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Abstract

Heart failure with preserved ejection fraction (HFpEF) is a highly prevalent clinical syndrome that is reaching
epidemic proportions in western societies. The hemodynamic and molecular mechanisms behind this disease
are still incompletely understood, and no treatment so far has shown to impact on its natural history. The
classical hallmark of the disease is left ventricular (LV) diastolic dysfunction, deriving from a combination of
impaired isovolumic active relaxation, reduced mid-diastolic suction and decreased end-diastolic capacitance,
i.e. passive elastic proprieties of the myocardium. Temperature is a major determinant of cardiac function, and
we have previously shown that mild hypothermia (33 °C, MH) induces acute LV diastolic dysfunction by
incomplete relaxation, while substantially increasing LV contractility. However, a direct comparison with
hyperthermia (40.5°C, HT) has never been performed in vivo. We therefore set up a first study to investigate
the effect of temperature on myocardial function in healthy closed-chest pigs by pressure-volume analysis. At
each temperature step, we further characterized the effect of temperature on myocardial function by
comparison with a standard inotropic drug, i.e. dobutamine. While cooling from HT to normothermia (38°C,
NT) and from NT to MH increased LV contractility to the same magnitude as a clinically relevant dose of
dobutamine, the end-diastolic pressure-volume relationship (EDPVR) was progressively shifted leftwards,
indicating opposite effects of HT and MH on LV compliance. This shift was reversed by dobutamine infusion
during MH. These findings address the effect of high and low temperatures on cardiac function, and underline
the possible synergistic role of B-adrenergic stimulation and cooling in a condition of impaired contractile
function, i.e. cardiogenic shock.

As mentioned above, an increased LV stiffness at rest is characteristic of the disease. However, most patients
become symptomatic preferably during exercise, and a limited myocardial perfusion and contractility reserve
may play a role. We therefore set up a cardiac magnetic resonance (CMR) imaging study to investigate LV
function and perfusion during dobutamine stress in a previously established porcine model of early-stage
HFpEF, induced by deoxycorticosteroneacetate (DOCA) pellets, combined with high-salt and high-sugar diet.
The protocol consisted of two CMR imaging sessions, one at rest and one during stress. Aside numerous
functional alterations at rest, such as altered myocardial muscle mechanics and left ventricular filling
characteristics, an impaired increase of cardiac index during dobutamine stress was paralleled by a reduced
myocardial perfusion reserve. Exercise induced myocardial ischemia may therefore be a contributor to LV
dysfunction in HFpEF.

HFpEF evolves from the accumulation of a multitude of cardiovascular comorbidities, leading to increased
systemic inflammation, oxidative stress and coronary microvascular endothelial inflammation. Nitric oxide
(NO) bioavailability is therefore reduced, and the NO-cyclic GMP (¢cGMP)-protein kinase G (PKG) pathway
is affected, leading to a stiffer LV through its impact on the phosphorylation state and on the function of the
major myofilament protein titin. Enhancement of PKG activity has emerged in the past years as a possible
therapeutic approach. In our study, enhancing PKG activity via acute pharmacological stimulation of the
soluble guanylate cyclase (sGC) in healthy pigs did not exert any beneficial effect on LV compliance, as
confirmed by the unchanged phosphorylation state of titin, but rather exerted a slightly negative inotropic
effect. In a series using the previously established porcine model of early stage HFpEF, only phosphodiesterase
V inhibition via sildenafil, but not sGC stimulation or their combination, increased LV compliance, while both
treatments clearly decreased LV contractility. These data argue against the concept that acute potentiation of
cGMP-dependent signaling via a direct sGC stimulator can recruit a preload reserve, neither in healthy nor in
hypertrophied LV myocardium. In final experiments, we tested the differential impact of NO-mediated (via
nitroglycerin infusion, acting on sGC) versus NO-independent stimulation (via atrial natriuretic peptide
infusion, acting on pGC) of the cGMP-PKG-titin pathway. Acute bicoronary infusion of these substances, at
doses not affecting systemic vascular resistance, induced a rightward shift of the EDPVR in a dose-dependent
manner. These data address the need of new strategies to directly impact on the hypertrophied LV myocardium,
avoiding the well-known clinical limitation of an exaggerated effect on vasculature in patients sensitive to load
changes. The molecular mechanisms underlying the observed increase of LV compliance in response to atrial
natriuretic peptide remain to be investigated.
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Zusammenfassung

Herzinsuffizienz mit erhaltener linksventrikuldrer Ejektionsfraktion (HFpEF, heart failure with preserved
ejection fraction) ist ein klinisches Syndrom, welches ein epidemisches Ausmal} in der westlichen Welt
angenommen hat. Die himodynamischen und molekularen Mechanismen hinter dieser Erkrankung sind immer
noch unzureichend verstanden, und bisher konnte keine Therapie einen Einfluss auf den natiirlichen
Krankheitsverlauf nehmen. Das klassische Merkmal des HFpEF ist die linksventrikuldre (LV) diastolische
Dysfunktion, die aus der Kombination einer beeintrachtigten isovolumetrischen aktiven Relaxation, reduzierter
frith-diastolischer Sogwirkung und einer verminderten enddiastolischen Dehnbarkeit besteht. Die Temperatur
ist eine wesentliche Determinante der kardialen Funktion. So konnten wir kiirzlich zeigen, dass eine milde
Hypothermie (33° C, MH) eine akute linksventrikuldre diastolische Dysfunktion durch eine inkomplette
Relaxation induziert, wihrend die LV-Kontraktilitdt ansteigt. Allerdings wurden bisher keine direkten
Vergleiche mit einer induzierten Hyperthermie (40,5°C, HT) in vivo durchgefiihrt. Wir untersuchten daher den
Einfluss der Temperatur auf die myokardiale Funktion bei gesunden andsthesierten Schweinen mit der Druck-
Volumen Analyse. Bei jeder Temperaturstufe fithrten wir eine inotrope Stimulation mit Dobutamin durch.
Wihrend die Temperatursenkung von HT zu Normothermie (38°C, NT) ebenso wie die von NT zu MH die
linksventrikuldre Kontraktilitdt im gleichen Ausmal} erhdhte wie Dobutamin, wurde die end-diastolische
Druck-Volumen Beziehung (end-diastolic pressure-volume relationship, EDPVR) zunehmend nach links
verschoben, eine Senkung der Temperatur vermindert also die linksventrikuldre Dehnbarkeit. Diese
Linksverschiebung wurde durch eine Dobutamin-Infusion wihrend MH aufgehoben. Dies impliziert einen
synergistischen Effekt der beta-adrenergen Stimulation und Kiihlung bei eingeschrinkter Kontraktilitit im
kardiogenen Schock hin.

Die erhohte linksventrikuldre Steifigkeit in Ruhe ist ein Charakteristikum des HFpEF. Die meisten Patienten
werden aber erst bei Belastung symptomatisch. Wir haben daher eine MRT-Studie in einem kiirzlich etablierten
Schweinemodell eines Frithstadiums des HFpEF (DOCA-pellets in Kombination mit stark salz- und
zuckerhaltiger Erndhrung) zur Uberpriifung der LV-Funktion und —perfusion wiihrend Dobutamin-induziertem
Stress durchgefiihrt. Wir beobachteten einen reduzierten Anstieg des Herzindex wihrend des Dobutamin-
induzierten Stresses, der von einem verminderten Anstieg der Myokardperfusion begleitet wurde, Eine
belastungsinduzierte Myokardischdmie konnte somit zur LV-Dysfunktion bei HFpEF beitragen.

HFpEF entsteht durch die Akkumulation kardiovaskulérer Risikofaktoren, die wiederum zu einer systemischen
Entziindung, oxidativem Stress und koronarer mikrovaskulérer Inflammation fiihren. Die Bioverfiigbarkeit von
Stickstoffmonoxid (nitric oxide, NO) ist reduziert, wodurch der NO-cGMP-Protein kinase-G (PKG)-pathway
betroffen ist. Dies wiederum fiihrt in vitro durch gednderte Phosphorylierung und Funktion des Myofilament-
Proteins Titin zu einer erhohten Steifigkeit des LV. Die Erh6hung der PGK-Aktivitit ist in den letzten Jahren
daher als moglicher therapeutischer Ansatz diskutiert worden. In unserer Studie zeigen wir, dass die akute
systemische pharmakologische Stimulation der 16slichen Guanylatcyclase (soluble guanylate cyclase, sGC) bei
gesunden Schweinen keinen Effekt auf die LV-Compliance hat (bestdtigt durch den unverdnderten
Phosphorylisationsstatus des Titins), hingegen aber einen leichten negativ inotropen Effekt ausiibt. In einer
Serie im bereits etablierten Schweinemodell des HFpEF konnte nur die Phosphodiesterase-V-Inhibition durch
Sildenafil, nicht aber die sGC-Stimulation oder deren beider Kombination die LV-compliance erhdhen,
wihrend aber beide Behandlungen die LV-Kontraktilitdt reduzierten. SchlieBlich testeten wir den Effekt einer
NO-abhéngigen (via intrakoronarer Nitroglycerin-Infusion mit Wirkung auf sGC) versus NO-unabhingigen
Stimulation (via intrakoronarer atrialer natriuretischer Peptid-Infusion mit Wirkung auf pGC) des cGMP-PK G-
Titin-pathway. Beide Substanzen induzierten eine dosis-abhingige Rechtsverschiebung der EDPVR ohne
Effekt auf den systemischen Widerstand. Diese Daten illustrieren den Bedarf einer zielgerichteteren Therapie
des Myokards bei HFpEF ohne systemische Nebenwirkungen. Der der Wirkung des atrialen natriuretischen
Peptids zugrundeliegende molekulare Mechanismus ist Gegenstand zukiinftiger Forschung.
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Chapter 1:

Introduction
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1.1 Definition of heart failure

In the latest available guidelines of the European Society of Cardiology (ESC), heart failure
is defined as “an abnormality of cardiac structure or function leading to failure of the heart
to deliver oxygen at a rate commensurate with the requirements of the metabolizing tissues,
despite normal filling pressures (or only at the expense of increased filling pressures)” (1).
Clinically, this abnormality is manifesting with a syndrome characterized by typical signs,
such as pulmonary crackles, elevated jugular venous pressure and third heart sound (gallop
rhythm), and symptoms such as breathlessness, fatigue and ankle swelling (1). However, the
signs are mostly related to sodium and volume retention and easily modified by diuretic
treatment, and they therefore may not be present in patients already under diuretics for other
comorbidities. In addition, the abovementioned symptoms may be non-specific, may occur
in non-cardiac disease as well, and they have a limited diagnostic value. In this regard,
circulating plasma natriuretic peptides levels are increased when a heart is diseased or the
load on the heart chambers is increased, and they have been shown to increase the diagnostic
accuracy, being therefore recommended in the international guidelines on heart failure (HF)
management (1, 2). B-type natriuretic peptide (BNP) and N-terminal pro B-type natriuretic
peptide (NT-proBNP) are the two most commonly used in the clinical setting. An important
step in the heart failure diagnostic algorithm is to identify the underlying etiology.
Myocardial disease, including coronary artery disease, hypertensive heart disease and
familial or acquired cardiomyopathies, is the most common cause of heart failure (1).
Valvular, pericardial, endocardial and arrhythmic disease are other important causes of heart
failure, and their identification is of paramount importance, given the direct therapeutic

implications.
1.1.1 Heart failure with reduced vs preserved ejection fraction

Ejection fraction (EF) is defined as the fraction of blood ejected by the ventricle relative to
its end-diastolic volume, and it is mathematically calculated as stroke volume (difference
between end-diastolic and end-systolic volume) divided by end-diastolic volume. EF can be
easily measured by means of echocardiography, and it is often used in the clinical arena to
assess the inotropic status of the left ventricle (LV). EF is not only a mere parameter of LV
contractile function, but it is an important prognostic marker, with lower EF indicating

poorer survival (1, 3), and most clinical trials select patients upon ejection fraction.
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According to the guidelines, heart failure patients should be differentiated between two
major clinical phenotypes, with reduced (HFrEF) and with preserved ejection fraction
(HFpEF). An EF <35% has been used to enroll patients in most of the HFrEF trials, and this
is the population of heart failure patients that has shown more therapeutic advances in the
past decades (4-9). On the other hand, current ESC guidelines define HFpEF patients as
having an EF>50%. Patients with an EF in the range 35-50% are therefore representing a
grey area, have mild systolic dysfunction and no clinical trials showed a benefit in this
subgroup of HF patients (10-12). HFpEF diagnosis is indeed more complicated, consisting
of several steps, and it is largely based on exclusion of potential non-cardiac causes of
patients’ symptoms (1, 13, 14), such as anaemia or chronic lung disease. Current
international guidelines on HF suggest the following criteria for the diagnosis of HFpEF: 1)
signs and symptoms consistent with a diagnosis of HF; ii) preserved ejection fraction (LV
EF>50%); iii) relevant structural heart disease (LV hypertrophy/LLA enlargement) and/or
objective measures showing an impaired LV diastolic function (1, 2). As mentioned above,
BNP and NT-proBNP are playing an important role in the diagnostic algorithm of HF, being
used as a rule-out test. The exclusion cut-off point differs between acute and chronic HF (1,
2). Of note, high levels of BNP and NT-proBNP are associated with a poor prognosis. After
debating for many years (15, 16), it is now widely accepted that HFrEF and HFpEF are two
distinct clinical entities with differing demographic characteristics. The major evidence of
the existence of two different entities in the heart failure syndrome is related to the different
etiologies and risk factors among them, with HFrEF being mostly associated with coronary
artery disease and male gender, while HFpEF occurs mainly in obese and hypertensive post-
menopausal women. The terminology HFpEF and HFrEF is preferred over the traditional
one, “systolic” and “diastolic” heart failure, because it is now clear that HFrEF patients have
diastolic dysfunction as well, and that HFpEF patients have at least a slightly reduced
systolic function, when measured by more sensitive approaches, such as myocardial strain

imaging (17).
1.1.2 Terminology of heart failure time course

Another important distinction within the syndromic spectrum of HF is between “acute” and
“chronic” HF. According to the ESC definition, “Chronic HF” patients are the ones who
have been experiencing symptoms and have HF signs for some time (1). A treated patient

with symptoms and signs, stable for at least a month, is defined as “stable”. The deterioration
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of this condition, often leading to hospitalization, is defined as ‘“acute HF” or
“decompensated HF”. New or “de novo” HF is the acute presentation of HF as a consequence
of an acute myocardial infarction or an acute viral myopericarditis. In the latter situation, the
acute cause of HF usually solves completely, while in the former remains and carries a future
risk of decompensation. Future prognostic admissions are considered important prognostic
indicators in the natural history of HF (1). In fact, in patients with chronic HF, the risk of
death is greatest in the early period after discharge after a hospitalization for HF and is
directly related to the duration and frequency of HF hospitalizations (18). The “chronic HF”
treatment is targeting the underlying pathophysiological mechanisms leading to LV
remodeling, while the “acute HF” treatment aims to improve symptoms and stabilize the
hemodynamic condition of the patients, presenting usually with pulmonary edema or
cardiogenic shock. Rates of adverse outcomes in patients admitted for “acute HF” remain
high, either in-hospital or after discharge, and a recent large prospective observational study
has shown a relatively lower mortality rate of patients with “chronic HF”’, compared to the

“acute HF” patients (19).
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1.2 Epidemiology of heart failure

Approximately 15 million Europeans and 6 million Americans suffer from HF, with annual
direct and indirect costs in the billions (20). The prevalence of HF is about 1-2% in the adult
population in western countries, and it is high as 10% in persons above 70 years old (21).
Given the ageing of population, epidemiologists already in the early 90s predicted an
exponential increase of HF incidence and prevalence in the upcoming decades (22).
However, recent epidemiology data from Olmstead County, Minnesota, collected between
2000 and 2010, show an important reduction of HF incidence. This reduction was greater
for HFrEF than for HFpEF, and contrasted with no apparent change in mortality (23), once
again addressing the heavy public-health burden of this disease. Indeed, In spite of all
medical efforts, the 5-year mortality of heart failure has decreased significantly less than that
of malignant diseases (24), and the median survival of patients after the initial diagnosis is
still only of less than 3 years (25, 26). The reported mortality rates in different populations
of HF patients at 1 year vary between 24 and 41% (25-32), and at 5 year between 65 and
75% (23-26, 30, 31).

1.2.1 Risk factors of heart failure with preserved ejection fraction

HFpEF accounts for nearly half of clinical heart failure cases, and over 90% of these patients
are aged >60 years at the time of diagnosis, meaning that this enormous public-health
problem will continue to grow along with the increased longevity in western societies (33).
Although the incidence of HFpEF does not seem to be increased, its prevalence have
increased in the past decades, with a total prevalence of 1.0-2.9% (23, 34, 35). This is also
related to an increased awareness of the disease, and a higher burden of lifestyle-related risk
factors, such as obesity and diabetes (36). However, the contribution of risk factors to the
overall burden of the disease is certainly difficult to evaluate, given the heterogeneity of
HFpEF individuals enrolled in clinical trials, and given the synergistic interaction of risk
factors (37). The difficult stratification of these patients is tightly linked to the complex
pathophysiology of the disease, involving multiple risk factors and comorbidities. The
concept of phenotypization (38) and phenomapping (39) of HFpEF patients is therefore
emerging as a possible approach to target patients’ subgroups rather than the whole

population, as performed in many inconclusive clinical trials in the past years.

18



Most important risk factors for HFpEF are hypertension (40), older age and female gender
(41, 42), and the prevalence of HFpEF was shown in a recent Portuguese survey to be as
high as 10% in the subgroup of women aged 80 years or more (43). In addition, depending
on the characteristics of the population studied, hypertension is present in 50 to 90 % of
HFpEF patients, clearly higher than in both the general population and in the HFrEF patients
(3, 11, 12, 44, 45). Interestingly, despite this strong causal relation with HFpEF,
hypertension is associated with a neutral of better survival after the onset of heart failure
(46). Atrial fibrillation (47), obesity (48), diabetes (49, 50) and coronary artery disease are
other important comorbidities often present in the HFpEF population. In addition, there is a
number of non-cardiac conditions associated with an increased risk of HFpEF, such as sleep
apnea (51), chronic obstructive pulmonary disease (52), chronic kidney disease (53) and
systemic inflammatory diseases (54), making the diagnosis and the prospective investigation
of HFpEF mechanisms even more complicated (36). In the past years, as an attempt to
connect and explain this complex spectrum of comorbidities, several studies are addressing
microvascular dysfunction deriving from the low-grade inflammation induced by the
abovementioned comorbidities as a possible pathogenetic mechanism (55). High risk of
HFpEF within the aged and female population could be therefore related to the relatively

frequent occurrence of microvascular heart disease in those demographic subsets (36, 56).
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1.3 Current treatment options for heart failure

The international HF guidelines define the objectives in the management of this condition
as based on three pillars: 1) relieve symptoms and signs ii) prevent hospital admission and
ii1) improve survival (1, 2). However, only the latter two have been used as primary outcome
measures for the most clinical trials, in part because they document an impact on the natural
history of HF, and in part because it is more difficult to measure objectively the effect of a
treatment on signs and symptoms, especially in large and randomized multicenter studies
(57). In the past decades, there have been many advances in the field of HF treatment, with
clear reduction of hospitalization and mortality of these patients. However, in this regard,
there is a striking difference between the two forms of HF, with several pharmacological and
device therapies now recommended for HFrEF, but not for HFpEF. Below, while
summarizing current evidences in this field, we will briefly touch upon issues relevant to our

experimental work.
1.3.1 Therapies of HFrEF

Several advances in the abovementioned “hard” endpoints have characterized the past
decades of HFrEF clinical research. This is not surprising, when considering that, in contrast
to HFpEF, the pathophysiology of HFrEF is somehow clearer, and there are several small
and large animal models available to test new compounds for a solid proof-of-concept
translation towards the clinical arena. For many years now, the main focus of the clinical
approach to HFrEF has been based on targeting the Renin-Angiotensin-Aldosterone System
(RAAS) and the neurohormonal system overdrive, and angiotensin converting enzyme
inhibitors (ACE-I), Angiotensin receptor blockers (ARB), beta-blockers (BB),
mineralcorticoid receptor antagonists (MRA) are now part of a clinician daily routine. In
addition, in the past years has emerged a role in the treatment of chronic HF for a selective
inhibitor of the Ir current in the sinoatrial node, ivabradine (58). However, the counter-
regulatory hormonal pathways, namely the natriuretic peptide (NP) system, are also
enhanced in HF, and the endopeptidase responsible for NP degradation, neprilysin (NEP),
has gained attention as a possible pharmacological target. A recent clinical trial (59) has
shown that impacting on this pathway through pharmacological NEP inhibition in

combination with ARB, via the new compound LCZ 696, markedly improves survival of
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chronic HFrEF patients in comparison to standard therapy with ACE-Is, opening a whole

new field of investigation for the upcoming years.

