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II1. Zusammenfassung

Oxidativer Stress triagt nachweislich zur Ausbildung einer kardialen Hypertrophie bei. Die
mitochondriale NAPDH-Oxidase 4 (NOX4) kann durch Produktion reaktiver
Sauerstoffspezies (ROS) direkt mit oxidativen Stresses in Herzmuskelzellen in Verbindung
gebracht werden. Sirtuin 4 (SIRT4) ist eine mitochondriale Deacetylase, die an der
Regulierung der ROS-Homoostase beteiligt ist und das hypertrophe Wachstum des Herzens
beschleunigt. Vorldufige Daten unserer Gruppe zeigen, dass eine Uberexpression von SIRT4
eine kardiale Hypertrophie durch vermehrten oxidativen Stress verschlimmern kann,
moglicherweise vermittelt durch eine erhdhte NOX4-Expression. Um die Rolle von SIRT4
in der Regulation der NOX4-Expression in der Herzhypertrophie zu untersuchen, wurde in
dieser Studie untersucht, ob eine SIRT4-Uberexpression die NOX4-Expression als Reaktion
auf pro-hypertrophe Signale im Zellkulturmodell erhdhen kann. Kardiomyoblasten der Ratte
(H9¢2) wurden mit einem Vektor fiir die Uberexpression von humanem SIRT4 transfiziert
und anschlieBend mit Angiotensin II (ANG II) oder Isoproterenol (ISO) stimuliert, um eine
hypertrophe Reaktion auszuldsen. Die ZellgroBe wurde anhand einer Fluoreszenzfarbung
quantifiziert. Die mRNA- und Proteingehalte von natriuretischem Hirnpeptid (BNP) und
NOX4 wurden mittels RT-qPCR bzw. Immunoblotting analysiert. Die Transfektion fiihrte
zu einer erfolgreichen Expression humaner SIRT4-mRNA, jedoch nicht in Zellen mit
Kontrolltransfektion. Die Expression von Ratten-SIRT4-mRNA war in SIRT4-transfizierten
Zellen fast signifikant verringert (p=0,05), was auf eine kompensatorische Unterdriickung
der endogenen SIRT4-Expression hinweist. Im Gegensatz zur ANG II Behandlung fiihrte
die Behandlung mit ISO zu einer Vergroflerung der Kardiomyozyten und einem erhéhten
Bnp-mRNA-Spiegel, was auf eine erfolgreiche Induktion einer Hypertrophie hindeutet.
Wihrend die SIRT4-Uberexpression allein die BNP-Spiegel im Vergleich zu
Kontrolltransfektionen erhohte, fiihrte die Kombination von SIRT4-Transfektion und ISO-
Behandlung nicht zu einer synergistischen Erhéhung der Bnp-mRNA-Spiegel. Die NOX4
mRNA- oder Proteinexpression wurden durch die ISO-Behandlung der Kontrollzellen nicht
verandert. Dariiber hinaus waren die NOX4-mRNA-Spiegel in SIRT4-iiberexprimierenden
Zellen nicht signifikant erhoht, weder in Gegenwart noch in Abwesenheit von ISO. Daraus
schlieBen wir, dass a) eine erhohte Expression von SIRT4 zu Hypertrophie in H9c2-
Kardiomyoblasten fiihrt und b) die NOX4-Expression in H9c2-Kardiomyoblasten nicht von
SIRT4 gesteuert wird.



IV. Abstract

Pathological hypertrophy leads to systolic and diastolic dysfunction and ultimately to heart
failure. Oxidative stress has been shown to contribute to hypertrophic remodeling of the
heart. Mitochondrial NAPDH oxidase 4 (NOX4) can be directly linked to the increase in
oxidative stress in cardiac muscle cells through its production of reactive oxygen species
(ROS). Sirtuin 4 (SIRT4) is a mitochondrial deacetylase that has been involved in the
regulation of ROS homeostasis and is known to accelerate hypertrophic growth of the heart.
Preliminary data from our group show that overexpression of SIRT4 drives aggravation of
pressure overload-induced cardiac hypertrophy by oxidative stress, potentially mediated by
markedly increased NOX4 expression. To evaluate the potential of SIRT4 to mediate NOX4
expression in cardiac hypertrophy, this study investigated whether SIRT4 overexpression
increases NOX4 expression in response to pro-hypertrophic signaling in a cell culture model.
Rat cardiomyoblasts (H9¢2) were transfected with a vector for human SIRT4 overexpression
and then stimulated with angiotensin II (ANG II) or isoproterenol (ISO) to induce a
hypertrophic response. Cell size was quantified using wheat germ agglutinine (WGA)
fluorescence staining. mRNA and protein levels of brain natriuretic peptide (BNP) and
NOX4 were analyzed by RT-qPCR and JESS-automated immunoblotting, respectively.
Transfection of rat cardiomyoblasts resulted in successful expression of human S/IRT74
mRNA, whereas human S/RT4 expression was not detectable in cells undergoing control
transfection. Expression of rat STR74 mRNA was almost significantly decreased (p=0.05) in
SIRT4 transfected cells, indicative of compensatory suppression of endogenous SIRT4
expression. While ANG II treatment did not increase cardiomyocyte size or Bnp mRNA
levels, ISO treatment resulted in increased cardiomyocyte size and increased Bnp mRNA
levels, indicative of successful induction of cardiomyocyte hypertrophy. While SIRT4
overexpression alone did increase BNP levels compared to control transfections, combining
SIRT4 transfection and ISO treatment did not synergistically increase Bnp mRNA levels.
NOX4 mRNA or protein expression was not altered by ISO treatment of control cells. In
addition, Nox4 mRNA levels were not significantly increased in SIRT4 overexpressing cells,
neither in the presence or absence of ISO. Thus, we conclude that a) increased expression of
SIRT4 leads to hypertrophy in H9¢2 cardiomyoblasts, and b) NOX4 expression in H9¢c2
cardiomyoblasts is not driven by SIRT4.
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1. Abbreviations

Abbreviation Definition

8-iso-PGF2a 8-iso-prostaglandin F2a

ACC American College of Cardiology
ADP Adenosine diphosphate

AHA American Heart Association
ALDH2 Aldehyde dehydrogenase 2

ANF Natriuretic peptide precursor type A
ANG Angiotensin

ANOVA Analysis of variance

ANP Atrial natriuretic peptide

oTub Alpha Tubulin

BNP Brain natriuretic peptide

bp Base pair

CAD Coronary artery disease

CaMK I1 Calcium/calmodulin- dependent protein kinase type II
cAMP Cyclic adenosine monophosphate
cDNA Complementary Deoxyribonucleic acid
cGMP Cyclic Guanosine Monophosphate
CO2 Carbon dioxide

CPS1 Carbamoyl Phosphate Synthetase |
CtIP C-terminal binding protein -interacting protein
CVD Cardiovascular disease

CYPD Cyclophilin D

DAG Diacylglycerol

DAPI 4',6-diamidino-2-phenylindole
DMEM Dulbecco's Modified Eagle Medium
DNA Deoxyribonucleic acid

e.g. Exempli gratia

EF Ejection fraction

eNOS Endothelial nitric oxide synthase
FAO Fatty acid oxidation



FBS
FOXO1
FOXO03
FOXO03a
GABP-f1
GDH
GPCR
Gqll
GSHPx
HFmrEF
HFpEF
HFrEF
H1F1a
H1F2a
H1K26
H3K18
H3KS56
H3K9
H4K16
H9c2
HDAC
HF
HMGCS2
HSF1
Hsp60
1P3

ISO
KAP1
Ku68

LB

LV
MCCC
MCD

Fetal bovine serum

Forkhead-Box-Protein O1
Forkhead-Box-Protein O3
Forkhead-Box-Protein O3a

GA-binding protein subunit beta-1
Glutamate dehydrogenase

G protein-coupled receptors

G protein subunit alpha q11

Glutathione peroxidase

Heart failure with mildly reduced ejection fraction
Heart failure with preserved ejection fraction
Heart failure with reduced ejection fraction
Hypoxia-Inducible Factor 1-Alpha
Hypoxia-Inducible Factor 2-Alpha

Histone 1 lysine residue at position 26
Histone 3 lysine residue at position 18
Histone 3 lysine residue at position 56
Histone 3 lysine residue at position 9
Histone 4 lysine residue at position 16

Rat cardiomyoblast cell line

Histone Deacetylase

Heart failure
3-hydroxy-3-methylglutaryl-CoA synthase 2
Heat Shock Factor 1

Heat Shock Protein 60

Inositol Trisphosphate

Isoproterenol

Kriippel-associated box (KRAB)-associated protein 1

Kurchatov antigen 68

Lysogeny broth

Left ventricle
Methylcrotonyl-CoA carboxylase
Malonyl-CoA decarboxylase
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3-MHC
MI
MnSOD
mRNA
mtDNA
MYH?7
NADPH
N.D.
NF-kB
NFAT
Nox
Nox4
NP
NPR
p53
PDH
PGCla

PJ

PKG

PTP

RAAS
PAF53
RARP1
rDNA
RHOA-RHO
RIPA

RNA

ROS

RV
S.0.C-media
SEM

Sirt4

B-myosine heavy chain

Myocardial infarction

Manganese Superoxide Dismutase

Messenger Ribonucleic acid

Mitochondrial Deoxyribonucleic acid

myosin, heavy chain 7, cardiac muscle, 3
Nicotinamide Adenine Dinucleotide Phosphate
Not detectable

Nuclear Factor-kappa B

Nuclear Factor of Activated T-cells

NADPH oxidase

NADPH oxidase 4

Natriuretic peptide

Natriuretic Peptide Receptor

protein 53

Pyruvate dehydrogenase

Peroxisome  Proliferator-Activated  Receptor
Coactivator 1-Alpha

PolyJet™

Protein Kinase G

Permeability Transition Pores
Renin-Angiotensin-Aldosterone System
Polymerase I-associated factor 53

Retinoic acid-responsive proline-rich protein 1
Recombinant DNA

Ras Homolog Family Member A
Radio-Immunoprecipitation Assay
Ribonucleic acid

Reactive oxygen species

Right ventricle

Gamma

Super Optimal Broth with Catabolite repression medium

Standard Error of the Mean
Sirtuin 4

11



SMAI
SNS
SOD
TAC
TAE
TCA
TNFa
TRPC
U3-55k
UOX
WAT
WGA
WT

Serratia marcescens restriction enzyme I
Sympathetic Nervous System
Superoxide Dismutase

Transverse aortic constriction
Tris-Acetate-EDTA

Tricarboxylic acid

Tumor Necrosis Factor alpha

Transient Receptor Potential Canonical
Uridine 3-55 kilodaltons

Urate oxidase

White adipose tissue

Wheat germ agglutinine

Wild type
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4. Introduction

4.1 Heart failure

4.1.1 Definition, Epidemiology, Etiology

Heart failure (HF) is a major global health problem and is one of the leading causes of
mortality worldwide (Ziaeian and Fonarow, 2016, Conrad et al., 2019). Currently, the
incidence of HF in Europe is approximately 3/1000 person-years (all ages) and
approximately 5/1000 person-years in adults (Meyer et al., 2015, Brouwers et al., 2013,
McDonagh et al., 2021). The prevalence can be estimated to be about 1-2% of adults (Conrad
et al., 2018, Collaborators, 2020, Roger, 2021, Mosterd and Hoes, 2007, Smeets et al., 2019,
Virani et al., 2020), but since these studies include only diagnosed cases of HF, the true
prevalence is most likely higher (McDonagh et al., 2021, van Riet et al., 2014).

As defined by the American College of Cardiology (ACC) and the American Heart
Association (AHA), HF manifests as a complex clinical syndrome characterized by
symptoms and signs resulting from structural or functional impairments in the filling or
ejection of blood from the ventricles (Heidenreich et al., 2022). Essentially, due to structural
and/or functional abnormalities the heart can no longer generate sufficient cardiac output to
provide the body with enough blood and oxygen to meet the needs of peripheral organs
(McDonagh et al., 2021), resulting in a constellation of symptoms and adverse outcomes.
The most common clinical symptoms include decreased exercise tolerance, fatigue,
weakness, shortness of breath and peripheral edema.

The Global Burden of Disease Study identifies 17 primary aetiologies of HF (Collaborators,
2020). Predominant pathologies include ischemic heart disease such as coronary artery
disease (CAD), chronic obstructive pulmonary disease, hypertensive heart disease, and
rheumatic heart disease, which together account for two-thirds of all cases of HF (Ziaeian
and Fonarow, 2016). A list of all common causes is presented in Table 1. When diagnosing
HF, it is essential to identify the cause of the underlying cardiac dysfunction, as the

pathology may dictate the subsequent course of treatment.
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Table 1: Causes of HF and their common modes of presentation.

Causes Examples of presentations

CAD Myocardial infarction (MI), angina or “angina-
equivalent”, arrthythmias

Hypertension HF with preserved systolic function, malignant

Valve disease

Arrhythmias
CMPs

Congenital heart disease

Infective

Drug-induced

Infiltrative

Storage disorders

Endomyocardial disease

Pericardial disease

Metabolic

Neuromuscular disease

hypertension/ acute pulmonary oedema

Primary valve disease e.g., aortic stenosis, secondary valve
disease e.g., functional regurgitation, congenital valve
disease

Atrial tachyarrhythmias, ventricular arrhythmias

All, dilated, hypertrophic, restrictive, ARVC, peripartum,
Takotsubo syndrome, toxins: alcohol, cocaine, iron,
copper

Congenitally corrected/repaired transposition of great
arteries, shunt lesions, repaired tetralogy of Fallot,
Ebstein’s anomaly

Viral myocarditis, Chagas disease, HIV, lyme disease
Anthracyclines, Trastuzumab, VEGF inhibitors, immune
checkpoint inhibitors, proteasome inhibitors, RAF+MEK
inhibitors

Amyloid, sarcoidosis, neoplastic

Hemochromatosis, Fabry disease, glycogen storage
diseases
Radiotherapy, endomyocardial fibrosis/ eosinophilia,
carcinoid

Calcification, infiltrative

Endocrine  disease, nutritional disease (thiamine,

Vitamin B1 and selenium deficiencies), autoimmune
disease

Friedreich’s ataxia, muscular dystrophy

*Table based on 20211 ESC Guidelines for the diagnosis and treatment of acute and chronic heart
failure, Table 5 (McDonagh et al., 2021).
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4.1.2 Classification regarding ventricular function

HF is primarily categorized based on the performance of the left ventricle (LV), which is
typically assessed by measuring the LV ejection fraction (EF) using echocardiography
(McDonagh et al., 2021). The EF is the percentage of blood ejected during a contraction
relative to the total ventricular volume and is therefore calculated as the ratio of stroke
volume to end diastolic volume.

