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Abstract

Oxidative stress plays a significant role in the development and progression of various
pathologies. In heart failure, a leading cause of death worldwide, oxidative stress is
associated with multiple risk factors, such as diabetes and metabolic syndrome. Heart
disease in various stages can be linked to disrupted and abnormal metabolism in

cardiac cells.

In order to address the crosstalk of aberrant metabolism and alterations of the
myocardial redox state correlated with oxidative stress and heart failure, differentially
treated hSC-derived cardiac organoids (cardioids) were subjected to parallel mass
spectrometry-based redox metabolomic and quantitative proteomic analyses. The
impact of glucose availability and oxygen levels on the redox environment was within
homeostatic range based on the adaptive abundance of antioxidative enzymes specific
to increased glycolytic flux or mitochondrial activity. Cardioids displayed distinct
changes in the expression of proteins involved in collagen synthesis and modification,
stress-mediated extracellular matrix remodelling, lipid metabolism and ion transport,
as previously observed in preliminary data in the tissue of failing hearts. Additionally,
metabolic alterations in response to hypoxic signalling further illustrate the impact of

local oxygen concentrations on cellular activity.

Results further disclosed the embryonic metabolic phenotype of the cardioid model.
With glycolysis appearing to be the preferred catabolic pathway compared to fatty acid
oxidation and high glucose levels being very well tolerated, further in vitro models for
investigating nutrient-driven redox signalling were explored. In efforts to improve the
translational ability of AC16 proliferating human cardiomyocytes, a collection of
differentiation media was designed and evaluated. RT-gPCR analysis of AC16 cells
cultured in a defined, serum-free bovine serum albumin/lipid concentrate medium
revealed an improved phenotype as per increased gene expression of multiple
cardiomyocyte-specific markers (ACTN2, TNNTZ2, TNNI3). Additionally, results
indicate changes in gene expression as early as after 48 h of treatment. A maturation

protocol building on these results has since been implemented.

Further elucidation of the intricate pathomolecular events in heart failure will require
patient-derived samples and utilization of cardiac in vitro models appropriate to their
respective translational ability to drive the discovery and validation of novel strategies

in diagnosis and treatment.
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Kurzfassung

Oxidativer Stress spielt eine wichtige Rolle bei der Entstehung und dem Fortschreiten
verschiedener Krankheiten. Bei Herzinsuffizienz, einer der haufigsten Todesursachen
weltweit, wird oxidativer Stress mit mehreren Risikofaktoren wie Diabetes und
metabolischem Syndrom in Verbindung gebracht. Herzkrankheiten in verschiedenen
Stadien konnen weiter mit einem gestorten Stoffwechsel in den Herzzellen in

Verbindung gebracht werden.

Um die Wechselwirkung zwischen anormalem Stoffwechsel und Veranderungen des
Redoxzustands des Herzmuskels zu untersuchen, wurden unterschiedlich behandelte
hSC-Herzorganoide (Kardioide) massenspektrometrischen Redoxmetabolom- und
quantitativen Proteomanalysen unterzogen. Die Auswirkungen des Sauerstoffgehalts
und der Verfugbarkeit von Glukose auf das Redoxmilieu lagen im homdostatischen
Bereich, basierend auf der adaptiven Haufigkeit antioxidativer Enzyme, die jeweils
spezifisch fur einen erhéhten glykolytischen Fluss oder mitochondriale Aktivitat sind.
Kardioide wiesen deutliche Veranderungen in der Expression von Proteinen auf, die
an der Kollagensynthese, dem stressvermittelten Umbau der extrazellularen Matrix,
dem Lipidstoffwechsel und dem lonentransport beteiligt sind, wie dies bereits in
friheren Untersuchungen beobachtet wurde. Darliber hinaus verdeutlichen
Adaptionen des Stoffwechsels in Reaktion auf hypoxische Signale die Konsequenzen

lokaler Sauerstoffkonzentrationen.

Die Ergebnisse zeigten weiter den embryonalen Stoffwechselphanotyp des
Kardioidmodells auf. Da die Glykolyse im Vergleich zur Fettsdureoxidation metabolisch
praferiert wird und hohe Glukosespiegel toleriert werden, wurde nach alternativen in
vitro Modellen zur Untersuchung der nahrstoffabhangigen Redox-Signallibertragung
gesucht. In dem Bemuhen, die Translationsfahigkeit von AC16 menschlichen
Kardiomyozyten zu verbessern, wurden eine Reihe von Differenzierungsmedien
evaluiert. RT-gPCR-Analysen von AC16-Zellen, die in einem definierten, serumfreien
Rinderserumalbumin/Lipidkonzentrat-Medium  kultiviert wurden, ergaben einen
differenzierteren Phanotyp entsprechend einer erhdhten Genexpression mehrerer
kardiomyozytenspezifischer Marker (ACTNZ2, TNNTZ2, TNNI3). Dartber hinaus
konnten Adaptionen bereits nach 48 Stunden identifiziert werden. Resultate wurde
inzwischen implementiert. Weitere Aufklarung der komplexen pathomolekularen

Vorgange bei Herzinsuffizienz werden geeigneten in vitro Herzmodellen erfordern.
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1 Introduction

1.1 Heart Disease and The Molecular Aspects of the Failing Heart

Chronic heart disease and cardiac events are of most concern for modern medical
sciences and represent an enormous global burden on public health. They possess
great complexity and variety in underlying causes, pathology and accompanying

symptoms.’

The great intricacy of the human heart can be illustrated by the current understanding
of at least 400 genes involved in regulating heart cell development. Key regulators of
gene expression, such as the transcription factors Nkx2.5, GATA, Mef2C and Tbx5,
seem to be at the core of controlling both cardiac development as well as homeostasis
in the adult and ageing organ. The mammalian heart is dynamic, and adaptive
processes such as cardiac hypertrophy happen during heart development and in

response to physiological and pathological stimuli.? 3

In health and under normal physiological conditions, the heart is able to respond to
stress by short-term adaptations in gene regulation of heart cell function to restore
homeostasis. Compensation may be impossible if the stressor is too potent or
persistent. Cellular responses might be insufficient or improper, especially if an already

compromised or predisposed organ is put under additional strain. 4

Diseases of the heart affecting children are primarily of congenital origin. Heart
diseases in adults can briefly be categorised into cardiovascular diseases (CVD),
degenerative dilated heart diseases, and cardiac arrhythmias. Adult pathologies can
be acquired (e.g., lifestyle factors) or caused by genetic defects. In the majority of
cases, the causes are neither of purely genetic nor lifestyle origin but constitute

diverse, and most often multiple, underlying pathophysiological mechanisms.5 ©

Impaired heart function is the leading cause of death globally, representing 32% of all
deaths in 2019, according to the World Health Organization (WHO) reports. Possible
underlying conditions include coronary heart diseases, e.g., atherosclerosis of the
coronary arteries or, most acutely, myocardial infarction (MI). Additional causes are
hypertension (persistent high blood pressure), heart valve damage, conditions
affecting the heart muscle (cardiomyopathies) and arrhythmias (e.g., atrial fibrillation),

among others.% 7
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The different forms of congenital heart disease can manifest in, e.g. arrhythmias and
anatomic abnormalities of the heart, and are thought to only constitute 1% of all heart
disease cases. Genetic predisposition, however, plays a significant but varying role in
the development of all forms of heart disease. The primary risk factors originate from
comorbidities and lifestyle (see Figure 1). Those include obesity (dyslipidaemia and
inflammation), alcoholism, smoking, hyperthyroidism, pulmonary hypertension,

(untreated) diabetes mellitus, autoimmune diseases, infections (bacterial or viral

endocarditis) and anaemia.5-8

CVD Burden Attributable to Modifiable Risk Factors

1990 Rank 2019 Rank

1. High systolic blood pressure 1. High systolic blood pressure
2. Dietary risks 2. Dietary risks

———— 5. High body-mass index
6.Highbody-massindex  eeesi——"

I Vetabolic risks [ Environmental/occupational risks I Behavioral risks

8. Kidney dysfunction 8. Kidney dysfunction

10. Other environmental risks

Figure 1. Listed above is the global comparison of the rankings of modifiable (i.e., lifestyle) risk factors
attributable to CVD (cardiovascular disease) in 1990 (left) and 2019 (right). The impact of the individual
risk factors further varies based on location and other demographics (e.g., age, income, ethnicity, and
education). The diverse underlying mechanisms of CVD and heart disease are tightly connected and
typically result from the synergistic effect of multiple risk factors driving the pathogenesis and
progression of the disease. lllustration by Roth, G.A. et al. used with permission by Elsevier B.V.®

Heart failure (HF) happens once the organ fails to sufficiently pump blood through the
circulatory system. The main pathophysiology of HF can be described as a reduction
in the efficiency of the cardiac muscle through overloading or damage. Once heart
disease has developed, its progression and acute cardiac events will result in the
remodelling of the heart over time. A cardiac infarction can cause a significant loss of
the myocardium (heart muscle) due to oxygen starvation and compensatory
overgrowth of fibroblasts. Associated increases in ectopic calcification, and the
resulting stiffness of coronary arteries and heart valves, further reduce cardiac blood

flow and pump function of the weakened organ.”®
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Other causes of HF affect cardiac output and the total workload of the heart muscle as
well. Conditions such as cardiac amyloidosis result in additional stiffness due to the
deposition of misfolded proteins in the heart muscle. Hypertension, on the other hand,
increases the force of contraction needed to pump blood and asserts additional
ventricular wall stress. As the strained cardiac muscle becomes over-stretched and
stiff, contractions become less efficient due to a reduced ability of actin and myosin
filaments to cross-link. The organ must work harder to meet the regular metabolic
demand, and the amount of potential cardiac output in situations of increased oxygen
demand (i.e., exercise) is reduced. This intolerance to exercise and overall exhaustion

is commonly observed in patients with HF .45 10

Reduced ventricular ejection fraction can most often (but not invariably) be observed
in heart failure. Left ventricular ejection fraction (LVEF) is a common descriptor as it
indicates the effectiveness of pumping blood into systemic circulation. LVEF is
generally between 55 and 70% in healthy individuals and worsens as the disease
progresses. Life-threatening conditions are described with LVEF below 40%, with

acute Ml causing a LVEF of well below 35%.7 '

Most heart diseases are progressive, and heart failure is a long-term condition that
gradually worsens over time. Heart failure will ultimately lead to cardiac arrest. The
condition can develop quickly (acute heart failure) or gradually over weeks to months
(chronic heart failure). While heart failure can occur at any time, it is most common
among older people. Medical attention does not allow for a cure, but the progression
can be stunted, and the symptoms can be managed for years or even decades.
Treatment options depend on the individual and include the modulation of associated
risk factors by lifestyle changes to slow disease progression and prevent the
reoccurrence of cardiac events. Additionally, pharmacological intervention, bypass
operation and the implantation of a pacemaker or a ventricular assist device (VAD) are

commonly practised.? 12

Patients generally require lifelong medical care, and currently, the only way to fend off
the endpoint of the disease, death, is heart transplantation. Novel and formerly
promising interventions like regenerative stem cell therapy have not been proven
beneficial so far. The human heart indeed constitutes a small number of cardiac stem

cells and adult cardiomyocytes can re-enter the cell cycle (0.5 to 1% per year).'?-14
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However, heart cells are not capable of asserting regenerative effects to repair defects
by proliferation. Adult stem cells have also not been shown to participate in
cardiomyocyte generation. Novel developments suggest that stem cell therapy may
assert a small, positive paracrine effect that aids in the recovery of LVEF. Despite
multiple small animal models revealing mechanisms for successful heart regeneration,
no therapeutically introduced cell type was shown to significantly increase the patient's
quality of life after acute MI or in the course of dilatative cardiomyopathies (DCM).
Cardiac stem cells (CSCs) have not been shown to be superior to supportive bone
marrow cell (BMC) therapy in large animal models or human studies. Hence alternative
strategies should be evaluated. Advancing the current understanding of
pathomolecular mechanisms is of most importance to increase the pool of viable

diagnostic and treatment options.™#-17

1.1.1 Cardiac Remodelling Alters Cellular Function

As already stated, physiological and pathological compensation strategies of the
human heart occur to preserve homeostasis and contractile function (Figure 2).
Physiological adaptation may, at first, include cell growth and increases in
angiogenesis, energy efficiency, protein synthesis and quality control, autophagy, and
antioxidant generation. Depending on the stimuli, and as the responses transpire to be
insufficient, disease onset and progression will follow. This adaptive process will
transition to HF through pathological remodelling. The distinct maladaptation in cardiac
cells may result in fibrosis, altered sarcomere structure, impaired Ca?* handling,
induction of fetal gene programming, mitochondrial dysfunction, disbalance in reactive
oxygen and nitrogen species (RONS; see 1.1.2), metabolic reprogramming (see
1.1.1.1) and cell death.'® 19

While there are many specific components to cardiac remodelling in the various forms
of heart disease, the further focus will be on characteristic functional and structural
adaptions in patients of heart failure with underlying cardiomyopathy. Cardiomyopathy

describes a heterogeneous group of diseases affecting the heart muscle.> 20

Cardiomyopathies caused by genetic mutations are grouped into the morphological
subtypes DCM, hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy
(RCM), left ventricular noncompaction cardiomyopathy (LVNC) and arrhythmogenic
right ventricular cardiomyopathy (ARVC; characteristic myocardial substitution by
fibrofatty tissue). HCM (prevalence of 1:500), ARVC and LVNC are considered

4
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dominantly congenital, while DCM (prevalence of 1:2500) and RCM are thought to
have genetic and acquired components in pathogenesis. DCM, the leading indication
for heart transplantation, is characterised by the heart becoming enlarged and unable
to effectively pump blood. Beside genetic origin, causes include complications during
pregnancy, toxins, substance abuse and certain infectious diseases. Hypertension and

coronary artery disease may play a role but do not primarily drive pathogenesis.?% 2

Normal adult
heart

Physiological stimuli Pathological stimuli

Preserved or mildly Compensated, preserved HFpEF
enhanced cardiac function contractile function 1

Mitochondrial
dysfunction and Heart Failure
cell death »

Mechanical
unloading

Maladaptive remodelling HFTEF J
and reduced contractile
function

Figure 2. Overview of physiological (i.e., during endurance training and pregnancy) and pathological
adaptations of the heart trying to preserve homeostasis and contractile function. Physiological signalling
pathways in homeostasis may assert an antagonizing effect to pathological cardiac remodelling and
dysfunction. In the example of cardiac hypertrophy in endurance athletes (left), the heart can return to
its original dimensions after relief from the stimulus (not shown). In pathology (right), e.g., after Ml, a
reduction in left ventricular chamber dimension and cardiac output is compensated by increased wall
thickness. Progression in disease will result in further maladaptation in cardiac cells and ultimately in
heart failure with preserved or reduced ejection fraction (HFpEF and HFrEF, respectively). Acute and
long-term clinical strategies to achieve left ventricular unloading (e.g., by mechanical circulatory support)
are possible and might reverse some aspects of remodelling.?? lllustration adapted from Nakamura, M.
et al. used with permission by Springer Nature Limited.'8

Acquired forms of cardiomyopathy include conditions caused by significant physical
(Takotsubo syndrome) or emotional stress (broken heart syndrome), or myocarditis
(inflammation and injury of the heart tissue in part due to infiltration by different types
of leukocytes). Ischemic cardiomyopathy (ICM) is formally not included in these
classifications as it is a direct consequence of another cardiac pathology. This leading
cause of sudden cardiac death predominantly occurs in patients with a history of acute
MI or coronary artery disease. As indicated by the nomenclature, the disease is
accompanied by local anaemia and oxygen deprivation due to obstruction of the blood

supply. Ischemia drives myocardial remodelling, tissue damage and cell death.?°
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1.1.1.1 Metabolism in Cardiac Health and Disease

The heart is constantly consuming a variety of energy substrates for ATP (adenosine
triphosphate) production to fuel life-long contractions and deliver oxygen and blood to
the rest of the body.?3

Cellular uptake of glucose from the bloodstream by cardiomyocytes is mainly mediated
by the class | glucose transporters GLUT1 (solute carrier family 2, facilitated glucose
transporter member 1; SLC2A1) and GLUT4 (SLC2A4). Whereas GLUT1 is widely
distributed in fetal tissues and erythrocytes, it is also responsible for insulin-
independent basal glucose uptake in most cell types. Cellular glucose levels inversely
regulate the number of transporters in the cell membrane. GLUT1 upregulation is
characteristic in many forms of cancer. GLUT4 is primarily expressed in adipose and
striated muscle tissue, including skeletal and cardiac muscles. GLUT4 is responsible
for insulin-regulated glucose uptake and storage. As insulin binds the insulin receptor
and activates the signal transduction pathway, cellular translocation of GLUT4 proteins
(stored in transport vesicles inside the cell) to the plasma membrane is facilitated.
While basal glucose uptake and GLUT1 are especially important in the cardiac muscle,

GLUT4 is still believed to be the primary transporter.'% 24

The fate of glucose inside the cardiomyocyte after uptake can be seen in Figure 3. It
depends on multiple layers of crosstalk among metabolic pathways and cellular state
of energy, and substrate availability. While glycolysis is the most important route for
cellular glucose metabolism, it (and glucose metabolism overall) only contributes little
to the overall ATP production in the healthy heart. Still, pyruvate, NADH (reduced form
of nicotinamide adenine dinucleotide) and ATP are substantial yields from this
pathway. Glycolysis-derived ATP is tightly coupled with maintaining contractile
function. Pyruvate can be used to form alanine or be reduced to lactate. In the case of
regular glucose oxidation, pyruvate will ultimately form acetyl-CoA by pyruvate
dehydrogenase (PDH), fuelling the tricarboxylic acid cycle (TCA) and oxidative
phosphorylation (OXPHOS) inside mitochondria.?® 26