1.3.2 Therapies of HFpEF

In the current ESC HF guidelines, the brief paragraph on HFpEF therapeutic
recommendations goes straight to the heart of the problem in a laconic way: “No treatment
has yet been shown, convincingly, to reduce morbidity and mortality in patients with
HFpEF.”(1). And indeed, the trials conducted to assess the efficacy of ACE-Is (11), ARBs
(10, 12) and BBs (60) have failed to show any improvement in HFpEF patients’ survival.
Another unsuccessful clinical trial has recently tested the effect of phosphodiesterase (PDE)
-5A inhibition via sildenafil (45) on clinical status and exercise capacity. We will further
discuss the implications behind these neutral results in the paragraphs below. The MRA
spironolactone, after showing promising results in the Aldosterone Receptor Blockade in
Diastolic HF (Aldo-DHF) trial, failed to show any beneficial effect in a large international
multicenter study, the so-called Treatment of Preserved Cardiac Function HF with an
Aldosterone Antagonist (TOPCAT) trial (61). In this case, geographical differences between
clusters of patients enrolled in different parts of the world may be partly explain the neutral
results, and further trials are warranted (62). Some promising results are coming from the
abovementioned combined ARB and NEP inhibitor, LCZ-696. This compound was tested
in a phase II trial, showing a greater reduction of NT-proBNP at 12 weeks compared to
Valsartan (63). In addition, the follow up at 36 weeks of these patients showed a greater
reduction of left atrial (LA) volume index, an improvement of NYHA functional class and
estimated glomerular filtration rate. Of note, all these changes were independent of reduction
in systolic blood pressure (64). A Phase IlI clinical trial in HFPEF patients is currently under
way and it will clarify if these preliminary findings will translate in an improved outcome.
Another important dose-finding phase II study is investigating the effect of a soluble
guanlylate cyclase (sGC) stimulator, vericiguat, in both preserved and reduced ejection
fraction patients. In the HFrEF arm of the study, vericiguat was well tolerated but did not
impact on the primary end-point, NT-pro BNP change from baseline to 12 weeks (65). The
results from the preserved ejection fraction arm should be available in the upcoming months.

The experimental background of this study will be discussed in the next paragraphs.
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Finally, it is worth mentioning that a non-pharmacological approach, such as exercise
training in HFpEF patients, has shown the most promising results in terms of improved
exercise capacity and diastolic function (66). This underpins once again the importance of
considering the broad phenotypic spectrum of HFpEF patients in its complexity. A better
understanding of HFpEF pathophysiology is essential to help the development of targeted
treatments for this condition. In this regard, it has been proposed that a better baseline
characterization of patients with a selective phenotyping would allow a better tailoring of
the treatment (39, 67). The most recent and ongoing clinical studies in HFpEF are

summarized in Table 1.1.
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Study Design Drug/intervention | Number | Primary Results
of endpoint
patients
EX-DHF(66) RCT-PoC | Exercise training 67 Peak VO2 +2.6 mL/kg/min
(p<0.001)
PARAMOUNT | RCT-PoC | LCZ696 vs valsartan | 266/71 Change NT- Ratio
(63) proBNP LCZ696/valsartan
=0.77 (p=0.005)
ALDO DHF RCT-PoC | Spironolactone vs 422/67 (A) E/E' (A)12.1vs 13.6
(68) placebo (p<0.001)
(B) Peak VO2
(B) 16.8 versus
16.9 (p=NS)
RELAX (45) RCT-PoC | Sildenafil vs placebo | 216/69 Peak VO2 -0.2 vs 0.2
mL/kg/min
(p=NS)
TOP-CAT (61) | RCT- Spironolactone vs 3445/69 CV death, HF | Follow up 3.3
Outcome placebo hospitalization | years, 18 vs 20
and aborted (p=NYS)
cardiac arrest
SOCRATES- RCT-PoC | Vericiguat Enrollment | Change NT- Results in 2016
preserved (69) closed proBNP
PARAGON RCT- LCZ696 vs valsartan | Enrolling CV death and | Results in 2019
HF Outcome HF
hospitalization

Table 1.1: Recent and ongoing studies in HFpEF. RCT: randomized clinical trial, PoC: proof-of-concept,
CV: cardiovascular, HF: heart failure, VO»: oxygen consumption.
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1.4 Pathophysiology of HFpEF - Hemodynamic mechanisms

HFpEF was historically first named “diastolic heart failure”, with an increased left
ventricular stiffness at rest being the hemodynamic hallmark of the disease (70). However,
in the past years several groups have shown that HFpEF is not solely caused by left
ventricular diastolic dysfunction, but that it is rather a mosaic of multiple components,
ranging from impairment of systolic reserve function to atrial dysfunction, endothelial
dysfunction, vascular stiffening, pulmonary hypertension and right ventricular dysfunction
(33). These components play a little role at rest and, indeed, most patients become
symptomatic during a stress-induced increase of venous return, typically during exercise
(71). All the major HFpEF pathophysiology mechanisms seem therefore to reflect a cardiac

reserve limitation (33).
1.4.1 LV structural remodeling

Early studies have shown that the majority of HFpEF patients have a characteristic
concentric LV hypertrophy and markedly differ from HFrEF patients for the absence of
chamber dilatation (72, 73). Structural remodeling is defined via quantification of LV
geometry, mass and volume. The degree of LV remodeling is therefore characterized by
these three dimensions, and it is now clear that even when LV hypertrophy is not present,
cellular hypertrophy can be present (74) and detectable as an increased LV mass compared
to patient’s baseline values or in relation to LV volume. This concept is supported by further
population-based studies showing that concentric remodeling without hypertrophy and even
normal geometry are as well present in this heterogeneous population (75, 76). Major
differences in common patterns of LV remodeling between HFpEF and HFrEF patients are

summarized in Table 1.2.
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Parameters HFpEF HFrEF
End-systolic volume =or| 1
End-diastolic volume = 1

LV mass 1 T
LYV mass/end-diastolic volume i =or|
Wall thickness 1 l
LV geometry and shape Concentric / normal Eccentric / spherical

Table 1.2: Common patterns of LV remodeling in HFpEF and HFrEF. |: decreased, 1: increased, =:
unchanged.

1.4.2 Impaired LV diastolic function

The loss of LV end-diastolic capacitance observed in HFpEF patients can result from a
functional impairment occurring in one of the 3 phases of diastole: “slowed” LV active
relaxation in early diastole, poor mid-diastolic suction and elevated end-diastolic stiffness,
i.e. change of myocardial passive properties per se (77).

The active relaxation is the energy-consuming phenomenon of pressure decay in the LV
during early diastole, with a molecular counterpart of calcium reuptake in the
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) stores and myofilament
dissociation. The pressure decay rate is measured as the isovolumic relaxation constant 1
(tau). The time necessary to allow the LV to relax completely, or in other words to allow the
pressure to drop back to baseline values at the end of diastole, is mathematically defined as
3.5 times t. The diastolic time is normally much longer than 3.5 times 7, and it therefore
allows LV complete relaxation. When heart rate is increased, during physical exercise for
example, a healthy LV enhances relaxation, T is shorter and atrial and LV filling pressure
are not increased. However, T was shown to be prolonged already at rest in most of the
invasive studies on HFpEF patients (70, 78). In addition, the relaxation enhancement during
exercise is lost, resulting in incomplete relaxation and therefore increased atrial and LV end-
diastolic pressures (71, 79, 80).

A second mechanism of diastolic dysfunction is a reduced mid-diastolic suction. In healthy
subjects, an intraventricular pressure gradient is generated in the LV, leading to the

generation of a vacuum in the LV that literally sucks blood from the atrium. This
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phenomenon is accentuated during increased venous return, and has the finalistic aim to
avoid an increase of atrial pressure. The extent of LV suction is determined mainly by the
mitral annulus longitudinal motion, by the mechanical LV untwisting, and by the end-
systolic volume from the previous contractile cycle, to be imagined as the extent of
compression of a spring (the more compressed, the stronger is the subsequent uncoil). An
impairment of these components leads to a reduced suction, and the LV filling can happen
only at the expense of an increased LA pressure and consequent pronounced LA kick (81).
In addition, LA functional reserve was shown to be eroded in HFpEF patients, further
contributing to exercise intolerance (82).

A third mechanism of diastolic dysfunction is an increased LV passive stiffness. The
viscoelastic properties of the LV are determined by the sum of extracellular matrix,
cardiomyocytes and sarcomeric proteins, chamber and pericardium mechanical changes.
(5,64). LV passive stiffness is an important determinant of LV filling pressure in HFpEF,
and the gold standard to assess LV passive stiffness consists in deriving invasively the slope
and the position of the end-diastolic pressure-volume relationship. This concept plays a

central role in our work, and we will further discuss its implications in the next paragraphs.
1.4.3 LV systolic function and cardiovascular reserve

For many years, systolic function was believed to be preserved in the HFpEF population.
This conceptual mistake was deriving from the misleading identification of the ejection
fraction with the LV systolic function. The common knowledge was that HFpEF patients
would decompensate in late stages of the disease, and only then have a reduced systolic
function. Many studies have now demonstrated that this is not always the case, and slight
abnormalities of systolic function are present already in early stages of the disease. These
changes become more pronounced during physiological stress, and systolic abnormalities
were shown via both load-independent measurements and strain-speckle tracking imaging
of regional wall motion (83-87). Interestingly, the severity of systolic dysfunction correlates

with the severity of prognosis in HFpEF patients (85).

1.4.4 RYV function and pulmonary hypertension

Pulmonary hypertension (PH) is highly prevalent and often severe in HFpEF patients (88),
particularly during physical exercise (80). PH and right ventricular (RV) dysfunction have
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emerged in the past years as prognostic markers for adverse events (89-91). Both pulmonary
venous and arterial hypertension, i.e. a precapillary component, are contributing to PH (88).
On the same line, RV dysfunction is caused not only by contractile dysfunction but it is also
the consequence of the vascular-ventricular mismatch derived from PH (90). Elevated
pulmonary arterial systolic pressure (PASP) was shown to be a strong predictor of mortality
in HFpEF, and each 10 mmHg increase in PASP is associated with a 28% increase in 3-year
mortality (88). RV contractile dysfunction and PH are therefore now considered a possible
therapeutic target in this population (92). In this regard, the RELAX trial, testing the impact
of the vasodilator sildenafil on HFpEF patients, has failed to improve exercise capacity,
quality of life and clinical biomarkers (45). One explanation of this failure may be related to
the mild estimated PASP in the enrolled population, suggesting the need to focus on HFpEF

patients with a more pronounced PH.
1.4.5 Vascular stiffening and dysfunction

HFpEF patients are further characterized by an impaired vasodilation response. In fact, not
only they have a higher end-systolic elastance (Ees), meaning a higher LV end-systolic
stiffness, but they also have a higher arterial stiffness (Ea), calculated as the ratio between
LV end-systolic pressure and stroke volume (93). In other words, the ventricular-arterial
coupling, represented by the ratio of these two parameters, is compromised in those patients,
especially during exercise (80, 94). This leads to the well-known phenomenon of
pronounced fluctuations in blood pressure for any given change in preload, afterload or

stroke volume, adding a challenge in the pharmacological management of these patients.

1.4.6 Chronotropic incompetence

Chronotropic incompetence is another peculiar feature of HFpEF patients, manifesting itself
with a blunted heart rate response during exercise in most of the studies (95-98). This seems
to be related to an autonomic impairment. Chronotropic incompetence becomes apparent as
a lack of early (99) and exercise-peak (71) heart rate increase, mainly driven by
parasympathetic tone withdrawal, but also as an impaired heart rate recovery after exercise
(96), pointing towards both an overexcited sympathetic tone and blunted parasympathetic

one. This phenomenon is independently associated with adverse outcome (100).

27



1.4.7 Transmural gradient of dyssynchrony

Echocardiographic studies demonstrated that in HFPEF global LV function suffers from a
loss of longitudinal shortening that is compensated by radial and circumferential shortening
(84), along with a loss of LV twist and untwist during systole and diastole. This indicates a
damage primarily of subendocardial muscle fibers. These fibers have a helical orientation
and are most responsible for the rotatory component LV contraction (101). It therefore
appears to exist a certain transmural gradient of LV dysfunction, evolving over time and
progressively impairing LV torsion and rotation. Chapter 4 of this work investigates these

mechanisms in a CMR imaging study of our porcine model of early-stage HFpEF.
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1.5 Pathophysiology of HFpEF - molecular and cellular

mechanisms

The pathophysiology of HFpEF has been investigated extensively in the past years, yet many
characteristic features of the disease need to be elucidated. One of the major issues is related
to the fact that patients develop diastolic dysfunction way before becoming symptomatic
(102). The mechanisms leading patients into the symptomatic phase are unknown. However,
it is clear that aging is an important contributor to this process, and some authors have
therefore defined HFpEF as an ultimate form of cardiac aging or “presbycardia” (33). We

will now briefly touch upon the major components of this phenomenon.
1.5.1 Myocardial interstitial fibrosis

Myocardial stiffening is the result of both processes involving extracellular matrix and the
cardiomyocyte per se. An increased total collagen volume has been shown in endocardial
biopsie tissue from HFpEF patients (74, 103). Type I and III collagen are both elevated, and
this is associated with a reduced activity of the major collagenase systems, responsible for
their turnover. Another important feature of the extracellular matrix in HFpEF patients,
beside the reduced collagen turnover, is the increase of cross-linking within the collagen
structure that renders the myocardium more rigid (104, 105). These structural changes seem
to promote fibrosis, being the extracellular matrix not only a passive scaffold, but regulating
the interaction of several cellular signalling pathways. The mechanisms behind these matrix
alterations have been linked to increased inflammatory markers, commonly related to
conditions such as diabetes and neurohumoral activation of the renin-angiotensin-

aldosterone system (106).
1.5.2 Oxidative stress

Cardiovascular comorbidities such as aging, hypertension, diabetes, obesity and physical
inactivity lead to increased systemic inflammation (55, 107). High levels of circulating
inflammatory cytokines, such as interleukin 6, tumor necrosis factor a, soluble ST2 and
pentraxin 3 were reported in HFpEF patients (55, 108). These factors play a role in the
induction of endothelial dysfunction, mediated by an increased intracellular reactive oxygen

species (ROS) production by higher NADPH oxidase-2 expression in macrophages and
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endothelial cells, and , at the same time, by a higher expression of adhesion molecules such
as vascular cell adhesion molecule-1, intercellular adhesion molecule-1 and E-selectin (109,
110). The increased oxidative stress lowers nitric oxide (NO) bioavailability and NO
dependent signaling from endothelial cells to cardiomyocytes is affected. In fact, a lower
cyclic GMP (¢cGMP) concentration and protein kinase G (PKG) activity have been shown in
LV biopsies of these patients and have been mechanistically linked to the classical hallmark
of the disease, LV stiffness and diastolic dysfunction, through its impact on the function of
the major myofilamental protein titin (111). High level of inflammatory cells secreting
transforming growth factor B (TGF-B) were also shown in HFpEF patients. In the same
study, primary human fibroblasts isolated from endomyocardial biopsies and exposed to
transforming growth factor  (TGF-B), transdifferentiated to myofibroblasts, producing
more collagen and decreasing the levels of matrix metalloproteinase-1, the major system of

matrix degradation (109).
1.5.3 Titin and myocyte stiffness

Titin is a giant protein (= 3800kDa) that spans from the Z-disk to the M-band of the half
sarcomere (112). In vitro studies have previously shown that titin plays a major role in
regulating passive tension of cardiomyocytes in the physiological range of sarcomere lengths
(113). In mammalian hearts two major isoforms of titin are expressed, N2B and N2BA, the
former being stiffer and shorter, the latter longer and more compliant (112). Titin-based
passive myofilament stiffness is largely determined by the ratio of these isoforms (114). In
addition, on a shorter time scale titin stiffness is modulated via posttranslational modification
of the elastic I-band and regions N2Bus and PEVK(112), involving processes such as
phosphorylation, carbonylation, oxidation and formation of disulphide bridges. In particular,
phosphorylation of the two isoforms by incubation with PKG and protein kinase A (PKA)
1s known to reduce skinned myofibers‘ and isolated myofibrils‘ passive stiffness in human
and canine left ventricles (115). In the past years, more than 28 phosphorylation sites
involved in the posttranslational modulation of titin have been identified within the N2Bus
and PEVK regions by in vitro kinase assays or mass spectrometry (112). Phosphorylation of
the abovementioned N2Bus residues via PKG, PKA (113, 116) and calcium/calmodulin-
dependent protein kinase (CaMK) II 6 (117) decreased titin-based passive myofilament
stiffness in human failing and non-failing myocardial tissue. Vice versa, phosphorylation of

the PEVK residues increased titin-based passive myofilament stiffness in murine and canine
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LV skinned myocardium (118). Chapter 5 of this work will provide data on the experimental

pharmacological targeting of the abovementioned titin’s residues.
1.5.4 Calcium signaling and active relaxation

Impairment of active relaxation is related to alterations in calcium signalling. The process of
cardiomyocyte relaxation follows Ca?" reuptake into the sarcoplasmic reticulum through
SERCA. The intracellular Ca*" is additionally extruded via the Na*/Ca®* exchanger (NCX).
The activity of SERCA is regulated by phosphorylation of the regulatory protein
phospholamban. Phosphorylation of phospholamban via PKA and CaMK release the
inhibitory interaction of this protein with SERCA, increasing its Ca®" affinity.
Dyssynchronous intracellular Ca?* delay leading to prolonged action potential and increased
diastolic Ca’" levels has been described in diastolic dysfunction (119, 120). In addition,
studies have demonstrated a correlation between expression of Ca?* handling protein and
diastolic dysfunction. Experimental data indicate that the ratio SERCA/phospholamban is
decreased with age-related diastolic dysfunction (121-123). A consistent amount of data on
post-translational modifications of other Ca®" channels and Ca®" handling proteins as a

substrate for diastolic dysfunction are present in literature.
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1.6 Temperature modulation of LV function

The induction of Mild hypothermia (MH) has been for many years an established therapeutic
option to improve neurological outcome and survival in patients after resuscitation from out-
of-hospital cardiac arrest (124). However, the recent Targeted Temperature Management
(TTM) trial (125) failed to demonstrate any difference between MH and low normothermia
(NT) in resuscitated patients, raising the question whether cooling or merely the avoidance
of fever mediates neuroprotection and better patient outcome. To better understand the
mechanisms behind the effect of different temperatures on biological systems in vivo is
therefore of paramount importance, and additionally holds clinical implications.
Langendorff described the role of temperature in modulating cardiac function already more
than a century ago. Cooling was shown to increase contractility in isolated rodent and
human cardiac muscle strips (126, 127), isolated rat and rabbit hearts (128, 129), and in dogs
(130) and pigs in vivo (131). Vice versa, hyperthermia (HT) decreased LV contractility in
isolated cardiac muscle strips from rats (126) and in isolated dog hearts (132). In line with
that, two small-scale clinical studies in patients with cardiogenic shock demonstrated an
increase of cardiac index during intravascular cooling (133, 134).

On the other hand, MH has been known to induce pronounced diastolic dysfunction, as
evidenced by slowed active relaxation and reduced LV end-diastolic capacitance at
decreased spontaneous heart rates (130, 131). In our lab, we therefore use MH as a model
of acute LV diastolic dysfunction, and we previously suggested that the prolongation of
relaxation during MH is so profound that it limits LV filling and compliance and thereby
induces a leftward shift of the EDPVR despite spontaneous bradycardia (135). Vice versa
seminal studies indicate that HT induces a higher end-diastolic capacitance as compared to
NT (77), but the mechanisms behind that have not been investigated. In Chapter 3, we
therefore compared the effects of HT and MH on myocardial function in detail by pressure-

volume analysis.
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1.7 The nitric oxide-cyclic GMP- protein kinase G signaling
pathway

As an attempt to connect the clinical evidences on HFpEF patients to the single
cardiomyocyte level, a paradigm was proposed by Paulus and Tschope (55). The
accumulation of multiple cardiovascular comorbidities is causing increased inflammation,
oxidative stress and coronary microvascular endothelial inflammation. NO bioavailability is
reduced by microvascular inflammation, and the NO-cGMP-PKG pathway is affected,
ultimately leading to a stiffer titin (111). In the past years, cGMP-enhancing drugs have
therefore emerged as possible therapeutic approach. Following solid preclinical findings on
the anti-remodelling effect of PKG activation, several pharmacological therapies to enhance
cGMP have been developed in the past years. The earlier clinical trials of PDES inhibitors,
NO donors, GC activators and neprilysin inhibitors have focused on the acute vasodilatory
effects. The focus is now shifting towards their potential direct myocardial effects

independent of afterload reduction (136).
1.7.1 ¢GMP signaling in the cardiomyocyte

Cyclic GMP is an important signaling molecule in the cardiomyocyte. It is produced either
via the cytosolic soluble guanylate cyclase (sGC) activated by nitric oxide or by the
transmembrane particulate guanylate cyclase (pGC), activated by the natriuretic peptides.
The best-characterized downstream signaling effector of cGMP is the cGMP-dependent
Protein Kinase, also called PKG. Mammals have two genes that encode PKG I and 11, but
only PGK I is expressed and plays a relevant role in the cardiovascular system (137). PKG
I is expressed in various cardiovascular cell types such as vascular smooth muscle cells,
fibroblasts, endothelial cells and cardiomyocytes (137). PKG enzymes are homodimers with
arod-like structure, activated already at submicromolar concentrations of cGMP. PKG I has
two splice variants, PKG Io and If, that differ in the length of the N-terminal leucine zipper
(LZ) within the regulatory domain (137). The LZ is not only a passive element allowing a
high affinity homodimerization, but it is responsible for the interaction with particular kinase
substrates and for the subcellular localization of different isoforms (138). PKG Ia has a
higher affinity to cGMP than the I isoform, meaning that it can be activated at lower cGMP

concentrations and works in other subcellular compartments depending on a gradient of
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cGMP (138). The role of PKG I in cardiovascular disease has been elucidated in the past
years, via in-vitro analyses of phosphorylated substrates and via genetic engineering in mice.
Mice with whole body PKGI deletion show a decreased life-span and are difficult to study,
but clearly show an impaired vascular relaxation (139). Several studies have investigated the
role of PKG I upstream activation in single cardiomyocytes subjected to neurohormonal
stimulation. In rat neonatal cardiomyocytes both exogenous NO and NPs inhibit
norepinephrine (140, 141) and angiotensin Il-induced (141) hypertrophy. This anti-
hypertrophic effect was also shown in rat adult cardiomyocytes (142), indicating that this is
driven by the enhancement of ¢cGMP in the cell. Gene transfer of PKGI in neonatal
cardiomyocytes confirmed that the downstream effector of this effect is indeed PKGI (143).
Interestingly, whole body PKGIa LZ mutants develop hypertension and earlier systolic and
diastolic dysfunction post transverse aortic constriction compared to wild type (144). These
mice do not respond to cGMP enhancement by the phosphodiesterase type 5 (PDES)
inhibitor sildenafil, showing that LZ binding partners mediate the cGMP-PKG mediated
anti-hypertrophic effects (145). In summary, there is strong preclinical evidence that PKGI
is an important mediator of the anti-remodeling effects of cGMP enhancing therapies. The
downstream substrates of PKG still need to be identified in vivo, but evidence points towards

myofilament proteins known to be modulated by PKG, such as titin (146).
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1.7.2 PKG activators and strategies to enhance cGMP
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Figure 1.1: Classes of drugs modulating the cyclic GMP-protein kinase G pathway within the
cardiomyocyte. Cyclic GMP is produced either via the cytosolic soluble guanylate cyclase (sGC) activated
by nitric oxide or by the transmembrane particulate guanylate cyclase (pGC), activated by the natriuretic
peptides. PDES5 is responsible for the breakdown of cGMP produced by sGC, while PDE9 of the one by
pGC. The downstream substrates of protein kinase G (PKG) still need to be identified in vivo, but evidence
points towards myofilament proteins. Soluble GC stimulators target only non-oxidized sGC (Fe*"), vice versa
sGC activators target oxidized sGC (Fe*"). LZ: leucine zipper.