A reduced LVEF is defined as <40%, indicating a significant decrease in systolic LV
function. This condition is referred to as HF with reduced EF (HFrEF). HFrEF is mainly
characterized by an accumulation of myocardial damage often due to myocardial infarction
(MI), hypertensive heart disease, or cardiomyopathy. Progressive cardiomyocyte loss
associated with increased oxidative stress is one mechanism by which HFrEF develops
(Shimizu and Minamino, 2016). This leads to replacement fibrosis (Paulus and Tschope,
2013) and other changes in the extracellular matrix, such as LV dilation and eccentric LV
remodeling (Janicki et al., 2004).

Individuals with symptoms and signs of HF, along with evidence of structural and/or
functional cardiac abnormalities, elevated natriuretic peptides (NPs, see chapter 7.2.2), and
an LVEF >50%, fall into the category of HF with preserved EF (HFpEF) (McDonagh et al.,
2021). HFpEF is mainly associated with systemic diseases, such as obesity, hypertension,
diabetes mellitus, chronic pulmonary disease, anemia, and chronic kidney disease, which
induce a state of systemic inflammation (Shimizu and Minamino, 2016). In contrast to
HFrEF, HFpEF does not typically lead to replacement fibrosis, as cell death is not
predominant (Shimizu and Minamino, 2016). It is usually associated with cardiomyocyte
hypertrophy and stiffness, as well as interstitial fibrosis (Shimizu and Minamino, 2016). In
addition, concentric remodeling and diastolic LV dysfunction are typically observed, i.e. the
impaired ability of the heart to relax and fill with blood during the diastolic phase, leading
among other things to pulmonary hypertension and reduced cardiac output (Shimizu and
Minamino, 2016, van Heerebeek et al., 2006, Selby et al., 2011, Kasner et al., 2011, Borbely
et al., 2005). Whether HFrEF and HFpEF represent distinct pathological conditions or a
syndrome existing along a spectrum is an ongoing subject of exploration (Burchfield et al.,
2013). Patients with an LVEF ranging from 41% to 49% exhibit a slightly reduced systolic
LV function, termed HF with mildly reduced EF (HFmrEF) (McDonagh et al., 2021).
Dysfunction of the right ventricle (RV) may also be the cause of HF, although less common.

This is usually due to an increase in pressure or volume load, e.g., in the case of
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arrhythmogenic right ventricular cardiomyopathy, MI or valve disease, resulting in altered
mechanics and function of the RV (Arrigo et al., 2019). However, in most cases, the cause
of chronic RV failure is pulmonary hypertension induced by LV dysfunction (Arrigo et al.,
2019).
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4.2 Cardiac Hypertrophy

Cardiomyocytes are specialized muscle cells, that constitute the myocardium, the middle of
the three histological layers of the heart. Cardiomyocytes account for about one third of all
heart cells (Tirziu et al., 2010). The remaining cells that make up the heart tissue include the
smooth muscle and endothelial cells of the coronary vessels, the endocardium, fibroblasts
and other connective tissue cells, mast cells and other cells of the immune system as well as
stem cells (Tirziu et al., 2010). Unlike other muscle cells, cardiomyocytes have gap junctions
that transmit electrical impulses from the pacemaker centers, allowing the heart to function
uniformly because all cardiomyocytes are coordinated to contract simultaneously. This
serves as the basis for the heart’s ability to efficiently circulate the blood. Cardiomyocytes
can adapt to environmental conditions by either atrophic or hypertrophic remodeling,
depending on the stressor (Shimizu and Minamino, 2016). Hypertrophy is defined by the
enlargement of tissue due to the increase of individual cell size. In case of heart tissue
pathological and physiological hypertrophy can be differentiated.

Physiological cardiac hypertrophy is an adaptive response to increased cardiac stress, due
to, for example, body growth, pregnancy, or exercise (Hill and Olson, 2008, Shimizu and
Minamino, 2016, Weeks and McMullen, 2011). Anemia- and thyrotoxicosis-induced cardiac
hypertrophy are also considered physiological hypertrophies (De Boer et al., 2003). It is
usually associated with normal or improved cardiac function, and is characterized by an
increase in cardiac mass of approximately 10-20% normalized to body mass (Maillet et al.,
2013) while retaining physiological cardiac architecture (Weeks and McMullen, 2011).
Physiological cardiac hypertrophy is not considered a risk factor for HF but is merely
adaptive in nature, as it is reversible when the stimulus ceases (De Boer et al., 2003, Shimizu
and Minamino, 2016).

Pathological hypertrophy, on the other hand, is associated with cardiac dysfunction, along
with cardiomyocyte death and fibrotic remodeling. This can lead to systolic and diastolic
dysfunction, and ultimately the development of HF (Shimizu and Minamino, 2016, Rockey
et al., 2015). Abnormal coronary vasculature and reduced coronary vasodilatory capacity in
pathological hypertrophy are underlining mechanisms driving the progression of HF
(Shimamatsu and Toshima, 1987). Physiologic cardiac hypertrophy can transition to
pathologic hypertrophy with prolonged pathological stress (Oldfield et al., 2020). Decreases

in capillary density, increased oxidative stress, intracellular Ca** overload, apoptosis of
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cardiomyocytes and chronic inflammation have been identified as pathways leading to this
shift (Oldfield et al., 2020).

Hypertrophic cardiac growth can be further divided into two main categories depending on
the geometry of the heart: eccentric and concentric growth. Eccentric hypertrophy occurs
when the ventricles are dilated due to volume overload, thereby resulting in an outward
increase in thickness (Figure 1) (Shimizu and Minamino, 2016). In physiological eccentric
hypertrophy, cardiomyocytes grow in both length and width, resulting in uniform growth of
the wall and septal thickness (Shimizu and Minamino, 2016). Pathological eccentric
hypertrophy, on the other hand, often occurs in the setting of MI or dilated cardiomyopathy,
leading to isolated cardiomyocyte length growth and increased ventricular dilatation
(Figure 1) (Shimizu and Minamino, 2016).

In contrast, concentric growth is due to chronic pressure overload resulting in an inward
increase in wall thickness accompanied by a reduction in ventricular volume. In cases of
concentric hypertrophy, cardiomyocytes exhibit primarily growth in thickness (Selby et al.,
2011, Heineke and Molkentin, 2006). The most common pathologies leading to concentric

hypertrophy are hypertension or valvular disease (Shimizu and Minamino, 2016).
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Figure 1: Overview of physiological and pathological hypertrophy.

Cardiac mass can increase both physiologically and pathologically to reduce ventricular
wall pressure. Physiological hypertrophy involves increased ventricular volume,
coordinated eccentric wall thickening, and cardiomyocyte growth in length and width. It is
reversible when the stimulus is removed. Pathological hypertrophy shows reduced
ventricular size, thickened walls (concentric), and increased cardiomyocyte thickness. It
may result in eccentric myocardial growth and impaired contractile function, often found in
HFrEF and HFpEF. Solid arrows denote proven pathways, dashed arrows hypothetical or

controversial pathways. Figure adapted from Nakamura et al., 2018.
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4.2.1. Angiotensin II and Isoproterenol

Angiotensin I1

Angiotensin (ANG) II is an effector hormone of the renin-angiotensin-aldosterone system
(RAAS). The RAAS is triggered by decreased cardiac output and blood pressure and serves
to upregulate the blood pressure to maintain homeostasis (Kuwahara, 2021). Prolonged
activation of the RAAS in HF results in a variety of adverse effects on the heart, kidneys,
and peripheral vasculature (Hartupee and Mann, 2017). In the heart, it leads to cardiac
remodeling, myocyte hypertrophy and fibrosis, as well as myocyte necrosis and apoptosis,
resulting in long-term impairment of diastolic and systolic function (Hartupee and Mann,
2017). The kidneys are affected with a decreased renal blood flow, increased tubular
reabsorption of Na* and increased renal vascular resistance (Hartupee and Mann, 2017). In
the periphery the vessels experience neurogenic vasoconstriction and hypertrophy (Hartupee
and Mann, 2017). In a clinical setting, the RAAS is widely targeted to reverse maladaptive
cardiac hypertrophy by the drug-induced inhibition of the angiotensin converting enzyme
(ACE), which stops the conversion of the inactive form ANG I to the active form ANG II
(Klingbeil et al., 2003).

ANG II has been demonstrated to trigger hypertrophy by influencing reactive oxygen
species (ROS) production, in addition to other mechanisms. Bendall et al. were able to show
that ANG II accumulates ROS in cells by activating nicotinamide adenine dinucleotide
phosphate (NADP/NADPH) oxidase (NOX), resulting in oxidative stress (Bendall et al.,
2002). It also triggers a 50% increase of total ROS in neonatal cardiomyocytes (Dai et al.,
2011). The increase in ROS production has a major influence on the development of
pathological hypertrophy (refer to chapter 7.3).

In cell culture, ANG II is often used as a stimulant of hypertrophy. ANG II is repeatedly
shown to induce cellular changes, such as the enlargement of cells, the accumulation and
reorganization of contractile proteins and the upregulation of genes specific to hypertrophy

(Watkins et al., 2011, Luo et al., 2017).

Isoproterenol

Isoproterenol (ISO) is a synthetic catecholamine that targets B-adrenergic receptors
(Nichtova et al., 2012) and has effects similar to the neurohumoral factors of the sympathetic
nervous system (SNS). The SNS, like the RAAS, is upregulated as a compensatory

mechanism when cardiac output is low (Kuwahara, 2021), leading to similar adverse effects
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as the RAAS with prolonged stimulation. Myocardial remodeling, ischemia, angina,
infarction, cardiac arrhythmias, and sudden cardiac death are some of the pathologies caused
by increased supply of endogenous or exogenous catecholamines (Raab, 1960, Rona, 1985).
The blood catecholamine levels are inversely correlated with survival in patients and animal
models with chronic HF (Brede et al., 2002).

Medicinal blocking of B-adrenergic receptors is one way to reduce HF-associated pathologic
changes in cardiac remodeling, as Beta-Blockers reduce heart rate, reduce risk of
arrhythmias, improve coronary blood flow, and protect the heart against cardiotoxic
overstimulation by catecholamines (von Lueder et al., 2017, Lymperopoulos et al., 2013).
Meta-analyses have suggested that beta-blockers can reduce all-cause mortality to up to 50%
in patients with HFrEF and HFmrEF (Cleland et al., 2018).

On a cellular level, catecholamines activate adenylyl cyclase, thereby increasing cyclic
adenosine monophosphate (cAMP) levels. cAMP activates protein kinase A (PKA), which
leads to an increase in cytosolic Ca®". This leads via the activation of calcium/calmodulin-
dependent protein kinase type II (CaMK II) to an inhibition of Class II histone deacetylase
(HDAC:S), which results in cell growth (Nakamura and Sadoshima, 2018).

Similar to ANG II, ISO is routinely used as a hypertrophic agent in both cell culture and
animal models (Muehleman et al., 2022, Yuan et al., 2017, Li et al., 2024).

4.2.2 Natriuretic peptides as markers for HF

The production of NPs that are cardiac specific, such as atrial natriuretic peptide (ANP) and
BNP, is induced by mechanical or neuroendocrine stimuli. They are secreted by
cardiomyocytes, namely cardiomyocytes in the atria (ANP) or in the LV (BNP). NPs have
antihypertrophic and cardioprotective effects (Nakamura and Sadoshima, 2018). Natriuretic
peptide receptor (NPR)-A deficient mice, for example, have significantly higher levels of
hypertrophic changes in the heart than controls (Knowles et al., 2001). In addition, the
cardiac-specific deletion of the ANP receptor 1 (Nprl) gene resulted in mild hypertrophy
that developed to pathologic hypertrophy and remodeling of the heart upon exposure to
pressure overload (Holtwick et al., 2003). An inactivation mutation of Npr-B in mice does
not cause hypertrophy (Tamura et al., 2004, Tsuji and Kunieda, 2005), but transgenic rats
expressing a dominant-negative mutation of Npr-B show mild hypertension-independent

cardiac hypertrophy and increased heart rate (Langenickel et al., 2006, Potter et al., 2009).
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NPs act via the activation of guanylate cyclase after binding to the NPR, which stimulates
the production of cyclic guanosine monophosphate (cGMP). cGMP then activates protein
kinase G (PKG), which is anti-hypertrophic by inhibiting calcineurin- Nuclear Factor of
Activated T-cells (NFAT), the canonical transient receptor potential channels (TRPCs) and
the RHOA-RHO kinase pathways (Rainer and Kass, 2016).

Among other things, NPs act on the kidneys by increasing the glomerular filtration rate
through vasodilation of afferent arterioles and vasoconstriction of efferent arterioles, as well
as through diuretic effects (Volpe et al., 2016). In addition, NPs cause a reduced preload of
the heart through peripheral vasodilation and inhibit cardiac remodeling (Volpe et al., 2016).
Notably, BNP is used as a biomarker for numerous cardiac diseases, as plasma BNP and
serum N-terminal proBNP (a byproduct of BNP production) are significantly elevated in
patients with cardiac pathologies (Emdin et al., 2007, Kuwahara, 2021). In HF, it is
established as an important diagnostic and prognostic tool (Table 2) (Heidenreich et al.,
2022). However, prolonged excessive activation of NP secretion, such as during chronic HF,
leads to reduced organ responsiveness, thereby reducing the efficacy of the cardioprotective

impact (Diez, 2017).
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4.3 Oxidative Stress and cardiac disease

Under healthy conditions, there is a balance between oxidation and reduction reactions in
the form of ROS and the antioxidant capacity of the system, called redox homeostasis
(Pisoschi and Pop, 2015). If this balance is disturbed by increased ROS production or a
compromised antioxidant system, oxidative stress occurs. In oxidative stress, ROS can roam
freely, harming cell organelles and leading to tissue damage (Matsushima et al., 2006a,
Pisoschi and Pop, 2015). For example, superoxide (O2") is known to oxidize the Fe-S centers
of several mitochondrial enzymes, thereby impairing their function (Matsushima et al.,
2006a). Hydrogen peroxide (H202), another ROS, damages cellular macromolecules,
including proteins, lipids, and nucleic acids (Matsushima et al., 2006a). The hydroxyl radical
(OH) oxidates the nucleoside guanosine and peroxidases unsaturated fatty acids (Pisoschi
and Pop, 2015). Antioxidant substances, such as the enzyme catalase, can neutralize ROS
and thus delay or prevent the oxidation of the above-mentioned substrates, thereby
preventing oxidative stress, cell damage and DNA mutations (Pisoschi and Pop, 2015).

