018,23:631-639. doi.
10.1007/s10741-018-9698-8

Chirinos JA, Londono-Hoyos F, Zamani P, Beraun M, Haines B, Vasim |,
Varakantam S, Phan TS, Cappola TP, Margulies KB, Townsend RR, Segers P.
Effects of organic and inorganic nitrate on aortic and carotid haemody-
namics in heart failure with preserved ejection fraction. Eur J Heart Fail
2017;19:1507-1515. doi: 10.1002/ejhf 885

Paulus W, Tschope C. A novel paradigm for heart failure with preserved
ejection fraction: comorbidities drive myocardial dysfunction and remod-
eling through coronary microvascular endothelial inflammation. f Am Colf
Cardiol. 2013;62:263-271. doi: 101016/} jacc. 2013.02.092

Haykowsky MJ, Herrington DM, Brubaker PH, Morgan TM, Hundley WG,
Kitzman DW. Relationship of flow-mediated arteral dilation and exercise ca-
pacty in older patients with heart failure and preserved ejection fraction /
Gerontol A Biol Sci Med Sci. 2013,68:161-167 . doi: 10.1093/gercnalgls099

Maréchaux S, Samson R, van Belle E, Breyne J, de Monte J, Dédrie C, Chebai
N, Menet A, Banfi C, Bouabdallaoui N, Le Jemte! TH, Ennezat PV. Vascular
and microvascular endothelial function in heart failure with preserved ejec-
tion fraction. J Card Fail. 2016,22:3-11. doi: 10.1016&/).cardfail. 2015.09.003
Weber T, Maas R, Auer J, Lamm G, Lassnig E, Rammer M, O'Rourke MF,
Boger RH, Eber B. Arterial wave reflections and determinants of endo-
thelial function a hypothesis based on peripheral mode of action. Am S
Hypertens. 2007,20:256-262 doi: 10 1016/ amjhyper 2006.09.009

July 2019 12



Results: Early Diagnostic Tools

3.1. Early diagnostic tools

Echocardiography and invasive hemodynamics during stress testing for diagnosis of
heart failure with preserved ejection fraction: an experimental study.
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Am J Physiol Heart Circ Physiol 308: H1556-H1563, 2015. First
published April 11, 2015; doi:10.1152/ajpheart.00076.2015—Inclusion
of exercise testing in diagnostic guidelines for heart failure with
preserved ejection fraction (HFpEF) has been advocated, but the
target population, technical challenges, and underlying pathophysio-
logical complexity raise difficulties to implementation. Hemodynamic
stress tests may be feasible alternatives. Our aim was to test Tren-
delenburg positioning, phenylephrine, and dobutamine in the ZSF1
obese rat model to find echocardiographic surrogates for end-diastolic
pressure (EDP) elevation and HFpEF. Seventeen-week-old Wistar-
Kyoto, ZSF1 lean, and obese rats (» = 7 each) randomly and
sequentially underwent (crossover) Trendelenburg (30°), 5
pngKg~tmin~! dobutamine, and 7.5 pwg-Kg~'min~! phenylephrine
with simultaneous left ventricular (LV) pressure-volume loop and
echocardiography evaluation under halogenate anesthesia. Effort test-
ing with maximum O» consumption (V02 ma.) determination was
performed 1 wk later. Obese ZSF1 showed lower effort tolerance and
V0: max along with higher resting EDP. Both Trendelenburg and
phenylephrine increased EDP, whereas dobutamine decreased it. Sig-
nificant correlations were found between EDP and /) peak early filling
Doppler velocity of transmitral flow (E) to cotresponding myocardial
tissue Doppler velocity (E’) ratio, 2) E to E-wave deceleration time
(E/DT) ratio, and 3) left atrial area (LAA). Diagnostic efficiency of
E/DT*LAA by receiver-operating characteristic curve analysis for
elevation of EDP above a cut-off of 13 mmHg during hemodynamic
stress was high (area under curve, AUC = 0.95) but not higher than
that of E/E’ (AUC = 0.77, P = 0.15). Results in ZSF1 obese rats
suggest that noninvasive echocardiography after hemodynamic stress
induced by phenylephrine or Trendelenburg can enhance diagnosis of
stable HFpEF and constitute an alternative to effort testing.

heart failure with preserved ejection fraction; diagnosis; hemodynam-
ics; echocardiography; stress