1.7.2.1 Nitric oxide donors

Nitric oxide activates sGC, which, in turns, increases cGMP concentration and activates
PKG. The effects of NO donors on LV function have been well characterized. In vitro studies
showed that exogenous NO exerts a negative inotropic effect mediated by downstream PKG
(147), in part by reduced myofilament Ca**-sensitivity via Troponin I-phosphorylation (148)
and by reduced Ca**-transients via L-type Ca**-channel phosphorylation (149). On the other
hand, the NO donor sodium nitroprusside (SNP) increases diastolic cell length, inducing
earlier LV relaxation (150) in vitro. In line with that, in patients with chest pain but no
evidence of coronary lesions, intracoronary infusion of SNP resulted in a slightly decreased
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LV peak systolic pressure and an acute increase of LV end-diastolic capacitance (151). In
theory, the described effects on LV compliance would make NO donors ideal to tackle LV
stiffness in HFpEF patients. However, several issues are limiting the use of these drugs in
the clinical arena. Firstly, heart failure patients chronically treated with NO donors develop
a vascular tolerance. Nitrate tolerance impairs the vasodilation response of these patients,
partly due to an increased vascular oxidative stress (152). Secondly, chronic administration
of the NO donor isosorbide mononitrate was shown to increase vascular oxidative stress and
induce endothelial dysfunction by increasing the expression of endothelin (153). Finally,
HFpEF patients are sensitive to preload reduction and they are therefore more susceptible to
hemodynamic instability and stroke volume reduction from vasodilation than HFrEF
patients (154). NO donors remain important options for vascular unloading and to decrease

filling pressures in acutely decompensated patients, rather than in chronic heart failure.
1.7.2.2 Posphodiesterase 5 inhibitors

There are 11 PDE families in mammals, and at least 9 PDEs are recognized to play a role in
the cardiovascular system (138). These enzymes are responsible for the specific breakdown
either of cAMP or of cGMP or both. PDES acts specifically on cGMP. The role of PDES in
LV remodeling has been proposed in the groundbreaking study of Takimoto on PDES knock-
out mice (155). Pharmacological inhibition of PDES has therefore been extensively studied
in the past years. As mentioned above, the administration of the PDES inhibitor sildenafil
increased LV compliance in a canine model of LV concentric hypertrophy (146), supporting
the possible translation of these findings in patients. In fact, sildenafil increased LV
capacitance in HF-PEF patients with pulmonary hypertension, as evidenced by lower
pulmonary capillary wedge pressures at higher LV end-diastolic diameters (156). However,
the first randomized clinical phase IIb trial on HFpEF patients (RELAX) was completely
negative, failing to improve exercise capacity and clinical status of patients (45). There are
several reasons for that. First, PDES was shown to be upregulated in the LV of end-stage
HFrEF patients, but never in HFpEF patients. PDE 5 inhibitors seem to be more effective in
reducing right ventricular load in pulmonary hypertension, rather than in HFpEF patients.
Another reason for the clinical failure of these class of drugs may be related to the subcellular
microdomains of cGMP recruited by inhibition of PDES, which is NO-dependent and
therefore not effective in recruiting a preload reserve in a condition of reduced NO

bioavailability. A recent study has shifted now the attention towards the PDE 9 isoform
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(157), which seems to be responsible for a pool of cGMP located at the T-tubular
invagination of the plasma membrane, produced by the atrial natriuretic peptide (ANP)-pGC

pathway and independent from NO.

1.7.2.3 sGC stimulators and activators

The sGC stimulators and activators are two recently discovered classes of compounds that
are able to modulate sGC. The mode of action differs between sGC stimulating and sGC
activating compounds. A sGC stimulator targets only non-oxidized sGC (Fe?*) and acts by
increasing its basal cGMP production in a NO-independent way and, at the same time,
rendering the enzyme more sensitive to endogenous NO. Thus, NO-mediated effects are
more pronounced in the presence of sGC-stimulators (i.e. synergistic effect) (158, 159). In
contrast, a sGC activator targets only oxidized sGC-molecules (Fe*") and enables them to
produce cGMP in the absence of NO. In contrast to sGC-stimulators, NO-mediated effects
are thus not influenced by sGC-activators (i.e. additive effect) (159, 160). Soluble GC
activators are therefore ideal drugs to substitute NO in a condition of endothelial
dysfunction, with increased oxidative stress and potentially oxidized or heme-free sGC. So
far, this class of drugs has been tested only in HFrEF patients. The sGC activator Cinaciguat
was shown to potently unload the heart, increase cardiac output and renal flow without any
further neurohormonal activation in canine model of congestive heart failure (161). The first
clinical data in acute decompensated heart failure showed reduction of filling pressure and
an increased cardiac ouput. However, a phase 2b clinical trial in a similar population was

terminated early because of excessive hypotension in the Cinaciguat arm (162).

The sGC stimulators reduced renal and cardiac organ damage in experimental high- and low-
renin models (163). Recently, in a phase IIb clinical study in patients with pulmonary
hypertension caused by systolic LV dysfunction, the sGC stimulator riociguat failed in
reducing pulmonary artery pressure, but increased cardiac index, stroke volume and
improved systemic and pulmonary resistance (164). An oral sGC stimulator, BAY 1021189
or vericiguat, is now under investigation in a phase Il clinical trial, recruiting both HFpEF
and HFrEF patients (SOCRATES) (69). The results of the HFrEF arm of the study have been
recently published, showing that vericiguat was well tolerated but did not impact on the
primary end-point, NT-pro BNP change from baseline to 12 weeks (65). The results of the

HFpEF arm are expected in the upcoming months.
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1.7.2.4 Neprilysin inhibitors

The effect of natriuretic peptides is mediated by 3 different receptors, 2 of which are
membrane-bound receptors (also termed NP receptors) and cGMP-coupled. ANP and BNP
are mainly secreted from the heart and act via NPR-A, inducing cGMP synthesis on the inner
plasma membrane. C-type NP is directly released from endothelial cells and acts via NPR-
B. ANP and BNP induce both vasodilation and natriuresis, while CNP does not induce
natriuresis at physiological concentrations (165). The vasopeptidase enzyme neprilysin is
responsible for the breakdown of NPs. Inhibitors of neprilysin have been developed in the
past years. Omapatrilat, a combination of an angiotensin-converting enzyme and neprilysin
inhibitor showed promising results in HFrEF (166), but excessive angioedema in a
subsequent phase III clinical trial hindered further investigation on this compound (167). A
new compound, LCZ696, combining an angiotensin receptor and neprilysin inhibitor has
been developed, and we already mentioned above the promising results of this compound in

a phase II trial (63).
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1.8 Aims of the thesis

The objectives of this project are:

(1) to study mechanisms of temperature-dependent modulation of LV myocardial
function (Chapter 3)

(i1) to characterize LV mechanics and myocardial perfusion during stress in a large
animal model of early-stage HFPEF - a Cardiac Magnetic Resonance (CMR)
imaging study (Chapter 4)

(i)  to evaluate the impact of pharmacological targeting of the cGMP-PKG-titin
pathway on myocardial function in our early-stage HFPEF model (Chapter 5).

Chapter 3 summarizes content that has been recently published in a peer-reviewed journal.
The introductive paragraphs on cGMP enhancing therapies have been recently published as
an invited review in a peer-reviewed journal. Chapter 4 presents magnetic resonance imaging
data obtained from Dr. Ursula Reiter, Department of Radiology, Medical University of Graz,
within a cooperation between our departments. All the data presented in Chapter 5 are part

of a manuscript under preparation for submission.
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Chapter 2:

General Material and Methods
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2.1 In-vivo experiments

The experiments reported in the current work were performed between 2012 and 2015. The
experimental protocols were approved by the local bioethics committee of Vienna, Austria
(BMWF-66.010/0127-11/3b/2011, BMWF-66.010/0055-11/3b/2012, BMWF-66.010/0128-
1I/3b/2012, BMWF-66.010/0091-11/3b/2013), and conform to the “European Convention for
the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes”
(Council of Europe No 123, Strasbourg 1985). Landrace pigs were ordered from Heinz
Stelzl, GroBklein, Austria, and were delivered at the Institute for Biomedical Research of the
Medical University of Graz (Roseggerweg 48, 8036 Graz, Austria). The pigs had at least
one-week acclimatization time in the stables, in order to reduce as much as possible the
impact of environmental stressors on the experimental results. The animals were fasted
overnight with free access to water, and the experiments were performed either at the Section
for Surgical Research, Dept. of Experimental Surgery (Auenbruggerplatz 15, 8036 Graz,
Austria) or at the abovementioned Institute for Biomedical Research. After sedation, animals
were intubated and mechanically ventilated. The regimen of anaesthesia was a combination
of inhalational and intravenous anaesthetics, aiming at reducing single drug doses and
therefore encountering the least side effects. The choice of the intravenous anaesthetics
followed the principle of avoiding accumulation in the blood circulation, especially in the
experiments with hypothermia-induced low metabolism, and avoiding as much as possible
drugs heavily impacting on LV contractile function, such as barbiturates. A general overview
of the drugs is given in Table 2.1, and a more detailed discussion will be provided in the

method section of the respective experimental protocols.
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Table 2.1: General list of compounds used in the in-vivo part of this experimental work. i.m.: intramuscular,

1.v.: intravenous.

Germany

Compound Brand name Company Administration
route
Atrial natriuretic factor na Bachem AG, iv.
(1-28, human)
Bubendorf, CH
Azaperone Stresnil aniMedica GmbH, im.
Senden-Bosensell,
40 mg/ml Germany
BAY 41-8543 na Bayer Healthcare, Lv.
Wuppertal, Germany
Butorphanol Butomidor Richter Pharma, iv.
10 mg/ml Ampullen Wels, Austria
Dobutamine Dobutamin “ERWO” iv.
ERWO Pharma GmbH
12,5 mg/ml Ampullen Brunn am Gebirge, Austria
Fentanyl Fentanyl-Janssen Lv.
Janssen-Cilag Pharma,
0.1 mg Ampullen Vienna, Austria
Heparin Natrium Heparin Natrium 25000 Ratiopharm GmbH, Lv.
25000 E/5ml flaschen Ulm, Germany
Ketamine Ketasol Injektionslosung aniMedica GmbH, im. and i.v.
fiir Tiere, 100 mg/ml Senden-Bdsensell,
Germany
Midazolam Midazolam “ERWO” ERWO Pharma GmbH, im and i.v.
Brunn am Gebirge,
5 mg/ml Ampullen Austria
Nitroglycerin NITRO POHL G. Pohl-Boskamp, iv.
1 mg/ml Ampullen Vienna, Austria
Pancouronium Pancouronium bromid ratiopharm GmbH, Ulm, 1.v.
Germany
2 mg/ml Ampullen
Propofol Propofol “Fresenius” 1% Fresenius Kabi, iLv.
Emulsion
Graz, Austria
Sevoflurane Sevorane Abbott GmbH, inhalation
Vienna, Austria
Sildenafil citrate n.a. Molekula GmbH, Munich, iv.
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2.1.1 Invasive hemodynamic measurements

2.1.1.1 Experimental setup for invasive hemodynamic measurements

The experimental setup has been established in previous works from our group, and its
stability shown in several publications (131, 135, 168-170). On the day of the experiment,
Landrace pigs were sedated with midazolam and ketamine. After administration of propofol,
the animals were intubated, mechanically ventilated and anaesthesia was continued with
sevoflurane, fentanyl, midazolam, pancuronium and ketamine. The animals were ventilated
(Julian, Draeger, Vienna, Austria) with an Fi02 of 0.5, an I:E-ratio of 1:1.5, a positive end-
expiratory pressure of 5 mmHg and a tidal volume of 10 ml/kg. The respiratory rate was
adjusted continuously to maintain an end-tidal carbon dioxide partial pressure between 35

and 40 mmHg.

Sheaths were introduced into both carotid arteries and internal jugular veins. Under
fluoroscopic guidance, a Swan-Ganz catheter (Edwards Lifesciences CCO connected to
Vigilance I, Edwards Lifesciences, Irvine, CA, USA), a quadripolar stimulation catheter in
the high right atrium (Response 6F, St. Jude Medical, USA), a LV conductance catheter
along LV long-axis (5F, 12 electrodes, 7 mm spacing, MPVS Ultra, Millar Instruments,
Houston, Texas, USA) and a valvuloplasty catheter (24 ml, Osypka, Rheinfelden, Germany)
in the descending aorta were introduced. In the experiments investigating the effect of
different temperatures on cardiac function, an additional 14-F sheath was introduced into the
left femoral vein, and an intravascular cooling catheter connected to a cooling device
(Accutrol™ Catheter 14F and InnerCool RTx Endovascular System, Philips Healthcare,
Vienna, Austria) was positioned in the inferior caval vein. The body core temperature was
measured at the tip of the Swan-Ganz-catheter. A patient warming system (Bair Hugger,
Warmtouch Series 500/0OR, 3M, Germany) with warming cover was used to maintain the
body temperature at 38.0°C, or, when included in the protocol, to raise body temperature
and maintain it at 40.5°C. A balanced crystalloid infusion (Elo-Mel Isoton, Fresenius,
Austria) was continuously administered at a fixed rate of 10 ml/kg/h. Urine outflow was
enabled by a suprapubic catheter. Given the invasive instrumentation with multiple catheters,
a 100 IU/kg heparin bolus followed by a 75 IU/kg/h continuous infusion was administered
to prevent venous thrombosis. After instrumentation, the animals were allowed to stabilize

for 45 min.
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Figure 2.1: Standard experimental setup, Section for Surgical Research, Dept. of Experimental Surgery,
Medical University of Graz. Courtesy of Dr. M. Manninger.

2.1.1.2 Devices and technical equipment

Recordings were performed at 1kHz sampling rate using Labchart 7, a commercially
available software (ADInstruments, Colorado Springs, CO, USA) provided by purchase of
the control unit for the pressure-conductance catheter from Millar Instruments (MPVS Ultra,
Millar Instruments, Houston, TX, USA). This catheter allows the simultaneous recording of
LV pressure and up to seven conductance segments. Cardiac output and temperature were
continuously monitored and recorded via a Swan-Ganz catheter, connected to the main
laptop via an external monitor (Vigilance I, Edwards Lifesciences, Irvine, CA, USA). Right
atrial pacing (twice-diastolic threshold, 1 ms pulse duration) was performed using an
external stimulator (UHS20, Biotronik, Germany).

Aortic, central venous and pulmonary arterial pressure signals were recorded connecting
respectively an arterial sheath, the central venous and pulmonary arterial port of the Swan-
Ganz catheter to a bridge amplifier (custom built by Prof. A. Lueger, Medical University of

Graz). Calibration before any experiment followed the manufacturer’s instructions.

2.1.1.3 Experimental protocol and raw data acquistion

In each of the experiments of this work, steady-state hemodynamics were acquired and
averaged over three respiratory cycles. To generate pressure-volume relationships, afterload
was increased briefly three times by inflating the intraaortic balloon catheter. During these

recordings, the tidal volume was set to the respirator’s minimum of 50 ml in order to
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minimize the effect of respirator-induced alterations of intrathoracic pressure. At each
protocol step, conductance catheter measurements were calibrated by hypertonic saline (3
boluses of 3 ml at 10%) and cardiac output continuously derived from the Swan-Ganz
catheter. More details on the calibration method are given in the paragraph on principles of

conductance technique.

In most of the experimental protocols, after measurements at spontaneous heart rate, we
increased heart rate to multiples of 20bpm up to the maximum rate followed by steady
contractions. At each pacing step, steady-state measurements and aortic occlusions were
repeated. We hence aimed to obtain a complete characterization of LV function over a wide

range of heart rates.

2.1.1.4 Principles of conductance technique for pressure-volume analysis

Generating pressure-volume loops in real time, under steady-state conditions and during
changes in loading conditions allows to assess cardiac performance independent, as much as
possible, from loading conditions. The conductance catheter, established by Baan et
colleagues (171), consists of multiple electrodes generating an electric field via a low-
amplitude, high-frequency constant current. In brief, the local electric field generates a
voltage potential difference between adjacent electrodes, and passes through blood and
surrounding tissues, translating into changes in electrical conductance (G) of the blood pool
and chamber structures. These changes can then be correlated to changes in chamber volume.
However, this signal is not calibrated, having the physical unit of electric conductance, i.e.
siemens. In our experiments, the conductance catheter was positioned in LV long-axis and
the signal acquired over 4 up to 7 electrodes, depending on LV anatomy of the animal. LV
volume signal was then calibrated to absolute volume [V(t)] was calibrated using the
equation V(t)= (1/a)(L*/cb)[G(t)-GP] (171, 172), where o is a dimensionless constant, L is
the electrode spacing, oy is blood conductivity, G(t) is the total conductance measured and
GP indicates the so called parallel conductance. GP represents the conductance of chamber
structures surrounding the blood, and, in our study, it was estimated via intravenous
hypertonic saline boli (172). Subtracting G from G(t) gives us the mere conductance of the
intracavitary blood. This difference is then directly proportional to the absolute LV volume
by (1/a)(L*/ov), and this latter factor can then be calculated by dividing [G(t)-GP] by the

stroke volume obtained, in our study, by a Swan-Ganz continuous cardiac output monitoring.
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The pressure signal is generated via a piezo-membrane located at the tip of the catheter,

converting the mechanical strain into an electric resistance.

2.1.1.5 Data processing

Pressure-volume data and time intervals were analysed off-line by CircLab Software
(custom made by P. Steendijk) (135). This software allows a beat-to-beat analysis of the
acquired signals. End-diastole was defined as the time-point of zero crossing of dP/dt before
its rapid upstroke. End-systole was defined as the time point of maximum pressure/volume
ratio. The end-diastolic pressure-volume relationship (EDPVR) was derived from an
exponential fit of end-diastolic pressure and volume data points during aortic occlusion
following the formula LVPeq = o « € P*XVVed, The end-systolic pressure-volume relationship
(ESPVR) was derived using a linear fit of end-systolic pressure and volume data points,
characterized by the slope (end-systolic elastance, Ees) and volume axis intercept (Vo). The
slope Ees is a load-dependent measure of contractility (173), and to compare ESPVRs, it is
therefore important to compare changes of both Ees and Vo (174). In addition, to obtain
single-point measures of pressure-volume relationships, we calculated LV volumes at an
end-diastolic pressure of 10 mmHg (LV VPed10) and at an end-systolic pressure of 100
mmHg (LV VPes100). LV VPed10 is a measure of LV capacitance and reflects how the size
of the LV is altered by interventions (174). The second index, LV VPes100, is derived
applying the same approach to the ESPVR and integrates slope and x-axis intercept of the
ESPVR at a representative end-systolic pressure (135, 175).