Glycolysis is governed by the key enzymes hexokinase (HK), phosphofructokinase
(PFK) and pyruvate kinase isozymes M1/M2 (PKM), all catalysing irreversible
reactions. Further regulation is asserted by substrate concentrations, hormones and

oxygen availability.®
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Figure 3. The fate of cellular glucose after uptake involves multiple metabolic pathways inside the
cytosol and mitochondria. Glucose may be phosphorylated to glucose 6-phosphate (G6P) via
hexokinase (HK) activity or be converted to sorbitol in the polyol pathway (see 1.1.2). Glucose 6-
phosphate may enter glycolysis, the pentose phosphate pathway (PPP; see 1.1.2) or the hexosamine
biosynthetic pathway (HBP). Glucose will either be utilized as a substrate for ATP production or a
building block. ATP and the phosphocreatine system fuel contraction. AGEs indicate advanced glycation
end products. ETC indicates the electron transport chain. GPI indicates glycosylphosphatidylinositol.
PCr indicates the phosphocreatine system. PDH indicates pyruvate dehydrogenase. Pi indicates
inorganic phosphate. lllustration adapted from Lopaschuk, G.D et al. with permission by Wolters Kluwer
Health, Inc.9. 25

Heart disease in various stages can be linked to disrupted and abnormal metabolism
in cardiac cells. While healthy mature cardiomyocytes primarily rely on fatty acids (FA)
as an energy substrate, with beta-oxidation and mitochondrial activity tightly
synchronised, impaired cardiomyocytes during pathological remodelling may show
reduced fatty acid oxidation (FAO) and instead rely on glucose as fuel (see Figure 4).
The increasing glycolytic phenotype in the onset of heart disease is proposed as a
protective response against further cardiac injury. Increases in glycolysis may be the
consequence of elevated intracellular free AMP (adenosine monophosphate) levels
associated with pressure overload. Subsequent signal transduction by AMP-activated
protein kinase (AMPK) leads to upregulated synthesis of fructose 2,6-bisphosphate by
PFK2 activation by phosphorylation, downstream activation of PFK1 and glucose
transporter (GLUT4) migration to the membrane. Further activation is asserted by ADP
(adenosine diphosphate), whereas ATP, NADH and citrate (TCA overflow) exert an
inhibitory effect. Failure to increase glycolysis in this way has been shown to elevate

disease progression and fibrosis in transgenic animal models.'® 27-29
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However, prolonged activation of the glycolytic phenotype may result in
decompensation, induction of pathological hypertrophy, and progression of HF. The
adaptive increase in glycolysis may not be matched in glucose oxidation and lead to
an uncoupling between substrate uptake and oxidation. Preservation of or increases
in FAO have also been observed in cardiac hypertrophy. The rate of glycolysis may be
modulated by elevated FAO through the inhibition of PFK1 and the development of
insulin resistance. GLUT4 translocation is reduced in the insulin-resistant heart, and
metabolic flexibility is subsequently impaired. FA utilization may consequently be
upregulated in the case of diabetic cardiomyopathy. Dysregulated energy metabolism
can lead to impaired ATP synthesis and thereby advance the development of heart

failure.30-32

Alterations in glycolysis and glucose, lactate, long-chain fatty acid (LCFA), ketone, and
amino acid (including branched-chain amino acids; BCAA) utilization differ between
physiological stimuli and disease state. E.g., exercise-induced acute suppression of
PFK activity and glycolysis are followed by increased glycolytic activity in the recovery
stage. Regular exercise may therefore be essential for maintaining metabolic flexibility

and compensatory adaptions in physiological ranges.3% 33
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Figure 4. lllustration of the central hypothesis of energy metabolism in the healthy (left) and failing (right)
heart. Listed as well are the downstream effects of aberrant metabolism and oxidative damage.
However, specific time points and events in the progression of heart disease may show distinct
alterations in glucose and fatty acid utilization in both ways.19 34

Cardiac ischemia leads to inadequate oxygen supply and improper metabolic waste
removal. Insufficient oxygen reduces the capacity for FAO, leading to increased
dependency on glycolysis and glucose uptake. Upregulated glycolytic efflux has been
shown in mild ischemia, whereas severe obstruction of coronary blood flow ultimately

decreases glucose uptake. Increased glycolysis in severe ischemia could disturb ionic



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

homeostasis, affecting contractile function. In addition, elevated lactate levels would
further contribute to the uncoupling of glucose oxidation and myocardial injury.
Restoring blood flow (reperfusion) is the most promising approach for mitigating
cardiac damage. However, reperfusion injury may occur due to increased glycolytic
efflux without the ability to adequately increase glucose oxidation. Analogously, an
overload in intracellular Ca?* and Na* could further impair contractility. Reperfusion
increases FAO, further downregulating glucose oxidation and promoting the
uncoupling to glycolysis. Temporary suppression of FAO may be viable in countering
reperfusion injury and preserving homeostasis in myocardial energy metabolism.?5 35

The uncoupling of glycolysis and glucose oxidation has been indicated to play a
significant role in the early pathogenesis of HFpEF. Restoration of the coupling may
therefore provide novel treatment options. Reduction in FAO has only been shown in
the later stages of disease and not in the onset of HFpEF. The currently available data
suggest that reduced FA utilization plays a significant role in the later and end stages
of HF. Modulation of metabolic pathway use by inhibiting FAO and thereby promoting
glucose oxidation is proposed as a therapeutic option in treating (earlier stage) HF and

ischemia/reperfusion (I/R) injury.19. 36

Different approaches have been explored, including inhibiting FA uptake into
mitochondria by modulation of carnitine palmitoyltransferase 1. Suppression of FAO
can also be achieved by the inhibition of 3-ketoacyl-CoA thiolase, the last enzyme in
B-oxidation. Furthermore, infusion of glucose-insulin-potassium (GIK) reduces
circulating levels of FA, promotes glycolysis and helps to electrically stabilize the
myocardial cell membrane. While initial promising results have been achieved, clinical

consistency and safe usage remain to be validated.?6 36. 37

While studied significantly less, additional pathways of glucose metabolism have also
been linked to cardiac pathology. HBP and O-GlcNAcylation may assist the unfolded
protein response (UPR) in accommodating metabolic fluctuations in heart disease and
I/R injury. Additionally, cardiac glycogenesis and glycogenolysis support steady energy
production and may play a critical role in managing glucose efflux and calcium

homeostasis.3840

In conclusion, HF can be associated with profound metabolic remodelling, affecting
contractility not only by changes in substrate utilization but also protein quality control,

ionic balance, autophagy and redox homeostasis. Increased utilization of one
9
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particular fuel may not be harmful if the metabolic shift is balanced and the ATP
demand of the cardiac muscle is met. Restoring metabolic flexibility and substrate
oxidation may be essential in preventing disease progression and treating acute

cardiac events.3°

1.1.2 Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress plays a major role in various pathologies. In heart disease it is linked
not only to disease progression but also to underlying risk factors for pathogenesis,
such as diabetes, obesity, metabolic syndrome and ageing. While free radicals occur
naturally in cellular processes, a disturbance of the tightly regulated homeostasis

between oxidative species and antioxidants can result in oxidative damage.*- 42

As already mentioned with FAO, mitochondrial activity in cardiac cells is most important
for fuelling contractions. An overview of mitochondrial metabolism and the electron
transport chain (ETC) is illustrated in Figure 33 in the appendix. OXPHOS, utilizing the
generated redox equivalents from the metabolization of various energy substrates, is
responsible for 95% of ATP production in healthy cardiomyocytes. Thus, high
mitochondrial activity and an extensive number of organelles require non-enzymatic
and enzymatic (e.g., superoxide dismutases, peroxiredoxins, thioredoxin and
glutathione systems) attenuation of generated RONS (e.g., peroxides, free radicals,
lipid peroxides). Involved antioxidants include N-acetylcysteine, glutathione,
carnosine, ascorbic acid and tocopherol. These molecules either act as radical
scavengers or reducing agents or synergize in replenishing antioxidants. Under
physiological conditions, RONS assert essential signalling functions for regulating
mitochondrial activity and cellular adaptions to stressors, e.g. mitochondrial biogenesis

and the modulation of the immune response following exercise.?6- 43 44

Prolonged exposure to oxidative stress contributes to the impairment of the
antioxidative defense, dysregulation of redox signalling and damage to biomolecules
(e.g., lipids, proteins, nucleic acids), advancing the functional decline of the
myocardium (see Figure 4). Damage to proteins includes oxidation of the amino acid
side chains and post-translational modifications (PTMs), which are reported to arise
early into the decline of the myocardium and may trigger protein degradation

pathways.4? 43,45

Previous studies have reported impairment of the mitochondrial ETC and disturbance

in redox homeostasis in HFpEF and HFrEF. Lowered ATP production, electron
10
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leakage and dysregulated Ca?* signalling can be the consequence of ischemia.
Furthermore, the switch away from mitochondrial activity and towards glycolysis is
considered a possible compensatory mechanism to reduce the adverse effects of
dysfunctional mitochondrial organelles. This may indeed reduce the load of RONS at
first. However, this increased glucose uptake leads to high cellular concentrations of
this by itself oxidative molecule. Further problems arise from decoupling glycolysis and
subsequent glucose oxidation and OXPHOS. Metabolic frontloading by high glucose
concentrations beyond metabolic capacity results in increased oxidative stress and

mentioned adverse downstream complications.25: 45 46

Disturbed redox environments may also occur in acute events. Increased oxidative
stress is an important pathological mechanism in reperfusion injury following
myocardial ischemia. The already weakened heart, dysfunctional mitochondria and
impaired antioxidative defense are unable to attenuate the influx of substrates, oxygen
and the subsequent increase in RNOS. Studies report severe inflammation,

accelerated cardiac remodelling, and increased apoptosis.*3 47

As mentioned, mitochondrial dysfunction and increased redox stress have been
reported in diabetic heart disease. The altered metabolism of the insulin-resistant heart
may result in fatty acid-induced lipotoxicity and the uncoupling of OXPHOS.
Accumulating FA intermediates (e.g., long-chain acylcarnitines) inhibits pyruvate and
lactate metabolism and OXPHOS, thus disturbing the mitochondrial membrane
structure and respiratory complexes. Additionally, induction of uncoupling proteins
(UCP2; UCP3) and activation of ADP/ATP carriers by FA have also been proposed to

be responsible for increased leak respiration.*® 4°

Aspects of glucose metabolism not mentioned so far have substantial implications in
redox homeostasis. The polyol pathway involves the conversion of glucose to sorbitol
by aldose reductase (AR) and subsequent oxidation to fructose. Implications for HF
are not fully illuminated. While the polyol pathway may be increased in hyperglycaemia
and aid in preserving osmotic balance, AR should assert significant antioxidative
activity. However, studies have shown mixed participation in protecting against or
contributing to cardiac damage. Furthermore, increased conversion of glucose to
fructose may reduce FA utilization. AR may also impair mitochondrial membrane
function in I/R injury and reduce the antioxidant activity of manganese superoxide
dismutase (SOD). A limited number of studies suggest cardioprotective effects of AR

11
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inhibition due to increased glycolysis and ATP generation rates. Additionally, AR
inhibition may allocate NADPH (reduced form of nicotinamide adenine
dinucleotide phosphate) for the glutathione reductase pathway. The role of polyol
pathway-driven generation of ROS by a reduction in NADPH and subsequent
glutathione availability has been discussed in diabetes mellitus.?5 %0

While the oxidative phase of PPP generates ribulose 5-phosphate (R5P) and NADPH,
the non-oxidative phase delivers multiple substrates for glycolysis and the synthesis of
nucleotides. The PPP can be classified as having more of an anabolic character than
catabolic nature and is a significant source of NADPH for maintaining cytosolic
glutathione levels. Implications for cardiac redox status and contractility have been
observed. Acute induction of glucose 6-phosphate dehydrogenase (G6PD), the first
enzyme of the PPP, improves cardiomyocyte protection against oxidative injury.
Depletion of G6PD was shown to adversely affect preserved contraction. However,
prolonged and exaggerated PPP activation may be associated with increased
oxidative stress and contributes to the progression of cardiomyopathies and HF. This
adds to the two-sided nature of cardiac metabolism and redox homeostasis.'® %'

The serine biosynthetic pathway utilizes glyceraldehyde 3-phosphate to synthesize
serine, which can be further used to create glycine and cysteine. Furthermore, serine
provides the carbon unit to the 1-carbon metabolism. The folate cycle, methionine cycle
and trans-sulfuration pathway generate purines, pyrimidines, S-adenosyl methionine
(SAM; cellular methyl donor) and glutathione. Activating the serine biosynthetic
pathway and 1-carbon metabolism may increase ATP synthesis and total glutathione

levels, subsequently asserting cardioprotective effects against oxidative injury.5?

1.1.2.1 Glutathione Status as Cellular Biomarker of Oxidative Stress
Glutathione (GSH) is an essential and abundant antioxidant inside the cytosol and
organelles. There it aids directly (and indirectly) in neutralising free radicals and RONS,
such as peroxides, and serves as a thiol-protecting agent. Under normal cellular
conditions, the GSH form, as shown in Figure 5, is highly abundant and tightly
regulated in homeostasis. The ratio of reduced to oxidised glutathione (GSSG) is
disturbed in acute responses to cellular stressors and in various pathologies. A lower
GSH/GSSG ratio can therefore serve as a marker for increased oxidative stress and
has been proposed as a biomarker for disease progression. Decreased glutathione
ratio has been observed in the tissue of failing hearts.*5 %3

12
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Figure 5. Glutathione (y-L-Glutamyl-L-cysteinylglycine; GSH) is an abundant and vital cellular
antioxidant. This active, reduced, monomeric form of glutathione (GSH) gets oxidised by glutathione
peroxidase (GPx) while acting against ROS (e.g., hydrogen peroxide, lipid peroxides) and forms the
GSSG dimer (disulfide bond between the cysteines). The cysteinyl residue's thiol group may act directly
as a reducing equivalent. Recovery of GSSG to GSH is catalysed by glutathione reductase (GR). In
addition to the antioxidant activity, glutathione is also used for conjugation to lipophilic xenobiotics to
facilitate their metabolism and excretion.5®

1.2 Hypothesis and Research Aim

Based on preliminary data in the tissue of failing hearts, the aim was to conduct a
follow-up experiment further focusing on cellular changes in vitro to address the
crosstalk of aberrant metabolism and oxidative stress in cardiac cells in the context of

heart disease.*®

It is still unknown if the occurring redox stress during the progression of HF can be
clearly or partially annotated as causative or just a by-product resulting from cardiac
remodelling. As heart disease is a multifaceted and complex research topic, further
and novel mechanistic insights into its development and progression are yet to be
gained. Exploration of these intricate molecular events might further allow the
identification of a target of early disease onset for prospects in diagnostics as well as

possible treatment options.

Therefore, the design and evaluation of an appropriate in vitro experimental setup in
the context of this thesis were deemed detrimental to advancing this project. To
replicate environments reflecting different stages in the pathological progression of HF
and acute myocardial events, the cardiac cell model was to be exposed to variations

in oxygen and glucose availability.

Using modern high throughput, high sensitivity mass spectrometry analysis of the
cellular proteome and redox status, valuable insight into pathophysiological adaption
can be gained. Furthermore, the translational ability of the deployed in vitro model

compared to previously observed changes in cardiac tissue was to be inspected.