HFpEF 1s INCREASINGLY RECOGNIZED as a major health issue (17),
and, although it is the leading cause of hospitalization in the
Western world, effective therapies are lacking (19). Exercise
intolerance and dyspnea on exertion are its cardinal features,
and the underlying mechanisms have been recently revised (1).
Diagnostic criteria for HFpEF are controversial and still evolv-
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Porto, Medical Research Center, Alameda Professor Hernini Monteiro, 4200-
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ing. Many patients fail to meet diagnostic criteria under resting
conditions and may still show impairment during effort
testing; thus the inclusion of effort testing in diagnostic
guidelines is warranted (26). Nevertheless, establishing
these criteria is problematic because of the complex hemo-
dynamic and systemic influences elicited by exercise and
because of the target population of predominantly elderly
patients with extensive comorbidities and multiple causes
for exercise intolerance (27).

We have recently characterized an experimental rat model of
HFpEF associated with the metabolic syndrome. Twenty-
week-old hypertensive, obese, and diabetic ZSF1 obese rats
show high filling pressures and lung congestion and increased
cardiomyocyte stiffness with preserved systolic and renal func-
tion (5).

Our aim was to document effort impairment in the ZSF1
obese rat model of HFpEF and to characterize its diastolic
response to increased afterload, preload, and HR achieved by
phenylephrine infusion, Trendelenburg positioning, and dobut-
amine infusion, respectively, and correlate hemodynamic stress
changes with simultaneously acquired echocardiographic in-
dexes in vivo. Finally, we tried to identify the best noninvasive
surrogate indexes for EDP.

Glossary

A Peak Doppler velocity of late filling wave (A-
wave) in transmitral flow
AT Anaerobic threshold
AUC Area under curve
BW Body weight
CI Cardiac index
CL Cycle length
coO Cardiac output

dp/
dfmax Maximum rate of pressure rise
DT
and
DT, Deceleration time of the E-wave and deceleration

time normalized for cycle length

E Peak Doppler velocity of early filling wave (E-
wave) in transmitral flow

E' Peak mitral annulus tissue Doppler velocity in
early diastole

EDP End-diastolic pressure
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Receiver-operating characteristic

Peak systolic mitral annulus tissue Doppler veloc-
ity

Tissue Doppler

CO, consumption

O, consumption

Maximum O, consumption

Wistar-Kyoto rats

Workload

50
— O — WKY
o ZSF1Ln —8—_= |4
— & — ZSF10b e
;T*—E“’ W@/% % % 30
e i
o = ; }{é] *t 20
i3 .,r")n):’-]- el
f
f}x /& 10
re 4
% 1 5
0 40 80 120 160 0 60 120 180 240 300 360
Workload (m.Kg) Workload (m.Kg)
C w. »
WKY
ZSF1Ln ol
257 - ZSF10b a
E |
|
o !
‘c 201 |
E I
= A |
E 15 *+ & I !
o~ ,c | | :
S L .
> 10 e 1
VS o\ei °\°| | R }
AT 8 9 ‘
5 4 i fél ' ~ !
5 10 15 20 25 30 35

V 0, (mL.min™.cm?)

Fig. 1. Vo, as a function of WL in peak effort testing (A) and endurance effort testing (B) and analysis of the AT by the V-slope method (C). Values from WKY

#P < 0.01 vs. WKY and $P < 0.
<2 0.001 vs. WKY and ZSF1 Ln in covariance analysis of the fit-curve parameters. For definition of terms. please see Glossary.

ZSF1 Ln (light gray square), and ZSF1 Ob (dark gray triangles) are represented. Data were stacked for simplicity sake. The Vo-WL relationship
was well described by a 2-parameter natural Jogarithmic fit curve (A and B). In C, AT (large symbols) as
lines (V-slope method) is represented along with a percentage of Voa
respectivel

tablished by the intersection of 2 linear regression
5. ZSF1 Ln for V02 max. AT, and maximum WL,
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ZSF1
Ln ZSF1 lean rats
ZSF1
Ob ZSF1 obese rats
T Time constant of isovolumic relaxation

