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1. Abstract

Background:

Heart Failure (HF) is a major cause of morbidity and mortality worldwide. Decreased
cardiac output and weakened contractile function are major factors accompanying
disease progression in HF. This inefficiency leads to pathological remodeling that alters
the functional and structural state of the myocardium. In contrast, exercise leads to
physiological hypertrophy and remodeling that is beneficial to the heart leading to
increased efficiency. In a model of pressure overload induced left ventricular hypertrophy
we were able to show that opioid receptor agonists (ORA) are able to maintain heart
function when compared to vehicle treated controls. We now aim to investigate the
structural advantages of ORA treatment and the underlying cardio protective
mechanisms.

Methods:

Transverse aortic constriction (TAC) or sham surgery was performed on male C57BI/6J
mice at 8-10 weeks of age. Echocardiography (ECHO) was utilized before surgery and
biweekly at post TAC/sham to determine heart function and left ventricular dimensions.
Two weeks after surgery the animals were randomly allocated to receive either vehicle
control, an irreversible ©&-opioid receptor agonist (FIT), or the selective k-ORA
(U50,488H). All three agents were administered intraperitoneally (FIT, 10ug/kg every 72h;
U50488H, 1.25mg/kg or vehicle daily). At 10 weeks animals were scarified. Four to six
hearts per group were prepared for histological and expression analysis and two hearts
per group were perfused for transmission electron microscopy (TEM). RNA sequencing
was utilized to compare RNA expression levels of the left ventricle between treatment
groups.

Results:

The hypertrophic response to TAC surgery was not altered by any of the two ORA
treatments. Microscopical analysis indicated less fibrosis and maintained structural
integrity in K-ORA treated TAC hearts. RNA sequencing analysis at study end point
revealed altered apelin and HIF-1 signaling pathways after k-ORA stimulation.
Conclusion:

Treatment with k-ORA (U50.488H) might offer a novel therapeutic option to preserve
heart function in pressure overload induced left ventricular hypertrophy. Results from
RNA sequencing suggest that this protection may be mechanistically linked to apelin and
HIF-1 signaling pathways.



2. Zusammenfassung

Hintergrund:

Herzversagen (HF) ist weltweit einer der haufigsten Grinde fur Morbiditat und Mortalitat.
Verminderte kardiale Pumpleistung und abnehmende Kontraktilitat sind Hauptfaktoren,
die zum Progress des HF fuhren. Diese Ineffizienz bedingt auch eine pathologische
Umstrukturierung in Funktion und Aufbau des Myokards. Im Gegensatz dazu, fuhrt die
sportliche Beanspruchung des Herzens zu einer physiologischen Hypertrophie und zu
einer gesteigerten Effizienz. In einem Model der Hochdruck induzierten linksventrikularen
Hypertrophie, konnten wir zeigen, dass Opioid Rezeptor Agonisten (ORA) die Fahigkeit
besitzen die Herzfunktion zu erhalten, im Vergleich zu Vehikel-behandelten Kontrollen.
Unser Ziel ist nun die strukturellen Vorteile einer ORA Behandlung und die zugrunde
liegenden protektiven Mechanismen zu erforschen.

Methoden:

Transverse Aortenkonstriktion (TAC) oder Sham Operationen wurden an 8-10 Wochen
alten, mannlichen C57BIl/6J Mausen durchgefuhrt. Echokardiografie (ECHO) wurde vor
der OP und dann zweiwdchentlich nach TAC/Sham durchgefuhrt, um die Herzfunktion
und linksventrikulare Dimensionen zu bestimmen. Zwei Wochen nach OP erhielten die
Tiere entweder eine Vehikel Kontrolle, den irreversiblen d-Opioid Rezeptor Agonisten
(FIT), oder den selektiven k-ORA (U50,488H). Alle drei Agentien wurden intraperitoneal
injiziert (FIT, 10ug/kg alle 72h; U50488H, 1.25mg/kg und Vehikel taglich). Vier bis sechs
Herzen pro Gruppe wurden fur die Histologie- und Expressionsanalysen vorbereitet. Zwei
Herzen pro Gruppe wurden fur Transmissionselektronenmikroskopie (TEM) perfundiert.
RNA Sequenzierung wurde genutzt, um die RNA Expression im linken Ventrikel zu
bestimmen.

Ergebnisse:

Die hypertrophe Reaktion auf die TAC-OP wurde durch die zwei ORA nicht verhindert.
Mikroskopische Analysen deuteten auf weniger Fibrose und eine erhaltene strukturelle
Integritat der mit k-ORA behandelten TAC Herzen hin. Die RNA Sequenzierung zum
Studienendpunkt zeigte Veranderungen in Apelin und HIF-1 Signalwegen durch k-ORA
Stimulation.

Schlussfolgerung:

Die Behandlung mit k-ORA (U50.488H) konnte eine neue therapeutische Option zum
Erhalt der Herzfunktion in Bluthochdruck-bedingter linksventrikularer Herzhypertrophie
sein. Die Ergebnisse der RNA Sequenzierung lieRen dabei die Verbindung der
protektiven Wirkung der k-ORA zu den Apelin und HIF-1 Signalwegen vermuten.



3. Introduction and Background

3.1. Cardiovascular disease and heart failure

Cardiovascular disease (CVD) is a major cause of morbidity and mortality in the
developed world. With an increase of over 21 % in just one decade, by 2017 CVD
attributed to 17.8 million deaths worldwide '. In Europe alone CVD cause four million
deaths per year, and cost estimated 210 billion Euros per year for the EU’s economies 2.

Heart failure can be the endpoint of different cardiovascular diseases and remains an
increasing global health problem. The HF prevalence continued to rise from 5.7 million
American adults (=20 years of age) between 2009 and 2012 to 6.2 million between 2013
and 2016 '. The increase is especially found in geriatric populations and half of the
patients who develop HF die within five years of diagnosis 3. The estimated costs of heart
failure in the United States are more than $30 billion each year which includes treatment,
medication, healthcare services and missed days of work 4. The aging global population
will thus pose challenges for global healthcare °.

The current HF definition limits itself to the stage of clinical symptoms . A failing heart is
incapable to maintain the demanded cardiac output, which ultimately leads to progressive
organ failure and death. In the early stages of disease progression this often goes
unnoticed by the patient. At this point structural changes to the myocardium are already
established, with decreased force production, reduced vascularization and constrained
energy supply 7 8. Initiating an early treatment here may reduce mortality in patients with
asymptomatic systolic LV dysfunction °. However, physicians are frequently consulted
much too late, after the patient’s daily life becomes more and more impaired by the
disease. The early limitations in patients’ lives are fatigue and shortness of breath.
Restrictions in everyday activities, such as grocery shopping, climbing stairs or even basic
routines as walking, occur and worsen over time 6. When heart failure manifests, main
symptoms are a general feeling of fatigue or weakness in everyday life, shortness of
breath when lying down, weight gain with swelling of the feet, legs, ankles, or stomach.



3.1.1. Heart failure classification

Heart failure is graded by the New York Heart Associations (NYHA) score.

Table 1: Heart failure NYHA classification (Content from Russell et al. 2009 '°).

NYHA Class

Patient Symptoms

No limitation of physical activity. Ordinary physical activity does not
cause undue fatigue, palpitation, dyspnea (shortness of breath).

Slight limitation of physical activity. Comfortable at rest. Ordinary
physical activity results in fatigue, palpitation, dyspnea (shortness of
breath).

Marked limitation of physical activity. Comfortable at rest. Less than
ordinary activity causes fatigue, palpitation, or dyspnea.

Unable to carry on any physical activity without discomfort. Symptoms
of heart failure at rest. If any physical activity is undertaken, discomfort
increases.

Class

Objective Assessment

No objective evidence of cardiovascular disease. No symptoms and
no limitation in ordinary physical activity.

Objective evidence of minimal cardiovascular disease. Mild symptoms
and slight limitation during ordinary activity. Comfortable at rest.

Objective evidence of moderately severe cardiovascular disease.
Marked limitation in activity due to symptoms, even during less-than-
ordinary activity. Comfortable only at rest.

Objective evidence of severe cardiovascular disease. Severe
limitations. Experiences symptoms even while at rest.




3.1.2. Heart failure subgroups

In the recent years the definition of heart failure has evolved. The European Society of
Cardiology states:

“Heart failure is a clinical syndrome in which patients have typical symptoms and signs
resulting from an abnormality of cardiac structure and function” 1.

In the past, heart failure was defined as systolic dysfunction. At this point diastolic
dysfunction was referred to as compensated heart hypertrophy. In recent years the terms
heart failure with preserved ejection fraction (HFpEF) and heart failure with reduced
ejection fraction (HFrEF) have been introduced. HFpEF is often referred to as diastolic
heart failure. Here the heart contracts normally, but relaxation during diastole is impaired,
leading to reduced filling of the ventricle. HFrEF or systolic HF shows impaired
contractility of the ventricle, resulting in less oxygenated blood being pumped through the
body. In an attempt to fill the gap between these two classifications, heart failure with mid-
range ejection fraction (HFmrEF) has been introduced into the most recent “ESC
Guidelines on Acute and Chronic Heart Failure”. Several clinicians already suggested that
HFrEF and HFmrEF are just different in severity but are the same disease. Webb et al.
compared 677 patients according to the 2016 ESC guidelines, with best outcomes for
patients with HFmrEF. This group showed fewer deaths than HFrEF and less frequent
rehospitalization compared to HFpEF 2.

The upcoming years will have to show if the new classification remains relevant in the
clinical setting. Especially the reproducibility and precision of echocardiography is
important for appropriate classification and for guidance of further patient treatment.
HFrEF has been declining over the last years, mostly due to extensive use of re-
vascularization techniques '3. Further reasons for the alteration in HF disease occurrence,
are therapeutic progress, risk factors and the age profile of patients. HFpEF risk factors
mainly consist in older age, but further in obesity and hypertension. Nowadays HFpEF
already accounts for more than half of the HF patients 4.

Initial epidemiological studies revealed the leading cause of left ventricular systolic
dysfunction (LVSD) to be hypertension '°. However, over the last four decades this has
gradually transitioned to ischemic heart disease (IHD) ®.

The early derail of what the body asks for and what the heart is capable of delivering is
usually not noticed by the individual. A slow decline in function goes often unobserved
but shows already the molecular and metabolic pathology that will later determine a poor
disease outcome. Early changes are detected on a molecular and mitochondrial level,
that often don’t show signs of an already manifesting pathology.



The body responds to down winding contractility with the activation of the sympathetic
and RAAS system . In the long run, this sympathetic activation leads to an elevated
pressure-load and tachycardia, alongside with increased oxygen consumption. These
sympathetic mechanisms are well tuned during short term challenges, stress adaptation
and physical activity. But on the long run, a constant hyperactive state of the heart leads
to exhaustion on a micro and macro level.

