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Abstract

Background: Anemia is frequently observed in patients with cardiovascular diseases (CVD)
such as acute and chronic coronary syndromes as well as heart failure. Anemia alone or in
combination with other morbid conditions leads to poor prognosis in acute myocardial infarction
(AMI). Previous studies on anemic mouse models and patient data demonstrated that anemia
is associated with an unchanged infarct size but with an increased mortality. The effect of
anemia on energy metabolism in the left ventricle (LV) after AMI has not been investigated.

Anemia is associated by red blood cell (RBC) dysfunction. Under physiological function RBCs
express functionally active endothelial nitric oxide synthase (eNOS), which contributes to the
regulation of blood pressure (BP) independently of endothelial-derived eNOS. Moreover, RBC-
derived eNOS has been shown to exert cardioprotective effects during AMI. We hypothesise
that energy imbalance in anemia contributes to LV dysfunction in AMI leading to worse

prognosis and that RBC eNOS deficiency worsens vascular and cardiac function in anemia.

Aims and Methods: This study’s first aim is to assess the energy metabolism in anemia after
AMI in the LV. For this purpose, cardiac function and cardiac energetics were assessed using
echocardiography and cardiac magnetic resonance imaging (CMRI) in anemic and non-
anemic mice with and without AMI. Next, unbiased proteomic analysis was performed in
isolated LV tissues from anemic and non-anemic mice with and without AMI. To identify the
regional differences in the proteome profiles of LV tissues after AMI, proteomic profiles of
remote (non-infarcted area) and ischemic region (infarcted area) were compared between
anemic and non-anemic mice. To attain details on oxidative phosphorylation (OXPHOS)
changes, respirometry analysis was performed in LV tissues of anemic and non-anemic mice
with and without AMI in the ischemic and remote region. Biochemical assays were used to
evaluate redox enzymes in LV tissues from anemic and non-anemic mice, both with and
without AMI, to investigate the redox state of LV tissues following anemia. Next, to evaluate
the potential role of reactive oxygen species (ROS) in mediating LV dysfunction in anemia,
respirometry analysis was performed in N-acetyl cysteine (NAC) supplemented anemic and
non-anemic mice after AMI. Finally, to assess the potential role of anemic RBCs in mediating
LV dysfunction in anemia, RBCs were incubated with wild type mice hearts in an ex vivo
Langendorff system. These hearts were subjected to global ischemia and reperfused for 60
min after which high resolution respirometry analysis was performed.
Furthermore, the second aim of this study is to assess the effects of anemia on RBC eNOS in
vascular and cardiac function. In this study, we examined the functional consequences of RBC-
specific eNOS deletion on hemodynamics and cardiac performance in the context of blood
loss-induced anemia. Anemia was induced in RBC-specific eNOS knockout (KO) mice and
their corresponding control littermates. Hemodynamic parameters were assessed using
Y,



invasive Millar catheterization. Vascular function was evaluated both in vivo, via flow-mediated
dilation (FMD), and ex vivo, using wire myography of isolated aortic rings. To investigate the
role of RBC-derived eNOS following AMI, mice were subjected to ischemia-reperfusion (I/R)
surgery. Cardiac function was monitored in vivo by transthoracic echocardiography, and
myocardial injury was quantified by 2,3,5-triphenyltetrazolium chloride (TTC) staining to

determine infarct size.

Results: Echocardiography data demonstrated an adapted cardiac function in anemic mice
without AMI, evidenced by increased end-systolic volume (ESV), ejection fraction (EF), stroke
volume (SV) and cardiac output (CO). After AMI induction anemic mice showed decreased EF
and increased ESV compare to non-anemic mice. Assessment of heart function using cardiac
magnetic resonance imaging (CMRI) at baseline, 3 days of anemia and 24 h after AMI
demonstrated that anemia was associated with an unchanged PCr/ATP ratio at base line and
3 days after anemia. After AMI induction, no changes in PCr/ATP and Pi/ATP were observed
in the remote region of anemic mice compared to non-anemic mice. In the ischemic region,
PCr/ATP ratio was significantly reduced, and Pi/ATP ratio was significantly increased 24 h
post-AMI in anemic mice compared to non-anemic mice. The fractional shortening, an indicator
for contractile function, at base line, 3 days after anemia in the remote region was unchanged
in anemic and non-anemic mice. Interestingly, the fractional shortening was significantly
decreased in the ischemic region of anemic mice compared to non-anemic mice 24 h post-
AMI. Proteomic analysis of LV tissues revealed that energy metabolism and mitochondria
related proteins were less affected in the remote region of anemic mice after AMI. However,
compensatory increase in mitochondrial respiration related proteins was observed in the
ischemic region of anemic mice compared to non-anemic mice. Functional high resolution
respirometry analysis of isolated LV tissues revealed that respiratory control ratio (RCR)
Couplingss, an indicative of OXPHOS efficiency, was unchanged in the remote region of
anemic and non-anemic mice. In the ischemic region of anemic mice RCR Couplingrns Was
significantly decreased compared to non-anemic mice. Oxidative stress was increased in LVs
of anemic mice compared to non-anemic mice without AMI, indicated by decreased redox
enzyme, namely superoxide dismutase (SOD), activity and reduced glutathione concentration.
Additionally, a tendency towards increased ROS promoting enzyme, myeloperoxidase (MPO),
activity was observed in anemic mice compared to non-anemic mice without AMI. After AMI,
oxidative stress was increased in the remote region of anemic mice compared to non-anemic
mice, as glutathione concentration was decreased. Furthermore, MPO activity was significantly
increased in the remote region of anemic mice compared to non-anemic mice 24 h post-AMI.
Similarly, in the ischemic region of anemic mice 24 h post-AMI, oxidative stress promoting

MPO activity was significantly higher. Anemic mice treated with NAC, showed unchanged RCR
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Couplingss in the remote region of anemic and non-anemic mice in high-resolution
respirometry analysis. Interestingly, RCR Couplingeswas preserved in the ischemic region of
NAC treated anemic mice compared to non-anemic mice 24 h post-AMI. Anemic patient’s
RBCs, which were incubated for 40 min with wild type mice hearts ex vivo using a Langendorff
system, did not affect mitochondrial respiration in LVs subjected to global I/R.

The functional analysis of RBC eNOS deficiency on cardio vascular function under anemic
condition revealed the following observations: In vivo vascular function assessment of FMD
showed that RBC-eNOS-KO mice maintained FMD responses under both baseline and
anemic conditions. Similarly, ex vivo assessment of endothelium-dependent relaxation (EDR)
in isolated aortic rings using wire myography demonstrated preserved EDR in anemic RBC-
eNOS-KO mice. Blood pressure measurements using a Millar catheter showed that both
systolic and diastolic BP were significantly elevated in non-anemic RBC-eNOS-KO mice, while
BP remained unchanged in anemic RBC-eNOS-KO mice compared to controls.
Echocardiographic analysis conducted at baseline, 3 days post-anemia induction, and 24 h
after AMI demonstrated preserved cardiac function across all mice groups. However, infarct
size analysis using TTC staining revealed a significantly increased infarct area in anemic RBC-
eNOS-KO mice compared to anemic controls, consistent with prior observations under non-

anemic conditions.

Conclusion: Taken together, findings of this study suggest that increased oxidative stress,
evidenced by elevated MPO activity, in anemia impairs regional mitochondrial respiration and
ATP availability in LVs. This results in altered cardiac energetic state and fractional shortening
in the ischemic region after AMI. Anemic mice supplemented with NAC showed improved
mitochondrial respiration in the ischemic region 24 h post-AMI. Therefore, NAC might be a
potential therapeutic option to reverse altered energy imbalance in anemia after AMI.

Reduction in RBC number in anemia mitigates the increase in blood pressure caused by the
deletion of eNOS in RBCs. Despite of unchanged heart function, RBC eNOS deficiency results

in increased infarct size in anemia.
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Zusammenfassung

Hintergrund: Anamie tritt haufig bei Patienten mit kardiovaskularen Erkrankungen (CVD) wie
akuten und chronischen Koronarsyndromen sowie Herzinsuffizienz auf. Anamie, allein oder in
Kombination mit anderen Komorbiditaten, fihrt zu einer ungtinstigen Prognose beim akuten
Myokardinfarkt (AMI). Fruhere Studien an anamischen Mausmodellen und Patientendaten
zeigten, dass Anadmie mit einer unveranderten InfarktgroRe, jedoch mit einer erhdhten
Mortalitat assoziiert ist. Der Einfluss von Anadmie auf den Energiestoffwechsel im linken
Ventrikel (LV) nach AMI wurde bisher nicht untersucht.

Anamie ist mit einer Dysfunktion der roten Blutkérperchen (RBCs) assoziiert. Unter
physiologischen Bedingungen exprimieren RBCs funktionell aktive endotheliale
Stickstoffmonoxid-Synthasen (eNOS), die unabhangig vom endothelialen eNOS zur
Regulation des Blutdrucks beitragt. Darliber hinaus wurde gezeigt, dass RBC eNOS wahrend
eines AMI kardioprotektiv ist. Wir vermuten, dass ein Energieungleichgewicht bei Anamie zur
LV-Dysfunktion nach AMI beitragt und damit zu einer schlechteren Prognose fuhrt. Zudem
vermuten wir, dass Anamie die Funktion von RBC-eNOS im Gefallsystem und im Herzen

verandert.

Ziele und Methoden: Das erste Ziel dieser Studie ist die Untersuchung des
Energiestoffwechsels bei Anamie nach AMI im LV. Zu diesem Zweck wurden die Herzfunktion
und die kardiale Energetik mittels Echokardiographie und kardialer
Magnetresonanztomographie (CMRI) bei anamischen und nicht-anamischen Mausen mit und
ohne AMI gemessen. Anschlielend wurde eine unvoreingenommene proteomische Analyse
an isolierten LV-Geweben von anamischen und nicht-anamischen Mausen mit und ohne AMI
durchgefuhrt. Um regionale Unterschiede in den Proteomprofilen der LV-Gewebe nach AMI
zu identifizieren, wurde die Proteomanalyse in der remote (nicht-infarktbetroffenen) und
ischamischen (infarktbetroffenen) Region des LV-Gewebes durchgeflhrt. Zur genaueren
Analyse der Veranderungen der oxidativen Phosphorylierung (OXPHOS) wurde eine
Respirometrie-Analyse in den ischamischen und remote Regionen der LV-Gewebe von
anamischen und nicht-anamischen Mausen mit und ohne AMI durchgefihrt. Biochemische
Assays dienten der Bestimmung redoxaktiver Enzyme in den LV-Geweben, um den
Redoxstatus in Andmie zu untersuchen. Zur Beurteilung der mdglichen Rolle reaktiver
Sauerstoffspezies (ROS) bei der LV-Dysfunktion in Andmie wurden zusatzlich Respirometrie-
Messungen in LVs von N-Acetylcystein (NAC) behandelten anamischen und nicht-anamischen
M&usen nach AMI durchgefuhrt. SchlieRlich wurden zur Untersuchung der mdglichen Rolle
von RBCs bei der Beeintrachtigung der LV-Funktion in Andmie RBCs ex vivo mit Herzen von

Wildtypmausen im Langendorff-System inkubiert. Diese Herzen wurden einer globalen
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Ischamie und Reperfusion unterzogen und anschlieBend mittels hochauflésender

Respirometrie analysiert.

Das zweite Ziel der Studie war die Untersuchung des Einflusses von Anamie auf die RBC
eNOS Funktion in Bezug auf Gefal- und Herzfunktion. Hierzu wurden die funktionellen
Konsequenzen einer RBC-spezifischen eNOS-Deletion auf die Hamodynamik und
Herzleistung im Kontext einer blutverlustinduzierten Anamie analysiert. Anamie wurde in RBC
eNOS Knockout (KO) Mausen und deren Kontrollgruppen induziert. Die hamodynamischen
Parameter wurden mittels invasiver Millar-Katheterisierung bestimmt. Die Gefalfunktion
wurde sowohl in vivo mittels flussvermittelter Dilatation (FMD) als auch ex vivo mittels
Wiremyographie isolierter Gefalte untersucht. Zur Bewertung der Rolle von RBC eNOS nach
AMI wurden Mause einer Ischamie-Reperfusions (I/R) Operation unterzogen. Die Herzfunktion
wurde in vivo durch transthorakale Echokardiographie Gberwacht und die InfarktgréRe mittels
TTC-Farbung bestimmt.

Ergebnisse: Echokardiographische Daten zeigten eine adaptive Herzfunktion bei anamischen
Mausen ohne AMI, erkennbar an Veranderungen von endsystolischem Volumen (ESV),
Ejektionsfraktion (EF), Schlagvolumen (SV) und Herzzeitvolumen (CO). CMRI-Messungen im
basalem Zustand, nach 3 Tagen Anamie sowie 24 h nach AMI zeigten, dass das PCr/ATP-
Verhaltnis in der Ruhephase und nach 3 Tagen Anamie unverandert blieb. Nach AMI wurden
in der remote Region weder Veranderungen im PCr/ATP- noch im Pi/ATP-Verhaltnis bei
anamischen und nicht-anamischen Mausen festgestellt. In der ischamischen Region war das
PCr/ATP-Verhaltnis jedoch signifikant reduziert und das Pi/ATP-Verhaltnis signifikant erhoht
bei anamischen Mausen im Vergleich zu nicht-anamischen 24 h nach AMI. Die fraktionelle
Verklrzung, ein Maf} fur die Kontraktilitat, war im basalem Zustand, nach 3 Tagen Anamie
sowie in der remote Region unverandert zwischen beiden Gruppen, jedoch signifikant
vermindert in der ischdmischen Region bei anamischen Mausen im Vergleich zu nicht-
anamischen. Die Proteomanalyse zeigte, dass Proteine des Energiestoffwechsels und
mitochondriale Proteine in der remote Region anamischer Mause nach AMI weniger stark
betroffen waren. In der ischamischen Region wurde jedoch ein kompensatorischer Anstieg
von mitochondrialen Proteinen bei anamischen Mausen festgestellt. Die hochauflésende
Respirometrie von isolierten LV-Geweben ergab, dass der Respiratorische Kontrollquotient
(RCR Couplingrns), ein Maf fur die OXPHOS-Effizienz, in der remote Region zwischen den
Gruppen unverandert war, jedoch in der ischamischen Region bei andmischen Mausen
signifikant verringert war. Der oxidative Stress war bei anamischen Mausen ohne AMI erhoht,
was sich in reduzierter Aktivitdt von Redoxenzymen (z. B. Superoxiddismutase, SOD) und
verringerten Glutathion Konzentration auferte. Auflerdem zeigte sich eine Tendenz zur

erhdhten Aktivitat des ROS-férdernden Enzyms Myeloperoxidase (MPO) in Andmie. Nach AMI
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war der oxidative Stress in der remote Region von anamischen Mausen im Vergleich zu nicht-
anamischen erhoht, erkennbar an verminderter Glutathion Konzentration und signifikant
erhohter MPO-Aktivitat. In der ischamischen Region war die MPO-Aktivitat 24 h nach AMI
ebenfalls signifikant erhoht bei anamischen Mausen. Andmische Mause, die mit NAC
behandelt wurden, zeigten einen unveranderten RCR Couplingens in der remote Region und
einen normalisierten RCR Couplingens in der ischamischen Region im Vergleich zu nicht-
anamischen Mausen. RBCs von anamischen Patienten, die ex vivo 40 Minuten lang mit
Wildtypherzen im Langendorff-System inkubiert wurden, beeintrachtigten die mitochondriale
Atmung unter globaler I/R nicht.

Die funktionelle Analyse der RBC-eNOS-Defizienz bei Anamie ergab Folgendes: In vivo zeigte
sich, dass FMD-Reaktionen bei RBC-eNOS-KO-Mausen unter Basal- und
Anamiebedingungen erhalten blieben. Ex vivo war die endothelabhangige Relaxation (EDR)
in isolierten Aortenringen ebenfalls bei anamischen RBC-eNOS-KO-Mausen erhalten.
Blutdruckmessungen zeigten, dass sowohl systolischer als auch diastolischer Blutdruck bei
nicht-anamischen RBC-eNOS-KO-Mausen signifikant erhéht war, jedoch bei anamischen
RBC-eNOS-KO-Mdusen im  Vergleich zu  Kontrollmausen unverandert blieb.
Echokardiographische Untersuchungen zu verschiedenen Zeitpunkten zeigten eine erhaltene
Herzfunktion in allen Gruppen. Die TTC-Farbung ergab jedoch eine signifikant gréRere
InfarktgréRe bei andmischen RBC-eNOS-KO-Mausen im Vergleich zu anédmischen Kontrollen,

entsprechend friiheren Beobachtungen unter nicht-anamischen Bedingungen.

Fazit: Zusammenfassend deuten die Ergebnisse dieser Studie darauf hin, dass erhdhter
oxidativer Stress bei Anamie, nachweisbar durch erhohte MPO-Aktivitat, die mitochondriale
Atmung und ATP-Verfugbarkeit in regionalen Myokardarealen beeintrachtigt, was zu einer
gestorten Energetik und reduzierter fraktioneller Verkurzung in der ischamischen Region nach
AMI fuhrt. NAC-Behandlung in Anamie fihrte zu einer Erhaltung der mitochondrialen Atmung
in der ischamischen Region. Somit spiegelt NAC eine potenzielle therapeutische Option zur
Behandlung des gestdrten Energiemetabolismus bei Anéamie nach AMI wider. Die reduzierte
Erythrozytenzahl bei Anamie kompensiert den Blutdruckanstieg, der durch die Deletion von
eNOS in RBCs verursacht wird. Trotz erhaltener Herzfunktion fuhrt der eNOS-Mangel in RBCs

zu einer vergroRerten Infarktgrofle bei Anamie.
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Introduction

1 Introduction

1.1 Heart function and dysfunction

The circulatory system supplies oxygen and nutrients to the entire body and is composed of a
network of blood vessels and the heart. The heart is a muscular organ, which pumps the blood
through the body. It is divided into four chambers: right atrium, right ventricle, left ventricle and
left atrium (Figure 1) [1]. Deoxygenated blood enters the right atrium via the coronary sinus,
after which the blood flows into the right ventricle through the tricuspid valve. The right ventricle
pumps the deoxygenated blood into the pulmonary artery, where it is distributed to the lungs.
Blood is oxygenated in the lungs and collected in four pulmonary veins, which pass the blood
to the left atrium. Oxygen-rich blood in the left atrium enters via mitral valve the left ventricle,
which contracts and enables the distribution of the blood to the entire body through the aortic

valve [1, 2].

Superior vena cava _
P Aortic arch

Pulmonary arter -
Wimeneryaery Pulmonary arteries

Pulmonary veins

Aortic valve

Pulmonary valve Left atrium

Right atrium Mitral valve

Tricuspid valve Left ventricle

Right ventricle

Inferior vena cava

Figure 1: Anatomy of the heart. The blood flow through the four chambers, namely left atrium, left
ventricle, right atrium, right ventricle, is a controlled process aided by different valves as depicted, which
enable blood flow in one direction. lllustration adapted and created in BioRender, based on Jean-
Francis.B. (2020) The physiology of Heart.
As the left ventricle (LV) supplies blood and therefore oxygen and nutrients to all organs, its
functionality is of immense importance. The assessment of LV function plays a significant role
in the evaluation and prognosis of different cardiovascular diseases (CVD)s, such as coronary
artery disease (CAD) [3, 4], myocardial infarction [5], coronary bypass surgery [6, 7], malignant
ventricular arrhythmias [8-10], and chronic valvular regurgitation [11, 12]. Therefore, LV
functionality is measured for the prediction of cardiac mortality and morbidity [13]. Early
diagnosis of LV dysfunction enables early treatment, preventing the progression of CVDs, such
1
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as heart failure [14, 15]. In clinical setting, LV dysfunction is characterized by abnormal LV
parameters, such as heart rate, ejection fraction, cardiac output, and stroke volume, which can
be assessed using non-invasive methods such as echocardiography and magnetic resonance

imaging (MRI).

Various mechanisms trigger the development of LV dysfunction. LV hypertrophy, a disease in
which individuals show increased LV mass and thus thickened myocardial wall, may evolve
into LV dysfunction [16]. Critically ill patients often develop LV dysfunction as a result of
inflammation and endotoxins resulted from sepsis [17]. Other cardiometabolic conditions, such
as CAD, tachycardia, hypertension and severe metabolic disorders can cause LV dysfunction
independently [17, 18].

1.2 Acute myocardial infarction

The leading cause of death and disability worldwide is acute myocardial infarction (AMI),
affecting 3 million people annually [19]. It is the most severe manifestation of CAD [20], and
categorized into non-ST-segment elevation myocardial infarction (NSTEMI) and ST-segment
elevation myocardial infarction (STEMI) [21-23]. NSTEMI can result from coronary artery
narrowing, transient occlusion or microembolization of thrombus, whereas STEMI is caused
by complete and prolonged occlusion of a coronary blood vessel [24]. Rupture of vulnerable
atherosclerotic plaques are the most common cause of blood vessel occlusion, causing 70%
of fatal AMI cases [19]. After rupture, macrophages and monocytes are recruited, which initiate
inflammatory responses resulting in thrombus formation and platelet aggregation. This process
leads to the occlusion or narrowing of coronary vessels, which in turn results in the restriction
of oxygen and nutrients supply to myocardial cells due to decreased or inhibited blood flow,
damaging myocardial cells. Prolonged occlusion leads to the necrosis of these cells [25].
Modifiable risk factors, such as smoking, dyslipidemia, diabetes mellitus, hypertension and
obesity [26], and non-modifiable risk factors, such as age, sex and family history, play a crucial
role in the narrowing of coronary vessels and impairment of the blood flow [19]. Affected
individuals show symptoms such as radiating pain from the chest, oppressive pain, nausea
and/or vomiting, sweating, and absence of chest-wall tenderness on palpation [27]. Over the
years, treatment of AMI improved, reducing the mortality rate [28-31]. The most effective
therapy in AMI is early reperfusion, as it limits infarct size and saves viable cardiomyocytes
(CMs), improving AMI outcome [32, 33], however, till date AMI remains the leading cause of
death worldwide. The number of patients hospitalised after AMI with one or more comorbidities
is increasing [34]. Several studies have shown, that in combination with other comorbidities,
AMI outcome is worsened, by increasing mortality rate and prolonging hospital stays. The most
frequent comorbidities in these patients are hypertension, diabetes mellitus, chronic kidney

disease, anemia and chronic obstructive pulmonary disease [35, 36]. These comorbidities alter
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both the inflammatory, metabolic and energetic state of the heart, leading to a worsened

prognosis.