In many cardiac pathologies, an imbalance of the redox homeostasis is present (Sabri et al.,
2003, Maulik and Kumar, 2012). It has been well established in the literature, that an excess
of ROS plays a major role in the development of HF (Giordano, 2005, Seddon et al., 2007).
In patients with HF 8-iso-prostaglandin F2a (8-iso-PGF2a), a specific and quantitative
marker of oxidant stress in vivo, was significantly increased systemically and in the
pericardium (Mallat et al., 1998). Furthermore, the levels of 8-iso-PGF2a were correlated
with the functional severity of HF (Mallat et al., 1998). An increase in ROS has also been
repeatedly observed in various in vivo and in vitro models of cardiac hypertrophy, such as
for example mice treated with transverse aortic constriction (TAC) (Takimoto et al., 2005,
An et al., 2021, Lu et al., 2023b), ANG II- stimulated H9¢2 rat cardiomyoblasts (Cheng et
al., 2021, Ren et al., 2023, Luo et al., 2024) and ISO treated cardiomyocytes (Liu et al., 2021,
Zang et al.,, 2020), clearly showing a link between increased ROS production and
hypertrophy.

Hirotani et al. were the first to show a mechanism by which ROS induced cardiac
hypertrophy (Hirotani et al., 2002). They were able to show that hypertrophy agonists such
as ANG II, endothelin-1 and phenylephrine stimulate ROS production in primary cultures
of rat ventricular cardiomyocytes via the G-protein-coupled receptor (GPCR). These ROS
molecules then activated nuclear factor kB (NF-kB), a transcription factor known to regulate

the expression of genes involved in various cellular processes, including inflammation and
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hypertrophy (Hall et al., 2006). Once NF-xB is activated, it triggers the transcription of
various hypertrophic genes, leading to an increase in cell size and ultimately cardiac
hypertrophy (Zelarayan et al., 2009). An increase in NF-kB DNA binding activity was also
observed in rats stimulated with ISO, but only at high doses (Takemoto et al., 1999), also
mediated via GPCR (Maulik and Kumar, 2012). Another pathway by which ROS induce
hypertrophy, that has been identified, is via the extracellular receptor kinase 1/2 (Bueno et
al., 2000).

A growing body of evidence has shown that an increase in antioxidative systems exerts
protective effects against HF (Maulik and Kumar, 2012, Sabri et al., 2003). The major
endogenous antioxidants include glutathione, glutathione peroxidase (GSHPx), superoxide
dismutase (SOD) and catalase (Maulik and Kumar, 2012). Overexpression of GSHPx was
shown to attenuate LV remodeling and myocyte hypertrophy in diabetic mouse heart
(Matsushima et al., 2006b), as well as after MI in mice (Shiomi et al., 2004). In addition,
ANG II-mediated hypertrophic changes such as ventricular mass, myocyte cross-sectional
area, and intraventricular septal thickness were accelerated in GSHPx knockout mice
(Ardanaz et al., 2010). Dai et al. were able to show, that mice with an overexpression of a
catalase, that was targeted to mitochondria, were resistant to ANG Il-induced cardiac
remodeling, as supposed to mice with an overexpression of peroxisomal catalase (Dai et al.,
2011), emphasizing the importance of mitochondrial oxidative stress in HF.

There are also numerous studies investigating the effect of various exogenous antioxidants
on cardiac hypertrophy. For example, Dihydromyricetin is a flavonoid in vine tea, that was
shown to ameliorate TAC induced myocardial hypertrophy in mice related to oxidative stress
inhibition (Chen et al., 2018). Flavonoids are natural substances, commonly found in
vegetables and fruit, that are known for their antioxidant effects (Serafini et al., 2010).
Baicalein is another natural flavonoid extracted from the root of Scutellaria baicalensis (Liu
et al., 2021). It was shown to have antihypertrophic effects in ISO stimulated in vivo and in
vitro models by decreasing ROS levels (Liu et al., 2021). LCZ696 is a drug combination,
containing sacubitril, a neprilysin inhibitor, and valsartan, an angiotensin-receptor blocker
(McMurray et al., 2014). In clinical studies, it was shown to have a better effect in reducing
mortality and rehospitalization rate in patients with chronic heart failure than angiotensin-
converting enzyme inhibitor enalapril (McMurray et al., 2014). This was shown to be due to
an increased antioxidant effect of LCZ696, which alleviated the accumulation of ROS (Peng
et al., 2020).
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Altogether, these studies suggest that increased ROS production with insufficient

antioxidant shielding are a main contributor to cardiac hypertrophy and HF.

4.3.1 NAPDH oxidase 4

NADPH oxidases (NOX) are transmembrane enzymes that transfer electrons across
membranes, where they reduce oxygen to superoxide, thus producing ROS (Bedard and
Krause, 2007). Seven NOXs have been identified to date, NOX1-5 and DUOX1-2 (Ago et
al., 2010, Sumimoto, 2008). NOX4 is ubiquitously expressed in the human organism
(Krause, 2007), but is primarily localized in mitochondria (Ago et al., 2010).

The NOX family and their influence on the development of heart disease is currently under
investigation. For example, in pressure-overload LV hypertrophy models in guinea pig
myocardium, NOX derived ROS generation increases significantly, which is at least partly
due to an increased expression of oxidase components (Li et al., 2002). This indicates that
NOX may be a major source of oxidative stress in hypertrophy. In human end-stage HF,
NOX activity was significantly increased compared to non-failing heart (Heymes et al.,
2003).

In contrast to the other members of the NOX family, NOX4 is permanently active and does
not need cytosolic factors for activation, which is why the extent of expression can be
equated with the superoxide production (Ago et al., 2010). Ago et al. were able to show, that
when mice were stimulated with ANG II as a hypertrophic agent, Nox4 is upregulated in the
heart (Ago et al., 2010). Additionally, in their study, mice that were overexpressing Nox4,
showed higher levels of oxidative stress, including oxidative DNA damage and O>’, as well
as mitochondrial dysfunction (Ago et al., 2010). An overexpression of Nox4 did not,
however, lead to hypertrophy, only fibrotic remodeling and reduced LVEF was observed
(Ago et al., 2010). Kuroda et al. showed that endogenous NOX4 plays an essential role in
mediating oxidative stress and pathological hypertrophy, as Nox4 knockout mice exhibited
attenuated cardiac hypertrophy and increased cardiac function compared to wild type (WT)

(Kuroda et al., 2010).
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4.4 Sirtuins

4.4.1 History and overview

Epigenetic modifications have been associated with promoting or suppressing disease
development by affecting protein functionality (Raghubeer, 2024). In particular, lysine
residue acetylation is an important form of epigenetic modification. It involves the addition
of an acetyl group to a lysine residue by an acetyltransferase, which alters the electrostatic
properties of the protein (Figure 2) (Glozak et al., 2005). Especially the NAD"-dependent
deacetylases of the sirtuin (SIRT) family regulate lysine residue acetylation in eukaryotes
(Figure 2) (North and Verdin, 2004). Specifically, sirtuins belong to the class Il of HDACs.
Among other, they enable the deoxyribonucleic acid (DNA) to wrap itself more tightly
around the histones by removing an acetyl group from the e-N-acetyl lysine amino acids on
the histones (Matsushima and Sadoshima, 2015). Other specific post-translational protein
modifications such as adenosine diphosphate (ADP)-ribosylation, desuccinylation,
demalonylation, deglutarylation, delipolylation and decrotonylation are also part of the
enzymatic activities of sirtuins (Wang et al., 2023, Nakagawa et al., 2009, Ahuja et al., 2007,
Duetal., 2011, Pan et al., 2011).

Sirtuins are orthologs from the silent information regulator 2 (SIR2) protein, which was
identified in 1979 from the budding yeast Saccharomyces cerevisiae (Rine et al., 1979,
Kaeberlein et al., 1999). The gene corresponding to the SIR2 protein, Sir2, has been linked
in later research to the silencing of gene activity at mating-type loci in yeast cells, as well as
silencing at the ends of yeast telomeres and recombinant DNA (rDNA) (Smith and Boeke,
1997, Bryk et al., 1997). It was also found that this gene plays a role in the distribution of
carbonylated proteins between mother and daughter cells (Aguilaniu et al., 2003, Haigis and
Sinclair, 2010). NAD"-dependent deacetylation of proteins was eventually identified as the
major enzymatic activity of SIR2 (Imai et al., 2000). Finally, Sir2 was also associated with
lifespan extension in Saccharomyces cerevisiae exposed to calorie restriction (Lin et al.,
2000). The same results were later replicated in the fly genus Drosophilia melanogaster
(Rogina and Helfand, 2004) and the nematode genus Caenorhabditis elegans (Wood et al.,
2004).

Recently, the sirtuin family has been implicated in several physiological and pathological

mechanisms, such as aging, stress resistance, apoptosis, and inflammation (Matsushima and
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Sadoshima, 2015). They are currently at the forefront of extensive research, and their

exploration continues to advance.
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Figure 2: Enzymatic deacetylation by sirtuins.

(a) 5-NAD, an N-acytelated substrate and a sirtuin are needed for the deacetylation. (b) An
enzyme-NAD+-N-acetylated substrate tertiary complex is formed. (c) The products are the
deacetylated protein, 2’-O-acetyl-ADP-ribose and nicotinamide. Figure adapted from North
and Verdin, 2004.
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4.4.2 Classification, localization, and functions

Sirtuins are highly conserved, as they are found in a wide variety of living organisms, from
viruses and bacteria to lower multicellular organisms such as flies and worms, up to humans
(Imai et al., 2000, Kaeberlein et al., 1999, Tissenbaum and Guarente, 2001, Rogina and
Helfand, 2004, Nakagawa and Guarente, 2011).

Seven sirtuins have been identified in mammals, which can be assigned to four distinct
phylogenetic classes based on their amino acid sequence (Figure 3). Class I is subdivided
into groups Ia, Ib and Ic and includes SIR2 (Ia), SIRT1 (Ia), SIRT2 (Ib) and SIRT3 (Ib).
Class I sirtuins are not found in prokaryotes and class Ic sirtuins are only found in yeast.
Human SIRT4 belongs to class II, whereas SIRTS is a class III sirtuin. Class IV sirtuins are
further subdivided into class IVa, which includes SIRT6, and class IVb, including SIRT7.
Class IV Sirtuins are again not found in prokaryotes. Class U includes Sirtuins that appear
to be intermediate between classes I and IV or II and III. They can be found in some gram-

positive bacteria and are considered undifferentiated (Figure 3) (Frye, 2000).
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Figure 3: Phylogenetic classes of sirtuins. Figure adapted from Frye, 2000.

The Sirtuin family are ubiquitous in the human organism, but each sirtuin has a unique
expression profile (Michishita et al., 2005). Many substrates and functions have been
identified for this family (Table 2). Key localizations, targets, and functions, especially
regarding cardiovascular disease, are outlined below.

SIRTTI is primarily found in the cytosol and nucleus (Finkel et al., 2009). It is structurally
closest to SIR2 and has been the most intensively studied of all sirtuins. SIRT1 plays a
critical role in the regulation of cell death and survival through the regulation of protein 53
(Yin et al., 2023). Knockout of SIRT1 results in perinatal death and defects in the retina,
bone and heart (Cheng et al., 2003, Finkel et al., 2009). In addition, SIRT1 has been
implicated in the development of neurodegenerative, neoplastic, and cardiovascular diseases
(Potente et al., 2007, Firestein et al., 2008, Gan and Mucke, 2008) and is particularly
involved in the pathogenesis of HF. Inhibition of SIRT1 through nicotinamide
mononucleotide or sirtinol has been shown to attenuate cardiomyocyte hypertrophy
(Alcendor et al., 2004, Matsushima and Sadoshima, 2015). Additionally, studies using

SIRT1 knockout mice have demonstrated that these animals exhibit smaller hearts compared
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to wild-type counterparts and are resistant to the development of cardiac hypertrophy in
response to hypertrophic stimuli (Matsushima and Sadoshima, 2015). However, the effect
of increased SIRT1 seems to depend on the overexpression level (Alcendor et al., 2007).
Low (2.5-fold) to moderate (7.5-fold) overexpression of SIRT1 attenuated age-dependent
increases in cardiac hypertrophy, while high levels (12.5-fold) exacerbated hypertrophy
(Alcendor et al., 2007).

SIRT?2 is also mainly localized in the cytoplasm and in the nucleus (Finkel et al., 2009). Like
SIRTI, it can deacetylate p53, whereby it influences the cell cycle, among other things
(Zavileyskiy and Bunik, 2022). In the heart, SIRT2 protects against ischemia-reperfusion
injury (Lynn et al., 2008) and pathological hypertrophy (Tang et al., 2017), but it appears to
first and foremost play a role in neurogenerative diseases, such as Alzheimer's (Biella et al.,
2016, Wang et al., 2019). It also has an influence on oxidative stress by reducing the
acetylation level of Forkhead-Box-Protein O3a (FOX0O3a) (Wang et al., 2007).

SIRT3 is primarily a mitochondrial enzyme (Finkel et al., 2009), but can also be found in
the nucleus and cytoplasm (Scher et al., 2007). It has a positive effect on oxidative stress and
cardiac hypertrophy by activating antioxidant enzymes such as catalase or Manganese SOD
(MnSOD) via FOX0O3a (Sundaresan et al., 2009). In HF, SIRT3 can delay the progression
of the disease by improving mitochondrial function (Grillon et al., 2012, Wang et al., 2021).
In addition, decreased SIRT3 expression, as well as increased global mitochondrial protein
lysine acetylation, indicating impaired SIRT3 activity, can be observed in rats with HF
(Grillon et al., 2012). This indicates, that pharmacological activation or induction of SIRT3
has therapeutic potential against cardiac hypertrophy and HF (Koentges et al., 2016).
Another mitochondrial based enzyme is SIRTS (Finkel et al., 2009). Similar to other
mitochondrial sirtuins, it is highly involved in mitochondrial energy pathways, especially in
the heart (Koentges et al., 2016). SIRTS knockout mice have been shown to develop
hypertrophic cardiomyopathy and reduced cardiac function, as the lack of SIRTS5 leads to
reduced fatty acid oxidation (FAQO), decreasing cardiac ATP levels (Sadhukhan et al., 2016).
SIRT6 is mainly found in the nuclei (Finkel et al., 2009). It deacetylates lysine 9 of histone
H3 at the telomeric chromatin, preventing replication-associated telomere defects, which is
an important feature of human HF (Michishita et al., 2008, Wu et al., 2023). SIRT6 is also
known to stimulate DNA repair after oxidative stress by interacting with Poly (ADP-ribose)
Polymerase 1 (Mao et al., 2011). This results in the important role of SIRT6 in cardiac
hypertrophy and degenerative changes in the heart. Sirt6 deficiency aggravates cardiac
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hypertrophy and fibrosis in mice, whereas the overexpression of Sirt6 blocks the cardiac
hypertrophic response (Sundaresan et al., 2012).