For the last decades, modulating the sympathetic activity and the RAAS-hyperactivity has
been the key approach, trying to prevent disease progression and have in fact
considerably improved survival. Figure 1 shows an overview of the RAAS-system and the
most common treatment options in heart failure. For detailed reviews on the extensive
field please refer to Rossignol et al. and Lang et al. 17 8.
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Figure 1: Overview of the RAAS-system and treatment options in HF. Figure by DN
Deussen adapted from Lang et al. *®

3.2. Cardiac hypertrophy

Hypertrophy is defined as a growth adaptation to a stimulus, when delivered performance
does not meet the demands anymore. This can be due to increased requirements as in
early development and growth, or during pregnancy, when the mother’s heart has to
supply two bodies. But it also includes states where we challenge our bodies and just
perform longer, stronger or both. These above-mentioned processes of adaptation
already show how complex and diverse cardiac hypertrophy is. In a growing child this



means increase in cell number as well as a gain in cell size. The cardiomyocyte turnover
time in adulthood is low and adaptation is gained by an increase in dimension, rather than
through the generation of new cells. Cardiac hypertrophy is accompanied by expansion
of the capillary network to ensure sufficient nourishment. A tight connection between cell
and vessel development is maintained in healthy individuals, and this perfect alignment
guarantees function and organ nourishment °.

Pathologic cardiac hypertrophy on the other hand is associated with a growth out of
proportion. Hemodynamic-overload, increased levels of neurohumoral mediators, cell
injury, reorganization and/or loss of cardiomyocytes can be observed ?°. Cardiomyocytes
are able to detect changes in mechanical load and send out biochemical information
about these changes. This phenomenon is called mechanotransduction and it gives the
heart the capability to react to altered environmental conditions 2'. The heart is subjected
to very different forces with each contractile movement. Stretch, shear stress and
afterload challenge the myocardium, additionally the heart also obtains, integrates and
sends information about the current circumstances ?2. The myocyte cytoskeleton is a very
important sensor of mechanical stress and mediates the remodeling of the heart.
Changes in cytoskeleton composition can be early signs of maladaptive remodeling.
Recent findings also linked mechanotransduction during shear stress and/or stretch to
altered mitochondrial metabolism, Ca?* signaling and ionic homeostasis 23.

In both physiological state and in pathological remodeling, the interrelationship of
prevalent pressure, volume and wall stress determine the heart's mechanics. Geometry
and pressure changes are intertwined in their development and are used to predict the
wall stress according to the law of Laplace %4.
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Figure 2: Left ventricular remodeling. Transition from a normal healthy heart towards A. a
physiological adaptation and adequate hypertrophy to an external stimulus. This process
seems to be reversible. B. a pathologic hypertrophy due to an insufficient cardiac output.
Pathologic hypertrophy seems to be not fully reversible and has dangerous potential to
progress into a dilated cardiomyopathy. By Huebner T & Deussen DN.

3.2.1. Myocardial hypertrophy in extreme settings

Observations in different athletic regimes have helped to understand that the outcome of
an adaptive process is very much influenced by the trigger. An endurance athlete induces
hypertrophy with a volume overload, which leads to eccentric cardiac hypertrophy. The
main response of the heart here is a gain in output and this is achieved by an increase in
longitudinal dimensions of the left ventricle. Accordingly, a thickening of the LV-wall and
the septum, can be observed, with an augment in the myocyte length, increasing the
overall LV volume 25. When comparing stroke volume of untrained individuals during
exercise to highly trained endurance athletes, only in athletes stroke volume can double
from 80-135ml to more than 200ml 2¢ 27, In disease, eccentric hypertrophy occurs in
myocardial infarction and dilated cardiomyopathy and often establishes a ventricular
dilatation.

Weightlifters and wrestlers expose their hearts to pressure overload, with peak pressures
up to 320/250 mmHg, during their isometric exercise 2. This leads to concentric
hypertrophy with thickening of the LV with only minor dilatation of the ventricle. Concentric
hypertrophy occurs when high, intermittent, maximal pressure forces challenge the heart.



Increased free wall and septal thickness with decreased ventricular volume can be seen
in strength athletes. An augmented cell cross-section offers potential for greater
generation of power, with increases rather in thickness, than in length 2°. Rising demands
for higher pump forces in disease may result from valvular dysfunction or hypertension.
The elevated force production attempts to maintain a sufficient ejection fraction in early
disease development.

As a parade example, competitive rowing results in a combined phenotype of
hypertrophy. The eccentric enlargement is thought to be due to the immense workload
with extreme increase of cardiac output 3°. But rowing, with its heavy strength proportion,
promotes concentric myocyte growth, too. The driver appears to be the contraction power
that is needed to empty the enlarged chambers. Rowers and canoeists show the highest
level of LV hypertrophy, with both thickened walls and enlarged ventricular cavity. Of the
16 thickest ventricles in the above-mentioned study, 15 belonged to rowers and
canoeists, with greatest LV wall dimensions of 16mm, despite the generally low blood
pressure in endurance athletes.

A very interesting type of cardiac adaptation can be observed during pregnancy. In the
second and third trimester, more and more cardiac output is needed to ensure sufficient
placental blood flow. Here again a volume overload leads to an eccentric cardiac
hypertrophy 3'. As in de-training, pregnancy induced hypertrophy is fully reversible after
child delivery, when the cardiac load returns to normal. Only a very small percentage of
women develop a peripartum cardiomyopathy (PPCM) 32. What makes the difference in
this subgroup is still a topic in recent research. The 2015 Review of Bollen et al. discusses
similarities and differences between PPCM and DCM. Both share common predisposing
mutations, decreased vasculature and sarcomere integrity. But the authors speak of two
different diseases in the clinic, with different pace in disease progression, outcome and
underlying mechanisms 33,

3.2.2. Physiology vs. pathology

In the literature there is often a sharp distinction between physiological and pathological
hypertrophy. This is of benefit, when we want to talk about the global differences, but
overlap and get even misleading, when we go further into the details of similarities and
differences. It is of importance to consider, that when these terms are used in this work,
it is with the intent to be able to discuss a complex topic with defined terms.

In general, the distinction divides an overload-induced maladaptive process and an
adaptation toward a gain in function. In disease the driving stimulus is mostly a decreasing
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function. The inhibition of hypertrophy with B-adrenergic receptor blockers or RAAS
inhibition had favorable outcomes, preventing LV dysfunction in both animal models and
clinical trials 34. Blocking or blunting cardiac hypertrophy has been an early therapeutic
target in heart failure treatment 3° 36.

A long-standing hypothesis was corrected by Perrino and TAC-inventor Rockman. Their
group was able to show, that the type of stimulus is the determining variable, not the
duration. They developed an animal model with intermitted transverse aortic constriction
(iTAC), where they were able to tighten and loosen the TAC ligation during each day. In
this way they disproved the old hypothesis, that intermitting higher pressures could lead
to favorable outcome. The iTAC mice went into failure, comparable to their “full-time” TAC
cousins 3. Intermittent pressure overload (iTAC) created a diastolic dysfunction, vascular
rarefication and altered beta-adrenergic receptor function. A slight hypertrophy was
established. The Perrino/Rockman group was able to reveal that the stress induced
pathologic signaling was the driver of decreased cardiac function and not the duration of
the stressor. Interestingly the iTAC model showed a diastolic dysfunction, decreased
vascularization and altered b-adrenergic receptor function before the development of LV
hypertrophy.

A hypertrophic response to pressure overload first decreases the wall stress per myofibril
and creates mechanical advantages. Maintaining the ejection fraction in the presence of
increased demand is the main goal of ventricular remodeling in athletes. What is really
stunning and could be of great clinical importance, is the capability of a hypertrophied
“athlete’s heart” to go this path backward. Most investigators describe a full reversibility
of hearts in de-training, leaving no pathological structural alterations behind 38 3°. A study
of 114 athletes, that took part in two to five consecutive Olympic Games, did not find
increased adverse events or pathological remodeling °.

But especially the very few athletes’ hearts that are not fully reversible 4!, offer a great
chance to study what the differences are. Understanding the underlying mechanisms
could offer clinicians the chance to direct a hyperopic response in a favorable way and
utilize the adaptive potential of the body. Exercise offers a great potential to learn from
the wisdom that resides within our bodies.
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3.2.3. Energy metabolism and hypertrophy

In resting (normoxic) state, up to 95% of the hearts generated ATP comes from oxidative
phosphorylation. The hearts mitochondria are therefore the most important source of
energy production. Glycolysis and citric acid cycle only play a minor role during rest. 60-
70% of the utilized ATP is needed for contractile function of the heart, the other 30-40%
for various ion pumps 4? 43, Energy substrates are ATP and phosphocreatine (PCr), with
PCr being a buffer system for ATP transport. The heart itself only has a very limited high
energy phosphate pool and is therefore dependent on fast ATP production. The main
source (70-90%) for the substrates are fatty acids (FA). Further sources are glucose and
lactate oxidation, and in minor percentages ketone bodies and amino acids. After meals,
the fraction of glucose as a source of ATP production rises. With this background it is
easy to imagine that disturbances in mitochondrial function and biogenesis have severe
impact on energy supply of the heart. Impairments can lead to contractile dysfunction of
the human heart *4. Reduced substrate supply during metabolic stress seems to
implement decreased mitochondrial capacity, leading towards reduced contractile force
of the myocyte #°. There is a tight regulation between the use of FA and glucose. The
Randle cycle describes the phenomenon that the use of one of the substrates may directly
inhibit the other. Regulators of the energy metabolism are for instance insulin and
catecholamines, that have been reported to be at least partly involved in metabolic
changes in the diseased heart.

In studies investigating advanced HFrEF in humans and rodents, ATP content, ATP flux
and PCr/ATP content were reduced. These alterations were linked to diminished
contractile function and accounted for the systolic dysfunction 4¢. Therefore, changes in
ATP handling could be a predictor in HF onset. Correspondingly, during adverse
ventricular remodeling, mitochondrial reactive oxygen species (ROS) have been reported
to be elevated 4. Elevated levels of angiotensin Il increased mitochondrial ROS, which
lead to mitochondrial damage, MAPK upregulation and finally cardiac hypertrophy with
fibrosis 48.

Adenosine monophosphate activated protein kinase (AMPK) is a sensor of energy stress
and is activated through many pathways, including increases in ADP, ROS or Ca?* load
4950 Hypertrophy and HF are both associated with upregulated AMPK . Further increase
in AMPK in a HF model showed higher cardiac function with reduced remodeling of the
LV. Plausible mechanisms are the generally upregulated energy supply, through both FA
and glucose.
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3.3. Opioids

Opioids have been utilized for centuries, especially in pain modulation. Even though they
have been around for such a long time and have been used excessively and all over the
world, the mechanisms of action are still poorly understood. The opioid research in the
last decades was primarily focused on the central nervous system, trying to understand
the pain modulating mechanisms and unravel its addictive properties.

New insights have been gained in context of exercise inducing endogenous opioid ligands
and thus controlling adaptation. In recent years the cardioprotective properties of the
opioidergic system have been of interest to numerous research groups.