Plaque formation Plaque rupture and

thrombus formation

Narrowing or blocked
coronary artery

Necrotic tissue

Blood flow reduction,
progression of CAD to Ml

Figure 2: Progression of CAD to myocardial infarction (MI). Narrowing of coronary artery results
from atherosclerotic plaque formation in blood vessels. Rupture of atherosclerotic plaques induce
thrombus formation, leading to the blockage of vessels and ultimately to MI. lllustration based on © IHH
Healthcare Singapore and created in BioRender.

1.2.1 Cardiac metabolism and energy sources

Approximately 60-70% of generated ATP is consumed by the heart for its contraction [37-39].
Therefore, ATP synthesis- and ATP turnover rate in the heart is increased depending on its
energy demand [37, 40]. As energy cannot be sufficiently stored in CMs, tight coupling of ATP
synthesis and heart contraction is integral [41, 42]. Oxidative phosphorylation (OXPHOS) fuels
the synthesis of more than 95% of ATP in the heart. During the process of glycolysis the
remaining 5% of ATP are generated [37, 43]. In order to gain energy continuously, cardiac
mitochondria utilize different substrates to synthesize ATP, which are carbohydrates, fatty
acids, amino acids and ketone bodies [41, 44]. Among these substrates, the majority of ATP
in the heart is generated from fatty acids (60-90%) [43]. ATP has a high molecular weight,
restricting it to diffuse through the mitochondrial membrane. For the usage of ATP in the
cytosol, the high energy phosphate bond in ATP is transferred to creatine. This reaction is
catalysed by mitochondrial creatine kinase and results in the phosphorylation of creatine to

phosphocreatine (PCr). PCr's molecular weight is lower compared to the molecular weight of
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ATP, enabling its diffusion through the mitochondrial membrane. In the cytosol, the high-

energy phosphate bond is transferred to ADP, generating ATP [45].

Due to high energy demand in the heart, mitochondrial number is increased in cardiac cells
[46]. Approximately 1/3™ of the CM volume is occupied by mitochondria [47]. To ensure
regulated ATP synthesis in the heart, mitochondrial fusion and fission is tightly regulated [48],

as CMs are not able to readily divide in homeostasis [49].

1.3 Mitochondria

The heart requires a substantial amount of energy in the form of ATP, which is produced by
mitochondria. Mitochondria are known as the powerhouse of the cell, which comes from their
primary function in generating metabolic energy in nearly all eukaryotic cells. The characteristic
structure of mitochondria includes a double phospholipid bilayer, the inner- and outer
membrane, which are separated by the intermembrane space. The inner membrane forms so
called “cristae”, in which the complexes of the electron transport system (ETS) are embedded.
The mitochondrial matrix (MM) contains mitochondrial DNA (mtDNA), which encode for 13
distinct mitochondrial proteins, including the subunits of the ETS complexes. Approximately,
95% of the mitochondrial proteins are encoded by nuclear DNA [50]. Apart from their crucial
role in energy metabolism, mitochondria have been identified to participate in the regulation of
phospholipid and heme synthesis, Ca?* homeostasis and apoptosis [51, 52]. The regulation of
energy production is mediated in mitochondria through Ca?* signalling. Cytosolic Ca?
concentration increases when high energy levels are required [53]. Ca?* influx in the MM is
fuelled by the increase in cytosolic Ca%*, which enter MM through the mitochondrial Ca?
uniporter (MCU). High Ca?" concentration in MM activates pyruvate, a-ketoglutarate and
nicotinamide adenine dinucleotide (NAD)-isocitrate dehydrogenases, increasing co-substrate
synthesis for the ETS [54, 55]. In addition, mitochondria are known to thrive reactive oxygen

species (ROS) generation, containing at least 10 known sites capable of ROS formation [56].
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Figure 3: Mitochondrial morphology. Mitochondria consist of double lipid bilayers, the outer and inner
membrane, which are separated by the intermembrane space. The inner membrane forms cristae, which
embeds electron transport system complexes. The mitochondrial matrix contains mitDNA and
ribosomes. Adapted from Yusoff et al [57].

Mitochondrial morphology is dynamic and regulated by the processes of mitochondrial fusion
and fission [58]. Mitochondrial fusion describes the process of conjoining two mitochondria,
which is mediated by different proteins, namely mitofusin (MFN) 1, MFN2 and optic atrophy 1
(OPA1) [59, 60]. Deficiency of these proteins results in mitochondrial fragmentation [61, 62].
Fission of mitochondria is the process of segregating one mitochondria into two, regulated
through the interplay of several proteins, such as dynamin-related protein 1 (Drp1) and
mitochondrial fission 1 protein (Fis1) [63, 64]. Impairment of mitochondrial fission triggers
hyperfused mitochondrial structure [65]. To ensure mitochondrial quality, damaged
mitochondria are removed via mitophagy [66]. Mitophagy, the controlled removal of
mitochondria, plays a pivotal role in inflammation, metabolic adaptations, cellular
reprogramming and redox homeostasis [67, 68]. In AMI, mitochondrial fission has been
reported to be upregulated, leading to worse prognosis [69]. Piamsiri et al. demonstrated that
chronic mitochondrial dynamic-targeted therapy in rats, that underwent AMI surgery, improved
cardiac function [70], highlighting the pivotal role of mitochondrial dynamics in AMI.
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A¥m)]

fission 1

autophagosome

Figure 4: Mitochondrial dynamics. Mitochondrial fission separates damaged mitochondria from
healthy mitochondria. Through mitophagy damaged mitochondria are degraded. Mitochondrial fusion
conjoins two healthy mitochondria and maintain physiological mitochondria function. Adapted from Yang
etal. [71].

1.4 Energy metabolism

Adenosine triphosphate (ATP), the main source of energy for life, is the energy currency
utilized in the myocardium to pump blood throughout the body. ATP is an organic molecule
consisting of a ribose sugar, a nitrogenous base and three bonded phosphate groups [72].
ATP is mainly generated in mitochondria through a process called OXPHOS. The synthesis of
ATP is driven by the metabolism of carbohydrates, fats and proteins. Glucose is catabolized
by three subsequent processes: glycolysis, tricarboxylic acid (TCA) cycle and OXPHOS [73].
Glycolysis is an anaerobic ATP source, which occurs in the cell’s cytoplasm. Glucose
conversion during glycolysis is catalysed by different enzymes, resulting in two molecules of
ATP and two molecules of pyruvate [74]. When oxygen is present, pyruvate dehydrogenase
converts pyruvate to acetyl-CoA, which then enters the TCA cycle. The TCA cycle, also known
as Krebs cycle, is a closed loop consisting of various enzymes that convert acetyl-CoA [75].

One TCA cycle generates three molecules of NADH,, one molecule of FADH, and one
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molecule of GTP [76]. The last step of aerobic respiration is the ETS in combination with
chemiosmosis, which together portray the OXPHOS. OXPHOS creates the largest amount of
ATP, compared to glycolysis. At the ETS, electrons are transferred through protein complexes,
anchored in the inner mitochondrial membrane (Figure 5) [77]. NADH-ubiquinone
oxidoreductase or complex | (Cl) oxidizes NADH, enabling the transfer of two electrons
through flavinmononucleotide (FMN) and Fe-S clusters to Coenzyme Q. This leads to the
release of redox energy, which is utilized to transport four hydrogen ions through CI into the
intermembrane space, increasing the proton gradient (Figure 5) [77, 78]. The next complex of
the ETS is complex Il (Cll) or succinate dehydrogenase, which is another entry point into the
ETS. Cll oxidizes succinate, an intermediate of the TCA cycle, to fumarate. In this process,
two electrons are transferred from FAD over Fe-S to Coenzyme Q, generating FADH; (Figure
5). Electron-transferring flavoprotein complex (CETF) is an additional complex, which feeds
electrons from flavoenzymes into the ETS by transferring electrons to Coenzyme Q. This
complex is especially important in fatty acid oxidation [79]. The transferred electrons on
Coenzyme Q are then transported to complex Il (Clll), which is also known as cytochrome ¢
reductase. There the electrons are passed through the Q-Cycle, pumping four hydrogen ions
into the intermembrane space (IMS), contributing to the electrochemical gradient (Figure 5)
[77]. The electrons are then transferred via the mobile electron carrier Cytochrome C to
complex IV (CIV) also known as cytochrome ¢ oxidase. Cytochrome C is then oxidized by CIV
and the electrons are transferred to the final electron acceptor of the ETS, oxygen, which is
then reduced to water (Figure 5). This process pumps two hydrogen ions from the
mitochondrial matrix into the IMS per conversion, further increasing the electrochemical
gradient [77]. Complex V (CV) or ATP synthase uses this electrochemical gradient to
synthesize ATP by phosphorylating ADP (Figure 5) [80].
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Figure 5: Energy metabolism via TCA/Krebs cycle and ETS. TCA cycle generates cofactors, namely
NADH, GTP and FADHz, which fuel ETS through proton gradient in the IMS. ATP synthase uses the
proton gradient to phosphorylate ADP to ATP. Adapted from Osellame et al. [53].

1.4.1 Substrate sources for ETS

Substrate sources of the ETS include various molecules, such as carbohydrates, fatty acids,
and proteins, which provide electrons through metabolic pathways like glycolysis, the TCA
cycle, and fatty acid oxidation. Fatty acid oxidation (FAO) plays a pivotal role in the heart by
providing ATP using OXPHOS as the primary metabolic pathway, ensuring continuous energy
production for myocardial function. FAO or mitochondrial beta-oxidation utilizes fatty acids as
substrate to produce ATP, mainly in skeletal muscle, heart and kidneys [81]. Fatty acids
transport proteins, e.g. CD36 and fatty-acid-binding proteins are required to transport fatty
acids between extra- and intracellular membranes [82]. Within the cytosol fatty acids are
transformed into fatty acyl-CoA, catalysed by acyl CoA synthetase. Carnitine

palmitoyltransferase | (CPT1) catalyzes the conversion of fatty acyl-CoA to fatty acyl-carnitine
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on the outer mitochondrial membrane [83]. Fatty acyl-carnitine is transported through the inner
mitochondrial membrane via carnitine/acylcarnitine translocase. In the mitochondrial matrix,
CPT2 converts fatty acyl-carnitine back to fatty acyl-CoA, which is then cleaved into acetyl
coenzyme A (acetyl-CoA) [83]. Acetyl CoA enters the TCA cycle, generating cofactors for ETS

as described previously.

FAO generated end product acetyl-CoA is predominantly the source for ketone body synthesis
in the liver. When the body is deprived of nutrients, acetone levels in the blood increases. D-
B-hydroxybutyrate is converted into acetoacetate which reacts with an ester-CoA and succinyl-
CoA and enters the TCA cycle [44].

1.5 Mitochondrial dysfunction in pathologies

Efficient regulation of mitochondrial function is fundamental for life. Disorders and alterations
in mitochondrial function, morphology or number lead to the development of metabolic,
cardiac, neurodegenerative, immune, and neoplastic diseases [84-86]. Repair mechanisms for
DNA mutations are less efficient in mitochondria, as mtDNA is in close proximity to ETS, which
generates ROS. This results in increased mutation rate in mtDNA [87]. Thus, mitochondrial

function is prone to errors, leading to various pathological conditions [71, 88, 89].

Primary mitochondrial diseases (PMD), e.g., Leigh syndrome, mitochondrial myopathy,
encephalopathy, lactic acidosis and stroke-like episodes (MELAS), and chronic progressive
external ophthalmoplegia (CPEO), result from inherited mitochondrial dysfunction due to
mtDNA mutations [90-93]. PMD prevalence increases with aging and has been proven to
worsen clinical outcome [94]. In addition to PMD, secondary mitochondrial diseases (SMD)
exist, which originate from mutations in genes not directly related to OXPHOS. SMD are
characterized by the impairment of mitochondrial function regulating pathways and ROS
contributing factors [93, 95, 96]. These factors are common in different disease states, such

as neurodevelopmental and neurodegeneration diseases, diabetes and cancer [96, 97].

One of the major sources of ROS is OXPHOS in mitochondria [98, 99]. Mitochondrial
respiration promotes superoxide anion (-O2~) production, especially at the sites of Cl and CllI
[100, 101]. Several CVDs, such as atherosclerosis, cardiac hypertrophy, heart failure and
degenerative aortic valve diseases, are associated with mitochondrial dysfunction through
increased mitochondrial oxidative stress [102]. A breakthrough in the area of dysfunctional
mitochondria in AMI was achieved by elucidating that mitochondrial ROS induces ischemia
reperfusion (I/R) injury in the heart [71] through TCA cycle intermediate succinate
accumulation [103]. Re-oxidation of accumulated succinate is catalysed by succinate

dehydrogenase, leading to reversed electron transport and ROS formation [103].
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1.6 ROS and antioxidant defence system in CVD

ROS are oxygen-containing molecules that possess one or more unpaired electrons. ROS
include radicals, such as superoxide anion and hydroxyl radical (*OH), and non-radical
molecules like hydrogen peroxide (H20), singlet oxygen ('O.), which are all generated by
partial reduction of oxygen [104, 105]. Physiological levels of ROS are generated during
mitochondrial respiration and inflammation in the cells [105]. Excessive ROS formation is
triggered by diseases, UV radiation, long-term stress conditions, intense physical exercise,
improper diet and use of stimulants [105, 106]. Cellular responses to xenobiotics, cytochrome
p450, xanthine oxidase (XO), the endoplasmic reticulum, peroxidases, and cyclooxygenases
also generate ROS [104, 107, 108]. The role of ROS has been described in physiological
functions, such as cell proliferation, differentiation, migration, apoptosis and necrosis [109-
112]. In low levels ROS are integral for redox homeostasis, cell signalling and to govern
important transcription factors [111, 113]. However, enhanced ROS generation results in redox
imbalance, tissue injury, altered permeability and protein expression [104, 114-117]. Due to
their unpaired electrons, ROS are highly reactive, damaging DNA, RNA, lipids and proteins
[118-120]. The counterpart of ROS is the antioxidant defence system (AODS) [121, 122].
AODS includes a variety of antioxidants to maintain redox balance [121]. Enzymatic
antioxidants, namely thioredoxin, peroxidases, superoxide dismutase (SOD), catalase (CAT),
glutathione reductase (GR), glutathione peroxidase (GPx), glutathione s-transferase (GST)
[121, 123, 124], and non-enzymatic antioxidants, such as reduced glutathione (GSH), vitamin

E, C, A, lycopene, and beta-carotene scavenge oxyradicals [125], reducing tissue injury [126].

Elevated ROS levels in the vasculature contribute to endothelial dysfunction and cardiac
inflammation, resulting in the development of CVDs. [104, 116, 127]. In CMs, ROS generation
is increased through NADPH-oxidases (Nox) activity, an important class of enzymes for host
defense, cellular signalling and regulation of gene expression [98, 128, 129]. Overexpressed
Nox2 and Nox4 have been associated with ROS induced oxidative stress in CVDs, causing
cardiac dysfunction [128, 130, 131]. Excessive ROS can trigger progression of CAD and AMI
by oxidizing LDL, which enhances atherosclerotic plaque formation [113, 132]. The process of
reperfusion after ischemia is associated with increased ROS levels [133-135]. This effect and
enhanced Ca?* levels after ischemia are speculated to contribute to the opening of
mitochondrial permeability transition pore (mPTP), leading to necrosis [136-140]. Elevated
ROS levels also play a crucial role in distinct types of anemia [141-143]. A previous study using
an iron-deficient mouse model demonstrated that iron deficiency anemia leads to higher
oxidative stress in red blood cells (RBCs), through increased hemoglobin (Hb) autooxidation
[143]. Another study highlighted the link between oxidative stress and the progression of
autoimmune hemolytic anemia in a mouse model [144]. Our working group has shown that

chronic anemia induces endothelial dysfunction, which is accompanied by excessive ROS
10
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levels [127]. Our study also revealed that acute anemia is associated with elevated oxidative
stress in RBCs and loss of their cardioprotective properties following global ischemia.

However, the underlying molecular mechanisms remain poorly understood [145].

1.7 RBCs and their function

RBCs or erythrocytes are the most abundant cell type in the blood, having the important
function to transport gases and nutrients throughout the body [146, 147]. Hematopoietic stem
cell differentiation, a process called erythropoiesis, generate RBCs. The precursor of RBCs
are proerythroblasts, which are the first derived cells from multipotent hematopoietic stem
cells. These cells undergo various cell divisions, in which the cells anucleate, and differentiate
into reticulocytes. Reticulocytes enter the circulation and mature within one day into RBCs
[148]. Matured RBCs have a unique biconcave shape, enabling reversible elastic deformation
via a high surface-to-volume ratio. RBCs membrane flexibility allows the passing of RBCs
through the smallest capillaries, to transport oxygen and carbon dioxide [149]. The most
abundant protein in RBCs is Hb, a heme containing tetramer, consisting of two a-subunits and
two B-subunits, with each of them having the ability to bind one oxygen molecule [150]. Having
a high affinity for oxygen and low affinity for carbon dioxide in arterial circulation and vice versa

in venous circulation, Hb functions as a two-way respiratory carrier [151].

Apart from their gas-transport function, RBCs have been identified to play an important role in
vascular redox regulation [152, 153]. Through autooxidation, Hb can oxidize to
methaemoglobin (metHb), which impairs the oxygen carrying capacity in elevated levels [154].
As a source for ROS, metHb has the potential to generate peroxide resulting in ROS mediated
tissue damage [155]. As they are at risk of producing high levels of ROS, RBCs have a robust

antioxidant defence system, consisting of enzymatic and non-enzymatic molecules [153, 156].

1.8 RBCs and NO synthases in CVDs

RBCs are additionally known for their vascular tone modulation through nitric oxide (NO)
regulation [157]. Through hemolysis, Hb is released into the plasma. Free plasma Hb is
capable of scavenging NO, 600-fold times faster than RBC Hb. Increased NO scavenging
disrupts NO homeostasis, eventually resulting in vasoconstriction, decreased blood flow,
platelet activation, increased endothelin-1 (ET-1) expression, and end-organ injury [158]. In
addition to NO regulation by free Hb, RBCs have been shown to possess NO-synthases (NOS)
and thus contribute to NO synthesis [157]. Our previous study demonstrated that similarly to
endothelial cell (EC) eNOS, RBC eNOS regulate NO metabolites and blood pressure. In the
same study, we showed that RBC eNOS deficiency after AMI led to increased infarct size
[157].
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All three isoforms of NOS, which are neuronal NOS, inducible NOS and endothelial NOS,
synthesize NO and L-citrulline by oxidizing its substrate L-arginine in the presence of oxygen
[159]. Neuronal NOS (nNOS) is primarily expressed in central and peripheral neurons, in which
they regulate neurotransmission and neuromodulation [160]. Inducible NOS (iNOS) expression
is induced by pro-inflammatory cytokines and bacterial lipopolysaccharide in different cell types
and is pivotal for inflammatory responses [161-163]. Endothelial NOS (eNOS) is mainly
expressed in endothelial cells, but is also found in other cells, such as RBCs and CMs. eNOS
is crucial for the maintenance of the vascular tone and consequently for blood pressure
regulation [164]. As NO is a crucial modulator for maintenance of the vascular function,
physiological NOS function is pivotal for the cardiovascular system. For the physiological NOS
function, dimerization of the enzyme, the presence of its substrate L-arginine and its cofactors
nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD),
flavin mononucleotide (FMN) and (6R)-5,6,7,8-tetrahydro-I-biopterin (BH4) are required [165].

Impairment in the function of NOS, particularly eNOS, has been associated with the
development of CVDs, such as atherosclerosis, arterial hypertension, cardiac hypertrophy and
heart failure [166-168]. The mechanism driving eNOS dysfunction is eNOS uncoupling, which
decreases NO synthesis and generates ROS formation, resulting in endothelial dysfunction
[169]. Our previous study observed elevated eNOS expression under anemic conditions to

mediate circulatory compensation in anemia [170].

1.9 Anemia

Anemia is a condition described as a decrease in the amount of RBCs, Hb or hematocrit (Hct)
[171], leading to the impairment of oxygen carrying capacity in the blood [172]. The World
Health Organization (WHO) defines anemia as Hb level <13.5 in men, <12.0 in women and
<11.0 in children [173]. About 2 billion people worldwide are affected, of which women and
children are the majority. Anemic individuals typically show symptoms such as fatigue, reduced

cognitive function, lethargy and tiredness [171, 174].

Based on the mean corpuscular volume (MCV), anemia can be classified in three distinct
subgroups: microcytic, normocytic and macrocytic anemia. Each of the subgroups contain

various anemia types (Table 1).
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Table 1: Anemia categorization based on MCV. Anemia can be categorized into three distinct
subgroups by MCV: micro- normo- and macrocytic anemia. The subtypes of each group and their
causes are listed [171].

Subtypes Causes
Iron deficiency anemia . .
(IDA) Iron deficiency
Anemia of chronic .
. . . . Inflammation
Microcytic anemia (MCV disease
<80 fl) . .
Thalassemias DNA mutations

. . . Alcohol consumption, heavy metal
Sideroblastic anemia P ! y

poisoning
Blood loss anemia Blood loss
. . Aplastic anemia Autoimmune disorders
Normocytic anemia (MCV
80-100 fl) . . . .
Hemolytic anemia Defective RBCs and or production
Anemia of A .
inflammation Erythropoietin (EPO) disorders
. . Vitamin B12 deficiency, folate
. . Megaloblastic anemia . .
Macrocytic anemia (MCV deficiency
>100 fl) Non-megaloblastic

) Alcohol consumption, liver disease
anemia

The two factors driving anemia development are reduced RBC production and increased RBC
destruction. Reduced RBC production mainly originates from genetical disorders, nutritional
deficiencies or inflammation, whereas increased RBC destruction results from blood-loss or
hemolysis [175]. Depending on the severity and type of anemia, different treatments are
provided, which are iron, vitamin B12 and folic acid supplementation, erythropoietin and

immunosuppressants medication, blood transfusion and stem cell transplant [171].

Many patients develop anemia during hospitalization as a result of frequent blood withdrawal
for diagnostic tests [176], with the most patients manifesting moderate or severe anemia [177].
This type of blood-loss anemia is known as hospital acquired anemia (HAA) and affects
approximately 40-74% of hospitalized patients [177-179]. HAA has been associated with
increased mortality and worsened health status in patients with CAD [180], such as AMI [181-
183]. Anemia has been identified as an independent predictor for poor outcomes in several
disease states [184-186], by increased risk of bleeding, thromboembolic events, arrhythmias
and hypertension [152].