The isovolumic relaxation constant T (ms) was calculated based on the method of Glantz
(176, 177). Cardiac power output (CPO) was calculated as the product of cardiac output and
the difference between mean aortic pressure and central venous pressure, divided by a

constant (451) and expressed in Watt (W) (178).
2.1.2 Blood samples

When of interest for the study, at each step of the experimental protocol one set of arterial
and pulmonary arterial blood samples was processed immediately after withdrawal using a
blood gas analyser (ABL 600; Radiometer, Copenhagen, Denmark) equipped for the
temperature-corrected measurement of oxygen saturation, partial oxygen and carbon dioxide

pressures, pH, acid-base status, haemoglobin and lactate.
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2.1.3 Cardiac tissue harvesting — sequential myocardial biopsies

At the end of our invasive hemodynamic measurements, catheters were removed and the
cardiac explant procedure was started with invasive arterial pressure and pulse oximetry
monitoring. A median thoracotomy was performed, pericardium opened and positive end-
expiratory pressure reduced to 0 mmHg, reducing interaction of lung with the operative field.
Beating-heart LV transmural biopsies (kai Europe GbmH, Solingen, Germany) were taken
from the lateral free wall, as far as possible from the left arterial descending coronary artery,
in order to preserve the chance of a cardiomyocyte isolation procedure through perfusion of
this vessel. All biopsies were carefully rinsed, immediately frozen into liquid nitrogen and
stored at -80°C. Large vessels were then clamped, a bolus of 100 mmol potassium was given
to sacrifice the animals. Further biopsies were taken, rinsed carefully and placed in 10 %
formaldehyde for histological analyses.

In case of sequential LV transmural biopsies, a lateral thoracotomy was performed and the
LV was exposed in a pericardial cradle. After stabilisation for 30 min, a pouch suture was
prepared on the LV lateral wall, 2-3 transmural LV biopsies were taken from the beating
heart and the pouch suture was immediately closed. Next, the drug of interest was infused
according to the protocol, and further biopsies were taken, frozen and stored as described

above.
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2.1.4 Cardiac Magnetic Resonance Imaging

On the day of the CMR investigation, animals were brought to the Section for Surgical
Research, Dept. of Experimental Surgery, where they were sedated, intubated, mechanically
ventilated and anaesthetized as described above. Sheaths were introduced in an internal
carotid artery and in a jugular vein, in order to monitor arterial blood pressure and infuse
volume, respectively. Pigs were then quickly transported to the Cardiac magnetic resonance
imaging Department, while continuously ventilated by a regular emergency transport
ventilator (Oxylog 1000, Draeger, Vienna, Austria). In the CMR scanner, respiratory gases
(PM 8050 MRI, Driger Medical, Germany), heart rate and arterial blood pressure (Precess
3160, InVivo, FL, USA) were continuously monitored. Oral temperature was assessed by a
sublingual thermometer, and temperature was kept constant at 38°C via cold saline infusion

and adjustment of the MR scanner ventilation system.
2.14.1 Image aquisition

CMR imaging was performed on a 3T MR scanner (Magnetom Trio, Siemens Healthcare,
Germany) using a phased-array 6-channel body matrix coil together with a spine matrix coil.
Subjects were investigated in a single session during free breathing in the supine position
with electrodes for electrocardiographical (ECG) gating positioned on the chest. After
assessment of cardiac and myocardial function, blood flow and LV TI1 times at rest,
measurements were repeated during B-adrenergic stress, which was induced by intravenous
infusion of dobutamine (ERWO Pharma, Austria ) at rates of 2-8 pg/kg/min, targeting a heart
rate increase of approximately 25%.

For assessment of ventricular function, retrospectively ECG-gated, 2D segmented fast low-
angle shot (FLASH) cine images (temporal resolution, 27 ms interpolated to 40 cardiac
phases; echo time, 2.7 ms; flip angle, 15°-20°; voxel size, 1.9x1.6x6.0-8.0 mm3) were
obtained in the LV two-chamber, three- and four-chamber views (Figure 2.2), and in
contiguous short-axis slices covering the entire LV in 12-14 slices. Two-fold averaging was
used to suppress breathing artefacts.

Time-resolved three-directional phase-contrast imaging (4D flow) data were acquired to
measure mitral annular tissue velocity and blood flow in the left heart, the pulmonary veins
and the coronary sinus; the structures were covered by gapless slices with a retrospectively

ECG-gated, two-dimensional spoiled gradient-echo-based three-directional velocity-
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encoded cine phase-contrast sequence (velocity encoding in all directions, 110 cm-s-1;
measured temporal resolution, 46 ms interpolated to 25 cardiac phases per cardiac cycle;
echo time, 2.9 ms; flip angle, 15°; voxel size, 2.5%1.8x4.0 mm3; 3-fold averaging).

To study myocardial strain, tagged cine images were acquired with a retrospectively ECG-
gated FLASH with spatial modulation of magnetization (SPAMM) in the short axis (basal,
mid-ventricular and apical) and in the 4-chamber orientation (grid spacing, 6mm; temporal
resolution, 20 ms interpolated to 50 cardiac phases; echo time, 3.3 ms; flip angle, 12°; voxel
size, 1.8%1.3x6.0-8.0 mm3; 3-fold averaging).

An ECG-gated modified Look-Locker inversion recovery (MOLLI) prototype sequence
with single-shot balanced steady-state free precession (bSSFP) readout, motion correction
and automatic T1 map generation (MOLLI protocol 5(5)5(5)5; echo spacing, 2.6 ms; echo
time, 1.1 ms; flip angle, 35°; voxel size, 2.1x1.4x8.0 mm3) was used to acquire myocardial

T1 maps at end-diastole.

2.1.4.2 Left ventricular and myocardial function

Short-axis cine images were analyzed by syngo.via software (MR Cardiac Function,
Siemens Healthcare, Erlangen, Germany). Analyses were performed by Dr. U. Reiter and
collaborators, Dept. of Radiology, Medical University of Graz, Austria.

To assess LV volume vs. time curves, LV epicardial and endocardial borders, excluding
papillary muscles from myocardium, were traced manually in end-diastole and end-systole
and semi-automatically adjusted to all cardiac phases (Figure 2.2). To define the basal plane,
the position of the mitral valve was evaluated from the cine four-chamber view.
Normalized end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume,
cardiac output, and LV ejection fraction were evaluated from end-diastolic and end-systolic
cardiac phases with the body surface area estimated according to BSA (m2) =
0.0734xweight0.656 (179).

Papillary muscles were included when measuring normalized left ventricular mass
(LVMM), but they were excluded in determining normalized mean end-diastolic and end-
systolic wall thickness and thickening at the basal, mid-myocardial and apical levels; 16
myocardial segments were evaluated, according to the American Heart Association (AHA)
segmentation scheme (180). Global normalized end-diastolic (WTED) and end-systolic
(WTES) wall thickness, as well as LV wall thickening, were calculated as averages of

segmental values.
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Mitral annular plane systolic excursion (MAPSE) was measured as the difference of the

distance from the apex to the lateral mitral annulus in end-diastole and end-systole in 4-

chamber view.

Figure 2.2: Functional cine images and their
evaluation. Diastolic images of cine FLASH series in
LV 2-chamber, 4-chamber, 3-chamber and mid-
ventricular short-axis views. Subepicardial (green
line) and subendocardial (red line) contouring in short
axis images was employed to derive LV volume vs.
time curves, wall thickness and left ventricular
muscle mass. Image courtesy of Dr. U. Reiter, Dept.
of Radiology, Medical University of Graz.

LV 2-chamber view 4-chamber view

short axes view 3-chamber view

2.1.4.3 Phase contrast image data evaluation

Transmitral early (E) and late (A) diastolic, pulmonary venous systolic (S1, S2) and early
diastolic (D) velocities, coronary sinus blood flow volume, and early diastolic lateral, septal
and mean (E’) mitral annular tissue velocities were evaluated from multi-planar images
reconstructed from 4D flow data using a prototype software (4D Flow, Siemens Healthcare,
Erlangen, Germany). Transmitral acceleration (AT) and deceleration (DT) times were
assessed from average mitral velocity vs. time curves. E/A, E/E’, (E/E’)EDV, and
pulmonary venous S/D (with S as maximum of S1 and S2) ratios were calculated from peak
through-plane velocities. Global myocardial perfusion was estimated from coronary sinus

net forward blood volume divided by left ventricular muscle mass (181).

2.1.4.4 Global and segmental myocardial strain

Tagged images were evaluated semi-automatically by using a prototype software (Heart

Deformation Analysis 2.0, Siemens Healthcare, Erlangen, Germany and University of
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Auckland). A grid was aligned to the myocardial tags at end-diastole and propagated
throughout all images of the cardiac cycle. Grids were manually corrected to the tags if
necessary. Myocardial circumferential (CC) and radial strain (RR) and strain rates (CC rate,
RR rate) were calculated by the software from the motion of grid lines at the basal, mid-
ventricular and apical levels from the respective short axis slices. Longitudinal myocardial
strain (LL) and strain rates (LL rate) were assessed from 4-chamber view images, while
myocardial torsion and torsion rates were assessed from the strains of basal and apical short-
axis slices. From time courses of strains, torsion and corresponding rates, end-systolic
maxima/minima of strains and torsion as well as systolic and early diastolic maxima/minima
of rates were determined. Furthermore, LV circumferential and radial strains and strain rates

were calculated as means of basal, mid-ventricular and apical values.

2.1.4.5 T1 mapping

Segmental LV myocardial T1 times were derived by manually outlining T1 maps according
to the AHA segmentation scheme, excluding blood pool, papillary muscles, trabeculae and
epicardial structures. Regions were drawn to be as large as possible while avoiding inclusion
of subendocardial and subepicardial tissue boundaries. Global LV myocardial T1 was

calculated as mean of segmental values.
2.1.5 Echocardiography

Animals were first sedated in the stables with an intramuscular injection of midazolam,
ketamine and azaperone. Echocardiography examination was then performed in the supine
position, and required an additional operator to hyperextend the upper extremities
throughout the procedure, in order to obtain access to good sonographic windows. Right-
sided basal to mid-ventricular short and long axis view were acquired at least over three
consecutive beats (Vivid I, GE Healthcare, Vienna, Austria). Analysis was performed offline
via a commercially available software (Echopac, GE Healthcare, Vienna, Austria). LV end-
diastolic wall-thickness and diameter were measured in the basal region both in short- and
long-axis view. Relative wall thickness was defined as the ratio between LV wall thickness

(sum of LV septum and LV posterior wall) and the LV end-diastolic diameter.
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2.1.6 DOCA implantation - early-stage HFpEF model

Pigs were made hypertensive by implanting a subcutaneous deoxy-corticosterone acetate
(DOCA) depot (100 mg/kg, 90 days release pellets, Innovative Research of America,
Sarasota, FL, USA) into the inguinal region, combined to a high-salt (300g/day) and high-
sugar (40g/day) diet, as previously published (182). Animals were first sedated with

midazolam, ketamine and azaperone.

We additionally fed animals with potassium chloride (3g/day), in order to avoid DOCA -
induced hypokalaemia and consequent arrhythmias. Given the negligible impact of the high-
lipid diet on LV remodelling observed in our previous experience with the model, i.e. lack
of fibrosis, we omitted it from the protocol. Figure 2.3 represents the protocol followed for

this disease model.

Jysubcutaneous DOCA-depot

high-salt / high-sugar diet |
15-20 kg 60-70kg _
weeks 0 1 2 3 4 5 8 7 8 9 10 11 12

echocardiography,
blood samples

invasive haemodynamics,

tissue samples

1]
1]
[+]

o
o

o
O

Figure 2.3: DOCA induced early-stage HFpEF, experimental protocol.
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2.2 In vitro experiments

2.2.1 Histology

After in vivo measurements were completed, a thoracotomy was performed and a bolus of
100 mmol potassium was administered into the cavum of the LV to sacrifice each animal.
For electron microscopic analysis of the myocardium, transmural biopsies were then
collected from the lateral left ventricular wall and fixed in 1.5% glutaraldehyde, 1.5%
paraformaldehyde in 0.15 M HEPES buffer. The samples were then stored in the fixative at
4°C until further processing. The processing steps included post-fixation in 1% osmium
tetroxide solution, overnight staining in half-saturated uranyl acetate solution, dehydration
in an ascending acetone series and finally embedding in epoxy resin. From the embedded
samples, semi- and ultra-thin sections were obtained for stereological analysis, performed
by Professor C. Miihlfeld and collaborators, Institute of Functional and Applied Anatomy,

Hannover Medical School, Hannover, Germany.

53



2.2.2 Western blot

Western blot analysis of titin isoform and phosphorylation in the tissue samples was
performed by Prof. N. Hamdani, Dept. of Cardiovascular Physiology, Ruhr University

Bochum, Bochum, Germany.
2.2.2.1 Titin isoform separation

Titin isoforms were separated as described previously (183). Tissue samples were
solubilized in 50 mM Tris sodium dodecyl sulfate (SDS) buffer (pH 6.8) containing 8 pg
mL"! leupeptin (Peptin Institute, Japan) and phosphatase inhibitor cocktail (PIC [P2880], 10
uL mL!'; Sigma). Samples were heated for 3 minutes at 96°C and centrifuged. Then, samples
(20 pg) were separated on agarose-strengthened 1.8 % sodium dodecyl sulfate-

polyacrylamide gels. The gel was run at 5 mA constant current for 16 h.

2.2.2.2 Protein expression and phosphorylation by Western blot

Gel electrophoresis followed by Western blot was performed according to standard protocols
to measure phosphorylation of cardiac protein titin. Custom-made, affinity-purified, anti-
titin peptide antibodies (Eurogentec; Belgium) used in this study are summarized in Table

2.2. Positions in full-length human titin according to UniProtKB entry, Q8WZ42, are also

reported.
Target-sequence Titin-domain Human-titin Dilution
position

EEGKS(PO3H2)LRFPLA and N2Bus S4010 1:500

EEGKS(PO3H2)LSFPLA
DLLS(PO3H2)KESLLS N2Bus S4062 1:100
LFS(PO3H2)EWLRNI N2Bus S4099 1:500
EVVLKS(PO3H2)VLRK PEVK S11878 1:500
KLRPGS(PO3H2)GGEKPP PEVK S12022 1:500

Table 2.2: Antibodies used to assess phosphorylation of cardiac titin.
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In addition, total titin phosphorylation was assessed by anti-phosphoserine/
phosphothreonine-specific antibodies recognizing all phosphorylated sites in titin (rabbit
polyclonal; 1:1000, Eurogentec; Belgium). All these antibodies gave specific signals on
Western blots. Titin phosphorylation level obtained with all these antibodies was indexed to

PVDF stains for comparison of protein load.
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2.3 Statistical analysis

All data are presented as mean + standard error of the mean. Normally distributed data were
compared using Student’s paired or unpaired t-test. Non-normally distributed data were
compared using the Mann-Whitney non-parametric test. Multiple comparison between
experimental groups were performed by one or two-way analysis of variance (ANOVA),
while comparison within related samples at different timepoints were performed by ANOVA
for repeated measurements. Statistical analysis were performed using the commercially
available software SigmaStat 3.5 (Systat Software GmbH, Erkrath, Germany). Pressure-
volume relationships were compared by analysis of covariance (174) (IBM SPSS Statistics,
International Business Machines Corporation Armonk, NY, USA). Post-hoc testing was

performed by Tukey’s test. A p-value < 0.05 was considered significant.
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Chapter 3:

Temperature dependent modulation of
LV systolic and diastolic function
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MH is an established therapy to improve neurologic outcome in resuscitated patients (124,
184, 185). However, the recent Targeted Temperature Management (TTM) trial (125) did
not demonstrate any difference between MH and NT in resuscitated patients, raising the
question whether cooling or merely the avoidance of fever mediates neuroprotection and
better patient outcome. The optimal target temperature for resuscitated patients is therefore

unclear at present.

Temperature does not only impact on neurologic activity and recovery, but is an important
determinant also of cardiovascular function. Cooling increased contractility in isolated
rodent and human cardiac muscle strips (126, 127), isolated rat and rabbit hearts (128, 129),
and in dogs (130) and pigs in vivo (131). Vice versa, hyperthermia (HT) decreased LV
contractility in isolated cardiac muscle strips from rats (126) and in isolated dog hearts (132).
In line with that, two small-scale clinical studies in patients with cardiogenic shock
demonstrated an increase of cardiac index during intravascular cooling (133, 134).
Experimental MH decreased infarct size, microvascular obstruction (186, 187) and mortality
(188) in porcine models of myocardial infarction (186, 187) and subsequent cardiogenic
shock (188). Furthermore, cooling preserved vascular resistance and pulmonary function and
exerted anti-inflammatory effects during endotoxemia in pigs (170). These data imply that
temperature management in resuscitated patients may affect outcome also by direct cardiac

and systemic hemodynamic effects.

While the hemodynamic effects of MH vs. NT have been investigated in several
experimental studies, a direct comparison of MH and HT in vivo has not been performed so
far. We therefore induced HT (40.5 °C) and MH (33.0 °C) in anaesthetized pigs and assessed
cardiac function in detail by pressure-volume analysis. To better estimate the relevance of
temperature-dependent changes of cardiac function, we compared the effects of temperature

to a standard clinical inotropic drug, i.e. dobutamine.

58



3.1 Specific Methods

3.1.1 Experimental setup

The experimental setup has been described before (135) and in Chapter 2.1.1. Briefly,
Landrace pigs (n=9, 67+2 kg) were fasted overnight with free access to water and sedated
with 0.5 mg/kg midazolam and 20 mg/kg ketamine. After administration of 1 mg/kg
propofol, the animals were intubated, and anaesthesia was continued with 1 % sevoflurane,
35 pg/kg/h fentanyl, 1.25 mg/kg/h midazolam, 0.2 mg/kg/h pancuronium and 3 mg/kg/h

ketamine.

3.1.2 Experimental protocol

Steady-state hemodynamics were acquired and averaged over three respiratory cycles. To
generate pressure-volume relationships, afterload was increased briefly three times by
inflating the intraaortic balloon catheter. During these recordings, the tidal volume was set
to the respirator’s minimum of 50 ml in order to minimize the effect of respirator-induced
alterations of intrathoracic pressure.

Measurements were started at 40.5 °C (HT) and repeated at 38.0 °C (NT) and 33.0 °C (MH).
At each temperature step, dobutamine was infused and titrated to double the steady state
maximum LV dP/dt. A single dose of dobutamine was used, as we figured that a whole dose-
response curve including maximum doses would cause B-adrenoceptor desensitization and
down-regulation. The increase of heart rate during dobutamine infusion can cause an
acceleration of LV relaxation per se (189-191). After measurements at spontaneous heart
rate at each temperature, we therefore increased heart rate to multiples of 20bpm up to the
maximum rate followed by steady contractions before and during dobutamine. At each

pacing step, steady-state measurements and aortic occlusions were repeated.
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3.2 Results

The dose of dobutamine needed to double maximum LV dP/dt decreased with temperature
from HT (2.1£0.1pg/kg/min) to NT (1.8£0.1pg/kg/min) and further to MH
(1.5+0.1pg/kg/min, p<0.05 vs. HT). Maximum simulation rate followed by regular and
steady LV contractions was 187+3 bpm at HT, 165£3bpm at NT (p<0.05 vs. HT) and
122+£2bpm at MH (p<0.05 vs. NT). During dobutamine infusion, maximum heart rates
increased (HT, NT and MH: 20845, 18743, 149+3bpm, all p<0.05).

3.2.1 Systemic hemodynamics

Mean aortic pressure decreased from HT to MH. Heart rate, cardiac output and CPO
decreased with cooling from HT to NT and MH and were increased by dobutamine at each
temperature step (table 1). Systemic vascular resistance increased with cooling from HT to
MH and was decreased by dobutamine at each temperature. Central venous pressure

decreased slightly with cooling and during dobutamine infusion.

Table 3.1: Systemic hemodynamics and oxygen consumption. LV = left ventricle, -dob = before dobutamine
infusion, +dob = during dobutamine infusion. *p < 0.05 vs. hyperthermia, °p < 0.05 vs. normothermia, °p <

0.05 vs. -dob at temperature step.

hyperthermia normothermia mild hypothermia
(40.5°C) (38.0°C) (33.0°C)
-dob 98+4 89+42 65+2b
heart rate (bpm) +dob  122£3¢ 11430 83+ 40be
cardiac output -dob 6.7£0.3 6.1£0.3 4.4+0.2%0
(1 min™) +dob 8.4+0.3¢ 7.8+0.3¢ 6.0+£0.3%b¢
mean aortic pressure -dob 74+3 68+3 65+22
(mmHg) +dob 77+4 71+4 69 +2°
central venous pressure -dob 50 4+0? 4+0°
(mmHg) +dob 3+0° 3+0° 3£0
cardiac power output -dob 1.1£0.1 0.9+0.17 0.6+0.0%°
W) +dob 1.4+0.1¢ 1.2+0.12¢ 0.9£0.1%b¢
systemic vascular resistance -dob 840+48 856+ 56 1152+ 6450
(dyn s cm™) +dob 720+ 56°¢ 704 +40°¢ 880+ 24abc
whole body oxygen consumption -dob 395+19 314£24° 199416
(ml kg! min") +dob 378+20 335+22%¢ 230+ 163b¢
mixed venous oxygen saturation -dob 53+2 60+2? 6620
(%) dob 66+2°¢ 68+ 1° 74 £28bc



3.2.2 LV systolic function

Cooling from HT to MH decreased LV maximum pressure while both the rate of contraction
(i. e., LV maximum dP/dt) and LV ejection fraction (EF) increased (p<0.05 vs. HT). The
end-systolic pressure-volume relationship (ESPVR) was progressively shifted leftwards
with cooling from HT to MH (Fig. 1 and Fig. 2a), and the calculated LV end-systolic volume
at an end-systolic pressure of 100 mmHg (LV VPes100) decreased (Fig. 3a). In other words,
the leftward shift of the ESPVR implicated an unchanged Ees and a decreased V) (table 2).
Dobutamine infusion further decreased LV VPes100 at each temperature step. The effect of
decreasing temperature on LV VPes100 (HT to NT: -28+3%, NT to MH: -20+5%) was of
comparable effect size as dobutamine at a given temperature (HT:-28+4%, NT: -27+6%,
MH: -27+£9%, Fig. 3b).