1.3 Translational Aspects of the Experimental Design

CVD and HF are challenging to examine as these conditions arise from multiple

underlying factors and exhibit multi-systemic pathology. Cardiac biopsies of patients
13
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(and potential controls) are limited to the endomyocardial region, and catheterization
is a highly invasive procedure. As tissue of non-failing and failing hearts of diseased
specimens is of very limited availability and subject to elaborate and robust clinical
study design, research depends on animal models and in vitro experiments based on
human and non-human cell cultures. Additionally, in silico approaches have become

widely applied as computational power and bioinformatical tools advance.%* 5

Animal models can provide valuable in vivo and ex vivo insight into disease
mechanisms on tissue, organ, systemic and organismal levels. Various species have
been established in routine research practice. Zebrafish and Drosophila are heavily
used model organisms in developmental biology research. Mammalian in vivo models
include rodents and larger animals (e.g., pigs and dogs). The advancement in
molecular biological techniques of the last decades further allowed the creation of
disease-specific animal models, such as diabetic pig models and rabbits
overexpressing mutant proteins identified in patients of congenital cardiomyopathy.
While research in animals, especially rodents, allows for relatively elaborate
experimental throughput, it is often difficult to translate to humans. Additionally,
research practice should include laboratory animal use replacement, reduction, and

refinement (3R).54 5

In vitro models can complement and (partially) replace animal-based and patient-
derived research. Cardiac cell culture allows for precise control of experimental
conditions. It is widely applied in the initial identification of pathological mechanisms

and drug target, compound and toxicology screening.%*

1.3.1 Anatomy of the Human Heart

The complex composition and developmental mechanisms of the organ drive the
difficulty of representing the heart in research models. The human heart's anatomy and
description of cardiac blood flow can be found in Figure 6 as well as in Figure 34 in the
appendix. Contractions require a complex interplay of multiple cell types and the
cardiac conduction system. It is controlled by the sympathetic and parasympathetic,

and autonomous nervous systems.%

Above 80 genes are expressed in the various conductive cardiomyocytes responsible
for contraction (e.g., pacemaker cells in the atrioventricular and sinoatrial node or

Purkinje fibres). The electrocardiogram (ECG) is the sum of the individual action

14
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potentials of all contracting cells. Nutrient and oxygen delivery is autonomous as the

coronary arteries supply the heart with blood. Severe obstruction results in MI.%7
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Figure 6. The pathway of blood flow through the anatomically healthy heart. Deoxygenated blood from
the body returns through the superior and inferior vena cava (1) to the right atrium (2). It then enters the
right ventricle (3) through the right atrioventricular (AV) valve and is pumped further through the
pulmonary valve into the pulmonary arteries (4,5). Delivery to the lungs allows reoxygenation before
returning through the pulmonary veins (6) into the left atrium (7). After entering the left ventricle (8)
through the left AV valve, it is distributed to the body via the aortic valve and aorta (9,10). lllustration by
Harrison, T.M. et al. used with permission by John Wiley and Sons.58

At least 20 different cell types constitute the heart, all contributing to mechanical,
structural, biochemical, and electrical functions. Above half of all cardiac cells are
fibroblasts of, e.g., the epicardium and coronary vasculature. Ventricular and atrial
cardiomyocytes build the myocardium, filling a majority of tissue space at relatively low
numbers. The interior lining of cardiac valves and blood vessels (endocardium) is
formed by endothelial cells. Further types include smooth muscle cells of the coronary

arteries and cardiac vasculature, immune cells and a small number of CSCs.5%6
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1.3.2 Cardiac in vitro Models In Heart Disease Research

Recent literature on currently applied in vitro models of human and animal origin has
shown their specific limitations in medical research. Primary cells derived from the
cardiac tissue of clinical patients are of limited availability, and not every research
facility has or wants access to a laboratory animal facility. Still, neonatal
cardiomyocytes, isolated from newborn rats, are commonly used. Isolation requires a
high number of animals and experienced operators. As neonatal cell cultures contain
mixed cell populations and are hardly reproducible and fragile, immortalisation has
allowed new possibilities in cardiac cell attainability and larger-scale studies. HOC2
myoblasts originate from female embryonic BDIX (Berlin-Druckrey |X) rat ventricular
tissue. HL-1 cells are simian vacuolating virus 40 (SV40) transformed mouse atrial
tumour-derived cardiomyocytes. The limited commercial options for human cell lines
include cardiomyocytes by PromoCell GmbH among others (see 1.3.2.2 below).
Drawbacks of immortalised and adapted cell lines include dedifferentiation and
elaborate maintenance protocols. Commercial cell lines may further be associated with
dependency on proprietary materials or lack of information on origin and creation.5% %°
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Figure 7. lllustrated above is the comparison of the cardiac cell models used in the context of this thesis.
As pictured, both the human stem cell (hSC)-derived cardiac organoid (cardioid) model and the
immortalised, adult ventricular cardiomyocyte (AC16) model exhibit advantages and drawbacks, which
were further examined. The illustration includes a microscopic picture of AC16 cells taken during the
experimental part (right). The incorporated illustration of the cardioid composition (left) has been adapted
from Hofbauer, P. et al. with permission by Elsevier B.V.60. 61
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In the last decade, human embryonic and induced pluripotent stem cells (hESC and
hiPSC, respectively) have allowed new in vitro approaches to modelling cardiac
cellular systems. This includes the possibility of cardiac precision medicine as somatic
progenitor cells can be obtained from patients without cardio-invasive procedures.
However, (novel) disease models must be thoroughly inspected and characterised to
identify appropriate research applications. The in vitro models subsequently utilized in

the context of this thesis are listed in Figure 7 and further elaborated below.5% 62

1.3.2.1 Human Stem Cell-Derived Cardiac Specific Self-Organizing Organoids

Many potent models for high throughput screening in 2D culture lack the native
structure and spatial cell-to-cell contact needed for pathomolecular research with
significant translational ability. High throughput differentiation of hiPSC and hESC
establishes the self-organisation of cardiac chamber-like organoids. Wnt-BMP
signalling (Wnt signalling cascade involving bone morphogenic protein) can instruct
cardiomyocyte/endothelial layer separation and direct cavity formation (see Figure 7).
Therefore, the cardioid model exhibits additional 3D context and in vivo character,
showing promising potential in research of congenital heart defects, regeneration and
HF. Past 3D systems were based on spherical aggregation or tissue engineering of
cardiomyocytes and other cardiac cell types. Limitations in reflecting clinically relevant
aspects of cardiomyopathies and HF are yet to be examined. Incomplete phenotyping

and possible fetal characteristics may pose challenges.> €°

1.3.2.2 AC16 Human Proliferating Cardiomyocytes

The AC16 cell line, as pictured in Figure 7, are immortalised adult primary human
ventricular cardiomyocytes. Fusion with uridine auxotroph, SV40 transformed human
fibroblasts devoid of mitochondrial DNA allowed for the establishment of a proliferating
in vitro model. While multiple myogenic markers and characteristics of cardiac
metabolism are reported for this cell line, translational ability has been questioned in
the literature. Difficulties with differentiation, dedifferentiation and predominant
fibroblast phenotype restrict the applicability in HF research. In vitro or in vivo models
always differ from native pathology in the patient's cells. However, the question should
be how much this deviation constitutes and how limitations can be mitigated to allow
appropriate utilization in research with increased translational ability. High throughput
cell lines such as AC16 may be improved in their weaknesses to add on to their

strengths.59 6
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1.4 Analytical Strategies for the Investigation of Pathological
Mechanisms

1.4.1 Quantitative Proteomics

Mass spectrometry (MS)-based collective characterization and quantification of class-
specific biological molecules (omics) has gained popularity in recent years. Especially
proteomics has asserted incredible usefulness in providing access to changes in
metabolism and biomarker discovery in pathological research. As an essential addition
to genomics and transcriptomics, analysis of the proteome (the entirety of cellular
proteins inside a specific biological system) allows for the identification and
quantification of those biomolecules that carry out most of the cellular functions. Unlike
nucleic acids, proteins exhibit dynamic and heterogenous attributes (e.g.,

hydrophobicity, structure, size, modifications).4% 63

Proteomic analysis begins with the extraction of proteins from the sample, often
utilizing reagents (e.g., detergents, salts, buffers) to support cell lysis. Additional
mechanical disruption to improve recovery can include ultrasonication unto others.
Sample preparation aims for the complete isolation of the biomolecule(s) of interest
while reducing the complexity of the sample matrix. One widely applied method is the
precipitation of proteins using organic solvents such as acetone. Whereas top-down
proteomics includes the analysis of intact proteins, bottom-up (shotgun) strategies rely
on enzymatic digestion to drive subsequent chromatographic separation and MS
analysis on the peptide level. Sequence-specific cleavage of the isolated proteins
generates a mixture of peptides of much greater complexity. The original proteins can
be identified by identification of their constituent peptides. Enzymatic digestion results
in peptides of average size 700 to 2500 Da, which matches ionization and MS
analytical range. Trypsin, a highly specific serine hydrolase, characteristically cuts at
the carboxyl side of lysine and arginine (except when followed by proline). This most
commonly applied protease generates C-terminally charged peptides. Protein
digestion is possible in-solution, in-gel and on-bead. Further purification and desalting
prior to LC-MS analysis to improve sensitivity can be achieved by the binding of
peptides to hydrophobic material, washing and subsequent elution using an organic

solvent.63 64
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1.4.1.1 High-Performance Liquid Chromatography

The rapid improvement in chromatographic separation techniques, mass
spectrometers, software and methodology, and quality of public databases has driven
advancement in the MS-based analysis of proteins and metabolites. Ultrahigh-
performance liquid chromatography (UHPLC) is an essential technique of peptide
separation. Reverse-phase liquid chromatography (RPLC) reduces the eluting sample
complexity before hitting the mass spectrometer, improving identification and
quantification. Analytes inside the mobile phase interact with alkyl chains of defined
length (e.g., C4, Cs, C1s;), immobilized on the column surface as the stationary phase.
This hydrophobic interaction results in the faster elution of more hydrophilic peptides
compared to more hydrophobic peptides. Mobile phase composition typically involves
an acidic gradient of water and organic solvents (e.g., acetonitrile; ACN). The
popularity of RPLC is based on the compatibility of mobile phases with ionization
methods as well as high peak capacities. Modern instrumentalization capitalizes on
the smaller dimension of nanoLC (nano-liquid chromatography) columns. Lower flow
rates and reduced amounts of mobile phase increase peak height, ionization efficiency
and sensitivity. This further improves the detection of low abundant proteins despite

facing the enormous dynamic range (up to 10'?) of biological samples.63 65

1.4.1.2 Mass Spectrometry

The most frequently applied “soft ionization” technique for ion generation of peptides
eluting from the LC column is electrospray ionization (ESI). It produces an aerosol with
intact ions from macromolecules with high ionization efficiency by leading the sample
liquid through a needle with applied high voltage. The electrical field applied to the
solution exiting the tip of the needle leads to the formation of a Taylor cone, emitting
charged droplets that subsequently evaporate. The coulomb repulsion rises with
increasing charge density until smaller droplets form from Coulomb explosions. This
process repeats until the remaining solvent can no longer hold the ions. ESI may
produce multiple-charged gas-phase ions and does not lead to fragmentation, unlike
“hard ionization”. Subsequent fragmentation for the gain of structural information, in
addition to the molecular parent ion, can be achieved by coupling ESI to tandem mass
spectrometry (MS/MS).63

Determining the m/z of intact peptide ions (precursor ions; MS1 level) after entering

the gas phase can be achieved using e.g., time-of-flight (TOF) measurement. An
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electrical field of specified strength accelerates ions with the same energy into a field-
free region. The velocity of ions that exhibit an identical charge is only determined by
their respective mass. The time it takes for a heavier ion to reach a detector at a
specified distance is longer than for a lighter ion (of the same charge). Measurement
of travel time, therefore, allows for the determination of the m/z of accelerated ions.
Identification of proteins based on the mass-to-charge ratio (m/z) of eluting peptides is
practically impossible in complex mixtures. High transmission efficiency, measurement
range and speed, and sensitivity make TOF suitable for the analysis of intact molecule
ions as well as for MS/MS. In a second MS measurement (MS2), ions of specific m/z
(from MS1) are selected. E.g., a quadrupole mass analyser can select a precursor ion
based on the stability of their respective trajectories in the oscillating electrical fields
applied to the quadrupole rods. The precursor ion is then accelerated into a collision
cell containing inert gas by applying an electric potential. Peptide ions collide with inert
gas atoms (or molecules in the case of N2) to generate fragments in the process of
collision-induced dissociation (CID). Fragmentation along the peptide backbone yields
C- and N-terminally shortened product ions. TOF measurement of the product ions

(MS2) generates sequence-specific MS/MS spectra.63 66

In data-dependent acquisition (DDA) experiments, a subset of precursor ions based
on intensity is selected for isolation, fragmentation and MS2 measurement. Stochastic
selection of the most abundant precursor ions may result in low reproducibility and loss
of information on low abundant peptides. However, the simplicity in setup and data
analysis still drives the particular, remaining popularity of DDA compared to the
fragmentation of all peptides within a defined m/z window (data-independent
acquisition; DIA). DIA requires highly reproducible sample preparation and more
elaborate data analysis tools to deal with highly complex MS/MS spectra but provides
more complete coverage of peptides across multiple samples (fewer missing values).
Regardless of precursor selection, identification of peptides and, subsequently,
proteins can be achieved by matching peptide fragment ion spectra to theoretical
spectra generated in silico from protein databases reflective of the enzymatic digestion
prior. The experimentally determined masses are then compared to the predicted
peptide masses. Relative quantification is based on the intensities of identified proteins
as the sum of respective peptide intensities (label-free quantification; LFQ). Modern
algorithms such as MaxLFQ allow for the normalisation of slight deviations in

fractionation and injection amounts across measurement runs.3 67
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Figure 8. Principle and ion path of a timsTOF Pro (Bruker Daltonics — Bremen, Germany) mass
spectrometer. Peptides elute from the chromatographic column and are transferred to the mass
spectrometer by nano-electrospray ionization (nano-ESI) through a glass capillary (A). An orthogonal
ion path into the dual TIMS analyser limits the number of debris entering the instrument. lon packets are
trapped and stored in the first section and resolved by mobility in the second analyser (B). Separated
ions are released sequentially from the dual analyser unit as a function of decreasing electrical field
strength and yield mobility-resolved mass spectra (C, D). In online parallel accumulation-serial
fragmentation (PASEF) MS/MS scans, the subsequent quadrupole and TIMS analyser are
synchronized. The quadrupole isolation window switches within ms between mobility-resolved precursor
ions of different m/z (E). Accumulation of ions in the TIMS analyser may result in increased sensitivity.
Multiple trapped precursor ion species are used for fragmentation inside the multipole collision cell,
yielding multiple ion mobility-resolved MS/MS spectra from a single TIMS scan. (F). Spectra without ion
mobility separation are projected onto the right axes in (D) and (F) to illustrate potency. lllustration by
Meier, F. et al. with permission by Elsevier B.V.%6

Peptides in bottom-up proteomics are separated by LC with peak widths in the range
of seconds. Since mass spectra in TOF instruments are acquired in approximately 100
Js, ion mobility can be added as the third dimension of separation. As a gas flow moves
ions, an electrical field prevents each respective ion from moving beyond a position in
the TIMS (trapped ion mobility spectrometer) tunnel defined by the ion’s collisional
cross section. The force of the field is matched by the push the ion experiences from
the gas flow (based on charge, size and shape). The concept has been implemented
in modern MS/MS qTOF (quadrupole time-of-flight) instruments utilizing the “parallel
accumulation-serial fragmentation” (PASEF) scan mode to significantly improve

sequencing speed without losses in sensitivity (Figure 8).56 68
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1.4.2 Targeted Redox-Metabolomics

Whereas the proteome can illustrate what is happening inside a cell, the metabolome
gives additional context to what has happened and what the consequences have been.
While peptides in proteomics incorporate various possible modifications (PTMs), they
are polymers based on only 21 proteinogenic amino acids (including selenocysteine).
Problems typically include measuring rare and difficult-to-extract proteins. Additional
challenges arise in MS-based metabolomics as metabolites are chemically diverse and
highly heterogeneous. Global or targeted metabolome analyses require a more
extensive toolbox of extraction and separation methods. Further challenges in
identification are due to metabolites no longer displaying collinearity to genome
sequences (i.e., dogma of molecular biology). Utilizing isotope-labelled metabolomes
(e.g., 1C, 5N and 3S labelled E. coli extracts) or internal standards enables reliable

annotation by measuring identical compounds with specific mass shifts.®3

As redox balance is highly dynamic, rapid and reproducible determination is of utter
importance. Addressing the glutathione redox status of harvested cells and other
samples (e.g., biofluids) can be carried out using acute and preservative two-step
alkylation with N-ethylmaleimide isotopologues. The method is illustrated and further

elaborated in Figure 9 below.®°
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Figure 9. Analysis of cellular glutathione status is achieved by the preservation of susceptible GSH
(pink), as previously reported by Tomin, T. et al.. Derivatization with the alkylating reagent N-
ethylmaleimide; (NEM; yellow) is carried out parallel to polar metabolite extraction (methanol; MeOH)
during harvesting or other forms of sampling. The distinction of initially oxidised glutathione (GSSG;
green) is possible by subsequent reduction with tris(2-carboxyethyl)phosphine (TCEP) and re-alkylation
with deuterated NEM (d5-NEM; N-ethylmaleimide-ds). An alkylated heavy glutathione internal standard
(IS; red) enables increased analytic validity and compensated deviations in sample preparation.
Derivatisation allows for highly sensitive analysis by liquid chromatography (LC) coupled to triple
quadrupole (QQQ) mass spectrometry using multiple reaction monitoring (MRM). lllustration by Tomin,
T. et al. used with permission by MDPI.8°
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1.4.2.1 Multiple Reaction Monitoring

Multiple reaction monitoring (MRM) is a highly sensitive and specific method of tandem
MS for the selective quantification of compounds in complex matrixes. In contrast to
single reaction monitoring (also referred to as selected reaction monitoring; SRM),
MRM targets multiple ions. Variants of MRM such as parallel reaction monitoring
(PRM; quadrupole-Orbitrap or qTOF) are distinguished by instrumentation and mode

of operation (i.e., parallel detection of all target product ions).83 70. 71

In the case of triple quadrupole (QQQ) instrumentation, two quadrupole mass
analysers are used for the ion selection and analysis at the stages MS1 (Q1) and MS2
(Q3). An additional non-mass resolving (radio frequency- only) quadrupole (q2) is
placed between them as collision-induced dissociation (CID) cell for fragmentation of
precursor ions (see Figure 10). Instrumentation typically involves a further “assisting”
quadrupole placed in front to focus the generated ions of the sample coming from the
interface. Precursor ions are selected at Q1 and fragmented at q2. Q3 does not scan
for production ion selection over the whole range of m/z but instead selectively scans
m/z-values of one or multiple known fragmentations. SRM allows for the highest
sensitivity as only one fragmentation is scanned for. However, errors in identification
are improved at scanning multiple fragmentations. In MRM, Q1 alternates through
multiple, small m/z ranges, whereas Q3 filters for known fragmentations of the

respective m/z of the targeted molecule.®?

lon Source Ql q2 Q3 Detector Meaning of
Vamr i by =) 5 O B Mass Spectrum
r\f': m’ +u'
Product lon Scan ¥ Fix=eo-+8  CID Scanl - o Al fragment ions of
= recursor ion
(Prod) < P
fo) « L

Precursor lon Scan  § Scan| e-+a" ciD Fix = B All precursor ions with

(Prec) L] the same m/z fragment ion

All pairs of ions with the

- B
Scan| @-+a" CID Scanl o
same m/z difference

| +eome J'X

QI & Q3 scanning synchronously

O+«0O

Neutral Loss Scan
(NL)

Multiple Reaction t

Monitoring ®
(MRM)

A precursor/product ion
pair being monitored

Fix = @-4m" CID Fix - @

Figure 10. The operation mode of a triple quadrupole mass spectrometer (QQQ-MS) utilized for
multiple reaction monitoring (MRM; bottom)). Variations of QQQ mass spectrometry always include
fragmentation at g2, but Q1 and Q3 quadrupole mass filters are either set to fixed (Fix) m/z or operate
in scanning mode (Scan). CID indicates collision-induced dissociation. lllustration by Cooks, R.G. et al.
with permission by the Aston Labs.”
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2 Materials and Methods

2.1 Chemicals and Preparation of Applied Solutions
If not stated otherwise, all chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The following solutions were prepared fresh for subsequent usage. For

convenience, all used treatments are summarized below.