SIRT7 is mainly localized in the nucleolus (Finkel et al., 2009) and its main function includes
the regulation of responses to endogenous and exogenous stresses (Raza et al., 2024).
Cardiomyocytes that are deficient in SIRT7 exhibit increases in inflammatory changes and
sensitivity to oxidative stress, as well as apoptosis (Vakhrusheva et al., 2008). On the other
hand, several studies have suggested that SIRT7 has oncogenic potential (Blank and

Grummt, 2017), by promoting cancer cell migration and invasiveness (Malik et al., 2015).
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4.4.3 SIRT4

Along with SIRT3 and SIRTS, SIRT4 is an enzyme primarily found in mitochondria (Finkel
et al., 2009). However, in many cells SIRT4 has also been found to be present in the cytosol
and nucleus (Ramadani-Muja et al., 2019) as well as in the centrosomes with an intensity
peak in G2 and early mitosis, suggesting a functional role in cell cycle regulation (Bergmann
et al,, 2020). Among the most important enzymatic functions of SIRT4 are ADP-
ribosylation, deacylation, and delipolation, whereas NAD"-dependent deacetylation seems
to only play a minor role in vitro (Koentges et al., 2016, Min et al., 2018).

Like all sirtuins, SIRT4 is expressed ubiquitously, but at particularly high levels in the heart,
kidney, brain, and liver (Haigis et al., 2006). The metabolic roles, as well as the enzymatic
function and substrates of SIRT4, differ in different organs. In the liver and skeletal muscle,
it inhibits FAO, an important source of ROS production, through two different mechanisms
(Nasrin et al., 2010). In muscle, as well as in white adipose tissue (WAT), SIRT4 deactivates
mitochondrial malonyl-CoA decarboxylase (MCD), whereas in liver cells it blocks the
interaction between SIRT1 and PPARa (Nasrin et al., 2010). Instead, SIRT4 leads to
increased lipogenesis in WAT (Laurent et al., 2013). Therefore, SIRT4 deletion has been
shown to protect against diet-induced obesity by displaying increased FAO and decreased
lipogenesis (Laurent et al., 2013).

In pancreatic cells SIRT4 has been shown to reduce glutamate dehydrogenase (GDH)
activity through ADP-ribosylation, thereby inhibiting insulin secretion (Haigis et al., 2006).
In addition, SIRT4 regulates leucine-stimulated insulin secretion by inhibiting the
methylcrotonyl-CoA carboxylase (MCCC), which in turn decreases lysine degradation
(Anderson et al., 2017). In SIRT4 knockout mice, the absence of SIRT4 increased the
circulating insulin levels by up to 30%, suggesting a possible role in the pathogenesis of
diabetes (Haigis et al., 2006).

SIRT4 also plays an important role in mitochondrial energy metabolism. It has been shown
to inhibit pyruvate dehydrogenase (PDH) by enzymatic hydrolysis of the lipoamide cofactor,
thereby impairing intracellular glucose oxidation (Mathias et al., 2014, Bugger et al., 2016).
Additionally, Jeong et al. were able to show, that that genotoxic stress limits glutamine entry
into the central mitochondrial metabolism of the tricarboxylic acid (TCA) cycle via
induction of SIRT4 (Jeong et al., 2013). This impaired TCA cycle anaplerosis, in turn, is
likely to lead to impaired ATP synthesis and energy deficiency (Bugger et al., 2016).
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SIRT4 has also been suggested to possess tumor suppressive effects, as it inhibits
proliferation and/or migration of tumor in acute myeloid leukemia, Burkitt lymphoma, as
well as colorectal, gastric and lung cancer (Bradbury et al., 2005, Jeong et al., 2014, Miyo
et al., 2015, Huang et al., 2015, Fu et al., 2017, Min et al., 2018). Additionally, in colon,
breast, endometrial and esophageal cancer tissues, messenger Ribonucleic acid (mRNA)
levels of Sirt4 were reduced (Huang and Zhu, 2018, Huang et al., 2016, Nakahara et al.,
2016, Igci et al., 2016, Bartosch et al., 2016). The tumor suppressive effect is attributed to
the suppressive effect of SIRT4 on glucose metabolism via inhibition of PDH, as well as on
reduced mitochondrial glutamine metabolism via inhibition of GDH (Huang and Zhu, 2018).
Tumor cells require additional energy for pathological tissue growth, which they obtain via
increased glucose and glutamine metabolism. (Daye and Wellen, 2012). In addition,
glutamine is an important amino acid in the cell cycle, especially during the transition from
G1 to S phase (Colombo et al., 2011). When glutamine metabolism is inhibited, e.g. by the
influence of SIRT4, the cell cycle comes to a standstill, which reduces the accumulation of
DNA damage (Jeong et al., 2013).

Hypoxia-induced apoptosis is an important feature of many cardiac pathologies, such as
ischemic cardiomyopathy, MI, and CAD. In H9c2 cardiomyoblast cells, Sirt4 knockdown
decreases cell viability and increases apoptotic cells, while overexpression has the opposite
effect (Liu et al., 2013). Additionally, SIRT4 expression is markedly reduced in hypoxia-
induced apoptosis in H9¢2 cells, indicating that SIRT4 is an important regulator of H9¢2 cell
apoptosis (Liu et al., 2013). SIRT4 also effects mitochondrial permeability transition pores
(PTP), who play a crucial role in ischemia-reperfusion injury-induced development of
mitochondrial damage and necrotic cell death (Halestrap et al., 1997). Ischemia-reperfusion
injury, such as in MI, leads to oxidative stress and inflammation, causing cellular damage.
Increased oxidative stress heightens PTP susceptibility and ROS production, inducing PTP
opening (Bernardi et al., 1992). Verma et al. demonstrated that SIRT4 modulates PTP
sensitivity in HeLa cells, a human cancer cell line taken from a cervical cancer patient,
Henrietta Lanks, in 1951 (Beskow, 2016), primarily via the regulation of GDH-1 (Verma et
al., 2013). SIRT4 depletion prevents the induction of PTP and protects the cell from PTP-
dependent cell death (Verma et al., 2013).

SIRT4 has also been recently associated with pathological cardiac hypertrophy. In their 2017
paper, Luo et al. investigated the role of SIRT4 in pathological cardiac hypertrophy in H9¢c2
cells. They found that SIRT4 deficiency impeded ANG Il-induced cardiac hypertrophic

growth, while myocardial SIRT4 overexpression accelerated it, suggesting that SIRT4 is a

36



regulator of the hypertrophic response to ANG II in cardiomyocytes. The effect of SIRT4 is
thought to occur upon the deactivation of MnSOD as the underlying mechanism (Luo et al.,
2017).

MnSOD is an antioxidant enzyme, which protects cells against oxidative damage from ROS,
helping to maintain cardiac function (Munzel et al., 2015). SIRT4 knockout inhibits the
ANG II-induced decrease in MnSOD activity, while SIRT4 overexpression has the opposite
effect (Luo etal., 2017). Luo et al. have shown that SIRT4 inhibits SIRT3-mediated MnSOD
deacetylation, maintaining higher MnSOD acetylation, thereby decreasing MnSOD activity
upon ANG II stimulation, leading to an impaired antioxidant activity and increased oxidative
stress. They were able to substantiate this by showing that the inhibition of ROS by
manganese-5,10,15,20-tetrakis-(4-benzoic acid) porphyrin counteracted the hypertrophic
effect of SIRT4 (Luo et al., 2017).

Ji et al. also showed, that SIRT4 overexpression markedly promoted hypertrophy in ANG II
induced cardiomyocytes, apparent through an increase in ANP, BNP and 3-MHC (Ji et al.,
2022). Although SIRT4 is highly expressed in the heart and recent studies have implicated
SIRT4 in cardiac hypertrophy, research on the role of SIRT4 in cardiac hypertrophy remains

limited, particularly in the context of oxidative stress.
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4.5 Aims of the project.

Pathological hypertrophy is a significant contributor to ventricular dysfunction and HF
(Shimizu and Minamino, 2016). Oxidative stress, recognized as a major driver of cardiac
remodeling (Shiomi et al., 2004), is closely linked to the hypertrophic process. The
mitochondrial sirtuin, SIRT4, has been shown in animal studies to drive pathological
hypertrophy, potentially by impairing the myocardial antioxidative capacity resulting in
oxidative stress (Luo et al., 2017). In addition, NOX4, an enzyme that is predominantly
found in the mitochondria with an important role in the formation of ROS (Ago et al., 2010),
has been identified as a potential player in this complex pathway. Preliminary data from our
group suggests that the expression of NOX4 is increased in SIRT4 overexpressing mice
following pressure-overload, which is associated with aggravated cardiac hypertrophy and
dysfunction. Therefore, the aim of the present study was to investigate NOX4 as a possible
mediator via which overexpression of SIRT4 exacerbates cardiac hypertrophy.
Understanding the relationship between these proteins could provide valuable insights into
the pathophysiology of cardiac remodeling and may reveal potential therapeutic targets for

cardiovascular diseases.
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5. Material and Methods

5.1 Material

5.1.1 Lab equipment

Table 3: Lab equipment

Equipment Manufacturer

Autoclave NB100ABE Fedegari Group, Albuzzano, Italy

Centrifuge Multifuge 3 Thermo Fisher Scientific, Waltham, MA,
USA

CO2 Incubator Binder GmbH, Tuttlingen, Germany

Electronic Scale CPA64 Sartorius, Gottingen, Germany

Heraeus Fresco 21 Centrifuge

Heraeus Multifuge 1 L-R

IX51 Inverted Fluorescence Microscope

Laminar Flow Hood HERAsafe KS

Multipete plus
Multitron Incubator Shaker

MyFuge mini Centrifuge

NanoDrop 2000¢ Spectrophotometer

PowerPac™ Basic
Power Supply

ProteinSimple Jess

Shaking Precision Water Bath with

electronic regulation

Spectrometer Spectra Max Plus 384

Electrophoresis

Thermo Fisher Scientific, Waltham, MA,
USA

Thermo Fisher Scientific, Waltham, MA,
USA

Olympus, Tokyo, Japan

Kendro Laboratory Products GmbH,
Langenselbold, Germany

Eppendorf SE, Hamburg, Germany

Infors HAT, Bottmingen, Switzerland
Benchmark Scientific, Sayreville, MA,
USA

Thermo Fisher Scientific, Waltham, MA,
USA

Bio-Rad, Hercules, CA, USA

Bio-Techne, Minneapolis, MN, USA

J.P. Selecta, Barcelona, Spain

Molecular Devices, LLC, San José, CA,
USA
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TC20 Automated Cell Counter
Thermal Cycler T100
Thermomixer comfort
Therocycler CFX96
Ultra-Turrax T10 Basic

UPS0H Ultrasonic Processor

Bio-Rad, Hercules, CA, USA

Bio-Rad, Hercules, CA, USA

Eppendorf SE, Hamburg, Germany
Bio-Rad, Hercules, CA, USA

IKA-Werke GmbH & Co. KG, Staufen,
Germany

Hielscher Ultrasonics, Teltow, Germany

5.1.2 Consumables

Table 4: Consumables

Consumables

Manufacturer

Amico Ultra Centrifugal Filters
Cell Culture Flasks

Corning® Costar® Stripette®

Disposable Serological Pipette

Coverslips 24x50mm

Culture Tubes

Dual Chamber Couting Slides

Falcon™ Aspiration Pipette

Falcon™ Petri Dish

Falcon™ Polypropylene Conical Tube

Lab-Tek II CC2 Chamber Slide System

PCR SingleCap 8er-SoftStrips

Pipet Tips

Safe-lock Centrifugation Tubes

Merck KGaA, Darmstadt, Germany
SPL Life Sciences, Poncheon-si, South
Korea

Corning Inc., New York, USA

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

STARLAB International GmbH, Hamburg,
Germany

Bio-Rad, Hercules, CA, USA

Thermo Fisher Scientific, Waltham, MA,
USA

Corning Inc., New York, USA

Thermo Fisher Scientific, Waltham, MA,
USA

Thermo Fisher Scientific, Waltham, MA,
USA

Biozym Scientific GmbH, Oldendorf,
Germany

Eppendorf SE, Hamburg, Germany
Eppendorf SE, Hamburg, Germany
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Weighing Paper Macherey-Nagel GmbH & Co. KG, Diiren,
Germany
5.1.3 Kit-Systems
Table 5: Kit-Systems
Kits Manufacturer
12-230kDa  Fluorescence Separation Bio-Techne, Minneapolis, MN, USA
Module for JESS

QIAprep Spin Miniprep Kit #27104
QuantiTect RT Kit #205313

RePlex Module for JESS
RNAse-Free DNase Set #79254
RNeasy Micro Kit #74004

QIAGEN GmbH, Hilden, Germany
QIAGEN GmbH, Hilden, Germany
Bio-Techne, Minneapolis, MN, USA
QIAGEN GmbH, Hilden, Germany
QIAGEN GmbH, Hilden, Germany

5.1.4 Chemicals and Reagents

Table 6: Chemicals and Reagents

Chemicals/ Reagents

Manufacturer

iQ SYBR Green Supermix
10X FastDigest Buffer

6X DNA Loading Dye

4',6-Diamidino-2-phenylindol
Dihydrochlorid (DAPI)
Agar granulated

Ambion Nuclease-Free Water
Angiotensin II, human

Bovine Serum Albumine
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Bio-Rad, Hercules, CA, USA

