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1 Summary 
 

Obesity is a major burden worldwide which has increased substantially in the last 20 

years. It is strongly associated with metabolic and cardiovascular disorders and has 

been recognized as an independent risk factor for heart failure (Poirier et al., 2006). 

Obesity has been reported to elevate the levels of reactive oxygen species (ROS) not 

only in adipocytes but also in cardiovascular tissues (Fernández-Sánchez et al., 2011; 

Furukawa et al., 2017).  

NADPH oxidases are important sources of ROS in the cardiovascular system and have 

been discussed to contribute to the pathogenesis of many cardiovascular diseases 

(Brown & Griendling, 2009; Petry et al., 2010). However, their contribution to 

cardiovascular complications in obesity including obesity cardiomyopathy is not well 

understood.  

The aim of this study was to better understand the role of NADPH oxidases in the obese 

heart. To this end, mice lacking functional NADPH oxidases due to a point mutation in 

the Cyba gene coding for the essential NADPH oxidase subunit p22phox (nmf333) and 

wildtype mice were exposed to a high fat diet for 20 weeks.  

This regimen resulted in the development of obesity induced cardiomyopathy in wildtype 

mice characterized by increased left ventricular pressure, cardiac hypertrophy and 

dysfunction with reduced ejection fraction as well as left and right ventricular remodeling 

and pulmonary vascular remodelling. However, NADPH oxidase-deficient nmf333 mice 

were protected against the development of obesity induced cardiomyopathy. In fact, lack 

of p22phox reduced ROS generation not only in the obese heart, but also in isolated 

cardiomyocytes exposed to treatment with the unsaturated fatty acid palmitate.  

To better understand the pathways dysregulated in obesity induced cardiomyopathy we 

performed microRNA sequencing (miRNAseq) analysis in lean and obese hearts 

derived from wildtype and NADPH oxidase deficient mice. We identified miRNA-1a 

(miR1a) as specifically downregulated in obese hearts from wildtype mice while this 

response was not observed in hearts from nmf333 mice after high fat diet treatment. In 

line, the expression of miR-1a target genes was increased in the heart from wildtype 

mice but not from nmf333 mice following high fat diet. Pathway analyses performed on 

the data sets derived from miRNA-seq pointed towards several stress pathways, 

emphasizing oxidative stress, the unfolded protein response (UPR) as well as 

programmed cell death dysregulated by obesity and p22phox. 
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In fact, p22phox as well as the NADPH oxidase subunits NOX2 and NOX4 were not 

only increased in hearts, but also in lungs from high fat diet treated wildtype mice but 

not from nmf333 mice. In line, oxidative DNA damage and lipid peroxidation were 

elevated in hearts and lungs from high fat diet treated wildtype mice but not from nmf333 

mice, confirming that nmf333 mice were protected against oxidative stress pathways in 

heart and lungs induced by high fat diet. 

Subsequently, markers for endoplasmic reticulum (ER) stress and the UPR as well as 

for programmed cell death were elevated in hearts from wildtype mice, but not from 

nmf333 mice fed a high fat diet. 

In summary, this study provides evidence that p22phox dependent NADPH oxidases 

promote obesity induced cardiomyopathy by dysregulating the miRNA transcriptome 

including miR-1a, oxidative stress pathways, the UPR and programmed cell death. 

Targeting p22phox may provide therapeutic effects in obesity induced cardiovascular 

diseases and needs further investigation in experimental and clinical trials. 
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2 Zusammenfassung 
 
Adipositas stellt weltweit ein bedeutendes Gesundheitsproblem dar, das in den letzten 

Jahrzehnten eine stark zunehmende Tendenz aufweist. Es besteht eine enge 

Assoziation zwischen Adipositas und metabolischen sowie kardiovaskulären 

Erkrankungen.  Forschungsergebnisse haben gezeigt, dass Adipositas als 

unabhängiger Risikofaktor für die Entwicklung von Herzinsuffizienz anzusehen ist 

(Poirier et al., 2006). Fettleibigkeit erhöht nicht nur die Menge an reaktiven 

Sauerstoffspezies (ROS) in Fettzellen, sondern auch in Geweben des Herz-Kreislauf-

Systems (Fernández-Sánchez et al., 2011; Furukawa et al., 2017).  

NADPH-Oxidasen werden als wichtige Ursachen für die Bildung von ROS im Herz-

Kreislauf-System angesehen und in Zusammenhang mit der Entstehung von 

verschiedenen Herzerkrankungen gebracht (Brown & Griendling, 2009; Petry et al., 

2010). Ihr Beitrag zur Entwicklung kardiovaskulärer Komplikationen, insbesondere einer 

Kardiomyopathie, bei Adipositas ist jedoch nicht gut verstanden.  

Das Ziel dieser Studie war es, die Rolle von NADPH-Oxidasen bei mit Adipositas 

assoziierten Herzerkrankungen besser zu verstehen. Hierzu wurden Mäuse mit einer 

Punktmutation im Cyba-Gen (nmf333), das für die essenzielle NADPH-Oxidase-

Untereinheit p22phox kodiert, und Wildtypmäuse einer Hochfettdiät für 20 Wochen 

ausgesetzt.  

Dieses Regime führte bei Wildtypmäusen zur Entwicklung einer Adipositas-induzierten 

Kardiomyopathie, die durch erhöhten linksventrikulären Druck, Herzhypertrophie und 

Reduktion der linksventrikulären Ejektionsfraktion sowie pulmonalvaskulärem 

Remodelling gekennzeichnet war. NADPH-Oxidase-defiziente nmf333 Mäuse waren 

jedoch vor der Entwicklung einer Adipositas-induzierten Kardiomyopathie geschützt. 

Tatsächlich reduzierte das Fehlen von p22phox die ROS-Bildung nicht nur im adipösen 

Herzen, sondern auch in isolierten Kardiomyozyten, die mit der ungesättigten Fettsäure 

Natrium-Palmitat behandelt wurden.  

Um die bei Adipositas-induzierter Kardiomyopathie dysregulierten Signalketten besser 

zu verstehen, führten wir eine mikro-RNA Sequenzierungsanalyse (miRNA-seq) an 

linken Ventrikeln von gesunden und adipösen Wildtyp- und NADPH-Oxidase-

defizienten Mäusen durch. Wir identifizierten mikro-RNA-1a (miR1a) als spezifisch 

herunterregulierte mikro-RNA in adipösen Herzen von Wildtypmäusen, während diese 

Antwort in Herzen von adipösen nmf333-Mäusen nicht beobachtet wurde. 
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Entsprechend war die Expression von miR-1a-Zielgenen in Herzen von Wildtypmäusen 

erhöht, jedoch nicht in Herzen von nmf333-Mäusen nach Hochfettdiät. Die Analyse von 

Signalwegen, die aus der miRNA-seq generierten Daten durchgeführt wurden, deutete 

auf mehrere Stresswege hin, insbesondere in Bezug auf oxidativen Stress, ungefaltete 

Proteinantwort (UPR) sowie programmierten Zelltod, die durch Adipositas und p22phox 

dysreguliert wurden. Tatsächlich waren p22phox sowie die NADPH-Oxidase-

Untereinheiten NOX2 und NOX4 nicht nur in Herzen, sondern auch in Lungen von 

Wildtypmäusen, die einer Hochfettdiät ausgesetzt waren, erhöht, jedoch nicht in 

nmf333-Mäusen. Entsprechend waren oxidative DNA-Schäden und Lipidperoxidation in 

Herzen und Lungen von Wildtypmäusen, nicht aber von nmf333-Mäusen, nach 

Hochfettdiät, erhöht, was bestätigt, dass nmf333-Mäuse gegen oxidative Stresswege in 

Herz und Lungen durch Hochfettdiät geschützt waren. Schließlich waren Marker für 

Stress des endoplasmatischen Retikulums (ER-Stress), für die UPR sowie für 

programmierten Zelltod in Herzen von Wildtypmäusen, nicht aber von nmf333-Mäusen, 

nach Hochfettdiät erhöht.  

Zusammenfassend liefert diese Studie Beweise dafür, dass p22phox-abhängige 

NADPH-Oxidasen das miRNA Transkriptom einschließlich miR-1a, oxidative 

Stresswege, die UPR und den programmierten Zelltod dysregulieren und dadurch die 

Adipositas-induzierte Kardiomyopathie fördern. Die gezielte Beeinflussung von p22phox 

könnte eine therapeutische Option für die Behandlung von Adipositas-induzierten 

kardiovaskulären Erkrankungen darstellen und erfordert weitere Untersuchungen in 

experimentellen und klinischen Studien. 
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3 List of abbreviations and symbols 
 

ANT – adenine nucleotide translocator 

ATF4 – activating transcription factor 4 

ATF6 – activating transcription factor 6 

BCKDH – branched-chain α-ketoacid dehydrogenase  

BDM – 2,3-butanedione monoxime 

BH – Benjamini Hochberg 

BiP – binding immunoglobulin protein 

BM – body mass 

BMI – body mass index 

BSA – bovine serum albumin 

CaMKII – Ca2+/calmodulin-dependent protein kinase II 

CAT – catalase 

CHOP – C/EBP homologous protein 

CMH – 1-hydroxy-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine hydrochloride 

Ctr – control  

DAPI – 4’, 6-diamidino-2-phenylindole 

DD – death domain 

DDR – DNA damage response 

DE – differential expression 

DES – desferroxamine 

DED – death effector domain 

DETC – diethyldithiocarbamate 

DHE – dihydroethidium 

DISC – death-inducing signaling complex 

DMSO – dimethyl sulfoxide 

DMII – diabetes mellitus type two 

DNA – deoxyribonucleic acid 

DUOX – dual oxidase 

EDN1 – endothelin 1 

EDTA – ethylenediaminetetraacetic acid 

EF – ejection fraction 

eIF2α – eukaryotic translation initiation factor 2A 
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EPR – electron paramagnetic resonance 

ER – endoplasmic reticulum 

FADD – fas associated death domain 

FAD+ – flavin adenine dinucleotide 

FADH – flavin adenine dinucleotide (half reduced) 

FADH2 – flavin adenine dinucleotide (hydroquinone form) 

FCS – fetal calf serum 

FDR – false discovery rate 

FFPE – formalin fixed paraffin embedded 

FMN – flavin mononucleotide 

FS – fractional shortening 

GKT – GKT-137831 

GRP78 – glucose regulated proteins 78 

GRP94 – glucose regulated proteins 94 

GTPx – glutathione peroxidase 

HBSS – Hank’s balanced salt solution 

HFD – high fat diet 

HFmEF – heart failure with mildly reduced ejection fraction 

HFpEF – heart failure with preserved ejection fraction 

HFrEF – heart failure with reduced ejection fraction 

HGNC – HUGO Gene Nomenclature Committee 

HIF – hypoxia-inducible factor 

HMEC-1 – human microvascular endothelial cells 

H2O2 – hydrogen peroxide 

IL-1 – interleukin 1 

IL-6 – interleukin 6 

IL-12 – interleukin 12 

IRE-1 – inositol-requiring enzyme 1 

IVSd – intraventricular septum wall thickness (diastolic) 

IVSs – intraventricular septum wall thickness (systolic) 

KHB – Krebs-Hepes buffer 

LV – left ventricle 

LVEDD – left ventricular end diastolic diameter 

LVESD – left ventricular end systolic diameter 
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LVH – left ventricular hypertrophy 

LVP – left ventricular pressure 

LVPWd – left ventricular posterior wall thicknes (diastolic) 

LVPWs – left ventricular posterior wall thicknes (systolic) 

MDA – malondialdehyde 

MCP-1 – monocyte chemoattractant protein-1 

miRNA – micro RNA 

mRNA – messenger RNA 

NAC – N-acetyl cysteine 

NAD+ – nicotinamide adenine dinucleotide 

NADH – nicotinamide adenine dinucleotide (reduced) 

NADPH – nicotinamide adenine dinucleotide phosphate 

NF-κB – nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 

ODH – octopine dehydrogenase 

O2 - dioxygen 

O2- – superoxide 

OH- – hydroxyl radical 

p-eIF2α – phosphorylated eukaryotic translation initiation factor 2A 

PAH – pulmonary arterial hypertension 

PAI-1 – plasminogen-aktivator-inhibitor-1  

PARP – poly ADP ribose polymerase 

PBS – phosphate buffered saline 

PCD – programmed cell death 

PCR – polymerase chain reation 

PDH – pyruvate dehydrogenase 

PDI – protein disulfide isomerase 

PERK – protein kinase R (PKR)-like endoplasmic reticulum kinase 

PH – pulmonary hypertension 

PTPC - permeability transition pore complex 

PVR – pulmonary vascular remodeling 

Q – ubiquinone 

QH2 – ubiquinol 

Rac – Ras-related C3 botulinum toxin substrate 

RNA – ribonucleic acid 
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ROS – reactive oxygen species 

Rot – rotenone 

RV – right ventricle 

RVH – right ventricular hypertrophy 

RVP – right ventricular pressure 

SD – standard deviation 

SDS-PAGE – sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SDH – succinate dehydrogenase 

SEM – standard error of the mean 

shRNA – short hairpin ribonucleic acid  

siRNA – silencing ribonucleic acid 

α-SMA – alpha smooth muscle actin 

SOD – superoxide dismutase 

SSB – single strand breaks 

TBS – tris-buffered saline 

TBS-T – tris-buffered saline-tween20 

TNFa - tumor necrosis factor alpha 

TRX – thioredoxin 

UPR – unfolded protein response 

VDAC – voltage dependent anion channel 

WGA – wheat germ agglutinin 

WHO – World Health Organization 

XBP1 – X-box binding protein 1 

4-HNE – 4-hydroxynonenal 

8-OHdG – 8-hydroxy-2' -deoxyguanosine 

b-MHC – myosin heavy chain beta 
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4 Introduction 
 

4.1 Obesity 
 

4.1.1 Epidemiology 
 

Obesity results from excessive caloric intake, surpassing the needs of the human body 

over the long term, which leads to increased body fat storage. It is assessed by means 

of the body mass index (BMI), for which the World Health Organization (WHO) has 

defined thresholds classifying the disease in 3 levels: overweight, obesity and massive 

obesity (World Health Organization, 2021). Being overweight corresponds to a BMI 

between 25 and 30 kg/m2, obesity corresponds to a BMI between 30 kg/m2 and 40 

kg/m2, and massive obesity corresponds to a BMI exceeding 40 kg/m2 (World Health 

Organization, 2021).  