Bovine serum albumin (BSA) in Iscove’s Modified Dulbecco’s Medium (IMDM)
1.2508 g of BSA were dissolved in 5 mL IMDM medium (21980; Thermo Fisher
Scientific - Waltham, MA, USA) for a final concentration of 0.25 g/mL.

BSA in glucose-free Dulbecco's Modified Eagle's Medium (DMEM)
0.2505 g of BSA were dissolved in 5 mL glucose-free, phenol red-free, glutamine-free
DMEM medium (A1443001; Thermo Fisher Scientific - Waltham, MA, USA) for a final

concentration of 0.25 g/mL.

Transferrin in IMDM
101 mg of transferrin were dissolved in 3.33 mL IMDM medium for a final concentration
of 30 mg/mL.

Transferrin in glucose-free DMEM
100 mg of transferrin were dissolved in 3.33 mL glucose-free, phenol red-free,

glutamine-free DMEM medium for a final concentration of 30 mg/mL.

Insulin in IMDM
11.3 mg of insulin were dissolved in 1.13 mL IMDM medium for a final concentration

of 10 mg/mL.

Insulin in glucose-free DMEM
11.3 mg of insulin were dissolved in 1.13 mL glucose-free, phenol red-free, glutamine-

free DMEM medium for a final concentration of 10 mg/mL.

Glucose in glucose-free DMEM
0.8101 g glucose were dissolved in 50 mL glucose-free, phenol red-free, glutamine-
free DMEM medium for a final concentration of 0.30 mg/mL.

Cardioid maintenance medium
23.74 mL of IMDM medium were mixed with 0.5 mL chemically defined lipid
concentrate (1% v/v final concentration; 11905031; Thermo Fisher Scientific -

Waltham, MA, USA), 24.74 mL Ham’s F-12 Nutrient Mixture (F12; 31765027; Thermo
24



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

Fisher Scientific - Waltham, MA, USA), 25 uL transferrin (30 mg/mL in IMDM; 15 pg/mL
final concentration), 50 pL insulin (10 mg/mL in IMDM; 10 ug/mL final concentration)
and 1 mL BSA (0.25 g/mL in IMDM; 5 mg/mL final concentration). The final glucose
concentration was 17 mM based on the applied IMDM medium and Ham’s F-12

Nutrient Mixture.

Cardioid physiological glucose medium

45.78 mL of glucose-free, phenol-red free, glutamine-free DMEM medium were mixed
with 0.5 mL L-glutamine (100x stock solution; 2 mM final concentration), 0.5 mL
chemically defined lipid concentrate (1% v/v final concentration), 2.69 mL glucose
stock (16.2 mg/mL in glucose-free, phenol red-free, glutamine-free DMEM; 5 mM final
concentration), 25 pL transferrin (30 mg/mL in glucose-free, phenol red-free,
glutamine-free DMEM; 15 pg/mL final concentration), 50 pL insulin (10 mg/mL in
glucose-free, phenol red-free, glutamine-free DMEM; 10 ug/mL final concentration)
and 1 mL BSA (0.25 g/mL in glucose-free, phenol red-free, glutamine-free DMEM; 5

mg/mL final concentration).

Cardioid high glucose medium

32.31 mL of glucose-free, phenol-red free, glutamine-free DMEM medium were mixed
with 0.5 mL L-glutamine (100x stock solution; 2 mM final concentration), 0.5 mL
chemically defined lipid concentrate (1% v/v final concentration), 16.16 mL glucose
stock (16.2 mg/mL in glucose-free, phenol red-free, glutamine-free DMEM; 30 mM final
concentration), 25 uL transferrin (30 mg/mL in glucose-free, phenol red-free,
glutamine-free DMEM; 15 pg/mL final concentration), 50 pL insulin (10 mg/mL in
glucose-free, phenol red-free, glutamine-free DMEM; 10 ug/mL final concentration)
and 1 mL BSA (0.25 g/mL in glucose-free, phenol red-free, glutamine-free DMEM; 5

mg/mL final concentration).

100 mM N-ethylmaleimide (NEM)
29.84 mg NEM were dissolved in 2385 pL ddH20.

100 mM d5-NEM
10 mg d5-NEM were dissolved in 768 uL ddH20.

50 mM tris(2-carboxyethyl)phosphine (TCEP) in 50 mM ammonium acetate (AA)
29.62 mg TCEP were dissolved in 2067 pL 50 mM AA (in ddH20), and the pH was set
to 7.1 by the addition of NH4OH.
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Heavy glutathione (GSH) internal standard: '3C2, ">SN-GSH-d5-NEM (IS)

10 uL 50 mM TCEP (in 50 mM AA) were mixed with 20 pL "3C2, '>N-GSH and incubated
at 37 °C for 30 min. Afterwards, 50 yL 100 mM d5-NEM and 20 pL 50 mM AA (in
ddH20) were added, and the solution was incubated at room temperature for 20 min.
The organic extraction of excess NEM was carried out by adding 300 pL
dichloromethane, vortexing and centrifuging at 13000 x g and 4 °C for 5 min. As much

as possible liquid was collected from the upper phase of this separation.

Harvesting solution (80% methanol, 2.5 mM NEM, 0.2% IS)
20 mL methanol were mixed with 50 pL IS, 626 uL 100 mM NEM and 4324 uL ddH20.

The mixture was stored at -20 °C until further use.

50% TFE (trifluoroethanol) in 50 mM ABC (ammonium bicarbonate)
3 mL 100 mM ABC (in ddH20) were mixed with 3 mL TFE.

Insulin in DMEM/F12K
11.3 mg of insulin were dissolved in 1.13 mL phenol red-free, glutamine-free
DMEM/F12K (1:1) medium (D64 34) for a final concentration of 10 mg/mL, representing

a 1000x stock solution. The solution was sterile filtrated prior to use.

Transferrin in DMEM/F12K
100 mg of transferrin were dissolved in 3.33 mL phenol red-free, glutamine-free
DMEM/F12K medium for a final concentration of 30 mg/mL. The solution was sterile

filtrated prior to use.

AC16 fetal bovine serum (FBS) proliferation medium

427.5 mL of phenol-red free, glutamine-free DMEM/F12K medium were mixed with 5
mL L-glutamine (100x stock solution; 2 mM final concentration), 62.5 mL FBS (12.5%
v/v final concentration) and 5 mL penicillin-streptomycin (100x stock solution; 100 U

penicillin, 100 ug/mL streptomycin final concentration).

AC16 horse serum (HS) differentiation medium

14.378 mL of phenol-red free, glutamine-free DMEM/F12K medium were mixed with
0.15 mL L-glutamine (100x stock solution; 2 mM final concentration), 0.3 mL HS (2%
v/v final concentration), 0.15 mL penicillin-streptomycin (100x stock solution; 100 U
penicillin, 100 pg/mL streptomycin final concentration), 7.5 yL transferrin (30 mg/mL in
phenol red-free, glutamine-free DMEM/F12K; 15 pg/mL final concentration) and 15 uL
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insulin (1000x stock solution in phenol-red free, glutamine-free DMEM/F12K; 10 pg/mL

final concentration).

BSA in DMEM/F12K
0.2505 g of BSA were dissolved in 5 mL phenol red-free, glutamine-free DMEM/F12K
medium for a final concentration of 0.25 g/mL. The solution was sterile filtrated prior to

use.

AC16 BSA differentiation medium

14.235 mL of phenol-red free, glutamine-free DMEM/F12K medium were mixed with
0.15 mL L-glutamine (100x stock solution; 2 mM final concentration), 0.15 mL
chemically defined lipid concentrate (1% v/v final concentration), 0.15 mL penicillin-
streptomycin (100x stock solution; 100 U penicillin, 100 ug/mL streptomycin final
concentration),15 pL insulin (10 mg/mL in phenol red-free, glutamine-free
DMEM/F12K; 10 pg/mL final concentration) and 0.3 mL BSA (0.25 g/mL in phenol red-

free, glutamine-free DMEM/F12K; 5 mg/mL final concentration).

All-trans retinoic acid (ATRA) stocks
50 mg ATRA were dissolved in 1 mL dimethyl sulfoxide (DMSO) and subsequently
diluted in phenol red-free, glutamine-free DMEM/F12K for a final concentration of 66.5

and 1.3 pM. The final concentration of DMSO in the applied media was < 0.1% v/v.

5-Azacytidine stock
1.7 mg 5-azacytidine were dissolved in 1.7 mL DMSO and subsequently diluted in
phenol red-free, glutamine-free DMEM/F12K for a final concentration of 81.9 uyM. The

final concentration of DMSO in the applied media was < 0.1% v/v.

Cytosine arabinoside (ara-C) stock
20.88 mg ara-C were dissolved in 1.044 mL DMSO and diluted in phenol red-free,
glutamine-free DMEM/F12K for a final concentration of 0.82 mM. The final

concentration of DMSO in the applied media was < 0.1% v/v.

AC16 low FBS differentiation medium

14.4 mL of phenol-red free, glutamine-free DMEM/F12K medium were mixed with 0.15
mL L-glutamine (100x stock solution; 2 mM final concentration), 0.3 mL FBS (2% v/v
final concentration) and 0.15 mL penicillin-streptomycin (100x stock solution; 100 U

penicillin, 100 ug/mL streptomycin final concentration).
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AC16 low ATRA differentiation medium

19.02 mL of phenol-red free, glutamine-free DMEM/F12K medium were mixed with 0.2
mL L-glutamine (100x stock solution; 2 mM final concentration), 0.4 mL FBS (2% v/v
final concentration), 0.2 mL penicillin-streptomycin (100x stock solution; 100 U
penicillin, 100 pg/mL streptomycin final concentration), 20 pL insulin (10 mg/mL in
phenol red-free, glutamine-free DMEM/F12K; 10 pg/mL final concentration), 10 uL
transferrin (30 mg/mL in phenol red-free, glutamine-free DMEM/F12K; 15 ug/mL final
concentration) and 0.15 mL ATRA (1.3 pM in phenol red-free, glutamine-free
DMEM/F12K; 10 nM final concentration).

AC16 high ATRA differentiation medium

18.87 mL of phenol-red free, glutamine-free DMEM/F12K medium were mixed with 0.2
mL L-glutamine (100x stock solution; 2 mM final concentration), 0.4 mL FBS (2% v/v
final concentration), 0.2 mL penicillin-streptomycin (100x stock solution; 100 U
penicillin, 100 ug/mL streptomycin final concentration), 20 pL insulin (10 mg/mL in
phenol red-free, glutamine-free DMEM/F12K; 10 pg/mL final concentration), 10 uL
transferrin (30 mg/mL in phenol red-free, glutamine-free DMEM/F12K; 15 pug/mL final
concentration) and 0.3 mL ATRA (66.5 pM in phenol red-free, glutamine-free
DMEM/F12K; 1 uM final concentration).

AC16 nucleoside derivatives differentiation medium |

8.975 mL of phenol-red free, glutamine-free DMEM/F12K medium were mixed with 0.1
mL L-glutamine (100x stock solution; 2 mM final concentration), 0.2 mL HS (2% v/v
final concentration), 0.1 mL penicillin-streptomycin (100x stock solution; 100 U
penicillin, 100 pg/mL streptomycin final concentration), 5 pL transferrin (30 mg/mL in
phenol red-free, glutamine-free DMEM/F12K; 15 pg/mL final concentration), 10 uL
insulin (1000x stock solution in phenol-red free, glutamine-free DMEM/F12K; 10 pg/mL
final concentration) and 0.611 mL 5-azacytidine (81.9 uM in phenol red-free,
glutamine-free DMEM/F12K; 5 uM final concentration).

29 pL of ara-C (0.82 mM in phenol red-free, glutamine-free DMEM/F12K) were
carefully added directly to the wells at the respective time point for a final concentration
of 23 pM.

AC16 nucleoside derivatives differentiation medium Il
13.042 mL of phenol-red free, glutamine-free DMEM/F12K medium were mixed with

0.15 mL L-glutamine (100x stock solution; 2 mM final concentration), 0.3 mL HS (2%
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v/v final concentration), 0.15 mL penicillin-streptomycin (100x stock solution; 100 U
penicillin, 100 pg/mL streptomycin final concentration), 7.5 uL transferrin (30 mg/mL in
phenol red-free, glutamine-free DMEM/F12K; 15 pg/mL final concentration), 15 uL
insulin (1000x stock solution in phenol-red free, glutamine-free DMEM/F12K; 10 pg/mL
final concentration), 0.916 mL 5-azacytidine (81.9 yM in phenol red-free, glutamine-
free DMEM/F12K; 5 uM final concentration) and 420 uL of ara-C (0.82 mM in phenol
red-free, glutamine-free DMEM/F12K; 23 uM final concentration).
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2.2 Proteomic and Redox Metabolomic Analysis of Differentially
Treated Cardiac Organoids

2.2.1 Cell Culture

2.2.1.1 Initial Culturing

Human stem cell-derived cardiac organoids were kindly supplied by the team of Sasha
Mendjan, PhD (Institute of Molecular Biotechnology, Vienna, Austria) and transported
to the laboratory site using heat packs within 30 min(96-well plate; one organoid in 200
ML of maintenance medium). The organoids were inspected for viability under the
optical microscope and exhibited a mean rate of 3 contractions per min. The
acclimatisation involved 24 h of incubation as obtained. If not stated otherwise,
incubation was carried out at 5% COz2, 37 °C, in normoxia (20% O2) and appropriate
humidity. After 24 h, the cardioids were inspected for recovery and now exhibited an

increased mean rate of 14 contractions per min.

2.2.1.2 Differential Treatments

Precultured cardioids were challenged with different oxygen and nutrient
environments, reflecting aspects of heart pathology. Sets of 4 organoids per well were
subsequently seeded in 2 mL of respective media in 6-well plates. This included three
wells (12 organoids) per condition, and the transfer of organoids was carefully carried
out using cut-off pipette tips. The first subset of cardioids was then incubated for 48 h
in IMDM maintenance medium in normoxia or physioxia (5% Oz2). The second subset
of cardioids was incubated for 48 h in normoxia in physiological (5 mM) or high glucose
(30 mM) DMEM medium. An overview of the differential treatments can be seen in

Figure 11 below.

2.2.1.3 Harvesting for Subsequent Analysis

Organoids were quickly inspected after 48 h of treatment before harvesting. No visible
changes or differences in contraction frequency were observed in response to
variations in media glucose concentration. Harvesting cardioids cultured in normoxia
occurred inside a hypoxia chamber at the respective oxygen level. This was carried
out to reflectively assess the oxidative state of the cells as unsought oxidation by
exposure to atmospheric oxygen can introduce artefacts. Therefore, an appropriate
harvesting environment, quick handling and immediate alkylation of free thiols by NEM

are required for quantitative analysis of cellular glutathione status (see 1.4.2).
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Differential treatments

Cultivation of cardiac cells

1) growth medium 2.1) physiological 2.2) high glucose
glucose (17 mM) glucose (5 mM) (30 mM)

Incubation at different oxygen levels
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: 2) 20% 0,
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Figure 11. Overview of applied differential treatments of hSC-derived cardiac organoids. lllustrated are
the chosen variables reflecting molecular pathological aspects of heart disease, including variations in
glucose and oxygen availability. The cardioid maintenance medium reflected typical growth medium
glucose concentrations. Cells were harvested after 48 h incubation at corresponding oxygen levels,
utilising a hypoxia chamber for physioxia conditions.

For harvesting, sets of two respective cardioids were pooled and subsequently handled
as one sample. Cardioids were sequentially transferred to two Eppendorf tubes
containing 200 yL PBS (phosphate-buffered saline), reflecting two washing steps. The
cardioids were then transferred to an Eppendorf tube containing 200 pL of harvesting
solution (80% MeOH, 2.5 mM NEM, 0.2% IS) prior to sonication for sufficient lysis.

Samples were stored at -20 °C until further processing.

For protein precipitation and separation of methanolic extract, the samples were
centrifuged at 15000 x g at 4 °C for 15 min. The supernatant containing the polar
metabolites, including glutathione, was then moved to a fresh Eppendorf tube and
dried down at 40 °C for 60 min using a SpeedVac™ vacuum concentrator. Glutathione
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samples were then stored at -20 °C until further processing. The remaining protein
pellet after centrifugation was air dried for 10 min and resuspended in 100 uL 50% TFE
in 50 mM ABC. Complete solubility was achieved by using a sonicator. Proteomic

samples were stored at -20 °C until further processing.

2.2.2 Multi-Omics Analysis of the Cellular Proteome and Oxidative Stress
A multi-omics workflow was deployed to analyse the harvested cardiac cell culture
samples. This included targeted redox-metabolomics in the context of cellular
glutathione status and bottom-up LFQ proteomics. An overview of this parallel

workflow can be found illustrated in Figure 12 below.

Targeted redox
metabolomics

Ak
metabolites -
<. 1. Extraction —
o """ 2 Reduction (TCEP) g |
— ) ) v " .Re :
= Cell lysis & = : 3. Re-alkylation (d5-NEM) B !
protein precipitation : . —

(80% MeOH)

W

{ / -
|/ Alkylation (NEM) v
— . 1.Digestion (trypsin) =
Cardioids —_— _

tas ! ‘ = P
n =6 per condition A —
2 cardioids per n proteins 1 \l |
A

Label free protein
quantification

Figure 12. A multi-omics workflow allows for parallel analysis of cellular glutathione status and
proteome. The metabolomic workflow utilises methanolic polar extraction, while the proteomic workflow
is carried out from the resulting cell pellet. Both workflows utilize high-resolution mass spectrometry,
including LC-TIMS-TOF-MS/MS for proteomics and LC-QQQ-MS/MS for glutathione analysis.