3.3.1. Opioid receptors

So far four opioid receptor families have been discovered. Mu-, Kappa- and Delta- opioid
receptors in the early 1990’s, followed by the former orphan, opioid receptor-like orphan
receptor (ORL), a few years later 52 53, They all belong to the large family of seven-
transmembrane G protein-coupled receptors and they all show a high sequence
homology. OR’s are built of a single polypeptide chain and a seven-transmembrane-
spanning helix, with the N-terminus extracellularly. The end is formed by a cytoplasmic
C-terminal tail >*. Recent findings created a concept of G protein-coupled receptor biased
agonism, abandoning the old paradigm of binary, one receptor-one target mechanisms
55, Here the different ligands lead to distinct receptor-effector complexes and stabilized
receptor conformations. What follows are altered ligand binding and different levels of
activation or inhibition of the subsequent signaling cascades. In a recent review, Campbell
discussed the advantages and new possibilities of inhibiting specific G protein subunits
instead of whole GPCR %6,

3.3.2. Opioid ligands

The endogenous ligands are not highly selective or specific to one opioid receptor 7.
There are several reasons that help to explain this:

1. MOR, KOR and DOR have many structural commonalities. They further have mutual
function and cell-signaling mechanisms.

12



2. All endogenous ligands have a N-terminal residue Tyr, with the exception nociception,
with a Phe. These residues are a requirement for interaction within the opioid receptor
ligand binding domain.

3. They form homo-, heteromeric-complexes or even higher order oligomers, between
opioid receptors and non-opioid receptors, altering their response to their ligands. These
formations increase the spectrum of GPCR’s regulatory mechanisms and may be
essential for the fine-tuned regulations. An example of an “unlikely-couple”; Mu-opioid
receptors and cannabinoid CB1-receptors can form a heterodimer and then signal
through a common G protein 58 52 53 59 60 61

The mammalian endogenous opioid peptides stem from three precursors, which translate
from different genes °°. They are named pro-opiomelanocortin (POMC). pro-enkephalin
(PENK) and pro-dynorphin (PDYN). Heart cells store and release the endogenous opioid
precursors 2. Altered levels of endogenous opioid peptides were observed in pathological
and physiological conditions, as well as under surgical interventions 3. The endogenous
opioid peptides bind with different affinities for the different opioid receptors, in both
peripheral tissue as well as in the CNS. More than ten ligands have already been
discovered, but the precursor for endomorphin remains unknown 4.

3.3.3. Opioids and exercise

In general, physical activity has beneficial effects on heart function and metabolism.
Overall exercise stimuli can even be seen to be a necessary regulator to finetune the
body. Even in cardiac disease, exercise has favorable effects on the heart and the whole
organism. Nevertheless, diseased patients are not always capable to exercise to a level
necessary to archive the benefits and initialize positive structural adaptations.
Understanding the underlying mechanism could provide new therapeutic approaches to
help these patients to benefit from exercise-like adaptations and thus become active
again. Findings over the last years have linked exercise and endogenous opioid receptor
ligands in the whole organism and the heart in particular.

Especially adaptation in performance and pain modulation have been associated. Pain
modulation properties, with involvement of endogenous opioids, have been described
during and after exercise regimes 8°. Further, involvement in positive changes of mood
and anxiety have been studied and linked to endogenous opioids. Already in the late 90’s,
endogenous opioids were postulated to be involved in the positive immune system
modulating effects of chronic exercise 6. The type and duration of exercise seems to be
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important for the profile of endogenous opioid peptides, the magnitude of plasma changes
and the up or down regulating effects on the receptors. For example, upregulations in
plasma beta-endorphin levels, were found in both male and female athletes, as well as in
aerobic and anaerobic exercise °. In combination-trained female athletes also
proenkephalin levels were significantly upregulated 8.

Animal models have been utilized to gain important insights on the mechanisms of
endogenous opioids in exercise. Changes in neuronal pu, k and o opioid receptor binding
and G protein activation have been described in rat after acute and chronic exercise
regimes. The brain sections showed higher G protein activation, combined with lower
opioid receptor binding, in response to 30-day exercise regime °. Peripheral delta opioid
receptors reduced the exercise pressor reflex in femoral artery ligated rats. The
investigators described a lesser pressor and cardio-accelerated response in animals that
were treated with a DOR agonist 7°. Dickson et al. "' postulated that the acute
cardioprotective effects of exercise operate through an opioid dependent mechanism, that
they blocked by naltrexone. The group described upregulated myocardial mRNA levels
for opioid-system associated genes, and genes that control apoptosis and inflammation.
In an IR-rat model, exercise induced cardio protection has been liked to DOR activation.
The beneficial effects were significantly reduced with DOR specific pharmacological
blockade, suggesting an important delta involvement 2. In a similar study, a single dose
of KORA (U50) right before IR, reduced infarct size. In the follow-up oxidative stress,
development of fibrosis and increased neovascularization were achieved with KORA
treatment. The same group demonstrated U50 induced protection against apoptosis in
cultured myocytes, dependent on heme-oxygenase-1. They further detected increased
Akt phosphorylation, that was PI3K dependent, and reduced IR induced apoptosis "3 74.

3.3.4. Opioid receptors in cardiovascular disease

The analgetic use of Opioids is abundant in clinical every-day life for both acute and
chronic pain management. Because of its relevance in analgesia the p-opioid receptor
has been in the focus of earlier research.

The following table gives a summary of studies testing the effects of MOR, DOR and KOR
in CVD. Pharmacological testing revealed a number of receptor subtypes for all three OR
> in investigative studies these subtypes are mostly not distinguished, based on very
similar properties.
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Table 2: Overview of selected studies on the topic of opioid receptors in CVD. By

Deussen DN.

antagonist)

Receptor/ Disease Model Key effect Implicated Ref.
drug targets/ effectors
MOR
MOR Myocardial Rat heart in | IPC protection not Protection rather 76
(DAMGO a ischemia/ situ dependent on MOR through DOR1
MORA +/- reperfusion
beta- FNA; injury
irreversible
MOR
antagonist)
MOR Myocardial Rat heart in | Infarct size was Remifentanil ”
(remifentanil) ischemia/ situ reduced in enhanced

reperfusion preconditioning, expression of anti-

injury postconditioning and | apoptotic protein

continuous infusion Bcl2 and ERK1/2

MOR Myocardial Rabbit Infarct size was Involvement of &
(fentanyl)l ischemia/ heart in situ | reduced + peripheral and

reperfusion antiarrhythmic effects | central ORAs

injury
DOR
DOR (selective | Myocardial LAD Protection against Protection via the &
agonist; ischemia/ occlusion ischemic injury and in | DOR-1
naloxone) reperfusion (in dog) mediation of ischemic

injury preconditioning
DOR Preconditioning | LAD DOR antagonism Drivers for DORA 8
antagonist ->myocardial occlusion abrogated the cardio | and ROS protection
naltrindole ischemia/reperfu | (in dog) protection induced by | not found

sion injury IPC
Methadone & Myocardial In vitro rat Block methadone’s DORA dependent 81
delta ischemia heart cardio protective protection
antagonist model effects with the DOR
naltrindole antagonist
FIT (selective Myocardial Invitrorat | Acute FIT Protection 82
DORA) ischemia heart administration reduced| dependent on PI3K

model infarct size, when
given before ischemia
KOR
KORA (U50) Norepinephrine | In vitro Inhibited cardiac KOR dependent
+/-(nor-BNlI, a induced cardiac | neonatal hypertrophy, induced | and by inhibiting 83
selective k-OR- | hypertrophy rat by norepinephrine sympathetic
antagonist) cardiomyoc stimulation of the
ytes heart

KORA (U50) Isoprenaline In vivo rat Inhibited cardiac Antihypertrophic 84
+/- (nor-BNI, a | induced cardiac | model hypertrophy, induced | effects include
selective k-OR- | hypertrophy by B;-adrenoreceptor | calcineurin and
antagonist) stimulation ERK1/2
KORA (U50) Isoprenaline In vivorat | Inhibited hypertrophy | Reduced 8
+/- (nor-BNI, a | induced cardiac | model & showed reduced remodeling,
selective k-OR- | hypertrophy cardiac fibrosis maintained ECM
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KORA (U50) Isoprenaline 14-day rat | Cardiac hypertrophy Reduced oxidative | &
induced cardiac | model and fibrosis were stress + preserved
hypertrophy reduced expression of a-
MHC
KORA (U50) Myocardial LAD Reduced myocardial | Activation of HO-1 3
ischemia/ occlusion infarct size, oxidative | expression through
reperfusion (in rat) stress, hypertrophy, the PI3K-Akt-Nrf2
injury & cultured and fibrosis, improved | pathway
rat cardio- mechanical function,
myoctes and greater
neovascularization
KORA (U50) Myocardial LAD Antiarrhythmic effects | Activation of k-OR 87
+/- (nor-BNI, a | ischemia/ occlusion accelerated
selective k-OR- | reperfusion (in rat) recovery of pCx43
antagonist) injury & total Cx43
KORA (U50) Myocardial LAD Reduced myocardial | KORA inhibits 8
+/- (nor-BNI, a | ischemia/ occlusion infarct sizes and TLR4/ NF-kB
selective k-OR- | reperfusion (in rat) myocardial apoptosis | signaling
antagonist) injury

3.4. RNA-sequencing

Fast progression has been made in the development of new methods for whole
transcriptome characterization and quantification in recent years. Initial transcriptome
analysis utilized hybridization-based microarrays. The so-called next generation
sequencing, with RNA analysis via cDNA sequencing, allows high throughput database
collection of the transcriptome. The advancement in data collection and pathway
development has made it a groundbreaking tool in various areas of research 8°.
Differential gene expression begins with RNA extraction, then it is followed by mRNA
enrichment. The next step is cDNA synthesis and the preparation of an adaptor ligated
sequencing library. With a high-throughput platform the library is then sequenced, with
10-30 million reads per sample. The gained readouts are then computationally processed,
filtered and normalized between the samples. Further expression levels and significant
changes run through statistical modelling.

Kyoto Encyclopedia at Genes and Genomes (KEGG) and Gene Ontology Consortium
(GO) have been pioneering tools to perform organism specific enrichment analysis on
data (gene, protein, small molecules) sets .

As genetic sequencing has shown that most eukaryotes share the core biological
functions. GO consortiums goal is to unify the vocabulary and sort findings into three main
categories, biological process, molecular function and cellular component, to form a
common language °'. The GO system of classification is a tool to hierarchically gene-
products into a graph structure. With enrichment analysis the GO can be used to
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functionally profile a set of genes and compare for example a group healthy to its
pathological counterpart.

A major advantage of RNA-seq is the relatively unbiased approach, not always looking
for the known, desired or obvious. In the controversially discussed field of opioids,
carrying heavy luggage and prejudice, it is very important to be open minded. Hence, an
unbiased look at the heart's whole transcriptome, holds high hopes in breaking new
ground in heart failure research.