In 1997, the WHO classified obesity as a chronic disease, and defined overweight and 

obesity as ‘abnormal or excessive fat accumulation that presents a risk to health’. Its 

prevention is a public health problem in developed countries. 

According to the WHO, from 1975 to 2016, the prevalence of overweight or obese 

children and adolescents aged 5–19 years increased more than four-fold from 4% to 

18% globally, while in 2016 39% of adults aged 18 years and over were overweight and 

13% obese. In total, over 1.9 billion adults aged 18 years and more were overweight 

and over 650 million obese. While obesity remains preventable, it is the leading public 

health problem in developed countries, with its associated diseases being leading 

causes of death in the western world (World Health Organization, 2021). 

 

4.1.2 Etiology 
 

The development of obesity underlies a multifactorial process, reaching from the amount 

of caloric intake and physical activity to genetic predispositions (Gadde et al., 2018). 

Even if the genetic background is likely to favour the development of obesity, it has been 

clearly shown that the rapid changes in eating habits and the promotion of sedentary 

activities in the last century have both contributed significantly to this increase in 

prevalence. Overall, we distinguish the constitutive stage of obesity where few 
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complications are observed and "disease obesity" which is accompanied by multiple 

complications. From a metabolic point of view, obesity is most often associated with 

insulin resistance, a stage which precedes the onset of type 2 diabetes. This insulin 

resistance is linked to the infiltration of tissues, especially muscles, by lipids due to a 

permanent and increased flow of plasma free fatty acids into these tissues. These 

metabolic disturbances are usually accompanied by mitochondrial skeletal muscle 

dysfunction, which has recently been proposed as the main causative factor responsible 

for metabolic pathologies associated with obesity (Esser et al., 2014; Grundy, 2002; 

McCracken et al., 2018). However, while molecular insight into the development of 

obesity is increasing, more and more evidence shows that ROS are major players in this 

pathology. 

 

4.1.3 Disease burden 
 
About twenty-five years ago, it was thought that high-income countries were the ones 

most at risk for the obesity epidemic. In these high-income nations, an inverse 

connection was identified between obesity and socioeconomic position, particularly in 

women (Molarius et al., 2000). This was the case when looking at obesity rates. In 

contrast, the prevalence of obesity was found to be very low in low- and middle-income 

nations, and it was found almost exclusively among people with relatively high 

socioeconomic level. However, obesity had also become a problem in lower 

socioeconomic groups, particularly among women in middle-income countries (Monteiro 

et al., 2004). As of 2012, the link between socioeconomic position and obesity in low-

income nations remained positive for both men and women. This was the case 

regardless of gender. However, when it came to children and teenagers, obesity 

remained primarily a concern in low- and middle-income countries that had populations 

with relatively high socioeconomic level (Seidell & Halberstadt, 2015). 

Overweight and obesity are the major cause of economic expenditures to individuals 

and the government, as well as health issues. Consequently, overweight and obesity 

impose significant expenditures on the health care system and create difficulties for the 

labor and economy of a nation. According to a survey published by the McKinsey Global 

Institute, obesity costs the global economy two billion dollars in 2012. The value of these 

expenses, which were 2.8 percent of the world's gross domestic product, includes health 
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care costs, lost productivity, and additional costs incurred to mitigate the effects of this 

issue (Yusefzadeh et al., 2019). 

 

4.1.4 Cardiovascular effects of obesity 
 

4.1.4.1 Coronary artery disease 
 
Atherosclerosis remains one of the leading global causes of death, ranging from 

ischemic stroke to ischemic heart disease as well as peripheral arterial disease. It is 

characterized by fatty streaks developing in the arterial wall, gradually developing into 

plaques. A rupture of those plaques leads to an occlusion of an artery, causing the above 

stated pathologies. Several studies have shown connection between obesity and 

atherosclerotic risk factors (Chen et al., 2015; Wing et al., 2013). Those risk factors 

include diabetes mellitus type 2, systemic hypertension, dyslipidaemia as well as chronic 

kidney disease. In line, there is a clear observational association between adiposity and 

atherosclerosis. A meta-analysis of prospective observational studies of nearly 1 million 

adults has shown that an increasing BMI linearly correlates with an increase of ischemic 

heart disease mortality as well as stroke mortality (each 1 kg/m2 above 25 kg/m2 BMI 

increases mortality by approximately 8%) (Herrington et al., 2016; Whitlock et al., 2009). 

Thereby, obesity and atherosclerosis are both chronic inflammatory conditions (Ross, 

1999). 

The increased risk of atherosclerosis goes hand in hand with an increased risk of 

coronary artery disease, as obesity has been shown to accelerate the progression of 

coronary atherosclerosis (McGill Jr et al., 2002). Two decades of obesity has been 

identified as independent risk factor for coronary artery disease (Manson et al., 1990). 

While a progression of coronary atherosclerosis can for a long time remain 

asymptomatic, it will at some point lead to an acute coronary syndrome (ACS). The ACS 

is divided in unstable angina, non-ST segment elevation myocardial infarction (NSTEMI) 

and ST segment elevation myocardial infarction (STEMI). In relation, a higher BMI has 

been linked to early NSTEMI and STEMI development (Das et al., 2011; Madala et al., 

2008). 
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4.1.4.2 Hypertension 
 
Several studies have demonstrated a correlation between increased blood pressure and 

weight gain (Jiang et al., 2016). It has been demonstrated that obese patients are 3.5 

times more likely to have hypertension, while 60% of hypertension is linked to fat 

accumulation (Landsberg et al., 2013; Seravalle & Grassi, 2017). The distribution of 

visceral fat is partially influenced by hereditary variables that also contribute to the rise 

in blood pressure levels in obese persons (Pausova et al., 2002; Seravalle & Grassi, 

2017). Environmental factors may also play a role in visceral fat distribution and blood 

pressure elevation. These include alcohol consumption, cigarette smoking, the timing of 

pediatric obesity start, changes in daily behavior and alterations in the lipid profile. All 

these factors have been linked with impaired insulin sensitivity, an inflammatory state, 

and endothelial dysfunction which may contribute to the onset and progression of 

atherosclerosis (Kotsis et al., 2010; Seravalle & Grassi, 2017).  

Although antihypertensive drugs, such as RAS blockers, b-blockers, and diuretic 

therapies, especially at high doses, are appropriate for obese hypertension patients, 

they cause severe adverse effects, such as hyperglycemia, hyperlipidemia, and 

hyperuricemia. Therapeutic treatments to obesity caused by hypertension required the 

control of component obesity. The treatment of obesity necessitates guidelines 

recommending significant lifestyle alterations aimed at weight loss, such as consuming 

a low-calorie diet (Jiang et al., 2016). This may involve limiting salt intake, consuming 

less saturated fats and cholesterol, consuming more water, fruits, fresh and raw 

vegetables, fish, lean meats, whole grains, engaging in moderate and consistent 

physical activity, and getting enough sleep (Cuspidi et al., 2018). 

 

4.1.4.3 Cardiac arrythmias 
 
Cardiac arrhythmias are present among people of all age. They can be caused by 

structural heart defects, however, they might also occur in structurally normal hearts. 

Atrial fibrillation (AF) is the most common cardiac arrhythmia and continues to rise 

globally (Hindricks et al., 2020). AF is associated with many cardiovascular factors like 

systemic hypertension, mitral valve stenosis, hypertrophic cardiomyopathy, coronary 

artery disease, as well as lung diseases such as pneumonia or pulmonary embolism. 
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The link between obesity and cardiac arrhythmias has also been described in several 

studies (Wang et al., 2004). Most of the time, patients have multiple risk factors for AF, 

however, most of these risk factors are often associated with obesity. While large 

epidemiological studies have observed an association between atrial fibrillation and 

obesity, it appeared to be caused by an enlargement of the left atrium (Karasoy et al., 

2013; Stritzke et al., 2009), A multitude of mechanisms have been shown to explain the 

association between AF and obesity, with inflammation, diastolic impairment and 

pericardial fat accumulation playing a major role.  

 

4.1.4.4 Obesity cardiomyopathy 
 

Obesity cardiomyopathy refers to cardiac structural and hemodynamic alterations that 

lead to congestive heart failure.  Structural changes include left and right ventricular 

remodelling and hypertrophy, left atrial remodelling and aortic valve stenosis. These 

changes can lead to atrial fibrillation, left ventricular systolic dysfunction and/or diastolic 

dysfunction up to heart failure. 

Heart failure is a clinical syndrome characterized by characteristic symptoms such as 

breathlessness, ankle swelling and fatigue that may be accompanied by additional 

symptoms (e.g. elevated jugular venous pressure, pulmonary crackles and peripheral 

oedema) caused by a structural and/or functional cardiac abnormality, resulting in 

reduced cardiac output and/ or elevated intracardiac pressures at rest or during stress 

(Ponikowski et al., 2016). Heart failure is one of the major causes of death worldwide, 

with a prevalence of approximately 3% which is still increasing (Mozaffarian et al., 2015; 

Ponikowski et al., 2016). While there are many risk factors for heart failure including 

coronary artery disease, systemic hypertension, atrial fibrillation and valvular heart 

disease, it is well established that obesity increases the risk of heart failure even in the 

absence of the stated risk factors (Baena-Díez et al., 2010; Kenchaiah et al., 2002). 

While historically, heart failure was based on left ventricular ejection fraction (LVEF), we 

nowadays distinguish heart failure with reduced EF (<40%) (HFrEF) from heart failure 

with preserved EF (>50%) (HFpEF). In between is a grey area defined as mid-range EF 

(HFmEF) (Ponikowski et al., 2016). The symptoms of both HFrEF and HFpEF are 

similar, however, the differentiation is important due to different aetiologies as well as 

therapeutic approaches. Around half of the patients with heart failure have a preserved 
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ejection fraction, associated with a diastolic dysfunction. These patients are likely to 

have increased left ventricular wall thickness as signs of increased filling pressure. 

However, the other half of patients with heart failure have a reduced ejection fraction, 

characterized by systolic dysfunction as well as dilated left ventricles (Ponikowski et al., 

2016). With both forms underlying different pathophysiological mechanisms, 

pharmacological treatments for HFrEF have failed to be beneficial in patients with 

HFpEF (Yancy et al., 2013). Nevertheless, there are also epidemiological differences 

between HFrEF and HFpEF. While HFpEF has been shown to be more prevalent in 

women, it is also closely correlated to obesity with an estimation of 85% of patients being 

obese (Garg et al., 2013; Owan et al., 2006). For patients with HFrEF, however, the 

obesity prevalence is lower than 50% (Carbone et al., 2017; Horwich et al., 2011). 

Nevertheless, the mechanisms of obesity cardiomyopathy remain unclear.  

 

4.1.4.5 Pulmonary hypertension and right heart disease 
 

Pulmonary hypertension is a life-threatening condition of increased blood pressure in 

the pulmonary arteries, arising from obliterative changes in small to midsized pulmonary 

arterioles, associated with occlusive arteriopathy causing high resistance to blood flow 

and increased right ventricular pressure. Arising from a multitude of pathophysiological 

mechanisms, the condition can lead to a variety of symptoms like dyspnoea, 

tachycardia, lower extremity oedema, palpitations, syncope or chest pain. Pulmonary 

hypertension is defined by a mean pulmonary arterial pressure of over 25 mmHg 

(Nazzareno et al., 2016). The WHO divides pulmonary hypertension into 5 groups: 

idiopathic pulmonary arterial hypertension (Group I), pulmonary hypertension secondary 

to left heart disease (Group II), pulmonary hypertension due to lung disease, chronic 

hypoxia (Group III), chronic arterial obstruction (Group IV), pulmonary hypertension with 

unclear or multifactorial mechanisms (Group V) (Simonneau et al., 2009). The incidence 

of idiopathic (primary) pulmonary arterial hypertension is around 4-6/million worldwide, 

with females having a higher incidence (McGoon et al., 2013). Secondary forms of 

pulmonary hypertension, however, are far more common.  

Several studies have shown an increased prevalence of obesity in pulmonary 

hypertensive patients (Friedman & Andrus, 2012; Taraseviciute & Voelkel, 2006; 

Weatherald et al., 2018). Obesity might increase the risk of pulmonary hypertension 
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through the increased risk of heart disease, however, several possible direct effects of 

obesity on the development of pulmonary hypertension like local inflammation or 

oxidative stress are discussed (Aggarwal et al., 2013; Schinzari et al., 2017). A direct 

effect of pulmonary hypertension is right ventricular dysfunction induced by pressure 

overload in the right ventricle. Right ventricular dysfunction can underlie various other 

pathologies including ischemic heart disease, arrhythmias, valvular heart disease or 

sepsis. As obesity has been associated with right ventricular dysfunction, underlying 

mechanisms might be volume overload, increased ventricular pressure or even direct 

hormonal effects on the myocardium (Wong et al., 2006). 