METHODS

Animal model. Seventeen-week-old male ZSF1 Ln (n = 7), Z5F1
Ob(n="7),and WKY (n = 7) (Charles River Laboratories) randomly
underwent hemodynamic stress with Trendelenburg positioning (307
head-down tilt) and intravenous infusion of dobutamine and phenyl-
ephrine at 5 pgkg tmin~? and 7.5 pgkg bmin~?, respectively,
with washout and stabilization periods between interventions (cross-
over). Continuous pressure-volume and stable LV echocardiography
recordings were obtained. One week later, animals randomly vnder-
went effort testing. Animals were kept in individually ventilated
chambers, in groups of two per cage under controlled environment
with a 12-hi12-h-light/dark cycle at 22°C room temperature. All
animals received humane care. Experimental procedures were ap-
proved by Faculty of Medicine of Porto and complied with the Faculty
of Medicine of Porto guidelines and were performed in accordance
with Portuguese law on animal welfare, EU Directive 201 0/63/EU for
animal experiments, and the National Institules of Health Guide for
the Care and Use of Laboratory Animals (NIH publication no. 85-23,
revised 2011).

Peak effort, Voo mes AT, and endurance capacity. Animals were
evalvated on a close-chamber treadmill coupled to a gas analyzer at a
treadmill inclination of 15% Peak effort and endurance tests were
separated by 24 h. After an initial adaption period at 15 cm/s in peak
effort, testing velocity was changed to 30 cm/s and then stepped up by
5 cm/s every 60 s (o assess V02 max, Whereas, in endurance testing,
velocity was also stepped up by 5 cm/s every 15 min to assess fatigue.
AT was obtained by systematically varying an intersection point
splitting the Vcox-to-Voz relationship into two linear regressions until
the error of regression was minimized (V-slope method).

Hemodynamic and echocardiography evaluation. Rals were anes-
thetized by inhalation of sevoflurane (8% for induction and 2-2.5%
for maintenance), orotracheally intubated (14 (), and mechanically
ventilated in pressure support ventilation mode (MouseVent, auto-
matic ventilator; Physiosuite; Kent Scientific) with pressure support
set at 10 emH,0 above 5 emH,O positive end-expiratory pressure.
Homeoslasis was maintained by anesthetic monitoring (MouseSTAT,
pulse oximeter and heart rate monitor; CapnoScan, end-tidal CO»
monitor; RightTemp, temperature monitor and homeothermic control-

STRESS ECHO IN EXPERIMENTAL HFpEF

ler; Physiosuite; Kent Scientific). Fluid replacement with warm Ring-
er’s lactate solution at 32 ml-kg ~'-h ! was instituted through the right
jugular vein, which was catheterized (24 G) under surgical micros-
copy. A pressure volume catheter (SPR-847; Millar Instruments) was
inserted through the right common carotid artery and advanced into
the LV (see supplemental videos; supplemental material for this
article is available online at the American Journal of Physiology Heart
and Circulatory Physiology website). Signals were continuously ac-
quired (MPVS 300; Millar Instruments), digitized at 1,000 Hz
(ML880 PowerLab 16/30; ADInstruments), and analyzed offline
(PVAN 3.5; Millar Instruments). Parallel conductance was deter-
mined by 40 pl of 10% hypertonic saline injection, and slope factor
o was derived by simultaneous measurement of CO with echocardi-
ography. Echocardiography was performed sequentially at baseline,
interventions, and after each washout period using a 15-MHz linear
probe and an echocardiography system (Acuson Sequoia C512; Sie-
mens) as previously described (5). Stroke volume was determined by
PW Doppler aortic flow velocity curve integration in the apical
five-chamber view, and aortic root dimensions were estimated on
long-axis parasternal M-mode. CO was derived from stroke volume
and HR as assessed by the RR interval. LV volumes and EF were
calcnlated according to Teichholz formula based on parasiernal short-
axis M-mode dimensions obtained at the level just above the papillary
muscles. LV filling was assessed by PW Doppler transmitral flow
velocily tracings obtained just above the tip of the mitral leaflets. Peak
early (E) and late (A) wave velocities as well as E-wave DT were
measured. Myocardial §* and E’ were measured with TD imaging at
the lateral mitral annulus. LAA was measured at atrial end-diastole by
2D echocardiography in the four-chamber view. At baseline, LV
endocardial and epicardial short-axis areas and parasternal long-axis
dimension were recorded to derive LVM by the area-length method.
At least three stable cardiac cycles were averaged for all measure-
ments. Volumes and masses were indexed for body surface area, as
defined by 9.1 % BW?2. To account for varying HR, time intervals
were normalized for CL.