3.5. Transverse aortic constriction (TAC)

Transverse aortic constriction is a surgical technique developed by Howard D. Rockman
at the University of California, San Diego 2. TAC surgery is a highly validated model of
pressure overload induced cardiac hypertrophy. The circumference of the aortic arch is
decreased, leading to a “stenosis-like” pathology. The ligation is placed around the mid-
aortic-arch between the brachiocephalic- and the left common carotid artery (Figure 6).
To overcome this obstacle, the heart has to pump stronger to maintain a normal afterload.
The TAC model is the gold standard for pressure overload induced left ventricular
hypertrophy, on the path towards heart failure 3. In contrast to chemically induced HF
models, TAC does not have several toxic effects throughout the entire organism. And
compared to complete occlusion of the left anterior descending (LAD) coronary artery %4,
TAC shows a more gradual time course towards heart failure. LAD induces a Ml like
phenotype with a fibrotic scar tissue formation as well as a loss in contractile function.
TAC, performed by a skilled surgeon, is further advantageous with high success rates,
low mortality and good reproducibility %°.
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3.6. Opioid receptor agonism in pressure overload induced heart failure

3.6.1. Study outline

To investigate the above mentioned cardio protective properties of opioid receptor
activation, our group conducted a novel study of ORA treatment in a murine TAC model.
Preliminary data from the animal model was discussed in my Master of Science (M.Sc.)
thesis . In this work | described the phenotype of TAC induced LV-hypertrophy validated
with echocardiography. Following is a short summary of our results at study end point ten
weeks post TAC, eight weeks into treatment with either vehicle, KORA (U50) or DORA
(FIT):

/ | VEHICLE \

| D-ORA (FIT)

Oowk 2wk 4wk 6wk 8wk 10wk
Baseline ECHO ECHO ECHO ECHO ECHO
ECHO

Figure 3: Study outline. Opioid receptor agonist (ORA) treatment after transverse aortic
constriction (TAC) surgery. Fentanyl isothiocyanate (FIT), a selective and irreversible &-
opioid agonist and (*)-U-50488 hydrochloride (U50), a selective k-opioid agonist. Body
weight adapted ORA treatment followed from two-weeks post intervention.
Echocardiography every two weeks from pre-TAC-surgery to study endpoint at ten-weeks.
Graph by Deussen DN.
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3.6.2. Pressure overload induced cardiac hypertrophy

LV mass corrected
(ECHO; Vevo 2100)
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Figure 4: Left vetricular mass estimated by in vivo Echocardiography (Vevo 2100®); and
ex vivo validation with calculated heart weight to tibia lenth; two tailed unpaired t-test, data
presented as difference between means +/- SEM, adjusted p-values: * < 0.05, ** < 0.01, ***

<0.001, **** < 0.0001.

After ten weeks the hypertrophy in all three TAC groups was significant, in both in vivo
Vevo®2100-calculated left ventricular (LV) mass and ex vivo heart weight/ tibia length
(HW/TL). No difference in heart/LV mass could be detected between the three TAC
groups. In SHAM animals the ORA treatment alone had no effect on LV size or heart

weight.
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3.6.3. Echocardiography

Measurements at study endpoint, after eight weeks of treatment, ten weeks post
TAC/Sham surgery.

Table 3: Echocardiographic measurement at study end point 10wk post TAC, 8wk since
treatment start. Veh = vehicle treated, U50 = kappa opioid receptor agonist U50, FIT =
delta opioid receptor agonist FIT, Sham = mock operated, TAC = transverse aortic
constriction operated group. Fraction shortening (%FS), ejection fraction (%EF), velocity
of circumferential fiber shortening (Vcf). For statistical analysis between the groups 1-
way ANOVA followed by a Tukey's multiple comparisons test was used. All values are
presented as means * standard deviation. Adjusted p-values are indicated as: * < 0.05, **
<0.01, ** <0.001, **** < 0.0001. The groups consisted of an n of 6-7 animals.

Group %FS %EF Vcf

Veh-Sham 37.69 +/- 2.17 68.89 +/- 2.768 0.863 +/- 0.133 .
Veh-TAC 20.96 +/- 6.50 ] ) 43.04 +/- 11.62 ] ) 0.424 +/- 0.120 ]
U50-Sham 41.57 +/- 3.90 * 73.56 +/- 4.25 3_505 5 | 0:980+/-0.083 3_507 5
U50-TAC 36.08 +/- 11.79 65.25 +/- 17.12 0.779 +/- 0.302

FIT-Sham 39.93 +/- 6.82 71.25 +/- 8.27 0.952 +/- 0.112

FIT-TAC 28.06 +/- 12.78 53.41 +/- 19.73 0.593 +/- 0.263 ] '

At the study endpoint U50-TAC still showed no reduced FS compared to its Sham
counterpart. In detail one animal showed a severe decrease in function, whereas the rest
of the group still functioned comparable to U50-Sham. The difference in FS between Veh-
TAC and U50-TAC remained significant from the 8wk to the 10wk timepoint (-15.12% +/-
4.985, p < 0.0495). Between these two groups the significant difference in Vcf got lost
from the 8wk to 10wk timepoint (p < 0.0736). At the endpoint the FIT-TAC started to
decline significantly in Vcf (-0.3597 +/- 0.1183; p < 0.0486), but with a very heterogeneous
distribution within the group.
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Table 4: Echocardiographic measurement at study end point 10wk post TAC, 8wk since
treatment start. Left ventricular posterior wall dimensions in diastole (LVPWd), left
ventricular posterior wall dimensions in systole (LVPWs). For statistical analysis
between the groups 1-way ANOVA followed by a Tukey's multiple comparisons test was
used. All values are presented as means * standard deviation. Adjusted p-values are
indicated as: *<0.05, ** < 0.01, *** < 0.001, **** < 0.0001. The groups consisted of an n of
6-7 animals.

Group LVPWs LVPWd
Veh-Sham 1.086 +/- 0.034 — 0.714 +/- 0.039

*% k%
Veh-TAC 1.184 +/- 0.122 xxxx | 0.953 +/- 0.107 -

U50-Sham 1.084 +/- 0.072  [*** 0.686 +/- 0.007 7

*kkk *kkk

L

US0-TAC 1.417 +/- 0.101 1.024 +/- 0.063 -
*%
FIT-Sham 1.183 +/- 0.066 . 0.749 +/- 0.075
*k*
FIT-TAC 1.251 +/- 0.077 0.952 +/- 0.065 -

The hypertrophy of the LVPW further increased towards the study endpoint. All TAC
groups showed a similar thickness of the LVPW during diastole. However, during systole
the U50-TAC hearts were significantly thicker than both Veh-TAC (-0.2348mm +/-
0.05048; p < 0.0007) and FIT-TAC (-0.1681mm +/- 0.0548; p < 0.0244). We saw a loss
of contractile function in the left ventricle only in the Veh-TAC and FIT-TAC groups,
whereas the U50-TAC showed a solid hypertrophic response with maintained LV
contractility.
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3.6.4.

Key findings of ORA treatment in our TAC model

In pressure overload challenged mice heart function was preserved with KORA
treatment when compared to vehicle treatment.

The positive effect of KORA treatment was significant, the DORA treatment
showed no significant advantage over vehicle treatment.

Myocardial hypertrophy was not reduced in both ORA treated TAC groups, but
only KORA treatment showed preserved contractility.

4. Hypothesis

The cardioprotective potential of k/c opioid receptors should be further explored in the
TAC mouse model of pressure overload, as they might hold valuable therapeutic
potential. Our specific questions are:

. Are structural advantages of ORA treated animals evident in histological analysis?

Is RNA-sequencing a valid tool to detect the relevant differences between the
groups in disease progression?

Hypertrophy was not reduced in ORA treated TAC groups, but KORA treatment

showed preserved contractility. What are the mechanisms behind this favorable
outcome?
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5. Methods

5.1. Animal model

Animals

Male C57BI/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME).

The U.S. Academy of Science Guide for the Care and Use of Laboratory Animals was the
basis for all animal experiments. Animal protocols were approved by the VA San Diego
Healthcare System Institutional Animal Care and Use Committee. Housing was provided
in a temperature-controlled facility with ad libitum access to food and water and kept on
a 12-hour light and dark cycle.

Transverse Aortic Constriction — Surgery

The TAC surgery was performed on eight to ten-week-old animals, as established and
described by H. Rockman at UCSD %2. Briefly, the mice were prepared for surgery, hair
was removed from the chest and neck area. Anesthesia induction was obtained through
a nosecone, with 1-1.5% Isoflurane. A 274-heating pad (Cincinnati Sub Zero, Cincinnati,
OH) was placed under the surgical field to prevent hypothermia. A sterile field was
created, the animal was covered, sparing the neck and chest area. Repetitive application
of bromide and 70% ethanol were used to disinfect the surgical area. During surgery
animals were intubated and mechanically ventilated. A correct intubation was ensured by
an incision at the ventral side of the neck which exposed the trachea. The aortic arch was
prepared through an incision at the second intercostal space. A 7-0 silk suture was placed
between the brachiocephalic artery and the left common artery. To standardize the
degree of ligation a 27G needle was positioned between the aortic arch and the suture.
The suture was then tied against the needle with two double surgical knots, before
removing the needle. Sham animals handled equally in all aspects of the surgery, besides
here the suture was only placed and not tied. Success of the surgery, a significant
hypertrophic response of the left ventricle, was evaluated with echocardiography.

Pain relieve after surgery is usually gained with barbiturates or opioids in this setting. To

exclude an interfering effect in our experimental design, we had to exclude these pain-
relieving drugs.
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Transverse Aortic
Constriction
(TAC)

Figure 5: Aortic arch with transverse aortic constriction (TAC). The suture is placed
between the brachiocephalic artery and the left common artery. By Huebner T & Deussen
DN.

5.2. Opioid receptor agonist treatment

Fentanyl isothiocyanate (FIT)

FIT is a selective and irreversible d-opioid agonist.

The treatment dose for the delta agonist and the interval of injections were based on
preliminary results and an ex vivo study by a collaborative group, that investigated the
cardioprotective properties of FIT 82, 10ug/kg were administered i.p. every 72 hours.
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Figure 6: Molecular structure FIT;
data sheet from TOCRIS, https://www.tocris.com/products/fit_1480

Chemical Name: N-[1-[2-(4-Isothiocyanatophenyl)ethyl]-4-piperidinyl]-N-
phenylpropanamide

Formula: C23H27N30S

Molecular weight: 393.55

Purity: >99.4%

Catalog #1480, (TOCRIS Bioscience, Bristol, UK)

(£)-U-50488 hydrochloride (U50)

U50 is a selective k-opioid agonist
1.25mg/kg U50 were injected i.p. every 24 hours, based on previous findings showing
reduced hypertrophic response and fibrosis formation in vivo 8.

HCI

he

(and enantiomer)

Figure 7: Molecular structure U50;
data sheet from TOCRIS, https://www.tocris.com/products/plus-u-50488-
hydrochloride_0471

Chemical Name: trans-(t)-3,4-Dichloro-N-methyl-N-[27-(1-pyrrolidinyl)cyclohexyl]
benzeneacetamide hydrochloride
Formula: C19H26CI2N20.HCI
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Molecular weight: 405.79
Purity: >99.6%
Catalog #0495, (TOCRIS Bioscience, Bristol, UK)

5.3. Study endpoint measurements and tissue preparation

The bodyweights of the animals were documented at study endpoint. Euthanization was
attained with a lethal pentobarbital dose of 160mg/kg. The intra-peritoneal injection was
equally distributed in both flanks. The chest cavity was then opened, the heart exposed
and removed. Excess blood was removed before the heart before weights were
determined. To prepare the heart tissue for following analysis, all hearts were handled in
the same manner, as described in Figure 8. With a razorblade, a cut was executed to
separate the two atria together with the superior part of the ventricles from lower 2/3 of
the RV and LV. The segment Nr.1 was further dried off and embedded in Tissue Tek
(Sakura, Torrance, CA), frozen in a bath of dried ice and 2-Methylbutane (J.T.Baker®,
Pleasant Prairie, WI) and stored at -80°C. The segment (1) of the superior right ventricle
and left ventricle was prepared for further immunohistochemical analysis. As sample for
RNA sequencing the segment Nr.2, with a weight of 20-25mg, was dissected from the left
ventricle before shock-freezing in liquid nitrogen. The same freezing procedure was
followed for segment Nr.3, consisting of right ventricle, septum and left ventricle. Lung
tissue und skeletal muscle (m. gastrocnemius and m. tibialis anterior) were frozen and
conserved at -80 °C, for further analysis.
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Figure 8: Heart sections. 1 Heart base with both atria and upper half of the left and right
ventricle, 2 Left ventricle, 3 Left ventricle, right ventricle and septum. By Huebner T &
Deussen DN.