 

4.2 Reactive oxygen species and oxidative stress 
 

4.2.1 Oxidative stress 
 

Oxidative stress has been proposed as a potential mechanism linking obesity to 

cardiovascular disease (Ceriello & Motz, 2004). Although recent evidence suggests a 

causal role for oxidative stress in cardiovascular diseases, insulin resistance as well as 

atherosclerosis, the underlying mechanisms remain controversial. Whether oxidative 

stress is caused by obesity itself, as consequence of obesity-related conditions or both 

has not yet been elucidated. Several pathways associated with obesity like low grade 

inflammation, a procoagulatory state or higher ROS levels with increased lipid and 

protein oxidation might all act interchangeably (Van Gaal et al., 2006). ROS have been 

shown to play a major role in the development of cardiovascular diseases as well as 

micro- and macrovascular complications of the metabolic syndrome (Folli et al., 2011; 

Hutcheson & Rocic, 2012; Lassègue & Griendling, 2010). While oxidative stress is a 

hallmark of the metabolic syndrome, several studies have attempted to dissect the 

contribution of its individual components of the increased ROS production. Increased 

oxidative stress has been observed in obese children without other components of the 

metabolic syndrome (Hutcheson & Rocic, 2012; Montero et al., 2012). Also weight loss 

in patients with metabolic syndrome has been shown to decrease ROS load, however, 

an isolated attribution of ROS to obesity or other components of the metabolic syndrome 

has not been made to date (Hutcheson & Rocic, 2012; Rector et al., 2007). 
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However, oxidative stress has been demonstrated to be a major player in the 

development of insulin resistance (Houstis et al., 2006). Increased levels of ROS 

contributed to the development of insulin resistance in an obesity mouse model which 

was inhibited by ROS scavengers (Haber et al., 2003; Hildebrandt et al., 2004; Houstis 

et al., 2006). In support, overexpression of catalase in rats preserved insulin sensitivity 

in rodents fed a high fat diet (Anderson et al., 2009). A considerable attention has come 

to ROS induced β-cell damage. Indeed, an increased sensitivity to oxidative stress and 

apoptosis has been discussed in pancreatic β-cells, while glucose-dependent insulin 

secretion itself caused oxidative stress (Fridlyand & Philipson, 2004). However, while 

most evidence suggests a correlation between ROS levels and insulin sensitivity, others 

have shown that ROS are obligatory signals for glucose-induced insulin secretion 

(Leloup et al., 2009). In addition, causal evidence for the enhancement of insulin 

signalling by ROS in vivo has also been reported (Loh et al., 2009). Nevertheless, 

mechanistic insights into the processes connecting ROS to insulin resistance and 

obesity remain incomplete.  

 

4.2.2 Types of ROS 
 

The ground-state oxygen is a paramagnetic biradical with two unpaired electrons in its 

outer electron layer, occupying separate π orbitals with parallel spins. This type of 

electronic configuration is called ‘triplet state’. In order to create a chemical bond, paired 

electrons need to have opposite spins, however, most of nonradical organic molecules 

have pairs of electrons with antiparallel spins. Three out of four electrons in this process 

will have parallel spins, meaning that only one bond with opposite spins can be 

produced. Consequently, oxygen can only accept one electron at a time during redox 

reactions. Nevertheless, this might be overcome by creating oxygen radicals. These 

radicals can potentially be harmful for the organism by leading to lipid peroxidation, 

protein denaturation and also DNA damage (Bartsch & Nair, 2006). 

Singlet oxygen (1O2) is created when a triplet state oxygen molecule absorbs enough 

energy to reverse the spin of one of its electrons. Both electrons will have opposite spins 

while being in the same orbital or separate orbitals. It is the lowest excited state of an 

oxygen molecule. Since the spin restriction is removed, the oxidizing capacity of 1O2 is 

higher compared to ground-state O2. It is far more reactive towards organic compounds. 
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Since the electrons have opposite spins, the singlet oxygen is able to create chemical 

bonds with non-radical organic molecules having pairs of electrons with opposite spins.  

Superoxide anion (O2-) is produced by reduction of triplet oxygen by an electron, 

occurring widely in nature. The electron pairs with one of the triplet oxygen’s free 

electrons in the π orbital, leading to a negative charge. It has both reductive and oxidant 

properties. The reactivity of superoxide is controversial, while some have reported 

superoxide as relatively reactive (Gülçin et al., 2010; Naqui et al., 1986), others claim it 

is not highly reactive (Nordberg & Arnér, 2001). Two major sources are responsible for 

superoxide production in biological systems: the mitochondrial respiratory chain as a by-

product of respiration and the nicotinamide adenine dinucleotide phosphate oxidase 

(NADPH oxidase) as a key player in the immune defense system. 

Hydroxyl radicals (OH-) are produced by reducing O2 with three electrons, leading to a 

bond break of the two oxygen molecules. It is a very reactive molecule with a high 

oxidative potential.  

 

4.2.3 Sources of ROS and antioxidants 
 

4.2.3.1 NADPH oxidases 
 

NADPH oxidases are transmembrane multiprotein enzyme complexes which reduce O2 

to O2- (Lambeth, 2004). NADPH oxidases were first discovered in neutrophils, where 

they are responsible for the respiratory burst. Their central part is the transmembrane 

cytochrome b558 which is composed of the catalytic subunit gp91phox, now termed 

NOX2, and the essential protein p22phox, and the regulatory subunits p40phox, 

p47phox and p67phox as well as the GTPase Rac (Babior et al., 2002; Hordijk, 2006; 

Nauseef, 2004; Segal & JONES, 1978; Vignais, 2002). Upon stimulation, the cytosolic 

subunits translocate to the membrane. p47phox is phosphorylated which leads to a 

conformational change allowing an interaction with p22phox and electron transfer from 

NADPH to extracellular O2 (Sumimoto et al., 1996). 

The electron transfer happens in a series of actions involving the C-terminal cytosolic 

flavin adenin dinucleotide (FAD) and two transmembrane hemes. First, two electrons 

are transferred from NADPH to FAD, which has a higher affinity to NADPH than NADH 

(Clark et al., 1987; Nisimoto et al., 1999). Then, one electron is transferred from FADH2 

to the iron centre of the inner heme. Since the heme can only accept one electron at a 
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time, the first electron needs to be transferred to the outer heme before FADH can 

transfer its electron. While the transfer of both electrons to the inner heme is 

energetically favourable, the transfer to the outer heme is not. Therefore, O2 must be 

bound to the outer heme in order to accept the electron (Cross & Segal, 2004; Doussière 

et al., 1996). The NOX2 gene is located on the X-chromosome (Bedard & Krause, 2007). 

In phagocytes, NOX2 is highly glycosylated whereas this is not the case in most non-

phagocytic cells (Bedard & Krause, 2007).  

NOX2 has initially been thought to be specific for phagocytic cells. However, NOX2 

expression has subsequently been identified in various other cell types including 

cardiomyocytes (Bendall et al., 2002; Krijnen et al., 2003), adipocytes (Furukawa et al., 

2017), pancreatic islet cells (Rebelato et al., 2012), endothelial cells (Buul et al., 2005; 

Gorlach et al., 2000; Petry et al., 2006), and more (Bedard & Krause, 2007). 

Over time, six additional NOX2 homologues have been discovered. NOX1, NOX3, 

NOX4 and NOX5, which is not expressed in rodents, are closer related to NOX2 than 

the dual oxidases DUOX1 and DUOX2. In addition to the structure, also the activation 

mechanisms vary between the family members.  

NOX1 was the first homologue to be discovered, which has a ~60% amino acid identity 

with NOX2 (Bánfi et al., 2003; Suh et al., 1999) and conserved FAD and heme binding 

sites (Bataller et al., 2003). The NOX1 gene is located on the X-chromosome, and 

evidence suggests a molecular mass of 55-60 kDa. NOX1 activation requires p22phox 

and is preferentially regulated by NOXO1 and NOXA1, although it can also interact with 

p47phox and p67phox (Ambasta et al., 2004; Bánfi et al., 2003). While NOX1 mRNA is 

most abundantly expressed in colon epithelium (Bánfi et al., 2003; Szanto et al., 2005), 

it is also expressed in many other cell types. Those include vascular smooth muscle 

cells (Lassègue et al., 2001), endothelial cells (Ago et al., 2005), cardiomyocytes 

(Matsuno et al., 2012), prostate (Suh et al., 1999), hepatocytes (Bertram et al., 2015) 

and many more (Bedard & Krause, 2007). 

NOX3 was discovered in 2000 shortly after NOX1 (Paffenholz et al., 2004). It has a 

~56% amino acid identity with NOX2 and the human gene is located on chromosome 6. 

While the NOX3-p22phox complex has constitutive NADPH oxidase activity, the 

presence of p47phox, p67phox or NOXA1 and Rac1 enhances the production of 

superoxide. When p47phox is replaced with NOXO1, Rac1 becomes dispensable for 

the full activation of the NOX3 complex (Miyano & Sumimoto, 2007; Ueno et al., 2005; 

Ueyama et al., 2006). The highest expression of NOX3 is found in the inner ear (Bánfi 
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et al., 2004) although low levels can also be detected in fetal tissues (Bedard & Krause, 

2007; Cheng et al., 2001; Kikuchi et al., 2000). NOX3 is involved in the biogenesis of 

otoconia/otolith, which are crystalline structures of the inner ear involved in the 

perception of gravity (Bánfi et al., 2004). 

NOX4 has first been described in the kidney and only shares ~39% amino acid identity 

with NOX2 (Geiszt et al., 2000; Shiose et al., 2001). The gene is located on chromosome 

11. Evidence suggests that NOX4 mainly produces H2O2 (Chen et al., 2008). The 

highest expression of NOX4 is found in the kidneys, although it has been detected in 

many other tissues including cardiomyocytes (Brewer et al., 2011), endothelial cells 

(Petry et al., 2006), thyroid tissue (Weyemi et al., 2010), neurons (Vallet et al., 2005), 

hepatocytes(Sancho et al., 2012), melanoma cells (Brar et al., 2002), haematopoietic 

stem cells (Piccoli et al., 2005) and more (Bedard & Krause, 2007). NOX4 is dependent 

on and stabilized by p22phox (Ambasta et al., 2004). However NOX4 does not require 

Rac nor cytosolic subunits for its activity (Martyn et al., 2006). 

NOX5 is the most recently characterized subunit and was first described in 2001 by two 

groups simultaneously (Bánfi et al., 2001; Cheng et al., 2001). It is a 85kDa protein, 

which has nearly identical FAD and heme-binding sites to NOX2 (Biberstine-Kinkade et 

al., 2001; Cheng et al., 2001). However, there are some features that distinguish NOX5 

from the other homologues. The gene is absent in rodents. NOX5 has four EF hands to 

allow Ca2+ binding which is required for enzyme activation. NOX5 is not N-glycosylated 

and does not require p22phox nor other subunits for its activation. NOX5 activation 

involves conformational changes. It is the only isoform which has been crystalized 

(Bedard et al., 2012; Magnani et al., 2017; Touyz et al., 2019). NOX5 mRNA is 

expressed in various cells including endothelial cells (BelAiba et al., 2007), smooth 

muscle cells (Jay et al., 2008), cardiomyocytes (Dworakowski et al., 2006), and others 

(Bánfi et al., 2001; Cheng et al., 2001; Salles et al., 2005). 

 

4.2.3.2 Mitochondrial ROS 
 

The electron transport chain is located in the inner membrane of the mitochondria, 

consisting of the transmembrane complexes I to IV as well as the electron transporters 

cytochrome c and ubiquinone. Energy gained through a chain of enzymatic electron 

transfers is used to pump H+ through the inner mitochondrial membrane, creating a 



 20 

gradient leading to ATP production by ATP synthase (complex V) (Junge & Nelson, 

2015). 

Complex I, also called NADH ubiquinone oxidoreductase, is composed of a flavin 

mononucleotide molecule (FMN) and an iron-sulfur (FeS) containing protein. FMN can 

accept two electrons from NADH, passing them through the intermediate of Fe-S-

clusters to ubiquinone (Q) and reducing it to ubiquinol (QH2). Ubiquinol then freely 

diffuses within the membrane. The continuous oxidation and reduction throughout the 

complex lead to a transport of four protons into the intermembrane space. Premature 

electron leakage to oxygen makes complex I a main site of ROS production (Turrens, 

2003). 

Complex II, also called succinate dehydrogenase, is composed of four subunits and 

oxidises succinate to fumarate by reducing FAD to FADH2 (Bezawork-Geleta et al., 

2017; Sun et al., 2005). Then, similar to complex I, the electrons are transferred to 

ubiquinone by the intermediate of the FeS-cluster. However, no protons are transported 

into the intermembrane space in this process. As part of the Krebs cycle, complex I 

connects metabolism and oxidative phosphorylation (Cecchini, 2003). Ubiquinone 

connects both complex I and II to complex III. It is lipid soluble and moves freely in the 

mitochondrial membrane, delivering electrons to complex III.  

Complex III, referred to as cytochrome bc1 complex, transports electrons from QH2 to 

cytochrome c. The complex is composed of a cytochrome b, 2 Fe-2S centres wrapped 

by a FeS protein and cytochrome c1 (Yang & Trumpower, 1986). There are two CoQ 

binding cites at the cytochrome b ends: one for QH2 (Q0) and one for QH- (Qi) (Gao et 

al., 2003). In a series of transfers through the different components of complex III, 

electrons are moved from QH2 to cytochrome c in a process called Q-cycle. This 

process leads to transfer of protons into the intermembrane space (Mitchell, 1976). 

Complex IV moves four electrons from four cytochrome c molecules to two O2 molecules 

creating two H2O molecules. During this process, eight protons are moved into the 

intermembrane space, enhancing the H+ gradient. The transmembrane electrochemical 

gradient of protons (Δµm), composed of an electrical (Δψm) and chemical (ΔpH) 

potential, is used by the F1F0 ATP synthase (complex V) to convert ADP and Pi to ATP 

in a process called oxidative phosphorylation (Mailloux, 2015). 

Mitochondria are considered as main cellular ROS producers (Turrens, 2003). Around 

1% of the electrons in the electron transfer chain leak under physiological conditions, 

reacting with oxygen and producing superoxide and hydrogen peroxide (Cadenas & 
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Davies, 2000). The transfer of electrons between prosthetic groups arises through a 

process called tunneling, which is influenced by the distance between the groups and 

difference in redox potential (Nicholls & Ferguson, 2002). The leakage of an electron in 

the electron transport chain is closely correlated to the same factors (Klinman, 2007). In 

mammals, 11 sites of O2- and H2O2 have been discovered (Brand, 2016). Two different 

subgroups have been recognized depending on the source of the redox potential for 

producing O2-: the NADH/NAD group and the QH2/Q group. The first one is composed 

of 4 enzymes: Complex I, generating only O2-, pyruvate dehydrogenase (PDH), 

branched-chain α-ketoacid dehydrogenase (BCKDH) and branched-chain octopine 

dehydrogenase (ODH) which all generate both O2- and H2O2 (Starkov et al., 2004). On 

the other hand, the QH2/Q isopotential group relies mostly on complex I, II, and III for 

reactive oxygen species production (Goncalves et al., 2014). 

 

4.2.3.3 Other cellular sources of ROS 
 

Next to NADPH oxidases and the mitochondria, there are numerous other cytosolic or 

cell-organelle-bound sources of ROS. The xanthine oxidase for example, is acting as 

catalyst for the oxidation of hypoxanthine and xanthine in purine metabolism, leading to 

O2- formation (Hille & Nishino, 1995). Other prominent examples are peroxisomes, 

lysosomes, lipoxygenases, cyclo-oxygenases, or nitric oxide synthases. 