2.2.2.1 Targeted Redox-Metabolomics for Analysis of Glutathione Status

The dried metabolomic samples were resuspended in 100 yL 50 mM AA. To remove
excess NEM, 300 uL of dichloromethane were added before thorough mixing. The
samples were centrifuged for 5 min at 4 °C at 13000 x g. 45 uL of the upper polar
phase were moved to a new Eppendorf tube. 2.5 yL 50 mM TCEP (in 50 mM AA) were
added to reduce GSSG, and the samples were incubated at 37 °C for 30 min. 2.5 yL
of 100 mM d5-NEM were added to the samples before 20 min of incubation at room
temperature. 25 uL of the respective sample were diluted in 25 yL 50 mM AA inside a

glass vial insert prior to LC-MS/MS measurement.

For analysis of the applied differential treatments, the targeted redox metabolomic
method was carried out as previously reported by Tomin, T. et al.®® with the following
adaptions. Namely, 2 uL (instead of 10 pL) of each 1:1 diluted sample were injected

into the LCMS-8060 system (Shimadzu - Kyoto, Japan). Chromatography included a
32



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

ZORBAX Eclipse Plus Rapid Resolution HT HPLC C18 column (50 mm x 2.1 mm x
1.8 um; Agilent Technologies). Flow rate was set to 0.2 mL/min with the following
gradient of solvent A (A; 0.1% formic acid in ddH20) and solvent B (B; 0.1% formic
acid in ACN): 0-10 min: 1-16% B, 10.01-15.00 min: 1% B. MS was operating in positive
mode, with gas flow of 2.5, 10 and 10 L/min for nebulizing, drying and heating gas,
respectively. Desolvation line temperature was set to 250 °C and heat block
temperature to 400 °C. The respective transition parameters for the analytes can be
found in Table 4 in the appendix. Peak integration was carried out in Shimadzu Postrun

Analysis.

Calibration was carried out by measurement of a dilution series before and after the
samples had run on the MS. The calibration curve consisted of a 10 mM GSH-NEM
standard solution (in ddH20) diluted in 50 mM AA (blank) to 0.01, 0.1, 1, 10 and 25
MM. As for all the glutathione isotopologues measured (GSH-NEM, GSH-d5-NEM, 1S),
both isomeric forms (chromatographically separated) were summed in their peak area
before log10 treatment and data analysis. The resulting calibration curve can be found

in Figure 35 in the appendix.

The GSH/GSSG ratio was calculated by determining the concentration of GSH-NEM,
GSH-d5-NEM and IS of the samples using the calibration curve. Concentrations were
further accounted for dilution and normalised on IS content. GSSG concentration has
to further account for two glutathione monomers forming the dimer. The resulting mean
ratios of GSH (GSH-NEM) to GSSG (GSH-d5-NEM/2) for differentially treated samples
can be found in 3.1. Additionally, the concentrations of GSH and GSSG were
normalised based on the protein content of the respective cell lysate (see 2.2.1.3 and
2.2.2.2).

2.2.2.2 Label-Free Quantification Proteomics

The following workflow included steps for parallel analysis of cysteine protein residues
(redox proteomics), analogue to the analysis of glutathione status listed above. While
the measurement and subsequent data analysis have been carried out, the results will

not be discussed as this was outside this thesis's scope.

Measurement of protein content of the samples was based on the bicinchoninic acid
(BCA) assay (see 0). Analysis utilizing the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific - Waltham, MA, USA) was carried out according to the manufacturer's

instructions. The calibration series was prepared by serial dilution of an albumin (BSA)
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standard solution (2 mg/mL) in a 1:5 dilution of 50% TFE (in 50 mM ABC) in ddH20 as

dilutant. The dilution scheme can be found in Figure 36 in the appendix.

Samples were diluted 1:5 by mixing 12 pL of the sample with 48 pL of ddH20.
Measurement was carried out in technical duplicates. 25 uL of the respective sample
or standard were combined with 200 uL of the final Pierce colour solution (consisting
of 25 mL BCA reagent A and 0.5 mL BCA reagent B) inside a 96-well plate. The well
plate was then incubated at 37 °C and 300 rpm for 30 min in the plate spectrometer

before measurement at 580 nm.

Protein concentration was calculated using the linear calibration curve, which can be
found in Figure 37 in the appendix. The samples were then normalised to 21.85 pg
protein. According to the BCA assay results, the respective sample volume was filled
up to a total volume of 87.5 uL with 50 mM ABC.

2.5 uL TCEP (200 mM in 50 mM ABC,; frozen stocks have been made available) were
added to the samples for a final concentration of 5 mM TCEP. The samples were then
incubated at 37 °C for 30 min at 300 rpm. Afterwards, 10 yL of 100 mM d5-NEM were
added, and the samples were further incubated for 30 min at room temperature.
Samples were diluted 1:5 by the addition of 400 yL 25 mM ABC (pH 8.5) prior to
digestion. 1 ug of trypsin (4 uL of 0.25 ug/pL in 25 mM ABC) was added for overnight
digestion at 37 °C at 300 rpm.

4 ug were subsequently desalted for proteomic LC-MS/MS measurement. 92.3 pL of
the digested sample were mixed with 107.7 pL 1% trifluoroacetic acid (TFA; in ddH20).
The mixture was loaded onto a pipette tip packed with two layers of (poly)styrene
divinylbenzene-reverse phase sulfonate (SDB-RPS). This stage (stop and go
extraction) tip was then placed onto a 2 mL Eppendorf tube using an adapter and
centrifuged at 1500 x g for 10 min at room temperature. No liquid remained in the tip,
and the flowthrough was discarded. The tip was loaded with 100 yL 0.2% TFA (in
ddH20) for washing and centrifuged at room temperature at 1500 x g for 10 min. For
elution of the peptides into a fresh 2 mL Eppendorf tube with a glass vial insert, 100 uL
5% NH4OH in 80% ACN (aqueous solution) were added to the tip prior to centrifugation
at 1500 x g for 10 min at room temperature. The vials were dried for 90 min at 30 °C
using a SpeedVac™ vacuum concentrator. Samples were redissolved in 20 yL HPLC
running buffer A (2% ACN, 0.1% formic acid in ddH20) and sonicated for subsequent

LC-MS/MS measurement.
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Chromatography for proteomics was carried out on an Ultimate 3000 RCS Nano
Dionex system equipped with an Aurora Series UHPLC C18 column (250 mm x 75 ym
x 1.6 pym; lonopticks). Solvent A (A) was 0.1% formic acid in ddH20 and solvent B (B)

was 0.1% formic acid in ACN.

Total run time amounted to 86.5 min per sample using the following gradient: 0-5.5
min: 2% B; 5.5-25.5 min: 2-10% B; 25.5-45.5 min: 10-25% B, 45.5-55.5 min: 25-37%
B, 55.5-85.5 min: 37-80% B; 65.5-75.5 min: 80% B; 75.5-76.5 min: 80-2% B; 76.5-
86.5: 2% B. The flow rate was set to 400 nl/min and the column oven temperature to
40 °C.

The coupled timsTOF Pro mass spectrometer (Bruker Daltonics - Bremen, Germany)
was operated in positive mode with enabled TIMS at 100% duty cycle (100 ms ramp
and accumulation time). Source capillary voltage was set to 1400 V and dry gas flow
to 3 L/min at 180 °C. Scan mode was set to PASEF for the range of 100-1700 m/z.
Precursor selection was based on their intensity (DDA) and the precursors were
allowed to accumulate for a total of four ramps per PASEF cycle, bringing the total

cycle time to 0.53 s.

Subsequent raw data analysis was carried out using MaxQuant (v1.6.17.0) Andromeda
search of the human database, including common contaminants (20067 entries;
FASTA file downloaded on 14.02.2022) using a threshold of 1% PSM (peptide
spectrum matches) and protein FDR (false discovery rate) for identification (matched
between runs). This included NEMylation and d5-NEMylation on cysteine residues as
well as oxidation on methionine residues and acetylation on protein N-terminus as
variable modifications. The minimum peptide length was set to 7 amino acids and a
minimum of 2 ratios of unique and razor peptides for label-free quantification. LFQ was

normalised against the TIC (total ion chromatogram).

Intensity values were log2 transformed and categorically annotated to the respective
treatment set inside Perseus (v2.0.3.0) after import of the resulting protein list
(including their measured intensities). In total, 5587 proteins over all groups were
initially identified and quantified. Prior to further statistical analysis, filtering for sole
identification by site modification (212), reverse sequences (53) and potential
contaminants (58) was carried out. Protein identifications ranged from 4066 to 4169

for individual samples.
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Additionally, the matrix was filtered to only include proteins with reported valid values
in at least 80% of samples in at least one group. Missing values were then imputed

from a normal distribution with a width of 0.3 and a downshift of 1.8.

Further analysis inside Perseus for the comparison of two conditions included principal
component analysis (PCA) and scatterplots. The respective datasets were visualised
for subsequent interpretation using either a volcano plot or regular scatterplot. The
corresponding two-sample t-tests (two-sided) corrected for multi-testing for volcano
plotting were performed between the groups at 0.05 FDR and a SO of 0.1. In some
cases, non-FDR corrected f-tests were additionally carried out (p-value of 0.05 as

significance cut-off).

Proteins reduced for t-test significance (p-value < 0.05) were submitted to STRING
(protein-protein interaction networks) functional enrichment analysis with value-based
ranking (fold-change based). The FDR stringency for enrichment was set to 5%. Active
interactions were mapped based on the software's native sources of experiments,
databases, co-expression, neighbourhood, gene fusion and co-occurrence. The
minimum required interaction score was set to 0.4. The clustering of the network by
MCL (Markov Cluster algorithm) inflation parameter set to 3 as well as differential
expression analysis (fold-change based) was carried out inside Cytoscape (v3.9.1).
Further annotation based on GOCC (Gene Ontology Cellular Component) and GOMF
Gene Ontology Molecular Function) was carried out inside Perseus and further
visualised in the respective scatter plots. Visualisation based on STRING functional
enrichment analysis of f-test significant proteins GOBP (Gene Ontology Biological
Process) was carried out inside RStudio (v2022.07.2; R v4.1.3).

2.3 Differentiation of AC16 Cardiomyocytes

As preliminary data and recent reviews on commonly utilized cardiac in vitro models
have shown apparent limitations in mature cardiomyocyte phenotype, media
composition for further differentiation of AC16 cells was to be explored and

subsequently evaluated.>

2.3.1 Design of Maturation Media
The design of differentiation media was derived from the available literature on
improving the phenotype and translational ability of cardiac cell lines (incl. AC16).

Suitable candidates for media composition (see 2.1) or acting components were

36



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

chosen based on the quality of respective evidence and the frequency of utilization in

the published literature.

AC16 FBS proliferating medium, reflecting standard cultivation, was chosen as the
control.>* %1 The most common approach for inducing differentiation is the switch from
12.5% (v/v) medium fetal bovine serum to 2% (v/v) horse serum (AC16 HS
differentiation medium).>* 8" Complete mitogen reduction (sera replacement) was
implemented by adapting the cardioid maintenance medium for culturing AC16 cells
(AC16 BSA differentiation medium).8% 1. 73. 74 Fyrthermore, the induction of gene
expression by all-trans retinoic acid at varying concentrations has been reported to
improve maturation (AC16 high/low ATRA differentiation media) in combination with
the reduction in sera.5 7577 Lastly, the anti-replicative effect of cytosine arabinoside
(ara-C) and 5-azacytidine was inspected (AC16 nucleoside derivatives differentiation

medium).®

2.3.2 First Set of Experiments

2.3.2.1 Initial Culturing

A frozen aliquot of AC16 cardiomyocytes (SCC109; 2" passage) was quickly thawed
at 37 °C, resuspended in 1 mL of AC16 FBS proliferation medium and transferred to a
T175 culture flask containing 16 mL of proliferation medium. If not stated otherwise,
incubation was carried out at 5% CO2, 37 °C and appropriate humidity as well as

normoxia.

After 21 h of initial incubation, the cells were inspected for viability, and the medium
was exchanged. This was repeated after an additional 72 h for further proliferation and
recovery. At this point, the cells reached 80% confluency and were split. The medium
was removed entirely, and the cells were washed twice with 10 mL PBS. 4 mL trypsin
(0.25% v/v with EDTA) were added to the flask, and the cells were incubated for 5 min
at 37 °C. The cells were then checked for detachment from the flask surface under the
optical microscope. To neutralise the trypsin, 10 mL of proliferation medium were
added. The resulting cell suspension was then transferred to a 15 mL Falcon tube. 3
mL of the cell suspension were transferred back into the culture flask and mixed with
10 mL of proliferation medium. The cells were then incubated at 37°C until reaching
80% confluence again an additional 72 h later for subsequent seeding. The remaining

cell suspension was then centrifuged, the supernatant discarded, and the cell pellet
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resuspended in 2 mL of freezing medium (consisting of 5% DMSO in proliferation

medium). Two aliquots of 1 mL each were slowly frozen for storage at -80 °C.

Harvesting the cells with trypsin for seeding was then carried out analogue to the
process of cell splitting described above. 10 pL of the resulting cell suspension were
mixed with 10 yL trypan blue solution for cell counting using the EVE™ automatic cell
counter (AlphaMetrix Biotech). 10 uL of the trypan blue-cell mixture were applied onto
the counting slide, and the cell density was measured. The cell count was 772680

cells/mL (viable).

The subsequent culturing for the experiment was carried out in 12-well plates. The well
plates were coated with collagen by applying a 0.5 g/L gelatine solution. A seeding
density of 80000 cells/well was chosen. By diluting 2.8 mL of the measured cell
suspension in 24.2 mL proliferation medium, an 80000 cells/mL solution was prepared,
and 1 mL of this solution was applied to each well. Seeding included four wells (four
biological replicates) per condition, as discussed below. The cells were then incubated

for 24 h before treatment.

The remaining cell suspension was transferred back to the flask and subsequently kept
in culture in proliferation medium as the control. The cells were split once they reached

80% confluence.

2.3.2.2 Differential Treatments

Differential treatment included exchanging the medium for the respective differentiation
media composition (see 2.1). Cells were washed twice with 1 mL PBS to sufficiently
remove leftover mitogens (sera) prior to the addition of fresh medium. The applied
treatments for a total incubation time of 8 days are listed in Figure 13 below and

included five differentiation medium candidates, as discussed above.

38



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Differential treatments

Control
AC16 human cardiomyocytes cultured in AC16 FBS proliferation medium. Splitting was
. carried out at 80% confluence. Medium was exchanged every 48 h.

Seeded at 80000 cells/well and 24 h incubation in AC16 proliferation medium.

L, 1) Reduction in sera and switch to horse serum
Incubation in AC16 HS differentiation medium for 8 days. Medium was exchanged every
48 h.

L, 1l) Substitution of sera by defined BSA/lipid complex medium
Incubation in AC16 BSA differentiation medium for 8 days. Medium was exchanged
every 48 h.

|, lll) Additional induction of differentiation by ATRA (low conc.)

24 h incubation in AC16 low FBS differentiation medium. Medium was exchanged for
additional incubation in AC16 low ATRA differentiation medium for 7 days (medium was
exchanged every 48 h).

|, IV) Additional induction of differentiation by ATRA (high conc.)
24 h incubation in AC16 low FBS differentiation medium. Medium was exchanged for
additional incubation in AC16 high ATRA differentiation medium for 7 days (medium
was exchanged every 48 h).

L, V) Additional anti-replicative effect of ara-C and 5-azacytidine
48 h incubation in AC16 nucleoside derivatives differentiation medium | accompanied
by direct addition of ara-C after initial 24 h. Medium was exchanged for additional
incubation in AC16 nucleoside derivatives differentiation medium Il for 6 days (medium
was exchanged every 48 h).

Figure 13. Overview of the applied differential treatments, including the variation in differentiation
medium composition. Total treatment time was 8 days before harvesting for subsequent analysis of
changes in gene expression of cardiac differentiation markers. Additionally, the proposed mechanism
of action for differentiation is listed as the header for the respective medium (I-V; for a total of five
different treatments). A (complete) reduction in sera represents a reduction in mitogens and growth
factors, commonly cited as cofounding driver of cytostasis and cell differentiation in combination with
differentiation factors, high cell density and cell-cell as well as cell-matrix interactions.”®

2.3.2.3 Harvesting for Subsequent Analysis

After 8 days of incubation in the respective medium, the cells were harvested. The
medium was removed, and the cells were washed twice with 1 mL of PBS. 300 pL of
TRIzol reagent (guanidium thiocyanate/phenol; Thermo Fisher Scientific - Waltham,
MA, USA) were added to each respective well, and the cell lysate was transferred to
an Eppendorf tube for storage at -20 °C until further processing. Parallel harvesting of
the control inside the T175 flask was carried out using 900 pL of TRIzol reagent. The
volumes of applied TRIzol reagent were based on cell mass according to the
manufacturer's instructions. Cells incubated in AC16 nucleoside derivatives
differentiation medium were not harvested as the cells were not viable (see 3.3.1 for

further discussion).
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2.3.2.4 Sample Preparation for Gene Expression Analysis

Total RNA isolation from frozen samples, including TRIzol reagent for guanidinium
thiocyanate-phenol-chloroform extraction and i-propanol precipitation of RNA, was
carried out according to the manufacturer's instructions. The resulting RNA
concentration and purity were evaluated spectrophotometrically using a Nanodrop
One/One® Microvolume UV-VIS Spectrophotometer (Thermo Fisher Scientific -
Waltham, MA, USA). All samples utilized in the subsequent analysis showed a 260/280
nm absorbance ratio above 1.8. RNA isolates were stored at -80 °C until further

analysis.