5.3.1. Light microscopy

For hematoxylin and eosin (HE) or picrosirius red staining frozen heart samples were cut
into 3-4um thick slices with a HM525 NX Cryostat (Thermo Scientific, Waltham, USA).
The slides were then fixated with zin-formalin (Anatech, Battle Creek, USA) and later
washed in deionized water. For HE cell nuclei were subsequently stained with Harris
hematoxylin (Sigma-Aldrich, Saint Louis, USA) and differentiated with 70% ethanol,
containing 120mM hydrochloric acid. The slides were then counterstained in alcoholic
eosin with Phloxine B™ (Sigma-Aldrich, Saint Louis, USA). For picrosirius red, after
postfixing the slides in saturated picric acid aqueous solution, slides were stained for one
hour in .1% sirius red F3B (Sigma-Aldrich, Saint Louis, USA) in saturated aqueous picric
acid solution. For both staining’s a dehydration followed before the slides were cover-
slipped with Permount Mounting Medium™ (both Thermo Scientific, Waltham, USA) and
then dried for 48h.

Images were viewed and pictures were taken with a BZ-X710 all-in-one microscope
(Keyance, El Segundo, USA).
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5.3.2. Transmission electron microscopy

For Transmission electron microscopy (TEM), two animals per group were selected on
the basis of the average values of contractile heart function (%FS). Hearts were prepared
for TEM as follows:

1. Hearts were transcardially-perfusion-fixed with 2% paraformaldehyde and 2.5% of
glutaraldehyde in 0.15M sodium cacodylate buffer (buffer pH 7.4).
1% osmium in 0.15M sodium cacodylate for 1-2 hours on ice.
5x10 minutes washed in 0.15M sodium cacodylate buffer followed by rinsing in
ddH20 on ice.
Incubated in 2% of UA for 1-2 hours at 4 °C.
Dehydration in ETOH: 50 %, 70 %, 90%, 2x100%. Each time 10 minutes on ice.
Next, samples were moved into dry acetone for 15 minutes at RT.
50:50 ETOH: Durcupan™ (Sigma-Aldrich, Saint Louis, USA) for 1 hour at RT.
100% Durcupan™ overnight.

i A
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On the following day, tissues were put into fresh 100% Durcupan™ for 1/2 day at RT.

In Durcupan™ embeded tissues were put in oven at 60 °C for 36 to 48hrs.

Ultrathin sections of 60nm were cut on a Leica (Wetzlar, Germany) microtome with a
diamond knife and stained with uranyl acetate and lead. Images were viewed with the FEI
Tecnai Spirit G2 BioTWIN Transmission Electron Microscope (at 80 kV) and captured
with a bottom mount Eagle 4k (16 megapixel) camera (Hillsboro, USA).

The protocol was developed by Ying Jones and the EM core at UCSD.

5.3.3. Weight ratios

To determine weight ratios heart weight (HW), body weight (BW) and tibia length (TL)
were measured. HW to BW is commonly used to confirm cardiac hypertrophy, normalized
to the animal’s body weight. To verify BW-independent increases in HW the HW to TL
ratio was employed.
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5.4. Echocardiography

Echocardiography procedures and calculations were described in detail in my M.Sc.
Thesis . Following is a brief overview for better understanding:

The Vevo®2100 (Visulasonics, Toronto, Canada) was used for echocardiography
(ECHO), the data was analyzed with the Vevo®LAZR System software v1.4.1.

For all mice, the first ECHO was completed before TAC (PRE) and followed with
consecutive measurements in a two-week interval, as described in study outline (Figure
3). At a heart rate of 550-620 bpm the systolic function was measured. Anesthesia was
obtained with 0.7-1.2% isoflurane and 1 L/min oxygen, via nosecone.

The number (n) of animals per group was 6-8 for echocardiographic measurements.
Measurements were obtained in B-Mode and M-Mode. Fraction shortening (FS), ejection
fraction and LV mean velocity of circumferential fiber shortening (Vcf) were calculated as
measurements of myocardial function. Further, wall dimensions in systole and diastole
were measured ¥7.

of LV hypertrophic response to TAC surgery.
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Table 5: Formulas of functional echocardiographic measurements. Left ventricular internal
dimensions in diastole (LVIDd), left ventricular internal dimensions in systole (LVIDs),
aortic ejection time (AET)

Functional measurement Formula
Fractional shortening LVIDd — LVIDs
%FS = [—]
LVIDd
Ejection fraction YUEF — LVIDd3 — LVIDs3 100
T LVIDd3
The LV mean velocity of circumferential fiber Vef = LVIDd — LVIDs
shortening ~ AET x LVIDd

5.5. Expression analysis

RNA extraction
RNA was extracted from frozen, 15-20mg LV samples, utilizing the Qiagen (Valencia, CA)
RNeasy® Fibrous Tissue Mini Kit. The companies’ standard protocol was followed:

e Add 10ul B-mercaptoethanol (B-ME), or 20ul 2M dithiothreitol (DTT), per 1ml Buffer
RLT before use.

e Add 4 volumes of ethanol (96—100%) to Buffer RPE for a working solution.

e Prepare DNase | stock solution. Dissolve the Iyophilized DNase | in 550ul RNase-
free water by injecting the RNase-free water into the vial using an RNase-free needle
and syringe. Mix gently by inverting the vial. Do not vortex. Store DNase | as single-
use aliquots at —20°C for up to 9 months or at 2—8°C for up to 6 weeks.

1. Heat water bath or heating block to 55°C.

2. Disrupt and homogenize < 30mg tissue in 300ul Buffer RLT using the TissueRuptor®,
TissuelLyser LT or TissuelLyser Il.

3. Add 590ul RNase-free water, then 10ul proteinase K, mix and incubate at 55°C for
10 min.

4. Centrifuge at 10,000 x g for 3min.

5. Transfer supernatant to new tube. Add 0.5 volumes of 96-100% ethanol, and mix.
Do not centrifuge.

6. Transfer 700ul of sample to RNeasy Mini column (in a 2ml collection tube). Close lid,
centrifuge for 15 s at 2 8000 x g and discard flow-through. Repeat step until complete
lysate is used.

7. Add 350ul Buffer RW1 to RNeasy column. Close lid, centrifuge for 15s at = 8000 x g
and discard flow-through.
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8. Mix 10ul DNase stock solution with 70ul Buffer RDD, add to RNeasy membrane and
incubate for 15min at 20-30°C.

9. Add 350ul Buffer RW1 to RNeasy column. Close lid, centrifuge for 15s at = 8000 x g
and discard flow-through.

10. Add 500ul Buffer RPE to RNeasy column. Close lid, centrifuge for 15s at = 8000x g
and discard flow-through.

11. Add 500ul Buffer RPE to RNeasy column. Close lid, centrifuge for 2min at = 8000x
g.

12. Place RNeasy column in new 1.5ml tube. Add 30-50ul RNase-free water, close lid
and centrifuge for 1min at = 8000 x g.

Source: www.qiagen.com/HB-0485 (RNeasy Fibrous Tissue Handbook)

RNA quantification

NanoDrop™ 3300 (Thermo Scientific, Walham, MA) was utilized to measure RNA purity
levels. Pure RNA has an A260/A280 ratio of ~ 2.1. Values of 1.8 — 2.1 were considered
to be of acceptable purity. Lower values indicate protein or DNA contamination. The
threshold for A260/A230 ratio was > 2.0, as lower values are regarded as contamination
with wash-solution or others. 1ul of RNA extract was used for NanoDrop™ RNA
quantification. After quantification all samples were diluted equally in RNase free water
and frozen at -80°C for further analysis.

RNA quality control
RNA integrity was checked by Agilent Bioanalyzer 2100 (Santa Clara, CA); only samples
with clean rRNA peaks were used for further experiments.

RNA sequencing

RNA sequencing was performed by QuickBiology (Pasadena, CA), according to their
standard protocol. Six to eight animals were analyzed per treatment group. The library for
RNA-Seq was prepared according to KAPA Stranded mRNA-Seq poly(A) selected kit with
300bp insert size (Wilmington, MA) using 250ng total RNAs as input. Final library quality
and quantity was analyzed by Agilent Bioanalyzer 2100 and Life Technologies Qubit 3.0
Fluorometer. 150bp paired end reads were sequenced on lllumina HighSeq 4000 (San
Diego, CA).
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5.6. Statistical analysis

GraphPad Prism® (La Jolla, CA) version 8.0 was used for statistical analysis of heart
weight ratios and echocardiographic measurements. All values are presented as means
* standard deviation (£SD). For parametric data the statistical analysis was performed
with unpaired Student’s t-test (2-tailed testing). For statistical analysis in experiments with
more than two groups we used an analysis of variance (1-way ANOVA) followed by a
Tukey's multiple comparisons test, when indicated.

Adjusted p-values are indicated as: * < 0.05, ** < 0.01, *** < 0.001, **** <0.0001.
RNA Sequencing statistical analysis

The sequencing reads were first mapped to the latest UC Santa Cruz transcript set using
Bowtie2 version 2.1.0 8 and the gene expression level was estimated using the RSEM
software (v1.2.15) ®°. Trimmed mean of M-values (TMM) was used to normalize the gene
expression. Differentially expressed genes were identified using the edgeR program %,
Genes presenting altered expression with p < 0.05 and more than 1.5-fold changes were
considered differentially expressed. Goseq '°! was utilized to perform the Gene Ontology
(GO) enrichment analysis and Kobas %% was used to make the pathway analysis. GO
provides a system of classifying genes to their assigned functional characteristics 3. GO
is used to cluster sets of genes and gene products depending on their function and
compare between treatment groups .

The volcano plot is a type of scatterplot that displays the extent of change (fold change)
versus the statistical significance (p-value). In this way it enables a quick way to identify
genes with large fold change and statistical significance '°*. The volcano plot is composed
by plotting the negative log of the p value on the y axis (base 10), data points with low p-
values appear toward the top of the plot. The x-axis of the plot is the log of the fold change
between the two conditions.

Heatmaps show gene expression of the high-throughput data using two dimensional
tables as shades of colors %, Green shows down-regulation in gene activity, red up-
regulations accordingly, color shades indicate the fold-change. Every row on the X-axis
represents a single animal.
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6. Results

6.1. Microscopy

6.1.1. Light microscopy - picrosirius red staining

Veh-Sham Veh-TAC

U50-TAC FIT-TAC

Figure 10: Overview of the left ventricle in picrosirius red staining, showing cardiac
fibrosis and hypertrophy. Dark red staining indicates areas of high collagen composition.
A. Veh-Sham, B. Veh-TAC, C. U50-TAC and D. FIT-TAC; Figure by Kopp EL and Deussen

DN.
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Veh-Sham

U50-TAC

Figure 11: Detailed view of collagen distribution through picrosirius red staining. Dark red
staining indicates areas of high collagen composition. A. Veh-Sham, B. Veh-TAC, C. U50-
TAC and D. FIT-TAC; Figure by Kopp EL and Deussen DN.