 

4.2.3.4 Antioxidant systems  
 

Antioxidant systems can be classified into enzymatic and non-enzymatic ROS 

scavengers. The main enzymatic scavengers are the superoxide dismutases (SOD), 

catalase (CAT), glutathione peroxidase (GTPx) and thioredoxin (TRX). 

Superoxide dismutases are metalloproteins acting as oxidoreductases which catalyse 

the dismutation of superoxide anions O2- into oxygen O2 and hydrogen peroxide H2O2: 

2 O2- + 2 H+ ⟶ O2 + H2O2. SODs belong to a multigene enzyme family composed of 3 

different forms (Birben et al., 2012). The CuZn-SOD or SOD1 was the first one to be 

discovered and it is found in intracellular cytoplasmatic places. The Mn-SOD or SOD2 

is localized in the mitochondrial matrix while the EC-SOD or SOD3 is primarily localized 

in the extracellular matrix. Since superoxide is the most abundantly produced ROS, 
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SODs play a crucial role in the cells’ antioxidant defences (Birben et al., 2012; Mruk et 

al., 2002). 

H2O2 is a harmful by-product of many physiological processes, produced for instance 

by SODs and other oxidases like xanthine oxidase, which is then reduced to H2O by 

catalase: 2 H2O2 ⟶ O2 + 2 H2O. Catalase is a tetramer of four polypeptide chains 

located in the peroxisome. It contains four iron-containing heme groups that allow the 

enzyme to react with hydrogen peroxide (Birben et al., 2012; Fita & Rossmann, 1985). 

The glutathione peroxidase (GTPx) was discovered in red blood cells. It not only 

catalyses the reduction of hydrogen peroxide to water and oxygen, but also the 

reduction of peroxide radicals to alcohols and oxygen (Wendel, 1981). It is a family of 

tetrameric enzymes localized in the cytosolic part of the cell. Seven different GTPxs 

have been identified in rodents and humans, some of them contain cysteine, others 

selenocysteine in their active site (Birben et al., 2012). 

Non-enzymatic ROS scavengers include vitamin C, vitamin E, β-carotene and 

glutathione. 

 

4.3 ROS and obesity 
 

4.3.1 ROS and metabolic dysfunction 
 

ROS are strongly linked to obesity and, thus, metabolic syndrome. Clinical and animal 

studies consistently implicate oxidative stress as the underlying mechanism mediating 

obesity- and diabetes-related health problems (Furukawa et al., 2017). Recent data 

suggest, that oxidative stress may be an early event in the pathophysiology of these 

chronic diseases, as opposed to being a result or innocent bystander (Roberts & Sindhu, 

2009). The metabolic syndrome is a cluster of several medical conditions including 

insulin resistance, visceral obesity, hypertension and dyslipidaemia. Although it is 

generally accepted that insulin resistance is the primary pathogenic mechanism 

underlying the first level of metabolic changes in patients with metabolic syndrome, 

evidence has emerged demonstrating a close relationship between the metabolic 

syndrome, a state of chronic low level inflammation, and oxidative stress as second level 

abnormalities (Wellen & Hotamisligil, 2005).  
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Oxidative stress has been closely linked to insulin resistance. For example, H2O2 has 

been shown to induce glucose uptake in muscle and adipocytes, but also stimulates 

lipid synthesis and GLUT4 translocation in adipocytes (Bonomini et al., 2015; Higaki et 

al., 2008; May & de Haen, 1979). In animal models of obese mice, an increased H2O2 

generation by adipose tissue has been shown to precede diabetes onset and 

concomitantly decreased mRNA levels of SOD, catalase, and glutathione peroxidase 

(Bonomini et al., 2015; Furukawa et al., 2017). The implications of ROS in human insulin 

resistance have been evidenced in several human studies as well (Campia et al., 2012). 

The metabolic activity of visceral fat tissue is an important mediator of obesity-related 

disease and thus metabolic syndrome. This metabolic activity consists of systemic 

oxidative stress and inflammation. Several studies have demonstrated that increased 

visceral adiposity increases systemic oxidative stress (Bonomini et al., 2015; Fujita et 

al., 2006).  

Oxidative stress has been demonstrated to be caused by and to be a causative factor 

in the development of hypertension. Patients with hypertension have defective 

endogenous and exogenous anti-oxidant response, elevated plasma oxidative stress, 

and a dysregulated ROS production in response to various stimuli (Russo et al., 1998; 

Tse et al., 1994). Several neurohormonal systems, such as the renin-angiotensin-

aldosterone system and the sympathetic nervous system, also contribute to oxidative 

stress, inflammation, and vascular immune dysfunctions (Bonomini et al., 2015). 

Increased oxidative stress, inflammation, and autoimmune vascular dysfunction in 

hypertension are the result of increased ROS production, an exaggerated sensitivity to 

ROS, and diminished antioxidant reserve (Bonomini et al., 2015; Dhalla et al., 2000; Tse 

et al., 1994). 

Dyslipidaemia as a part of the metabolic syndrome has long been linked to insulin 

resistance as a causative factor. However, dyslipidaemias have been independently 

linked to oxidative stress. In an animal model, LDL receptor-deficient mice fed a diet rich 

in cholesterol had elevated LDL levels and oxidative stress (De Oliveira et al., 2011). In 

humans, several studies show a relationship between low HDL or high triglyceride levels 

and high oxidative stress, regardless of age, gender, or the existence of other 

components of the metabolic syndrome (Bonomini et al., 2015; Marques de Mattos et 

al., 2012; Zelzer et al., 2011). 
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4.3.2 ROS and cardiovascular disease 
 
Atherosclerosis is a common precursor of cardiovascular diseases and is associated 

with endothelial dysfunction, excessive vascular inflammation, subendothelial 

lipoprotein retention and vascular remodelling. Several sources of ROS like NADPH 

oxidases and mitochondria as well as ROS-scavenging systems have been intensively 

investigated in the development of atherosclerosis.  

The role of different NADPH oxidase isoforms in the development of atherosclerosis 

remains controversial. Animal models have shown that NOX1 deficient ApoE-/- mice 

were protected against hyperlipidaemia and vascular remodelling after high fat diet and 

even western diet (Forrester et al., 2018; Sobey et al., 2015). Similar results have been 

shown for NOX2 (Forrester et al., 2018; Judkins et al., 2010). Also NOX2 has been 

suggested to regulate oxLDL plasma levels (Cominacini et al., 2000). Recent data 

suggest that NOX4 can both act protective with regard to the development of 

atherosclerosis, as well as having a promoting effect. Some studies have shown that 

NOX4 promotes plaque instability and progression, while others showed a protective 

effect on plaque formation (Forrester et al., 2018).  

Mitochondrial ROS production plays a significant role in atherosclerotic lesion 

pathogenesis. It has been shown to cause lesion progression and vascular 

complications in various human and animal studies (Forrester et al., 2018). However, 

the exact roles of the various ROS producing compounds in mitochondria still need 

further elucidation. 

Similar to ROS production inhibition, ROS scavenging has been shown to protect 

against lesion development (Forrester et al., 2018).  

Despite the amount of data demonstrating that reactive oxygen species have a causal 

role in atherosclerosis, mechanistic information on metabolic control and its function in 

ROS signaling are unclear. 
 
 
 
 
 
 



 25 

4.4 Other stress pathways associated with obesity 
 

4.4.1 ER stress and the UPR 
 

The endoplasmic reticulum is the compartment through which secreted proteins must 

pass in order to reach their target (Palade, 1956). Proteins undergo a quality control 

which will lead either towards degradation in case of bad conformation, or to secretion 

to the Golgi body (Ellgaard & Helenius, 2003). The accumulation of unfolded proteins in 

the lumen of the endoplasmic reticulum leads to a process called unfolded protein 

response (UPR), which is started by the activation of three transmembrane proteins in 

the endoplasmic reticulum: PERK (PKR-like ER protein kinase), ATF6 (activating 

transcription factor 6) and IRE-1 (inositol requiring enzyme 1), and aims to increase the 

folding, maturing and degradation capacity of the endoplasmic reticulum. The UPR is a 

physiological response that plays a major role in cells with high secretory capacity like 

plasma cells or β-cells of the pancreas, but also in many stress responses like fat 

overload. Alterations in its quality or in its intensity are at the origin of many human 

pathologies such as certain types of diabetes or neurodegenerative diseases (Papa, 

2012; Scheper & Hoozemans, 2015). 

The purpose of the UPR response is to: (1) slow down overall protein synthesis to 

prevent the entry of other proteins into the ER lumen; (2) synthesize new chaperones to 

stimulate the folding process; (3) lead to the degradation of bad folded proteins; (4) 

trigger apoptosis if the previous processes fail (Hetz et al., 2020). 

The translational response, via the PERK pathway activation is the first one that 

implements. It slows down the protein synthesis, by translation inhibition through PERK 

dimerization and autophosphorylation, to avoid additional influx of proteins in the ER. 

The protein thus activated phosphorylates the α-subunit of translation initiation factor 

eiF-2 (eukaryotic translation initiation factor 2) on the residue Ser51 preventing the 

formation of the pre-initiation complex translation and therefore the interaction of 

mRNAs with the 40S ribosome subunit (Harding et al., 1999). While mRNA translation 

is stopped for most of the proteins, ATF4 (activating transcription factor 4) protein 

synthesis is increased (Harding et al., 2000). AFT4 is involved in the activation of the 

apoptotic pathway by inducing the expression of the protein CHOP (CEBP homologous 

protein). 
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Next to the translational response, there also is a transcriptional response to stress of 

the ER activating a set of genes coding for chaperones as well as for other factors 

involved in protein degradation. This response is conveyed by the ATF6 and IRE1 

proteins. During ER stress, the dissociation of BiP / GRP78 from ATF6 causes the latter 

to migrate from the ER to the Golgi where it undergoes double proteolytic cleavage by 

the proteases S1P and S2P (Ye et al., 2000). The amino-terminal domain of ATF6 then 

migrates to the nucleus to bind on ERSE sequences (ER stress response element). 

These sequences are present in the promoters of genes coding for major proteins in the 

endoplasmic reticulum such as the chaperones BiP / GRP78 and GRP94 (glucose 

regulated protein 78 and 94) which play a major role in protein folding, and protein 

disulfide isomerase (PDI) which catalyses the formation of disulfide bridges (Yoshida et 

al., 1998; Zhu & Lee, 2015). Activation of ATF6 thus increases the folding capacities of 

proteins in the ER. The dissociation of BiP / GRP78 causes oligomerization and 

induction of kinase activity of IRE1. The activated IRE1 leads to splicing of a transcription 

factor called XBP-1 (X-box binding protein 1) mRNA, making its translation possible. 

The XBP-1 then binds to ERSE sequences of promoters of targets of the UPR response. 

XBP-1 mainly activates the transcription of genes encoding the enzymes involved in the 

ERAD (endoplasmic-reticulum-associated protein) degradation pathway (Lee et al., 

2003). 

If all efforts to eliminate the excess unfolded proteins from the cell fail, the UPR leads to 

apoptosis, induced by the ER via three mechanisms. One of them involves CHOP  

which, by inhibiting the expression of Bcl2, promotes apoptosis of the cell (Szegezdi et 

al., 2006). The second involves the proapoptotic proteins Bak and Bax which undergo 

a conformational change during ER stress leading to an efflux of Ca2+ in the cytosol 

which activates the Ca2+-dependent protease m-calpain which in turn cleaves and 

activates procaspase 12. Caspase 12 induces an activation cascade of the caspase 

pathway leading to apoptosis via the effector caspases 3 and 7 (Szegezdi et al., 2003; 

Szegezdi et al., 2006). Finally, IRE-1, by forming a heterotrimeric complex with TRAF-2 

and ASK-1 (apoptosis signal regulating kinase 1), activates c-Jun kinase (JNK) resulting 

in apoptosis (Chen & Brandizzi, 2013; Szegezdi et al., 2006). 

While it has been shown that the UPR plays a major role in the development of dietary 

induced insulin resistance by mediating pancreatic β-cell apoptosis, it also plays an 

important role in insulin sensitive peripheral tissues like adipose tissue or skeletal 

muscle, thus having a pivotal role in the development of diabetes mellitus type II (DMII) 
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(Boden et al., 2008; Samuel & Shulman, 2012; Schenk et al., 2008; Song et al., 2008). 

ER-stress has also been shown to be either a cause or a consequence of cardiovascular 

diseases (Ren et al., 2021). 

 

4.4.2 Apoptosis 
 

Apoptosis is a form of programmed cell death which is triggered by different forms of 

cellular stress by ROS, hypoxia, lack of nutrients or accumulation of unfolded proteins 

to name a few. A highly regulated cascade of molecular events leads to apoptosis which 

is initiated by either the intrinsic or extrinsic pathway. Both pathways, by different 

signalling cascades, lead to an activation of initiator caspases, finally activating the 

executioner caspases (caspase 3 and caspase 7), which degrade the cells’ proteins. 

Caspases are cysteine proteases that specifically hydrolyse their substrate at the C-

terminus of an aspartate residue. They are translated as inactive pro-caspases, which 

need to undergo a pro-domain cleavage for their activation.  

The extrinsic pathway is triggered by a signal outside the cell, involving transmembrane 

receptor-mediated interactions. Signalling proteins bind to so-called death receptors, 

members of the tumor necrosis factor (TNF) receptor gene superfamily, on the cell 

surface of the target protein (Locksley et al., 2001). They have an extracellular death 

domain, which transmits the death signal from outside to inside the cell. FasL/FasR, 

TNF-α/TNFR1 or Apo3L/DR3 are some examples of death domains (Ashkenazi & Dixit, 

1998). For instance, the activation of FasR by its ligand leads to oligomerization and 

recruitment of a complex called DISC (Death-Inducing Signalling Complex) which is 

composed of the adapter molecules FADD (Fas Associated Death Domain) and the 

initiator procaspases 8 and 10. FADD binds via its own death domain (DD) to the DDs 

of Fas receptors by homotypic electrostatic bonds. After death domain (DD) 

aggregation, the receptor complex is internalized via the cellular endosomal machinery, 

allowing the adaptor molecule FADD to bind the death domain of Fas through its own 

death domain (Huang et al., 1996). FADD also contains a death effector domain (DED) 

which, through hydrophobic homotypic bonds, allows the recruitment of initiating 

caspases. The formation of this complex leads to the autocatalytic activation of caspase 

8 which is then released into the cytosol in an active dimeric form (Kischkel et al., 1995). 