Thermo Fisher Scientific, Waltham, MA,
USA

Thermo Fisher Scientific, Waltham, MA,
USA

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany
Fisher
Scientific, Waltham, USA

Life Technologies Corp., Austin, TX, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

BioReagents, Thermo  Fisher



cOmpleteTM, EDTA-free Protease
Inhibitor Cocktail

DSa-competent cells

Dako Fluorescence Mounting Medium

EMSURE® Ethanol absolute for
analysis

Ethylenediaminetetracetic acid disodium
salt dihydrate

FastDigest Smal

Gelred® Nucleic Acid Gel Stain

gibco 0,25% Trypsin-EDTA

gibco DPBS (1X) [+] CaCl2 [+] MgCI2

Dulbecco's  Modified
[+] 4.5g/L. D-Glucose,

Glutamine [+] Pyruvate

gibco
Medium

Eagle
L-

gibco Fetal Bovine Serum Performance
Plus

gibco PBS pH 7,2 (1X) [-] CaCl: [-] MgCl2
Invitrogen Wheat Germ Agglutinin
(WGA)

Isoprenaline hydrochloride

Kanamycin solution from Streptomyces
kanamyceticus 10mg/ml in 0.9% NaCl
Paraformaldehyd 4% in PBS

Phosphate Inhibitor Cocktail 2
Phosphate Inhibitor Cocktail 3
Pierce™ BCA Protein Assay Reagent A

Sigma-Aldrich, St. Louis, MO, USA

Thermo Fisher Scientific, Waltham, MA,
USA

Agilent Technologies Inc., Santa Clara, CA,
USA

Merck KGaA, Darmstadt, Germany

Sigma-Aldrich, St. Louis, MO, USA

Thermo Fisher Scientific, Waltham, MA,
USA

Biotium, Fremont, CA, USA

Life Technologies Limited, Paisley, UK
Life Technologies Limited, Paisley, UK
Life Technologies Limited, Paisley, UK

Life Technologies Limited, Paisley, UK

Life Technologies Limited, Paisley, UK
Thermo Fisher Scientific, Waltham, MA,
USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

MORPHISTO GmbH, Offenbach am Main,
Germany

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Thermo Fisher Scientific, Waltham, MA,
USA

42



Pierce™ BCA Protein Assay Reagent B

PolyJet™ In Vitro DNA Transfection

Reagent

Quick Load Purple 1kb DNA Ladder

SIRT4 Human Tagged ORF Clone

RC212226
S.0.C Medium

SDS-Pellets

Sodium Chloride

Sodium deoxycholate
Tris-acetate-EDTA 50X
electrophoresis buffer

Transfection Reagent PolyJet

Tris-Pufferan® > 99,9%, p.a.

Triton™ X

Trypan Blue Solution
Tryptone

Yeast Extract

(TAE)

Thermo Fisher Scientific, Waltham, MA,
USA

SignaGen Laboratories, Rockville, MD,
USA

New England BioLabs, Frankfurt am Main,
Germany

OriGene Technologies, Inc., Rockville,
MD, USA

Thermo Fisher Scientific, Waltham, MA,
USA

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Sigma-Aldrich, St. Louis, MO, USA
Thermo Fisher Scientific, Waltham, MA,
USA

SignaGen Laboratories, Frederick, MA,
USA

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

5.1.5 Oligonucleotides

Table 7: Primer

Target Gene Primer

Sequence (5’ 2 3°)

Tubala Forward
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Reverse GGAAGAGCTGGCGGTAGGTG
Sirt4 (rat) Forward CAGCGTGTGAAAGAAGCTGA
Reverse CAAGCCAAATCGTCAGACCT
SIRT4 (human) Forward TGGATGCTTTGCACACCAAG
Reverse GGACTTGGAAACGCTCTTGC
Nox4 Forward CTGGTGAAGATTTGCCTGGAAG
Reverse GTGACAGGTTTGTTGCTCCG
NppB Forward TTAGGTCTCAAGACAGCGCC
Reverse CGCCGATCCGGTCTATCTTC
5.1.6 Antibodies
Table 8: Antibodies
Antibody Manufacturer

Anti-SIRT4 bs-7537R

Anti-NOX4 #14347-1-AP

Bioss Inc., Woburn, MA, USA
Proteintech® Group Inc., Los Angeles, CA,
USA
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5.2 Methods

5.2.1 SIRT4 overexpression Plasmid Production

To multiply SIRT4 overexpression human sourced Plasmid DNA (RC212226, OriGene),
DH5-a competent cells (Escherichia coli, Thermo Fisher Scientific) were used. The
transformation of DH5-a competent cells involves making these bacterial cells capable to
accept and express the foreign DNA plasmids. The key lies in making the cell membranes
permeable to the introduced DNA. To achieve this, competent cells are first prepared by
subjecting them to a cold shock and incubating them with specialized solutions, making their
membranes more receptive to foreign DNA. Once the cells become competent, the target
plasmid is introduced into the cell suspension. The cells uptake this DNA during a brief heat
shock, allowing it to enter the bacterial cell. This process results in the transformation of the
bacterial cells, incorporating the foreign DNA. These transformed cells are then selected and
grown on culture plates containing an antibiotic, in this case kanamycin (Sigma Aldrich),
which only the transformed cells are able to survive, as the target plasmid contains a region
which expressed a resistance against kanamycin (Figure 6). The introduced DNA is
replicated as the cells multiply, making it possible to produce large quantities of the desired
DNA.

The transformation was performed by following the manufacturer’s instructions with minor
changes (Figure 4). The cells, which were stored at -80°C, were thawed on wet ice. 500-
1,000 ng of desired plasmid was pipetted into a 1.5 ml microcentrifuge tube, 50 ul of cells
were added and mixed by pipetting up and down and then incubated on ice for 30 minutes.
Next, cells were heat shocked in a water bath at 42°C for 45 seconds and put back on ice for
2 minutes. To the cell-mixture, 950 ul of room temperature Super Optimal Broth with
Catabolite repression medium (S.0.C-media, Thermo Scientific) was added and then
incubated in the Multitron Incubator Shaker at 155 rpm and 37°C for 50 minutes. 150 pl of
the cell suspension were then plated on 37°C pre-heated, 90 mm lysogeny broth (LB) plates,
which were prepared beforehand (Table 9, Figure 4B). The inoculated plates were then
incubated at 37°C for 2-3 days until sufficient amounts of bacterial colonies had been

formed.
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Table 9: LB plate preparation

1.25¢g Tryptone

0.624 g Yeast

1.25¢g Sodium Chloride
1.875¢g Agar

Filled up to 250 ml with distilled water and autoclaved.

2.5ml Kanamycin

The colonies were sub-cultured into 5 ml of LB liquid media (one 10 ml test tube per colony)
supplemented with 1% kanamycin (Sigma Aldrich) and incubated at 37°C overnight in a
shaker at 155 rpm to multiply the bacteria (Figure 4C).

The Plasmid DNA was then extracted using a QIAprep Spin Miniprep Kit (QIAgen)
according to the manufacturer’s instructions (Figure 4D). The bacterial overnight culture
was centrifuged at 6.800 x g for 3 minutes at room temperature. The pellet was then
resuspended in 250 pl Buffer P1 (QIAprep Spin Miniprep Kit, QIAgen) and transferred to a
microcentrifuge tube. After adding 250 pl of Puffer P2 (QIAprep Spin Miniprep Kit,
QIAgen) the mixture was thoroughly mixed by inverting the tube.

The following centrifugations steps were all performed at 17.900 x g and room temperature.
First, 350 pl of Buffer N3 (QIAprep Spin Miniprep Kit, QIAgen) was mixed and centrifuged
for 10 minutes. 800 ul of the supernatant was then applied on to the QIAprep 2.0 spin
column. Thereafter the spin column was centrifuged for 30-60 seconds and the flow-through
discarded. The QIAprep 2.0 spin column was then washed by adding 750 pl Buffer PE
(QIAprep Spin Miniprep Kit, QIAgen) and centrifuged, discarding the flow-through. The
Spin-column was then centrifuged again for 1 minute to remove residual wash buffer. To
elude the DNA 30 pl of H,O was added to the center of the QIAprep 2.0 spin column,
incubated for 1 minute at room temperature and then centrifuged for another 1 minute. The
DNA concentration was measured using a NanoDrop 2000 (Thermo Fisher Scientific).

To test if the transformation was successful, a restriction enzyme digest was performed
(Figure 4E). For this, approximately 1000 ng of DNA was incubated with a digestion master
mix (Table 10).
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Table 10: Restriction Enzyme Digest

<500 ng/ul >500 ng/ul
1. HO 15 pul 16 ul
2. FastDigest Buffer 2 ul 2 ul
3. DNA 2 ul Il
4. FastDigest SMAI restriction 1 pl 1 ul
enzyme
Total 20 pl 20 pul

The mixture was then incubated for 5 minutes at 37°C. During incubation the SMAI
restriction enzyme cleaves the DNA in specific areas (CCCGGQG) and created fragments
with the length of 546 base pairs (bp) and 5277 bp. The subsequent incubation at 65°C for
5 minutes stopped and denatured the restriction enzyme.

The DNA fragments were separated and detected via agarose gel electrophoresis. For gel
electrophoresis 4 pl of a 6x Loading Dye (Thermo Scientific) was added to the restricted
DNA mix. 2g of Agarose was dissolved in 250 ml Tris-Acetate-EDTA (TAE)
electrophoresis buffer (Thermo Fisher Scientific) to generate a 0.8 % Agarose-gel. 25 ul of
Gelred (Biotium Inc.) was added to the liquid gel and mixed until distributed evenly. Next,
the mixture was poured into a rack and left at room temperature until solid. The gel was then
put into the electrophoresis chamber and covered with electrophoresis buffer. The samples
and the Quick Load Purple 1 kb DNA Ladder (New England BioLabs) were pipetted into

the gel. The electrophoresis ran with a voltage of 5 Volt/cm for approximately 1 hour.
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Figure 4: Schematic representation of plasmid production.

A) Day 1: Transforming DH5-a competent cells by making their membrane permeable

through a cold shock and adding the desired plasmid. B) Day 2: Plating the transformed

bacteria on LB-plates with kanamycin. C) Day 3: Transferring individual colonies from the

plate to liquid medium. D) Day 4: Isolating the newly produced plasmids with QIAprep Spin

Miniprep Kit. E)/F) Day 5: Testing the efficiency of the transformation using restriction

enzymes and gel electrophoresis. Parts of the figure were drawn by using pictures from

Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons

Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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5.2.2 Cell Culture, Transfection and Drug Treatment

Rat cardiomyoblasts (H9c2 cell line) were cultured at 37°C in 5% carbon dioxide (CO»)
atmosphere in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with
10 % non-heat inactivated Fetal Bovine Serum (FBS; Gibco). To achieve human SIRT4
overexpression in H9c2 cells, transfection of the plasmid containing SIR74 of human origin
was performed using the PolylJet in vitro DNA Transfection Reagent (PJ), according to the
manufacturer’s instructions (SignaGen® Laboratories; Figure 5). The wunderlying
mechanism of PJ-induced separation depends on lipid-based nanoparticles. In a first step,
these lipids form a complex with the negatively charged genetic material due to their cationic
properties. When this complex is added to the cells, the lipophilic PJ reagent enables cellular
uptake by endocytosis. After a maturation process of the endosomes, the plasmid is released
into the cytoplasm where it can unfold its biological effect. Two extra control groups were
used, a control group without PJ and vector and a PJ-control group, where PJ was added
only, but without vector. Depending on the protein and ribonucleic acid (RNA) based
experiments as well as the histological cell staining, cells had to be seeded in different
densities in all groups.

In the first trials seeding densities were adjusted to achieve approximately 80% confluency
at the final time point of harvest or experiment, respectively. 2,000, 2,500, 2,700, 2,900 and
3,000 cells/cm? in T25 cell culture flasks (surface area 25 cm?) had been tested.
Consequently, seeding densities of 1,400 cells/cm? for the control, 1,600 cells/cm? for the
PJ-Control and 3,000 cells/cm? for the transfected group were chosen (Figure SA). For the
fluorescent staining, the cells were seeded in an 8-well chamber slide system (Lab-Tek 11
CC2, Thermo Fisher) with 5,000 cells/cm? (negative control), 5,500 cells/cm? (PJ-control)
and 10,000 cells/cm? (transfected group), respectively.

First of all, the old medium was replaced by fresh medium completed with 10 % FBS
30 - 60 minutes prior transfection. For each T25 flask, 2.5 pg of plasmid DNA was diluted
in 125 ul DMEM and for each well in the 8-well chamber slide system, 0.25 pg of plasmid
DNA in 15 pl DMEM. Secondly, 7.5 pl per T25 flask and 0.75 pl per 8-well chamber slide
well of PJ-Reagent was diluted in the same volume of diluent (DMEM)) as the plasmid DNA.
Finally, the PJ-solution was added in a 1:1 ratio to the Plasmid-DNA-solution and incubated
at room temperature for 10-15 minutes to allow the PJ/DNA-complexes to form. 250 pl of
the solution was added dropwise to the T25 cell culture flask and 30 pl was added to each

well of the 8-well chamber slide system. In preliminary experiments, transfection times of 6
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and 12 hours were tested for H9c2 cells to determine the optimal duration. The 12 hour
transfection resulted in increased cell toxicity, leading to reduced cell numbers and
insufficient RNA extraction. Thus, a transfection time of 6 hours was chosen for subsequent
experiments due to lower toxicity and satisfactory transfection efficiency. After 6 hours
transfection time the transfection media was replaced by complete DMEM. Furthermore, a
regeneration period was implemented post-transfection to allow recovery. After microscopic
examination at 18, 42, and 64 hours after transfection, 42 hours of regeneration was chosen,
with another medium change with complete DMEM after 18 hours.

To induce hypertrophy, sterile filtered ISO solutions of final concentrations of 10 uM,
30 uM and 50 uM were prepared in complete medium (DMEM + 10% FBS) and added to
the cells 42 hours after the removal of transfection reagent (Figure SC). After an incubation
period of 24 h, the cells were harvested (Figure 5D). For harvesting, cells were first washed
with phosphate-buffered saline (PBS) and detached from the culture flask using 0.25% Na-
trypsin. The detached cells were then centrifuged at 4°C and 500 x g for 3 minutes, washed
with PBS to remove residual trypsin and growth medium and centrifuged again at 4°C and
500 x g for 5 minutes. The cell pellet was snap frozen in liquid nitrogen for later processing,

such as RNA or protein isolation (Figure 5E).
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Figure 5: Schematic representation of the experiment procedure.