Left ventricles of TAC mice stained with picrosirius red show increased collagen

proportions compared to sham hearts. Myocardial collagen content in vehicle TAC was
higher than in ORA treated animals.
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6.1.2. Light microscopy - hematoxylin and eosin

Figure 12: Hematoxylin and eosin (HE) staining (4x) pictures comparing the structural
integrity of the heart. A. Veh-Sham, B. Veh-TAC, C. U50-TAC and D. FIT-TAC; Figure by

Kopp EL and Deussen DN.

The HE microscopic images showed a heart structure in U50-TAC that is closer to the
sham animals, than that of Veh-TAC or FIT-TAC. In comparison to the other two TAC
groups U50-TAC seemed to have less disrupted myocyte alignment and slighter fibrosis.
On first sight, it appeared that the hypertrophic response in U50 was more physiological.
These findings in the microscopic images were consistent with the maintained contractile
function (Table 3).
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DORA treatment (FIT-TAC) did not seem to have these positive structural benefits (D).
Therefore, for a better visualization, the following TEM chapter concentrates on U50 vs
vehicle comparison.

6.1.3. Transmission electron microscopy

Overview images of sarcomere structure

Veh-Sham Veh-TAC

®

Figure 13: TEM images 2900x, Sarcomeres of U50 vs vehicle treatment. A. Veh-Sham, B.
Veh-TAC, C. U50-Sham and D. U50-TAC; Figure by Kopp EL, Zemljic-Harpf AE and
Deussen DN.
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Transmission electron microscopy of heart samples comparing the structural integrity of
the left ventricle showed in U50-TAC a more physiological hypertrophy with intact
ultrastructure, compared to Veh-TAC.

Heart ultrastructure with mitochondria

Veh-Sham Veh-TAC

»

5 N
—— 500 nm

Figure 14: TEM images 9300x, mitochondria of U50 vs vehicle treatment. A. Veh-Sham, B.
Veh-TAC, C. U50-Sham and D. U50-TAC; Figure by Kopp EL, Zemljic-Harpf AE and
Deussen DN.

On further magnification at 9300x we compared mitochondrial integrity in the left ventricle
of our treatment groups. Mitochondria of U50-TAC looked more aligned and integrated
into the muscular structures compared to vehicle TAC.
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Endothelium and caveolae

Veh-Sham

A vE.

U50-SHAM U50-TAC

Figure 15: 9300x TEM images of A. Veh-Sham, B. Veh-TAC, C. U50-Sham and D. U50-TAC.
U50-TAC showed preserved endothelial cell (EC) caveolae when compared to Sham,
while Veh-TAC had a caveolae depletion in the EC. Figure by Kopp EL, Zemljic-Harpf AE
and Deussen DN.

10 weeks after TAC intervention U50-TAC showed more endothelial caveolae than its
vehicle treated counterpart. Veh-TAC displayed diminished caveolae formations
compared to sham operated animals.
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6.2. RNA sequencing

Gene Ratio: The denominator is the number of genes within the list, which are annotated
to the GO (Gene Ontology enrichment analysis) of interest. The numerator is the size of
the list of genes of interest.

Gene Count: The number of genes within that list which are annotated to the GO of
interest.

6.2.1. Veh-Sham vs Veh-TAC

The comparison of vehicle group TAC to group Sham showed a total of 487 up-regulated
genes (red) and 201 down-regulated genes (green). The volcano plot (Figure 16) gives
an overview of expression fold-change on the X-axis and the p-value on the Y-axis.

The heatmap shows the expression patterns of single animals in the two groups. Veh-
Sham in red and Veh-TAC in blue were displaying distinct patterns. With significant
alteration in 688 different genes a broad spectrum of functional and mechanistic changes
were induced by TAC surgery. KEGG pathway analysis was utilized to group the results
and relate them to known pathways.
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Color Key

Up regulated 487 genes

8- Down regulated 201 genes

-log10 p-value

log2 fold change

Figure 16: Genes showing altered (up / down) expression with p < 0.05 and more than 1.5-
fold changes were considered differentially expressed. Volcano plot of Veh-TAC / Veh-
Sham, with group p-value (-log10) on the Y-axis and fold change (log2) on the X-axis.
Heatmap of all expression-analyzed single animals in Veh-Sham (red) and Veh-TAC (blue);
up-regulated genes in red and downregulated in green.

Expression analysis showed robust alterations in the cellular components. Strongest
changes were found in the extracellular matrix and the proteinaceous extracellular matrix,
followed by changes of collagen expression and sarcomere levels.

Altered biological processes were angiogenesis, cell growth, ECM organization, changes
in circulatory processes and “regulation in the response to wounding including cytosine
binding”. Differences of molecular functions were glycosaminoglycan binding, growth
factor stimulation, action ECM and collagen binding, just to name a few.
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PI3K-Akt signaling pathway -

Human papillomavirus infection - .
Focal adhesion - .
ECM-receptor interaction = o
Protein digestion and absorption - o
Proteoglycans in cancer = (

Regulation of actin cytoskeleton =
Amoebiasis - ®
AGE-RAGE signaling pathway in diabetic comp... =
Relaxin signaling pathway - o
Small cell lung cancer - ®

Toll-like receptor signaling pathway - @

Hypertrophic cardiomyopathy (HCM)- @

Malaria- @

Central carbon metabolism in cancer- ¢
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Figure 18: Veh-TAC vs Veh-Sham. The Gene Ratio describes the number of genes within
that list which are annotated to the GO of interest. Shading indicates the p-value and circle

size accounts for the count of significantly altered genes.

Between Vehicle TAC and Sham the PI3K-Akt signaling pathway is a standout, as it was
highly significant (p < 0.0005), included the most altered genes (37) and showed the

largest changes in expression (Bg. ratio 356/8204).

The pathway “human papilloma virus infection” describes an altered expression of 30
genes (see below), that have been linked to this distinct pathology. Instead of a human
papilloma infection, it is a downregulation of Wnt-Fzd signaling and severe changes in

collagen expression.

(Cdkn1a/Col1a1/Col1a2/Col4a1/Col4a2/Col4a3/Coldad/Col6a1/Col6a2/Comp/Creb3l1/
Creb3I12/DvI3/Fn1/Fzd1/Fzd2/Itga11/ltga9/ltgb5/Lama3/Lamb3/Pik3r1/Ptgs2/Reln/Spp1/

Thbs1/Thbs3/Thbs4/Tnc/Traf3).
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6.2.2. US0-TAC vs Veh-TAC

The differences in expression between U50-TAC and Veh-TAC were less in number.
However, both groups have similarities through the adaptations to TAC. When comparing
US50-TAC to Veh-TAC only nine upregulated genes were found, together with 45
downregulated genes. The heatmap showed a less distinct profile and a higher
interindividual variance (U50-TAC in red, Veh in blue).

Color Key

Up regulated 9 genes

64 Down regulated 45 genes

-log10 p-value

log2 fold change
Figure 19: Genes presenting altered expression with p < 0.05 and more than 1.5-fold
changes were considered differentially expressed. Volcano plot of U50-TAC / Veh-TAC,
with p-value (-log10) on the Y-axis and fold change (log2) on the X-axis. Heatmap of all
expression-analyzed single animals in U50-TAC (red) and Veh-TAC (blue); up-regulated
genes in red and downregulated in green.
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Figure 20: GO enrichment analysis for U50-TAC versus Veh-TAC. Genes presenting altered
expression with p < 0.05 and more than 1.5-fold changes were considered differentially

expressed. Goseq "' was utilized to perform the GO enrichment analysis and grouped to
distinct biological, cellular or molecular processes. The number above the bars states the

amount of altered genes to a specific function.
GO enrichment displays changes in the response to cytokines and their production,
growth factor signaling and plasma membrane receptor complex formations.

The KEGG pathway analysis showed three pathways that differed between the groups.
First, the apelin signaling pathway (p < 0.05) with changes in Egr1 and Myl4 expression.

Second, a strong alteration in the HIF-1 signaling pathway (p < 0.02) including Angpt2
and Tfrc. And the third pathway detected was Ferroptosis (p < 0.005), with significant

changes in Slc39a8 and Tfrc expression.
to U50 Sham. The above-mentioned pathways are mapped and interpreted in the

The same three pathways were significantly altered when comparing the U50 TAC group
44
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Figure 21: Gene Ratio for U50-TAC vs Veh-TAC. The Gene Ratio describes the number of
genes within that list which are annotated to the GO of interest. Shading indicates the p-
value and circle size accounts for the count of significantly altered genes.

6.2.3. FIT-TAC vs. Veh-TAC

A total of 23 up-regulated genes and 75 down-regulated genes were found, when
comparing the effects of delta ORA treatment versus control (Veh-TAC). An alternate
activation pattern was detected especially in PI3K-signaling (Bg ratio 356/8204, p <
0.005). Changed gene ratios included downregulated Angpt1/Figf/Gng2/ltga4 and
Chrm2/Tnc upregulated in FIT-TAC.

In addition, IL-17 signaling was changed with up-regulations of Ccl2/Lcn2/Mmp3/S100a9
(p <0.001). Further the AGE-RAGE pathway (p < 0.01) with Ccl2/F3/Figf was significantly
altered.

Interferon related genes and angiopoietin were downregulated in FIT, when compared to
Vehicle. These changes are labeled as “basal cell carcinoma” (p < 0.05) with
downregulation of Wnt2b and Wnt5a.
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Up regulated 23 genes

Down regulated 75 genes

-log10 p-value

log2 fold change
Figure 22: Genes presenting altered expression with p < 0.05 and more than 1.5-fold
changes were considered differentially expressed. Volcano plot of FIT-TAC / Veh-TAC, with
p-value (-log10) on the Y-axis and fold change (log2) on the X-axis. Heatmap of all
expression-analyzed single animals in FIT-TAC (red) and Veh-TAC (blue); up-regulated
genes in red and downregulated in green.
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Figure 23: Gene Ratio analysis of FIT-TAC vs. Veh-TAC. The Gene Ratio describes the
number of genes within that list which are annotated to the GO of interest. Shading
indicates the p-value and circle size accounts for the count of significantly altered genes.
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6.2.4. US0-TAC vs FIT-TAC

We detected 11 up-regulated and 47 down-regulated genes when comparing U50-TAC
and FIT-TAC. The heatmap demonstrates that the FIT-TAC group in itself has a very
heterogeneous expression pattern. With two animals, S634 and S693, showed immense
alterations when compared to the rest.

-log10 p-value

Up regulated 11 genes

Down regulated 47 genes

log2 fold change
Figure 24: Genes presenting altered expression with p < 0.05 and more than 1.5-fold
changes were considered differentially expressed. Volcano plot of U50-TAC / FIT-TAC, with
p-value (-log10) on the Y-axis and fold change (log2) on the X-axis. Heatmap of all
expression-analyzed single animals in U50-TAC (red) and FIT-TAC (blue); up-regulated
genes in red and downregulated in green.
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Differences between the two groups were found in angiogenesis, regulation of cell growth,
cytokine signaling, MAPK signaling and ECM organization.