This allows the sequential activation of effector caspases, including caspase 3. The 
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initiator caspase 8 can activate the intrinsic pathway via the cleavage of the Bid protein 

and thus amplify the apoptotic signal. 

As opposed to the extrinsic pathway, the intrinsic pathway of apoptosis is usually 

induced by signals internal to the cell involving non-receptor-mediated stimuli. The 

activation of this pathway relies mainly on the formation of permeability transition pores 

in the mitochondrial membrane by the opening of the PTPC (Permeability Transition 

Pore Complex), a multiprotein complex at the mitochondrial inner membrane. These 

pores are oligo-protein channels formed at the level of the outer membrane by the 

Voltage Dependent Anion Channel (VDAC) and on the inner membrane by the Adenine 

Nucleotide Translocator (ANT). This activation phase is accompanied by a decrease in 

the mitochondrial transmembrane potential, followed by the swelling of the mitochondrial 

matrix and an interruption in aerobic energy metabolism and oxidative stress. According 

to the models, there is rupture or opening of the mitochondria, releasing two groups of 

pro-apoptotic proteins in the cytosol (Saelens et al., 2004). Cytochrome c, 

Smac/DIABLO, and the serine protease HtrA2/Omi belong to the first group, activating 

the caspase-dependent pathway by interaction with Apaf-1 and caspase 9 to form a 

complex called apoptosome (Du et al., 2000; Hill et al., 2004). The second group 

consists of AIF, endonuclease G and CAD mainly causing DNA fragmentation (Joza et 

al., 2001). The regulation of this process is described to be under the control of complex 

and dynamic interactions between the pro- and anti-apoptotic members of the Bcl-2 

family (Cory & Adams, 2002). The anti-apoptotic members (Bcl-2, Bcl-xL, Mcl-1) form 

heterodimers with the pro-apoptotic members Bax and Bak, counteract their activity and 

allow the stability of the mitochondria. When the mitochondria are activated, for example 

during an activation of FasR and through Bid, the latter interacts and directly activates 

Bax and Bak. This induces the loss of interaction between Bax, Bak and the anti-

apoptotic members of the Bcl-2 family, their oligomerization, the formation of pores and 

the release of mitochondrial proteins. Once they have become cytosolic, mitochondrial 

pro-apoptotic factors will have specific targets and effects. However, most mechanisms 

have not been completely elucidated and still need further investigation (Adams & Cory, 

1998; Chipuk et al., 2010; Reed, 1998). 

Both the intrinsic and extrinsic pathway end in the execution pathway, led by the 

activation of effector caspases 3, 6 and 7. Caspase 3, the most important one is 

activated by initiator caspases and activates the endonuclease CAD. CAD then leads to 
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DNA fragmentation and chromatin condensation. Caspase 3 is also responsible for 

reorganization of the cell into apoptotic bodies (Porter & Jänicke, 1999). 

 

4.4.3 Inflammation 
 

It has been established that adipose tissue not only plays a role as storage, but also has 

an endocrine function by secreting adipokines (Ronti et al., 2006). These are cytokines 

produced by the adipose tissue like leptin, adiponectin, interleukin-6, TNF-α or 

plasminogen activator inhibitor 1 (PAI-1). Adipokines have emerged as crucial mediators 

in the development of cardiovascular diseases (Lau et al., 2017). A disruption of the 

physiological balance between anti- and pro-inflammatory adipokines in favour of the 

latter, is a hallmark of a disrupted adipose tissue metabolism (Nakamura et al., 2014). 

In caloric restriction anti-inflammatory adipokines increase in comparison to pro-

inflammatory ones, while in caloric excess and adipocyte expansion, pro-inflammatory 

adipokines take the lead. Adiponectin is probably the best known and most abundant 

anti-inflammatory adipokine in human serum. It has been shown to reduce inflammatory 

processes by blocking NF-κB activation and negatively regulating macrophage function 

(Yamaguchi et al., 2005; Yokota et al., 2000). Pro-inflammatory adipokines like leptin or 

resistin can enhance the production of several pro-inflammatory cytokines like TNF-α, 

IL-6, IL-12 or IL-18 (Loffreda et al., 1998). They are also associated with increased 

cardiovascular risk and atherosclerosis (Drolet et al., 2008; Hasan-Ali et al., 2011). 

Additionally, an increased production of adipokines leads to an excess of unfolded 

proteins potentially leading to endoplasmic reticulum stress activating the unfolded 

protein response (Zha & Zhou, 2012). 

It has been well accepted that obesity causes low grade inflammation not only by its 

cytokine activity, but also through a cellular component. Hypercaloric food intake leads 

to adipose tissue hyperplasia as well as hypertrophy (Spalding et al., 2008). This may 

lead to decreased vascularization subsequently leading to local hypoxia, which in turn 

promotes adipocyte apoptosis as well as macrophage recruitment (Chinetti-Gbaguidi & 

Staels, 2011; Pasarica et al., 2009). In line, studies have shown an accumulation of 

macrophages in adipose tissue around apoptotic adipocytes, forming stereotypic crown-

like structures (Cinti et al., 2005; Lee, 2013). While macrophage recruitment has been 

associated with increased levels of MCP-1, they secrete various cytokines like TNF- α 

which are known to promote insulin resistance (Kanda et al., 2006). In both, insulin 
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resistance and obesity, the most prominent inflammation pathway comprising nuclear 

factor-κB (NF-κB) is activated, confirming the link between inflammation, obesity and 

diet induced insulin resistance (Juhan-Vague et al., 2003; Zeyda & Stulnig, 2009). 

All in all, low grade inflammation caused by an excess fat storage has been associates 

with cardiovascular diseases (Ruiz-Núñez et al., 2016). However, considering the large 

number of adipokines, it is difficult to disentangle the exact pathogenetic mechanisms 

of low grade inflammation in cardiovascular disease. 

In addition to a proinflammatory state, obesity is known to entail abnormalities in 

coagulation and fibrinolysis (De Pergola & Pannacciulli, 2002). There is a clear 

association between an elevated BMI and prothrombotic factors as well as impaired 

fibrinolysis, suggesting that obesity as a risk factor for cardiovascular diseases might be 

mediated in part by a prothrombotic state (Rosito et al., 2004). Several studies have 

highlighted the involvement of plasminogen activator inhibitor 1 (PAI-1) in this 

prothrombotic state (Landin et al., 1990; Loskutoff & Samad, 1998). An impaired 

fibrinolytic function, assessed by increased PAI-1 levels has been linked to elevated 

cardiovascular risk (Ridker et al., 1993). While obesity is part of the metabolic syndrome, 

insulin resistance might be a common pathway which could partly explain increased 

levels of thrombotic factors (Juhan-Vague et al., 1993). However, the low-grade 

inflammation is also associated with increased levels of PAI-1 as well as of other 

cytokines, supporting the theory that low grade inflammation also plays a role in the 

hypercoagulatory state of obesity.  
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5 Aims 
 

Diet-induced obesity is a major thread to health in the Western world resulting in type 2 

diabetes mellitus (T2DM), a proinflammatory state and diverse alterations of major 

organ functions including the cardiovascular system. Increased levels of reactive oxygen 

species (ROS), commonly termed oxidative stress, have been associated with obesity. 

Thus, ROS have been suggested to account for various obesity-induced organ 

dysfunctions although the exact underlying pathways have not been well elucidated. 

The aim of this project is to evaluate the role of ROS-generating NADPH oxidases in the 

cardiovascular response to high fat diet induced obesity in vitro and in vivo.  

Specifically, the following questions are addressed: 

Which are the major sources of ROS in cardiomyocytes in response to the fatty acid 

palmitate? 

Do NADPH oxidases affect the cardiovascular response to high fat diet? 

Which molecular stress pathways are involved in the cardiovascular response to high 

fat diet and are they connected to NADPH oxidase activation? 

Are cardiac miRNA profiles affected by a high fat diet? 

Are cardiac miRNA profiles regulated by NADPH oxidases? 
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6 Materials and methods 
 

6.1 Materials 
 

6.1.1 Equipment 
 

Item Product name Company 
Analytical balance  Sartorius 

Autoclave KSG-116-2-ED KSG KSG 

Bunsen burner Vulcan Heraeus 

Centrifuge 1 Biofuge fresco Heraeus 

Centrifuge 2 Biofuge stratos Heraeus 

Centrifuge 3 Megafuge 1. OR Heraeus 

Deep-freezer (-80°C) 1 Hera freeze Heraeus 

Deep-freezer (-80°C) 2   

Fluorescence microscope 

Fluorescence microscope 

Fluorescence microscope 

Fluorescence microscope 

IX50 

Hg-Lamp U-RFL-T 

Camera Controller 

Orbit 

Olympus 

Olympus 

Hamamatsu 

Improvision 

Liquid-N2-Dewar Locator 6 Plus Thermolyne 

Electron paramagnetic 

resonance 

E-scan Noxygen 

Fridge (-20°C)  Liebherr 

Heating plate CM1850 Leica 

Incubator 1  Heraeus 

Incubator 2  WTC Binder 

Isopropanol freezing box  Thermofisher 

Magnetic stirrer + heater MR33001  Heidolph 

Microscope HAL 100 Zeiss 

Mini-table-top-centrifuge Capsulefuge PMC-060 TOMY 

Multifunction microplate reader Tecan Safire Tecan 

pH Meter pH 540 GLPU- GLP WTW 
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Shaker Duomax 1030 IKA-Shaker 

MTS2 

Heidolph 

Thermocycler Rotor-Gene 6000 Corbett 

Water bath Reax top  Heidolph 

 
6.1.2 Chemicals 
 

Compound  Company 
Amidoblack  Roth 

Bovine serum albumin (BSA) 

1-hydroxy-methoxycarbonyl-

2,2,5,5-tetramethyl-pyrrolidine 

hydrochloride (CMH) 

 Sigma 

Noxygen 

Coumaric acid 

CYBR green qPCR mix 

 Sigma 

Thermofisher 

4’,6-diamidine-2-phenylindol 

(DAPI) 

 Invitrogen 

Desferroxamine (DES)  Merck 

Diethyldithiocarbamate (DETC)  Merck 

Dihydroethidium (DHE)  Sigma 

Dimethylsulfoxide (DMSO)  Roth 

Ethanol  Merck 

Ethidium bromide  Roth 

Ethylene diamine tetraacetic 

acid (EDTA) 

 Roth 

Formaldehyde 37%  Merck 

Glycerol  Roth 

Glycine  Roth 

Hydrochloric acid 

HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) 

 JT Baker 

Merck 

Isopropanol  JT Baker 

Luminol  Sigma 

Lucigenin  Sigma 
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β –Mercaptoethanol  Roth 

Methanol  Merck 

Non-fat dry milk powder 

Nitrocellulose membrane 

Nitrocellulose membrane 

 Merck 

BioRad 

Fisher Scientific 

PBS tablets  Gibco 

PBS   

Protease inhibitor mix  Calbiochem 

Ponceau S  Sigma 

Rotiphorese Gel  Roth 

SDS ultra pure  Roth 

Sodium chloride 

Sodium-Palmitate 

 Roth 

Sigma 

N,N,N’,N’-Tetramethylethane-

1,2-diamine (TEMED) 

  

Roth 

TBS  Sigma 

Triton X-100  Sigma 

Tris  Roth 

Tween 20   

 
6.1.3 Plastic ware 
 

Item  Company 
Pipette tips (2, 5, 10, 25, 50 ml)  Sarstedt 

Pipette filter tips (10,200, 1000 

ul) 

 Sarstedt 

Cell culture flasks (T75)  Greiner 

Cell culture dish (6, 10 cm)  Sarstedt 

Cell culture plates (6-, 12-, 96-

well) 

 Greiner 

Combi-tips  Sarstedt 

Cryovials  Greiner 

Falcon tubes (15 and 50 ml)  Sarstedt 

Test tubes (1,5 and 2 ml)  Eppendorf 
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8-well plate  Ibidi 

 
6.1.4 Primary antibodies 
 

Antibody Company Dilution 
α-SMA Agilent 1:200 (IHC) 

ATF4 Abcam 1:1000 

ATF6 Cell Signaling 1:1000 

β-actin Santa Cruz 1:1000 

BiP Cell Signaling  

Caspase 3 Cell Signaling 1:1000 

Caspase 7 Cell Signaling 1:1000 

Caspase 12 Cell Signaling 1:1000 

HIF1α Cell Signaling 1:500 

NOX1 Eurogentec 1:1000 

NOX2 Upstate 1:1000 

NOX4 Abcam 1:1000 

p22phox Abcam 1:500 

p-eIF2α Cell Signaling 1:1000 

4-HNE Abcam 1:1000 

8-OHdG Abcam 1:200 (IHC) 

 
6.1.5 Secondary antibodies 
 

Antibody Company Dilution 
Goat anti mouse HRP 

conjugated 

Calbiochem 1:10000 in 5% 

milk/TBST 

Goat anti rabbit HRP conjugated Calbiochem 1:10000 in 5% 

milk/TBST 

Rabbit anti goat HRP conjugated Calbiochem 1:10000 in 5% 

milk/TBST 

Mouse IgG Alexa Fluor 488 Invitrogen 1:200 

Mouse IgG Alexa Fluor 594 Invitrogen 1:200 

Rabbit IgG Alexa Fluor 488 Invitrogen 1:200 
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Rabbit IgG Alexa Fluor 594 Invitrogen 1:200 

Goat IgG Alexa Fluor 488 Invitrogen 1:200 

Goat IgG Alexa Fluor 594 Invitrogen 1:200 

 
6.1.6 Cell culture media and additives 
 

Item Company  
DMEM medium Gibco  

Epidermal growth factor 1 (EGF 

1) 

Invitrogen  

Fetal calf serum (FCS) Pan Biotech  

HBSS Gibco  

Hydrocortisone Sigma  

MCDB 131-Medium Gibco  

L-arginine Gibco  

L-glutamine PAA  

Penicillin/streptomycin Gibco  

Phosphate buffered saline (PBS) PAA  

Trypsin-EDTA 

2,3-Butanedione monoxime 

(BDM) 

Gibco 

Sigma 

 

 
6.1.7 Kits 
 

Item Company  
Qiagen RNeasy Mini Kit Qiagen  

Qiagen Plasmid Maxi Kit Qiagen  

SuperScriptTMIII Reverse 

Transcriptase 

Invitrogen  

Expand High FidelityPLUS PCR 

System 

Roche  

PhusionTM High-Fidelity DNA 

Polymerase 

NewEngland Biolabs  
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6.2 Methods 
 

6.2.1 Animals 
 

All mice were of genetic C57BL/ 6j background. Mice carrying a single point mutation in 

exon 5 of the Cyba gene (nmf333 mice), leading to the substitution of a tyrosine residue 

to histidine were originally obtained from Jackson Laboratories, Bar Harbor, MN (A.B6 

Tyr+- Cybanmf333/J). As previously described, while the p22phox protein is lost, mRNA 

levels are preserved (Petry et al., 2018). In all experiments, littermates from the same 

breeding pair were used as controls.  