Anemia is associated with RBC dysfunction, although the cause of RBC dysfunction varies

between different types of anemia. RBC dysfunction may result from genetical disorders, e.g.
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in sickle cell anemia and thalassemia, impairment of cytoskeletal proteins or redox imbalance
[152].

1.9.1 Anemiain CVDs

Anemia has been described as an independent risk factor for the development of CVD [187].
In a pioneer study, a cohort of 14,410 subjects without CVD at baseline were examined in a
follow-up ftrial, in which anemic patients had an increased risk of CVD [188]. Several other
studies have proven that anemia serves as a predictor for CVD pathogenesis [186, 189, 190].
Evident anemia in chronic heart failure, LV hypertrophy, chronic kidney disease, diabetes
mellitus and acute coronary syndrome patients lead to an increased mortality rate [188, 191-
193].

Decreased oxygen transport to tissues aggravates progression of CVDs in anemia [194]. By
elevating cardiac output, via higher preload, heart rate and stroke volume, LV hypertrophy or
arterial hypertrophy may occur [195-198]. These anemia associated wall-thickening effects can
be manifested severely in combination with other comorbidities [199]. Apart from the impaired
oxygen supply, anemic conditions result in redox imbalance and disturbed NO homeostasis.
Increased ROS levels and decreased NO levels contribute to endothelial dysfunction in anemia

[127], which is associated with the pathogenesis of atherosclerosis [200].

1.9.2 Anemia in AMI

One of the risk factors identified in AMI is anemia [201, 202], which has been associated with
adverse outcomes in AMI patients [203], by increasing the risk of death and prolonging the
hospital stay [202, 204]. The prevalence of anemia in AMI patients varies among studies [201,
205, 206]. Anemic conditions further deteriorate AMI outcome, due to increasing the existing
oxygen demand, impairing vascular healing, decreasing NO bioavailability, and pathological
ventricular remodelling [170, 207-209]. Due to which, anemic AMI patients often experience
cardiovascular complications such as thromboembolic events, augmented bleeding,
hypertension and arrhythmias [210-213]. Furthermore, we demonstrated that RBCs from
anemic AMI patients lose their cardioprotective properties in an ex vivo isolated mouse heart
model [145], highlighting the importance of RBCs in AMI. This study proved that anemic RBCs
are dysfunctional, characterized by decreased NO levels, which lead to the impairment of heart

function post ischemia [145].
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2 Aim of the study

Anemia has been identified as an independent risk factor for CVD in many clinical studies,
which demonstrated worsened outcome by increased mortality and morbidity [186, 189, 190].
Our previous study showed that anemia aggravates endothelial dysfunction after AMI [214].
Similarly, heart function has been shown to be impaired in different studies, which
demonstrated increased heart failure and arrhythmias in anemic patients after AMI [203, 215].
However, the underlying mechanism of how anemia affects heart function after AMI remains
unknown. AMI is known to exhibit impaired energy metabolism, resulting in inefficient ATP
production. Cardiac energy metabolism in anemia after AMI is not very well understood. RBC
eNOS is known to be cardioprotective and deficiency leads to increased infarct size. The
effects of anemia on RBC eNOS deficiency and associated consequences on cardiovascular

system have not been investigated.

This thesis aimed to investigate two hypotheses. Firstly, we hypothesize that anemia impairs
energy metabolism in the LV after AMI due to increased oxidative stress, resulting in LV
dysfunction (Figure 6). For this purpose, LV function and cardiac energetics are assessed in
anemic and non-anemic mice before and after AMI induction using echocardiography and
cardiac magnetic resonance imaging (CMRI). Unbiased proteomic analysis is performed to
explore the alterations in protein expression in LV tissues of anemic and non-anemic mice with
and without AMI. Next, deep proteomic analysis is performed to identify differentially regulated
proteins that are related to energy metabolism and mitochondrial proteins. Next, respirometry
analyses are performed in anemic and non-anemic mice after AMI, to investigate potential
changes in mitochondrial respiration in anemia after AMI. To assess the role of ROS, LV
tissues of N-acetyl cysteine (NAC) treated anemic and non-anemic mice after AMI are
measured using high resolution respirometry. To gain insights into the antioxidant capacity and
oxidative stress state of LV tissues from anemic and non-anemic mice with and without AMI,
biochemical assays and western blotting are performed. Pathological alterations in
mitochondrial content and expression of ETS complexes are analysed in anemic and non-
anemic mice after AMI, with and without ROS scavenging. Finally, the potential role of anemic
RBCs in mediating LV dysfunction is investigated by incubating anemic patients’ RBCs with
hearts, which were then subjected to global ischemia and reperfusion in a Langendorff
apparatus. The respiration of the LVs isolated from these hearts are then analysed using high

resolution respirometry

In addition, this thesis also aimed to elucidate the role of RBC eNOS in anemia on vascular
and heart function with and without AMI. We hypothesize that eNOS deficiency in RBCs under
anemic conditions worsen heart- and vascular function after AMI (Figure 6). To test our

hypothesis, a RBC-eNOS-KO mouse model is used, in which anemia is induced. Heart function
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is assessed by using Millar catheter measurements in anemic RBC-eNOS-KO and non-anemic

RBC-eNOS-KO mice. Moreover, vascular function is analysed in the same mouse groups by

ex vivo wire myography and in vivo flow-mediated dilation (FMD) measurements. Furthermore,

AMI is induced in anemic and non-anemic RBC-eNOS-KO mice, after which heart function is

measured using echocardiography. Finally, infarct sizes are assessed using Triphenyl

Tetrazolium Chloride (TTC) staining, in anemic and non-anemic RBC-eNOS-KO mice hearts

after AMI.

Anemia
45 ) Left
+I- ﬁ [] gm # ventricular
-~ dysfunction

e
Anemia
+ Vascular and
+/a cardiac
! dysfunction
AMI

?

Figure 6: Hypotheses of this study. Presence of anemia with and without AMI increases oxidative

stress in CMs, resulting in impaired energy metabolism, ultimately leading to LV dysfunction. RBC

eNOS deficiency worsen the cardiac function after AMI. Created in BioRender.
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3 Material and Methods

To evaluate the role of anemia after AMI in LV dysfunction and associated signalling pathways
and to investigate the effect of RBC eNOS in anemia with and without AMI on LV and vascular
function, this thesis used mouse models and a variety of methods and techniques, which are

presented in the below paragraphs.

3.1 Mouse studies

Experiments and procedures in the context of this work were approved and performed in
accordance with the guidelines of LANUV (Landesamt fir Natur, Umwelt- und
Verbraucherschutz Nordrhein-Westfalen, Germany). All mice were treated according to the
European Convention for the protection of Vertebrate Animals used for Experimental and other
Scientific Purposes (Council of Europe Treaty Series No. 123). To generate RBC-specific nitric
oxide synthase knockout mice (RBC-eNOS-KO), homozygous eNOS" ox mice were crossed
with erythrocyte-specific Hbb-CreP*s mice (C57BL/6-Tg(Hbb-Cre)12Kpe/J; MGI: J:89725;)
[156]. The approved permits for the animal experiments are 84-02.04. 2020.A073 and O47/90.
The C57BI/6J (wild type, WT) mice were obtained from Janvier Labs (Saint-Berthevin Cedex,
France). All mice were housed in standard cages (constant room temperature and humidity,

12 h light/dark cycles) and were fed standard pellet chow and tap water ad libitum.

3.2 Anemia induction

To induce anemia, C57Bl/6J mice (10—12-week-old) were divided into two groups, a control
(n=10) group without anemia, which will be termed as “non-anemic” in this thesis. The second
group was induced with anemia, which will be termed as “anemic” in this thesis [214].
Additionally, anemia was induced in RBC-eNOS-KO mice (n=10) and in RBC eNOS control
mice (n=10). To induce anemia, a repetitive mild blood withdrawal (by <20 g/l changes in Hb)
from the facial vein was performed daily for three days. At the end of the third day, mice with

Hb levels < 10 g/l were considered for experiments.

3.3 Supplementation of NAC

NAC is a widely accepted ROS scavenger, which is a synthetic precursor of glutathione [216].
To evaluate the potential role of ROS in LV dysfunction, both anemic and non-anemic mice
were supplemented with NAC. For NAC supplementation C57BI/6J mice were divided into
anemic and non-anemic groups. Both groups were treated with 1% NAC through drinking water

for four weeks [214].
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3.4 Blood collection

Peripheral blood samples were collected from patients diagnosed with CAD, with and without
anemia, using EDTA-coated tubes. Anemia was defined based on the WHO criteria: Hb
concentrations below 13.0 g/dL in adult males and below 12.0 g/dL in adult females. All
participants provided written informed consent prior to inclusion in the study. Patient
recruitment was conducted through the Department of Cardiology, Pulmonology, and
Angiology at Dusseldorf University. Blood sample collection was approved by the ethics
committee of Dusseldorf University Hospital under the reference numbers 5481R, 2018-14,
and 2018-47.

3.5 Ischemia reperfusion surgery

To induce AMI in mice, to mimic human M, I/R surgeries were performed in anemic, non-
anemic, anemic RBC-eNOS-KO and control mice one day after anemia induction [214]. To
induce ischemia, mice were injected with buprenorphine (0.1 mg/kg body weight, Temgesics;
Indivior Europe, Dublin, Ireland) subcutaneously. Using an inhalation chamber consisting of
3% isoflurane, mice were anesthetized for 30 min. Afterwards the mice were intubated, for
which an indwelling venous cannula (Vasofix Safety Kanile 20 G 1,1x25 mm, B. Braun,
Melsungen, Germany) was used. Once the mice were intubated, they were placed on a heated
surgery table with a rectal probe, allowing the monitoring of the body temperature throughout
the surgery. To check heart function during surgery an ECG (Powerlab 8/35, Software:
LabChart, ADInstruments, Sydney, Australia) was utilized. Furthermore, the mice received eye
ointment (Bepanthen Augensalbe, Bayer, Leverkusen, Germany) to prevent drying out of the
eyes. The mice were ventilated at a tidal volume of 0.2—0.25 mL, and a respiratory rate of 140
breaths per minute and constantly anesthetized (2% isoflurane and 40% oxygenated air) using
a rodent ventilator (MiniVent Type 845, Hugo Sachs, March-Hugstetten, Germany). After a left
lateral thoracotomy between the third and fourth rib, the pericardium was dissected, and a 7—
0 surgical suture was cautiously passed underneath the left anterior descending (LAD) artery
at a position 1 mm from the tip of the left auricle. The LAD was occluded leading to ischemia
for 45 min and a short silicone role was placed into the suture loop to facilitate its reopening.
The positioning of the suture was adjusted to its right position by blanching of the apex and
characteristic changes in the electrocardiogram (ST-segment elevation). Afterwards, the
ligation was removed, which lead to the reperfusion of the heart. Using a 4-0 silk thread
(Ethicon) the opened ribs were closed. Furthermore, the skin was stitched by using a 5-0
prolene thread (Ethicon). The suture was disinfected carefully and mice were extubated. Mice
were caged with a heating lamp. For 24 h post I/R the mice received buprenorphine (0.5 mg/kg

BW) s.c. every 8 h until euthanasia.
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Figure 7: Schematic representation of the experimental groups. (A) C57BL/6J mice were separated
into two groups, and in one of these groups anemia was induced for three consecutive days. To generate
anemic and non-anemic mice with AMI, C57BL/6J mice were separated into two groups, and in one
group anemia was induced. On the fourth day I/R surgery was performed in both anemic and non-
anemic mice. Another set of mice was also separated into two groups. Both groups were supplemented
with NAC (1%) for four weeks before experimental procedures. In one of these groups, anemia was
induced in the last days of the four-week time period. On the last day I/R surgery was performed in both
groups. (B) Anemia was induced for three consecutive days in RBC-eNOS-KO mice and control mice.
In a different set of anemic RBC-eNOS-KO and RBC eNOS control mice, I/R surgery was performed on
the fourth day. This study used in total 14 different mouse groups: anemic- and non-anemic mice,
anemic and non-anemic mice with AMI, NAC-treated anemic and non-anemic mice with AMI, anemic
and non-anemic RBC-eNOS-KO mice, anemic and non-anemic RBC eNOS control mice, anemic and
non-anemic RBC-eNOS-KO mice with AMI and anemic and non-anemic RBC eNOS control mice with
AMI. Created in BioRender.
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3.6 Echocardiography

To assess cardiac parameters, echocardiography measurements were performed in anemic
and non-anemic mice before and after induction of AMI. For this purpose, Fuijifilm VisualSonics
Vevo 3100 Ultra High Frequency Imaging Platform (18-38 MHz linear array micro scan
transducer; VisualSonics, Toronto, Canada) was used. Firstly, mice were anesthetized by
placing them in an oxygen enriched induction chamber, consisting of 2.5-3 % isoflurane. After
a brief time period, the anesthetized mice were placed on a heated table with integrated
components, which allowed the monitoring of electrocardiogram, respiratory rate, heart rate
and body temperature. Mice were continuously anesthetized using an isoflurane (1.5-2 %)
mask. The fur on the chest of the mice was removed using a chemical hair remover, enabling
enhanced cardiac imaging. After applying preheated Aquasonic 100 Gel (Parker Laboratories,
Fairfield, United States), cardiac imaging in the parasternal long-axis was conducted. Different
cardiac function parameters such as LV chamber volume in end-diastole (EDV) and end-
systole (ESV), stroke volume (SV), ejection fraction (EF), cardiac output (CO) and heart rate
(HR) were assessed using the B-Mode in Vevo LV-Trace function and strain.
Echocardiography data was analysed using Vevo Lab software (Visual Sonics, Fujifilm,

Japan).

3.7 CMRI

Cardiac function and cardiac energetics were assessed using CMRI, based on fluorine-19 ('°F)
[217]. "°F MRI is non-invasive and allows in vivo usage as it gives low background signal for

cardiac imaging.

'SF was imaged using perfluorocarbons (PFC), which are highly stable and non-toxic. For the
preparation of the PFC emulsion, purified egg lecithin (E 80 S, 4% wt/wt, Lipoid, Ludwigshafen,
Germany) was dissolved in an isotonic phosphate buffer containing 10 mmol/L phosphate and
150 mmol/L NaCl with a pH of 7.4, by magnetic stirring for 30 min. Next, the prepared lecithin
was mixed with rhodamine dihexadeconic phosphatidylethanolamine (Molecular Probes,
Leiden, the Netherlands) and dissolved in absolute ethanol. Afterwards, the resulting solvent
was removed under lowered pressure at 37°C and evaporated with vacuum. The emerged
lipid film was hydrated by gentle stirring and dispersion after adding isotonic phosphate buffer.
Perfluoro-15-crown-5 ether (10% wt/wt, Fluorochem Ltd, Glossop, UK) was added to the
mixture, which was then dispersed with a high-performance disperser (T18 basic ULTRA
TURRAX, IKA Werke GmbH & Co KG, Staufen, Germany) at 14000 rpm for 2 min at room
temperature. Using a high-pressure homogenizer (APV Gaulin Micron Laboratory 40, APV,
Unna, Germany), the emulsion was homogenized for 10 cycles with a pressure of 70 MPa.
The resulting nanoemulsion was finally filtered using a sterile 0.22 um sterile filter (Millex-GS,

Millipore, Ireland) and stored at 6°C until further use.
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The instrument utilized for MRI was a Bruker DRX 9.4-T wide-bore (89-mm) nuclear MR
spectrometer (Bruker, Rheinstetten, Germany), which conducts at frequencies of 400.13 MHz
for 1H and 376.46 MHz for 19F measurements. Images were taken using a Bruker
microimaging unit (Mini 0.5) with an actively shielded 57-mm gradient set, which were acquired

from a 30-mm birdcage resonator tunable to 1H and 19F.

To perform CMRI analyses, mice were first anesthetized using 1.5 % isoflurane, while being
kept at 37°C. By using an ECG- and respiratory-triggered fast-gradient-echo cine sequence
(field of view [FOV], 30x30 mm?; matrix, 128x128; slice thickness, 1 mm) 'H images of mice
hearts were attained. CMRI measurements were performed in collaboration with Prof. Dr.

Ulrich Flogel.

3.8 Organ harvesting

Anemic and non-anemic mice with and without AMI were anesthetized by intraperitoneal (i.p.)
injection with ketamine (Ketaset®; Zoetis, Parsippany-Troy Hills Township, United States) (100
mg/kg body weight) and xylazine (Rompun®; Serumwerk Bernburg, Bernburg, Germany) (10
mg/kg body weight). After ensuring the efficiency of the anesthesia, mice were fixed with tape
on surgery tables. Euthanasia was induced by cardiac puncture using a 1 ml syringe, after
which hearts were perfused with phosphate buffered saline (PBS), to reduce the amount of
RBCs. The hearts were then isolated and the ischemic (infarct) and remote (non-infarct)
regions of the LVs were separated using a light microscope. Samples were snap frozen and

stored at -80°C until further use.

3.9 Proteomic analysis

To assess the proteome of LV tissues, LVs were isolated from anemic and non-anemic mice
with and without AMI induction. LV tissues of mice that underwent AMI induction, were further
separated in remote and ischemic region. Tissues were snap frozen and analyzed in the
proteomic facility Biogenity ApS (Denmark). The sample preparation, mass spectrometry (MS)

analysis and data analysis were performed by the Biogenity and DTU Proteomics.

3.9.1 Sample preparation for proteomic analysis

Tissues were prepared according to the protocol of Kulak et al. [218]. Briefly, tissues were
lysed using a lysis buffer (6 M Guanidinium Hydrochloride, 10 mM TCEP, 40 mM CAA, 50 mM
HEPES pH 8.5), and afterwards incubated at 95°C for 5 min. Next, the samples were
processed using a tissue lyser for 1 min going from 3 to 30 Hz, which was repeated one more
time. Then, the samples were sonicated at 4°C for 5x 60 seconds on and 30 seconds off in a
Bioruptor Pico sonication water bath (Diagenode). Afterwards, protein concentration was
measured using BCA, and 200 pg of the samples were further used for digestion. Next the
samples were diluted with acetonitrile (1:3 ratio) and 50 mM HEPES pH 8.5, LysC (MS grade,
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Wako) was added in a 1:50 (enzyme to protein) ratio. Samples were then incubated at 37°C
for 4 h. After another 1:10 dilution with acetonitrile, 50 mM HEPES pH 8.5, trypsin (MS grade,
Sigma) was added in a 1:100 (enzyme to protein) ratio and samples were incubated at 37°C
overnight. Enzyme activity was terminated by adding 2% trifluoroacetic acid (TFA) to achieve
a final concentration of 1%. Before further processing, peptides were desalted using a SOLAp
SPE plate (HRP, Thermo). For each sample, the filters were pre-activated with 200 pl of 100%
methanol (HPLC grade, Sigma), followed by 200 ul of 80% acetonitrile containing 0.1% formic
acid. The filters were then equilibrated twice with 200 ul of 1% TFA and 3% acetonitrile.
Samples were loaded onto the filters by centrifugation at 1500 rpm. The filters were washed
twice with 200 ul of 0.1% formic acid, and the peptides were eluted into clean 1.5 ml Eppendorf
tubes using 40% acetonitrile with 0.1% formic acid. The eluted peptides were concentrated
using an Eppendorf SpeedVac and reconstituted in 50 mM HEPES buffer (pH 8.5).

Using 16plex tags (Thermo), part of the digested sample was isolated for TMT labeling.
Afterwards, TFA was added to reduce the acetonitrile concentration to <5% and to acidify the
sample. Before MS analysis, peptides were fractioned with an offine ThermoFisher
Ultimate3000 liquid chromatography system using high pH fractionation (5 mM Ammonium
Bicarbonate, pH 10) at a flowrate of 5 pl/min. An amount of 15 ug of peptides were divided
using a 120 min gradient (5% to 35% acetonitrile), during which fractions were collected every
130 seconds. The resulting 60 fractions were combined into 30 final fractions, acidified to a pH
below 2 using 1% TFA, and loaded onto EvoSep StageTips following the manufacturer’s

protocol.

3.9.2 Mass spectrometry analysis

Firstly, the peptides pre-set “30 samples per day” program on the EvoSep One instrument was
used for each fraction. After elution over a 44 min gradient, the peptides were analysed using
an Orbitrap EclipseTM TribridTM instrument (Thermo Fisher Scientific) with FAIMS ProTM
Interface (Thermo Fisher Scientific) switched between coefficient of variations (CVs) of -50 V
and -70 V with cycle times of 2 s and 1.5 s respectively. Next, at a resolution of 120000, whole
MS spectra were measured with normalized AGC target set to 100% or maximum injection
time of 50 ms and a scan range of 375-1500 m/z. For MS2 analysis, MS1 precursors with an
intensity of >6x103 and charge state of 2-7 were selected. Then dynamic exclusion was
configured to 120 seconds, with the exclusion list shared between CV values, and Advanced
Peak Determination was turned off. The precursor fit threshold was set at 70% with a fit window
of 0.7 m/z for MS2. Afterwards, selected precursors for MS2 were separated in the quadrupole
using a 0.7 m/z isolation window. lon collection was conducted to a maximum injection time of
35 ms, with a normalized AGC target set to 300%. Fragmentation was carried out using HCD

normalized collision energy of 30%, and MS2 spectra were acquired in the ion trap at a rapid
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scan rate. Next, the MS2 spectra were analyzed using RTS with the UniProt Mus musculus
protein database, with trypsin specified as the enzyme. Static modifications included TMTpro
labeling on lysine (K) and the peptide N-terminus, as well as carbamidomethylation on cysteine
(C). Oxidation of methionine (M) was set as a variable modification. Thereafter, maximum
number of missed cleavages was set to 1, with maximum 2 variable modification, FDR filtering
was enabled, and the maximum search time was limited to 35 ms. After scoring thresholds
were defined as 1 Xcorr, 0 dCn, and a 5 ppm precursor tolerance, the "use as trigger only"
option was disabled, while close-out was enabled, with a maximum of 4 peptides per protein.
Precursors were afterwards filtered with isobaric tag loss exclusion for TMT and a precursor

mass exclusion range of £25 ppm.

Next, precursors identified by RTS were separated for an MS3 scan using the quadrupole with
a 2 m/z isolation window. lons were then collected with a maximum injection time of 86 ms and
a normalized AGC target of 300%. After deactivating Turbo TMT, the number of dependent
scans was set to 10. The isolated precursors were then fragmented again using HCD with a
normalized collision energy of 50%, and MS3 spectra were acquired in the Orbitrap at a
resolution of 50,000 with a scan range of 100-500 m/z. Consistency of MS performance was

verified by analyzing a complex cell lysate quality control standard.