RNA was reverse-transcribed to cDNA with a High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific - Waltham, MA, USA) according to the
manufacturer’s instructions. cDNA samples synthesized from 2 ug of total RNA were
stored at -20 °C until further processing. 150 ng of cDNA were subjected to RT-gPCR
(real-time quantitative polymerase chain reaction) analysis with a Rotor-Gene Q MDx
5plex HRM Real-time PCR cycler and High-Resolution Melt analyser (QIAGEN -
Venlo, Netherlands) using a Blue S'Green gPCR Kit (Biozym) according to the
manufacturer’s instructions. Primer sequences used in the final analysis are listed in
Table 5 in the appendix. The data were analysed with the AACt method, applying
RPLPO as a normalisation control (housekeeping gene). Further information on gene

expression analysis is listed below. The results can be found in 3.3.

Common differentiation markers were chosen based on the available literature on
cardiac markers.5% 1. 73, 74,76, 79-83 Primers were either designed using NCBI tools or
adapted from the Harvard primer bank, including an in silico review of secondary
structure, guanidine-cytosine-content (GC), complementary sites and product length
via NCBI Primer-BLAST. The dry primers were diluted to 100 uM final concentration in
RNase-free water according to the manufacturer's instructions. The respective forward
and reverse primer mix at 10 yM final concentration was prepared by adding 50 pL of
100 uM forward and 50 yL 100 uM reverse primer to 400 pL of RNase-free water.

Prior to gene expression analysis for all samples, the designed primer candidates
(including multiple variations of the same target or housekeeping gene) were evaluated
in a test run of RT-gPCR on cDNA from cells incubated in AC16 proliferation medium
and AC16 BSA differentiation medium. Final primer pairs for subsequent gene
expression analysis for evaluation of differentiation were chosen by applicability based
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on the resulting amplification and melting curves. The inspected parameters of the
respective primer pair included the range of reported Ct (cycle threshold) values,
stability (deviation) of Ct values for housekeeping genes across biological replicates
and conditions, and observable primer dimerization (no-template controls, NTC). No-
primer controls (NPCs) were included in all RT-gPCR runs to inspect possible

contaminations.

2.3.3 Second Set of Experiments

Based on the results in 2.3.2, the evaluation of cardiac phenotype was repeated in
samples from AC16 cells incubated in AC16 BSA differentiation medium for 2 days.
This was done to assess early changes and reflect shorter preculturing periods, as
commonly used in experimental setups. Furthermore, additional differentiation markers

were included and also applied to stored samples (see 3.3.2).

2.3.3.1 Initial Culturing

Culturing of AC16 cells (frozen aliquots from 2.3.2.1) for the second experiment was
carried out as described in 2.3.2.1 with the following adaptations. Namely, seeding for
subsequent treatment was carried out inside 6-well plates in 2 mL medium to gain
additional cell mass for improved RNA vyield. Furthermore, AC16 cells in AC16

proliferation media (control) were seeded in wells, analogue to the applied treatment.

2.3.3.2 Differential Treatments

Incubation of AC16 cells in AC16 BSA differentiation medium was carried out as
described in 2.3.2.2 with the following adaptations. Namely, treatments only included
AC16 BSA differentiation medium for a shorter period of 48 h. The medium was not

exchanged during that time.

2.3.3.3 Harvesting for Subsequent Analysis

Harvesting with 900 uL TRIzol reagent was carried out as described in 2.3.2.3.

2.3.3.4 Sample Preparation for Gene Expression Analysis

Gene expression analysis of harvested samples was carried out as described in 2.3.2.4
with the following adaptions. Namely, the analysis now included an extended list of
primers for additional markers of differentiation. The complete set of primers was
further applied in the repeated analysis of stored cDNA (-20 °C) of AC16 cells cultured
for 8 days in AC16 proliferation medium (control) or AC16 BSA differentiation medium

from the first set of experiments (see 2.3.2).
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3 Results and Discussion

3.1 Cardiac Organoids Respond to Oxidative Stress with Changes in
Cellular Glutathione Status

Preservative two-step alkylation of sulfides allowed the analysis of the abundant
endogenous antioxidant glutathione and derivatives in differentially treated cardiac
organoids. The results illustrate distinct alterations in the redox environment and
provide valuable insights into the cellular response to changes in nutrient availability
and atmospheric oxygen levels (Figure 14). A lower GSH/GSSG ratio serves as a
marker for increased oxidative stress as GSH is oxidised (forming GSSG) while
neutralizing RONS and aiding in the antioxidative defense (see 1.1.2.1).
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Figure 14. Cardioids cultured in physiological glucose (5 mM) display a significantly reduced
GSH/GGSG ratio compared to high glucose (30 mM, right). The GSH/GSSG ratio in cardioids cultured
in normoxia is slightly reduced (not significant) compared to physioxia (left). Treatment included 48 h
incubation. N = 6 per condition (2 cardioids per N). Variations in oxygen and glucose environment are
not illustrated on the same graph to point out that the individual sets were cultured in different media
(IMDM/DMEM). Therefore, a direct comparison of glutathione status is only possible with careful
consideration of this limitation. Individual values and standard error of the mean (SEM) are listed
together with the mean value for the respective condition in all box plots. Additionally, Student t-test p-
values are listed.

The results of glutathione status indicate a slight increase in oxidative stress at
increased oxygen levels. This is due to reduced levels of GSH and more abundant
GGSG (Figure 15) in normoxic conditions compared to physioxia. As discussed in

1.1.2, the observed GSH/GGSG ratio reduction could be based on the more oxidizing
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environment linked to increased oxygen abundance. Based on these results, reduced
oxygen availability does not impair metabolic flexibility to the extent of disrupted cellular
redox homeostasis in physioxia compared to normoxia. The possibility of reduced
mitochondrial activity under physioxia is explored in 3.2. However, this might only
represent a trend, and it must be noted that the alteration in glutathione status is not
statistically significant (Student t-test p-value = 0.1287; Figure 14). Nevertheless, these
findings match previous reports on reduced GSH values in patients with reperfusion
injury (and HF). Higher oxygen environments in vitro have now been repeatedly shown
to mimic increased oxidative stress.*> 8 8 Follow-up experiments representing I/R
injury, including culturing cardiac organoids in hypoxia and switching to normoxia

before harvesting, may provide additional context.
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Figure 15. Absolute GSH levels (normalised on protein content) of cardioids cultured in normoxia are
slightly reduced (not significant), while GSSG levels are slightly increased (not significant) in normoxia
compared to physioxia.

Cardiac organoids cultured in 5 mM glucose showed a significantly reduced
GSH/GSSG ratio compared to 30 mM glucose (Figure 14). 30 mM glucose was utilized
to represent an excess of this nutrient, whereas 5 mM is based on typical physiological
values of blood glucose and tissue supply. Results suggest tolerance of high
concentrations and possible dependence on medium glucose. Furthermore, typical
growth media glucose, as applied in the culturing for variation in oxygen availability (17

mM), can also be considered hyperglycemic.2é6 As noted in Figure 14, the direct
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comparison of the two experimental sets is confined by the difference in applied
medium composition. With this limitation in mind, GSH/GSSG ratios and levels of GSH
and GSSG match for 17 and 30 mM glucose in normoxia (Figures 15 and 16). This
may further indicate glucose dependence as 30 mM glucose does not seem to
represent a harmful excess, and 17 mM covers metabolic needs. The impact of
glucose metabolism and metabolic flexibility on oxidative stress has been illustrated in
1.1.1 and 1.1.2. The observed metabolic phenotype is further discussed in 3.2 below.
Additionally, it must be noted that while 5% oxygen represents physiological pOzvalues
of the myocardium (as a percentage of oxygen in the microenvironment)®”- 8, cardiac
organoids challenged with different glucose concentrations were cultured in normoxia

not to introduce confounding factors for variation in medium glucose.
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Figure 16. Absolute GSH levels of cardioids cultured in physiological glucose concentration (5 mM) are
slightly reduced (not significant), while GSSG levels are slightly increased (not significant) in
physiological glucose compared to high glucose (30 mM).

Overall, the reduction in GSH/GSSG ratio and the alterations in GSH and GGSG levels
are less substantial than the observed values in the tissue of failing hearts. In
comparison, absolute values of GSH/GSSG ratio appear to be relatively high.*
Furthermore, distinct biological variation in all reported values was observed. The
cardiac organoids seem to cope well based on the relative abundance of GSH across
all conditions. In addition, no visible changes in viability were detected across all
treatments before harvesting (Figure 39 in the appendix). Results indicate a different,

possibly fetal, nature of cardiac organoids.
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3.2 Effects of Oxygen and Nutrient Availability on the Proteome of

Cardiac Organoids
As listed in detail in 2.2, the analysis of protein abundance was carried out across 24
samples (48 cardioids). This resulted in 3810 and 3858 quantified proteins across 12
samples (24 cardioids) after filtering for at least 80% valid values in at least one group
for the variation of oxygen and glucose availability, respectively. A principle component
analysis (PCA,; Figure 17) illustrates the separation of cardioids differentially cultured

in physioxia and normoxia.
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Figure 17. Principle component analysis (PCA) of analysed samples. lllustrated above are cardioids
differentially cultured in 17 mM glucose for variation of atmospheric oxygen in normoxia (20% Oz; blue)
and physioxia (5% O2; green). Furthermore, cultivation in normoxia included the variation in medium
glucose concentration with cardioids cultured in physiological glucose (5 mM; orange) and high glucose
(30 mM; red).

Due to the high variability of individual spheroids and modest response upon
differential glucose availability, it was decided only to observe and include those
samples for further analysis that demonstrated response according to PCA.
Furthermore, the correlation between samples was inspected in a multi-scatter plot
(Figures 40 and 41 in the appendix). This led to the exclusion of one biological replicate
(2 spheroids out of 12) per condition (physiological/high glucose) and improved
separation (Figure 18). It must be noted that these results cannot be interpreted with

the same level of confidence, and these limitations must be kept in mind.
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Figure 18. Principle component analysis (PCA) of the proteomic signatures of cardioids differentially
cultured in normoxia for variation in medium glucose in normoxia with physiological glucose (5 mM;
orange) and high glucose (30 mM; red). As discussed above, one biological replicate each was removed
from further analysis based on the high variability of the samples. Response to alteration in glucose
availability appears modest compared to variation in atmospheric oxygen.

3.2.1 Oxygen Levels Significantly Impact Proteomic Remodelling

Proteins significantly more abundant in normoxia match the results of cellular
glutathione status analysis. A lower GSH/GGSG ratio correlates with increased
expression of antioxidative enzymes (Figure 19; marked in pink) under higher oxygen.
Elevated levels of the mitochondrial-specific superoxide dismutase isoform SOD2 and
the abundance of mitochondrial proteins suggest disturbed redox homeostasis by
upregulated mitochondrial activity, which is to be expected when oxygen is readily
available. Correspondingly, cardioids cultured under higher oxygen demonstrated

markedly higher expression of mitochondrial proteins (Figure 19; marked in orange).

Gene ontology analysis of biological processes (GOBP) of corresponding proteins
significantly more expressed in normoxia resulted in the enrichment of multiple
processes, as shown in Figure 20. Next to the expected enrichment of global
mitochondrial processes such as mitochondrial translation and morphogenesis, it is
noteworthy to mention elevation in the expression of fatty acid B-oxidation enzymes
and respiratory electron transport chain in normoxia compared to physioxia. The
increased production of ATP and mitochondrial biogenesis is further associated with
higher expression levels of dehydrogenase E1 and transketolase domain-containing 1
(DHTKD1). DHTKD1 is further reported to be crucial in maintaining mitochondrial redox

homeostasis.8®
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Figure 19. Volcano plot illustrating changes in the proteome for cardioids cultured in different
atmospheric oxygen conditions for 48 h. Student t-testing revealed 113 significant differentially
expressed proteins. Proteins more abundant in normoxia (20% O2) are illustrated on the right side of
the plot, whereas proteins more abundant in physioxia (5% O2) are displayed on the left side. SERPINA1
and ITIH2 (right) constitute protease inhibitors. FGG (right) is associated with fibrinogen- and fibrin-
associated cell adhesion and spreading.

As illustrated in Figure 19, the reduction in atmospheric oxygen leads to increased
carbohydrate metabolism and glycolysis dependence for ATP synthesis, manifested
by higher expression of core glycolytic proteins, including the key enzymes of
glycolysis (e.g., ALDOA, PGK and PFK) and glucose transporters (e.g., SLC2A1 and
SLC2A3). Additional mobilization of substrates for glycolysis is illustrated with enzymes

such as mannose-6 phosphate isomerase (MPI), which facilitates the conversion of
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mannose 6-phosphate to fructose 6-phosphate (F6P).*° Dependence on glycolysis is
further corroborated by GOBP analysis with significantly more expressed proteins in

5% oxygen as input (Figure 21).
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Figure 20. Gene ontology-enrichment analysis of biological processes (GOBP) of significantly more
abundant proteins in normoxia compared to physioxia. The list of terms was manually reduced for
redundancy. So far unmentioned proteomic signatures include increased fatty acid transport (e.g.,
carnitine metabolic process), response to unfolded proteins (correlating with increases in oxidative
stress or mitochondrial translation) and possibly lipid storage (regulation of cholesterol biosynthetic
process; negative regulation of lipase activity).

Of note, other proteins involved in carbohydrate metabolism are also more abundant
in physioxia. PKM catalyses the dephosphorylation of phosphoenolpyruvate (PEP) and
yields the net ATP production of glycolysis. Energy regeneration is thereby
independent of oxygen supply and mitochondrial respiration. PKM1 activity is thus
crucial for the accommodation of glycolytic flux and PDH activity to maintain metabolic
flexibility and homeostasis.®' 2 Increased lactate dehydrogenase A (LDHA) levels
suggest that the cellular energy demand is not matched in oxygen supply. Conversion
of pyruvate to lactate is crucial for the regeneration of NAD*. Limited TCA activity (as
seen in Figure 20) correlates with the observed lower expression of the key regulator
PDH (PDHA1).9° Furthermore, monocarboxylate transporter 4 (MCT4; encoded by the
SLC16A3 gene) is reported to play a predominant role in the transport of lactate efflux
from highly glycolytic cells. Upregulation of MCT4 may be facilitated by AMPK and

hypoxia-inducible factor 1-alpha (HIF-1a).%3
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Figure 21. Gene ontology-enrichment analysis of biological processes (GOBP) of significantly more
abundant proteins in physioxia compared to normoxia. The list of terms was manually reduced for
redundancy.

So far, results indicate carbohydrate metabolism induction in response to oxygen
deprivation, also reported for cardiac ischemia and heart failure.'® Indeed, HK2, the
principal regulated hexokinase isoform found in muscle and the heart, can also be
induced by hypoxia. HK2 is localised to the outer mitochondrial membrane (OMM) and
therefore has direct access to ATP for glucose phosphorylation.®* Gene ontology
analysis (Figure 21) illustrates that cardioids cultured in 5% O2 experience cellular
stress and oxygen-glucose deprivation. Mitochondrial autophagy and apoptosis seem
to occur as well. Additionally, antioxidants such as the copper chaperone for SOD1
(CCS) and peroxidasin homolog (PXDN) are upregulated in physioxia. PXDN, a heme-
containing peroxidase augmenting oxidative stress and regulation of autophagy, is

reportedly involved in cardiovascular diseases.?

In conjunction, the results indicate hypoxic conditions at 5% oxygen. Multiple proteins
significantly more expressed in physioxia are involved in the cellular response to stress
and hypoxia, especially in peptidyl and protein hydroxylation. The hypoxia-inducible
factor prolyl hydroxylase 2 (HIF-PHZ2; encoded by the EGLN1 gene) is thought to be
the most critical sensor of cellular oxygen levels. Under normoxia, the oxygenase
activity of the enzyme hydroxylates proline-402 and proline-564 of HIF-1a and

therefore marks it for ubiquitin-proteasomal degradation. In the beginning absence of
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oxygen, this mechanism is limited and leads to the regulatory activity of HIF-1a and
cellular efforts to increase the abundance of the oxygen sensor, as illustrated in Figure
22. HIF-1a has been reported to play a critical role in the pathogenesis and progression

of various diseases, including cardiac hypertrophy and heart failure.% 7
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Figure 22. STRING protein-interaction analyses of proteins significantly more expressed in physioxia
or hypoxia show distinct clustering (excerpt). (A) lllustrated above are proteins significantly upregulated
in 5% oxygen, constituting the cellular response to stress and hypoxia. Those include enzymes further
involved in collagen synthesis and modification. (B) Proteomic results of cardiac organoids cultured in
5% oxygen indicate a reduced abundance of iron transporters (FTL, FTH1, SLC39A14). Hydroxylation
of HIF-1a is reduced under low cellular iron concentrations, hypoxia, or increased mitochondrial ROS
production. This further illustrates the complex interplay of multiple factors in redox homeostasis being
affected by both 5% and 20% oxygen.®® HIF-1a plays a crucial role in repressing cell stress pathways.
Multiple associated downstream effects, such as increased glucose transport and glycolysis, mitophagy,
ECM stiffness and mitigation of ROS production, can be observed in 5% 02.97

Additionally, proteins involved in the synthesis and assembly of collagen (P4HA1,
P4HA2, PLOD1, PLODZ2) are upregulated in 5% oxygen (Figures 19 and 22A). The
induction of these enzymes by HIF-1a is associated with extracellular matrix
remodelling (ECM) under hypoxic conditions. Proteomic analysis of failing hearts has
illustrated a relative abundance of proteins responsible for the modification of the ECM

as well as the reduction in several ion transporters (Figure 22B).45 9. 99

While 5% oxygen was considered physiological in the experimental design, cardioids

appear hypoxic. (Homogenous) oxygen diffusion and uptake may be limited due to the
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three-dimensional organization of spheroid structure and cavity formation. Actual

oxygen availability has to be accounted for in follow-up experiments.