 

6.2.2 Animal model 
 

At an age of 5-6 weeks, both wild type and nmf333 mice were divided into two groups. 

The first group was fed a normal chow diet (NFD), whereas the second group was fed 

a high fat diet (HFD) (reference E15741-34; ssniff Spezialdiäten, GmbH, Soest, 

Germany) for 20 weeks, where 60% of caloric intake came from fat. The high fat diet 

was constituted of 24.4% crude protein, 34.6% crude fat, 60% crude fibre, 5.5% crude 

ash, 0.1% starch, 9.4% sugar. All animal experiments were approved by the Regierung 

von Oberbayern (AZ 55.2.1.54-2532.94.2013). 

 

6.2.3 Isolation of cardiomyocytes 
 

Isolation of cardiomyocytes was performed as described (Kračun et al., 2020). In short, 

isolated murine hearts were washed and perfused with EDTA buffer (130 mM NaCl, 

5 mM KCl, 0.5 mM NaH2PO4, 10 mM HEPES, 10 mM glucose, 10 mM BDM, 10 mM 

taurine, and 5 mM EDTA) and then with perfusion buffer (130 mM NaCl, 5 mM KCl, 

0.5 mM NaH2PO4, 10 mM HEPES, 10 mM glucose, 10 mM BDM, 10 mM taurine, and 

1 mM MgCl2). The hearts were then digested with collagenase buffer (0.5 mg/ml 

collagenase 2, 0.5 mg/ml collagenase 4, and 0.05 mg/ml protease XIV). After the 

digestion, additional enzymatic reactions were stopped by adding perfusion buffer 

containing 5% FCS to the suspension. In a next step, undigested tissue was removed 

by passing the suspension through a 100 µm pore-size strainer. After sequential gravity 

settlement, myocytes were cultivated in DMEM medium supplemented with 10% FCS, 



 38 

100 U/ml penicillin, 100 μg/ml streptomycin and 2,3-butanedione monoxime to prevent 

myocyte contractions. 

 

6.2.4 Hemodynamic measurements 
 

Hemodynamic measurements were performed as previously described (Kračun et al., 

2020). In short, mice were anesthetized by isoflurane and the chest was shaved. 

Buprenorphine was administered for analgesia. Left (LVP) and right (RVP) ventricular 

systolic and diastolic pressure was determined hemodynamically by left transthoracic 

puncture. The measurements were performed with a 24G needle connected to a 

pressure amplifier (Isotec, Harvard Apparatus via Hugo Sachs Elektronik, March-

Hugstetten) and recorded using HSE-HA HAEMODYN W software (Harvard Apparatus) 

for hemodynamic studies.  

 

6.2.5 Echocardiography 
 

Echocardiography was performed with a Vivid S6 Ultrasound System (General Electrics) 

and a 12i linear array transducer (12 MHz) as previously described (Kračun et al., 2020). 

Mice were anesthetized with an intraperitoneal injection of midazolam (4 mg/kg). The 

chest hair was shaved prior to measurement. Left ventricular end diastolic (LVEDD) and 

end systolic (LVESD) diameters and wall thicknesses were obtained from two-

dimensional M-mode measurements in short axis view obtained from 3 separate cardiac 

cycles and then averaged. Left ventricular fractional shortening was derived using the 

equation FS = ((LVEDD-LVESD)/LVEDD)x100. Left ventricular ejection fraction was 

calculated using the Teichholz formula: EF (%) = 100 x (LVEDV – LVESV)/ LVEDV, with 

LVEDV = (7 x LVEDD3)/(2.4 + LVEDD) and LVESV = (7 x LVESD3)/(2.4 + LVESD). 
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Figure A. Representative echocardiography 2D images. (A) Parasternal short axis view showing the 

left ventricular cavity (LV), the left ventricular anterior (AW) and posterior (PW) walls, the intraventricular 

septal wall (SW), and lateral wall (LW). (B) M-mode tracing with arrows indicating left ventricular end 

diastolic diameter (LVEDD), left ventricular end systolic diameter (LVESD), diastolic left ventricular 
posterior wall thickness (LVPWd), systolic left ventricular posterior wall thickness (LVPWs), diastolic 

intraventricular septum thickness (IVSd) and systolic intraventricular septum thickness (IVSs). 
 

6.2.6 Cell culture 
 

H9C2 cells were obtained from Prof. Moretti, Klinikum Rechts der Isar. They were 

maintained and grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% fetal calf serum (FCS), 100 U/ml penicillin and 100 μg/ml streptomycin. H9C2 

cells are an immortalized myoblasts cell line derived from embryonic BDIX rat heart 

tissue (Kimes & Brandt, 1976). Experiments were performed with cells cultured in 

DMEM medium supplemented with 1% FCS. Cells were exposed to sodium-palmitate 

in different concentrations as indicated. H9C2 cells were maintained at 37 °C under the 

humidified atmosphere of 5% CO2. Cells were placed in basal DMEM with 1% FCS 

without additives 16 h prior to stimulation. 

 

6.2.7 Gene silencing 
 

For gene silencing, H9C2 cells were transfected with short interfering RNAs (siRNA) as 

has been previously described (Kračun et al., 2020). In short, siRNA targeting p22phox 
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(SI03078523) was purchased from Qiagen. Negative control siRNA (5′-

GACUACUGGUCGUUGAAGUdTdT-3′) was synthesized by Eurogentec. 

 

6.2.8 Fatty acid stimulation 
 

Sodium-palmitate (Sigma) was dissolved in 50% ethanol while stirring at 60oC to get a 

200 mM sodium palmitate solution. It was then diluted 1:10 with a 20% bovine serum 

albumin in PBS solution of (20 mM).  

 

6.2.9 Detection of hydrogen peroxide by Amplex Red assay 
 

To detect the generation of hydrogen peroxide, a modified Amplex Red assay (Thermo 

Fisher) was used, as previously described (Kračun et al., 2020). In short, H9C2 cells 

grown on 96-well plates were incubated with 50 μM Amplex Red and 0.2 units/ml 

horseradish peroxidase for 15 min, followed by measurement of the H2O2-dependent 

oxidation of  Amplex Red by fluorescence (excitation = 550 nm, emission = 590 nm) 

using a multiplate fluorescence reader (Tecan). 

 

6.2.10 Wheat germ agglutinin staining 
 

Hearts were fixed in a 10% formalin solution for 48 h, embedded in paraffin (FFPE) and 

sectioned at 2.5 µm thickness. To assess cardiomyocyte size in the right (RV) and left 

(LV) ventricle, FFPE cardiac tissue sections were stained with rhodamine-coupled 

wheat germ agglutinin (WGA; Biozol) to mark cell boundaries. For each heart, the cross 

sectional area of 15 longitudinally oriented cardiomyocytes, were measured in four high 

power fields with 40x magnification using a fluorescence microscope (OLYMPUS) and 

analysed with cellSens Dimension imaging software (OLYMPUS). 

 

6.2.11 Immunohistochemistry 
 

Lungs and hearts were fixed in a 10% formalin solution for 48 h, embedded in paraffin 

(FFPE) and sectioned at 2.5 µm thickness. Heat-induced antigen retrieval was 

performed at pH 8.0 for 20 min. Sections were blocked in 3% BSA in PBS to block non-

specific sites. The sections were incubated with the primary antibody at a dilution factor 
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of 1:1000 overnight at 4.0°C. A mouse α-smooth-muscle actin antibody (α–SMA, 

Agilent) was used to detect α–SMA actin-positive vessels in lung tissue and a mouse-

monoclonal 8-hydroxy-2-deoxyguanosine (8OhdG) antibody (Abcam) was used to 

assess high fat diet induced left ventricular oxidative DNA damage. Secondary goat anti-

rabbit antibody conjugated with Alexa Fluor 488 (Invitrogen) was applied for 2 h at room 

temperature in a dark chamber. Sections were counterstained with 4’,6-Diamidino-2-

phenylindole (DAPI, 1:10000, Enzo) for 5 min, mounted with anti-fade mounting medium 

(DAKO) and measured using a fluorescence microscope (OLYMPUS) and analysed 

with cellSens Dimension imaging software (OLYMPUS). In each lung, α–SMA-positive 

vessels of four high power fields in 10x magnification were counted (<30 µm). For 

quantification of 8-dOHG staining, 40-60 nuclei were circled per sample and grey value 

intensity (GVI) per nucleus was measured using cellSens Dimension imaging software 

(OLYMPUS). 

 

6.2.12 Quantitative real-time PCR analysis 
 

RNA was extracted as previously described (Chalupsky et al., 2015). cDNA was 

synthesized using SuperScript III RT (Invitrogen), according to the manufacturer’s 

instructions. Real-time PCR analysis was performed using Perfecta CYBR Green 

FastMix (VWR) in a Rotor-Gene 6000 System (Corbett Life Science), normalized with 

β-actin. Quantification was performed using REST analysis software based on ∆CT 

calculation. Polymerase chain reaction (PCR) was performed with the following primers: 

spXBP1 5′-TGA GTC CGC AGC AGG TG-3′ (sense), (antisense); β-MHC 5′- CTA CAG 

GCC TGG GCT TAC CT -3′ (sense), 5′-TCT CCT TCT AGA CTT CCG-3′ (antisense); 

Hand2 5′-GGC TCC GTT CTG AGG ACT TC-3′ (sense), 5′-CTT ACC ACA CGG GAG 

TGT CC-3′ (antisense); CDK9 5′-AGA GAC ATT CCT GGA CGC AG-3′ (sense), 5′-AGT 

GTC CTG GCT GAC CAA AC-3′ (antisense); Bcl-2 5’-GAA CTG GGG GAG GAT TGT 

GG-3’ (sense), 5’-GCA TGC TGG GGC CAT ATA GT-3’ (antisense); EDN1 5’-TGT GTC 

TAC TTC TGC CAC CT-3’ (sense), 5’-CCC TGA GTT CTT TTC CTG CTT-3’ 

(antisense); β-actin 5′-CTA AGG CCA ACC GTG AAA AG-3′ (sense), 5′-ACA GCC TGG 

ATG GCT ACG-3′ (antisense).  
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6.2.13 Western blot analysis 
 

Western blot analysis was performed using standard procedures as previously 

described (Kračun et al., 2014). LV tissue was homogenized in Cell Lysis Buffer (Cell 

Signaling). Prior to use, Complete MiniTM protease inhibitor (Roche) and Na3VO4 were 

added to the buffer. Extracted protein was fractionated using 8-12% TRIS-gels and 

transferred to a nitrocellulose transfer membrane. The membrane was blocked for 2 h 

in TBS containing 5% non-dry milk and 0.3% Tween20. Membranes were incubated 

overnight at 4oC using antibodies against Nox2 (Upstate), Nox1, p-eIF2α, BiP, caspase 

12 (All Cell Signaling), 4-HNE, Nox4, p22phox, ATF6, ATF4, HIF1α (All Abcam) and b-

actin (Santa Cruz). Horseradish peroxidase-conjugated goat anti-rabbit, mouse anti-

goat or rabbit anti-mouse immunoglobulin G (1:10000 in 5% milk of 5% BSA) were used 

as secondary antibodies. Luminol-enhanced chemiluminescence was performed for 

protein visualization. Densitometric analyses for quantification of the western blots were 

performed using ImageJ software. 

 

6.2.14 Superoxide anion radical measurements by electron paramagnetic 
resonance 
 

Electron paramagnetic resonance (EPR) measurements were performed to determine 

superoxide production in isolated adult cardiomyocytes and H9C2 cells (electron 

paramagnetic resonance, Escan; Noxygen, Elzach, Germany). EPR was connected to 

a gas mixing unit to allow adjustment of oxygen concentrations in the measuring cuvette 

as previously described. Isolated adult cardiomyocytes and H9C2 cells were washed 

with PBS and harvested in Krebs-Hepes buffer pH 7.35 (KHB: 99 mM NaCl, 4.69 mM 

KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 25 mM NaHCO3, 1.03 mM KH2PO4, 5.6 mM 

glucose, 20 mM Na-HEPES), supplemented with 5 µM diethyldithiocarbamate (DETC), 

25 µM desferroxamine (DES), and 100 µM superoxide-specific spin probe 1-hydroxy-

methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine hydrochloride (CMH; Noxygen). Cell 

suspensions were placed in a glass capillary and spectra were recorded inside the 

temperature-controlled (37oC) electron paramagnetic resonance spectrometer. 

Superoxide production rate was calculated by using linear regression and normalized to 

protein content.  
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6.2.15 Small RNA sequencing  
 

Total RNA from the left ventricle was isolated using the peqGOLD Total RNA Kit (VWR). 