A) Day 0: Seeding cells in T25 cell culture flask. B) Day 1: Transfection of the cells with PJ-
Reagent. C) Day 2: Inducing Hypertrophy in the cells by adding 30 uM of I1SO. D) Day 3:
Medium change. E) Harvest the cells. F)) Downstream experiments, such as WGA staining,
RNA-analysis, and protein analysis. Parts of the figure were drawn by using pictures from

Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons

Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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5.2.3 RNA-Isolation, cDNA-synthesis, RT-qPCR

RNA Isolation

The RNA purification was performed using the RNeasy MICRO KIT (#74004, Qiagen)
suitable for cells, based on the principle of selectively capturing RNA molecules while
excluding contaminants like DNA, proteins, and cell debris. After lysing the sample and
adding ethanol to create suitable binding conditions, the RNA molecules selectively bind to
the silica membrane in a spin column, thus isolating them from other cell components.

The following steps were performed: 350 pl of Buffer RLT (RNeasy Micro KIT #74004,
Qiagen) was added to the 2 ml tube containing the snap frozen cells and the cells were
homogenized for 40 seconds on ice using an Ultra-Turrax T10 Basic (IKA) at Speed 3. The
homogenizer was cleaned with three rinses in water. All samples were kept on ice until the
homogenization was completed.

To each tube, 350 ul 70% ethanol was added, followed by vortexing. A maximum of 700 pl
of the sample was pipetted onto the RNeasy spin column. The spin columns were then
centrifuged at 8,000 x g for 15 seconds at room temperature and the flow-through was
discarded. Next, 700 ul of RW1 buffer was added, and the lid was closed before
centrifugation at 8,000 x g for 15 seconds. The column was transferred to a fresh collection
tube. Any remaining buffer on the inner rim of the column was removed using a pipette. The
membrane of the RNeasy column received 80 pul of DNase mix (#79254, Qiagen) directly,
and the mixture was incubated for 15 minutes at room temperature using a heatblock at 25°C.
Subsequently, 350 ul of Buffer RW1 was added to the RNeasy column, the lid was closed,
and centrifugation was carried out for 15 seconds at 8,000 x g. The flow-through was
discarded. A total of 700 ul of Buffer RPE was added to the column, followed by
centrifugation at 8,000 x g for 15 seconds at room temperature. The flow-through was
discarded, and the column was tapped on fresh paper. 500 ul Buffer RPE (RNeasy Micro
KIT, Qiagen) was added to the column, and centrifugation was performed at 8,000 x g for
15 seconds at room temperature. Subsequently, 500 pul of 80 % ethanol was added to the spin
columns. The lid was closed, and centrifugation was carried out for 2 minutes at 8,000 x g
at room temperature.

To remove any remaining buffer, the column was placed into a fresh 2 ml tube (not the
collection tube) and remaining buffer and ethanol was removed by pipetting the inner rim of
the column. Centrifugation was performed at 8,000 x g for 5 minutes to dry the membrane.

The column was then placed in a fresh 1.5 ml tube and 30 pl of RNase-free water was added.
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Incubation was carried out for 5 minutes, followed by centrifugation at 8,000 x g for 2-
3 minutes at room temperature. The eluate was transferred to a pre-labeled 0.6 ml tube. RNA
was measured using a Nanodrop 2000 (ThermoFisher) and the samples were immediately
frozen in liquid nitrogen for storage.

The RNA concentration and sample purity were determined using a NanoDrop full-spectrum
spectrophotometer. The concentration of RNA was measured by quantifying the absorption
of light at a wavelength of 260 nm. Additionally, two ratios were calculated to assess purity:
The 260/280 nm ratio, obtained by dividing the absorbance at 260 nm by that at 280 nm,
indicates the ratio of nucleic acid to protein, phenol or other contaminants, that absorb
strongly near 280 nm. A ratio close to 2.0 signifies a relatively pure sample. The 260/230 nm
ratio, calculated by dividing the absorbance at 260 nm by that at 230 nm, was used to
evaluate purity with respect to contaminants such as organic solvents. A higher ratio at 2.0
to 2.2 suggests better RNA purity, lower values indicate a higher presence of contaminants.
Higher can also indicate that the blank measurement was made on a dirty pedestal, or an

inappropriate blank was used.

c¢DNA Synthesis

The complementary DNA (cDNA) synthesis process using the QuantiTect RT Kit by Qiagen
involves converting RNA into cDNA. The key principle behind this process is the use of
reverse transcriptase enzymes, which are capable of synthesizing cDNA from RNA
templates. In this kit, a reverse transcriptase enzyme is combined with primers and other
reagents to initiate the synthesis of cDNA. The primers anneal to the RNA, allowing the
reverse transcriptase to create complementary DNA strands. This resulting cDNA molecule
can then be used for various downstream applications.

The following steps were performed, according to the company’s instruction. Wipeout
Buffer (QuantiTect RT Kit, Qiagen), RT Buffer 5x (QuantiTect RT Kit, Qiagen), RT Primer
Mix (QuantiTect RT Kit, Qiagen), and H,O were thawed at room temperature, while sample
RNA and Reverse Transcriptase (QuantiTect RT Kit, Qiagen) were kept on ice. H>O and
sample were pipetted into 8-well PCR strips as to achieve the desired concentration of 500 ng
RNA per 12 pl per well. 2 pl of Wipeout Buffer was added and the mixture was spun down,
mixed well by tapping, and then spun down again. The PCR strips were placed into the
thermocycler and run for 2 minutes at 42°C with a Lid temperature of 45°C.

Then, the Mastermix and RT Minus Mix (negative control) were prepared (Table 11). The

RT-Minus is the negative control where water was added instead of reverse transcriptase.
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This ensures that the cDNA detected in the PCR originates from the reverse transcription of
the RNA. If a signal is detected in the RT minus control during RT-qPCR, it indicates that
contamination with DNA has occurred and that the result of the RT-qPCR may not be

reliable.

Table 11: Master Mix for cDNA-Synthesis

Master Mix Volume per well
RT Buffer 5x 4 ul
RT Primer Mix 1 ul

Reverse Transcriptase or H>O (RT Minus Mix) 1 ul
Total 6 ul

6 pul of the Master Mix was pipetted into the 14 ul RNA-Mix and the mixture was spun
down, mixed well by tapping, and then spun down again. The PCR strips were placed into a
thermocycler using the following program: 30 minutes at 42°C, 3 minutes at 95°C, Lid
temperature 4°C, end at 4°C. Finally, the synthesized cDNA was diluted for the PCR to a

concentration of 1 ng/ul.

Quantitative Reverse-Transcriptase-PCR (RT-qPCR)

The qPCR was performed using the SYBR Green method. This method enables the
quantitative determination of the expression of a specific gene in a sample. SYBR Green is
a DNA-specific fluorescent dye which binds to DNA and only emits light when it is bound
to double-strand DNA. Before the amplification starts, samples are first heated up to 95°C,
which activates the heat stable DNA-Polymerase. The amplification cycle starts with
denaturing double strand PCR products at 95°C, followed by an annealing phase, as the
temperature cools down to 59°C, where the primers bind to the complementary sequences
on the DNA. During the subsequent extension phase at 72°C, the DNA polymerase
synthesizes the complementary DNA segment starting from the primers. The amount of
target sequence in the sample therefore doubles with each cycle. After each elongation step,
the fluorescent signal is measured. With each cycle, the fluorescence intensity increases in
proportion to the amount of PCR product. The threshold cycle count (Ct value), where the
fluorescence reaches a predefined threshold, can be used to quantify the initial amount of

target gene in the sample.
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For this, the following steps were undertaken. Samples, primers (reverse and forward), and
the iQ SYBR Green Supermix were thawed on ice. Stock primers (100 uM) were diluted
1:50 to achieve a final primer concentration of 0.1 uM per well. A mastermix was prepared

for each target gene as follows (Table 12):

Table 12: Master Mix for qPCR

Master Mix Volume per well
1Q SYBR Green Supermix 12.5 ul

1:50 primer forward 1.25 ul

1:50 primer forward 1.25 ul

Total 15 pl

10 pl of each sample with a concentration of 1 ng/ul was pipetted into a 96-well plate in
duplicates. Ensuring proper mixing, the contents were tapped and then spun down. Next,
15 pl of Mastermix was added to each well. The 96-well plate was sealed with an adhesive
Microseal foil and pressed down with a roller to ensure proper sealing. The plate was then

spun down. qPCR settings can be viewed in Table 13.

Table 13: gPCR Thermocycler Protocol

1) 95°C 10 min

2) 95°C 15 sec

3) 59°C 30 sec
+ Plate read

4) 72°C 45 sec

5)  Go to 2) 39 more times.

6) 95°C 10 sec

7)  Melt curve 60°C to 90°C increment 0,5°C for 5 sec. + Plate read

The Ct number at which the curve of the PCR products showed exponential slope was
evaluated. The analysis comprised several steps. The mean of the duplicate values were
calculated. The calculated mean values were then used in a regression equation of a standard
curve to determine the mRNA levels. The results obtained were normalized to the reference

gene alpha Tubulin (a7ub) to compensate for possible variations in RNA extraction or PCR
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efficiency. Finally, the gene expressions of the different groups were compared relative to

each other, whereby the values were always normalized to a control group.
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5.2.4 Protein Isolation, BCA Assay, Jess Automated Western Blot

Protein Isolation

Protein isolation was performed using radioimmunoprecipitation assay buffer (RIPA), which
allows the extraction of proteins from biological material such as cells or tissues without
denaturing the proteins themselves. The RIPA buffer contains a combination of chemical
components, including detergents, salts, and buffering reagents, that collectively dissolve

cell membranes, lysed cell organelles, and stabilized proteins (Table 14).

Table 14: RIPA Lysis-Buffer

Volume Final Concentration
Tris-HCL (pH 8) 1.0 M 0.5 ml 50 mM
EDTA (pH 8) 0.1 M 0.1 ml 1 mM
NaCl (5 M) 0.3 ml 150 mM
Triton X-100 1 ml 10 %
Na-deoxycholate 10% 0.5 ml 0.5 %
SDS 10% 0.1 ml 0.1 %
ddH-O Up to 10 ml

For the protein isolation, RIPA-Buffer was prepared as shown in Table 14. To this, a
Protease/ Phosphatase Inhibitor Cocktail was added in a 100-fold dilution, consisting of
100 pl Phosphatase Inhibitor Cocktail 3 (Sigma), 100 pl Phosphatase Inhibitor Cocktail 2
(Sigma) and 1 pill Protease Inhibitor-Cocktail (Roche) per 10 ml RIPA buffer.

Frozen cells were then resuspended in 300 pl of ice-cold RIPA buffer and incubated for
20 minutes on ice (shaking at 20 rpm). This was followed by sonication (UltraSonic
Processor UP5S0H) at 80% amplitude for 3 seconds on ice.

After centrifugation at 16,000 x g for 20-30 minutes at 4°C, the supernatant was transferred
to a fresh 1.5 ml tube and stored on ice. The protein lysate was then transferred to a labeled
Amicon Filter Spin Column (AMICONULTRA) and centrifuged at 8,000 x g for 5 minutes
at 4°C until the volume was reduced to 100-200 pl. Finally, the protein lysates were

aliquoted and stored at -80°C in liquid nitrogen.
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BCA Assay

The BCA assay (Bicinchoninic Acid Assay) is a common method for determining protein
concentration in solutions. It is based on the reaction of bicinchoninic acid with copper ions
in an alkaline environment to form a violet color complex. The intensity of this color
correlates directly with the protein concentration in the sample.

Samples were diluted according to the desired dilution (1:2 in this case) by mixing the
specified amount of sample with water. Then, 10 pl of the standards, water, and diluted
samples were pipetted in duplicates into a clear 96-well plate. Immediately prior to pipetting,
a Micro BCA mixture was prepared containing Reagent A and Reagent B in a 50:1 mixing
ratio. 190 pl of this mixture were added to each well of the plate. The plate was incubated at
room temperature for 15 minutes to allow the reaction to proceed. A SpectroMax Plus 384
from Molecular Devices with a wavelength of 562 nm was used to measure the absorbance.
The absorption values of the standards were used to generate a standard curve. The measured
absorbance values of the samples were entered into the standard curve to determine the

corresponding protein concentrations using linear regression.

JESS Automated Western blot

In the JESS Automated Western Blot System instrument (Protein Simple), capillaries replace
both the acrylamide gel and the transfer membrane of the conventional Western blot.
Samples are placed in capillaries where both size separation and immunoblot analysis are
performed. The proteins contained in the samples are separated in the capillaries by passing
through stacking and separation matrices and then immobilized on the capillary walls.
Immunoblotting is then performed using primary and (labeled) secondary antibodies
(Rustandi et al., 2012, Sormunen et al., 2023).

The JESS capillary-based protein separation and immunodetection was performed according
to the company’s instructions. The antibodies were diluted with milk-free antibody diluent
according to a dilution factor determined experimentally in advance for each antibody. The
following primary antibodies were used: SIRT4 (Bioss, bs-7537R) and NOX4 (Proteintech
®, #14347-1-AP). Luminol-S and Peroxide were combined in a 1:1 ratio and the RePlex
Reagent was generated by mixing four parts of Reagent 1 and one part of Reagent 2. The
protein lysates were diluted to a concentration of 0.6 mg/ml with 0.1X sample buffer and
Master Mix included in the kit was added at a dilution factor of 1:5. The samples were then

vortexed and boiled at 95°C for 5 minutes.
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Prepared samples and other reagents were pipetted into the Jess’s pre-filled plate using the
company’s template. The plate was centrifuged at 900 x g at room temperature for 5 minutes.
The Western blot was then started using the Jess protein analyzer. Further analysis of the

data was performed using the Compass for SW software.
5.2.5 Fluorescent staining and cell size measurement

The size of cardiomyocytes is a crucial parameter in assessing hypertrophy. To measure this
size, Wheat Germ Agglutinin (WGA) staining, as well as a nucleus staining with 4',6-
diamidino-2-phenylindole (DAPI)-solution was performed. The WGA staining protocol was
carried out as follows: First, the necessary solutions were prepared, including 40 ml of PBS,
1760 ul of PFA 4%, 2.000 ul of 5 ul/ml WGA-solution in PBS and 2.000 ul of 5 pl/ml
DAPI-solution in PBS. The WGA and DAPI solutions were stored in the dark (in Eppendorf
tubes wrapped in tinfoil) and centrifuged for 15 seconds. 1,760 pl of the supernatant was
transferred to a new Eppendorf tube to eliminate any potential protein aggregates and reduce
nonspecific background staining.