3.9.3 Data analysis

Biogenity contributed to the data analysis, including generating figures, tables, and reports.
Using Proteome Discoverer 2.4 (Thermo Fisher Scientific), raw data files were processed. TMT
reporter ion quantitation was enabled during both the processing and consensus workflows,
and spectra were matched against the UniProt Mus musculus database, encompassing both
reviewed and unreviewed proteins. Dynamic modifications were specified as oxidation (M) and
acetylation on protein N-termini, while static modifications contained cysteine
carbamidomethylation (on C residues) and TMT 16-plex labeling (on peptide N-termini and K
residues). Results were filtered to achieve a 1% FDR, and protein quantitation was performed
using the Minora Feature Detector. Data filtering enabled that only proteins with at least 2

unique peptides were included in the downstream analysis.

3.10 High resolution respirometry

To assess mitochondrial respiration in LV tissues of anemic and non-anemic mice with and
without AMI, and with and without NAC supplementation, high resolution respirometry was
performed using a high resolution oxygraph (Oroboros-O2k, Oroboros Instruments, Innsbruck,
Austria). Measurements were performed at 37°C, with the chamber filled with 2 ml MiRO5
buffer (0.5 mM EGTA, 3 mM MgCl. x 6 H,O, 60 mM lactobionic acid, 20 mM taurine, 10 mM
KH2PO4, 20 mM HEPES, 110 mM sucrose and 1 g/l of BSA (pH 7.1)) [219]. The stirrer speed

was set at 750 rpm, and the instrumental background corrections and air calibration were
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performed according to the manufacturer’s instructions. Every 2 seconds the respiration was
measured. Respiratory values were corrected for the oxygen solubility factor of MiROS (0.92),

and the chamber was reoxygenated when O concentration fell below 150 uM.

LVs were collected as described above and separated into ischemic and remote region. The
tissue was immediately put in BIOPS buffer (0 mM Ca-EGTA buffer, 0.1 uM free calcium, 20
mM imidazole, 20 mM taurine, 50 mM K-MES, 0.5 mM DTT, 6.56 mM MgCI2, 5.77 mM ATP,
15 mM phosphocreatine, pH 7.1) on ice. Muscle fibre bundles were mechanically separated
gently by using forceps while on ice and in BIOPS buffer. The muscle fibres were then
transferred into a permeabilization solution containing 50 ug/mL saponin and incubated for 30
min on ice on a horizontal shaker. Afterwards the samples were washed twice for 10 min with
MiRO5 buffer. The samples were weighed and placed into the respirometry chambers.

Respiration was corrected for sample weight and expressed as (nmol O2/ (s x mg)).

The respiratory parameters were assessed using a Substrate-Uncoupler-Inhibitor-Titration
(SUIT) protocol [219]. The CI substrates malate (2 mM), the fatty acid octanoyl-carnitine (1
mM) were used to assess FAO pathway in the LEAK state ([F].). Afterwards, ADP (2.5 mM)
was added to assess (F) oxidation mediated OXPHOS capacity ([F]e). Convergent fatty acid-
and NADH-linked (N) OXPHOS capacity was measured by subsequently adding glutamate
(10 mM) ([FN]e). Afterwards FADHz-related substrate succinate (S) (20 mM) was injected to
additionally assess contribution of Cll-linked respiration to maximal OXPHOS capacity
(IFNS]Jp). Next, cytochrome C (0.01 mM) was injected as a quality control for the tissue
preparation. Subsequently, oligomycin (0.005 mM), which inhibits ATP synthase, was injected
to measure respiration independent of ADP phosphorylation. Respiration measured after
oligomycin injection is referred as “LEAK” state, as this respiration is a compensation for the
leakage of protons across the inner mitochondrial membrane ([FNS].). Next, maximal
uncoupled respiration, driven by convergent electron input to the ETS, was assessed as next
step through the precise titration (1 mM) of the protonophore carbonyl-cyanide p-
(trifluoromethoxy) phenylhydrazone (FCCP) until the maximal level of respiration was achieved
(IFNSJe). FCCP dissipates the mitochondrial membrane potential (MMP) and stimulates
electron flux along the respiratory system. Afterwards, rotenone (0.001 mM), an inhibitor of ClI,
was injected to assess CllI linked ETS. Finally, Antimycin A (0.005 mM) was added, which
inhibits ClII to measure residual respiration, also referred to as non-mitochondrial respiration.

All respiratory values were corrected for the non-mitochondrial respiration.

Before statistical analysis, the increase in respiration in response to cytochrome c was
calculated as measure of preserved integrity of the outer mitochondrial membrane. A high

increase in respiration after cytochrome C injection (> 40 %) indicates a damaged

24



Material and Methods

mitochondrial membrane. High resolution respirometry experiments with an increase over 40

% in response to cytochrome C injection were excluded from further analysis.

In addition to evaluation of the absolute respirometry values (pmol O2 / (sx mg)) described
above, the following respiratory control ratios (RCR) were calculated. RCR Couplingens is a
measure, which describes how well electron transport is coupled to ATP synthesis, which was
calculated by dividing [FNS].by [FNS]r. RCR Uncouplingens Was calculated by dividing [FNS].

by [FNS]&, to assess efficiency of electron transport.
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Figure 8: Representative illustration of O, consumption measured using high resolution
respirometry using a standard SUIT protocol. Subsequent injections of SUIT reagents enable the
assessment of (F) fatty acid oxidation pathway, (N) NADPH linked respiration and (S) succinate linked
respiration indicated as Oz consumption (O2 flux per mass). E: electron transport system capacity, P:

oxidative phosphorylation capacity, L: LEAK. Created in BioRender.

3.11 Protein concentration measurements
In this study, prior to different type of experiments such as biochemical assays and western
blotting, protein concentration was measured using DC protein Assay kit (Bio-Rad), which is
based on the BCA method. Following the manufacturers protocol, the protein concentrations
of the samples were measured and calculated. Briefly, 5 pl of the samples and standards were
added to a 96 well plate. A volume of 25 pl reaction solution A was added to each sample and
standard. Next 200ul of DCTM Protein Reagent B was added to each well and the plate was
incubated at room temperature for 10 min in the dark. The OD of the samples were then
measured using Microplate Reader FLUOstar® Omega at a wavelength of 740 nm. Based on
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the standard concentrations, linear regression curve was generated and protein concentration

was determined based on linear regression equation.

3.12 Citrate synthase activity

Mitochondrial content is frequently analysed by determining citrate synthase (CS) activity.
Mitochondrial content analysis could provide crucial information about the ETS, specifically in
cardiac setting. CS is an enzyme of the TCA cycle, which catalyses the condensation of
oxaloacetate and acetyl coenzyme A to citrate [220]. CS activity was measured using a
commercially available kit from Sigma and used according to the company’s instructions.
Briefly, tissues were lysed in PBS (pH 7.4) with proteinase and phosphatase inhibitor, using
RETSCH MM400 mixing mill (3x1 min, 20 Hz). Tissues were then sonicated for 10 min and
centrifuged at 16000 g for 10 min at 4°C. The supernatant was collected and the pellet was
discarded. Protein concentration of these samples were then measured using the DC protein
Assay Kit as described before. Samples were diluted to a final concentration of 0.5 mg/ml for
CS activity measurements. The following samples were prepared prior to the assay: positive
control (45 ul 1x Assaybuffer + 5 ul CS aliquot), mastermix (9520 ul 1x Assaybuffer + 140 pl
30 mM Acetyl CoA + 140 ul 10 mM DTNB), oxaloacetate (OAA) (1 mg 10 mM OAA + 769 ml
1x Assaybuffer) and controlmix (368 ul 1x Assaybuffer+ 4 ul 30 mM Acetyl CoA + 4 pl 10 mM
DTNB). Samples (50 ul) and positive control (2 ul) were added to a 96-well plate, after which
140 uyl mastermix was added to each sample. Baseline absorbance at a wavelength of 412 nm
for 3 min (1 cycle per minute) in kinetic mode was measured. Afterwards, OAA (10 ul) was
added to each well and the absorbance was measured in kinetic mode for 10 min at 412 nm.

Based on the slope of each linear curve CS activity was calculated.

3.13 Western Blot

To investigate ETS complex expression in anemia, western blotting was performed in LV
tissues of anemic and non-anemic mice after AMI (ischemic region) [127]. Briefly, LV of anemic
and non-anemic mice post-AMI were lysed with radioimmunoprecipitation assay (RIPA) buffer
and homogenized with RETSCH MM400 mixing mill (3x1 min, 20 Hz), followed by a 10 min
sonication. After centrifugation at 10000 g for 15 min at 4°C, the supernatant was stored.
Protein concentration of the samples were measured using the DC protein assay kit, as
described previously. Samples were diluted with H>O, after which 4 pl lithium dodecyl sulfate
(LDS) and 2 ul sample reducing agent (SRA) were added to each sample, with a final protein
concentration of 1 ug/ul. Samples (20 ul) and Spectra™ Multicolor Broad Range Protein
Ladder (5 ul) were carefully pipetted into 4-12 % bis-tris gradient gel chambers. The gel
electrophoresis was performed at 80 -130 Volt (V). After running the gel, the separated proteins
were transferred to a 0.2 ym nitrocellulose membrane by wet blotting at 40 V for 90 min in

transfer buffer (pH 8.3, Tris Base 25 mM, Glycine 192 mM). Afterwards, the membrane was
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rinsed in water and incubated for 5 min in a staining solution, which was diluted in washing
buffer. Total protein staining was detected at 700 nm on the Odyssey® Fc Imaging System.
The staining was removed by incubating the membrane with Revert™ Destaining Solution. To
block non-specific binding sites, the membrane was blocked with blocking agent for 60 min at
room temperature. The membrane was then washed three times with TBS-T for 10 minutes
on a shaker at 4°C, followed by overnight incubation with the primary antibody for ETS
complexes detection (Total OXPHOS Rodent WB Antibody Cocktail, ab110413). The next day,
the membrane was washed three times for 15 min with TBS-T on a shaker. The membrane
was then incubated with the corresponding secondary antibody (IRDye® 680RD Goat anti-
Rabbit IgG Secondary Antibody, IRDye® 800CW Goat anti-Mouse IgG Secondary Antibody,
LICOR) for 60 min at room temperature and light-protected on a shaker. Lastly, the target

proteins were detected with the Odyssey® Fc Imaging System.

3.14 Reactive oxygen species: Biochemical Assays

3.14.1 SOD Colorimetric Activity Kit

This biochemical assay principle is based on the generation of superoxide by xanthine oxidase
after substrate supplementation. The substrate reacts with xanthine oxidase resulting in the
development of yellow colour which is calorimetrically measured. The higher the SOD
concentration in the sample, the lower the xanthine oxidase product, which results in lowered

colour intensity.

Ischemic and remote LV tissues of anemic and non-anemic mice 24 h post-AMI as well as LV
tissues of non-anemic and anemic mice without AMI were lysed with ice cold PBS buffer using
the RETSCHMM40 mixing mill. After 10 min sonication and centrifugation at 1500 g for 10 min
at 4°C, the supernatant was collected. SOD colorimetric assay was performed following the
company’s instructions (ThermoFisher scientific, EIASODC). Shortly, the samples were diluted
1:4 in assay buffer. For the preparation of the standards, the SOD standard was reconstituted
with assay buffer (250 ul). Afterwards, a serial dilution was prepared according to the
company’s protocol. Prior to the measurement, xanthine oxidase and the substrate was
prepared. Next, standards and samples (50 ug in well) were pipetted in a 96-well plate, in
which the xanthine oxidase and substrate was added subsequently. The plate was then
incubated for 20 min at room temperature. Next, using the microplate reader OMEGA the
absorbance of the samples at 450 nm wavelength was measured. Linear regression fit was

performed and based on that, SOD concentration in samples were calculated.

3.14.2 Catalase Colorimetric Activity Kit
Catalase biochemical assay principle is based on the ROS scavenging property of catalase,

which converts H>O, to oxygen and water. Horseradishperoxidase (HRP) reacts with the
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substrate when H2O is present, turning the colourless substrate into pink-coloured product.

Catalase concentration is proportional to less intense coloured samples.

LV tissues from non-anemic and anemic mice with (ischemic and remote region) and without
AMI were homogenized using RETSCH MM40 mixingmill in 1x Assaybuffer, followed by a 10
min sonication and a centrifugation step at 10000 g for 15 min at 4°C. The supernatant was
further used for the catalase colorimetric assay. The assay was conducted according to the
company’s instructions (ThermoFisher scientific, EIACATC). Samples were diluted using 1x
Assaybuffer to a final concentration of 2 ug/ul. Standard serial dilution was prepared by adding
10 ul catalase standard to 190ul 1x Assaybuffer (5 U/ml). Standards were prepared according
to the protocol. HRP solution was prepared by mixing 50x HRP (50 ul) concentrate with 1x
Assaybuffer (2.45 ml). Afterwards, samples and standards (25 pl) were added to a 96-well
plate. Hydrogen peroxide reagent (25 pl) was added to each sample and standard well,
followed by an incubation for 30 min at room temperature. Next, substrate (25 ul) and 1x HRP
(25 pl) solution were added to each well successively. After a 15 min incubation time, the
absorbance at a wavelength of 560 nm was measured. Finally, linear regression-based curve

fitting was used to calculate catalase concentration in the sample.

3.14.3 Glutathione Colorimetric Detection Kit
Glutathione biochemical assay principle is based on the reaction of the free thiol group of

glutathione and the substrate. This reaction results in a colour change.

Tissues from the same experimental groups as mentioned before were used for this assay and
were lysed as described before. Protein concentration of the samples were measured as
mentioned before. After adding 1 volume of 5% 5-sulfo-salicylic acid dehydrate (SSA), the
samples were thoroughly mixed and centrifuged at 14000 g for 10 min at 4°C. The supernatant
was collected and used for the further analysis. By adding 1.5 volumes of 1x Assay buffer the
samples were diluted, reducing the SSA concentration to 1%. Further dilution using sample
diluent was performed, generating samples with a final protein concentration of 1 ug/ul. The
glutathione colorimetric detection assay was performed according to the manufacturers
protocol (ThermoFisher scientific, EIAGSHC). A standard serial dilution was prepared
according to the company’s protocol. Afterwards, colorimetric detection reagent and reaction
mixture were prepared. Next, samples (50 ul) were added to a 96-well plate, in which
colorimetric detection reagent (25 pl) was added. After adding reaction mixture (25 pl) to the
wells, the plate was carefully mixed by tapping the sides. Once the plate was incubated for 20
min, the absorbance at 405 nm was read. A linear regression curve was generated from the

standards, and the sample concentrations were calculated.
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3.14.4 Myeloperoxidase
Myeloperoxidase (MPO) activity kit is based on the reaction between hypochlorus acid (HOCI)
and taurine, forming taurine chloramine, which in turn reacts with the chromophore TNB. This

reaction results in the generation of the colourless DTNB.

LV tissues from anemic and non-anemic mice with AMI (ischemic and remote region) and
without AMI were lysed using MPO Assay Buffer. Homogenization was performed with
RETSCH MM40 mixingmill, followed by a 10 min sonication. The samples were afterwards
centrifuged at 13000 g for 10 min at 4°C. The supernatant was collected and used for further
analysis. All samples were diluted to a concentration of 1 ug/ul. The assay was performed
according to the company’s instructions (Sigma Aldrich, MAKO68). First, samples (50 pl) were
added to a 96-well plate. A mastermix with 20% MPO substrate was prepared. Afterwards, the
mastermix was added to each sample well and the plate was incubated for 60 min protected
from light. Stop mix (2 ul) was added to each sample well and incubated for 10 min. Next, TNB
Reagent/Standard (50 ul) was added to each sample well, and different volumes of the same
reagent were pipetted into Assay Buffer containing standard wells. Finally, the absorbance at

412 nm was read and MPO activity was calculated with linear regression fit.

3.14.5 ROS detection using westernblot

To investigate ROS production in anemia, 4-Hydroxynonenal (4-HNE) western blotting was
performed in LV tissues of anemic and non-anemic mice after AMI (ischemic region). 4-HNE
is a product of lipid peroxidation, which is known to be used to quantify ROS. The
westernblotting was performed as described before (3.133.13) using primary antibody against
4-HNE (ab46545).

3.15 RBC transfer experiments

In this study we further aimed to evaluate the potential role of anemic RBCs on the
mitochondrial respiration of LVs. For this purpose, RBCs from anemic and non-anemic CAD
patients were isolated by centrifuging the whole blood at 800 g for 10 min at 4°C. Subsequently,
plasma and buffy coat were removed and RBC pellet was washed four times with 2 ml PBS at
800 g for 10 min at 4°C. Afterwards, hearts from wildtype mice were incubated for 40 min with
the isolated RBCs in the Langendorff apparatus [221]. After global ischemia (40 min) and
reperfusion (60 min), the hearts were collected and the respiration was measured using high

resolution respirometry.

The isolated perfused heart is an ex vivo method to examine LV function. This method was
used in order to characterize the effect of anemic patient’'s RBCs on LV energy metabolism
post ischemia. C57BL/6J mice were anesthetized with i.p. injection of ketamin and xylazin

(volume according to body weight). After injecting heparin i.p. (1000 IU/mouse; Rotexmedica,
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Trittau, Germany), hearts were carefully isolated and placed in cold KHB buffer. The hearts
were then prepared by excising the excess fat. A part of the ascending aortae was left to
cannulate the heart into the Langendorff apparatus. After mounting the hearts into the
Langendorff apparatus the hearts were perfused retrogradely at a constant pressure of 100
mmHg with modified gassed (5% CO- in O.) Krebs-Heinseleit buffer (KHB) containing 118 mM
NaCl, 4.7 mM KCI, 0.8 mM MgSQs, 25mM NaHCO3, 1.2 mM KH2POy4, 5 mM glucose, 110 mM
Napyruvate, and 2.5 mM CacCl, at 37°C. To monitor the isometric LV developed pressure, its
positive and negative first derivate and the LV end-diastolic pressure a water filled balloon,
connected to a pressure transducer, was inserted into the LV. An ultrasound flow probe,
positioned upstream the cannulated heart, allowed the recording of the coronary flow. Through
adjusting the water volume inside the balloon, the LVDEP was set between 5 to 15 mm Hg. A
pacer was used to set a constant heart rate of 600 bpm, according to the physiological murine
heart rate. The hearts were the perfused for 20 min during the preliminary phase. Afterwards
a 20 seconds global ischemia was induced by restricting the perfusion. During a 5 min
reperfusion period a few criteria were examined. Hearts were excluded from the analysis when
they did not fulfill following criteria: (1) coronary flow >4 mL/min, (2) LV developed pressure
<50 mm Hg, or (3) a coronary flow reserve revealed by a transient ischemia <70% of the
baseline flow. Global ischemia was induced by restricting the perfusion for 40 min. During the
first minute of ischemia isolated anemic and non-anemic CAD patient’s RBCs (40% Hct) were
loaded onto the cannulated heart via a side arm using a syringe driver set to 0,4 mL/min. After
ischemia the cannulated heart was reperfused for 1 h. The heart was then further processed
as following in order to assess respirometry function parameters. The hearts were kept in
BIOPS buffer and processed as described before (3.10).

3.16 Hemodynamics assessment using a Millar catheter

In order to assess hemodynamic parameters, Millar catheter experiments were conducted in
anemic and non-anemic RBC eNOS deficient mice and their respective control mice. Prior to
the measurement, mice were given Temgesic (0.05mg/kg) subcutaneously 30 min before
intubation. After anesthetizing the mice with 3.5% isoflurane, mice were ventilated at 140
times/min of respiratory rate. For the preparation, isoflurane was decreased to 2% after
successful anesthesia. Before preparing the catheter, the catheter was calibrated using the
IOX software v.2.10.0 (EMKA technologies, Paris, France). For the preparation of the catheter
skin at the centre of the neck was removed carefully. After removing the muscles up to the
trachea, the carotid artery was separated from the vagus nerve. 5/0 sutures were placed
underneath the carotid artery and tied to an irreversible knot, which was followed by the
clamping of the artery. A hole was cut in the artery, in which a 1.4 F Millar pressure-
conductance catheter (SPR-839, Millar Instruments, Houston, TX, USA) was placed. The

clamp was removed and the measurement was performed with the IOX program. Different
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parameters such as systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate
(HR), left ventricle developed pressure (DP), maximal rate of rise of left ventricular pressure
(dP/dtmax), minimum rate of left ventricular pressure drop (dP/dtmin) and mean arterial pressure
were assessed. The recorded pressure values were analysed using 10X software. Systemic
vascular resistance (SVR) will be calculated according to the following formula: SVR = MAP
(mean arterial pressure) / CO (cardiac output). To evaluate left ventricular end-diastolic
developed pressure (LVEDP), developed pressure (DP), maximum rate of pressure increase
(dP/dtmax) and maximum rate of pressure decrease (dP/dtmin), the Millar catheter was advanced
into the left ventricle (LV) of the heart.

3.17 Flow-mediated dilation assessment

FMD responses in anemic and non-anemic RBC-eNOS-KO and control mice were assessed
using the Vevo 2100 high-resolution ultrasound scanner using a 30—-70 MHz linear transducer
(Visual Sonics Inc., Toronto, Canada) [222]. Briefly, mice were anesthetized with isoflurane
(5% induction, 2% maintenance). Mice were then placed on a heated examination table, which
enabled the maintenance of the body temperature and furthermore enabled the monitoring of
the heart function with ECG electrodes. Using a chemical hair remover, the fur on the hindlimb
was shaved and covered in pre-warmed ultrasound gel. The transducer was placed using a
stereotactic holder and adjusted manually to visualise the femoral artery. A vascular occluder
(8 mm diameter, Harvard Apparatus, Boston, MA, USA) was placed around the lower limb.
Baseline images of the vessel were firstly recorded, for which the cuff was inflated to 200
mmHg, and pressure was kept constant for 5 min (Druckkalibriergerat KAL 84, Halstrup
Walcher, Kirchzarten, Germany); then the cuff was released to assess FMD. The upstream
diameter of the vessel was determined every 30 s both during inflation and deflation of the cuff.
Changes in vessel diameter were quantified as the percentage of baseline (%) = [diameter

(max)/diameter (baseline)] x 100.