Library was created using the NEBNext Small RNA library kit for Illumina. Sequencing 

was performed using an Illumina miniSeq (Illumina) with default settings. Cleaning, 

trimming, size selection and mapping was performed using the Chimira web tool for 

small RNA sequencing data (Vitsios & Enright, 2015) using default settings. Due to low 

total library size one sample was removed from each group. The remaining counts were 

uploaded to the Galaxy web platform using the public server UseGalaxy Europe 

(UseGalaxy.eu) for differential expression analysis (Jalili et al., 2020). For DE analysis 

the EdgeR method was used with the Galaxy Version 3.24.1 (Liu et al., 2015; Robinson 

et al., 2010). Trimmed mean of M values (TMM) was the method used to normalize 

library sizes, eBayes was used with robust settings. Differentially expressed miRNAs 

with a p-value <0.05 were considered as significant and further analysed. Principal 

component analysis and heatmaps were generated using the integrated Differential 

Expression and Pathway analysis (iDEP) version 0.91 (Ge et al., 2018). Volcano plot 

was generated using Prism (Graphpad). 

 

6.2.16 miRNA validation 
 

Validation of miRNA expression was performed as described (Zhang et al., 2019). 

Briefly, total RNA was reverse transcribed using the miscript II RT kit (Qiagen) and 

quantitative PCR was performed with the miScript Precursor Assay (Qiagen) and the 

Perfecta SYBR Green FastMix (VWR) in a Rotor-Gene 6000 (Corbett Life Science). 

Quantification was performed by using REST analysis software based on deltaCT 

calculation (Pfaffl et al., 2002). 

 

6.2.17 Target prediction and pathway overrepresentation analysis  
 

To predict miRNA targets, the miRWalk 3.0 atlas of predicted and validated miRNA-

target interaction was used with default settings. Identified miRNA-target pairs with a p-

value < 0.05 were accepted for further analysis.  For overrepresentation analysis, murine 

genes were converted into human HGNC symbols via the Ensemble version 100 and 

Biomart (Smedley et al., 2015; Yates et al., 2020) and the Mouse Genome Database 
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(MGD) at the Mouse Genome Informatics website (URL:http://www.informatics.jax.org), 

the Jackson Laboratory, Bar Harbor, Maine (Bult et al., 2019) and an overrepresentation 

analysis for diseases using the TopFun tool from the ToppGene Suite (Chen et al., 2009) 

was used with pValue Method set to probability density function and BH method for FDR 

correction and minimal gene limit set to 1. Enriched diseases with a FDR<0.05 were 

considered significant. 

 

6.2.18 Statistical analysis 
 

All experimental data have been received from independent experiments. The sample 

size (number of independent experiments) required to reach an experimental power 

(1−β) ≥ 0.8 at a p-value threshold of 0.05 was calculated by power analysis using the 

power-t.test function in R 2.15 (The R foundation). Independent sample preparations 

from different cellular batches or animals adjusted to the required sample size were then 

used. Values are presented as mean ± SD. For qPCR analysis, REST analysis was 

used. For other statistical analysis GraphPad Prism software (GraphPad Software, La 

Jolla, CA) was used. Results were compared by One-Way ANOVA followed by Tukey's 

Multiple Comparison Test or by Student´s t-test.  

 

 

 

 

 

 

 

 

 
 

 

 

 

 



 45 

 

7 Results 
 

7.1 NADPH oxidases increase superoxide production induced by 
palmitate 
 

To test the link between cardiac ROS and obesity, an in vitro model was established. 

H9C2 cells were stimulated with different concentrations of sodium-palmitate for 3 hours 

(Fig. 1A). Sodium-palmitate stimulation increased superoxide generation as measured 

by EPR using CMH as a spin trap with a significant response starting at 200 nM (Fig. 

1A). In order to determine an adequate stimulation time, H9C2 cells were stimulated for 

0.5 h, 1 h, 2 h, 4 h and 8 h with a concentration of 200 nM of sodium-palmitate (Fig. 1B). 

Superoxide generation was significantly increased after 4 h of stimulation. Therefore, 

we chose to perform further experiments with a sodium-palmitate concentration of 200 

nM for 4 h.  

  

 
Figure 1. Dose and time response of sodium-palmitate induced superoxide production in 
cardiomyocytes. (A) H9C2 cells were stimulated with 100 nM, 200 nM, 400 nM, 800 nM and 1200 nM 

of sodium-palmitate (Palm) for 3 h and superoxide generation was determined by EPR using CMH (n = 5; 

*p < 0.05, vs. Ctr (0 nM)). (B) H9C2 cells were stimulated with 200 nM Palm for 0.5 h, 1 h, 2 h, 4 h and 8 
h and superoxide generation was determined by EPR using CMH (n = 5; *p < 0.05, vs. Ctr (0 h)). One-

way ANOVA followed by Tukey's post-hoc test for multiple comparisons was used in all cases. 

 

 

In order to show the specificity of CMH for superoxide detection, H9C2 cells were 

stimulated with sodium-palmitate in the presence of either polyethylene glycol-
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superoxide dismutase (PEG-SOD) or PEG-catalase or both (Fig. 2A). Indeed, the EPR 

signal was inhibited by 95-98% in the presence of PEG-SOD (alone or together with 

PEG catalase), while addition of PEG catalase alone had no effect – thus proving the 

specificity of the method for superoxide detection (Fig. 2A). Since superoxide can be 

rapidly transformed to hydrogen peroxide, we also determined H2O2 levels in H9C2 

cardiomyoblasts by Amplex red assay (Fig. 2B). Similar to the results obtained by EPR, 

sodium-palmitate increased Amplex red mediated fluorescence in H9C2 cells (Fig. 2B). 

Addition of PEG-catalase (alone or with PEG-SOD) decreased the signal, while addition 

of PEG-SOD alone had little effect (Fig. 2B). To test the effect of sodium-palmitate on 

mature cardiomyocytes, cardiomyocytes were isolated from wild type mice and 

stimulated with 200 nM of sodium-palmitate for 4 h (Fig. 2C). Sodium-palmitate 

stimulation increased superoxide generation as measured by EPR using CMH (Fig. 2C). 

Next, the sources of superoxide generation following sodium-palmitate stimulation were 

examined. To this end, isolated cardiomyocytes were treated with the mitochondria-

targeted ROS scavenger MitoQ (100 µm), the NADPH oxidase inhibitor GKT-137831 

(50 µM) or the NOX2 inhibitor Gp91-dstat (Fig. 2D/E). Compared to control conditions, 

application of MitoQ, GKT-137831 and Gp91-dstat decreased sodium-palmitate-

induced superoxide generation suggesting that palmitate increases both mitochondrial 

as well as NADPH oxidase mediated superoxide generation (Fig. 2D/E). Additionally, 

H9C2 myoblasts were depleted of NOX4, which has been reported as a source of 

hydrogen peroxide (Nauseef, 2008). Compared to control cells, sodium-palmitate 

induced hydrogen peroxide levels were significantly reduced in NOX4-depleted cells 

(Fig. 2F). 
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Figure 2. Sodium-palmitate induces superoxide production promoted by NADPH oxidases. (A/B) 

H9C2 cells were treated with 400 nM sodium palmitate (Palm) for 4 h. Polyethylene glycol (PEG) 

superoxide dismutase (SOD) or PEG catalase (cat) or both (SOD + cat) were added prior to measuring 

(A) superoxide production rate by EPR using CMH (n = 4-5; *p < 0.05 vs. Palm 0 h) or (B) hydrogen 

peroxide levels by Amplex red assay (n = 10; *p < 0.05 vss. Palm 0 h). (C-E) Cardiomyocytes isolated 

from wild type mice were stimulated with 200 nM of Palm for 4 h and superoxide generation was 

determined by EPR using CMH (C) without prior inhibitor treatment (n = 5; *p < 0.05, vs. Ctr (0 h)) or (D) 

after treatment 1 h prior to 400 nM Palm stimulation with the mitochondria targeted scavenger MitoQ (100 
μM) (n = 4-5; *p < 0.05 vs. CtrPalm 0 h; #p < 0.05 vs. CtrPalm 4 h) or (E) after treatment 1 h prior to 400 

nM Palm stimulation with the Nox2 inhibitor gp91-dstat or the NADPH oxidase inhibitor GKT-137831 

(GKT, 50 μM) (n = 4-5; *p < 0.05 vs. CtrPalm 0 h; #p < 0.05 vs. CtrPalm 4 h). (F) H9C2 cells were silenced 

for NOX4 using RNAi or transfected with siCtr and exposed to palmitate for 4 h. Hydrogen peroxide levels 

were measured by Amplex red assay (n = 10; *p < 0.05 vs. siCtrCtr; #p < 0.05 vs. siCtrPalm). One-way 

ANOVA followed by Tukey's post-hoc test for multiple comparisons was used in all cases. 

A B

0 4
0

1

2

3

4

5 -
+SOD
+cat
+SOD+cat

Palm [h]

re
l. 

flu
or

es
ce

nc
e 

(fo
ld

)

0 4
0

2

4

6 Ctr
Gp91-dstat
GKT

Palm [h]

*
*#

#

O
2·

-  [n
M

/m
in

/µ
g]

0 4
0

2

4

6 Ctr
MitoQ

Palm [h]

*
*#

O
2·

-  [n
M

/m
in

/µ
g]

0 4
0

1

2

3

4

5 -
+SOD
+cat
+SOD+cat

Palm [h]

O
2·

-  [n
M

/m
in

/µ
g]

0 4
0

1

2

3 siCtr
siNOX4 *

#

Palm [h]

re
l. 

flu
or

es
ce

nc
e 

(fo
ld

)

C D

E F
0 4

0

2

4

6

Palm [h]

*

O
2·

-  [n
M

/m
in

/µ
g]

*

**

* * * *
* * * *

*
*



 48 

7.2 High fat diet promotes obesity and heart mass increase dependent 
on p22phox 
 
CD57BL6j (wild type) mice were chronically treated with a high fat diet (HFD, 60% of 

caloric intake from fat) for a period of 20 weeks. HFD feeding significantly increased 

body mass in wild type mice, as shown by the body mass gain related to tibia length as 

a measure of obesity (Tab. 1). Hearts, lungs, kidneys and skeletal muscles were 

weighed (Tab. 1). HFD caused an increase in heart mass in wild type mice, as indexed 

by the heart mass vs. tibia length ratio, indicating cardiac hypertrophy (Tab. 1). Other 

organs, however, showed no significant mass increase.  

 

  WT-NFD nmf333 NFD WT HFD nmf333 HFD 

BW/TL (mg/mm) 1.14 ± 0.06 1.10 ± 0.08 1.43* ± 0.19 1.36* ± 0.13 

Heart/TL (mg/mm) 5.85 ± 0.41 5.51 ± 0.21 6.35* ± 0.39 5.83# ± 0.63 

LV/TL (mg/mm) 4.81 ± 0.50 4.58 ± 0.23 5.46* ± 0.24 4.61# ± 0.42 

RV/TL (mg/mm) 1,12 ± 0.18 0.98 ± 0.11 1.04 ± 0.06 0.93 ± 0.10 

Lung/TL (mg/mm) 2.67 ± 0.52 3.20 ± 0.99 2.67 ± 0.87 4.02 ± 1.15 

Quad.L/TL (mg/mm) 7.64 ± 0.47 7.31 ± 1.40 6.36 ± 1.04 5.94 ± 0.55 

Quad.R/TL (mg/mm) 8.60 ± 0.81 7.45 ± 0.52 8.70 ± 0.67 7.62 ± 0.77 

Kidney/TL (mg/mm) 7.72 ± 0.91 7.03 ± 0.76 8.62 ± 0.90 7.78 ± 0.54 

   
Table 1. Effects of high fat diet on organ mass. Table shows organ mass and ratio of organ mass to 

tibia length (TL). Two-tailed Student's t-test was used in all cases (n =8-15; *p < 0.05, vs. WTNFD; 
#p < 0.05 vs. WTHFD). BW = body weight; LV = left ventricle; RV = right ventricle; Quad.L = left quadriceps; 

Quad.R = right quadriceps. 

 
To assess the effect of NADPH oxidases in our in vivo model, CD57BL6j (wild type) 

mice and mice lacking p22phox protein and thus functional NADPH oxidases due to a 

mutation in the Cyba gene (nmf333) were chronically treated with a high fat diet (HFD, 

60% of caloric intake from fat) for a period of 20 weeks. Nmf333 mice fed with HFD 

significantly increased body mass similarly to wild type littermates (Tab. 1). However, 

while HFD caused an increase in heart mass in wild type mice, as indexed by the heart 
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mass vs. tibia length ratio, indicating cardiac hypertrophy, nmf333 mice were protected 

(Tab. 1).  

 

 

7.3 High fat diet increases expression of NADPH oxidases 
 

HFD increased p22phox protein levels in the heart from wild type mice while p22phox 

was almost absent in hearts from nmf333 mice under control and HFD conditions (Fig. 

3A/B). To test whether HFD would affect protein levels of NADPH oxidases, Western 

blot analyses were performed for p22phox, NOX1, NOX2 and NOX4.  

  

Figure 3. HFD increases NADPH oxidase protein expression. C57BL/6j wild type mice (WT) and mice 

deficient in p22phox due to a point mutation in the Cyba gene (nmf333) were fed a high fat diet (HFD) for 

20 weeks. Littermates were fed a regular chow (NFD) for 20 weeks. (A/B) Western blot analyses were 

performed in heart samples using an antibody against p22phox. β-actin served as loading control. (A) 

Statistical analysis was performed (n =6; *p < 0.05, vs. WTNFD; #p < 0.05 vs. WTHFD). (B) Representative 

blots are shown. (C/D) Western blot analyses were performed in murine heart tissues using antibodies 

against NOX1, NOX2 and NOX4. β-actin served as a loading control (n = 6,*p < 0.05 vs. WTCtr; #p < 
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0.05 vs. WTHFD). (D) Representative blots are shown. One-way ANOVA followed by Tukey's post-hoc 

test for multiple comparisons was used in all cases. 

 

NOX2 and NOX4 protein levels were increased in wild type HFD mice, while they 

remained unchanged in p22phox deficient nmf333 mice (Fig. 3C/D). NOX1 protein 

levels remained unchanged regardless of both diet and genotype (Fig. 3C/D). 