33.0°C 38.0°C Figure 3.1: Original tracings of left
160 - ) HT -dob ventricular  pressure—volume loops
140 NT -dob during transient aortic occlusion at
=) - MH -dob 40.5, 38.0 and 33.0 °C. There is a
I 120 - progressive leftward shift of the loops
E from hyperthermia to mild

E 100 - P :
o hypothermia, such that a given end-
5 80 - systolic pressure is reached. at.10\7.ver
o end-systolic ~ volumes, indicating
e 60 ) increased contractility. Lines indicate
. 40 - the end-systolic pressure—volume
3 relationship. LV = left ventricle, -dob

20 - = before dobutamine infusion

0

0 20 40 60 80 100 120 140
LV volume (ml)
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Figure 3.2: LV end-systolic pressure-volume relationships (ESPVR): (a) the ESPVR is progressively shifted
leftwards from hyper- (HT) to normothermia (NT) and from normo- to mild hypothermia(MH). The ESPVR
during dobutamine infusion is shifted leftwards compared to the ESPVR before dobutamine at all three
temperature steps (b-d). LV = left ventricle, -dob = before dobutamine infusion, +dob = during dobutamine
infusion
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Figure 3.3: a) The LV end-systolic volume at an end-systolic pressure of 100 mmHg (LV VPes100) decreased
with cooling from hyper- (HT) to mild hypothermia (MH), indicating increased contractility with lower
temperatures. LV VPes100 was further decreased by dobutamine at all temperature steps. -dob = before
dobutamine infusion, +dob = during dobutamine infusion *: p<0.05 vs. hyperthermia, §: p<0.05 vs.
normothermia, f: p<0.05 vs. -dob at temperature step. b) The relative increase of LV contractility with cooling
was comparable to the effect of dobutamine infusion at each temperature step. The overall effect from HT to
MH exceeded the effect of dobutamine. *: p<0.05 vs. dobutamine steps
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3.2.3 LV diastolic function

From HT to MH, LV end-diastolic volume decreased progressively, along with a lower
maximum rate of LV pressure fall (dP/dtmin) and a prolonged isovolumic relaxation
constant (1) (Table 2). The EDPVR at spontaneous heart rate during NT was shifted
rightwards by HT and leftwards by MH (Fig. 4a), and while dobutamine had no effect at NT
or HT, it reverted the leftward shift of the EDPVR at MH (fig. 4b-d). Dobutamine infusion

decreased the isovolumic relaxation constant at MH (Table 2).
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Table 3.2: LV systolic and diastolic function. LV = left ventricle, -dob = before dobutamine infusion, +dob =
during dobutamine infusion. ®p < 0.05 vs. HT, °p < 0.05 vs. NT, °p < 0.05 vs. -dob at temperature step.

maximum LV pressure
(mmHg)

end-diastolic LV pressure
(mmHg)

maximum rate LV pressure increase
(mmHg s™)

maximum rate LV pressure decrease
(mmHg s™)

LV isovolumic relaxation constant ((1J
(ms)

end-diastolic LV volume
(ml)

LV ejection fraction
(%)

LYV stroke volume
(ml)

LV VPed10, end-diastolic volume at 10 mmHg
(ml)

end-systolic elastance (Ees)

volume axis intercept (Vo)

-dob
+dob

-dob
+dob

-dob
+dob

-dob
+dob

-dob
+dob

-dob
+dob

-dob
+dob

-dob
+dob

-dob
+dob

-dob
+dob

-dob
+dob

HT
(40.5 °C)

9242
97+3

11+1
9+(0°

125666
2470+162°

-1760+60
-1965+81°

31+0
27+0

129+7
116+9°¢

53£2
61+£2°

68+3
69+4

124+6
121+7

1.57+0.15
2.14+0.27¢

5.81+2.13
0.74+£3.51°

NT
(38.0 °C)

84+22
96+2°

9+1?
9+1

145774
3071£146%¢

-1349+66*
-1401+62°

40+12
40+1°

10948
102+£7*

64+1?2
68+2°

70+£4
69+3

112+6°
110+£6*

1.58+0.14
2.63+£0.27%¢

-15.11£3.212
-2.4942.67%¢

MH
(33.0°0C)

81422
97+3¢

9+12
7i0a,b,c

1800+942>
3570+140%b¢

-640+35%b
-995+56%b-

1055
71+4be

9550
99+5¢°

71£280
74+2°

6743
73+4

97+£5%b
111+4%¢

1.74+0.15
2.90+0.32%¢

-19.95+3.922b
-10.03£5.343b¢
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Figure 3.4: left ventricular end-diastolic pressure-volume relationships (EDPVR): (a) the EDPVR is
progressively shifted leftwards from hyper- (HT) to normothermia (NT) and from NT to mild hypothermia
(MH). The EDPVR during dobutamine infusion superimposed the EDPVR before dobutamine at HT (b) and
NT (c). During MH, dobutamine re-shifted the EDPVR rightwards (d). LV = left ventricle, -dob = before

dobutamine infusion, +dob = during dobutamine infusion

During HT and NT, pacing above 140 bpm decreased LV VPed10. During MH, such

decrease of LV VPed10 was observed already at 100 bpm (Fig. 5a). Dobutamine infusion

did not change this relationships during HT and NT (Fig. 5b-c), but increased LV VPed10

at each heart rate during MH (Fig. 5d).
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Figure 3.5: the LV end-diastolic volume at an end-diastolic pressure of 10 mmHg (LV VPed10) decreased
from hyper- (HT) to normothermia (NT) and from NT to mild hypothermia (MH) at a given heart rate (a). The
LV VPed10 during dobutamine infusion superimposed values before dobutamine at HT (b) and NT (c) at a
given heart rate. During MH, the LV VPed10 was higher during dobutamine infusion at a given heart rate (d).
-dob = before dobutamine infusion, +dob = during dobutamine infusion. (a) *: p<0.05 vs. spontaneous heart
rate at temperature step, 1: p<0.05 vs. HT at corresponding heart rate, §: p<0.05 vs. NT at corresponding heart
rate. (b, ¢, d) *: p<0.05 vs. spontaneous heart rate, f: p<0.05 vs. -dob at corresponding heart rate

3.2.4 Blood gases and oxygen consumption

Whole body oxygen consumption decreased by approximately 50% with cooling from HT
to MH (Table 1). Mixed venous oxygen saturation (O2-Satven) increased progressively during
cooling from HT to MH. At each temperature step, dobutamine further increased O2-Satven.
A given value of O2-Satyen was reached at lower CPO values during cooling (Fig. 6). Arterial
pH values, base excess, lactate and haemoglobin remained within the normal range during

the protocol.
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Figure 3.6: Cooling from hyper- to normo- and to mild hypothermia decreased while dobutamine increased
cardiac power output (CPO). Both interventions increased mixed venous O saturation. -dob = before
dobutamine infusion, +dob = during dobutamine infusion.*: p<0.05 vs. hyperthermia, §: p<0.05 vs.
normothermia, T: p<0.05 vs. -dob at temperature step.
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3.3 Discussion

After the results of the TTM trial (125) were published, the optimal target temperature in
resuscitated patients after cardiac arrest, i.e., fever control or cooling to MH, has become a
matter of debate. As most patients suffer from cardiac arrest on the background of a pre-
existing cardiac disease (192) and temperature is an important determinant of cardiac
function (77), we set out to compare systemic hemodynamic and cardiac effects of HT, NT
and MH in closed-chest pigs in vivo. To illustrate the relevance of these effects, we

performed a comparison to the standard positive inotrope dobutamine.

3.3.1 Systemic hemodynamics

Cooling from HT to NT and MH in the present study progressively decreased heart rate and
cardiac output, while systemic vascular resistance increased from NT to MH. In contrast,
dobutamine infusion increased heart rate and cardiac output by ~ 25% and decreased
systemic vascular resistance. These changes were reported already decades ago and had been
discussed such that HT enhances and MH depresses cardiac function (193, 194). However,
studies in isolated cardiac muscle strips, isolated hearts and in vivo have repeatedly
demonstrated that either HT exerts a negative (126, 132, 195-197) or MH exerts a positive
inotropic effect (127, 130, 131, 198) on left ventricular function. This discrepancy can be
explained by the profound effect of temperature on whole body metabolic demand. Systemic
oxygen consumption decreased by =~ 50% from HT to MH in the present study, and even at
a lower cardiac output mixed venous oxygen saturation — the net indicator of systemic
oxygen supply-demand balance — increased. Systemic hemodynamic variables therefore fall
too short to characterize LV function at different temperatures, and we therefore performed

LV pressure-volume analysis.

3.3.2 LV systolic function

As shown in Fig. 1, lowering temperature induced a progressive leftward shift of the LV
pressure-volume loop and the end-systolic pressure-volume relationship (ESPVR) (Fig. 2a).
At lower temperatures, the LV ejected to smaller end-systolic volumes at a given end-
systolic pressure (LV VPes100, circles in Fig. 3a), which indicates increased contractility.
At each temperature step, the ESPVR was shifted further leftwards by dobutamine (Fig. 2b-
d). Fig. 3b illustrates the effect size of cooling and dobutamine on LV VPes100. It becomes

obvious that cooling from HT to NT increased LV contractility to the same amount as

68



dobutamine at HT, although both heart rate and cardiac output changed in opposite
directions. This effect continued from NT to MH, and overall from HT to MH cooling was
a more powerful inotrope than the dose of dobutamine applied in the present study.

While pressure-volume analysis and the decrease of LV VPesl00 indicate a relevant
inotropic effect of cooling, LV maximum dP/dt increases to a much smaller extent with
cooling than with dobutamine. To some degree, the decrease of LV end-diastolic volume
with lower temperatures may have counteracted the increase of maximum dP/dt, as this
parameter is preload-dependent (199). In addition, the mechanism of positive inotropy
differs between catecholamines and cooling. Beta-adrenergic receptor stimulation via the
cyclic AMP-PKA pathway increases the cardiomyocyte calcium transient and hastens the
rate of calcium release and reuptake into the sarcoplasmic reticulum (200). This translates
into both increased force and speed of myocardial contraction and relaxation. In contrast,
MH does not alter the cardiomyocyte calcium transient (127), but rather increases
myofilament calcium responsiveness by an increase of calcium activated force (201) and
possibly also by increased calcium sensitivity. A temperature-dependent decrease of SERCA
activity and decreased cross-bridge detachment rates in turn prolong active LV relaxation
(202, 203). Increased contractility during cooling therefore is not reflected by the speed
(maximum dP/dt), but rather by the force of contraction (LV VPes100).

3.3.3 LV diastolic function

As reported before (131, 135), cooling from NT to MH prolonged the isovolumic relaxation
constant t and decreased minimum dP/dt; these changes were opposite when NT was
compared to HT in the present study. Similarly, the end-diastolic pressure-volume
relationship (EDPVR) was shifted leftwards during MH and rightwards during HT (Fig. 4a).
We previously suggested that the prolongation of relaxation during MH is so profound that
it limits LV filling and compliance and thereby induces a leftward shift of the EDPVR
despite spontaneous bradycardia (135). In line with this concept, infusion of dobutamine
during MH in the present study shortened tand re-shifted the EDPVR nearly back to
normothermic values (Fig. 4d). In contrast, the effect of dobutamine on t at HT and MH was
minor. As t increases with load (204), the increase of LV pressure during dobutamine
infusion may have masked a shortening of t. In addition, larger doses of B-adrenergic
agonists may be needed to accelerate LV relaxation to supraphysiologic rates at NT and HT
compared to the correction of subphysiologic rates at MH. In line with that, dobutamine did

not impact on the shift of the EDPVR between NT and HT (Fig. 4b-c). It is also conceivable
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that HT increases LV compliance by direct myofilamental effects, for example by post-
translational modification of myofilamental and/or cytoskeletal proteins (205).

The increase of heart rate during dobutamine infusion can cause an acceleration of LV
relaxation per se (189-191). We therefore increased heart rate to multiples of 20bpm up to
the maximum at each temperature before and during dobutamine infusion and indexed the
single EDPVRs by the volume at an end-diastolic pressure of 10 mmHg (LV VPed10, Table
1 and Fig. 5a). Right atrial pacing at 140 bpm and higher decreased LV VPed10 both at HT
and NT, while at MH, this occurred already at 100 bpm (Fig. 5a). The relationship between
LV VPed10 and heart rate remained unaffected by dobutamine at HT and NT, but was shifted
upwards towards a higher LV compliance at MH (Fig. 5d). This indicates that incomplete
LV relaxation during MH decreases LV compliance independent of heart rate effects on
relaxation. In summary, we conclude that dobutamine improves LV compliance at MH by
hastening a profoundly slowed relaxation. Vice versa, when LV relaxation rates are normal
during NT, higher doses of dobutamine would be needed to impact on LV compliance during

higher heart rates.

3.3.4 Systemic oxygen supply-demand balance

The SHOCK trial determined a critical level of CPO below which metabolic and oxygen
demand are no longer met and mortality steeply increases in patients with cardiogenic shock
(178, 206). The acute balance of systemic oxygen supply and demand in turn is reflected by
mixed venous oxygen saturation (Oz-Satven), Which has prognostic value in patients
undergoing heart surgery (207, 208). As cooling decreases oxygen demand and increases
O2-Satven (Table 1), the critical level of CPO in patients with cardiogenic shock may strongly
depend on temperature. We therefore plotted O2-Satyen as a function of CPO in the present
study (Fig. 6). When dobutamine was started at HT, Ox-Satyen increased by more than 10%
due to an increased cardiac output. The same increase was present when the animals were
cooled to MH, however, the corresponding CPO was less than half than at HT+dobutamine
infusion. Given that catecholamines can empty cardiomyocyte energy stores during limited
blood flow, are arrhythmogenic and considered as toxic in general, cooling appears as a
promising synergistic or even alternative therapy to improve an oxygen supply-demand

imbalance in cardiogenic shock.
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3.4 Limitations

A limitation of our study lies in the fact that we investigated the cardiovascular effects of
high and low temperatures in pigs with normal cardiac function. However, we have
previously demonstrated the stability of our experimental setup (135, 169, 170) in several
experimental settings of acute cardiac dysfunction, comprising a model of resuscitation after
electrically induced ventricular fibrillation (168).

In addition, we are aware of the fact that in the clinical setting the priority would not be given
to LV "contractility", as defined in this study, but to remedies enhancing CO and global
perfusion pressure. However, despite a decreased CO with cooling, the pronounced decrease
of demand (more than 50% of WB-02) lead to an improved relationship between CPO and
mixed venous oxygen saturation, with higher O2-Satyen at a given CPO, enhancing global
perfusion pressure. We are therefore convinced of the relevance of our findings in the clinical
arena and we believe that the combination of increased LV contractility and hypometabolic

state induced by cooling can be beneficial in patients with acutely reduced cardiac reserve.
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3.5 Clinical implications and conclusions

We demonstrate that temperature is a powerful determinant of systemic hemodynamics and
cardiac systolic and diastolic function. The inotropic effects of temperature, in particular
already between HT and NT, have the magnitude of standard inotropic support by
dobutamine. As cooling increases also systemic vascular resistance, it may save both
positive inotropes and vasopressors, as already indicated in clinical studies (209, 210). In
addition, the lusitropic effect of dobutamine hastens LV relaxation and reverses the decrease
of LV compliance during MH, pointing towards a possible synergistic effect of MH and B-
adrenergic stimulation in resuscitated patients. Finally, the hypometabolic state during
cooling allows the heart to meet systemic oxygen demand at a much lower amount of
external work, which may provide acutely failing hearts with time to recover. These data
imply that in resuscitated patients already prevention of fever can improve LV function, but

that further cooling would provide additional benefit in an unstable hemodynamic situation.
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Chapter 4:

LV mechanics and myocardial perfusion
in a porcine model of early-stage
HFpEF: a CMR imaging study
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4.1 Introduction

Heart failure with preserved ejection fraction (HFpEF) evolves by accumulation of risk
factors over time and still lacks a guideline therapy, in part due to the complex
pathophysiology and a shortage of relevant animal models (39). An increased left ventricular
stiffness at rest is the hemodynamic hallmark of the disease (70). However, most patients
become symptomatic preferably during exercise, and the mechanisms leading the transition
from mere diastolic dysfunction to heart failure symptoms are unclear at present.

Several small-scale clinical studies, in the past years, have been investigating hemodynamic
response of severe hypertensive and early-HFpEF patients to dynamic exercise (78, 81, 82,
84, 97), showing that the reduced diastolic reserve function consists of several components,
ranging from a loss of relaxation enhancement, to reduced suction and further pronounced
stiffness (Chapter 1.4.2). Furthermore, a recent study in hypertensive patients at risk for
HFpEF has shown an intriguing correlation between reduced coronary flow reserve, LV
functional impairment, circulating markers of myocardial fibrosis and exercise tolerance
(211). It was therefore postulated that limited myocardial perfusion and contractility reserve
may induce subendocardial ischemia and fibrosis, and play a major role in the transition
from diastolic dysfunction to exercise intolerance (212).

The DOCA-salt-induced hypertensive pig has been introduced as a large animal model for
mineralocorticoid-induced hypertension (213-215). DOCA-salt-induced hypertension in the
pig is associated with a pronounced phenotype, comprising concentric LV hypertrophy (216,
217), increased peripheral vascular resistance (218-221), and contractile impairment of
vascular smooth muscle cells (222, 223). We recently established a model of early stage
HFpEF, combining DOCA-salt-induced hypertension with western diet. We have shown that
this model (182) is characterized by left atrial (LA) dilatation, a stiff LV (as shown by a
leftward shift of the EDPVR associated with myocyte hypertrophy), titin isoform shift and
reduced total-titin phosphorylation in the sub-endocardial layer, and increased LV end-
diastolic pressures at lower cardiac output (182). These characteristics resemble important
HFpEF patients’ features, and make it an attractive model to investigate dynamic response
of LV to stress.

Cardiac magnetic resonance (CMR) imaging is the gold standard for non-invasive
assessment of cardiac and myocardial function and morphology [18-21]. CMR techniques
such as cine imaging, myocardial tagging and 4D flow imaging at rest and during stress as

well as myocardial T1 mapping make it possible to investigate cardiac function, evaluate
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stress-induced differences, and identify myocardial tissue alterations in a single
investigation.

In this chapter, we therefore aimed to evaluate comprehensive CMR imaging of the
previously established model of early HFpEF, in comparison with weight-matched control
pigs at rest and during dobutamine stress, to identify potential mechanisms contributing to

exercise intolerance in early-stage HFpEF.

75



4.1 Specific Methods

The study was approved by the local Bioethics Committee of Vienna, Austria (BMWEF-
66.010/0091-11/3b/2013) and conformed to the guide for the care and use of laboratory
animals, US National Institute of Health (NIH Publication No. 85-23, revised 1996). Arterial
hypertension was induced in six animals (65+2 kg) by subcutaneous implantation of DOCA
pellets (as described in Chapter 2, paragraph 2.1.6) in combination with a high-salt, high-
sugar, high-potassium diet. After 12 weeks of treatment, animals were examined by cardiac
magnetic resonance (CMR) imaging at rest and during dobutamine stress. Seven weight-
matched healthy animals (58+9) served as controls. One animal in the DOCA -salt-treated

group (hereafter, DOCA) was excluded because of florid pericarditis.
4.1.1 Experimental setup

After 12 weeks of treatment, animals were sedated by intramuscular administration of
ketamine (20 mg-kg'1), midazolam (0.25 mg-kg'1) and azaperone (5 mg-kg'1). Anaesthesia
was induced by 30-60 mg propofol to allow endotracheal intubation. Pigs were mechanically
ventilated and anaesthesia was maintained with sevoflorane (1.5-2.5%), fentanyl (35 pg-kg’
Lh!), midazolam (1.2 mg-kg'-h'), ketamine (2-8 mg-kg'-h!) and pancuronium (0.2
mg-kg!-h™!). Sheaths were placed in a carotid artery to monitor the arterial blood pressure
and in the jugular veins to adjust the infusion rate to volume need. Further details are given

in Chapter 2, paragraph 2.1.4.
4.1.2 Experimental protocol

The protocol consisted of two imaging sessions, one at rest and one during stress-test, with
dobutamine titrated to increase heart rate of approximately 25% (2-8 ug-kg-1-min-1). Each
session consisted of assessment of cardiac and myocardial function, blood flow and LV T1
times. At the end of the protocol and in a subgroup of 8 animals (5 DOCA and 3 controls),
the heart was explanted and tissue samples harvested for stereological analysis of LV free

wall layers.