3.2.2 The Cardioid Model Exhibits an Embryonic Metabolic Phenotype
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Figure 23. Scatter plot illustrating changes in the proteome after 48 of differential treatment. Proteins
more abundant in high glucose (30 mM) are illustrated on the right side of the plot, whereas proteins
more abundant in physiological glucose (5 mM) are displayed on the left side. Student t-testing revealed
245 significantly differentially expressed proteins. Due to the high variability of individual spheroids and
modest response in alteration of glucose availability, the Student f-test p-value was not corrected for
permutation-based FDR. The resulting limitations were considered in further interpretation.
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As mentioned before, changes in the proteome of cardioids cultured in different
medium glucose concentrations are not as significant as those due to variations in
oxygen availability. While considering the apparent limitations, proteomic signatures
can still be observed in the differentially treated cardiac organoids (as illustrated in
Figure 23).
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Figure 24. Gene ontology-enrichment analysis of biological processes (GOBP) of significantly more
abundant proteins in cardiac organoids cultured in physiological (5 mM) compared to high glucose
concentration (30 mM). The list of terms was manually reduced for redundancy. The modest response
to alteration in medium glucose concentration compared to variation in oxygen availability can be
observed in the generality of the listed enriched GOBP terms.

Proteins significantly more abundant in cardioids cultured in 5§ mM glucose are
predominantly involved in the remodelling of the ECM and the synthesis and
modification of collagen fibrils, as indicated by gene ontology-enrichment analysis
(Figure 24). Respective proteins include various forms of collagens (COL18A1,
COL2A1, COL3A1, COL4A2), procollagen lysine 5- dioxygenases (PLOD1, PLODZ2,
PLOD3) and prolyl 4-hydroxylase (P4HA1, P4HAZ2). In contrast to the variation in
oxygen availability discussed above, no associated HIF-1a activity (based on
increased HIF-PH2 abundance) can be observed. Reported enzymes and collagens
cluster into a distinct network in STRING protein-interaction analysis (Figure 25A),
matching the preliminary findings in the tissue of failing hearts and AC16 cells exposed

to increased atmospheric oxygen.*®
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Figure 25. STRING protein-interaction analyses of proteins significantly more expressed in 5 mM or 30
mM glucose (Glc) show distinct clustering (excerpt). (A) Proteins involved in ECM remodelling are
significantly more abundant in 5 mM glucose. COL3A1 has been suggested to induce the development
and progression of ischemic HF. Furthermore, an increased abundance of GLUT3 (SLC2A3) indicates
cellular efforts for glucose import. In contrast to preliminary findings in the tissue of failing hearts, levels
of pigment-epithelium-derived factor (PEDF; encoded by the SERPINF1 gene; no reported serine
protease inhibitory activity) do not correlate with differentially expressed collagens and is significantly
less abundant in 5 mM.® PEDF is proposed as a regulator of ECM remodelling and proliferation, and
reduced levels have been reported in the presence of increased oxidative stress and ROS.1%° (B)
Proteins involved in the metabolism and transport of cholesterol and other lipids are shown to be more
abundant in 30 mM glucose. (C) Relative abundance in fatty acid synthase (encoded by the FASN
gene), long-chain-fatty acid-CoA ligase 4 (encoded by the ACSL4 gene), and carnitine O-
palmitoyltransferase (mitochondrial; encoded by the CPT2 gene) represents increased fatty acid
synthesis, lipid synthesis and B-oxidation, respectively. Results indicate certain metabolic flexibility and
could imply abundant nutrients, cellular building blocks, and increased proliferation.®°

In contrast to cardioids differentially cultured in varying oxygen environments, SOD1
was significantly more abundant in 30 mM. As the isoform is primarily located in the
cytoplasm, this may be allocated to increased glycolytic flux. SOD2 can again be
associated with an increased mitochondrial activity.'?’. %2 However, the enzyme was
not significantly abundant in 5 mM glucose. Increased levels of CCS may still hint at
oxidative stress associated SOD2 activity. ECM remodelling, as listed above, can be
facilitated in oxidative stress as superoxides are reported to induce collagen secretion

and the activity of several lysyl and prolyl hydroxylases.93. 104

Gene ontology-enrichment analysis indicates nutrient deprivation and increased

cellular stress at 5 mM glucose (Figures 23 and 24). While proteins involved in
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response to low glucose and glucose transport (GLUT1, GLUT3) are significantly more
abundant in 5 mM, no upregulation in glycolytic enzymes can be observed. Findings
further include increased translation of mitochondrial proteins and organization of
mitochondrial matrix, possibly indicating early mitochondrial maturation and adaption
to the altered nutrient environment.'%% 1% |nversely, high glucose has been reported to
inhibit the maturation of cardiac cells.’” However, metabolic acclimatization might not
be advanced as no change in the overall activity of glycolysis, OXPHOS or B-oxidation
can be identified based on relative protein abundance. Still, a significant abundance of
PDK2 in low glucose conditions can be observed (Figure 23). PDK2 can assert
regulation of glucose and fatty acid metabolism by directly impacting PDH activity and
therefore controlling influx to TCA and OXPHOS.®® The relative abundance (not
significant; Table 1) of identified PDH subunits may further illustrate mitochondrial
maturation. An immature or insufficient mitochondrial function may lead to additional
cellular redox stress in a low-glucose environment.'®® SIRTS5 is significantly more
abundant in 5 mM glucose. It has been proposed to play a vital role in the regulation

of cardiac (mitochondrial) metabolism and redox homeostasis.'®®

Table 1. Reported protein abundance of PDH subunits in cardiac organoids cultured in 5 mM glucose
(Glc) compared to 30 mM glucose. Results imply facilitated control over pyruvate turnover for TCA influx
and increased mitochondrial activity.

. Student t-test Difference (30 mM Gic
Gene Protein

p-value to 5 mM Gic)
PDHA1 Pyruvgte dehydrogen_ase E1 cqmponent_ 0.1449 0.9362
subunit alpha, somatic form, mitochondrial
PDHB Pyruvgte dehyd_rogenasg E1 component 0.1511 0.7996
subunit beta, mitochondrial
PDHX Pyruvate dehydrogenase protein X 0.1877 0.9264

component, mitochondrial

As mentioned in 3.1, cardioids cultured in high glucose (30 mM) do not appear to
experience additional cellular stress. A significant metabolic burden imposed on
cardiac organoids, resulting in disturbed homeostasis, can neither be observed in
proteomic analysis (Figures 23 and 26). Results indicate the utilization of abundant
nutrients (compared to cardioids cultured in 5 mM) and management of metabolic flux

towards translation (ribosomal biogenesis), lipid biosynthesis and proliferation.

GFPT1 (which is significantly more abundant in 30 mM glucose) is the rate-limiting
enzyme controlling glucose's flux into the hexosamine biosynthetic pathway (HBP).
The subsequently obtained uridine diphosphate N-acetylglucosamine (UDP-GIcNACc)

is used for the posttranslational modification of various intracellular proteins, including
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proteins that participate not only in nutrient sensing but also in stress response. While
the results do not indicate severely disturbed homeostasis, protein O-GlcNacylation
levels are reported to associate with cardiac hypertrophy, heart failure and diabetic
cardiomyopathy. Acute increases are thought to be cardioprotective in I/R injury.
Further research in this area is needed to illuminate the role of HBP in cardiac

pathogenesis and HF.'1°
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Figure 26. Gene ontology-enrichment analysis of biological processes (GOBP) of significantly more
abundant proteins in cardiac organoids cultured in high (30 mM) compared to physiological glucose
concentration (5 mM).

Further findings specific to high media glucose concentration are elaborated in Figure
25 and Table 2. Higher expression of lactoylglutathione lyase (GLO1), a protein tightly
associated with excess glucose, indicates increased hemithioacetal adducts formed
by the reaction of aldehydes, such as methylglyoxal and glutathionyl groups. While
methylglyoxal is formed as a byproduct of several metabolic pathways, it mainly arises
from glyceraldehyde phosphate and dihydroxyacetone phosphate inside glycolysis.
GLO1 participates in the glutathione-dependent detoxification from methylglyoxal.
Otherwise, elevated levels of methylglyoxal would drive the formation of advanced
glycation endproducts (AGEs). The associated damage to biomolecules (e.g.,
histones, lipoproteins) is reported to drive inflammation, atherosclerosis and
cancerogenesis unto others. Based on glutathione status and the proteome, cellular

efforts keep glycolytic and oxidative stress in homeostatic ranges.'"
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Table 2. Incubation of cardiac organoids in high glucose (30 mM) significantly alters the abundance of
the proteins listed below. Lower levels of voltage-dependent anion-selective channel protein 3 (VDAC3)
have been reported in the tissue of failing hearts and AC16 cells cultured in normoxia.*® Furthermore,
elevated levels of angiotensinogen (AGT; significantly more abundant in 30 mM) have been associated
with heart failure and the progression of heart disease in the literature. Angiotensinogen can give rise
to all angiotensin peptide variants through sequential enzymatic cleavage. In physiological conditions,
the renin-angiotensin system is critical for maintaining cardiac performance. In disease, AGT has been
observed to be abundant in the progression of ischemia and cardiac hypertrophic remodelling. The
implication of the abundance of lactoylglutathione lyase (GLO1) is discussed above.

Student t-test Difference (30 mM Gic

Gene Protein p-value to 5 mM Gic)
VDAC3 Voltage-depepdent anion-selective 0.0263 0.8598
channel protein 3
AGT Angiotensinogen 0.0110 1.7045
GLO1 Lactoylglutathione lyase 0.0324 1.3394

Distinct cellular metabolic adaptations and protein signatures characteristic to
pathological aspects of heart disease could be identified, with shared changes in
collagen synthesis and modification, ECM remodelling, response to oxidative stress,
secretion of extracellular proteins, mitochondrial activity and lipid metabolism occurring
across all treatments. Multiple findings in our preliminary proteomic data of failing
hearts and differentially cultured AC16 cells can also be observed in hSC-derived
cardiac organoids exposed to alterations in nutrient and oxygen environment.*®
However, results also indicate that the metabolic phenotype does not fully match

expected alterations in cardiac pathology.

The impact of glucose deprivation or excess may accumulate over time, with further
significant changes in the cellular proteome occurring beyond the observed treatment
duration. As for 48 h of treatment, results in glutathione status and proteomic
signatures suggest both a high tolerance of and increased metabolic dependence on
glucose. In combination with the detected tolerance against hypoxic conditions, cardiac
organoids (cardioids) appear to exhibit a (leftover) embryonic phenotype.'’? 113
Observations further indicate deficiencies in mitochondrial activity and fatty acid
utilization. Distinct unresponsiveness to changes in energy substrate availability can

illustrate limitations in translational ability compared to patient-derived cardiomyocytes.
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3.3 Design and Evaluation of a Differentiation Protocol for AC16

Human Proliferating Cardiomyocytes in 2D Culture
As results in 3.2 indicate that the cardiac organoid model exhibits an embryonic
metabolic phenotype, with glycolysis appearing to be the preferred catabolic pathway
compared to fatty acid oxidation and high glucose levels being very well tolerated,
further in vitro models for investigating nutrient-driven redox signalling were explored.
However, preliminary data and recent literature have shown apparent limitations in the
mature cardiomyocyte phenotype of AC16 cells. Namely, according to proteomic
analysis of AC16 cells cultured in AC16 FBS proliferation medium in normoxia, few
cardiac-specific proteins are expressed compared to cardioids (Table 3)."4 115
Therefore, as mentioned in 2.3, media composition for further differentiation of AC16

cells was explored and subsequently evaluated.

Table 3. lllustrated below is a list of (abundant) cardiomyocyte-specific proteins. Whereas a majority of
markers of cardiac identity can be identified in our proteomic analysis of hSC-derived cardiac organoids
(cardioids), we identified only a few of the respective proteins in AC16 cells. Cardiac markers are derived
from tissue-specific proteomic mapping.!'4 115

Gene Protein Cardioids AC16
ACTC1 actin alpha cardiac muscle 1 YES YES
ACTN2 alpha-actinin 2 YES NO
BMP10 bone morphogenetic protein 10 NO NO
LRRC10 leucine-rich repeat containing 10 NO NO
MYBPC3 myosin binding protein C3 YES NO
MYBPHL myosin binding protein H like NO NO
MYH6 myosin heavy chain 6 (alpha; fast) YES NO
MYH7 myosin heavy chain 7 (beta; slow) YES NO
MYH7B myosin heavy chain 7B (beta isoform; slow) NO YES
MYL4 myosin light chain 4 YES NO
MYL7 myosin light chain 7 YES NO
NPPA natriuretic peptide A NO NO
NPPB natriuretic peptide B NO NO
PLN cardiac phospholamban YES NO
TNNI3 troponin | type 3 (cardiac muscle) YES NO
TNNT2 troponin T type 2 (cardiac muscle) YES NO

3.3.1 Evaluation of Media Composition

AC16 cardiomyocytes were cultured in various differentiation medium compositions,
reflective of commonly applied maturation protocols reported in the literature. The
proposed mechanisms for differentiation include the reduction or replacement of sera
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(i.e., mitogens.), induction of gene expression by ATRA, and anti-replicative effect of

nucleoside derivatives, respective of medium composition.

Figure 27. Microscopic image of AC16 cells after 24 h incubation in AC16 FBS proliferation medium
(left) and AC16 nucleoside derivatives differentiation medium (right). The addition of nucleoside
derivatives appears to induce cellular stress based on morphology and reduces cell-to-cell contact and
proliferation. White bars at the lower right corner of the images indicate scale and represent 200 um.

Cells showed no visible relative changes in morphology across treatments over 8 days
of incubation, except AC16 cultured in the presence of 5-azacytidine and cytosine

arabinoside (Figure 27).

Figure 28. Microscopic image of AC16 cells after 8 days of incubation in AC16 BSA differentiation
medium (left) and AC16 nucleoside derivatives differentiation medium (right). While full confluency and
cellular formation observed in AC16 BSA differentiation medium are representative of the other medium
compositions, treatment with 5-azacytidine and cytosine arabinoside led to complete cell death. The
formation of small bodies might hint at apoptotic processes.''® White bars at the lower right corner of
the images indicate scale and represent 200 um.

The addition of nucleoside derivatives at reported concentrations resulted in reduced
cell viability and, ultimately, cell death (Figure 28). While variations in initial proliferation
were observed for approximately the first 92 h, all conditions showed comparable

confluency at the point of harvesting for subsequent analysis. As to be expected,
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reduction in serum content, with or without ATRA treatment, does not halt cell cycle

progression.
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Figure 29. Results for relative gene expression analysis of alpha-actinin-2 (ACTN2) by RT-gPCR of
AC16 cells differentially cultured in AC16 differentiation media candidates for 8 days compared to AC16
cells cultured in AC16 FBS proliferation medium. Cells cultured in the presence of 5-azacitidine and
cytosine arabinoside (AC16 nucleoside derivatives differentiation medium) were not viable at the point
of harvesting and subsequently not analysed. Transcript levels were normalized on the expression of
RPLPO (housekeeping gene; encoding for ribosomal protein lateral stalk subunit P0O). AC16 BSA
differentiation and AC16 high ATRA differentiation media exhibit the most promising changes in the
expression of ACTNZ2. Individual values and standard error of the mean (SEM) are shown together with
the mean value for the respective condition in all box plots. Additionally, Student t-test p-values are
indicated. * indicates p < 0.05. ** indicates p < 0.01.

Gene expression analysis by reverse transcription of isolated mRNA and subsequent
RT-gPCR was chosen for the evaluation of changes in differentially cultured AC16
cells. As listed in 2.3.2.4, the muscle-specific structural protein alpha-actinin-2
(encoded by the ACTN2 gene) is a commonly applied marker for the adult cardiac
phenotype. The function of alpha-actinin-2 is primarily the cross-linking of actin
flaments and sarcomeric titans at Z-discs.%® 8 Results illustrate the increased
expression of ACTN2 among all treatments compared to control (Figure 29). AC16
BSA differentiation medium was chosen to further investigate a potentially improved

mature cardiomyocyte phenotype of AC16 cells. Not only do cells cultured in the
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defined BSA/lipid concentrate medium express significantly higher levels of ACTN2
compared to the control, but this maturation approach also represents certain unique
advantages. Complete reduction in serum content leads to a significant reduction in
mitogens and eliminates eventual problems with lot-to-lot variability and ethical
concerns."” Furthermore, the incorporation of additional lipids was thought to support
adaption for fatty acid utilisation and mitochondrial maturation. Similar approaches with
chemically defined media have recently been reported in the literature.”® 77 118 No
follow-up studies were pursued for medium compositions containing ATRA or
nucleoside derivatives. The application of media containing additional acting
compounds is limited as they could ultimately introduce confounding factors in the

experimental application of differentiated AC16 cells.

3.3.2 Further Inspection of the Most Promising Candidate

As the preliminary results were promising, AC16 cells cultured in AC16 BSA
differentiation medium were chosen for more elaborate RT-qgPCR analysis with
additional markers. Additionally, the experiment was repeated with reduced treatment

duration to allow for the identification of early changes in gene expression.