3.18 Wire Myography

To assess the effect of anemia on eNOS deficiency in RBCs on the vascular tone, wire
myograph experiments were conducted. For this purpose, thoracic aortas from euthanized
anemic and non-anemic RBC-eNOS-KO and their respective control mice were dissected free
from perivascular adipose tissue. The aortas were cut in 2 mm size aortic rings and mounted
in a wire-myograph system (Danish Myotechnology, Aarhus, Denmark), containing KHB (118
mM NaCl, 4.7 mM KCI, 0.8 mM MgSO4, 25 mM NaHCO3, 1.2 mM KH2PO4, 5 mM glucose,
110 mM Sodium pyruvate, and 2.5 mM CaCl2). Aortic rings were gradually distended to 1 gr
force or 9.8 mN, which is equal to a physiological wall tension of 100 mmHg. For a time period
of 45 min the aortic segments were allowed to normalize. Every 15 min during this time, buffer

was aspirated, fresh buffer was added and the segments were adjusted to 9.8 mN force. Prior
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to the experiment, endothelial integrity was checked by assessing relaxation responses to
acetylcholine (ACH) (10 uM) in phenylephrine (PHE) (10 uM) pre-contracted arteries. The
aortic segments were pre-contracted and segments which showed less than 80 % relaxation
responses were excluded. Afterwards, aortic segments were incubated with indomethacin (10
M), which inhibits cyclooxygenase enzymes enabling the NO-dependent relaxation
measurements. Initially, contraction was induced by adding increasing concentrations of PHE
(0.001-10 pM) successively to the aortic segments. Following PHE concentration-response-
curve (CRC), ACH CRC was generated by adding increasing concentration of ACH (1 nM-10
MM) consecutively, which displays the relaxation responses. The same protocol for PHE and
ACH CRC was conducted, after incubating the aortic segments with indomethacin and L-NG-
nitro arginine methyl ester (L-NAME), a NOS inhibitor. After generating ACH CRC, increasing
concentrations of NO donor sodium nitroprusside (SNP) (10 nM-10 uM) was added to the

segments, measuring the relaxing effects of SNP.

3.19 Triphenyl tetrazolium chloride (TTC) staining

Anemic and non-anemic RBC-eNOS-KO and control mice 24 h post-AMI were anesthetized
by i.p. injection of 100 mg/kg ketamine (Ketanest®) and 10 mg/kg xylazine (Rompun®) and
anticoagulated with heparin (1000 IU i.p.). Mice were sacrificed with heart puncture and hearts
were then rapidly transferred to isotonic 0.9 % saline solution (Fresenius Kabi, Bad Homburg,
Germany) supplemented with 1 ml heparin (5000 IU) (B. Braun). Fat and otiose tissue was
removed and a short part of the ascendant aorta was left to cannulate the heart. Afterwards,
the heart was cannulated and rinsed through the short part of the ascendant aorta with 0.9%
saline solution. After the blood was removed from the heart, the remaining thread from the I/R
surgery was removed and replaced with a 7-0 silk thread (Eticon). Evans blue dye (1 mL of a
1% solution) was injected into the aorta and coronary arteries for visualization of the ischemic
area at risk (AAR) from the non-ischemic zone. The heart was rinsed with 0.9% saline, until
remaining dye was removed. The tissue was afterwards wrapped in a plastic wrap and stored
for 1 h at —20°C, followed by serial sectioning (1mm) along the long axis. The sections were
weighed and incubated in 1% 2,3,5-triphenyltetrazolium chloride (TTC) solution for 5-7 min at
37°C, during which viable cells convert TTC into a red dye. This enabled the distinction of
viable and non-viable myocardium within the risk zone. Pictures of each slices were taken
using camera attached to a microscope (Leica DM6B). Infarct area (INF, white), viable areas
affected (red) or unaffected (blue) by I/R surgery and area at risk (AAR, white + red) were
measured, based on the slice weight, with a computer assisted planimetry software (Diskus

Viewer, Technisches Buro Hilgers, Konigswinter, Germany).
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3.20 Data analysis and statistics

Statistical analyses for the proteomics data were conducted using R (© The R Foundation)
programming environment. High resolution respirometry data was analysed using DatLab8
Software (© 2025 Oroboros Instruments GmbH). GraphpadPrism 6.01 program was used to
analyse data. Two groups are compared using student t-Test. Multiple groups/conditions will
be compared using one-way ANOVA or 2-way ANOVA. A p-value of <0.05 was considered
statistically significant. Additional significance levels were stated as *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001. P-values exceeding 0.100 were not considered in this study and

were excluded from the graphs.

33



Results

4 Results

This study primarily aimed to investigate the effect of anemia on LV function after AMI, with a
focus on energy metabolism. Additionally, given the cardioprotective role of functional eNOS
in RBCs after AMI, this study assessed the impact of RBC-derived eNOS on vascular and

cardiac function in anemia, with and without AMI

4.1 Blood loss anemia is associated with LV energy imbalance after AMI
We first aimed to assess the effect of anemia after AMI on LV energy metabolism and resulting
dysfunction. For this purpose, we assessed the LV function, LV energetics, LV proteomics, LV
respirometry analyses, LV redox state and LV respiration and compared the data between
anemic and non-anemic mice before and/or after AMI. In the following paragraph the results

of this part will be presented.

4.1.1 Cardiac function in anemia before and after AMI using echocardiography
Anemia is known to compensatory increase cardiac function evidenced by increased SV and
cardiac stress [223]. In MI, anemia causes a worsened prognosis [207], however cardiac
energy metabolism in anemia after AMI and its effect on heart function has not been studied
yet. Heart function was assessed using echocardiography before and 24 h post-AMI. The
measurements revealed no significant differences in HR or EDV between anemic and non-
anemic mice before and after AMI induction (Figure 9 A, C). The ESV representing the
ventricular volume at the end of systole, was significantly increased in anemic mice before and
after AMI compared to their respective control groups (Figure 9 B). Prior to AMI induction, EF
was significantly elevated in anemic mice compared to their controls, whereas following AMI
EF was diminished in anemic mice compared to non-anemic mice after AMI (Figure 9 D).
Additionally, EF was significantly reduced both in anemic and non-anemic mice after AMI
compared to their controls without AMI (Figure 9 D). SV was significantly increased in anemic
mice compared to control mice (Figure 9 E). After AMI, SV was significantly decreased in
anemic and non-anemic mice compared to the respective control group of mice without AMI
(Figure 9 E). The CO, which is the amount of blood pumped per minute, was significantly higher
in anemic mice compared to their control mice (Figure 9 F). After AMI, CO was significantly
reduced in both anemic and non-anemic groups compared their respective group of mice
without AMI (Figure 9 F). Nevertheless, no significant differences in CO were observed
between anemic and non-anemic mice after AMI (Figure 9 F). These findings suggest that
anemia induces a compensatory increase in LV function, which is subsequently impaired

following AMIL.
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Figure 9: Altered cardiac function in anemic mice after AMI. Cardiac function was assessed using
echocardiography in anemic (red bars) and non-anemic mice (white bars) before (circles) and 24 h post-
AMI induction (triangles). Following cardiac parameters were assessed: A) Heartrate (HR), B) End-
systolic volume (ESV), C) End-diastolic volume (EDV), D) Ejection fraction (EF), E) Stroke volume (SV),
and F) Cardiac output (CO). Values are shown as the means £ SEM. *p<0.05, **p <0.01, ****p<0.0001.
Student t-test was used to compare between two groups.

4.1.2 Altered cardiac energetics and fractional shortening in anemia after AMI
Mitochondrial respiration and ATP accessibility are critical for CM energy supply and overall
heart function. To evaluate ATP availability and usage, CMRI measurements in vivo were
performed in anemic and non-anemic mice, before, after induction of anemia and 24 h post-
AMI. The Pi/ATP ratio, an indicator for ATP hydrolysis, remained unchanged in mice after
anemia induction compared to non-anemic mice (Figure 10 A, C). Similar results were
observed in the remote region of anemic mice compared to non-anemic mice 24 h post-AMI
(Figure 10 C). Interestingly, Pi/ATP ratio was significantly increased in the ischemic region of
anemic mice compared to non-anemic mice 24 h post-AMI (Figure 10 A). The resynthesis of
ATP, assessed via the PCr/ATP ratio, remained unchanged in anemic mice compared to non-
anemic mice (Figure 10 B, D). Similarly, PCr/ATP ratio was not significantly differed between

anemic mice compared to non-anemic mice in the remote region 24 h post-AMI (Figure 10 D).
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In the ischemic region of anemic mice 24 h post-AMI, the PCr/ATP ratio was significantly
reduced compared to non-anemic mice 24 h post-AMI (Figure 10 B). In conclusion, these
results show decreased regional ATP availability in the ischemic region of anemic mice after

AMI compared to their non-anemic controls.
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Figure 10: Altered cardiac energetics in anemic mice after AMI. Pi/ATP and PCr/ATP ratios were
averaged at lateral (ischemic, A & B) and septal (remote, C & D) region of heart in anemic (red bar) and
non-anemic (white bar) mice at basal, three days after anemia and 24 h post-AMI. Values are shown as
means (SD). *, p<0.05. One-Way ANOVA and Bonferroni’s post-hoc test was used compare groups.

In addition to cardiac energetics parameters, CMRI measurements enabled the assessment
of fractional shortening in the LVs of anemic and non-anemic mice at baseline, after anemia
induction and 24 h post-AMI. Regional CMRI measurements revealed that fractional
shortening, a parameter displaying the size reduction of the LV during systole, remained
unchanged at basal level and after anemia induction at day four (Figure 11 A, B). In the remote
region, no significant differences were observed between anemic and non-anemic mice
(Figure 11 C). Interestingly, a significant reduction in fractional shortening was observed in the
ischemic region of anemic mice after AMI compared to the corresponding region in non-anemic
mice (Figure 11 C). These findings indicate that LV contractile function is significantly impaired

in the ischemic region of anemic mice following AMI.
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Figure 11: Reduced fractional shortening in anemic mice after AMI. Regional CMRI analyses of cine
loops acquired at baseline (A), three days after anemia induction (B) and 24 h post-AMI (C). For statistics
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averaged. Data are means + SD; n = 10 each group *, p<0.05.
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4.1.3 Proteomic analysis

4.1.3.1 Altered OXPHOS and oxidative stress related protein expression in the
ischemic region of anemic mice after AMI

CMRI results demonstrated unchanged cardiac energetics in anemic mice without AMI and in
the remote region 24 h post-AMI. However, impaired cardiac function in the ischemic region of
anemic mice 24 h post-AMlI was observed. To investigate the underlying molecular
mechanisms, proteomic analysis was conducted to identify alterations in protein expression
associated with the observed phenotype. The analysis revealed significant differential
regulation of multiple proteins in the ischemic region of anemic mice 24 h post-AMI, as
visualized in a volcano plot (Figure 12 A). These differentially regulated proteins were further
categorized and presented as a heatmap (Figure 12 B). Compared to the number of
mitochondrial proteins altered in the ischemic region, less mitochondrial proteins were
differentially expressed in the remote region (Figure 12 B). This suggests that pathways related
to energy metabolism and mitochondrial respiration are less affected in the remote
myocardium of anemic mice following AMI. Pathway enrichment analysis was subsequently
performed on the differentially regulated proteins in both the ischemic and remote regions of
anemic mice compared to their non-anemic controls. The results indicated that the top 10
altered pathways in the ischemic region were primarily related to energy metabolism, whereas
they remained unchanged in the remote region (Figure 12 C). Interestingly, the proteomic
analysis showed increased abundancy of respiratory chain complex subunits for Cl and CllI
namely NADH ubiquinone oxidoreductase subunit B6 (p=0.02; p-values are calculated based
on proteome information) (Ndufb6), NADH ubiquinone oxidoreductase core subunit S7
(p=0.03) (Ndufs7) and ubiquinol-cytochrome ¢ reductase complex (p=0.01) (Uqcr10) in the
ischemic region of anemic mice 24 h post-AMI, indicating a potential change in mitochondrial
function. Furthermore, succinate dehydrogenase complex assembly factor 2 (p=0.03)
(Sdhaf2), a Cll assembly factor, was also significantly elevated. Further analysis identified an
increase in proteins involved in NAD biosynthesis, a crucial cofactor in the ETS, namely
nicotinamide nucleotide adenylyltransferase 3 (p=0.03) (Nmnat3) and Kkynurenine
aminotransferase 3 (p=0.01) (Kyat3) in the ischemic region of anemic mice 24 h post-AMI.
Apart from mitochondrial proteins, proteins related to oxidative stress regulation were also
differentially expressed. Glutathione peroxidase-1 (Gpx1), a ROS scavenging enzyme, was
significantly lower expressed in the ischemic region of anemic mice 24 h post-AMI (p=0.02),
hinting at impaired antioxidant capacity in anemia after AMI. Conversely, thioredoxin reductase
2 (p=0.02) (Txnrd2) was significantly increased in the ischemic region of anemic mice after
AMI, indicating enhanced antioxidant capacity. In conclusion, these findings highlight

significant protein dysregulation in the ischemic region of anemic mice following AMI,
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particularly in pathways related to energy metabolism, mitochondrial respiration, and oxidative

stress.
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Figure 12: Proteomics analysis of LVs isolated from anemic and non-anemic mice 24 h post-AMI,
with focus on significantly altered proteins. (A) Volcano plot of altered proteins depicting the log2
fold change and corresponding -log10 adjusted p-value (fold change <1) in ischemic LVs of anemic and
non-anemic mice 24 h post-AMI. (B) Heatmaps depicting the proteomic profile of significantly changed
mitochondrial proteins in the remote and ischemic LVs of anemic and non-anemic mice 24 h post-AMI.
(C) Proteomics analysis of top biological processes altered in remote and ischemic regions of non-
anemic and anemic mice 24 h post-AMI and at basal without AMI in anemic and non-anemic. n=6 per

group.
39



Results

4.1.3.2 Altered mitochondrial dynamics in anemic mice with and without AMI

We used our unbiased proteomic analysis to identify the differentially regulated proteins that
are associated with changes in mitochondrial dynamics in anemic and non-anemic mice with
and without AMI. We focussed on mitophagy related proteins Bcl-2 interacting protein 3
(BNip3), Prohibitn-2 (Phb2), Mitochondrial E3 ubiquitin protein ligase 1 (Mul1), Optineurin
(Optn), Nipsnap Homolog 2 (Nipsnap2), Parkinson disease protein 7 (Park7), BCL2-like 13
(Bcl2113) and FKBP prolyl isomerase 8 (FKBP8). When comparing non-anemic mice with
anemic mice without AMI, significantly increased Nipsnap2 (p=0.05) and Park7 (p=0.05)
expression was observed in anemic mice (Figure 13 E, F). Furthermore, a tendency towards
decreased Mul1 abundancy (p=0.08) was observed (Figure 13 C). After AMI induction, no
significant changes were observed in the remote region of anemic and non-anemic mice after
AMI. However, BNip3 was significantly decreased in the ischemic region of anemic mice
compared to their non-anemic controls (p=0.003) (Figure 13 A). These findings suggest that
mitophagy regulation might be altered in anemic mice both before and after AMI, potentially

impacting mitochondrial dynamics and function.
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Figure 13: Altered protein expression of mitophagy related proteins in LVs isolated from anemic
and non-anemic mice at basal and 24 h post-AMI in remote and ischemic region. Proteomic
analysis of proteins associated with mitophagy, namely BNip3 (A), Phb2 (B), Mul1 (C), Optn (D),
Nipsnap2 (E), Park7 (F), Bcl2l113 (G) and Fkbp8 (H) in LVs of non-anemic (white bars) and anemic mice
(red bars) with and without AMI in remote (triangles) and ischemic (squares) region. Values are shown
as the means + SEM (n=6 per group). *p=<0.05, ** p<0.01. Student t-test was used to compare between

two groups.
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To investigate the alterations in mitochondrial fusion related proteins in anemic and non-
anemic mice with and without AMI, the expression levels of mitofusin 1 and 2 (Mfn1, Mfn2),
OPA1, mitochondrial carrier 2 (Mtch2) and ARF like GTPase 2 (Arl2) were assessed. A
significant increase in Arl2 was observed in anemic mice without AMI compared to their non-
anemic controls (Figure 14 E), while the other mitochondrial fusion proteins showed no
significant differences between anemic and non-anemic mice (Figure 14 A-D). Following AMI
induction, neither in the remote nor in the ischemic region of anemic and non-anemic mice
significant changes were observed in mitochondrial fusion related proteins (Figure 14 A-E).
These observations indicate potentially altered mitochondrial fusion in anemic state, however

no differences between anemic and non-anemic mice after AMI induction were observed.

Mfn1 Mfn1 Mfn2 Mfn2

Log2 transformed
Expression
Log2 transformed
Expression
Log2 transformed
Expression
Log2 transformed
Expression

71 1 7 71 7
i i i i i
5 5- 5- 5-
Anemia - + Anemia - + - + Anemia + Anemia - + - +
Remote Ischemic Remote Ischemic
OPA1 OPA1 Mtch2 Mtch2
10 10 10 10
E 9 T E 9 B o
£ €
55 4l §5 ol §5 4l 5.8
- ‘0 w‘p 8 wp 8 ®. ww o0
20 @ ¢ 2 0 ° 2 @
So o So €90
c = © = [~ (o] © =
s 2 71 s 2 74 s 2 71 s 2
Qw QW Qw Qi
g g g g
a 6 a 6 a 6 a
5 5- 5-
Anemia - + Anemia - + - + Anemia - + Anemia - + - +
Remote Ischemic Remote Ischemic
Arl2 Ari2
10 10
T o " T 9
Ec | —— Es
o .2 G .9
< p 84 = 5 8
174 7
< o S o
c 2 c 2
s 2 71 s 2 79
S S A
S e 9 e
5- 5-
Anemia - +

Anemia - + - +

Remote Ischemic

Figure 14: Altered protein expression of mitochondrial fusion related proteins in LVs isolated
from anemic and non-anemic mice at basal and unchanged protein expression of mitochondrial
fusion related proteins in LVs of anemic and non-anemic mice 24 h post-AMI. Proteomic analysis
of proteins associated with mitochondrial fusion, namely Mfn1 (A), Mfn2 (B), OPA1 (C), Mtch2 (D) and
Arl2 (E) in LVs of non-anemic (white bars) and anemic mice (red bars) with and without AMI in remote
(triangles) and ischemic (squares) region. Values are shown as the means + SEM (n=6 per group).
*p<0.05. Student t-test was used to compare between two groups.
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Additionally, mitochondrial fission was assessed in anemic and non-anemic mice with and
without AMI by analysing fission- related proteins, namely mitochondrial 1 (Fis1), OPA3,
Dynamin related protein 1 (Drp1), mitochondrial fission process 1 (Mtfn1), solute carrier family
25 member 46 (Slc25a46) and armadillo repeat containing 10 (Armc10). Elevated levels of
Drp1 (p=0.02) and Mtfp1 (p=0.03) were observed in anemic mice without AMI compared to
non-anemic mice (Figure 15 C, D), whereas no significant differences were observed in Fis1,
OPA3, Slc25a46 and Armc10 expression in both groups (Figure 15 A, B, E, F). Following AMI,
no significant differences were observed in the remote region of anemic and non-anemic mice
(Figure 15 A-F). However, after AMI induction a trend towards increased OPA3 expression in
the ischemic region of anemic mice was observed compared to their non-anemic controls
(p=0.07) (Figure 15 B). Armc10 expression was significantly reduced in the ischemic region of
anemic mice following AMI compared to their non-anemic controls (p=0.02) (Figure 15 F),
indicating altered mitochondrial dynamics in anemia following AMI. These findings indicate that
mitochondrial fission was altered in anemic mice both before and after AMI, particularly in the

ischemic region, highlighting potential dysregulation of mitochondrial homeostasis in anemia.
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Figure 15: Altered protein expression of mitochondrial fission related proteins in LVs isolated
from anemic and non-anemic mice at basal and 24 h post-AMI in remote and ischemic region.
Proteomic analysis of proteins associated with mitochondrial fission, namely Fis1 (A), OPA3 (B), Drp1
(C), Mtfp1 (D), Slc25a46 (E) and Armc10 (F) in LVs of non-anemic (white bars) and anemic mice (red
bars) with and without AMI in remote (triangles) and ischemic (squares) region. Values are shown as
the means + SEM (n=6 per group). *p<0.05. Student t-test was used to compare between two groups.

4.1.4 Impaired mitochondrial respiration in anemic mice after AMI

RBCs and their function to transport O, to the tissues is crucial for OXPHOS. In anemia, RBC
reduction or dysfunction leads to the impairment of gas transport, which might result in
impaired delivery of O, to the tissues and, subsequently mitochondrial dysfunction. To
investigate this, high resolution respirometry measurements using the O2K oxygraph were
performed, in which mitochondrial respiration of LV tissues of anemic and non-anemic mice

was measured.
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Figure 16: Unchanged myocardial mitochondrial function in LVs of anemic and non-anemic mice.
High resolution respirometry analysis of LVs in mice with anemia (red bars) and without anemia (white
bars). (A) Mitochondrial OXPHOS capacity was measured in the presence of fatty acids (F), NADH (N)-
and succinate (S)-linked substrates and expressed as pmol O2 - mg' -s-'. (B-D) Subsequently, RCRs
were calculated based on the absolute respiratory values. Values are shown as the means + SEM. For
statistical testing RCRs were log-transformed. Normally distributed data were compared using an
unpaired t-test whereas non-normally distributed data were compared using Mann-Whitney test. E:
electron transport system capacity, P: oxidative phosphorylation capacity, L: LEAK.
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The analysis showed no significant differences in mitochondrial OXPHOS capacity between
anemic and non-anemic mice (Figure 16 A), suggesting that mitochondrial function remains
unaffected after anemia. Additionally, RCR ratios, calculated based on the raw data, showed
no differences between the anemic and non-anemic mice (Figure 16 B, C), indicating
preserved coupling efficiency of OXPHOS. These results suggest that mitochondrial function

in the LVs of anemic mice remains unchanged.