4.1.3 LV stereology

The following parameters were assessed by the method of point counting (224): volume

fraction of interstitium (VV(int/lv)), volume fraction of cardiomyocytes (VV(myo,lv)=1-
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VV(int/lv)), of blood vessels (VV(ves/lv)) and of collagen fibrils either related to the left
ventricle (VV(coll/lv)) or to the interstitium (VV(coll/int)) as reference volume. The total
myocyte (V(myo,lv)), collagen V(collLlv) and blood vessel V(ves,lv) content in the
myocardium were obtained by multiplying LVMM with VV(myo/lv), VV(coll/lv), and
VV(ves/lv), respectively. More details are described in Chapter 2, paragraph 2.2.1.
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4.2 Results

The baseline characteristics of DOCA and control animals are summarized in Table 4.1.

DOCA pigs did not differ from controls by heart rate, body weight and body surface index,

while systolic, diastolic and mean arterial pressure were higher at rest, resulting in a higher

rate-pressure product. This difference disappeared during dobutamine stress, indicating a

failure of DOCA animals to increase mean arterial pressure compared to controls. The dose

of dobutamine needed to increase heart rate of 25% was lower in the DOCA animals

compared to controls (2.8+0.9 10°-ug-kg!-min"! vs 5.3+2.0 10°-ug-kg!-min’!, p<0.05).

Table 4.1: Baseline characteristics of control and DOCA animals. BSA = body surface area, HR = heart rate,
mBP = mean blood pressure, sSBP = systolic blood pressure, dBP = diastolic blood pressure, RPP = rate

pressure product.*: p<0.05 vs rest, ¥: p<0.05 vs control at rest.

Control DOCA
parameter rest stress rest stress
weight (kg) 58+9 - 65+2 -
BSA (m?) 1.05£0.10 - 1.14+0.03 -
HR (min) 89+5 114+3%* 86+8 110+13*
mBP (mmHg) 8717 95+13 106+8§ 101+12
sBP (mmHg) 1038 11629%* 125+6§ 12011
dBP (mmHg) 7549 82+16 96+10§ 8612
RPP (mmHg min™") 9248 132411%* 108+14§ 132+17*
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4.2.1 Left ventricular geometry and function

Table 4.2 summarizes the major parameters of LV geometry and LV function. DOCA
animals showed higher LV muscle mass (LVMM, 1119 g-m™ vs 84+7 DOCA vs controls,
p<0.05) and increased end-diastolic and end-systolic wall thickness (WTgp and WTgs) at
both rest and stress, indicating LV concentric hypertrophy with preserved ejection fraction.
LV wall thickening and mitral annular plane systolic excursion (MAPSE) differed between
groups only at rest. LV end-systolic (ESV) and end-diastolic volume (EDV), stroke volume
and cardiac index did not differ at rest between groups. Dobutamine increased LV ejection-
fraction and decreased LV end-systolic volume in both groups. However, cardiac index
increased less in DOCA pigs (DOCA vs controls, 37+12% vs 63+23%, p<0.05), and the LV
end-diastolic volume significantly decreased during stress only in the DOCA animals
(DOCA vs controls, -20+11% vs -5+11%; p<0.05). Finally, the isovolumic relaxation time
(IVRT) was prolonged in the DOCA pigs compared to controls only at rest, while did not
differ during stress.

Table 4.2: LV geometry and function. WTED = end-diastolic wall thickness, WTES = end-systolic wall
thickness, WTH = wall thickening, MAPSE = mitral annular plane systolic excursion, EF = left ventricular
ejection fraction, EDV = left ventricular end-diastolic volume, ESV = left ventricular end-systolic volume,

SV = left ventricular stroke volume, CI = left ventricular cardiac index. *: p<0.05 vs rest, $: p<0.05 vs control
at rest, T: p<0.05 vs control during stress.

Control DOCA
parameter rest stress rest stress
WTep (mm-m) 6.3£1.2 6.2+1.4 8.3+0.8§ 9.3+1.67
WTes (mm-m?) 9.6+1.6 11.842.2% 13.0+1.4§ 15.541.9% ¢
WTH (mm-m2) 3.3+0.8 5.6+1.7* 4.8+0.9§ 6.2+1.1
MAPSE (mm) 11.1£3.6 15.0+3.7 6.9+1.2§ 13.5+4.9%
EF (%) 5243 69+7* 53+£5 70£2%
EDV (ml-m?) 12415 11712 125£18 102+£26*
ESV (ml'm?) 5949 36+10* 59+10 30+£9*
SV (ml-m?) 65+8 81+£9% 66+11 71£17
CI (1 min'*m?) 5.8£0.9 9.4+1.1% 5.8£1.0 7.8£1.2*% 1
IVRT (ms) 80<£15 78+16 99+10§ 93+17
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4.2.2 Transmitral and myocardial tissue velocities

Early diastolic myocardial tissue peak velocity (E”) was lower in DOCA at rest and during

stress (table 4.3), transposing to higher E/E’ at rest and stress (Figure 4.1). Transmitral
inflow pattern did not differ between groups (Table 4.3). (E/E')/EDV was higher in DOCA
pigs both at rest (3.6+0.9 vs 2.7+0.5, p<0.05) and during stress (4.8+1.6 vs 3.1+0.6, p<0.05).

E/E’

1 - —@- —A- control

-Or -/ poca

Rest Stress

Figure 4.1: Ratio between E wave and early diastolic myocardial tissue peak velocity (E’) at rest and stress
in the two groups.*p<0.05 between groups.

Control

DOCA

parameter rest
E (cm-s™) 63+6
A (cm's) 47+11
E/A 1.4+0.5
AT (ms) 87+17
DT (ms) 152+50
E'sep (cm-sh) 18+4
E'la (cm's™) 2145
E'(cm's™) 20+4

stress

78+9%

48+9

1.7+0.5

79+9

163+66

20+6

25+6

23+6

rest
56+10
43+12
1.4+0.4
83+14
169+67
11£3§
14+3

1342§

stress
70+£11*
43+13
1.7+0.5*
70+9
153+16
14+2
163+

1542+

Table 4.3: Summary of transmitral and tissue velocities parameters. E = early diastolic transmitral peak
velocity, A = late diastolic transmitral peak velocity, AT= acceleration time, DT= deceleration time, E’sept =
early diastolic septal wall mitral annular tissue velocity, E’lat = early diastolic lateral wall mitral annular
tissue velocity, B’ = average early diastolic mitral annular tissue velocity. *: p<0.05 vs rest, %: p<0.05 vs
control at rest, 1: p<0.05 vs control during stress.
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4.2.3 Pulmonary venous velocities

Alterations in the pulmonary venous flow pattern, with higher D-wave and lower S/D ratio
in the DOCA animals compared to controls, were present only at rest, and disappeared

during stress (Table 4.4).

Control DOCA
parameter rest stress rest stress
S1 (em's™) 3349 48+4%* 39+18 46+5
S2 (cm-s™) 40+10 49+9% 44+18 4445
D (cm's™) 37£10 56£11%* 57+17§ 58+6
S/D 1.1£0.2 0.9+0.2%* 0.84+0.2§ 0.8+0.2

Table 4.4: Pulmonary venous velocities. S1 = early systolic pulmonary venous peak velocity, S2 = systolic
pulmonary venous peak velocity, D = early diastolic pulmonary venous peak velocity, S = maximal systolic
pulmonary venous peak velocity. *: p<0.05 vs rest, 3: p<0.05 vs control at rest.

4.2.4 Global Myocardial perfusion and perfusion reserve

Coronary sinus blood flow volume was increased in the DOCA pigs at rest (1.6+0.5 ml/m?
vs 2.4£0.6 ml/m? control vs DOCA, p<0.05) but failed to further increase during stress
(2.7£1.0 ml/m? vs 2.8+0.5 ml/m?, control vs DOCA). However, as a result of the higher
LVMM in DOCA pigs, global myocardial perfusion (GMP) did not differ between groups
at rest. On the contrary, during stress GMP increased less in DOCA pigs, resulting in reduced
myocardial perfusion reserve (MPR, Figure 4.2).

Myocardial perfusion reserve (%)

250 § == Control
—— DOCA
200 +
150
T
100 -
50
0 - :
Stress/Rest Stress/Rest

Figure 4.2: Myocardial perfusion reserve (MPR). ¥: p<0.05 between groups.
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4.2.5 LV myocardial strains and torsion

One control pig was excluded from the analysis for poor image quality. Circumferential,
radial and longitudinal strain and strain rate as well as torsion and torsion rates were
evaluated. Results are summarized in table 4.5.

Significant differences were detected only with regard to longitudinal strain rate (LL rate)
and torsion. Whereas systolic LL ratemin did not differ between groups at rest, it was smaller
in DOCA animals during stress. Systolic torsion ratemax showed the opposite behavior, being
significantly higher in DOCA pigs at rest but not during stress. Diastolic torsion ratemin did
not differ significantly between groups; however, the torsion ratemin failed to properly

increase during stress in the DOCA group (DOCA, 0+£5°-s7!; control, -19£11°-s7!; p<0.05).

Control DOCA
parameter rest stress rest stress
CCuminrv (%) 161 1742 1742 -18+3
RRimax,Lv (%) 34+£12 39+11 3344 3545
LLuminLv (%) -13+2 133 1241 1142
torsionmax (°) 4.6+1.4 5.7+1.6 6.14£0.9 7.0+£1.2
CC rateminry (%o's™) 9011 -139+19% -96+13 -155+16*
RR ratemav (%o's™) 185+52 337+66* 188+36 309+81*
LL ratemin (%'s™) -77+11 -120+15%* -68+6 -95+13%*
torsion ratemax (°'s™) 2943 47+15% 44+8% 62+17
CC ratemax,Lv (%o's™) 83+4 119+30%* 89+11 129+20*
RR rateminv (% s) -190+81 -229+90 -192+41 -222+53
LL ratemax (%'s™) 51+19 71+17 47+10 58+10
torsion ratemin (°-s™') -24+6 -43£13%* -28+9 -28+7

Table 4.5: LV strain and torsion. CCmin,LV = minimal left ventricular circumferential strain, RRmax,LV =
maximal left ventricular radial strain, LLmin,LV = minimal left ventricular longitudinal strain, torsionmax =
maximal left ventricular torsion, CC ratemin,L'V = systolic minimum circumferential strain rate, RR
ratemax,LV = systolic maximal radial strain rate, LL ratemin = systolic minimal longitudinal strain rate,
torsion ratemin = systolic minimal torsion rate, CC ratemax,LV = early diastolic maximal circumferential
strain rate, RR ratemin,LV = early diastolic minimal radial strain rate, LL ratemax = early diastolic maximal
longitudinal strain rate, torsion ratemax = early diastolic maximal torsion rate. *: p<0.05 vs rest, ¥: p<0.05 vs
control at rest, T: p<<0.05 vs control during stress.
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4.2.6 Global LV myocardial T1 times

After image-quality evaluation, five DOCA and six control animals were included in this
analysis. Global LV T1-times did not differ between groups (DOCA, 1174+27 ms; controls,
1201+£39 ms), indicating no detectable difference in myocardial magnetic relaxation

proprieties between the two groups.
4.2.7 Stereological analysis

We collected and analysed samples from five DOCA and three control pigs. At the
stereological analysis, volume fractions of the interstitium and of blood vessels did not differ
between the DOCA and control group. Volume fractions of collagen with respect to both the
LV and the interstitium were significantly increased in the DOCA group (Figure 4.3). Total
myocyte volume (V(myo/lv), DOCA, 104+16 ml; controls, 67+1 ml; p<0.05), total collagen
volume (V(col/lv), DOCA, 3.8+1.0 ml; controls, 1.5+0.4 ml; p<0.05) and total blood vessel
volume (V(ves/lv), DOCA, 7.1£1.2 ml; controls, 3.7+1.1 ml; p<0.05) were higher in the
DOCA pigs than in the control pigs.

Figure 4.3: Stereological analysis of the LV volume fractions of collagen in DOCA and control animals.
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4.3 Discussion

In this study, we evaluated comprehensive CMR imaging of a porcine model of early HFpEF
in comparison with weight-matched control pigs, at rest and during dobutamine stress.
DOCA pigs showed concentric LV hypertrophy, impaired LV filling at both rest and stress,
and altered myocardial muscle mechanics, in particular longitudinal strain rate and torsion.
Under stress, DOCA pigs failed to increase cardiac index as much as controls, while showing
a reduced myocardial perfusion reserve. Finally, native T1 mapping failed to detect the

significant collagen elevation showed by stereological analysis.

4.3.1 Left ventricular geometry and myocardial structure

DOCA pigs developed concentric LV hypertrophy, with increased wall thickness and muscle
mass (Table 4.2), as previously reported by our and other groups in both Landrace and
Yucatan miniature swine (182, 213, 216, 217). 3D reconstruction of LV histology by
stereological analysis of the collected samples showed both cardiomyocyte hypertrophy and
increased levels of collagen (i.e., a higher collagen volume relative to the interstitial space,
relative to LV myocardium and as absolute volume, Figure 4.3), indicating a transition state
from LV hypertrophy to HFpEF (225-227). The latter finding is in contrast with our previous
study, where picrosirius red staining did not show any collagen increase in DOCA pigs
compared to controls (182), and may be attributable to the different quantitative accuracy of
these two experimental approaches. In addition, native T1 mapping failed to detect any
significant collagen increase in the DOCA animals, while normally T1 time is reported to be
increased with higher myocardial collagen (228, 229). In this regard, being the effective time
obtained by T1 mapping the result of the magnetic relaxation time of all compartments in
the voxel, the increased volume fraction of cardiomyocytes may have decreased T1 times,

masking the elevated levels of collagen in the relatively small interstitium.

4.3.2 Left ventricular function and mechanics

In our study, the abovementioned structural changes in the DOCA pigs were paralleled by
functional and mechanical alterations. As expected during B-adrenergic stress, LV ejection
fraction increased and ESV decreased in both groups. However, EDV significantly
decreased during stress in DOCA pigs, inhibiting stroke volume and cardiac index from

properly increasing with the heart rate. A similar response was reported in patients with
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HFpEF during dynamic exercise (78, 230). Other signs of subtle systolic dysfunction in our
DOCA animals were an impaired MAPSE at rest, indicating an altered longitudinal function,
and a lower LL ratemin during stress compared to controls. This is in line with
echocardiographic studies in HFpEF patients that showed reduced longitudinal and
circumferential strain (87), and a failure to enhance global longitudinal strain rate during
stress (231). However, and differently from our DOCA animals, in those patients EF failed
to increase during stress, indicating somehow a later stage of disease. These results address
once again the contribution of subtle LV systolic dysfunction to the overall progression from
the hypertensive heart disease to the HFpEF phenotype (87, 232, 233).

The DOCA animals showed no alteration in the transmitral inflow pattern (Table 4.3).
However, early diastolic myocardial tissue peak velocity was lower in DOCA at rest and
during stress, transposing to higher E/E’ (Figure 4.1). This is in line with studies in both
early-stage HFpEF and hypertensive patients (103, 230, 234). The alterations observed in
the pulmonary venous flow patterns in DOCA pigs, with lower S/D ratio at rest and with a
failure to increase systolic and diastolic pulmonary venous peak velocities during stress, are
indicating an impaired relaxation (235, 236) and can be as well related to the increased E/E’
(236).

In addition, a recent study (230) showed a marked increase of (E/E’)/EDV during exercise
in HFpEF patients and correlated this index of diastolic stiffness with decreased exercise
tolerance. Similarly, in the DOCA pigs the observed increased (E/E’)/EDV appears to be
related to the prolonged IVRT at rest (83, 234, 237) and/or subtle stress-induced myocardial
ischemia (95), as indicated by the lower global myocardial perfusion reserve during
dobutamine in the hypertrophied LV myocardium. This would be in line with a recent study
in hypertensive patients at risk for HFpEF, showing a correlation between reduced coronary
flow reserve, LV functional impairment, circulating markers of myocardial fibrosis and
exercise tolerance (211).

Finally, torsion and systolic torsion ratemax were higher in DOCA than control pigs, as a
result of the increased lever arm for epicardial fibers in the context of a concentric
remodelled LV (238). On the other hand, diastolic torsion ratemin significantly increased
during B-adrenergic stimulation in the control group, but not in DOCA animals, indicating
reduced intraventricular pressure gradients and impaired L'V untwisting enhancement during

stress, as already described in elderly patients (239, 240).
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4.3.3 Blood supply and myocardial perfusion

In this study, DOCA animals showed an increased coronary sinus blood flow volume at rest,
likely in order to maintain myocardial perfusion in the hypertrophied myocardium. This
functional finding was paralleled by a larger absolute vessel volume compartment V(ves/1v)
compared to controls by stereological analysis. However, these compensatory mechanisms
were to some extent challenged by the dobutamine stress test, unmasking an impaired
myocardial perfusion reserve. Our findings are therefore in line with the vasodilator reserve

impairment observed in HFpEF patients during exercise (99).
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4.4 Limitations

Several limitations of the present study need to be acknowledged. The study had a small
sample size; therefore, it was not possible to assess correlations between studied parameters.
Moreover, samples for stereological analysis were collected in a sub-group of animals only
from the LV lateral wall and, for reasons of feasibility, not by a random sampling scheme.
All CMR measurements were performed under mechanical ventilation. Breathing motion
was typically suppressed by averaging, except for the MOLLI sequence. Automated motion
correction, however, enabled appropriate reconstruction of T1 maps. 4D flow data were
acquired with one velocity encoding optimized for LV intra-cavity blood flow, and all flow
results were determined a posteriori from this dataset. The multiple acquisitions of smaller
data sets with optimized velocity encoding and optimized resolution might have improved
the accuracy of results but would have further prolonged investigation time.

Finally, invasive intra-cardiac hemodynamic measurements were not performed during

CMR examinations, as appropriate MR-compliant equipment was not available.
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4.5 Conclusion

The present study has characterized cardiac and myocardial function at rest and during stress
in a previously established large animal model of early-stage HFpEF. Aside numerous
functional alterations at rest, such as altered myocardial muscle mechanics and left
ventricular filling characteristics, we observed an impaired increase of cardiac index during
dobutamine stress that was paralleled by a reduced myocardial perfusion reserve. Exercise
induced myocardial ischemia may therefore be a contributor to LV dysfunction in the early
stage of the disease, and may serve as an early marker of transition from diastolic dysfunction
to symptomatic heart failure. Of note, myocardial T1 mapping could not detect elevated

levels of myocardial collagen found by stereology in our early-stage HFpEF model.

88



Chapter S:

Effects of soluble guanylate cyclase
(sGC) stimulation and

phosphodiesterase (PDE) SA inhibition
on myocardial function
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5.1 Introduction

Heart failure is the leading cause of mortality worldwide. Heart failure patients have either
a reduced or a preserved LV ejection fraction (HFpEF), and the prevalence of these two
clinical phenotypes is equally distributed (13, 30). HFpEF patients share the same poor
prognosis of patients with reduced ejection fraction. However, in striking contrast with their
clinical counterpart, there are no available therapeutic options improving their outcome (13)
(Chapter 1.3.2).

The pathophysiology of HFpEF is complex and poorly understood (33). On a cellular level,
a pronounced lack of cGMP and subsequent low PKG-activity have been demonstrated in
myocardial biopsies from HFpEF patients (111). This is considered as a major contributor
in the pathogenesis of HFpEF (55), because reduced PKG-mediated phosphorylation of the
myofilamental protein titin leads to increased cardiomyocyte passive tension (241) and
reduced LV capacitance. In the past years, cGMP-enhancing drugs have therefore emerged
as possible therapeutic approach to this condition.

Stimulators of soluble guanylate cyclase (sGC) represent a new class of drugs, which impact
on the nitric oxide (NO) — sGC — ¢cGMP — PKG pathway. Their effects on vascular function
have been studied extensively within the last decade (159) and clinical benefit has been
demonstrated in patients affected by pulmonary arterial hypertension (242, 243). However,
little is known about their effect on LV compliance in disease conditions associated with
lowered myocardial cGMP levels.

Pharmacological inhibitors of PDESA, such as sildenafil, represent another class of drugs
impacting on the cGMP — PKG pathway. Sildenafil increased LV capacitance in HFpEF
patients with pulmonary hypertension, as evidenced by lower pulmonary capillary wedge
pressures at higher LV end-diastolic diameters (156). In addition, sildenafil acutely increased
LV compliance in young, normotensive and old, hypertensive dogs (146). However, these
promising results did not translate in an improved exercise capacity or clinical status in
HFpEF patients treated with sildenafil in the RELAX trial (45). One of the reasons for this
failure may be related to the inability of PDESA inhibition to recruit enough cGMP in the
myocardium, as a result of the low expression of PDESA within the heart (244). In this
regard, the combination of PDESA inhibition with a direct stimulator of the sGC could
represent a way to solve this therapeutic conundrum.

We previously established a risk factor-based porcine model of hypertensive heart disease —

early-stage HFpEF with a loss of LV capacitance similar to that reported in patients with
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HFpEF(182). In this model, decreased LV compliance was associated with a reduction in
total titin phosphorylation and a shift toward the stiffer titin N2B-isoform (182).