Statistical analvsis, Normality of variables was checked by Sha-
piro-Wilk test. Normormally distributed Voo and WI were compared
with Kruskal-Wallis. Joint analysis of Vo, and WL was performed by
analysis of covariance after fitting plots to a two-parameter logarith-
mic function. BW and LVM were compared with one-way ANOVA.
Two-way repeated-measures ANOVA was used to compare all other
variables. Homogeneity of variances and the assumption of sphericity
were checked with Levene’s and Mauchly’s lests, respectively. Post
hoc comparisons were performed using Tukey’s test. To account for
joint changes in EDV and EDP, we used repeated-measures muliiple

Table 1. Hemodynamic stress changes in WKY, ZSF1 Ln, and ZSF1 Ob

Phenylephrine Trendelenburg Dobutamine Main Effects Interaction
Variable Group Before Afier Before After Before After G [%T GHI%T

MAP, mmHg WKY 09+ 9 125+8 100+11 1099 112 +8 85+9 F < 0.01, F <0001, NS
ZSF1ln 125*6 150 £ 2 118 = 6 135 £ 9 116 = 8 105+ 9 P <001 P < 0.001, °P < 0.01
ZSF1Ob 1l6+6  154+8 127+5 155+6 1166 115%3

HR, beats/min WKY 3[7x14 310x13 310£14 31512 321+12 391*+16 P <0001, P <0001, NS
ZSF1Ln 365+ 11 341 +12 347=+5 366 + 9 350 + 7 423+ 5 P = 0.01, &P < 0.001
ZSF1Ob 31011 311 +9 208 +£7 32510 3008 384 £ 10 P = 0.001

EF, % WKY 79 +3 81 +5 77 *2 73+1 81 +3 890 +3 NS P <0001, NS
ZSF1Lln 81+ 1 81 +2 83+ 1 81+ 1 79 %3 00 + 2 4p < 0,001
ZSF1 Ob  80*3 83+2 80 =2 6= 1 772 89 +2

EDV,, pllem® WKY 103+ 009 133 £ 024 089 =0.07 1.87 = 037 1.07 £ 021 107 =018 NS F <005, NS
ZSF1Ln 117 £0.08 139 £ 022 123 £0.11 1.76 £ 032 1.05 £ 0.09 1.06 £ 0.10 *p < 0.05

ZSF1Ob 151+ 0.12 165 =025 152 £ 0.12 1.88 = 047

144 £ 018 1.39 = 0.10

Values are means = SE; n = 7 per group. EDV,, is given by 9.1 > (BW)**, where BW is in grams. Statistical significance for main effects of group (G) and
interactions between intervention and time (I % T) and group, intervention, and time (G < I % T), as well as planned comparisons and post hoe tests are given
in the rightmost columns.*ZSF1 Lo vs. WKY, "ZSF1 Ob vs. WKY; “ZSF1 Ob vs. ZSF1 Ln; “dobutamine vs. both phenylephrine and Trendelenburg;
“phenylephrine vs. Trendelenburg. NS, nonsignificant. For other definitions, please refer to Glossary.
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ANOVA on EDP and EDV variations from baseline followed by
multiple ANOVA tests and post hoc comparisons to establish the
source of interaction (significance level was adjusted to 0.004 to
correct for multiple testing). Correlations between variables were
assessed by Pearson’s coefficient after logarithmic transformation for
nonnormally distributed variables. To account for repeated observa-
tions in correlation. mixed-linear models with animal and group as
random effects were also undertaken (24). ROC curve analysis based
on the nonparametric approach developed for data obtained from the
same individuals (3) was performed for echocardiography parameters
for an EDP cutoff of 13 mmHg. Data are means = SE. Significance
was sel al two-lailed P < 0.05.

RESULTS

ZSF1 Ob showed higher (P < (.01) BW (569 = 10 g) and
LVM; (1.28 £ 0.05 g/cm?®) than both ZSF1 Ln (451 = 14 g
and 1.06 = 0.05 g/cm?, respectively) and WKY (348 = 7 g
and 0.93 = 0.04 g/fem?, respectively). None of the animals
died or developed acute lung edema during testing. ZSF1 Ob
reached lower V03 pae and maximum WL in both peak effort
and endurance tests compared with ZSF1 Ln and WKY (Fig. 1,
A and B, respectively). The Vo, and WL relationship was also
downward shifted in ZSE1 Ob, revealing lower achieved Vo,
at similar WLs during peak effort (Fig. 14) but not in endur-
ance lesting (Fig. 18). Although the AT as a percentage of
V03 max did not differ between groups in peak effort, its
absolute value was higher in ZSEF1 Ln compared with WKY
and lower in ZSF1 Ob (Fig. 10).