To further investigate the effect of anemia and AMI on mitochondrial function, respirometry
analysis was performed with LVs of anemic and non-anemic mice after AMI. Though not
significantly, analysis of the attained data showed that overall mitochondrial OXPHOS was
reduced in the anemic and non-anemic ischemic region compared to the remote region (Figure
17 A), likely due to increased necrotic tissue in the ischemic region. RCR Couplingens in the
remote region of anemic and non-anemic mice post-AMI was unchanged (Figure 17 B).
Interestingly, RCR Couplingens in the ischemic region of anemic mice was significantly lowered
compared to the ischemic region of non-anemic mice (Figure 17 B), suggesting decreased
coupling efficiency between the ETS and phosphorylation system. RCR Uncouplingens
remained unchanged in both ischemic and remote regions between anemic and non-anemic
mice (Figure 17 C). Additionally, a trend towards increased LEAK ([FNS].) was observed in
the ischemic region of anemic mice compared to non-anemic controls, indicating increased
inner mitochondrial membrane permeability. In conclusion, these results indicate impaired
mitochondrial respiration in the ischemic region of anemic mice after AMI, whereas

mitochondrial respiration remains unaltered in the remote region.
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Figure 17: Altered myocardial mitochondrial coupling efficiency in the ischemic region of anemic
mice after AMI. High resolution respirometry analysis of the LVs in the remote (triangles) and ischemic
(squares) region of the heart 24 h post-AMI in mice with anemia (red bars) and without anemia (white
bars). (A) Mitochondrial OXPHOS capacity was measured in the presence of fatty acids (F), NADH (N)-
and succinate (S)-linked substrates and expressed as pmol O2 - mg' -s-'. (B-C) Subsequently, RCRs
were calculated based on the absolute respiratory values. Values are shown as the means + SEM. For
statistical testing RCRs were log-transformed. Normally distributed data were compared using an
unpaired t-test whereas non-normally distributed data were compared using Mann-Whitney test. E:
electron transport system capacity, P: oxidative phosphorylation capacity, L: LEAK. *p<0.05.
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4.1.5 Altered mitochondrial content in remote and ischemic region of anemic
mice after AMI
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Figure 18: Altered citrate synthase activity in the remote and ischemic region of anemic mice
LVs 24 h post-AMI. Mitochondrial content analysis of remote (triangles) and ischemic (squares) region
of LVs 24 h post-AMI in mice with anemia (red bars) and without anemia (white bars). Values are shown
as the means + SEM. **p=<0.01, *** p<0.001. Student t-test was used to compare between two groups.

Mitochondrial density is a crucial factor in determining bioenergetic function. Since the
respiratory chain responsible for energy production is embedded within the inner mitochondrial
membrane, both its function and the number of mitochondria significantly influence
mitochondrial oxidative capacity. Our results revealed impaired mitochondrial respiration in the
ischemic region of anemic mice after AMI. To further explore mitochondrial content alterations,
we measured CS activity, a marker of mitochondrial density, in the ischemic and remote region
of anemic and non-anemic mice after AMI. Our results demonstrated significantly decreased
CS activity in the remote region of anemic mice 24 h post-AMI (Figure 18). In the ischemic
region of anemic mice 24 h post-AMI, significantly increased CS activity was observed (Figure
18). These observations indicate that mitochondrial number is decreased in the remote region

and increased in the ischemic region of anemic mice after AMI.
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4.1.6 Unaltered expression of ETS complexes in the ischemic region of
anemic mice after AMI

Our proteomic analysis revealed an increase in subunits of Cl and CllI, namely Ndufb6, Ndufs7

and Uqcr10. Based on this we examined potential alterations in the expression of ETS

complexes I-V. To assess this, western blot analysis was performed in the ischemic region of

anemic and non-anemic mice following AMI. The results revealed no significant differences in

the expression of CI-V in the ischemic region of anemic and non-anemic mice after AMI (Figure
19 A-G).
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Figure 19: Unchanged expression of ETS complexes in the ischemic region of anemic mice after
AMI. After anemia and AMI induction, mice were sacrificed and LV lysates were used to assess protein
expression of electron transport system complexes via western blotting (G) in anemic (red bars) and
non-anemic (white bars). Protein expression of each complex (A-E) was normalized with total protein

staining (F). Values are shown as the means + SEM. Student t-test was used to compare between two
groups.
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4.1.7 Altered oxidative stress in anemic mice with and without AMI

4.1.7.1 Altered oxidative stress in anemic mice

Our results revealed decreased contractility and altered cardiac energetics in the ischemic
region of anemic mice after AMI. Previous studies have demonstrated that anemia is
associated with enhanced ROS levels in the vascular system [127], which might exacerbate
pathological outcomes when combined with other morbidities [187]. For this reason, we further
wanted to explore whether altered oxidative stress in anemia before and after AMI contribute
to the observed phenotype. To assess oxidative stress in anemia, we measured the activity of
key redox enzymes and glutathione concentrations in LV tissues of anemic and non-anemic

mice.

SOD are metalloenzymes that play a critical role in the antioxidant defence system of cells, by
catalyzing the dismutation of Oy into O, and H2O; [224]. Enzyme activity of SOD in anemic
and non-anemic LV samples were measured. The results revealed a significant reduction in

SOD acitivity in anemic mice compared to non-anemic mice (Figure 20 A).

Catalase is a ROS-scavenging enzyme that converts two H>O» molecules to oxygen and water,
protecting cells from oxidative damage [225]. Catalase activity in anemic and non-anemic LV
samples were measured. The analysis revealed no significant differences between anemic

and non-anemic mice (Figure 20 B).

As nonenzymatic antioxidant, glutathione plays an important role in detoxification, especially
in the cardiovascular system. Through direct or indirect interaction with highly reactive ROS,
glutathione maintains redox balance [226]. Glutathione concentrations in LV tissues were
significantly reduced in anemic mice compared to non-anemic controls (Figure 20 C),

indicating impaired antioxidant capacity.

MPO belongs to the group of peroxidases and is a lysosomal enzyme. It is highly expressed
in neutrophils and functions as generator of cytotoxic species, namely HOCI, which is crucial
for the immune response against pathogens. However, elevated MPO levels are associated
with CVD [227]. MPO activity in LV tissues of anemic and non-anemic mice exhibited a trend

toward increased activity in anemic mice (p= 0.0783) (Figure 20 D).

In summary, these findings indicate that the antioxidant capacity was significantly altered in
anemic mice, as evidenced by reduced SOD activity, diminished glutathione levels and a

tendency towards increased MPO activity.
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Figure 20: Altered redox balance in LVs of anemic mice. Analysis of redox enzymes, namely
Superoxide dismutase (A), Catalase (B) and Myeloperoxidase (D) and redox maintaining reduced
Glutathione (GSH) (C), in LVs of anemic mice (red bars) and non-anemic mice (white bars). Values are
shown as the means + SEM (n=8 per group). *p<0.05. Student t-test was used to compare between two
groups
4.1.7.2 Altered redox state in anemic mice after AMI
To investigate redox changes in anemia after AMI, the activity of above mentioned redox
enzymes (SOD, catalase and MPO) and GSH were measured in the remote and ischemic
region of anemic and non-anemic mice following AMI. Both SOD and catalase activities
remained unchanged in anemic and non-anemic mice in remote and ischemic region (Figure
21 A, B). In the remote region of anemic mice after AMI, glutathione concentration was
significantly lower compared to their non-anemic controls, whereas in the ischemic region no
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significant differences were observed (Figure 21 C). The analysis of the data revealed that in
both remote and ischemic regions of anemic mice 24 h post-AMI, MPO activity was significantly
increased compared to their non-anemic controls, suggesting increased oxidative stress in LVs
of anemic mice after AMI (Figure 21 D). These results suggest that in the remote region of
anemic mice, the antioxidant capacity is diminished due to reduced glutathione levels.
Furthermore, the results suggest elevated oxidative stress in both remote and ischemic regions
of anemic mice after AMI, as oxidative stress promoting enzyme MPO activity was significantly

increased.
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Figure 21: Altered redox balance in LVs of anemic mice 24 h post-AMI. Analysis of redox enzymes,
namely Superoxide dismutase (A), Catalase (B) and Myeloperoxidase (D) and redox maintaining
tripeptide reduced Glutathione (GSH) (C), in LVs of anemic mice (red bars) and non-anemic mice (white
bars) 24 h post-AMI in remote (triangles) and ischemic (squares) region. Values are shown as the means
+ SEM (n=8 per group). *p<0.05. Student t-test was used to compare between two groups.
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4.1.8 Regional oxidative damage increase in anemic mice after AMI

Our data demonstrated regional LV dysfunction in anemia after AMI, evidenced by altered
PCr/ATP ratio, Pi/ATP ratio, fractional shortening and altered respiration in the ischemic
region. Additionally, we showed altered oxidative stress in anemic mice before and after AMI.
To further pinpoint the role of ROS, we next evaluated ROS products by analysing 4-HNE
levels in LV (ischemic) lysates of anemic and non-anemic mice 24 h post-AMI. 4-HNE is a lipid
peroxidation product, which is generated as a result of ROS mediated lipid peroxidation of
polyunsaturated fatty acids [228, 229]. Western blot analysis demonstrated significantly higher
4-HNE levels in the ischemic region of anemic mice hearts compared to non-anemic mice
hearts (Figure 22 A), indicating increased ROS mediated lipid peroxidation in anemia following
AMIL.
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Figure 22: Increased 4-HNE levels in ischemic region of anemic mice after AMI. After anemia
and AMI induction, mice were sacrificed and LV lysates were used to assess 4-HNE expression via
westernblotting in anemic and non-anemic mice (A). Expression of 4-HNE was normalized via total
protein staining (B), and depicted as bar graphs (white bar: no anemia, red bar: anemia) (C). Values
are shown as the means + SEM. *p<0.05. Student t-test was used to compare between two groups.
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4.1.9 Normalized mitochondrial respiration in the ischemic region of anemic
mice after NAC supplementation

Our previous findings demonstrated altered oxidative stress in LV tissues of anemic mice with
and without AMI. To further evaluate the role of ROS in mediating mitochondrial dysfunction in
anemia after AMI, anemic and non-anemic mice were supplemented with NAC for four weeks
prior to AMI induction. Respirometry analysis was performed as described before (3.10).
Mitochondrial OXPHOS capacity showed no significant differences between anemic and non-
anemic mice in remote and ischemic region (Figure 23 A). Interestingly, NAC supplementation
preserved RCR Couplingens in the ischemic region of anemic mice (Figure 23 B). RCR
Uncouplingens in remote and ischemic region showed no significant changes between anemic
and non-anemic mice (Figure 23 C). These results suggest that ROS scavenging preserved

mitochondrial respiration in the ischemic region of anemic mice following AMI.

55



Results

>

500- .
+ No Anemia Remote NAC
5 = Anemia Remote
"E —~ 4007 . No Anemia Ischemic ]
a v = Anemia Ischemic .
K 'g 300-
S S 2
-g 3 200' A 4 i aD o
2 E A
o 2 o .
2 100 .
t .
O'W
<\ <\ N\ SY S\ S
\ A\ \{ \$ \$ \@\
3 1.5
NAC NAC
4 17}
) A £
9 2 * i -g 104 * ) o
= = O a A pA gm O
% N A g AA %
O O d_t u
c L A ]
(&) {Al 5 K u
a1 z x 0571
: g
0 0.0
Anemia - + -+ Anemia - + -
Remote Ischemic Remote Ischemic

Figure 23: NAC supplementation normalized mitochondrial coupling efficiency in the ischemic
region of anemic mice after AMI. Mice were supplemented with NAC for four weeks and anemia was
induced. Subsequently, high resolution respirometry was performed in the remote (triangles) and
ischemic (squares) region of LVs 24 h post-AMI in mice with anemia (red bars) and without anemia
(white bars). (A) Mitochondrial oxidative phosphorylation capacity was measured in the presence of fatty
acids (F), NADH (N)- and succinate (S)-linked substrates and expressed as pmol 02 - mg! -s'. (B-D)
Respiratory control ratios (RCR) were calculated based on the absolute respiratory values. Values are
shown as the means + SEM. For statistical testing RCRs were log-transformed. Normally distributed
data were compared using an unpaired t-test whereas non-normally distributed data were compared
using Mann-Whitney test. E: electron transport system capacity, P: oxidative phosphorylation capacity,

L: LEAK.
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4.1.10 Unaltered mitochondrial content after NAC supplementation in remote
and ischemic region of anemic mice after AMI

Since our respirometry data of NAC supplemented anemic mice after AMI showed preserved
mitochondrial respiration in the ischemic region, we further evaluated potential changes in
mitochondrial content after NAC supplementation. Therefore, we measured CS activity in the
ischemic and remote regions of anemic and non-anemic mice, supplemented with NAC, 24 h
post-AMI. After NAC treatment, no significant differences were observed in CS activity
between anemic and non-anemic mice after AMI in both regions (Figure 24). These results
conclude that NAC preserved mitochondrial content after AMI in both regions of anemic mice,

which were significantly altered without NAC treatment.
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Figure 24: Altered citrate synthase activity in remote and ischemic region of anemic mice after
24 h post-AMI is normalized after NAC treatment. Mice were supplemented with NAC for four weeks
and anemia is induced. Mitochondrial content analysis of remote (triangles) and ischemic (squares)
region of LVs 24 h post-AMI in mice with anemia (red bars) and without anemia (white bars). Values are
shown as the means + SEM. Student t-test was used to compare between two groups.
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4.1.11 Unaltered mitochondrial respiration in mice hearts incubated with
anemic CAD patient’s RBCs

As our previous studies demonstrated that anemic RBCs impaired vascular function with and
without AMI, we examined the role of anemic RBCs on LV energy metabolism after AMI [127,
214]. For this purpose, anemic and non-anemic CAD patient's RBCs were firstly isolated.
Subsequently, the isolated RBCs were incubated with wildtype mice hearts in the Langendorff
apparatus during 40 min of global ischemia, after which 60 min of reperfusion followed. LVs
were isolated and mitochondrial respiration was measured using high resolution respirometry.
Respirometry analyses revealed that anemic RBCs did not significantly affect mitochondrial
OXPHOS capacity (Figure 25 A). The calculated RCR ratios likewise were not significantly
changed between both groups (Figure 25 B, C). These results indicate that RBCs from anemic
CAD patients do not affect mitochondrial respiration in healthy mouse hearts subjected to I/R

after a short incubation period.
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Figure 25: Unchanged myocardial mitochondrial function in LVs of mice exposed to anemic and
non-anemic CAD patient’s RBCs. High resolution respirometry analysis in LVs of mice, exposed to
anemic (red bars) and non-anemic (white bars) CAD patient's RBCs. (A) Mitochondrial OXPHOS
capacity was measured in the presence of fatty acids (F), NADH (N)- and succinate (S)-linked substrates
and expressed as pmol O2 - mg™' -s'. (B-C) Subsequently, respiratory control ratios (RCR) were
calculated based on the absolute respiratory values. Values are shown as the means + SEM. For
statistical testing RCRs were log-transformed. Normally distributed data were compared using an
unpaired t-test whereas non-normally distributed data were compared using Mann-Whitney test. E:
electron transport system capacity, P: oxidative phosphorylation capacity, L: LEAK.
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In summary, analysis of blood loss anemia on LV function before and after AMI demonstrated
following observations: Echocardiography data revealed adaptive increase in LV function in
anemic mice, which was not observed after AMI induction. Following AMI, overall LV function
remained unchanged in both anemic and non-anemic mice. CMRI measurements further
indicated decreased ATP availability, and also showed impaired LV function in the ischemic
region of anemic mice after AMI. To elucidate the underlying pathways for the observed
phenotype, we conducted proteomic analysis, which identified differentially regulated proteins
associated with energy metabolism and mitochondrial respiration in the ischemic region of
anemic mice after AMI. Based on these findings, high resolution respirometry analyses were
performed. These data revealed unchanged respiration in anemic mice compared to non-
anemic mice. However, impaired mitochondrial respiration in the ischemic region of anemic
mice after AMI was observed. To explore whether these alterations were related to ROS levels,
we assessed oxidative stress in both anemic and non-anemic mice after AMI. Our data
demonstrated impaired redox state in anemic mice without AMI, as well as altered redox state
in anemic mice after AMI. In response to these changes, anemic and non-anemic mice were
treated with N-acetyl cysteine (NAC), and respirometry analysis was conducted. NAC
supplementation preserved the previously impaired mitochondrial respiration in the ischemic
region of anemic mice. Mitochondrial density is a crucial factor in determining bioenergetic
function. Since the respiratory chain responsible for energy production is embedded within the
inner mitochondrial membrane, both its function and the number of mitochondria significantly
influence mitochondrial oxidative capacity. For this reason, mitochondrial density, using CS
activity measurements were conducted. These data demonstrated altered mitochondrial
density in the ischemic and in the remote region of anemic mice after AMI, which were
preserved in NAC supplemented anemic mice after AMI. Next, we assessed the expression of
CI-CV of the ETS using western blot analysis, and our results revealed no significant
differences in CI-CV expression in the ischemic region of anemic mice. Finally, to evaluate a
potential mechanism behind the altered mitochondrial respiration in anemia after AMI, we
assessed the role of anemic RBCs. For this purpose, we incubated anemic and non-anemic
CAD patient’s RBCs with wildtype mice hearts ex vivo, which were then subjected to global
I/R. Afterwards mitochondrial respiration of the LVs was measured using high resolution
respirometry, which indicated that anemic CAD patient’'s RBC did not affect mitochondrial

respiration in wildtype mice hearts exposed ex vivo.

Taken together, these findings suggest that impaired mitochondrial respiration and energy
metabolism in the ischemic region of anemic mice after AMI are likely linked to altered redox

states, with NAC supplementation serving to normalize mitochondrial function.
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4.2 The effect of RBC eNOS deficiency in anemia on cardiovascular

function
Our results demonstrated that anemia leads to regional changes in mitochondrial protein
expression and respiration in anemic mice after AMI. In our recent studies we demonstrated
that RBC eNOS exhibit cardioprotective especially after AMI [230]. However, RBC eNOS
deficiency in anemia has not been studied yet. Therefore, we evaluated the effect of RBC
eNOS deficiency in anemia with and without AMI on LV and vascular function. For this purpose,
heart function, vascular function and infarct sizes were assessed under anemic conditions and

RBC eNOS deficient state. In the following paragraphs the results will be presented.

4.2.1 Dysfunctional RBCs in anemia hamper the hypertension in RBC-eNOS-
KO mice

To investigate the effects of anemia on systemic hemodynamics, when eNOS is deficient in
RBCs, we assessed hemodynamic parameters in anemic and non-anemic RBC-eNOS-KO
mice and their control mice under anesthesia using Millar pressure catheter. RBC-eNOS-KO
mice show elevated systolic and diastolic BP compared to their control mice (Figure 26 A, B).
However, after anemia induction, RBC-eNOS-KO mice showed similar systolic and diastolic
BP as their control group of mice (Figure 26 A, B). No significant differences were observed in
the HR of anemic and non-anemic RBC-eNOS-KO mice (Figure 26 C). Similarly, DP showed
no significant changes between anemic and non-anemic RBC-eNOS-KO mice (Figure 26 D).
Furthermore, dP/dtmax and dP/dtmin were unchanged in these mouse groups (Figure 26 E, F).
These results conclude that basal hypertension phenotype in RBC-eNOS-KO is mitigated after

anemia induction.
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Figure 26: Anemia mitigates hypertension in RBC specific eNOS deficient mice. BP and heart
function were assessed using a Millar catheter in control and RBC eNOS deficient mice with and without
anemia. (A) Systolic blood pressure (SBP). (B) Diastolic blood pressure (DBP). (C) Heart rate (HR). (D)
Left ventricular developed pressure (DP). (E) Maximal rate of left ventricular pressure increase
(dP/dtmax) and (F) minimal rate of left ventricular pressure drop (dP/dtmin). All values are presented as
mean + SEM. Multiple groups were compared using one-way analysis of variance (ANOVA) with Tukey's
multiple comparison test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant.
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4.2.2 Endothelial function is preserved in anemic RBC-eNOS-KO mice

We further examined the impact of anemia on endothelial function in vivo by evaluating FMD
responses in anemic and non-anemic RBC-eNOS-KO mice. FMD responses were preserved
in RBC-eNOS-KO mice compared to their control littermates, both before and after anemia
induction (Figure 27 A, B) indicating that anemia does not affect FMD responses, when eNOS
is deficient in RBCs. This finding also further confirms the predominant role of endothelial

eNOS in mediating endothelium-dependent relaxation responses.
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Figure 27: Anemic RBC-specific eNOS-deficient mice show preserved FMD responses. (A)
Changes in vessel diameter (% of baseline diameter) in non-anemic controls (grey), RBC eNOS
deficient mice (light green), anemic controls (black), and RBC eNOS deficient mice (green). (B)
Maximum FMD during the reperfusion phase (6-7 min), averaged and normalized to baseline. The
occlusion and release phases of the cuff (reperfusion) are indicated in the respective panels. All values
are presented as mean + SEM. A Student’s t-test was used to compare two groups, and multiple groups
were compared using one-way analysis of variance (ANOVA) with Tukey’s multiple comparison test.
n.s., not significant.

To further assess vascular function, we measured endothelium-dependent and -independent
relaxation in isolated aortic rings using wire myography. In the presence of indomethacin,
anemic RBC-eNOS-KO mice showed relaxation responses comparable to anemic control mice
(Figure 28 A). As expected, treatment with the NOS inhibitor L-NAME (100 uM) abolished
relaxation in all groups (Figure 28 B), confirming that the responses were NO-dependent.
Additionally, relaxation to the exogenous NO donor sodium nitroprusside (SNP) was similar
across all groups, indicating that smooth muscle sensitivity to NO was unaffected in RBC
eNOS deficient state (Figure 28 C). These results conclude that endothelial function is

preserved in RBC eNOS deficient state.
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Figure 28: Anemic RBC specific eNOS deficient mice show preserved endothelial-dependent
relaxation responses. Aortic rings were isolated from anemic RBC eNOS deficient (green) and
respective control mice (black). Aortic segments were pre-contracted with phenylephrine (10 uM), and
relaxation responses to acetylcholine (ACh, 1 nM - 10 pyM) were measured using a wire myograph. (A)
Relaxation in the presence of indomethacin (10 yuM, COX inhibitor). (B) Relaxation in the presence of
indomethacin and L-NAME (100 uM, NOS inhibitor). (C) Relaxation responses to sodium nitroprusside
(SNP, 10 nM - 10 uM) in the presence of indomethacin and L-NAME. All values are presented as mean
+ SEM (n = 8-10 per group). CRCs were analyzed by two-way ANOVA and Bonferroni’s post hoc test
to compare eNOS-deficient mice with their respective control mice

In summary, the absence of eNOS in RBCs does not impact endothelial responses ex vivo

and in vivo under anemic conditions.

4.2.3 Left ventricle (LV) function is preserved in anemic RBC-eNOS-KO mice
after AMI

LV function was evaluated by echocardiography at baseline, three days after anemia induction,
and 24 h post-AMI in anemic RBC-eNOS-KO and their respective control mice. Key LV
functional parameters - including ESV, EDV, CO, SV, HR, and EF - did not differ significantly
between anemic RBC-eNOS-KO mice and their anemic control mice (Figure 29 A-E). SV and
CO were significantly decreased in both mice groups that underwent AMI, indicating impaired
heart function after AMI. In conclusion, these findings indicate that under anemic conditions,

eNOS deficiency in RBCs does not influence LV function following AMI in mice.
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Figure 29: LV dysfunction post-AMI is unchanged in anemic control and RBC eNOS deficient
mice. Echocardiographic evaluation of control and RBC eNOS-deficient mice was performed before
(Baseline), 3 days after anemia induction (Day 4), and 24 h post-AMI. LV parameters were evaluated,
including (A) heart rate (HR), (B) end-diastolic volume (EDV), (C) end-systolic volume (ESV), (D) stroke
volume (SV), and (E) cardiac output (CO). All values are presented as mean + SEM. Multiple groups
were compared using two-way analysis of variance (ANOVA) with Tukey’s multiple comparison test. **,
p <0.01; ***, p <0.001; ****, p =< 0.0001; n.s., not significant.