In this study, we aimed to investigate the effects of the sGC-stimulator BAY 41-8543 on
systemic hemodynamics and LV function in both healthy pigs and in our porcine model of
early-stage HFpEF in vivo. We hypothesized that administration of BAY 41-8543, alone or
in combination with PDESA inhibition via sildenafil, would increase LV titin
phosphorylation and thereby increase LV compliance measured by pressure-volume
analysis.

In the final section of this chapter, we report data from a series of recently performed
preliminary experiments in which we tested the hypothesis that acute intracoronary infusion
of nitroglycerin (NTQ) or atrial natriuretic peptide (ANP), at doses not affecting systemic
vascular resistance, would exert direct myocardial effects and improve LV compliance in

healthy myocardium.
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5.2 Specific Methods

The experimental protocols were approved by the local bioethics committee of Vienna,
Austria (BMWF-66.010/0127-1I/3b/2011 and BMWF-66.010/0091-11/3b/2013), and
conforms with the Guide for the Care and Use of Laboratory Animals published by the US
National Institute of Health (NIH Publication No. 85-23, revised 1996).

5.2.1 Experimental models: healthy and DOCA-salt-treated hypertensive
pigs

Sixteen healthy female Landrace pigs (60+3 kg) were sedated with an intramuscular
injection of 0.5 mg kg-1 midazolam and 20 mg kg-1 ketamine, followed by 1 mg kg-1
propofol to allow for intubation with an endotracheal tube. Anaesthesia was maintained with
1 % sevoflurane, 35 pg kg-1 h-1 fentanyl, 1.25 mg kg-1 h-1 midazolam, and 0.2 mg kg-1 h-
1 pancouronium. Pigs were then instrumented for invasive measurements, and the complete
experimental setup is described in Chapter 2.1.1.

In an additional series, female Landrace pigs (n=15, 61£2 kg) were made hypertensive by
implanting a subcutaneous DOCA depot into the inguinal region, combined to a high-salt
and high-sugar diet (hereafter simply DOCA), as described in Chapter 2.1.6 and previously
published (182). At 4, 8 and 12 weeks of treatment the animals were sedated, underwent
non-invasive blood pressure measurement (tail-cuff) and transthoracic echocardiography
(Vivid I, GE Healthcare, Vienna, Austria). Parasternal long- and short-axis 2D-views were
recorded. At 12 weeks, pigs were anaesthetized and instrumented, and invasive measurement
were performed. In comparison to previous studies from our group, these chronic
hypertensive pigs were more sensitive to alterations of loading conditions, i.e. aortic
occlusions, showing some hemodynamic instability and being prone to arrhythmias. We
therefore added 3 mg/kg/h ketamine to the anaesthesia regimen, in order to achieve a deeper

narcosis.

5.2.2 Experimental protocol - healthy pigs

5.2.2.1 Invasive hemodynamic group

In a first group of nine pigs, the hemodynamic effect of BAY 41-8543 was investigated by
pressure volume analysis. All animals were allowed to stabilize for at least 30 minutes after

instrumentation. Steady-state hemodynamics were acquired over three respiratory cycles at
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spontaneous heart rate. Descending aorta occlusions at the respirator’s minimum tidal
volume (50ml) were performed in triplicate to vary loading conditions and obtain pressure-
volume relationships. Heart rate was then increased to multiples of 20 bpm by right atrial
pacing up to the maximum rate followed by steady contractions. At each pacing step, steady-
state and aortic occlusions (in triplicate) data were collected. All measurements were done
at baseline conditions as well as during infusion of 1 and 3 pg kg-1 min-1 BAY 41-8543,
respectively. Each dose was administered for 30 minutes before measurements were

recorded.
5.2.2.2 Sequential biopsies group

In a second group of seven animals, a lateral thoracotomy was performed and the LV was
exposed in a pericardial cradle. After stabilisation for 30 min, a pouch suture was prepared
on the LV lateral wall, 2-3 transmural LV biopsies were taken from the beating heart and
the pouch suture was immediately closed. Next, 3 ug kg-1 min-1 BAY 41-8543 were infused
for 30 minutes, and further biopsies were taken as described above. All biopsies were

carefully rinsed, immediately frozen into liquid nitrogen and stored at -80 °C.
5.2.3 Experimental protocol - DOCA animals

In a group of 7 pigs (64+3 kg), following baseline measurements, the sGC stimulator BAY
41-8543 was infused intravenously at 1 and 3 pg/kg/min over 20 min, respectively and data
collection repeated at each infusion step. In the remaining 8 pigs (58+2 kg), following
baseline measurements, the PDESA inhibitor sildenafil was given as a 0.25mg/kg
intravenous slow bolus with data collection 20 minutes later. In a subgroup of n=4, sildenatfil
was followed by on top infusion of the sGC stimulator BAY 41-8543 (1 and 3 pg/kg/min

over 20 min, intravenously).
5.2.4 Phosphorylation of cardiac titin

Total phosphorylation of the two major titin isoforms (N2B and N2BA) in the LV samples
obtained from healthy pigs before and during BAY 41-8543 was measured. Phosphosite-
specific polyclonal antibodies directed towards relevant residues in the N2Bus (S4010,
S4062, S4099) and PEVK-regions (S12022, S11878) were used to quantify titin-domain
phosphorylation by western blot analyses. Further details are described in Chapter 2.2.2.
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5.2.5 Intracoronary infusion of NTG and ANP-preliminary experiments

Five anaesthetized, closed-chest pigs (59+2kg) were acutely instrumented with a left
ventricular (LV) pressure-volume catheter, a Swan-Ganz catheter and an aortic ballon
catheter. Two 5F coronary catheters were positioned in the right and left coronary ostia via
femoral access. Pressure-volume relationships were derived from short aortic occlusions.
Following baseline measurements, NTG was infused bicoronarily at 10, 30 and 100
ng/kg/min over 20 min, respectively. After 30 min wash-out, the same protocol was repeated

with ANP at 1, 3 and 10 ng/kg/min.
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5.3 Results
5.3.1 Healthy pigs

5.3.1.1 Systemic hemodynamics

Heart rate and cardiac output increased, while mean aortic pressure and systemic vascular

resistance decreased during infusion of BAY 41-8543 (Table 1). Mean pulmonary arterial

pressure and pulmonary vascular resistance remained unchanged during the infusion of BAY

41-8543.

Table 5.1: Systemic hemodynamics and LV function at spontaneous heart rate during baseline and continuous
infusion of 1 and 3 pg kg! min' BAY-8543, respectively. *: p<0.05 vs baseline, T: p<0.05 vs 1 pg/kg/min.
LV: left ventricular, Ees: end-systolic elastance, VO: Volume axis intercept, VPes100: end-systolic volume at
end-systolic pressure of 100 mmHg, VPed10: end-diastolic volume at end-diastolic pressure of 10 mmHg.

. 1 pg kg'! min™! 3 ng kg! min’!
baseline BAY 41-8543 BAY 41-8543
heart rate
(bpm) 85+3 96+3 103+ 5%
cardiac output
(I min") 57+0.2 6.6+£0.3% 7.1+£0.2%
mean aortic pressure
(mmHg) 88+2 75+£2% 62£2%f
systemic vascular resistance
(mmHg I'! min™) 14.9+0.8 10.8+0.6* 7.94+0.3%F
mean pulmonary pressure
(mmHg) 19+1 18+1 18+1
pulmonary vascular resistance
(mmHg I'' min™") 1.9+£0.2 1.84£0.3 1.5£0.2
LV maximum pressure
(mmHg) 103+2 90+£3* 8321
LV maximum dP/dt
(mmHg s) 1820+ 64 182178 1747+79
cardiac power output
1.11£0.04 1.09+0.05 0.99+0.04*
(W)
Ees
(mmHg ml") 1.7£0.1 1.4+0.1 1.6£0.1
Vo
-2.0£6.4 -17.1+£11.7 -3.4+8.6
(ml)
LV VPes100
(ml) 61+6 63+5 67+3
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LV end-systolic volume

(ml) 60+6 56+6
LV ejection fraction
(%) 5442 56+2
LV end-diastolic pressure
(mmHg) 81 7+1
LV end-diastolic volume
(ml) 127+8 125+9
T
(ms) 41+2 40+1
LV minimum dP/dt
(mmHg s!) -1796+52 -1489+50%*
LV VPed10
(ml) 132438 140+8

52+3

58+2

8+1

123+4

40+1

-1134£37%T

133+£3

5.3.1.2 LV dimensions and LV systolic function

LV end-diastolic volume, LV end-systolic volume, LV ejection fraction and LV maximum

dP/dt did not change significantly during infusion of BAY 41-8543 (Table 5.1), while LV

maximum pressure was lower compared to baseline. Cardiac power output (CPO) slightly

decreased during infusion of BAY 41-8543 (Table 5.1). Although the ESPVR was shifted

slightly rightward in individual animals (Fig. 5.1), the average ESPVR during infusion of

BAY 41-8543 superimposed the ESPVR obtained during baseline conditions at spontaneous

heart rate (Fig. 2). Neither Ees nor VO changed significantly, resulting in an unchanged LV

VPes100 (Table 5.1).

Figure 5.1: Original registrations of left ventricular pressure-volume data obtained in one animal during
inflation of the aortic balloon catheter at baseline conditions (a) and infusion of 1 and 3 pg kg-1 min-1 (b, ¢).
All registrations were recorded at spontaneous heart rate. ESPVR: end-systolic pressure-volume relationship.

EDPVR: end-diastolic pressure-volume relationship.
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5.3.1.3 LYV diastolic function

LV end-diastolic pressure remained unchanged. The absolute value of LV minimum dP/dt

decreased with increasing doses of BAY 41-8543, while the time constant of isovolumic

relaxation, T, remained unchanged (Table 5.1). At spontaneous heart rate, the EDPVR during

infusion of BAY 41-8543 superimposed the EDPVR obtained at baseline conditions (Fig.
5.1 and 5.2), so that LV VPed10 was not different (Table 5.1).

Figure 5.2: Pressure-volume relationships in n=9 healthy pigs. The end-systolic pressure-volume relationship
(ESPVR) as well as the end-diastolic pressure-volume relationship (EDPVR) remained unchanged during
infusion of 1 and 3 pug kg! min"! BAY 41-8543 compared to baseline, respectively.
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5.3.1.4 Effects of right atrial pacing

The response to right atrial pacing during infusion of BAY 41-8543 is shown in Fig.5.3.

Cardiac output increased during pacing. LV maximum pressure was lower at any heart rate

during infusion of BAY 41-8543 compared to baseline. There were no differences compared

to baseline with respect to LV end-diastolic pressure, volume and LV VPed10. LV VPes100

decreased with increasing heart rate during baseline measurements but not during infusion

of BAY 41-8543.

Figure 5.3: Hemodynamic parameters in n=9 healthy pigs. Cardiac output was higher during infusion of BAY
41-8543 compared to baseline (a), while LV maximum pressure was lower at any heart rate (b). There were no
differences compared to baseline with respect to LV end-diastolic pressure, volume and LV VPed10 (c-¢). LV
VPes100 decreased with increasing heart rate during baseline measurements but not during infusion of BAY
41-8543, revealing a slight negative inotropic effect of sGC-stimulation (f). *: p<0.05 vs. spontaneous heart

rate; T: vs. baseline
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5.3.1.5 Myocardial tissue samples

Both total phosphorylation of the two major titin isoforms (N2B and N2BA, Fig. 5.4A) and
phosphorylation of relevant residues in the N2Bus (S4010, S4062, S4099) and PEVK-
regions (S12022) regions were not significantly affected by infusion of BAY 41-8543 (Fig.
5.4C-F). Only the N2B-phosphorylation at the PEVK-residue S11878 was slightly increased
(Fig. 5.4B).

Figure 5.4: Western blot analyses (each n=7) showed that total phosphorylation of the two major titin isoforms
(A) remained unchanged during infusion of BAY 41-8543. Only phosphorylation of the N2B-isoform at the
PEVK S11878 residue was increased, while all other relevant residues within the N2Bus and PEVK-titin
regions were not affected by BAY 41-8543 (B-F). *: p<0.05 vs. baseline
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5.3.2 DOCA pigs
5.3.2.1 Echocardiography

Starting at 8 weeks of DOCA treatment, the animals developed LV concentric hypertrophy

compared to historic controls. At the end of the protocol, they had higher LV wall thickness

(Figure 5.5A-B) at similar LV end-diastolic diameters (Figure 5.5C), meaning a higher

relative wall thickness (Figure 5.5D), in line with what previously reported by our group

(182).

Figure 5.5: Echocardiographic follow-up of LV remodelling in the hypertensive animals (n=15) vs. controls
(n=41). We first plotted septal wall thickness (A), posterior wall thickness (B), end-diastolic diameter (C) and
relative wall thickness (RWT) as a function of body weight in an historic control group, and fit the regression
through the data point. At 8 weeks and further at 12 weeks, the average values of all these parameters in the
hypertensive animals fell out of the prediction band, indicating LV concentric hypertrophy.
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5.3.2.2 Systemic hemodynamics

In the first group of animals (Table 5.2A), during infusion of BAY 41-8543 heart rate and
cardiac output did not change, while mean aortic pressure decreased subsequent to decreased
systemic vascular resistance. BAY 41-8543 did not impact on pulmonary arterial pressure.

In the second group (Table 5.2B), after sildenafil bolus heart rate and cardiac output did not
change, while mean aortic pressure and systemic vascular resistance decreased. Pulmonary
arterial pressure significantly decreased, as a result of a drop in pulmonary vascular
resistance (271£23 vs 20616 dyn s cm™). On top of sildenafil BAY 41-8543 infusion (Table

5.2C) further dropped mean aortic pressure and systemic vascular resistance.

Table 5.2A: Invasive hemodynamics at baseline and during BAY 41-8543 infusion. *: p<0.05 vs baseline, f:
p<0.05 vs 1pg/kg/min BAY 41-8543.

(n=7) BAY 41-8543

baseline 1pg/kg/min 3ng/kg/min

heart rate (bpm) 89+4 88+4 89+6
cardiac output (I/min) 6.3£0.3 6.4+04 6.6+0.4
mean arterial pressure (mmHg) 73+£3 65+ 2% 57+£2%f
systemic vascular resistance (dyn s cm™) 886+49 768 £43 625+ 34%1
pulmonary arterial pressure (mmHg) 19+1 18+1 18+1

Table 5.2B: Invasive hemodynamics at baseline and during sildenafil infusion. *: p<0.05 vs baseline

(n=8)
baseline sildenafil
heart rate (bpm) 85+2 91+4
Cardiac output (1/min) 5.3+0.1 5.7+0.2
mean arterial pressure (mmHg) 90+5 71+ 4%
systemic vascular resistance (dyn s cm™) 1321+93 949 + 50*
pulmonary arterial pressure (mmHg) 18+£2 15+ 1%
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Table 5.2C: Invasive hemodynamics at baseline, during sildenafil infusion and during on-top-of-sildenafil
BAY 41-8543 infusion in a subgroup of animals. *: p<0.05 vs baseline

(n=4) BAY 41-8543
baseline sildenafil 1pg/kg/min 3pg/kg/min
heart rate (bpm) 84+5 83+5 90+4 95+3
Cardiac output (I/min) 54=+0.1 5.5+0.3 5.7+£0.2 5.9+0.1
mean arterial pressure (mmHg) 84+5 63+ 5 59+4%* 59+4%*
systemic vascular resistance (dyn s cm™) 1187+90 857+62 774+£54% 741+47%*
pulmonary arterial pressure (mmHg) 20+3 16+2% 1743 1742
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5.3.2.3 LV systolic function

The infusion of BAY 41-8543 decreased LV maximum pressure and the rate of contraction
(i. e., LV maximum dP/dt), while the LV ejection fraction did not change (Table 5.3A). In
line with that, the end-systolic pressure volume relationships (ESPVR) before and during
infusion of BAY 41-8543 were superimposable (Figure 5.6A).

Sildenafil bolus (Table 5.3B) had a comparable effect on LV maximum pressure, rate of
contraction and ejection fraction. However, the ESPVR was rightward shifted by sildenafil
compared to baseline (Figure 5.6), indicating a negative inotropic effect. On top of sildenafil
BAY 41-8543 infusion (Table 5.3C) further dropped LV maximum pressure, but did not
impact the indexes of LV systolic function (Figure 5.6C).

Table 5.3A: Parameters of LV systolic and diastolic function at baseline and during BAY 41-8543 infusion

(n=7) BAY 41-8543
baseline 1pg/kg/min 3pg/kg/min
LV maximum pressure
93+1 87 +2 82+ 1*
(mmHg)
LVPed
11+2 10+2 12+1
(mmHg)
LV maximum dP/dt
161771 1335 + 70* 1218 + 88*:f
(mmHg s™)
LV minimum dP/dt
-1304 £ 66 -1143 + 85* -967 + 63%1
(mmHg s™)
LV-EF
67=+2 65+3 66+3
(%)
tau
42+2 42 +£2 41+ 1
(ms)
LVVed
107+4 114 £ 8 113+4
(ml)
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Table 5.3B: Parameters of LV systolic and diastolic function at baseline, during sildenafil infusion and

during on top BAY 41-8543 infusion

(n=8)
baseline sildenafil
LV maximum pressure
107 £ 5 88 £ 3*
(mmHg)
LVPed
13+1 9+ 1%
(mmHg)
LV maximum dP/dt
1444 + 140 1279 + 159*
(mmHg s)
LV minimum dP/dt
-1837 + 114 -1424 + 81%*
(mmHg s)
LV-EF
59+ 1 61 £2
(%)
tau
40 + 1 40 + 1
(ms)
LVVed
108 £ 5 106 + 7
(ml)
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Table 5.3C. Parameters of LV systolic and diastolic function at baseline, during sildenafil infusion and
during on top BAY 41-8543 infusion in a subgroup of animals

(n=4) BAY 41-8543 (n=4)
baseline sildenafil 1pg/kg/min 3pg/kg/min
LV maximum pressure
101+£5 82+3 79+ 1% 79+1*
(mmHg)
LVPed
13+1 10+£1%* 10+1* 10£1*
(mmHg)
LV maximum dP/dt
1140+ 140 923+ 159% 891+ 1% 908+1*
(mmHg s)
LV minimum dP/dt
-1639+114 -1237+81* -1218+1* -1189+1*
(mmHg s)
LV-EF
59+1 62+2 62+1 61+1
(%)
tau
42+ 1 41+1 38+1 38+1
(ms)
LVVed
110+£5 111+7 107+1 101+1
(ml)
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5.3.2.4 LV diastolic function

BAY 41-8543 decreased the rate of relaxation (i. e, LV minimum dP/dt), while the
1sovolumic relaxation constant tau, end-diastolic pressure and end-diastolic volume did not
change (Table 5.3A). In line with that, the EDPVR before and during infusion of BAY 41-
8543 were superimposable (Figure 5.6A). Sildenafil bolus had similar impact on rate of
relaxation and tau (Table 5.3B), but additionally dropped the end-diastolic pressure at a
constant end-diastolic volume, as confirmed by a trendwise rightward shift of the EDPVR
(Figure 5.6B). On top of sildenafil BAY 41-8543 infusion had no further effect on diastolic
function (Table 5.3C and Figure 5.6C).
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Figure 5.6: Pressure-volume relationships at baseline and (A) during during low/high dose BAY 41-8543
(n=7). Neither the ESPVR, nor the EDPVR were affected by the drug. In the second group of animals (B),
during sildenafil infusion the ESPVR was shifted rightwards compared to baseline, indicating a negative
inotropic effect. The EDPVR showed only a trend (p<0.06) towards an increase of compliance (n=8). On top
of sildenafil infusion of BAY 41-8543 in a subgroup (n=4) exerted no additional effect on LV compliance or

contractility (C).

5.3.2.5 Effects of right atrial pacing

Pacing at higher heart rates decreased the diastolic duration time (t-dia, Figure 5.7A — C),
while the isovolumic relaxation constant tau (t) decreased (Figure 5.7D-F), resulting in a
decreased ratio between t-dia and t (Figure 5.7G-I). There was no impact of any treatment
on these parameters. Left ventricular end-diastolic volume at 10 mmHg pressure (LV-
VPed10) was higher during sildenafil infusion throughout the pacing staircase, but not
during BAY 41-8543 infusion (Figure 5.7L-M). On top of sildenafil BAY 41-8543 infusion
exerted no additional effect (Figure 5.7N).