All following volumes refers per well. After cell seeding and treatment in cell culture 8-well
chamber slides with a surface area of 0.8 cm? per well, cells were washed twice with 400 ul
of PBS. Subsequently, cells were fixed with 200 pul of 4 % PFA for 20 minutes at room
temperature with constant agitation on a shaker at 20 rpm. Following fixation, cells were
washed three times with 300 pl of PBS for 5 minutes each at room temperature on a shaker
at 20 rpm. Next, cells were incubated with 200 pl of 5 pl/ml WGA-solution for 40 minutes
at room temperature on a shaker at 20 rpm, in the dark (using a black box). After this
incubation, cells were washed three times with 300 pl of PBS for 5 minutes each at room
temperature on a shaker. Subsequently, cells were incubated with 200 pl of 5 pul/ml DAPI-
solution for 20 minutes on a shaker. Following the DAPI incubation, cells were washed three
times with 300 ul of PBS for 5 minutes each at room temperature on a shaker. The chamber
grid were then removed from the slides using an applicator and one drop of mounting
medium was applied to the cells. The slides were covered with clean coverslips and gently
pressed down. Finally, the slides were sealed with nail polish and stored at 4°C in the dark.

The cells were then imaged using an inverted Fluorescence Microscope (IX51, Olympus),
with a lens size of 20X magnification. The FITC and DAPI filter sets were used for WGA

and DAPI respectively. The cell size in pm? was then measured using Imagel.
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5.2.6 Statistics

Data are presented as means with standard error of mean (SEM). The statistical analysis was
performed using GraphPad Prism 9 software. The means of three or more unmatched groups
were compared using a one-way analysis of variance (ANOVA). When comparing four
groups on two variables, a two-factor ANOVA was performed (2-way ANOVA). In the
figures, statistically significant transfection effects were marked with a dollar sign ($) and
statistically significant hypertrophy effects with a hash symbol (#). A p<0.05 was considered

a statistically significant result and was marked with an asterisk (*).
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6. Results

6.1 Inducing SIRT4 overexpression in H9¢c2 cells

To induce SIRT4 overexpression, H9¢c2 cardiomyoblasts were transfected with the human

SIRT4 overexpression plasmid, RC212226 (Figure 6).

CMV promoter

SV40 ori o ]
. VPL.5 primer
i T7 promoter
- _-5gfl
\g |
RC212226 E
(5.8 kb) -
. .HMEHIDDK
Y-
CQ’E_I 4 .
—— XL39 primer
PolyA signal

Figure 6: Schematic of the human SIRT4 plasmid RC212226.
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The vector was multiplied using DH5-a-competent cells selected for kanamycin resistance.
We validated successful transformation via SMAI digestion, resulting in distinct DNA

fragments of 546 bp and 5277 bp (Figure 7).
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Figure 7: Representative image of PCR products after restriction enzyme digest.

Separation of PCR products on agarose gel according to molecular weight after
multiplication of the vector and restriction enzyme digest using SMAI, creating two

fragments with the size of 546 bp and 5277 bp.
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The expression of STRT4 mRNA in H9¢2 cells after transfection was confirmed by RT-qPCR
analysis. The Control and PJ-Control had no detectable level of ASIRT4 mRNA, whereas the
Transfection group showed a clear expression of ASIRT4 mRNA levels following

transfection with human SIRT4 (hSIRT4) vector (Figure 8).
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Figure 8: hSIRT4 mRNA level in H9¢2 cells after hSIRT4 plasmid transfection.
hSIRT4 mRNA was not detectable (N.D.) in Control and PJ-Control groups. mRNA levels

were normalized to aTub as reference gene. mRNA levels in Transfection group were

arbitrarily represented as 1. n=3 in all groups. *p<0.05 versus Control or PJ-Control

group.

Additionally, the measurement of rat Sirt4 (rSirt4) mRNA revealed no discernable

difference between the control and PJ-Control groups (Figure 9); however, there was a
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borderline significant 0.64-fold reduction of »Sirt4 mRNA expression in the Transfection

group compared to Control and PJ-Control groups (p=0.0517) (Figure 9).
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Figure 9: rSirt4 mRNA level in H9c2 cells after hSIRT4 transfection.

mRNA levels were normalized to aTub as reference gene. mRNA levels in Control group

were arbitrarily represented as 1. n=3 in all groups. *p<0.05 versus Control or PJ-Control

group.
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6.2 Hypertrophic stimulation of H9¢c2 cells

To induce cardiomyocyte hypertrophy, H9c2 cardiomyoblasts were treated with ANG II at
three different concentrations (5 uM, 10 uM, and 20 pM) followed by mRNA quantification
of the hypertrophy marker, Bnp. Treatment with ANG II revealed no significant increase in

Bnp expression in H9¢2 cardiomyoblasts compared to 0 uM ISO (Figure 10).

Bnp RNA level wm Angll

2.0
[ ]

- 1.5
@
= B
©
£ 1.0
o O [ |
S
(o]
=, 0.5

0.0
uM 0 5 10 20

Figure 10: Bnp mRNA level in H9c2 cells treated with ANG I1.

0uM, 5 uM, 10 uM or 20 uM of 1SO were used. mRNA levels were normalized to oTub as
reference gene. mRNA levels in Control group were arbitrarily represented as 1. n=3 in all

groups. *p<0.05 versus Control or PJ-Control group.

To corroborate these findings, a subsequent trial was conducted, employing WGA staining
for cell size measurement. Again, we showed no significant change in cell size upon ANG
IT (5-20 uM) stimulation as compared to 0 uM (Figure 11). To test alternative hypertrophic
agents, H9c2 cardiomyoblasts were treated with ISO at three different concentrations

(10 uM, 30 uM, and 50 uM). A significant increase in cell size was evident in cells treated
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with 30 uM ISO when compared to 0 uM ISO (Figure 11). Representative images of the
staining of H9¢2 cells treated with 0 uM (Figure 12A) or 30 uM (Figure 12B) ISO are

shown below.
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Figure 11: Cell size of H9c2 cells treated with ANG 11 or ISO.

0uM, 5 uM, 10 uM or 20 uM or 0 uM, 10 uM, 30 uM or 50 uM of ANG II and ISO were

used respectively. 50 cells were measured per sample.
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A OuM ISO B 30uM ISO

Figure 12: Representative image of H9c2 cells stained with WGA and DAPI upon
treatment with 0 uM or 30 uM of ISO.

To corroborate these findings, Bnp mRNA levels were assessed at 10uM and 30uM ISO.
These results demonstrated a significant elevation in Bunp mRNA levels with 30 uM ISO
compared to 0 uM ISO (Figure 13). Given the inability of ANG II to induce hypertrophy in

these trials, we exclusively employed 30 uM ISO for subsequent experiments.
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Figure 13: Bnp mRNA levels in H9c2 cell treated with 0 uM, 10 uM or 30 uM of 1SO.

The qPCR results are normalized to the reference gene oTub. mRNA levels in control group

were arbitrarily represented as 1, n=3 in all groups. * p<0.05 versus control groups.
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6.3 Expression of NOX4 in SIRT4 amplified hypertrophy.

To assess the role of NOX4 in SIRT4-induced worsening of hypertrophy, H9c2
cardiomyoblast were treated without or with ISO (30 uM) and/or transfected with PJ reagent
(PJ-Control) or ASIRT4 overexpressing vector. Firstly, there was a significant increase in
hSIRT4 mRNA expression (Figure 14) without any change in rSirt4 mRNA expression

(Figure 15) in Transfection group, indicating an effective overexpression of ASIRTH4.
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Figure 14: hSIRT4 mRNA level in H9c2 cells following hSIRT4 Transfection and/or ISO-
induced hypertrophy.

The qPCR results are normalized to the reference gene aTub. mRNA in control group were
arbitrarily represented as 1, n=3 in all groups. *p<0.05 versus control groups. $ indicates

significant transformation effects.
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Figure 15: rSirt4 mRNA level in H9c2 cells following hSIRT4 Transfection and/or 1SO-

induced hypertrophy.

The qPCR results are normalized to the reference gene aTub. mRNA in control group were
arbitrarily represented as 1, n=3 in all groups. *p<0.05 versus control groups. $ indicates

significant transformation effects.

Moreover, this yielded a 5.4-fold increase in SIRT4 protein expression (Figure 16). No
significant alterations in ASIRT4 or rSirt4 mRNA (Figure 14-15) or SIRT4 protein (Figure
16) levels were observed upon stimulation with ISO, suggesting that hypertrophic stimuli

had no effect on cardiomyocyte SIRT4 expression.
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Figure 16: SIRT4 protein level and representative image in H9c2 cells following hSIRT4
Transfection and/or ISO-induced hypertrophy.

Protein levels in control group were arbitrarily represented as 1; n=3 in all groups. *p<0.05
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versus control groups. $ indicates significant transformation effects.

In order to determine the effect of SIRT4 on hypertrophy, we measured the mRNA level of
Bnp in H9c2 cardiomyoblast following ASIRT4 overexpression and ISO-induced

hypertrophy.
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Transfection induced a significant 4-fold increase in Bnp mRNA compared to the PJ-
Control, which was slightly, but not significantly, further increased with ISO (Figure 17, p-
value 0.6413).
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Figure 17: Bnp mRNA level in H9c2 cells following hSIRT4 Transfection and/or 1SO-
induced hypertrophy.

The qPCR results are normalized to the reference gene aTub. mRNA in control group were
arbitrarily represented as 1, n=3 in all groups. *p<0.05 versus control groups. $ indicates

significant transformation effects.

Whereas Nox4 mRNA levels were not significantly changed following ASIRT4
overexpression or ISO treatment (Figure 18), NOX4 protein levels were decreased

following ASIRT4 transfection (Figure 19).
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Figure 18: Nox4 mRNA level in H9c2 cells following hSIRT4 Transfection and/or 1SO-

induced hypertrophy.

The qPCR results are normalized to the reference gene aTub. mRNA in control group were
arbitrarily represented as 1, n=3 in all groups. *p<0.05 versus control groups. $ indicates

significant transformation effects.
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Figure 19: NOX4 protein level and representative image in H9c2 cells following hSIRT4
Transfection and/or ISO-induced hypertrophy.

Protein levels in control group were arbitrarily represented as 1; n=3 in all groups. *p<0.05

versus control groups. $ indicates significant transformation effects.
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7. Discussion

7.1 H9c2 cells were successfully transfected to overexpress SIRT4.

In the current study, we demonstrate a successful overexpression of ASIRT4 in H9c2
cardiomyoblasts. Whereas ASIRT4 mRNA was not detectable before transfection, hSIRT4
mRNA was clearly expressed following transfection. Additionally, this increase in ASIRT4
mRNA translated into protein expression of SIRT4. In contrast, expression of endogenous
rSirt4 mRNA showed a trend towards a decrease. This could potentially be attributed to a

negative feedback mechanism triggered by the overexpression of ASIRT4.

7.2 Induction of hypertrophy in H9¢2 cells.

We were not able to demonstrate a hypertrophic effect of ANG II in H9¢2 cardiomyoblasts,
neither by detecting the Bnp mRNA levels nor by measuring cardiomyocyte cell size, in
contrast to what was previously reported (Pan et al., 2013, Qi et al., 2020, Zheng et al., 2021,
Ba et al., 2019, Luo et al., 2017, Watkins et al., 2011, Guan et al., 2017, Alammari et al.,
2020). Various studies have shown that doses ranging from 0.2 to 10 uM ANG II increase
hypertrophic markers in H9¢2 cells, including an increase in cell size (Watkins et al., 2011,
Alammari et al., 2020, Teng et al., 2020, Guan et al., 2017, Ma et al., 2019, Wu et al., 2020).
Alammari et al. showed that when H9c2 cells are treated with 10 uM ANG 1I for 24 hours,
it leads to a significant increase of the hypertrophic markers /o Mhc and Bnp, and to an
increase of cell surface by 55%, 60% and 68%, respectively, compared to the control group
(Alammari et al., 2020). Possible theories as to why ANG II did not induce hypertrophy in
HOc2 cells in our study are that the concentrations of ANG II (i.e. 5 uM, 10 uM and 20 pM)
were too high, resulting in reduced cell viability, although future studies would be necessary
to confirm this. However, microscopically no differences were visible in the cells compared

to the control group in terms of vitality or cell distribution.
In contrast to ANG II, we were able to demonstrate hypertrophic effect of 30 uM ISO in the

current study. Firstly, 30 uM ISO led to a significant increase in cardiomyocyte cell size, as

determined by WGA stain. Furthermore, we corroborated these results with a significant
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elevation in Bnp mRNA induced by 30 uM ISO, strengthening our conclusion that ISO
treatment effectively induced hypertrophic signaling and pathological hypertrophy in H9¢2
cardiomyoblasts. This is consistent with other reports of H9¢c2 cardiomyoblasts treated with
30 or 100 uM of ISO for 24 hours, which induced an increase in cell diameter (Lingyan et
al., 2022). Other examples include Lu et al. and Chowdhury et al., who induced hypertrophic
changes like increased cell size and hypertrophy markers (4np, Bnp or [3-Mhc) using 30uM
of ISO for 36h or 25uM of ISO for 48h respectively (Lu et al., 2023a, Chowdhury et al.,
2017). The differential effect of two known pro-hypertrophic agents on cell size and Bnp

levels remains unclear and requires further studies.

7.3 SIRT4 overexpression induces hypertrophy.

In our study, we showed that SIRT4 overexpression in H9¢2 cells induced hypertrophy,
evident by an upregulation of Bnp mRNA, which is in line with previous findings (Luo et
al., 2017). SIRT4 was shown to induce hypertrophy in rat neonatal cardiomyocytes, where
Sirt4 overexpression enhanced Anp expression when treated with ANG II, whereas Sirt4
knockdown attenuated Anp expression (Luo et al., 2017). Luo et al. were also able to
reproduce this result in Sirt4 overexpressing mice, showing an increased ANG II induced
Anp expression compared to WT mice, as well as aggravation of hypertrophy and accelerated
development of cardiac dysfunction (Luo et al., 2017). Conversely, in Sirt4 knockdown mice
the Anp mRNA level is reduced, and they had preserved cardiac function compared to
control groups with the same ANG II stimulation (Luo et al., 2017). Luo et al. therefore
hypothesized, that Sirt4 overexpressing mice are hypersensitive to Ang II-induced cardiac
hypertrophy (Luo et al., 2017). In a more recent in vitro study, Ji et al. showed, that in ANG
II-stimulated isolated mice cardiomyocytes the expression of BNP and ANP is again
promoted by overexpression of SIRT4 (Ji et al.,, 2022), further implicating SIRT4s

exacerbating role in the development of cardiac hypertrophy, in line with our findings.