4.2.4 Anemic RBC-eNOS-KO mice show increased infarct size after AMI

Infarct sizes were assessed in anemic and non-anemic RBC-eNOS-KO and control mice using
TTC stainings. The results demonstrated that infarct size was significantly increased in anemic
RBC-eNOS-KO mice compared to anemic control mice (Figure 30 C). These results conclude
that deficiency of eNOS in RBCs increases the infarct size in anemic mice after AMI,

concluding the cardioprotective role of RBC eNOS under anemic conditions.
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Figure 30: Anemic RBC eNOS deficient mice show an increased infarct size compared to anemic
control mice. AMI was induced in RBC eNOS deficient (green circles) and their respective control mice
(black circles). (A) Representative heart sections stained with TTC in the indicated animal groups. (B)
Quantification of area-at-risk (AAR) relative to the LV. (C) Quantification of infarct area (INF) relative to
the area-at-risk (AAR). All values are presented as mean + SEM. A Student’s t-test was used to compare
the groups. **, p < 0.01; n.s., not significant.

Taken together, as we have demonstrated in a previous study, eNOS deficiency in RBCs of
non-anemic mice resulted in increased systolic- and diastolic BP compared to mice with RBC
eNOS. Anemia induction in RBC eNOS deficient mice led to a mitigated hypertension
phenotype, as systolic- and diastolic BP were unchanged in anemic mice compared to control
mice with anemia. Vascular function in vivo and ex vivo in anemic mice deficient of RBC eNOS
did not show significant differences compared to anemic mice with RBC eNOS. After AMI
induction, LV function was preserved in anemic RBC eNOS deficient mice, indicated by
unchanged cardiac parameters compared to the anemic control mice. Measurement of infarct
sizes by TTC staining demonstrated enhanced infarct size in RBC-eNOS-KO anemic mice

compared to their respective controls, indicating that RBC eNOS limits the infarct size.
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5 Discussion

5.1 Blood loss anemia is associated with LV energy imbalance after AMI
Anemia has been identified as a risk factor for the outcome of several CVDs, such as AMI. The
presence of anemia in AMI patients increases mortality rate and prolongs the hospital stay
[187]. However, concrete mechanisms of how anemia affects AMI are not very well
understood. Oxygen delivery is impaired in AMI through blockage of coronary arteries,
resulting in the death of CMs. In anemic conditions, impaired oxygen supply to organs occurs
through decreased RBCs, Hb or Hct which further reduces oxygen in CMs in AMI patients.
When cells lack of oxygen, aerobic respiration is negatively affected. Reduced aerobic
respiration might result in less energy production, which in turn influences cardiac function.
Even though it is known that energy metabolism plays a crucial role in the pathophysiology of
both anemia and AMI, the combined effects of anemia and AMI on cardiac energy metabolism
have not been studied yet. The first part of this thesis aims to unravel the effect of anemia on
AMI with a focus on energy metabolism. For this purpose, an established blood-loss anemia
mouse model was used. To mimic AMI, I/R surgery was performed. Firstly, heart function was
assessed in vivo using echocardiography and CMRI measurements to elucidate if anemia
causes further deterioration on heart function after AMI. Next, proteomic analysis was
performed to assess changes in protein expression in the ischemic and remote region of LVs
collected from anemic and non-anemic mice after AMI. High resolution respirometry was
performed with LV tissues of the ischemic and remote region of anemic and non-anemic mice
after AMI to investigate possible changes in mitochondrial function between both groups.
Afterwards, the oxidative damage was analysed using colorimetric assays and western blotting
to investigate changes in oxidative stress between anemic and non-anemic mice after AMI. To
clarify the role of oxidative stress in AMI with anemia, mice were then treated with the ROS
scavenger NAC prior to anemia and AMI induction. Subsequently, high resolution respirometry
was performed to assess cardiac mitochondrial function. Finally, the effect of RBCs on
mitochondrial function in anemia after AMI was investigated. In the following paragraphs, the
results will be discussed and finally an outlook is given for future perspectives in this research

field based on observed findings in this thesis and based on existing literature.

5.1.1 Blood-loss anemia mouse model

Multiple mouse models of anemia are established to study different types of anemia, such as
iron deficiency anemia (IDA) [231], anemia of inflammation [232] and sickle cell anemia [233].
IDA is the most frequent type of anemia in the global population [234], and has been therefore
investigated in multiple studies using IDA mouse models [231, 235]. However, hospitalised
patients commonly develop HAA. Approximately 40-74% of patients develop HAA during their

hospital stay, as a result of frequent blood withdrawal for diagnostic tests and through surgical
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interventions [177-179]. CAD patients, e.g. AMI patients, are as well affected, which results in
worse outcomes [180-183, 207]. As the hospitalization and thus the blood-loss occurs over a
short time period, a blood-loss anemic mouse model was developed, which induces anemia
over three consecutive days. The volume of the blood withdrawn is equivalent to 10% of the
total body weight of the mice, which might result in the mild loss of plasma proteins, such as
vasoactive compounds. Our previous study, however, demonstrated that this blood-loss
anemia mouse model does not result in significant protein loss and, therefore, does not lead
to complications such as vascular edema and leakage [170]. This mouse model has already
been used in combination with I/R surgery by our working group on the topic of endothelial
function [214]. The same study elucidated endothelial dysfunction after AMI, which is further
aggravated when anemia is present [214]. Since this mouse model is applicable for HAA, well-
established and known to induce changes in vascular function post-AMI, we used this mouse

model in the present study.

5.1.2 Heart function in anemia post-AMI

In this study, echocardiography measurements and CMRI were performed to assess cardiac
function in anemic and non-anemic mice before and 24 h post-AMI. The attained results display
increased CO, SV and EF in anemic mice without AMI. These findings are in line with previous
studies, which showed that the lack of oxygen supply in anemia mediates compensatory
mechanisms, which trigger tachycardia, and increase SV and CO [223, 236], and furthermore
confirms the efficiency of the blood-loss anemia mouse model. After AMI induction both,
anemic and non-anemic mice showed decreased EF, SV and CO, indicating overall decreased
heart function as a result of CM death through ischemia, which is characteristic after Ml [237,
238] and confirms successful AMI induction. However, apart from decreased EF in anemic
mice after AMI, no significant changes were observed between both groups after AMI. Global
heart function was unchanged in anemia after AMI compared to respective non-anemic control
mice with AMI, which might be due to the loss of the compensatory changes in the vascular
system. To our surprise, CMRI results unveiled that in the ischemic region of anemic mice after
AMI fractional shortening, a measure for contractility, was significantly reduced compared to
non-anemic mice after AMI. Taken together, global heart function was unchanged after AMI in
anemic mice compared to non-anemic mice after AMI. However, in the ischemic region the
contractility was decreased, indicating that only the ischemic region of the heart is affected by

anemic conditions after AMI.

5.1.3 Cardiac energetics in anemia post-AMI
Due to its continuous contraction, the energy demand in the heart is high. Impairment in energy
production could lead to worsened outcome. Hence, cardiac energetics were assessed in mice

before and after anemia and AMI induction. Anemic mice without AMI showed no significant
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changes in ATP hydrolysis and resynthesis, indicating that anemia alone does not disrupt
energy consumption and usage in the heart. This finding is contradictory to a study, which
demonstrated decreased ATP levels in iron deficient human embryonic stem cell-derived CMs
[239]. Similarly, in numerous other studies decreased cardiac energy was observed in iron
deficient states [240-244]. Another study revealed diminished ATP levels in RBCs of
individuals with hemolytic anemia [245]. Our CMRI data, however, did not show alterations in
ATP hydrolysis and resynthesis in our HAA mimicking anemic mouse model. A possible
explanation might be that in blood-loss anemia the compensatory mechanisms to adjust to

reduced oxygen delivery to tissues is more effective, regulating ATP availability.

AMI induction in both, anemic and non-anemic mice, resulted in overall elevated ATP
hydrolysis and reduced resynthesis in the ischemic region. Increased ATP hydrolysis is driven
by the increased demand for energy after AMI. Decreased ATP resynthesis is attributed to the
loss of viable CMs in the ischemic region, which lead to decreased respiration and therefore
decreased ATP availability [246]. Previous studies have shown that exogenous PCr
administration or ATP administration showed beneficial effects after ischemia [247-249],
highlighting the effects of AMI on cardiac energetics. After AMI induction, the compensatory
mechanism in anemia to stabilize energy availability is diminished, as anemic mice show
increased ATP hydrolysis and decreased ATP resynthesis compared to their non-anemic
controls after AMI. These results go hand in hand with heart function analysis, which revealed
that the compensatory increase in heart function is lost after AMI induction in anemia. This
effect is only observed in the ischemic region, whereas in the remote region ATP availability is

unchanged, further underlining the regional specific effects of anemia after AMI.

5.1.4 Proteomic analysis in anemia after AMI

5.1.4.1 Mitochondrial respiration linked proteins

As our previous findings showed significant changes in cardiac function and cardiac energetics
in the ischemic region of anemic mice after AMI, we analysed the proteome of ischemic and
remote LV tissues from anemic and non-anemic mice 24 h post-AMI, to evaluate potential
changes in mitochondrial protein expression. In the ischemic region of anemic mice, the top
ten altered biological pathways are associated with mitochondria and OXPHOS, whereas in
the remote region these pathways seem to be unchanged. The volcano plot unveiled that many
proteins are altered in the ischemic region of anemic mice. Among these proteins, a significant
number is associated with energy metabolism and mitochondrial dynamics. Interestingly,
increased expression of Ndufb6 and Ndufs7, subunits of Cl, in the ischemic region of anemic
mice after AMI were observed. A previous study demonstrated that Ndufb6 subunit is crucial
for complex | activity, using RNA interference in human cell lines [250]. Impaired Cl activity or

dysfunction is susceptible for ROS generation, harming the cells [251]. As Ndufb6 and Ndufs7

69



Discussion

expression are elevated in the ischemic region of anemic mice after AMI, ROS formation may
be triggered through increased CI activity. In contrary to our observations, downregulation of
Ndufb6 has been observed in different disease states, such as renal cancer [252] and diabetes
[253]. Furthermore, in a mouse model of MI, decreased mRNA levels of Ndufb6 were observed
[254]. These studies highlight the importance of Ndufb6 and its expression profile in
pathologies. Similarly, loss or decreased Ndufs7 expression is associated with different
pathologies, e.g. bipolar disorder [255] and tuberculosis [256]. Rhein et al. revealed that
Ndufs7 deficiency disrupts the juncture formation between peripheral and membrane arms of
Cl [257], affecting CI activity. Mitochondrial Cl deficiency is associated with CVD development
[258]. In a rare anemia type known as fanconi anemia, Cl is known to be defect, affecting
mitochondrial respiration in affected individuals [259]. It has also been shown that a mutation
in Ndufb11, another subunit of Cl, leads to the development of X-linked sideroblastic anemia
[260]. We speculate that the expression of Ndufb6 and Ndufs7 is upregulated in the ischemic
region of anemic mice after AMI as a compensatory response to hypoxia induced by anemia
and AMI. However, this upregulation may exacerbate oxidative stress, via reversed ETS, a
response to AMI [103], which might be aggravated by anemia. This in turn might result in
impaired ATP synthesis and thus contributes to CM- and ultimately cardiac dysfunction and
I/R injury. Furthermore, Clll subunit Ugcr10 was significantly higher expressed in the ischemic
region of anemic mice after AMI. In contrast, absence of Uqcr10 results in in defective
assembly of CllI [261], affecting OXPHOS. As CllI triggers ROS formation [262], defective CllI
assembly may increase ROS levels in anemia further deteriorating OXPHOS. CIII plays a
crucial role in different CVDs, such as Ml [263] and diabetes [264]. With regard on our and
previous findings, we assume that CIII activity is affected by the upregulation of Uqcr10,
leading to increased ROS production in the ischemic region of anemic mice after AMI. Apart
from subunits of the ETS complexes, Sdhaf2, an assembly factor for CIl, expression was
increased in the ischemic region of anemic mice after AMI compared to their controls. Chen et
al. showed that Sdhaf2 enhances ClIlI stabilization, which facilitated mitochondrial respiration
through CIlI activity [265]. Disrupted CIll activity was observed in patients with diabetic
cardiomyopathy and hypertrophic cardiomyopathy [266], and is associated with ROS [267].
However, our findings demonstrate increased expression of Sdhaf2 in anemia after AMI, which
contradicts with previous findings of reduced Sdhaf2 expression in pathologies. We propose,
similarly to Cl subunit upregulation, that Sdhaf2 expression is increased as a response to less
O2 and viable cells, to maintain mitochondrial respiration in the ischemic region of anemic mice
after AMI. NAD biosynthesis related proteins Nmnat3 and Kyat3 were also elevated in the
ischemic region of anemic mice. The reduced form of NAD, NADH, is oxidized by CI, fuelling
mitochondrial respiration. A study by Hikosaka et al. demonstrated that hemolytic anemia

resulted from Nmnat3 deficiency, using a gene-trapped mouse model. This study
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demonstrated that Nmnat3 deficiency affected matured RBCs by diminishing their NAD pool.
This led to lower ATP concentration and reduced RBC lifespan [268]. The alterations in the
protein expression of these proteins might be caused as a result of increased Ndufb6 and
Ndufs7. We hypothesize that the overexpression of NAD biosynthesis related proteins Nmnat3
and Kyat3 trigger ROS formation, by fueling Cl with their substrate NAD in the ischemic region
of anemic mice after AMI.

Taken together, ClI, Il and Il associated proteins were upregulated in the ischemic region of
anemic mice after AMI, possibly to compensate the decrease in mitochondrial respiration in
anemic state after AMI. However, this eventually caused impairment in mitochondrial
respiration through increased Cl and CIII activity, resulting in increased oxidative stress. This
in turn damages other mitochondrial proteins, which impairs mitochondrial respiration and ATP

synthesis, affecting heart function.

5.1.4.2 Mitochondrial dynamics related proteins

Intact mitochondrial dynamics are important for physiological cell function. Impairment in
mitochondrial dynamics contribute to the progression of different disease conditions. CVD
development is known to be driven by dysfunctional mitochondria [269, 270]. We investigated
the expression of various mitochondrial dynamics-related proteins in LV tissues of anemic and
non-anemic mice before and after AMI induction. After AMI induction, remote and ischemic

regions were analyzed separately.

5.1.4.2.1 Mitophagy in anemia before and after AMI

Proteins related to mitophagy, namely BNip3, Phb2, Mul1, Optn, Nipsnap2, Park7, Bcl2113 and
Fkbp8 were analysed, and the results showed that in anemic mice Nipsnap2 protein
expression was significantly higher than in non-anemic mice. A slightly increased Park7
expression and decreased tendency in Mul1 expression were also observed in anemic mice.
Several studies have been performed, which described the role of mitophagy in different types
of anemia. Hara et al. demonstrated that iron deficiency mediated mitophagy in hepatoma
cells, which suppressed the progression liver tumor [271]. A previous study showed that
receptor-mediated mitophagy was protective against renal anemia by regulating erythropoietin
(EPO) protein [272]. A clinical study proved that dysregulated mitophagy in nucleated erythroid
cells led to the pathogenesis of anemia in myelodysplastic syndrome patients [273]. Nipsnap2
accumulation on mitochondrial surfaces triggers mitophagy by recruiting autophagy receptors
[274]. Park7 is known to sense ROS in mitochondria, enabling the regulation of mitophagy
[275]. Mul1 regulates mitophagy by sensing stress signals in mitochondria [276]. As these
proteins are differentially expressed in anemic mice, we assume that mitophagy regulation is
altered in anemia. Since Nipsnap2 expression is increased in anemic mice, we believe that

mitophagy is increased in anemia, which is line with previous studies that demonstrated that
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hypoxia increases mitophagy [277]. We assume that mitophagy might be increased due to
decreased oxygen supply and increased ROS in anemia, through which the mitochondria
become dysfunctional. Increased mitochondrial stress in dysfunctional mitochondria is then
sensed by increased Park7 expression and mitophagy is activated to remove dysfunctional
mitochondria. After AMI induction no significant changes were observed in the remote region
of anemic and non-anemic mice, indicating unchanged mitophagy. However, in the ischemic
region decreased expression of BNip3 was observed in anemic mice. Many studies have
shown that mitophagy is heavily affected by ischemia [278, 279]. After AMI, mitophagy is
increased, and if suppressed myocardial damage is deteriorated [280-282]. BNip3 has been
shown to enhance mitophagy by regulating the crosstalk between mitophagy and apoptosis
[283]. In contrast to our results, which indicated that mitophagy is decreased in the ischemic
region of anemic mice, studies have reported that BNip3 expression is triggered in hypoxic
conditions such as AMI [284].

Based on our findings and existing literature, we assume that anemia alone possesses
protective mechanisms such as mitophagy. After AMI induction however this adaptation is lost

in the ischemic region, increasing the number of dysfunctional mitochondria.

5.1.4.2.2 Mitochondrial fusion and fission in anemia before and after AMI induction

Mitochondrial fusion associated proteins Mfn1, Mfn2, OPA1, Mtch2 and Arl2 were analysed in
the proteome of anemic and non-anemic mice with and without AMI induction. In cardiac
setting, Mfn1 and Mfn2 have been identified to play a crucial role. In a rat model of HF Mfn1-
RIIIPKC interaction was inhibited, which led to the improvement of mitochondrial and ultimately
cardiac function [285]. Hall et al. demonstrated that ablation of Mfn1 and Mfn2 reduced infarct
size and mitochondrial swelling after I/R surgery [286]. Our data showed no significant
alterations in Mfn1 and Mfn2 expression in anemia before and after AMI compared to their
non-anemic controls. Since Mfn1 and Mfn2 play a key role in AMI, we expected altered
expression in anemia after AMI, as the hypoxic conditions are further aggravated. Interestingly,
Arl2 expression was increased in anemic mice compared to their controls. Arl2 has been
shown to fuel mitochondrial fusion, while deficiency decreases mitochondrial fusion [287].
Hence, increased Arl2 expression in anemia hints on increased mitochondrial fusion.
Mitochondrial fusion and its role in anemia has not been elucidated yet, however one study
showed that tumor cells showed enlarged mitochondria through increased mitochondrial fusion
in prolonged hypoxia [288]. Mitochondrial fusion is not only thought to protect mitochondria
from mitophagy but also enables genetic complementation. Genetic complementation through
mitochondrial fusion aids to even out the dysfunctionalities of the mitochondria [289].
Therefore, we conclude that in anemia dysfunctional mitochondria are fused to increase their

repair rate through genetic complementation. After AMI induction, neither in the ischemic
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region nor in the remote region significant changes were observed between anemic and non-

anemic mice, indicating that mitochondrial fusion is unaltered in anemia after AMI.

Mitochondrial fission is pivotal for mitochondrial quality control, as fission distinguishes and
separates dysfunctional mitochondria from intact mitochondria. Cardiac metabolic
homeostasis is balanced by mitochondrial fission and fusion [290], but a heavy shift towards
fission contributes to the pathogenesis of several CVDs, including I/R injury [291], pathological
hypertrophy [292] and atherosclerosis [293]. However, some studies highlighted the protective
property of fission and mitophagy, as dysfunctional mitochondria generate more ROS [294].
Mitochondrial fission proteins, namely Fis1, OPA3, Drp1, Mtfn1, Slc25a46 and Armc10 were
analysed in anemic mice before and after AMI. Using Drp1 knockout mouse model, Ishikawa
et al. demonstrated that Drp1 deletion resulted in anemia [295]. In our study, blood-loss anemic
mice exhibited increased Drp1 and Mtfp1 compared to their non-anemic controls, hinting at
increased mitochondrial fission. These results are consistent with the results of mitophagy
related proteins, as fission and mitophagy are tightly connected. Mitochondrial fission results
from different processes such as loss of Mfns, reduced GTPase activities, reduced ATP
production and enhanced ROS levels [296]. Elevated ROS levels are observed in anemic
conditions, which possibly increased mitochondrial fission in our experimental group. We
assume that through fission, dysfunctional mitochondria are segregated and further removed
by mitophagy in anemia. In the ischemic region of anemic mice after AMI induction, Armc10
expression was significantly reduced. Armc10 has shown to induce mitochondrial fission when
highly expressed, and to decrease fission when lowly expressed in knockout hepatic cell lines
[297]. Hence, our data point towards mitochondrial fission being decreased in the ischemic
region of anemic mice after AMI. We propose that the adaptive mechanism, which included
increased fission and mitophagy to remove dysfunctional mitochondria, is lost and even further
exacerbated after AMI in the ischemic region of anemic mice. This eventually leads to the

accumulation of dysfunctional mitochondria and thus increased generation of ROS.