Both ZSI1 groups showed higher MAP compared with
WKY despite similar EDV; and EIF (Table 1). dP/dpax and S'
(Fig. 2) were increased (P < 0.001) in both ZSF1 Ob (9,810 +
160 mmHg/s and 9.6 = 0.4 cm/s, respectively) and ZSF1 Ln
(10,300 = 260 mmHg/s and 9.0 £ 0.2 cm/s, respectively)
compared with WKY (8,480 = 350 mmlig/s and 7.1 = 0.4
cm/s, respectively). ZSE1 Ln also showed increased HR (Table
1). Representative hemodynamic and Doppler tracings are
eiven in Fig. 2. At baseline, ZSF1 Ob presented elevated EDP
and prolonged T (Fig. 3), denoting high LV filling pressures
and delayed relaxation, as well as disturbed transmitral flow
pattern characterized by higher E (120 + 2 vs. 80 = 2 and
86 = 3 cm/s in ZSF1 Ln and WKY, respectively: P < 0.001;
Fig. 2) and echocardiographic indexes, suggesting impaired
diastolic function, such as increased ratio of E to DT normal-
ized for CL (E/DT,), ratio of E to E', and LAA; (Fig. 3).
Nevertheless, E" was increased (P < 0.001) in ZSF1 Ob (7.8 =
0.2 em/s) compared with both ZSF1 Ln (6.2 * 0.1 ¢cm/s) and
WKY (6.6 = 0.2 ci/fs).

All hemodynamic stresses increased CI (321 = 99 vs. 259 =
101 plmin™'em ™2 at baseline; main effects P <t 0,001) with
no difference between groups. Dobutamine increased HR, EI,
and contractility indexes dP/dfpa, (17,700 £ 750 vs, 9,800 =
270 mmHg/s; P << 0.001) and 8" (11.5 = 0.7 vs. 84 * 0.5
cm/s; P << 0.001) but slightly decreased MAP and did not alter
EDV; (Table 1). These effects were significantly different from
phenylephrine and Trendelenburg, which had no remarkable
actions on EF and raised MAP and EDV;, respectively (Table
1 and representative tracings in Fig. 2). Moreover, Trendelen-
burg elicited slight tachycardia that was not observed with
phenylephrine (Table 1), whereas the latter significantly raised
dP/dtyax (12,600 = 380 vs. 9,590 = 320 mmHg/s; P << 0.01).

Disturbances induced on diastolic function were mosi evi-
dent with Trendelenburg and phenylephrine. Both raised EDP
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Ilig. 2. Representative pressure-volume (P-V} loops, systemic arterial pressure,
and echocardiography tracings from WKY (A and D, respectively), ZSF1 Ln
(B and E, respectively). and ZSF1 Ob (C and F, respectively). Averaged
baseline recordings (black continuous line) and stable poststress tracings
corresponding to dobutamine (gray dashed line), Trendelenburg position (dot-
ted black line), and phenylephrine infusion (dash-dotted black line) are
represented. Volumes in P-V loops are indexed for body surface area. Top: P-V
loops; echocardiography tracings illustrate transmitral flow. Botton: systemic
arterial pressures: tracings exemplify tissue Doppler mitral annulus motion.
E-wave and late or A-wave of transmitral Doppler flow are signaled as well as
S and E’ lateral mitral annulus tissue Doppler velocities.

and prolonged 7, whereas dobutamine had opposite effects
(Fig. 3, A and B, respectively). Multivariate analysis of EDP
and EDV; corroborated these findings; changes in EDP were
independent of EDV; and opposite between dobutamine that
decreased EDP and Trendelenburg and phenylephrine, which
increased it. Moreover, reduction of EDP by dobutamine was
significantly more pronounced in ZSF1 Ob. Despite the visible
trend for higher EDP elevation by phenylephrine and lower
EDV; elevation by Trendelenburg in ZSF1 Ob, these were not
statistically significant (Fig, 4). Simultaneous echocardio-
eraphic evaluation showed no significant increase in E/DT,
and decreased E/E" and LLAA; after dobutamine distinctly from
phenylephrine or Trendelenburg (Fig. 3, C-E, respectively).
Both the latter raised E/DT,,, whereas Trendelenburg increased
predominantly LAA;, and phenylephrine mostly raised E/E’
(Fig. 3, D and E, respectively).