In addition to the heart, SIRT4 is also highly expressed in the kidney, brain, and liver (Haigis
etal., 2006). However, the effect of SIRT4 on cell size or hypertrophy in other tissues besides
the heart is still very limited. Several studies have been published on the influence of SIRT4
on tumor size in various types of cancer, showing that SIRT4 tends to have a tumor-
suppressive effect (Bradbury et al., 2005, Jeong et al., 2014, Miyo et al., 2015, Huang et al.,
2015, Fu et al., 2017, Min et al., 2018). In line with this, it was shown that expression of
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SIRT4 was negatively correlated with tumor size in gastric cancer (Sun et al., 2018).
However, this is rather attributed to the antiproliferative effect of SIRT4 through the
suppressive effect on glucose and glutamine metabolism, not necessarily to a change in

individual cell size, which was not measured (Huang and Zhu, 2018).

However, compared to other sirtuins, SIRT4 appears to be the only sirtuin that has pro-
hypertrophic effects on the heart. In fact, SIRT1, SIRT3 and SIRT6 have been shown to be
anti-hypertrophic (Oka et al., 2011, Alcendor et al., 2007, Sundaresan et al., 2009,
Sundaresan et al., 2012). SIRT3, for example, seems to have protective effects against
cardiac hypertrophy. In Sirt3 knockout mice that are treated with ANG II the myocyte cross
sectional area is significantly increased, as well as natriuretic peptide precursor type A (4nf)
and myosin, heavy chain 7, cardiac muscle, B (Myh7), both markers of hypertrophy
(Sundaresan et al., 2009). Sundaresan et al. were also able to show a similar result in Sirt6
knockout mice, where they detected an increase in Myh7 levels (Sundaresan et al., 2012).
They therefore conclude that SIRT6 deficiency is associated with cardiac hypertrophy and
degenerative changes in the heart (Sundaresan et al., 2012). Sir¢/ overexpression attenuates
cardiac hypertrophy in TAC treated mice, as characterized by heart to body weight ratios
(Oka et al., 2011). Interestingly, different levels of Sirt/ overexpression seems to have
varying effects on hypertrophy. Alcendor et al. examined and compared four different levels
of Sirt] in mice hearts, non-transgenic, 2.5-fold, 7.5-fold, and 12.5-fold (Alcendor et al.,
2007). Low (2.5-fold) to moderate (7.5-fold) levels of overexpression attenuated age-related
cardiac hypertrophy, whereas a high level (12.5-fold) increased it (Alcendor et al., 2007).
This finding might also have some implications on our results. It is possible that the 5.4-fold
increase in SIRT4 protein expression used here is so severe that it negates the actual effect
of SIRT4. To rule this out, follow-up experiments could be carried out using the work of

Alcendor et al. as a model, testing different expression levels of Sirt4 overexpression.

Additionally, the SIRT4-antibody used here is active against both human and rat SIRT4.
Therefore, it is not possible to distinguish whether the increased protein we observed is of
human or rat origin. This increases the difficulty to assess whether the overexpressed SIRT4
really exhibits its physiological and pathophysiological effects. For this purpose, rat- or

human-specific antibodies would have to be used in future experiments.
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7.4 I1SO treatment has no effect on NOX4 expression.

We examined the effects of the hypertrophy inducing agent ISO on NOX4 in H9¢2 cells,
and we were not able to show a significant difference in NOX4 expression when treated with
30 uM of ISO compared to unstimulated cells. This contrasts previous findings. Zhou et al.
investigated effects of ISO on NOX4 expression in H9¢2 cells (Zhou et al., 2023). In contrast
to us, they found a 1.2-fold increase in NOX4 expression when treated with ISO compared
to no hypertrophic stimulation (Zhou et al., 2023). In ISO treated WT mice ISO induced a
marked 9.1-fold increase in NOX4 expression as evidenced by immunofluorescence staining
(Vendrov et al., 2023). ISO treatment also heightened levels of mitochondrial hydrogen
peroxide, indicating increased mitochondrial ROS production, but not in NOX4 knockout
mice (Vendrov et al., 2023). Similarly, in primary neonatal rat cardiomyocytes, NOX4 was
found to be increased after treatment with ISO (Ni et al., 2022b). At the same time, ISO
treatment was shown to decrease NOX4 expression in Human umbilical vein endothelial

cells, while mitochondrial ROS were increased (Ni et al., 2022a).

In the literature, the effect of ANG II on NOX4 has been examined more extensively
compared to ISO and shows contradictory data. When mice were treated with ANG II-
(200 ng/kg/min) or phenylephrine (75 mg/kg/day)-infusions Ago et al. were able to show
that NOX4 is upregulated 1.5-, 1.9- and 3.4-fold, respectively, in cardiac myocytes (Ago et
al., 2010). Higashi et al. treated mice for 4 weeks with ANG II infusions, and then examined
the expression profile of thoracic aortas. There they showed that NOX4 was significantly
increased (Higashi et al., 2003). The rat aortic smooth muscle cell line A7r5 was treated with
1 uM of ANG II for 4 hours by Wingler et al., which induced a 4-fold increase in Nox4
mRNA (Wingler et al., 2001). But they observed that the increase in Nox4 expression was
transient, with a maximal induction after 4 hours. After 24 hours, expression returned to
control levels. They hypothesized that this may be due to degradation of ANG II in the cell
culture media (Wingler et al., 2001). Yamagishi et al. showed an increased expression of
Nox4 in human umbilical vein endothelial cells when treated with 100 uM of ANG 1I for
24 hours (Yamagishi et al., 2005). However, Lassegue et al. treated vascular smooth muscle
cells with 100 nM of ANG II and observed a 40% decrease in Nox4 expression after 2 h,
which remained stable at this level for 12 hours (Lassegue et al., 2001).
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The discrepancy between our results and the results in the literature regarding the effect of
ISO and ANG II on NOX4 could be due to different doses and incubation times. For
example, Zhou et al. used 10uM ISO for 12 hours to stimulate H9¢2 cells, and the other
groups mentioned here also used different protocols, doses and incubation times compared
to us (Zhou et al., 2023, Vendrov et al., 2023, Wingler et al., 2001, Yamagishi et al., 2005,
Nietal.,2022a, Ni etal., 2022b, Ago et al., 2010, Higashi et al., 2003, Lassegue et al., 2001).
The degradation of ANG II in cell culture medium described by Wingler et al. could play a
role here, as they showed that increased Nox4 expression was transient with a maximum
after 4 hours, returning to control levels after 24 hours (Wingler et al., 2001). This could be
investigated in later experiments by measuring Nox4 expression after different incubation
times (e.g. after 4 hours, 6 hours, 8 hours and 24 hours following the example of Wingler et
al.).

In conclusion, our results suggest that the regulation of NOX4 expression by hypertrophy-
inducing agents such as ISO and ANG II is complex and dependent on multiple variables.
Further studies are needed to understand the mechanisms behind these differences. Different

cell types, dose-response relationships and treatment durations should be considered.

7.5 SIRT4 overexpression attenuates NOX4.

In an as of yet unpublished study from our group, we have investigated the effect of SIRT4
overexpression and deficiency in chronic pressure-overload in mice, induced with TAC
treatment. Oxidative stress, cardiac energetics and global myocardial gene expressions were
examined to evaluate possible mechanisms by which SIRT4 influences cardiac remodeling.
We found that the expression of NOX4 was increased in SIRT4 overexpressing mice, which
was associated with aggravated cardiac hypertrophy. We therefore hypothesized that SIRT4
exacerbates hypertrophy by influencing NOX4. In this present study, however, we show that
despite increased Bnp due to SIRT4 overexpression, NOX4 expression is decreased. As
such, the results of our in vitro study deviated from our initial hypothesis that overexpression
of SIRT4 would induce Nox4 expression in H9¢c2 cells, as was observed in the heart upon
SIRT4 overexpression in our in vivo pressure-overload model-

This also stands in contrast to previous findings. Kuroda et al. found that Nox4 knockout
mice exhibited attenuated cardiac hypertrophy when subjected to TAC for 4 weeks,

suggesting that decreased Nox4 expression counteracts hypertrophic remodeling (Kuroda et
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al., 2010). A possible explanation for this could lie in a compensatory mechanism by which
NOX4 is downregulated during hypertrophy. Interestingly, in other studies NOX4 appeared
to be protective against hypertrophic remodeling, as downregulation of NOX4 was
associated with exaggerated cardiac hypertrophy (Zhang et al., 2018, Matsushima et al.,
2013), which is more in line with our findings. Zhang et al. used global, as well as
endothelial- and cardiac-specific Nox4 knockout mice and induced hypertrophy using TAC
for 2 weeks. The mice developed worse pressure overload-induced cardiac remodelling and
dysfunction than WT littermates (Zhang et al., 2018).

The discrepancy between our in vivo and in vitro results could be explained by the duration
and intensity of the treatment. The duration and intensity of TAC treatment in vivo may not
be exactly replicable in vitro. Chronic stress and the associated physiological adaptations
may cause differences in gene expression that are not captured in a short-term in vitro
treatment. It is also possible that cell-cell interaction with other cell types could play a role
in vivo. In vivo, cardiomyocytes interact with a variety of other cell types, such as
fibroblasts, endothelial cells and immune cells. These interactions are not present in a cell

culture, which may lead to differences in gene expression and cell response.

Interestingly, in the current study we showed no significant difference between Nox4 mRNA
expression in SIRT4 overexpressing cells compared to the control groups, whereas SIRT4
overexpression demonstrated a reduction in NOX4 protein expression. This discrepancy
between RNA and protein levels prompts a closer inspection of potential post-transcriptional
regulatory mechanisms. One possible explanation could involve alterations in protein

stability, degradation, or translation efficiency.

To the best of our knowledge, the relationship between SIRT4 and NOX4 is largely
unexplored. However, there is a known connection between SIRT1 and NOX4. Dasgupta et
al. proposed a SIRT1-NOX4 signaling pathway, which regulates pancreatic cancer cachexia
(Dasgupta et al., 2020). They conclude that tumor-secreted factors decrease SIRTI in
cachectic muscles, which in turn leads to an overexpression of NOX4. NOX4 is significantly
negatively correlated with skeletal muscle fiber cross-sectional area in human pancreatic
cancer patients (Dasgupta et al., 2020). During pregnancy, maternal activity can improve
hypertensive disease in the offspring. The underlying mechanism is based on SIRTI-
mediated transcriptional repression of Nox4 in fetal mesenteric arteries (Zhang et al., 2023).

In diabetic mice, SIRT1 supplementation improves vascular dysfunction and blunts
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increased arterial stiffness, potentially by decreasing NOX4 expression and suppressing
oxidative stress (Yang et al., 2023). In diabetic neuropathy in rats, Sirt/ is significantly
downregulated in the sciatic nerve. Syed et al. propose that hesperidin, a flavonoid, can
attenuate the NOX4 mediated inflammation and oxidative stress by upregulating SIRT1
(Syed et al., 2023). Additionally, Zhang et al. showed that cigarette smoking increases
mitochondrial ROS, in part due to an imbalance in mitochondrial NOX4 caused by a
decrease in SIRT1 in lung fibroblasts (Zhang et al., 2022).

In summary, the interactions between SIRT1 and NOX4 demonstrate an important
regulatory role of SIRT1 on NOX4 expression and associated oxidative stress. The
established relationship between the sirtuin SIRT1 and NOX4 may suggest that a SIRT4-
NOX4 axis is possible and should be further investigated.

7.6 Limitations

The present study has several limitations, the following of which stand out as particularly
significant. The relatively small sample size of 3 could limit the statistical power and
interpretation of the results. A larger sample size would increase the robustness of the
conclusions drawn from the data. Another limitation of our study is that no reference protein
was used in the protein analysis with Western blot.

The use of H9c2 cells as an in vitro model for cardiac hypertrophy raises questions of
relevance due to their proliferative capacity in contrast to non-proliferating cardiomyocytes
in the living organism. The transferability of the results from H9c2 cells to conditions in the
living heart as well as adult cardiomyocytes or human cell lines, may therefore be impaired
(Watkins et al., 2011). To address this limitation in future research, findings could be
recapitulated in freshly isolated cells.

We only measured the hypertrophy marker, BNP, following SIRT4 overexpression but did
not determine actual cardiomyocyte cell size. To conclude that SIRT4 induces hypertrophy,
further quantification of cell size using WGA stain would be required. The use of human
SIRT4 also raises concerns about the transferability of the observed effects to its effects in
rat cells. Species-specific differences could influence the biological response. Using a rat
specific Sirt4 overexpression vector may alleviate this problem in future experiments.
Another limitation of this study is that we did not measure ROS production. Our hypothesis
was primarily based on the assumption that SIRT4 leads to hypertrophy via NOX4. The
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mechanism by which NOX4 activity promotes hypertrophy would appear to be that
increased expression of NOX4 leads to increased ROS production. To counteract this in
future experiments, ROS should be determined in the cells, e.g. using fluorescent dyes or

chemiluminescence assays.

7.7 Conclusions

To evaluate the potential of SIRT4 to mediate NOX4 expression in cardiac hypertrophy, this
study investigated whether SIRT4 overexpression increases NOX4 expression in response
to pro-hypertrophic signaling in a cell culture model. We successfully induced
overexpression of ASIRT4 in H9c2 cells and were able to successfully demonstrate ISO-
induced hypertrophy, as evident by increased cell size and Bnp levels. In this model, we
showed that SIRT4 overexpression induced Bnp mRNA expression, suggesting that SIRT4
drives hypertrophy in H9¢c2 cells. However, NOX4 expression was not increased in response
to SIRT4 overexpression. Thus, increased NOX4 expression in SIRT4 overexpressing mice
may not be directly mediated by SIRT4 overexpression but rather the result of another
indirect or compensatory mechanism. The precise relationship between SIRT4 and NOX4

in the development of hypertrophy and HF remains to be further explored.
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