5.1.5 Mitochondrial respiration in anemia before and after AMI

Our CMRI results showed impaired ATP availability in the ischemic region of anemic mice, and
our proteomic data suggest alterations in mitochondrial respiration as ETS linked protein
expressions were changed. In order to attain an in depth view into mitochondrial function in
anemia with and without AMI, respirometry analyses were performed in LV tissues of anemic
and non-anemic mice before and after AMI induction. In a rat model of IDA, Fischer et al.
assessed mitochondrial respiration in the liver, and demonstrated unchanged respiration [298].
In opposite, a study using iron depletion in CMs showed worsened mitochondrial function in
iron deficient state [239]. In another study impaired mitochondrial respiration was observed in

Fanconi anemia [299]. Based on these studies we expected altered respiration in our blood-
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loss anemic mice tissues. To our surprise, no changes in mitochondrial function were
observed. Apart from the contradiction from previous studies, this observation is corresponding
to our CMRI and echocardiography data, which showed unchanged ATP availability and
adapted heart function. Mitochondrial dysfunction and impaired respiration in AMI has been
described previously [300-302]. However, the impact of anemia on mitochondrial function in
the context of AMI has not yet been studied. Interestingly, our data shows that after AMI
induction, in the ischemic region of anemic mice, RCR Couplingens was significantly reduced.
RCR Couplingens describes how well redox reactions at the ETS are coupled with the
phosphorylation of ADP to ATP by ATP synthase. A reduced RCR Couplingrns indicates either
that substrate oxidation at the ETS is impaired or that the proton gradient, which is generated
through the activity of CI-IV, cannot be efficiently used by the ATP synthase. This is likely due
to the fact that in pathological conditions, in this case anemia following AMI, the inner
mitochondrial membrane is often described as leaky and more permeable, allowing protons to
diffuse into the mitochondrial matrix and bypass ATP synthase. [303]. In line with this, our data
showed a trend towards increased LEAK state in the ischemic region of anemic mice compared
to non-anemic mice. This causes the reduction of the proton gradient, which then cannot be
used by the ATP synthase for ATP synthesis. As aresult, less ATP is produced, which supports
our finding of decreased ATP availability in the ischemic region of anemic mice using CMRI.
When comparing the mitochondrial respiration in the remote and ischemic region of both,
anemic and non-anemic groups, we see an overall decreased respiration the ischemic region,
which can be explained by the overall reduction of viable CMs in the ischemic region.
Furthermore, we expected adapted increase in Cl, Il and Il linked respiration, which are
displayed as [F]r, [FN]r and [FNS]r, as our proteomics data revealed increased expression in
Cl, Il and lll subunits or assembly factors. Despite of worsened RCR Couplingens, maximal
OXPHOS capacity in the presence of substrates feeding electrons to Cl, Cll and the Q-junction
was unaltered in the ischemic region of anemic mice. Since the electrons are passed from Cl
and Il through the Q-junction to CIV, these results indicate that the ETS was unaltered, not
contributing to the impaired mitochondrial respiration. Though, we have to take into
consideration that the proteomics data only give information about protein expression, not the

function.

5.1.6 Oxidative stress in anemia before and after AMI induction

Since our previous results demonstrated impaired mitochondrial respiration in the ischemic
region of anemic mice, we investigated oxidative stress in the tissues of our experimental
groups. This approach was taken to identify the underlying mechanism in anemia causing
exacerbated mitochondrial respiration and thus heart function after AMI. Redox imbalance has
been shown to increase oxidative stress, contributing to the progression of CVD [304].

Increased ROS generation and altered antioxidant capacities attribute to redox imbalance
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[104]. Antioxidant enzymes SOD and catalase, glutathione concentration and oxidative stress
promoting MPO activity were assessed in anemic mice with and without AMI using biochemical
assays. Furthermore, ROS level was assessed by determining 4-HNE expression using
western blotting. Our working group showed that anemia exhibits increased ROS in aortic
lysates and RBCs of chronic blood-loss anemic mice in previous studies [127, 170]. Similarly,
we found that in LV tissues of anemic mice redox balance is impaired, as SOD activity and
glutathione concentration were decreased. SOD actively scavenges ROS by catalysing the
dismutation of O2"" to H.O2 and O2 [305] and glutathione can be an antioxidant by itself and as
a cofactor [306]. Decrease in SOD and glutathione hint at decreased antioxidant capacity.
Additionally, a tendency towards increased MPO activity in anemic mice was observed,
indicating increased ROS generation as MPO promotes ROS formation by generating HOCI
acid using H2O, and chloride [307]. Based on these and previous findings we believe that
anemia triggers ROS formation in the LVs, which could further impact cell function by
damaging proteins, membranes, DNA etc. After AMI induction, SOD activity was unchanged
in remote and ischemic region. Glutathione was significantly decreased in the remote region
of anemic mice, whereas in the ischemic region glutathione concentration was unchanged.
These results suggest that antioxidant capacity is unchanged in anemia after AMI in the
ischemic region. Interestingly, MPO activity was increased in anemia after AMI, in both remote
and ischemic regions. Hence, ROS generation is aggravated in anemia after AMI by increased
MPO activity, which is in line with our previous study, which elaborated that after AMI, blood-
loss anemia is associated with elevated ROS level in endothelial cells [214]. In addition,
western blot results revealed increased 4-HNE levels in LV lysates of the ischemic region of
anemic mice. 4-HNE is a byproduct of lipid peroxidation, mediated by ROS. The main source
of ROS is mitochondrial respiration, but studies have proven that ROS can further impair
mitochondrial function by altering mitochondrial components [308, 309]. This observation could
explain the previously attained results. We speculate that increased ROS levels in the ischemic
region of anemic mice after AMI might affect mitochondrial respiration, eventually leading to

diminished ATP levels and therefore reduced contractile function.

5.1.7 Mitochondrial respiration after ROS scavenging in anemia after AMI

After demonstrating that ROS levels are elevated in the ischemic region of anemic mice
tissues, we wanted to investigate, whether ROS decreases mitochondrial function. For this
purpose, we analysed mitochondrial respiration after treating the mice with NAC, a widely
accepted ROS scavenger. NAC scavenging properties are attributed to the antioxidative
potential of thiols or through increased glutathione concentration [310]. Our respirometry
results show that reduced RCR Couplingens is normalized after NAC administration in the
ischemic region of anemic mice, further confirming that elevated oxidative stress in anemia

deteriorates mitochondrial respiration after AMI. Preserved RCR Couplingens indicates, that
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the inner mitochondrial membrane is less permeable and leaky compared to non-treated
anemic mice tissues, which increases the coupling of the redox reactions at the ETS and the
phosphorylation of ADP to ATP by ATP synthase. This observation is consistent with a study
on cultured CMs showed that NAC administration improved mitochondrial function. This study
evidenced that mitochondrial function was recovered through increased expression of OPA1
[311]. Wright et al. demonstrated that NAC administration, in a mouse model of Huntington’s
disease, elevated mitochondrial function and improved deficits [312]. We propose that ROS
damages the inner mitochondrial membrane, resulting in increased permeability which is

prevented by ROS scavenging with NAC.

5.1.8 Mitochondrial content in anemic mice after AMI, with and without NAC
treatment

Not only is mitochondrial function critical to bioenergetic function, but also mitochondrial
density. For this reason, mitochondrial content in anemic mice after AMI with and without NAC
treatment was assessed by measuring CS activity. CS is part of the TCA cycle and thus is
expressed in mitochondria. It is commonly used as mitochondrial content marker [313].
Different studies have reported alterations in mitochondrial content in CVDs [314, 315].
Therefore, we were interested in possible changes in mitochondrial content in our experimental
groups. We decided to use CS activity measurements as an approach to determine
mitochondrial density, as Larsen et. al demonstrated that CS activity showed the strongest
association with mitochondrial content [313]. The obtained results showed significantly
reduced mitochondrial content in the remote region, but increased mitochondrial content in the
ischemic region of anemic mice after AMI. Mitochondrial content is increased in case of high
energy demand as a compensatory mechanism. Due to the necrosis of myocardial cells in
AMI, energy demand is increased and further aggravated when anemia is present. This
explains why we see elevated mitochondrial content in the ischemic region of anemic mice.
However, the decrease in mitochondrial content in the remote region cannot be explained and
needs further evaluation. The increase in mitochondrial content in the ischemic region in
anemic mice is consistent with our previous findings of upregulated Cl and CllI subunits and
Cll assembly proteins and decreased mitochondrial fission and mitophagy related proteins.
The respirometry data showed impaired respiration in the ischemic region of anemic mice,
indicating that the observed increased mitochondria are not functional but rather dysfunctional.
NAC administration preserved altered mitochondrial content in both ischemic and remote
regions of anemic mice. Since NAC treatment period started before anemia and AMI induction,
we believe that mitochondrial damage through ROS was inhibited. This eventually hampered
oxidative damage, which did not lead to adaptive mechanisms to overcome worsened

mitochondrial and thus heart function.
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We furthermore assessed protein expression of the ETS complexes in the ischemic region of
anemic and non-anemic mice after AMI. We hypothesized based on the increased
mitochondrial content and increased expression of Cl, Il and Il related proteins, that ETS CI,
Il and Il are upregulated in the ischemic region of anemic mice. To our surprise, in
contradiction to our findings, no significant alterations in ETS complex expression were
observed. However, it's important to note that the proteomic analysis only revealed reduced
expression of two out of 45 Cl subunits, one out of 11 CIIlI subunits and one CIl assembly
protein. These alterations may not affect the overall expression levels of the ETS complexes,
which could explain the lack of observable changes. In previous studies, various biochemical
markers for mitochondrial content have been used, such as mtDNA copy number, cardiolipin
content and more. Larsen et. al compared these markers with the gold standard to assess
mitochondrial density: electron microscopy. However, this study measured mitochondrial
content in skeletal muscle of healthy patients and not in heart tissues and in disease [313].
Therefore, it is still unknown which method is more suited for heart tissues in disease. For this
reason, it is difficult to judge which method and the resulting results are more accurate in this

study.

5.1.9 Effect of anemic RBCs on mitochondrial respiration

Our working group has shown that anemic RBCs are dysfunctional and are associated with
increased ROS, membrane instability and reduced NO pool [170]. We furthermore
demonstrated that cardioprotective properties of RBCs are lost in anemia after AMI, by ex vivo
isolated perfused heart experiments [145]. Kuhn et al. proposed that non-canonical functions
of RBCs, such as NO metabolism, oxidative stress, blood rheology and viscosity could impact
CVD outcome [152]. Therefore, we wanted to investigate the effect of anemic RBCs on
mitochondrial function in LVs of wild type mice ex vivo. Our data shows that anemic RBCs did
not alter mitochondrial function in wild type mice hearts ex vivo. Based on our previous findings
on dysfunctional RBCs in anemia and other literature, we expected that anemic RBCs have
an effect on mitochondrial function in CMs. Moreover, this thesis demonstrated that the
absence of eNOS in anemic RBCs led to impaired vascular healing, as evidenced by increased
infarct size. Given that vascular healing is dependent on mitochondrial function, we expected
that mitochondrial respiration would be altered in CMs incubated with anemic RBCs. A possible
explanation for our observation is that the incubation time of the RBCs with the mice hearts
was too short to trigger changes in mitochondrial respiration. Another reason may be that
anemic RBCs alone do not impair mitochondrial respiration in CMs but together with other cell

types changes might occur.
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5.2 The role of RBC eNOS in anemia before and after AMI

Anemia is commonly observed in patients with CVD, including both acute and chronic coronary
syndromes as well as heart failure. Approximately 30% of patients presenting with STEMI
either have anemia at admission or develop it during hospitalization a condition that has been
linked to poor clinical outcomes [181, 316]. Numerous studies have established that anemia,
either independently or in conjunction with other comorbidities, contributes to a worse
prognosis in AMI [211]. These findings suggest that dysfunctional RBCs in anemic conditions
play a role in exacerbating CVD severity. Our previous study demonstrated that anemia
triggers a compensatory upregulation of eNOS and enhances FMD, aiming to maintain
adequate peripheral tissue perfusion despite reduced oxygen-carrying capacity [170].
Concurrently, anemia is associated with RBC dysfunction indicated by reduced NO
bioavailability, increased ROS production, compromised membrane integrity, and elevated NO
scavenging by free plasma Hb [170]. In the same study, we also demonstrated that anemia
negatively affects cardiac function even though infarct size was unchanged [170]. Previous
investigations have reported that RBCs from AMI patients lose their cardioprotective properties
during I/R injury in ex vivo models [145]. However, the impact of anemia on vascular and
cardiac function under conditions of eNOS deficiency in RBCs remains unclear. This study
aimed to unravel the effects of RBC eNOS in anemia on cardiac- and vascular function with
and without AMI. To reach our aim, we used a RBC-eNOS-KO mouse model, in which anemia
was induced. Hemodynamics were assessed using Millar catheter measurements. Vascular
function in vivo and ex vivo were analysed by FMD measurements and wire myography. To
further elucidate the role of RBC eNOS in anemia after AMI, cardiac function was assessed
using echocardiography in anemic and non-anemic RBC-eNOS-KO mice 24 h after AMI.
Finally, infarct sizes in these mice were measured using TTC staining. In the following

paragraphs the results will be discussed using existing literature.

5.2.1 Cardiac function in anemia and RBC eNOS deficiency

Endothelial eNOS function is pivotal for vascular tone regulation, as it produces NO, an
important modulator in the vascular system. Previous studies have demonstrated that eNOS
deficiency led to endothelial dysfunction and thus hypertension, with a greater risk to
thrombosis, atherosclerosis and stroke [317, 318]. Leo et al. investigated the impact of targeted
eNOS deletion in ECs and RBCs on vascular- and cardiac function in mice. This study
observed abolished vascular function in EC specific eNOS deficient mice, whereas RBC eNOS
deficiency did not alter vascular function. However, both EC- and RBC eNOS deficiency
resulted in hypertensive phenotypes [157]. This finding is in line with our observation, that non-
anemic mice without RBC eNOS exhibited increased BP. Interestingly, we observed that
anemic RBC eNOS deficient mice showed normalized systolic and diastolic BP. Volumetric

viscosity changes and/or other increased vasodilatory mechanisms in anemia are likely the
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reason for this observation. Based on our previous study, which demonstrated increased
eNOS expression in anemia [170], the mitigated phenotype in anemic RBC eNOS deficient
mice may be due to compensatory increase in eNOS in other cell types, such as ECs and CMs

which further need to be investigated.

5.2.2 Vascular function in anemia and RBC eNOS deficiency

A global deletion of eNOS leads to impaired vascular function, demonstrated by previous
studies [319]. Cell-specific eNOS deletion in ECs was shown to impair endothelial function.
The same study observed no significant changes in vascular function when RBC eNOS is
deficient [157]. This finding corresponds to our results, which showed no alterations in
endothelial function in vivo and ex vivo in non-anemic RBC eNOS deficient mice. As our
hemodynamics measurements revealed mitigated hypertension in anemic RBC eNOS
deficient mice, we expected differences in vascular function. Vascular function was unchanged
in anemic RBC eNOS deficient mice indicating that vascular endothelial eNOS plays a

fundamental role in vessel tone regulation rather than RBC eNOS.

5.2.3 The effect of RBC eNOS deficiency on cardiac function and infarct size in
anemia after AMI
To unravel the effect of RBC eNOS in anemia after AMI, echocardiography measurements
were performed. Mice that underwent AMI surgery, independent of RBC eNOS expression,
exhibited decreased cardiac performance, evidenced by decreased SV and CO and increased
ESV. Similarly, previous studies stated that AMI resulted in increased ESV [320], decreased
SV [321] and CO [322], revealing decreased contractile function. However, no significant
changes in HR, ESV, EDV, SV and CO between anemic mice with and without RBC eNOS
were observed, indicating that RBC eNOS deficiency in anemia after AMI does not affect
cardiac function. Based on these findings, we expected unchanged infarct size in anemic mice
deficient of RBC eNOS. Nevertheless, infarct size evaluation demonstrated enhanced infarct
size in anemic RBC eNOS deficient mice compared to their anemic control mice. These results
align with our previous study, which elucidated the importance of RBC eNOS in AMI,
underlining the cardioprotective properties of RBC eNOS, by increased infarct size in RBC
eNOS deficient state [230]. These findings indicate that RBC eNOS confers protection in
anemia after AMI, although a direct impact on cardiac function remains unproven. Further
research should be conducted to investigate the mechanism of how cardiac function in anemic

RBC eNOS deficient state after AMI is preserved, even though infarct size is increased.

The findings of this study conclude that RBCs in anemia mitigate the increase in blood pressure
in RBC eNOS deficient mice. Furthermore, this study demonstrated the cardioprotective role
of RBC eNOS in anemia after AMI, as infarct sizes were significantly increased in RBC eNOS

deficient state under anemic conditions.
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6 Clinical relevance

Previous studies highlighted the importance of anemia in different comorbidities such as heart
failure, LV hypertrophy, chronic kidney disease, diabetes mellitus and atherosclerosis, by
showing that anemia exerted worsened outcomes [188, 191-193]. This study demonstrated
that the presence of anemia in AMI worsens regional LV function and impairs mitochondrial
respiration in the ischemic region, underlining the adverse effect of anemia in AMI. The key
findings suggest to consider PCr/ATP and Pi/ATP ratio assessment to evaluate regional
energy demand and usage in LVs of STEMI patients and subsequently their overall prognosis.
As these can be easily assessed by non-invasive CMRI imaging, the assessment can be

implemented to improve therapeutic strategies in STEMI patients with anemia [323].

This study also demonstrates that despite unchanged respirometry, blood loss anemia results
in compensatory upregulation of mitochondrial related proteins. This finding highlights the
importance of treating anemia even without onset of CVDs. Another important finding of the
study is the upregulation of MPO, especially after AMI, in anemic mice. Preliminary data of our
working group showed that inhibition of MPO in aortic segments of anemic mice improved
endothelial function ex vivo. A recent clinical trial study showed that MPO inhibitors are proven
to improve heart function in heart failure patients [324]. However, the beneficial effects of MPO

inhibitors after AMI need to be further investigated in the context of anemia.

Furthermore, our findings indicate that oxidative stress in anemia is the primary contributor to
these changes, as the detrimental effects of anemia were mitigated with NAC supplementation.
NAC treatment has previously been shown to enhance mitochondrial function in a mouse
model of Huntington’s disease [297] and in a rat model of I/R injury [301]. Clinically, NAC is
widely used to treat paracetamol overdose, and diseases related to oxidative stress and
inflammation [302]. Furthermore, a clinical study including diabetic patients demonstrated that

NAC treatment decreased major adverse cardiovascular events [303].

In this study, NAC administration improved mitochondrial function and mitochondrial density,
which may have improved mitochondrial respiration in the ischemic region under anemic
conditions. Therefore, this study further underlines the advantageous effects of NAC on
mitochondrial dysfunction in anemia after AMI, and proposes NAC as therapeutic approach for
ROS induced mitochondrial dysfunction in anemia after AMI. NAC is a well-accepted
supplement in clinical practice with minimal side effects, thus the findings of this study could
be readily implemented for anemic patients with AMI. Given NAC's established safety profile
and widespread clinical use, the findings of this study suggest its integration into the treatment

of anemic patients with AMI.
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The activity of eNOS is crucial for a functional cardiovascular system (CVS). Uncoupling of
eNOS or other dysfunctionalities induce endothelial dysfunction by limiting NO bioavailability
[169]. Indirect modulation of eNOS is currently used in clinical practice. In clinical trials,
supplementation of L-arginine, the substrate of eNOS, ameliorated symptoms associated with
CVDs [325]. We have previously shown that RBC eNOS exhibits cardioprotective properties
in AMI [230]. This study further highlighted the importance of RBC eNOS in anemia after AMI,
as infarct sizes were increased when RBC eNOS was deficient. Based on these findings, we
propose RBC eNOS as therapeutic target in anemia after AMI. L-arginine supplementation
might increase RBC eNOS in anemia, which eventually recovers the cardioprotective

properties, improving the outcome after AMI.
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7 Conclusions and future perspectives

The leading cause of mortality worldwide is AMI, and in combination with other comorbidities,
the outcome is worsened. Anemia has been shown to result in poor prognosis when present
in AMI. However, the underlying mechanisms of how anemia affects AMI outcome remain
unknown. Therefore, this study aimed to unravel the underlying effect of anemia on cardiac
metabolism after AMI. This study demonstrates that anemia is associated with an adaptive
enhancement in global LV function, which is lost after AMI, indicating a pathological impact of
anemia on LV function. CMRI data revealed a decreased cardiac energetic state (PCr/ATP)
specifically in the ischemic region of anemic mice compared to control mice. In line with these
findings, the ischemic region of anemic mice showed reduced contractility, reflecting regional
LV dysfunction. This also aligns with our respirometry data, which shows impaired
mitochondrial respiration in the ischemic region anemic mice after AMI, even though we
observed compensatory increase in Cl, Cll and Clll subunits and assembly proteins. In the
ischemic region we also observed increased MPO activity and 4-HNE levels, concluding the
potential role of ROS in mediating regional LV dysfunction in anemia after AMI. Notably, ROS
scavenging with NAC preserved mitochondrial respiration in the ischemic region, further
supporting the role of ROS in LV dysfunction in anemia after AMI. Overall, the findings of this
study suggest that targeting cardiac metabolism and mitochondrial respiration could serve as
a potential therapeutic strategy for anemic patients post-AMI. Furthermore, this study
highlights the potential of NAC as a promising therapeutic approach to mitigate adverse
outcomes in this population. Future research should investigate mitochondrial morphology in
CMs in anemia, both with and without AMI, as impaired oxygen supply may affect mitochondrial
structure. Additionally, the role of dysfunctional anemic RBCs in mitochondrial respiration
warrants further exploration. Expanding knowledge in this field could facilitate the development

of novel therapeutic approaches for managing anemia in the context of AMI.

Functional eNOS is crucial for a healthy CVS, and dysfunctionalities or absence have been
shown to negatively impact the CVS. Different cell-specific eNOS play different roles in
vascular and cardiac function. However, the role of cell-specific eNOS, such as RBC eNOS,
in anemia with and without AMI may affect the CVS differently. For this reason, this study
aimed to investigate the role of RBC eNOS in anemia with and without AMI. The results of this
study demonstrate that RBC eNOS deficiency in anemia does not affect vascular endothelial
function. Interestingly, this study showed mitigated hypertension in RBC eNOS deficient
anemic mice. In addition, we showed that RBC eNOS has cardioprotective properties in
anemia after AMI, without directly impairing cardiac function. Nevertheless, it is not fully
understood yet how anemia mitigated increased BP when RBC eNOS is deficient. In future,

eNOS expression and activity should be evaluated in heart and vascular tissue, to gain a
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deeper insight into the mechanisms of cell-specific eNOS. Additionally, hemodilution in RBC
eNOS deficient anemic mice should be evaluated, to possibly explain the observed mitigated
hypertension phenotype. Advancing our understanding in this field may enable the
development of new therapeutic strategies including RBC eNOS in CVDs such as AMI and

anemia.
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9 Supplement

Table 2: Patient characteristics of CAD patients with anemia and without anemia. The patient
samples were used to perform experiments mentioned in the main figure 24 A-C. IQR: Interquartile
range; GFR: Glomerular filtration rate; NA: Not applicable

No anemia Anemia P-value
(n=11) (n=6)
Age, years,
median (IQR) 80 (45-89) 86 (69-89) 0.2723
Male sex, n (%) 5 (46) 3 (50) 0.8576
Hype“(?,z)sm“’ 4 6 (55) 3 (50) 0.8576
Diabetes mellitus,
n (%) 0 0 NA
Active smoking, n
(%) 1(9) 1(17) 0.6431
GFR,
mi/min/1.73m?, 66 (43-119) 52 (33-61) 0.0779
median (IQR)
Hemoglobin, g/dl,
median (IQR) 13.2 (12.0-17.0) 10.0 (7.0-11.1) <0.0001
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