Both the highest dose of BAY 41-8543 (Figure 5.8A) and sildenafil bolus (Figure 5.8B)
increased LV-Vpes100 at each pacing step, indicating a negative inotropic effect. On top of

sildenafil BAY 41-8543 infusion exerted no additional effect (Figure 5.8C).
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Figure 5.7: Parameters of diastolic function during right atrial pacing at increasing heart rates. First column:
effect of BAY 41-8543 in the first group of animals (n=5), second column: effect of sildenafil in the second
group of animals (n=8), third column: effect of on top of sildenafil BAY 41-8543 infusion in a subgroup of
animals (n=4). The diastolic duration time (t-dia) decreased at higher heart rates (A — C). The isovolumic
relaxation constant tau (1) was not affected by any treatment (D-F), resulting in an unchanged ratio between t-
dia and t (G-I). Left ventricular end-diastolic volume at 10 mmHg pressure (LV-VPed10) was higher during
sildenafil infusion throughout the pacing staircase, but not during BAY 41-8543 infusion (L-M). On top of
sildenafil BAY 41-8543 infusion exerted no additional effect (N). *: p<0.05 vs spontaneous heart rate, t:
p<0.05 vs baseline at corresponding heart rate, §: p<0.05 vs sildenafil at corresponding heart rate.
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Figure 5.8: LV end-systolic volume at 100mmHg of pressure (LV-VPes100) during right atrial pacing at
increasing heart rates. Both the highest dose of BAY 41-8543 (A) and of sildenafil (B) increased LV-Vpes100,
indicating a negative inotropic effect. On top of sildenafil BAY 41-8543 infusion exerted no additional effect
(C). . *: p<0.05 vs spontancous heart rate, T: p<0.05 vs baseline at corresponding heart rate
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5.3.3 Effect of intracoronary infusion of NTG and ANP on myocardial
function (preliminary data)

As mentioned in the introduction, drugs were titrated not to affect systemic vascular
resistance. In fact, LV peak pressure slightly decreased at the highest dose compared to
baseline (NTG: 8743 vs 9444, ANP: 8544 vs 966 mmHg, p<0.05) while systemic vascular
resistance was not altered during NTG infusion and to a minor extent during the highest dose
of ANP (11.1+0.6 vs 12.7+£0.7 mmHg/l/min, p<0.05). The maximum rate of positive LV
pressure change, LV dP/dtmax, decreased and the calculated end-systolic volume at 100
mmHg end-systolic pressure increased dose-dependently, indicating a negative inotropic
effect. The EDPVR (Figure 5.9) before and during infusion of NTG and ANP were shifted

rightwards compared to the respective baseline.
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Figure 5.9: LV end-diastolic pressure-volume relationships during bicoronary infusion of NTG and ANP, at
increasing doses. A progressive rightward shift of the EDPVR is shown when infusing both NTG and ANP.
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5.4 Discussion

We studied the impact of the sGC-stimulator BAY 41-8543 on myocardial function in both
healthy and hypertensive animals. We observed a pronounced loss of systemic vascular
resistance, while diastolic function remained largely unaffected. In line with that, total titin
phosphorylation remained unchanged and phosphorylation of relevant residues in the elastic
I-band regions N2Bus and PEVK was not affected systematically by BAY 41-8543 infusion
in healthy pigs. In a separate group of hypertensive animals, sildenafil trend-wise increased
LV compliance, while on top of sildenafil BAY 41-8543 infusion did not exert any additional
effect.

5.4.1 Effects of BAY 41-8543, sildenafil and their combination on systemic
hemodynamics

BAY 41-8543 and sildenafil induced a pronounced vasodilation, further enhanced by the
infusion of BAY 41-8543 on top of sildenafil in the DOCA pigs. Systemic vascular
resistance dropped as a result of two different mechanisms of action: BAY 41-8543 increases
the conversion of GTP in cGMP in smooth muscle cells by stimulating the activity of sGC
molecules (245), while sildenafil raises cGMP concentration in the smooth muscle cell via
inhibition of the enzyme responsible for its breakdown, PDESA (138). Elevated cGMP-
levels activate PKG, which in turn phosphorylates a number of proteins leading to reduced
intracellular Ca**-concentration, lower Ca?*-sensitivity and finally vascular relaxation (245).
The effect of BAY 41-8543 or other sGC stimulators on systemic vascular resistance was
previously reported in both rodents, mice (245) and rats (158, 246, 247), and large animals,
pigs (248) and dogs (249). The sGC stimulator riociguat exerted the same effect on systemic
vascular resistance in patients affected by pulmonary hypertension (164, 250).

BAY 41-8543 induced reflex tachycardia and progressively increased cardiac output only in
the healthy group, but not in the DOCA group. In contrast to our results, in patients with
HFpEF and pulmonary hypertension, oral riociguat increased cardiac index at the early time
point of 6 hours (250). Similarly, in a phase IIb clinical study in patients with pulmonary
hypertension caused by systolic LV dysfunction, the oral administration of the sGC
stimulator riociguat increased cardiac index and stroke volume without any increase in heart
rate at 16 weeks (164). The difference between our study and the studies available in
literature may be explained by the deep regimen of anaesthesia induced in the animals, in

order to obtain stable and reproducible conditions for our measurements.
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The beneficial effect of sGC-stimulating compounds and PDESA inhibitors has been shown
in several experimental (160, 247, 251, 252) and clinical (92, 243, 253, 254) settings of
pulmonary arterial hypertension. In our study, we observed no change in pulmonary vascular
resistance during BAY 41-8543 infusion, in both healthy and hypertensive animals, but a
clear drop after the sildenafil bolus. The lack of effect of BAY 41-8543 on pulmonary
vascular resistance is line with what previously reported in a canine model of experimental
heart failure with slightly elevated pulmonary pressure (249). Furthermore, in two small-
scale clinical studies, both acute (250) and chronic (164) administration of oral riociguat did

not decrease systolic pulmonary arterial pressure.

5.4.2 Effects of BAY 41-8543, sildenafil and their combination on LV
systolic function

In the healthy pigs, we could not detect alterations of the ESPVR during infusion of BAY
41-8543 at spontaneous heart rate. If any, the numerically higher values of LV VPes100 at
spontaneous heart rate would indicate a minor rightward shift of the ESPVR and thus a
negative inotropic effect. In line with that, CPO decreased by approximately 10% during
infusion of the higher dose of BAY 41-8543. In addition, LV maximum dP/dt did not
increase in spite of reflex tachycardia, i. e. endogenous sympathetic activation. Finally, the
response of LV VPes100 to increasing heart rate was blunted during infusion of BAY 41-
8543. Taken together, these findings point towards a slight negative inotropic effect during
profound sGC-stimulation in healthy pigs.

To our knowledge, there are no data in literature on the effect of acute infusion of sGC
stimulators or PDESA inhibitors as assessed by pressure volume analysis in heart failure
patients. On the same line of what observed in the healthy group at higher rates, both the
highest dose of BAY 41-8543 and sildenafil infusion increased systolic capacitance, as
evidenced by a rightwardshift of the ESPVR and an increase of LV VPes100. These changes
are consistent with a negative inotropic effect, as also suggested by the decrease of a load-
dependent index such as the LV maximum dP/dt in both treatment groups.

It is now widely accepted that the ESPVR is non-linear and not completely load-independent
(174). The rightwardshift of the ESPVR observed during BAY41-8543 and sildenafil
infusion might therefore be a consequence, at least in part, of the decreased afterload. Despite
we cannot exclude a contribution of the decreased afterload, there are several evidences in
literature leading us to believe that our findings reflect a direct effect on passive tension

properties of the cardiomyocytes.
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First of all, experimental data in-vitro indicate that NO donors exert a negative inotropic
effect in cardiac myocytes (255) and that this is mediated by downstream PKG (147). The
mechanism behind this effect is not clearly elucidated, but would be mediated by reduced
myofilamental Ca**-sensitivity via Troponin I-phosphorylation (148) and by reduced Ca?*-
transients via L-type Ca?"-channel phosphorylation (149). Secondly, in line with our study,
infusion of sildenafil, alone and in combination with BNP, increased systolic compliance in
young, normotensive and old, hypertensive dogs (146). In a similar study, infusion of ANP
in dogs reduced LV contractility before and after induction of heart failure (175). Finally, a
recently published prospective ancillary study of the RELAX trial, showed a reduction of
LV contractility in HFpEF patients after 24 weeks treatment with sildenafil (256). This
reduction was of modest entity, but it correlated with changes in exercise capacity,
suggesting that the lack of clinical improvement in this cohort of patients may be

mechanistically linked to the negative inotropic effect of sildenafil.

5.4.3 Effects of BAY 41-8543, sildenafil and their combination on LV
diastolic function

In contrast to our initial hypothesis, BAY 41-8543, alone or in combination with sildenafil
had no impact on the LV EDPVR, as indicated also by no change in end-diastolic pressure
and end-diastolic volume, and by the lack of any effect on the LV VPed10 along the pacing
staircase. Sildenafil alone, had a trend-wise effect on the EDPVR, decreasing LV end-
diastolic pressure at a constant end-diastolic volume, and clearly increased LV VPed10 along
the pacing staircase. Other groups have previously demonstrated the impact of cGMP-
enhancing therapies — other than sGC stimulators- on LV end-diastolic capacitance. In mice,
administration of the PDESA inhibitor sildenafil attenuated the loss of LV end-diastolic
capacitance in the early stage after transaortic banding (155). The EDPVR of young,
normotensive and old, hypertensive dogs was acutely shifted to the right by infusion of
sildenafil together with BNP (146). Furthermore, in patients presenting with chest pain but
no evidence of coronary disease, the intracoronary infusion of the NO-donor sodium
nitroprusside resulted in an acute increase of LV end-diastolic capacitance (151). In a similar
way, substance P increased LV end-diastolic distensibility in healthy subjects and transplant
recipients undergoing coronary angiography (257). Finally, the administration of sildenafil
in HFpEF patients with pulmonary hypertension resulted in higher LV capacitance (156).
As a further proof of the importance of this pathway on LV compliance, a previous study in

patients with dilated cardiomyopathy showed that the higher compliance induced by the
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infusion of the Angiotensin Converting Enzyme inhibitor enalapril, was prevented by the
infusion of nitric oxide synthase inhibitor L N(G)-monomethyl-L-arginine (L-NMMA)
(258). Our findings on the effect of sildenafil are therefore in line with the literature, while
the lack of effect of BAY 41-8543 is somehow unexpected. There are several reasons that
may explain this negative finding.

First of all, the dose of 3 pg/kg/min may have been too low to enhance cGMP within the
cardiomyocyte. The pronounced vascular unloading obtained at this dose may be a limitation
in the attempt to obtain a direct myocardial effect. A higher dose would have not been
possible, rendering the animals hemodynamically unstable. An intracoronary infusion of the
drug could therefore appear more desirable. However, the relatively long half-life of BAY
41-8543 (approximately 1h) would lead to a systemic accumulation of the drug (259).
Finally, there is raising evidence in literature that the intracellular cGMP is tightly
compartmentalized within the cardiomyocyte (157). Indeed, cGMP derived from PDES5-
inhibition and from sGC stimulation are not detectable at the sarcolemmal membrane, and
therefore have a different compartmentalization than pGC-derived cGMP (260). The
mechanisms underlying the regulation of ¢cGMP concentration, PKG activity and its

myofilament target proteins are still not fully understood.

5.4.4 Effects of sGC stimulation on cardiac titin

In line with the neutral effects on diastolic function in-vivo, total titin phosphorylation was
not affected by BAY 41-8543 infusion in the present study. As mentioned in Chapter 1.5.3,
titin is a molecular spring regulating passive tension of cardiomyocyte, and contributing to
LV coil and recoil. Titin’s elastic proprieties are not only regulated by the proportion of stiff
and smooth isoform, N2B and N2BA, within the myofilament (114), but can be also
posttranslational modulated by several processes such as phosphorylation (112) of residues
in the regions N2Bus and PEVK. PKG and PKA were shown to be involved in these
processes, reducing passive stiffness of skinned and isolated myofibrils‘in human failing and
non failing left ventricles (115) via phosphorylation of residues within the N2Bus domain
region (112). In the present study, we considered the most frequently reported in literature
residues, Ser4010, Ser4062 and Ser4099 in the N2Bus region (115, 261) and Ser11878 and
Ser12022 in the PEVK region (118, 183) as possible targets of acute sGC stimulation. These
in vitro findings were supported by in vivo studies in young, normotensive and old,
hypertensive dogs (146), in which the acute infusion of sildenafil and sildenafil + BNP

increased LV compliance in a graded manner, along with increased total phosphorylation of
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titin. However, the graded increase of LV compliance in vivo during sildenafil and on top
BNP infusion was not paralleled by a further increase of total titin phosphorylation,
suggesting that also mechanisms other than titin phosphorylation may be involved. In this
regard, both the in-vivo and in-vitro findings of our study show that the stimulation of sGC
via BAY-418543 infusion is not able to recruit such an effect in healthy pigs. An explanation
for the discrepancy between the present data and those on sildenafil and BNP may be due to
the recruitment of different subcellular microdomains of cGMP by PDE5-inhibition, pGC or
sGC stimulation in the cardiomyocyte (157). Indeed, cGMP derived from PDES5-inhibition
and from sGC stimulation are not detectable at the sarcolemma membrane, and therefore
have a different compartmentalization than pGC-derived cGMP (260). This can result in
intracellular gradients of PKG stimulation and may therefore induce a different modulation

of myofilament proteins.
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5.5 Limitations

A sGC stimulator triggers only the activity of the non-oxidized version of sGC (Fe*").
Assuming that a large proportion of sGC was oxidized, a sGC-activator could have been
more effective compared to a sGC-stimulator. However, both the negative inotropic effect
and the potent vasodilation observed in our study indicate the presence of non-oxidized sGC
in cardiomyocytes and smooth muscle cells.

Moreover, acute sGC stimulation might not be effective to increase LV end-diastolic
capacitance, while protective effects might only emerge in a delayed manner by, for instance,
an effect on titin isoform composition. Thus, the long-term effects of BAY 41-8543
administration on LV diastolic function remain to be investigated.

Finally, we reported data on titin phosphorylation during BAY 41-8543 infusion only in
healthy pigs. A series of sequential biopsies during BAY 41-8543 infusion in our early-stage
HFpEF model is undergoing, and will further support the in vivo results.
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5.6 Preliminary experiments on myocardial effect of NTG
and ANP

After the unexpected negative results of sGC stimulation in both healthy and DOCA animals,
we have decided to approach the experimental hypothesis starting from the effect of the two
major upstream of the cGMP-PKG-titin pathway. We therefore administered a NO-donor
(NTG) and a natriuretic peptide (ANP), in order to assess the differential effect of cGMP
stimulation via sGC and pGC. We infused these compounds directly in the coronaries in the
attempt to reach the myocardial concentration needed to recruit an effect, reducing at the
minimum the effect on systemic vasculature. In Chapter 1, we already discussed the
conceptual implications of the paradigm shift from the vasculature as a target to the heart
itself, especially considering the sensitivity of HFpEF patients to load changes. These
preliminary data show that the acute pharmacological stimulation of cGMP-dependent
signalling, via both pGC and sGC, improves LV end-diastolic distensibility in healthy pigs
in vivo. The molecular mechanisms mediating such acute modulation of LV distensibility
are under investigation via a phosphoproteomic approach in sequential biopsies and may

represent pharmacological targets to increase the preload reserve in HFpEF patients.
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5.7 Conclusion

Acute stimulation of sGC by BAY 41-8543 induced no effect on LV compliance in both
healthy and hypertensive pigs. In parallel to these findings, sGC stimulation did not have an
impact on total titin phosphorylation status and specific phosphorylation sites. On the
contrary, PDES5SA inhibition by sildenafil trendwise increased LV compliance in
hypertensive pigs. However, on top of sildenafil administration of BAY 41-8543 did not
exert any additional effect on LV compliance. These data argue against the concept that
acute potentiation of cGMP-dependent signaling can recruit a preload reserve, neither in
healthy nor in hypertrophied LV myocardium. Effects of long-term sGC-stimulation with
oral compounds in disease conditions associated with lowered myocardial cGMP levels, 1.

e., heart failure with preserved ejection fraction, remain to be investigated.
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Chapter 6:

Summary and Conclusion
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Heart failure with preserved ejection fraction is a syndrome characterized by high
prevalence, a complex and poorly understood pathophysiology and a lack of treatment
influencing its natural history. Diastolic dysfunction is a major mechanism of disease,
deriving from the contribution of multiple elements, related to both active mechanisms of
relaxation, reduced mid-diastolic suction and passive myocardial elastic proprieties.

In Chapter 3 of the current work, we have studied the mechanisms behind temperature-
dependent modulation of L'V systolic function, relaxation and compliance in healthy closed-
chest pigs by pressure-volume analysis. We have previously shown that mild hypothermia
(33 °C) induces acute LV diastolic dysfunction by impaired active relaxation, while
substantially increasing LV contractility. In this study, we investigated the effect of
hyperthermia (40.5°C) and mild hypothermia, and compared it with a standard inotropic
drug used in the intensive-care unit, i.e. dobutamine. We show that LV contractility
increased with cooling, while the end-diastolic pressure-volume relationship (EDPVR) was
progressively shifted leftwards from HT to NT and from NT to MH, indicating a loss of LV
compliance at lower temperatures. The effect of cooling on contractility is comparable to a
clinically relevant dose of dobutamine, while fostering LV relaxation with dobutamine at
33°C reverses the loss of LV capacitance, making relaxation complete. These findings
address the role of MH in a condition of impaired contractile function, i.e. cardiogenic shock,
and underline the possible synergistic role of f-adrenergic stimulation and cooling.

As mentioned above, an increased LV stiffness at rest is characteristic of the disease.
However, most patients become symptomatic preferably during exercise, and a limited
myocardial perfusion and contractility reserve may play a role. In Chapter 4, we therefore
describe an CMR imaging study to investigate LV function and perfusion during dobutamine
stress in a previously established porcine model of early-stage HFpEF, induced by DOCA
implantation, high-salt and high-sugar diet. Aside numerous functional alterations at rest,
such as altered myocardial muscle mechanics, in particular longitudinal shortening and
torsion, and left ventricular filling characteristics, an impaired increase of cardiac index
during dobutamine stress was paralleled by a reduced myocardial perfusion reserve.
Exercise induced myocardial ischemia may therefore be a contributor to LV dysfunction in
HFpEF.

With regard to the pathogenesis, HFpEF evolves from the accumulation of a multitude of
cardiovascular comorbidities over time, leading to increased systemic inflammation,
oxidative stress and coronary microvascular endothelial inflammation. Nitric oxide (NO)

bioavailability is reduced because of microvascular inflammation, and NO-cyclic GMP-
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protein kinase G pathway was shown to be impaired in HFpEF patients, with an important
impact on the elastic proprieties and function of the major myofilament protein titin.
Enhancement of PKG activity has therefore emerged in the past years as a possible
therapeutic approach. In Chapter 5, we have tested a compound, which enhances PKG
activity via acute pharmacological stimulation of the soluble guanylate cyclase (sGC), BAY
41-8543. In healthy pigs, BAY 41-8543 did not exert any beneficial effect on LV
compliance, as confirmed by the unchanged phosphorylation state of titin, but rather exerted
a slight negative inotropic effect. In DOCA animals, only phosphodiesterase V inhibition
via sildenafil, but not sGC stimulation or their combination, increased LV compliance.
However, both the treatments clearly decreased LV contractility. These data argue against
the concept that acute potentiation of cGMP-dependent signaling via a direct sGC stimulator
can recruit a preload reserve, neither in healthy nor in hypertrophied LV myocardium. In a
final series of preliminary experiments, we tested the differential impact of NO-mediated
(via nitroglycerin infusion, acting on sGC) versus NO-independent stimulation (via atrial
natriuretic peptide infusion, acting on pGC) of the cGMP-PKG-titin pathway. Acute
bicoronary infusion of these substances, at doses not affecting systemic vascular resistance,
rightward shifts the EDPVR in a dose-dependent manner, increasing LV compliance. These
data address the need of switching the focus in HFpEF therapy from the vasculature to the
heart itself, especially considering the sensitivity of these patients to load changes. The
molecular mechanisms underlying the observed acute LV compliance changes and the PKG

downstream targets remain to be clarified in future studies.
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7.1 Contribution of coworkers

Colleagues and collaborators contributing to this work are reported in the appropriate
sections. I'm thankful for their precious support. Apart from the exceptions described in this
section, I am directly responsible for the planning, execution and analyses of all the
experiments as well as for the interpretation of results and the preparation of this thesis.

All experiments described in this thesis were conducted between 2012 and 2015 at the
Medical University of Graz (Dept. of Experimental Surgery, Institute of Bio-medical
Research or the Center for Medical Research).

Dr. Michael Schwarzl, Dr. Martin Manninger, Dr. Stefan Huber, Dr. Birgit Zirngast, Prof.
Heinrich Méchler, Dr. Jochen Verderber, Dr. David Zweiker (all Medical University of
Graz, Austria) assisted in the in vivo experiments.

Dr. Ursula Reiter and Dr. Gert Reiter planned the sequences, acquired and analysed the
cardiac MR images. In addition, they drafted a manuscript (under submission) on the work
summarized and described in Chapter 4.

Prof. Paul Steendijk (Leiden University Medical Center, Leiden, The Netherlands) provided
the CircLab software and supported the interpretation of pressure-volume data, with regard
to special issues.

Blood samples were analysed in the Clinical Institute of Medical and Chemical Laboratory
Diagnostics, Medical University of Graz (Prof. Truschnig-Wilders).

Prof. Nazha Hamdani performed western blots for titin isoform composition and titin
phosphorylation in Prof. Wolfgang Linke’s lab (Ruhr University Bochum, Germany).

Prof. Miihlfeld and collaborators performed the stereological analysis of myocardial tissue
samples in his laboratories (Institute of Functional and Applied Anatomy, Hannover

Medical School, Hannover, Germany).
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