The standout pathways were PI3K-Akt / MAPK, HIF-1, cytokine-signaling and ECM-
organization.

PI3K-Akt signaling pathway - .
MAPK signaling pathway - .
Cytokine-cytokine receptor interaction = .
Focal adhesion - ' pvaLl':S
HIF-1 signaling pathway - .
0.010
Chemokine signaling pathway - O
0.005
Cell adhesion molecules (CAMs) - O
Influenza A - o
TNF signaling pathway - ] Count
e 2
IL-17 signaling pathway - O o
ErbB signaling pathway = O : ¢
5
Rheumatoid arthritis = O . 6
ECM-receptor interaction = @]
Longevity regulating pathway - multiple spe... - @}

Prion diseases - *

0.050 0.075 0.100 0.125 0.150
Gene Ratio
Figure 25: Gene Ratio analysis of U50-TAC and FIT-TAC. The Gene Ratio describes the
number of genes within that list which are annotated to the GO of interest. Shading
indicates the p-value and circle size accounts for the count of significantly altered genes.
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7. Discussion

7.1. Transverse aortic constriction

Vehicle TAC / Vehicle Sham

Pressure overload led to the induction of cardiac hypertrophy, as expected and
extensively described in the literature. As evaluated with echocardiography, a significant
hypertrophy of the septum and LV posterior wall was already established before treatment
start, two weeks after TAC surgery. Hypertrophy increased over the next weeks, in the
second half of the study period the average increase was blunted. Between the six- and
eight-week time points, half of the group showed %EF well below 40% (24-31%), giving
evidence for proceeding towards HF. The other half had ejection fractions above this
borderline, but markedly reduced when compared to sham. This half/half split has been
reported in earlier publications and can be explained by interindividual differences, slight
distinctions in ligation-tightness or probably a combination of both. Further, the discussion
of HFrEF vs. HFpEF, as mentioned above, could be resumed here. Interestingly, the Vcf
decline was more homogenous in the vehicle group, with all animals dropping below half
of the speed measured in sham.

Our RNA-seq data displayed strongest alterations in the PI3K-Akt signaling pathway,
when compared to Sham. Dysregulation led to detachment from physiological
adaptations. The need for a tight regulation of PI3K-Akt has been found to be essential in
homeostasis as well as in functional adaptation 196,

The TAC model showed strong alterations in focal adhesion, ECM and cytoskeleton
regulation, known as myocardial remodeling '°’. Changes were solid in Wnt-signaling,
known for its role in regulation of fibroblasts, collagen-formation and synthesis. The role
of the Wnt-Frizzled (Fzd) GPCR complex has been studied in hypertrophy and fibrosis,
in the development of Ml and arrhythmias and HF progression 1% 199 \Wnt signaling is
quiescent in adult myocytes '°° 110 but becomes reactivated in pressure overload induced
hypertrophy 1. Since 2010, interactions of Wnt-Fzd and opioid receptors have been
described, primarily with the mu OR. In preliminary experiments our laboratory has seen,
that the at least partly Wnt regulated connexin43 (Cx43) expression was reduced in TAC,
but not in ORA treated TAC. Wnt dependent Cx43 expression has been linked to
regulation of myocardial electrical stability and maintained heart function ''2. Stronger
activation of the AGE-RAGE pathway (advanced glycation end products) presented
evidence for an increased amount of reactive oxygen species, inflammation and
dysregulations in energy homeostasis '3,
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Since the new millennium, studies utilized microarrays to look deeper into hypertrophic
regulation, avoiding bias and with the chance to cluster gene-groups. Kong et al. '
compared an exercise hypertrophy group to a sedentary group (Dahl salt-sensitive rats
on low-salt diet) and a set of Dahl salt-sensitive rats on high-salt diet (develop pathologic
hypertrophy). The fourth group was a prolonged high salt diet, that progressed into heart
failure (decompensated hypertrophy). The microarray (Affimetrix Rat Genome U34A)
compared about 3000 genes, from which about 400 were altered in one or more of the
tested groups. In physiological hypertrophy these genes were regulating metabolism and
cell growth, for example the IGF/EGF signaling pathway. Whereas pathological
hypertrophy was associated with genes clustered for inflammation and cellular stress.
Common activation of both types were genes involved in cell growth, as shown in figure
26. The decompensated/HF group showed a similar, but stronger activation of the
clusters seen in pathological hypertrophy and additionally included apoptotic factors.
The above-mentioned mediators were confirmed to be of relevance by a group comparing
treadmill induced hypertrophy to maladaptive hypertrophy. In the exercise group no
upregulation of fetal genes, ANP or BNP was observed. Further markers of derangement,
including actin/myosin derailment, increased collagen expression or fibrosis marker,
could only be detected in pathological development ''°.

In physiological hypertrophy, insulin-like growth factor 1 (IGF1) acts via the IGF1 receptor
and activates downstream phosphoinositide-3 kinase (P13-K), Akt1 and later downstream
the mammalian target of rapamycin (mTOR) and the ribosomal S6 kinases (S6K) '°. IGF1
upregulations have been measured in athletes as well as patients with HCM 16 117_|n
pathological hypertrophy a Guq-PLCh-PKC activation has been described, triggered by
factors as noradrenaline, angiotensin Il and endothelin (ET)-1 .

With our TAC control group, we were able to replicate a well described phenotype and
show the validity of our model. Alterations in energy metabolism, heart structure and
increased stress were evident. With 89 significantly altered reads ECM remodeling and
changes in proteinaceous-ECM (77) were standouts in the GO’s cellular compartment.
Important biological processes found in 10wk post TAC were angiogenesis (41), cytokine
production (37) and cell growth (36).
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Figure 26: Physiological and pathological hypertrophy; adapted from Dornll et al. 2007.
By DN Deussen.

7.2. KORA - U50 treatment

US0 treatment was beneficial in pressure overload exposed mice.

After prolonged KORA treatment, we saw preserved heart function following TAC. The
magnitude of the hypertrophic response, following the ligation, was comparable to those
of vehicle and DORA treated animals. Heart weight/tibia length and extent of hypertrophy
measured by echocardiography were not different between the TAC groups. This
suggests that KORA does not reduce hypertrophy per se but may be impacting molecular
mechanisms that improve heart function. A prevention of hypertrophy has been only
described when isoproterenol (stimulus) and U50 (treatment) where administered
simultaneously 8 8. In a study comparing rat heart hypertrophy, induced either by
swimming exercise or spontaneous hypertension, a similar extent of hypertrophy was
found in both regimes. But only the hypertensive group displayed an upregulation of
neurohumoral pathways, translating the mechanical stress into pathological growth.
Including angiotensin converting enzyme (ACE), brain natriuretic peptide (BNP), beta-
adrenergic receptor kinase and the endothelin receptor 8.

The heart function of the KORA TAC animals did not decrease as observed in the vehicle-
treated TAC mice. Importantly at eight weeks after TAC, six out of the seven U50-treated
TAC animals showed no significant reduction in EF and FS, when compared to the sham
groups. After ten weeks the mean EF showed a slight downward trend. The only outlier
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displayed functional measurements comparable to those of the control group, with an EF
of 31.5% and an FS of 14.8%. Six of the seven animals benefited significantly from KORA
treatment and maintained functionality, while LV hypertrophy remained unchanged.
Previous research compared mice exposed to pressure overload induced hypertrophy by
TAC for one week, to a group of mice, subjected to four weeks of chronic swim exercise-
training. Both regimes resulted in cardiac hypertrophy, but with a significant difference in
cardiac morphology. For instance, an increase in interstitial fibrosis has been found only
in the TAC animals and not in the exercise group ''°. Interstitial and perivascular fibrosis
is a morphologic hallmark of different functional myocardial pathologies. The
accumulation of cardiac fibroblasts and extracellular matrix proteins creates mechanical
stiffness and, in this way, reduces the function of the heart. Furthermore the occurrence
of collagen-rich regions in the heart causes disruption of excitation-contraction coupling
between the myocytes, intensifying the reduction in cardiac contractility '?°. These
findings go alongside with our structural findings in TEM and histology described above
in chapter 6.1. In electron microscopy imaging mitochondrial integrity was preserved in
U50-TAC when compared to vehicle TAC. Recently a KOR activation has been linked to
mitochondrial fusion and thus delivering mitochondrial resistance to IR-injury in
cardiomyocytes 121,

To investigate the mechanism underlying the favored adaptation in our ORA treated mice
we utilized an RNA sequencing approach on left ventricular tissue. When looking at the
expression patterns of U50-treated TAC and vehicle-treated TAC there are far more
commonalities than differences. Cell growth, structural reorganization and changed PI3K
signaling seem to be induced by TAC surgery, but microscopy showed a structural
advantage in U50 treated TAC. With the RNA sequencing, distinctions were identified in
three mayor pathways: apelin signaling, HIF-1 signaling and iron handling, a response
that was selective to K-ORA treatment only.

HIF-1a

A decreased HIF-1a has been described in both aging and Hifla *~-mice '?2. The
reduction in HIF-1a came alongside with lowered expression of VEGF, ANGPT1,
ANGPT2, PGF and other angiogenic growth factors. In our model, we also observed a
distinctive regulation of this axis when comparing the U50-treated TAC to controls. As
described above, the tight regulation of vascularization goes hand in hand with the
function of the challenged heart. From our data we cannot conclude whether these
changes are creating the phenotype we are seeing, or if we only observe the results of
earlier adaptations in structure and vascularization. But the significantly higher expression

53



of above mentioned ANGPT2 in Veh-TAC and FIT-TAC provides further evidence of a
beneficial prognosis for U50 treatment in HF. In chronic HF patients ANGPT2 showed its
potential as a biomarker for the predictive one-year outcome, similar to pro-BNP 23,
HIF-1a deficient mice develop rapid HF with massive LV hypertrophy after TAC surgery
and are unable to regulate neovascularization and to maintain oxygen homeostasis '%4.
Pathways of HIF regulation have been described through transforming growth factor-f3
(TGF-B) via the canonical pathway through Smad2/3 and the non-canonical pathway
through MAPK (ERK1/2) '2°. Here, too, we see alterations between our groups, especially
when comparing KORA and DORA TAC. It seems that a tight regulation is essential to
maintain functionality and over- or underpowered pathway-activity is led to a loss of
function.

From data of a MI-injury model (LAD), Tong et al. proposed that the protective properties
of U50,488H were mediated through heme-oxygenase-1 (HO-1) via the PI3K-Akt-Nrf2
pathway 3. The regulation of KOR expression under hypoxia via HIF-1 has been
previously described 126, HIF-1 is further involved in iron metabolism, linking this alteration
to the enhanced expression of genes involved in iron homeostasis. This fits into the
picture of enhanced Oz supply and thus higher contractile potential in U50 treated TAC.
Iron depletion on the other hand has been described in HF, ‘linking’ anemia and adverse
prognosis 127,

HIF-1 regulates mitochondrial mass, as well as metabolism in the heart, distributing
resources and adapting to changing environments 2. The regulation of HIF-1 has been
further linked to the protective effects of IPC of the heart '2°.
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Figure 27: HIF-1 signaling pathway - Homo sapiens (human), copied on 22.10.2020 from:
https://lwww.genome.jp/kegg-bin/show_pathway?hsa04066

Apelin

To our knowledge we are the first to demonstrate KORA treatment influences the apelin
axis in heart failure. This provides further evidence for interactions of different GPCR’s in
the regulation of myocyte homeostasis, here in particular APL and KOR. As mentioned
above, apelin has been described to regulate KOR 30 131 Here we see first evidence that
this might work in both ways.