Troponin C, along with troponin | and troponin T, forms the protein complex of the thin
filaments essential for skeletal and cardiac muscle contraction. The individual subunits
provide specific functions and associate Ca?*-dependently with tropomyosins, actins
and myosins. Historically, the measurement of cardiac-specific isoforms (troponins |
and T) has provided a significant advantage in diagnostics and prognostics for the
treatment of MI. As troponin C does not have a cardiac-specific isoform, cardiac
troponin | (encoded by TNNI3) and cardiac troponin T (TNNT2) were chosen to be
included in subsequent analyses. Additionally, the slow-twitch skeletal muscle isoform
of troponin | (encoded by TNNI1), while not exclusive to cardiac muscle but commonly

utilized for phenotyping in cardiac maturation, was inspected.5 8

The concrete implication of the dynamic ratio of myosin heavy chain a- and -isoform
(encoded by MYH6 and MYH?7, respectively) in cardiac development and disease is
yet to be fully illuminated. Both isoforms constitute the thick filament in cardiac muscle
and represent the molecular motor fueling contraction by conversion of energy derived
from ATP hydrolysis into mechanical force. They are, therefore, a typical marker used

in cardiomyocyte identification. s 61 119
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The results for relative gene expression analysis of multiple cardiac markers of AC16
cells cultured in AC16 BSA differentiation medium for 8 days are illustrated in Figure
30 below. Individual results and statistics for the respective genes are listed in Figure

42 in the appendix.

Gene Expression Analysis of AC16
Cultured in BSA Differentiation Medium
for 8 Days (RPLPO)
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Figure 30. Results for relative gene expression analysis by RT-gPCR of AC16 cells cultured in AC16
BSA differentiation medium for 8 days compared to AC16 cells cultured in AC16 FBS proliferation
medium. Transcript levels were normalized on the expression of RPLPO (housekeeping gene). *
indicates that observed changes in cardiomyocyte phenotype according to the respective transcript
cannot be interpreted with complete confidence based on high variability of biological replicates and
detection with Ct values close to or above 30.

AC16 cells cultured in serum-free, defined BSA/lipid concentrate medium show
significantly higher expression of cardiac-specific markers ACTN2, TNNT2 and TNNI3.
MYHG6 appears to be upregulated (not significant), but reported Ct values for controls
and treated samples were above 30. Results can, therefore, not be regarded with the
same level of confidence. Transcripts of MYH7 were observed to be less abundant

than in FBS proliferation medium (not significant; Student t-test p-value = 0.0886).

Overall, changes in gene expression match published reports of AC16 differentiation.’
The relative abundance of ACTN2 and TNNT2 is furthermore often observed in cardiac
development and in hiPSC-derived spheroid models, where those two proteins
constitute a significant portion of the core construction.''® Moreover, transcriptomic and

proteomic mapping of structural and contractile proteins has indicated the tissue-
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specific abundance of MYH6 and MYH7. Myosin heavy chain a is primarily expressed
in the developing ventricle and adult atrium, whereas myosin heavy chain B is
predominantly localised to the left ventricle in the adult human. Furthermore,
expression of MYH?7 is reported to be upregulated under stress (i.e., possibly due to a
reduction in serum and mitogens). While this, in combination with the results illustrated
in Figure 31, might indicate early differentiation, no definite conclusion can be made.
Additionally, no information on the local origin of primary cells used for the creation of

the AC16 cell line is available beyond the stated utilization of adult ventricular tissue.6"
115, 120, 121

Gene Expression Analysis of AC16
Cultered in BSA Differentiation Medium
for 48 h (RPLPO)
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Figure 31. Results for relative gene expression analysis by RT-gPCR of AC16 cells cultured in AC16
BSA differentiation medium for 48 h compared to AC16 cells cultured in AC16 FBS proliferation medium.
Transcript levels were normalized on the expression of RPLPO (housekeeping gene). * indicates that
observed changes in cardiomyocyte phenotype according to the respective transcript cannot be
interpreted with complete confidence based on high variability of biological replicates (TNNI1) or
detection with Ct values close to or above 30 (MYH6, MYH7).

AC16 cells cultured in AC16 BSA differentiation medium for 48 h exhibit observable
changes in gene expression. Figure 31 shows that while early adaptations to medium
alteration are detectible, differences in transcript levels of cardiac marker genes are

less pronounced than with additional incubation days (see Figure 43 in the appendix).

Although specific to striated muscle and not exclusively to cardiomyocytes, TNNI1 can

be observed to be progressively more expressed in AC16 BSA differentiation medium
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compared to AC16 FBS proliferation medium after 48 h (not significant; Student t-test
p-value = 0.0886) and 8 days (significant). TNNI1 is reported to participate heavily in
early cardiac differentiation, and while it is the predominant form found in fetal
cardiomyocytes, isoform switching to TNNI3 in mature cardiomyocytes is not
complete.?'- 118 ACTN2 is also reported to be an early marker of differentiation and

commonly listed in association with TNNI1.118. 122

Overall, high stability and low variance of reported Ct values of the housekeeping gene
(Rplp0) across all samples and controls suggest analytical validity of observed
changes in gene expression.’?> However, reported Ct values close to or above 30
implicate low transcriptional abundance of MYH6 across all differentially treated AC16
samples. ldentified increases in MYH6 expression must therefore be regarded with
precaution. Still, MYHG6 is reported to be one of the more transient changes in gene
expression upon cardiac differentiation. Across all cardiomyocyte in vitro models
discussed in the literature, applied differentiation and maturation are described as slow
processes.> 22 Commercial options for cardiomyocytes often involve elaborate
maturation protocols with up to multiple months in culture. Even then, not all cells are
then shown to express a complete set of cardiac markers.8° With cardiomyocyte in vitro
models, as discussed in 1.3.2, one has to accept the apparent limitations in

translational ability and associated difficulties in laboratory reality.5*

Of note, additional aspects of the experimental design must also be discussed. The
control condition for evaluating differentiation medium candidates was not cultured in
wells to prevent overgrowth during the relatively long incubation. Cell splitting and the
absence of gelatine coating could have a confounding effect on differentiation and
must be considered a limitation.”® Controls for 48 h incubation in AC16 BSA
differentiation medium were cultured in coated well plates as no risk of overgrowth was
expected. Furthermore, while markers are widely applied and commonly used in
characterising cardiac phenotype, additional confidence in the results could be gained

by testing the applied primers for specificity in non-cardiac, non-muscle tissue.

While RT-gPCR was expected to be most sensitive and specific for the evaluation of
small changes in gene expression of structural proteins with low abundant transcripts,
characterisation of a potentially altered metabolic phenotype is yet to be carried out.
Further valuable insights could be gained by measuring the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR), respective key indicators of
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mitochondrial respiration and glycolysis, of differentially cultured AC16
cardiomyocytes. Additional proteomics analysis to inspect for changes in metabolism
and adaptation to altered nutrient and oxygen environments, while relevant for future
experiments, was ultimately outside this thesis's scope. This also applies to potential
imaging for screening of visual targets of adult cardiomyocyte identity (e.g., distinct

elongated cellular shape, positioning in parallel fashion, multinucleated cells).

Gene Expression Analysis of AC16
Cultured in BSA Differentiation Medium (RPLPO0)
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Figure 32. Combined results for relative gene expression analysis by RT-gPCR of common markers of
cardiomyocyte identity after incubation of AC16 cells in serum-free, defined BSA/lipid concentrate
medium for 48 h (teal; left) and 8 days (salmon; right), respectively. Transcript levels were normalized
on the expression of RPLPO (housekeeping gene). * indicates that observed changes in cardiomyocyte
phenotype according to the respective transcript cannot be interpreted with complete confidence based
on high variability of biological replicates (TNNI1, MYH6) or detection with Ct values close to or above
30 (MYH6, MYH7).

Combined results of the gene expression analysis of common markers of
cardiomyocyte identity after incubation in serum-free, defined BSA/lipid concentrate
medium for 48 h and 8 days, respectively, are illustrated in Figure 32 above. In
combination, results indicate an improved cardiac phenotype on the level of
transcription. Changes are observable after 48 h of treatment, illustrating the potential
suitability of shorter pre-treatment maturation protocols (e.g., 72 h after seeding) prior
to future experimental application of AC16 cardiomyocytes (e.g., for investigating

pathomolecular mechanisms in heart disease and HF).

64



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

4 Conclusion

In order to address the crosstalk of aberrant metabolism and alterations of the
myocardial redox state correlated with oxidative stress and heart failure, differentially
treated hSC-derived cardiac organoids were subjected to parallel mass spectrometry-

based redox metabolomic and quantitative proteomic analyses.

Low levels of medium glucose (5 mM) and atmospheric oxygen (20%) led to a notably
decreased relative abundance of glutathione (GSH) to glutathione disulfide (GSSG).
Overall, changes in glutathione levels were modest as the cardiac cells appeared to
adapt well based on the abundance of antioxidative enzymes specific to increased
glycolytic flux or mitochondrial activity. The impact of glucose and oxygen availability
on the cellular redox environment, based on the observable oxidative stress, was within
the homeostatic range. However, multiple proteins involved in response to cellular
stress and hypoxia were significantly more abundant at 5% compared to 20% oxygen
level, indicating compromised oxygen supply under physioxia (5%), most probably

resulting from the distinct 3D morphology of the cardioids.

Distinct cellular metabolic adaptations and protein signatures characteristic to
pathological aspects of heart disease could be identified, with analogous changes in
collagen synthesis and modification, ECM remodelling, secretion of extracellular
proteins, mitochondrial activity and lipid metabolism occurring across all treatments.
Multiple findings in preliminary proteomic data of failing hearts and differentially
cultured AC16 cells can also be observed in hSC-derived cardiac organoids exposed

to alterations in nutrient and oxygen environment.

Furthermore, proteomic analysis and results in glutathione status indicate that the
model exhibits an embryonic metabolic phenotype. With glycolysis appearing to be the
preferred catabolic pathway compared to fatty acid oxidation and high glucose levels
being very well tolerated, further in vitro models for investigating nutrient-driven redox

signalling were explored.

In efforts to improve the translational ability of AC16 human cardiomyocytes, a
collection of differentiation media was designed and subsequently assessed in
composition and supposed mechanism of action. Gene expression analysis of AC16
cells cultured in a serum-free, defined bovine serum albumin/lipid concentrate medium

by RT-gPCR indicates an improved cardiac phenotype according to multiple
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cardiomyocyte-specific differentiation markers (ACTN2, TNNT2, TNNI3, unto others)
after 8 days of treatment. Additionally, results indicate observable adaption and
changes in gene expression as early as after 48 h of treatment. A maturation protocol
building on these results has since been implemented and used in subsequent
experiments based on AC16 cardiomyocytes. These discoveries are not only notable
to accommodate the relatively scarce body of available literature but also to assess
apparent limitations and to improve the translational value of a widely applied in vitro

model for cardiopathological research.

Full elucidation of the complex interplay of molecular, cellular and whole-organism
pathological changes in the various forms of heart disease, and heart failure, will
require further and elaborate, multidisciplinary efforts. The utilization of cardiac in vitro
models, appropriate to their respective translational ability, must complement
investigations in patient-derived samples and in vivo models to drive the discovery and

validation of novel options in diagnosis and treatment.
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6 Appendix
6.1 Mitochondrial Metabolism and the Electron Transport Chain

A
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Figure 33. (A) The overview of cardiomyocyte fuel utilization includes various substrates to generate
reduced redox equivalents (FADHz and NADH). (B) The process of oxidative phosphorylation includes
specific electron transfer steps among redox equivalents, reduced and oxidised iron-sulfur (FeS),
coenzyme Q (CoQ) and cytochromes a-c1 (Cyt) in complexes 1-4. The resulting accumulation of protons
between the outer and inner mitochondrial membrane provides the gradient driving ATP production in
complex 5 (ATP synthase). FAD and FADH: indicate flavin adenine dinucleotide in the fully oxidised
and reduced form. FFA indicates free fatty acids. FMN and FMNH: indicate oxidised and reduced forms
of flavin mononucleotide. NADH: indicates NADH + H*.lllustration by Giordano, F.J. et al. with
permission by the American Society for Clinical Investigation.*!
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6.2 Anatomy of the Human Heart

Anterior view

Posterior view
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Figure 34. The anterior and posterior view of the anatomy of the human heart. Illustration by Betts, J.G.
et al. with permission by OpenStax. Access for free at https://openstax.org/books/anatomy-and-
physiology/pages/1-introduction. 2
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6.3 Parameters for MRM Analysis of Glutathione Status

Table 4. MRM transitions and method parameters per analyte ([m/z]) for LC-MS/MS analysis of
glutathione status. CE indicates collision energy. Q indicates quadrupole. IS indicates internal standard

(13C2,"5N-GSH-d5-NEM). CE and Bias are listed as [V].

Parent Product Dwell Time

GSH 308 179 65
GSSG 613 355 65.6
GSH-NEM 433 304 65.6
433 201 65.6
GSH-d5-NEM 438 309 65.6
438 206 65.6
IS 441 312 100
441 206 100

Q1 Pre Bias CE
-1 -19
-14 -20
-10 -17
-16 -21
-10 -17
-16 -21
-10 -17
-16 -21

Q3 Pre Bias

6.4 GSH-NEM Calibration Curve for Glutathione Status Analysis
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Figure 35. GSH-NEM calibration curve for redox metabolomic analysis of glutathione status.
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6.5 BCA Assay for Protein Estimation in Cardioid Samples

In short, the BCA assay for protein quantification is a colourimetric measurement

combining the reduction of Cu?* to Cu* by proteins in an alkaline solution with the

selective and sensitive detection of Cu* by chelation. The purple-coloured complex is

measured at 580 nm, allowing protein estimation over a broad linear range.

Dilution Scheme for Standard Test Tube Protocol and Microplate Procedure (Working Range = 20-2,000 pg/mL)
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Figure 36. Dilution scheme for the preparation of diluted albumin (BSA) standards as to the
manufacturer’s (Thermo Fisher Scientific - Waltham, MA, USA) instruction.
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Figure 37. Resulting calibration curve for the BCA assay for protein content estimation in cardioid

samples.
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6.6 Acting Substances in Differentiation Media

A

Figure 38. Chemical structures of the acting substances used in the evaluation of different approaches
in media composition for the maturation of AC16 cells: (A) Cytosine arabinoside. (B) Azacytidine. (C)

All-trans retinoic acid.

6.7 Primer Sequences for gPCR Analysis of Differentiation Markers

Table 5. List of primers used for RT-gPCR analysis. Tm indicates melting temperature. GC indicates

guanine-cytosine content.
Gene Protein
ACTN2 alpha-actinin 2

myosin heavy chain 6

MYH6  aioha: fast)
MYH7 myos.in heavy chain 7
(beta; slow)
ribosomal protein
RPLPO lateral stalk subunit PO
TNNI troponin | type 1.
(skeletal muscle; slow)
TNNI3 tropopin | type 3
(cardiac muscle)
TNNT2 troponin T type 2

(cardiac muscle)

Primer
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse

Sequence (5°-3")
GAAGCACAAGCCACCCAAGG
CACCAGCAATATCCGACACCA
GCTGGTCACCAACAATCCCTA
CGTCAAAGGCACTATCGGTGG
ACTGCCGAGACCGAGTATG
GCGATCCTTGAGGTTGTAGAGC
GCGTCCTCGTGGAAGTGACA
GCATCTGCTTGGAGCCCACA
CCGGAAGTCGAGAGAAAACCC
TCAATGTCGTATCGCTCCTCA
TTTGACCTTCGAGGCAAGTTT
CCCGGTTTTCCTTCTCGGTG
ACAGAGCGGAAAAGTGGGAAG
TCGTTGATCCTGTTTCGGAGA

Tm [°C]

69.1
68.0
66.0
68.6
62.9
66.1
68.9
71.0
68.0
65.6
64.7
69.7
66.5
66.9

GC [%]
60.0
52.3
52.3
57.1
57.8
54.5
60.0
60.0
57.1
47.6
42.8
60.0
52.3
47.6
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6.8 Microscopic image of cardiac organoids

Figure 39. lllustrated above is a cardiac organoid after 48 h in 5 mM glucose. Form and shape are
representative of cardioids across all conditions. The characteristic spheroid formation and central cavity
can easily be identified.
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6.9 Multi-scatter plots for analysis of correlation between samples

0,903 0,931 o 0,399 *'0.929

Figure 40. Multi-scatter plot for the analysis of the similarity of proteomic signatures of cardiac organoids
cultured in 5 mM glucose. Listed are the correlations (including R?) of samples 13 to 18 from left to right
and top to bottom, respectively. Variation in sample 17, together with PCA, was the basis for exclusion
in subsequent analysis.
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Figure 41. Multi-scatter plot for the analysis of the similarity of proteomic signatures of cardiac organoids
cultured in 30 mM glucose. Listed are the correlations (including R?) of samples 19 to 24 from left to
right and top to bottom, respectively. Variation in sample 24, together with PCA, was the basis for
exclusion in subsequent analysis.
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6.10Gene Expression Analysis of AC16 Cells Cultured in BSA

Differentiation Medium for 8 days
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Figure 42. lllustrated above are the individual results for relative gene expression analysis by RT-qPCR
of AC16 cells cultured in AC16 BSA differentiation medium for 8 days compared to AC16 FBS
proliferation medium. Transcript levels were normalized on the expression of ribosomal protein lateral
stalk subunit PO (RPLPO; housekeeping gene). Individual values and standard error of the mean (SEM)
are listed together with the mean value for the respective condition in all box plots. Additionally, Student
t-test p-values are listed. Remeasurement of stored (-20 °C) samples was only carried out for three
replicates of the control as sample volume was limited due to prior analysis.
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6.11Gene Expression Analysis of AC16 Cells Cultured in BSA

Differentiation Medium for 48 h
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Figure 43. lllustrated above are the individual results for relative gene expression analysis by RT-qPCR
of AC16 cells cultured in AC16 BSA differentiation medium for 48 h compared to AC16 FBS proliferation
medium. Transcript levels were normalized on the expression of ribosomal protein lateral stalk subunit
PO (RPLPO; housekeeping gene). Individual values and standard error of the mean (SEM) are listed
together with the mean value for the respective condition in all box plots. Additionally, Student t-test p-
values are listed.
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