Significant correlations were found between EDP and
E/DT,, E/E’, and LAA, (Fig. 5). The strongest correlation was
observed for E/DT,. Results were confirmed with mixed lin-
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Fig. 3. EDP (A), 7 (B). and corresponding echocardiographic estimations of E/DT, (C), E/E’ (D), and LAA; (E). Values are given at each baseline (B) and after
stress with phenylephrine (P), Trendelenburg position (T), and dobutamine (D) for WKY, ZSF1 Ln, and ZSF1 Ob. Statistical significance for main effects of

group (G), and interactions between intervention and time (1 X T), and group, intervention, and

e (G > 1 % T), as well as planned comparisons and post hoc

tests are given, Data are means * SE:; n = 7 per group: *P < 0,05 vs. WKY. "P < 0.05 vs. ZSF1 Ln, <P < 0.05 vs. phenylephrine and Trendelenburg, 4P <
0.05 vs. phenylephrine, “P < 0.05 vs. corresponding stress test in WKY, 'P < 0.05 vs. corresponding stress test in ZSFI Ln. An upper reference line is presented

at the cutoff EDP of 13 mmHg later used for ROC analysis (A).

ear-model analysis including the random effects of animal and
group (P << 0.001). Contrastingly, no correlation was observed
between E/E" and LVM;, whereas a strong correlation was
found for E/DT,,. ROC curve analysis for a cutoff EDP of 13
mmHg, which was observed only in ZSF1 Ob rats after either
Trendelenburg or phenylephrine (reference line in Fig. 3).
revealed good AUC for all echocardiography-derived param-
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504 & zsFiob I
PP
i I,T_E* 6T
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0.0 :
E H
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1, P<0.001
-2.5 4 I°G, P=0.008
i Univariate (AEDP)
.l 1, P<0.001
-5.0 4 1 1G, P=0.001
D Univariate (AEDV))
: 1, P<0.001
-7.54 :
0.5 0.0 0.5 1.0 15

A uL.cm'1

Fig. 4. Single-beat estimate of changes in EDP-EDV relationship after phen-
ylephrine infusion (P), dobutamine infusion (ID), and Trendelenburg position-
ing (T) in ZSF1 Ob (dark gray triangles), ZSFI Ln (light gray squares), and
WKY (open circles). Changes report to baseline values represented by 0
reference lines. Statistical significance for multivariate and univariate analysis
of main effects of intervention (1), and interaction between I and group (I X G)
are represented. Data are means = SE; n = 7 per group; *P < 0.001 EDP
decreases with D in ZF1 Ob vs. ZSFI Ln and WKY.

eters with a slight nonsignificant advantage of E/DT,, and LAA;
(Fig. 6).

DISCUSSION

The lack of suitable animal models has partly limited the
research on HFpEF. We have recently characterized a new
model of HFpEF based on cardiometabolic risk, the ZSF1 Ob
(5). With the present work, we establish that ZSF1 Ob show
impaired effort tolerance, reinforcing the potentiality of this
model for HFpEF pathophysiology and therapy research. Ad-
ditionally, we assessed acute hemodynamic stress responses to
increased afterload, preload, and HR achieved by phenyleph-
rine, Trendelenburg. and dobutamine, respectively, and echo-
cardiography parameters as a means to identify early diastolic
dysfunction and noninvasive surrogates,

ZSF1 Ob showed decreased V03 max and endured lower WL
both in peak and endurance effort tests, denoting effort intol-
erance, the cardinal manifestation of HFpEF. Additionally,
they also showed lower Vo, at any WL and a lower AT in peak
effort testing. Lower submaximal performance and effort-
independent AT values indicate more reliance on anaerobic
metabolism and lower aerobic reserve. Patients with HFrEF
show similar behavior, which has been attributed to lower
skeletal muscle oxidative metabolism and should not be
viewed as improved mechanical efficiency because, despite the
lower Vo, at each WL, the excessive reliance on anaerobic
metabolism and excessive Oz debt must be compensated for
during recovery (8). To our knowledge, this is the first report
in experimental HFpEF and validates this preclinical model.

Most authors would agree that abnormalities in LV relax-
ation and stiffness underliec HFpEF (31). Present diagnostic
criteria rely mostly on data obtained by noninvasive evaluation
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