Alterations in apelin-pathway-signaling appear to be one of the main protective factors
that make the difference between the well performing KORA treated hearts and the
diminishing cardiac performance in the control group.

The apelin receptor itself is a seven transmembrane domain GPCR, with apelin as its
only known ligand. APJ has been found to be highly altered in left ventricle specimen from
heart failure patients '32. For the apelin pathway, vasoconstrictive, as well as vasodilative
effects, have been described depending on the model and utilized concentrations 133 134,
In cultured endothelial-cells, hypoxia provoked an upregulation of apelin mRNA and
protein levels, induced by the HIF pathway 3.
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Interestingly, expression of apelin and APJ were both induced by endurance exercise in
heart and vasculature. Sedentary spontaneous hypertensive rats (SHR) had significantly
lower apelin/APJ activity when compared to swim-trained SHR’s. Exercised rats showed
lower systolic blood pressure and BNP-mRNA but displayed no difference in myocyte
size. The data suggests that the apelin pathway may be involved in the positive effects of
exercise regimes on hypertension. Endurance training was able to maintain function,
showed superior clinical biomarkers, but did not reduce already established hypertrophy
136 In our study, pathological development seems to be disrupted and the hearts maintain
functionality, suggesting the potential for opioid receptor stimulation in cross activation of
physiological hypertrophy pathways. Our data contributes to the understanding of this
obviously important axis in cardiac regulation.

In a study by Rostamzadeh et al., apelin reduced mean arterial pressure and increased
contractile function in renovascular hypertensive rats (2K1C). The apelin effect was
achieved by a normalization of apelin receptor (APJ)-KOR heterodimerization '3' 137, This
heterodimerization through apelin treatment attenuated the elevated KOR response that
was induced by hypertension. Through the “fine-tuning” of APJ-KOR, a beneficial
recovery of ERK1/2 phosphorylation was accomplished. In a follow-up study by the same
group the pathway activation and consequently the outcome strongly depended on the
magnitude of the apelin stimulation 133,

In ageing, reduced levels of endogenous apelin have been described in humans and
rodents 38, The authors reported that muscle contraction induced apelin expression and
the release into circulation. This capacity is reduced in aging and sarcopenia. With
pharmacological apelin-based interventions, the group was able to enhance muscle
function through mitochondriogenesis, anti-inflammatory signaling and regulation of
autophagy.
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Figure 28: KEGG Apelin signaling pathway - Homo sapiens (human), copied on 22.10.2020

from:https://www.genome.jp/kegg-
bin/show_pathway?map=hsa04371&show_description=show

Transmission electron microscopy of hearts from U50-TAC further showed increased
numbers of caveolae in the endothelium. Migration of caveolin towards mitochondria has
been described as an adaption to cellular stress in the heart '3° 40, The increased
caveolae formation could be of advantage when it comes to energy supply of the enlarged
hearts. A KOR colocalization with Cav 1.2 has been described in rat heart '4'.

Apelin, HIF-1a, and caveolae formation have all been linked to stress adaptation in the
heart 142 143 139 These signaling pathways regulate neovascularization 44 145 vascular
tone 146 147 134 and energy metabolism in cardiovascular tissue #8 149 and may account
for the preservation and improvement in cardiac function we observed with kappa opioid
receptor activation in the TAC model. As described above, the changes we noticed in
U50 treated mice have been linked to exercise induced adaptation, combined with a
higher cardiac capacity. This may justify the assumption that KORA stimulation has
exercise mimicking effects.
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All these recent findings together with our experiments support a central role of the HIF-
1/Apelin/KOR axis in cardiac protection. Interestingly, all of the mentioned mediators
seem to be highly involved in physiological adaptation of the heart. This axis therefore
appears an attractive target for future cardiovascular drug development and disease
modification. Especially KORA might offer a new treatment toward enhanced heart
function that is based on physiological remodeling in the setting of pathophysiology.
Nalfurafine hydrochloride, a selective and potent KORA, has been found save to patients
in clinical trials, as i.v. and oral administration. The drug is KOR-specific and is currently
prescribed in Japan for pruritus treatment in patients with kidney disease or chronic liver
disease '°0. Safety data from real life clinical experience and the pathophysiologic rational
outlined above could help to fast-track pre-clinical studies on nalfurafine in other countries
and other diseases, especially HF 151 152,
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Figure 29: Hypertrophic response of the heart. When looking at our initial hypothesis we
can state that we were able to shift the pathologic hypertrophy towards a more
physiologically functioning adaptation with an exogenic opioid kappa receptor agonist.
Figure by Huebner T & Deussen DN.
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7.3. DORA - FIT treatment

The hypertrophic response in FIT-TAC did not differ from the other groups. In functorial
measurements DOR agonism stayed behind our expectations initiated through earlier
results on this topic, especially cardiac protection against I/R injury 7° 93, Patel et al.
demonstrated a co-localization of Cav-3 and DOR in protection of myocytes from
ischemic damage. Results in a LAD-dog model, showed that DOR and ROS signaling
were obligatory for IPC induced reduction in infarct size and arrhythmic events &. Further,
at least partially exercise induced cardio protection has been linked to DOR activation 2.
In a rat exercise plus Ml model a pharmacological blockade of DOR abolished the
exercise induced reduction in infarct size.

Results of the echocardiography showed a split in our DORA group starting at treatment
week two (4wk post TAC) and this trend continued until the endpoint measurement. Here
three animals showed an EF between 24% and 42% and the other four between 54%
and 77%. Some animals were performing not worse than the Sham or U50-TAC, but
some were already on the path towards HF. We can only speculate that possibly the dose
(p.24) applied was just on the verge of the therapeutic margin needed to treat. Hence,
only some animals appeared to benefit from DORA treatment, with preserved heart
function after 10 weeks of TAC.

The heterogenous response rendered the interpretation of the RNA-seq data prone to
error, since some animals were already showing signs of HF and others were still
performing well. Thus, it will be necessary to distinguish the differences within the FIT-
TAC group, before comparing it to the other treatment groups. DORA treatment in
cardiovascular diseases has shown promising results, as discussed in chapter 3.3.3., but
in the dosage we tested, the delta opioid agonist FIT was not able to induce similar
favorable effects as the above discussed KORA.

7.4. Limitations

The RNA sequencing results of our model linked together KOR-HIF-1-Angpt2-MAPK-
PI3K-Apelin in the adaptation to pressure overload induced LV hypertrophy for the first
time. This shows not only how valuable sequencing approaches are, but also how limited
the understanding of the myocardial response to stress and its finetuned adjustments still
is. We need novel algorithms and integrated models to analyze the new “flood of data”
and see that one pathway is not independent from another, getting closer to the
complexity in vivo 194 195,

Our study investigated the long-term physiological function together with the RNA
expression patterns at a late point in the disease model. It would be of great interest to
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see the dividing factors of ORA and vehicle treated animals immediately after treatment
start. Transcription differences might be detectable already hours to days after drug
administration. Identifying these early players could help to understand and utilize ORAs
and pave the way to long lasting cardiac protection. Our study has shown a beneficial
effect by early and continuous treatment in pressure overload challenged hearts. For the
future it would be interesting, if a substitution preceding pathological adaptation might
offer cardiac protection. To clarify these issues, we already started working with a cell
model to further study the early timepoint changes. Therefore, we utilized C2C12 (mouse
myoblasts) and H9C2 (rat neonatal cardiomyoblasts) cell cultures and induced
hypertrophy with isoprenaline. In this way we will be able to study the immediate changes
that the ORA treatment induces. With the results of two different cell lines, we aim to
support our in vivo results and get closer to the cardioprotective mechanisms behind
opioid receptor signaling. Utilizing the cell culture approach, we further want to detect the
pathways that the KORA triggers in contrast to DORA. Additionally, we wish to answer if
the KORA effects were specific in our model or if the DORA was just underdosed. With
the above-mentioned promising effects of DORA in ischemia reperfusion injury we want
to investigate this closer before discarding DORA treatment as a possible future drug
treatment in heart failure.

A potential limitation is the homogeneous population of only male mice. As long-term
clinical observations and recent research indicates, it may be misleading to extrapolate
the effects to the opposite sex 196 157, But as a starting point, we wanted to compare our
results to earlier studies on the topic, that were almost exclusively executed with male
laboratory animals. Already in 1994, the US National Institutes of Health (NIH) published
a guideline for the study of sex-difference in medical research and 2014 the directors of
the NIH specified it to aim for “balanced sex in cell and animal studies” '°8. The U.S.
Government Accountability Office has reported that eight out of ten withdrawals of
approved drugs have been related to the greater health risks and adverse events for
women '%°. This causes great health risks for more than half of our population as well as
great costs for the healthcare systems, which could and should be halted in the future by
including gender-equality in research.
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8. Conclusion

Heart failure is a global health issue and endpoint of different cardiovascular diseases.
Models of pulmonary artery hypertension and myocardial reperfusion-injury have shown
beneficial effects of treatment with opioid receptor agonists.

We were able to show that ORA administration has protective long-term effects on heart
function in pressure overload induced LV hypertrophy in mice. Kappa opioid receptor
activation after TAC was able to maintain contractility and fraction shortening, comparable
to sham-operated animals. The TAC induced hypertrophic response of the heart was not
reversed by ORA treatment, but function was maintained. A treatment start, after cardiac
hypertrophy has already been manifested, mimics the real-life situation of patients with
CVDs.

The positive effect that endogenous opioids accomplish in exercise adaptation was
achieved in this study with the KORA U50,488H, counteracting the stressful stimuli and
preventing diminishing function. Delta opioid agonism (FIT) showed a more diverse effect,
with part of the group benefiting from treatment and others failing comparable to vehicle
treated TAC.

Transmission electron microscopy revealed preserved myocardial structural integrity and
enhanced endothelial caveolae formation in the US50 TAC, indicating plausible
mechanism for enhanced functionality.

According to the RNA-sequencing results, the apelin and HIF-1 pathways might play a
role in the functional advantage of KORA. From our data at 10wk endpoint we cannot
conclude what were the initial drivers of this favorable shift toward preserved function.
These promising results should encourage further research on the beneficial effects of
opioid receptor stimulation and highlights that exercise associated effects in myocardium
may reveal new protective mechanisms.

Based on our results, KORA treatment might offer a new treatment option in pressure
overload triggered pathologic cardiac hypertrophy by inducing “exercise-like” adaptations.
With a safe and potent KORA (nalfurafine hydrochlorid) available, the chances are high
that KORA treatment in heart failure can be tested in clinical trials in the foreseeable
future. This could offer patients and clinicians new opportunities to preserve physical
performance.
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