 

7.4 p22phox promotes left ventricular hypertrophy and increases left 
ventricular pressure in response to high fat diet 
 

As cardiac hypertrophy can develop as a result of hypertension, hemodynamic 

measurements were performed to determine LV pressure. Hemodynamic 

measurements showed that HFD in wild type mice increased left ventricular systolic 

pressure (Fig. 4A). Consequently, HFD fed mice showed an increase in left ventricular 

mass and enlarged cardiomyocytes in the left ventricle indicative of left ventricular 

hypertrophy (Fig. 4B-D). However, mice lacking p22phox were protected against HFD-

induced hypertension and left ventricular hypertrophy (Fig. 4A-D). In support of these 

findings, mRNA levels of the cardiac hypertrophy marker β-heavy myosin chain (β-

MHC), were significantly increased in the left ventricles from wild type mice fed a HFD, 

but not from nmf333 mice (Fig. 4E).  
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Figure 4. p22phox promotes left ventricular pressure and left ventricular hypertrophy in response 
to high fat diet. C57BL/6j wild type mice (WT) and mice deficient in p22phox due to a point mutation in 

the Cyba gene (nmf333) were fed a high fat diet (HFD) for 20 weeks. Littermates were fed a regular chow 

(NFD) for 20 weeks. (A) Left ventricular (LV) pressure was determined hemodynamically (n = 3-4; 

*p < 0.05 vs. WTNFD; #p < 0.05 vs. WTHFD). (B) Mass of  left ventricle and septum (LVM) was evaluated 
and LVM/TL (tibia length) ratio was determined (n =8-10; *p < 0.05, vs. WTNFD; #p < 0.05 vs. WTHFD). 

(C/D) Formalin-fixed paraffin embedded (FFPE) sections from the left ventricle were stained with wheat 

germ agglutinin. (C) Representative stainings are shown. Scale bar with asterisk represents 10 μm. (D) 

LV cardiomyocyte diameters were determined in four high power fields per section. (n = 3–5; *p < 0.05, 

vs. WTNFD; #p < 0.05 vs. WTHFD). (E) RT-qPCR was performed using gene-specific primers for 𝛃-MHC 
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or for 18S rRNA for normalization (n = 3*p < 0.05 vs. WTNFD; #p < 0.05 vs. WTHFD). One-way ANOVA 

followed by Tukey's post-hoc test for multiple comparisons was used for (A-D) and REST analysis was 

used for (E). 

 

7.5 p22phox promotes left ventricular dysfunction in response to high 
fat diet 
 
To further evaluate the functional consequences of HFD feeding for the left ventricle, 

echocardiography was performed (Fig. 5-6). HFD feeding in wild type mice resulted in 

increased left-ventricular end-systolic and end-diastolic diameter (Fig. 5A-C). Moreover, 

fractional shortening (FS) was decreased in HFD fed mice compared to control mice 

(Fig. 5C-D). Similar results were obtained for ejection fraction (EF) that was 

approximated using the Teichholz formula (EF (%) = 100 x (LVEDV – LVESV)/ LVEDV, 

with LVEDV = (7 x LVEDD 3 )/(2.4 + LVEDD) and LVESV = (7 x LVESD 3 )/(2.4 + 

LVESD), pointing to heart failure with reduced ejection fraction (HFrEF) in wild type HFD 

mice. However, p22phox deficient mice were protected against HFD-induced left 

ventricular dysfunction and HFrEF (Fig. 5).  
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Figure 5. p22phox promotes left ventricular dysfunction in response to high fat diet. C57BL/6j wild 
type mice (WT) and mice deficient in p22phox due to a point mutation in the Cyba gene (nmf333) were 

fed a high fat diet (HFD) for 20 weeks. Littermates were fed a regular chow (NFD) for 20 weeks. 

Echocardiography of the left ventricle was performed in M-mode. (A) Representative tracings are shown. 

(B) Left ventricular end-diastolic diameters (LVEDD) were measured. (C) Left ventricular end-systolic 

diameters (LVESD) were measured. (D) Fractional shortening (FS) was calculated using the following 

formula: (LVEDD-LVESD)/LVEDD. (E) Ejection fraction (EF) was approximated using Teichholz formula 

(n = 5-6, *p < 0.05 WTNFD vs. nmf333NFD; **p < 0.05 WTNFD vs. WTHFD; #p < 0.05 WTHFD vs. 
nmf333HFD). One-way ANOVA followed by Tukey's post-hoc test for multiple comparisons was used in 

all cases. 

 
Nmf333 mice had a lower heart rate compared to wildtype mice, however, without 

reaching statistical significance (Fig. 6A). There was also no difference in diastolic left 

ventricular posterior wall thickness (LVPWd), nor in diastolic intraventricular septum wall 

thickness (IVSd) (Fig. 6B/C). 
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Figure 6. p22phox promotes left ventricular dysfunction. C57BL/6j wild type mice (WT) and mice 

deficient in p22phox due to a point mutation in the Cyba gene (nmf333) were fed a high fat diet (HFD) for 
20 weeks. Littermates were fed a regular chow (NFD) for 20 weeks. (A) Heart rate (HR) was determined 

using echocardiography (n = 5-6; *p < 0.05 vs. WTNFD; #p < 0.05 vs. WTHFD). (B) Diastolic left ventricular 

posterior wall thickness (LVPWd) and (C) diastolic intraventricular septum wall thickness (IVSd) were 

determined using echocardiography. One-way ANOVA followed by Tukey's post-hoc test for multiple 

comparisons was used in all cases. 

 

7.6 p22phox promotes pulmonary vascular remodeling in response to 
high fat diet 
 

Left heart disease (HFrEF and HFpEF) as well as obesity have been associated with 

pulmonary hypertension and pulmonary artery disease (Miller et al., 2013). Since our in 

vivo model showed signs of HFrEF, we assessed whether HFD would lead to vascular 

remodeling in the lungs. Formalin fixed paraffin embedded (FFPE) lung sections were 

stained with an antibody against α-smooth muscle actin (α-SMA) to visualize pulmonary 

vascular remodeling (Fig. 7A/B). Indeed, wild type mice fed a HFD showed an increased 

number of small muscularized vessels (<30 µm) in lungs indicative of pulmonary 
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vascular remodeling (Fig. 7A/B). In line with our previous results, nmf333 mice fed HFD 

showed no signs of pulmonary vascular remodeling (Fig. 7A/B).  

 

 
Figure 7. p22phox promotes pulmonary vascular remodeling in response to high fat diet. C57BL/6j 

wild type mice (WT) and mice deficient in p22phox due to a point mutation in the Cyba gene (nmf333) 

were fed a high fat diet (HFD) for 20 weeks. Littermates were fed a regular chow (NFD) for 20 weeks. 

Formalin-fixed paraffin embedded (FFPE) lung sections were stained with primary antibodies against (A) 

α-smooth muscle actin (α-SMA) and visualized with secondary goat anti-rabbit antibody conjugated with 

Alexa Fluor 488. Nuclei were visualized with DAPI. Representative stainings are shown. α-SMA-positive 

small- and medium-sized arterioles (<30 μm) were counted and related to the total number of arterioles 
of the same diameter in four high power fields per lung section (n = 5; *p < 0.05, vs. WTNFD; #p < 0.05 vs. 

WTHFD). One-way ANOVA followed by Tukey's post-hoc test for multiple comparisons was used. 

 

7.7 HFD increases NADPH oxidase protein levels in the lung 
 
To test whether HFD would also affect NADPH oxidase protein levels in the lung, 

Western blot analysis was performed. p22phox protein levels also increased in obese 

wild type mice, while they were poorly expressed in nmf333 mice (Fig. 8A/B). In addition, 

exposure to HFD increased levels of NOX2 and NOX4 protein in lung tissue from wild 

type HFD mice, while they remained unchanged in p22phox deficient mice (Fig. 8C/D). 

NOX1 protein levels remained unchanged regardless of both diet and genotype (Fig. 

8C/D).  
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Figure 8. HFD increases protein levels of NADPH-oxidases in lungs. C57BL/6j wild type mice (WT) 

and mice deficient in p22phox due to a point mutation in the Cyba gene (nmf333) were fed a high fat diet 

(HFD) for 20 weeks. Littermates were fed a regular chow (NFD) for 20 weeks. (A/B) Western blot analyses 

were performed in lung (A) using an antibody against p22phox. β-actin served as loading control. (B) 

Representative blots are shown. (C/D) Western blot analyses were performed on murine lung tissues 

using antibodies against NOX1, NOX2 and NOX4. β-Actin served as a loading control. Representative 

blots are shown (D). Statistical analyses were performed (n = 6; *p < 0.05, vs. WTNFD; #p < 0.05 vs. 

WTHFD). One-way ANOVA followed by Tukey's post-hoc test for multiple comparisons was used in all 
cases. 

 

7.8 p22phox promotes right ventricular hypertrophy in response to 
HFD 
 

To evaluate the consequences of HFD on right ventricular pressure, hemodynamic 

measurements of the right ventricle (RV) were performed. While there was a tendency 

towards increased right ventricular pressure in obese wild type mice compared to control 

mice and HFD fed nmf333 mice, the measurements did not reach statistical significance 

(Fig. 9A). However, cardiomyocyte size was increased in HFD fed wildtype but not 
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nmf333 mice, indicating right ventricular hypertrophy although the overall RV mass 

normalized to the tibia length showed no difference between the groups (Fig. 9B/C).  

 

 

 
Figure 9. p22phox promotes RV cardiomyocyte hypertrophy in response to HFD. C57BL/6j wild type 

mice (WT) and mice deficient in p22phox due to a point mutation in the Cyba gene (nmf333) were fed a 

high fat diet (HFD) for 20 weeks. Littermates were fed a regular chow (NFD) for 20 weeks. (A) Right 

ventricular (RV) pressure was determined hemodynamically (n = 3-4; *p < 0.05 vs. WTNFD; #p < 0.05 vs. 

WTHFD). (B) Mass of the right ventricle (RVM) was evaluated, and related to TL. RVM/TL ratio was 
determined (n =8-10; *p < 0.05, vs. WTNFD; #p < 0.05 vs. WTHFD). (C/D) Formalin-fixed paraffin 

embedded (FFPE) sections from the right ventricle were stained with wheat germ agglutinin. (C) 

Representative stainings are shown. Scale bar with asterisk represents 10 μm. (D) RV cardiomyocyte 

diameters were determined in four high power fields per RV section. (n = 3–5; *p < 0.05, vs. WTNFD; 
#p < 0.05 vs. WTHFD). One-way ANOVA followed by Tukey's post-hoc test for multiple comparisons was 

used in all cases. 
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7.9 p22phox modulates left ventricular miRNA profiles in response to 
high fat diet 
 

To further investigate regulatory pathways and biological processes involved in the 

induction of cardiovascular dysfunction following HFD feeding, a RNAseq analysis for 

small regulatory RNAs (miRNAs), was performed in left ventricular tissues. 18 miRNAs 

downregulated and 14 miRNAs upregulated were identified in left ventricles of HFD wild 

type mice compared to the corresponding NFD littermates (Fig. 10A). In nmf333 HFD 

mice, 9 miRNAs were downregulated, and 30 miRNAs were upregulated (Fig. 10A). As 

indicated by the principal component analysis (PCA) plots, the heart miRNA 

transcriptomes exhibited clear diet differences in WT mice (Fig. 10C). In addition, heart 

transcriptomes from HFD mice showed clear genotype differences (Fig. 10D). 
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Figure 10. p22phox modulates left ventricular miRNA profiles in response to high fat diet. C57BL/6j 

wild type mice (WT) and mice deficient in p22phox due to a point mutation in the Cyba gene (nmf333) 

were fed a high fat diet (HFD) for 20 weeks. Littermates were fed a regular chow (NFD) for 20 weeks. 

miRNA profiles of the left ventricle were determined by RNAseq. (A/B) Volcano plots show miRNA profiles 

for WT (A) and nmf333 (B) hearts after high fat diet. Blue: miRNAs with log2FC≤0.5 and p≤0.05, red: 
log2FC≥0.5 and p≤0.05; grey: unregulated miRNAs. C) Principal component analysis of miRNA-seq 

samples for wild type mice fed a NFD (WTNFD - blue) or HFD (WTHFD - red) (n = 2). D) Principal 

component analysis of miRNA-seq samples for wild type (WTHFD - blue) and nmf333 (HHFD - red) mice 

fed a high fat diet (n = 2). 

 

To find pathways affected by HFD and NADPH oxidases, a functional gene list 

enrichment analysis was performed with potential target genes of the dysregulated 

miRNAs. Genes implicated in cardiovascular processes, proliferation, cell death and 

fat/glucose metabolism (Fig. 11A/B) were found, in addition to genes implicated in ROS 

signaling and stressor pathways as targets of downregulated miRNAs in wild type HFD 

fed mice (Fig. 11A) and upregulated miRNAs in nmf333 fed HFD mice (Fig. 11B). 
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Figure 11. p22phox affects the functional enrichment of target genes of dysregulated miRNAs. 
C57BL/6j wild type mice (WT) and mice deficient in p22phox due to a point mutation in the Cyba gene 

(nmf333) were fed a high fat diet (HFD) for 20 weeks. Littermates were fed a regular chow (NFD) for 20 

weeks. Potential targets of upregulated (A) or downregulated (B) miRNAs for the comparisons WT-HFD 

vs WT-NFD and nmf-HFD vs nmf-HFD were used for an over-representation analysis using ToppGene 

analysis tool. Graphs show total number of terms significantly overrepresented (FDR<0.05) and 

connected to the mentioned categories. 

 

Among the dysregulated miRNAs, miR-1a was reciprocally regulated, downregulated in 

hearts from wild type HFD mice and upregulated in hearts from nmf333 HFD mice. In 

line, validation by qPCR analyses confirmed this reciprocal regulation in hearts from wild 

type and nmf333 mice after HFD feeding (Fig 12A). To further validate this finding, the 

expression of target genes of miR-1a was investigated. HFD increased the expression 

of Heart and neural crest-derived transcript 2 (HAND2), cyclin dependent kinase 9 

(CDK9), endothelin 1 (EDN1) and B-cell lymphoma 2 (Bcl-2) in left ventricles from wild 

type mice, but not from nmf333 mice (Fig. 12B). In HFD treated wild type mice, gene 

ontology (GO) biological processes involved in oxidative stress and the response to 

unfolded proteins could be found on targets affected by miR-1a (Fig. 12C). In nmf333 

mice exposed to HFD, similar biological processes, such as response to oxidative stress 

and response to endoplasmatic reticulum (ER) stress, were enriched for targets of 

upregulated miRNAs including miR-1a (Fig. 12D). Based on these oppositely regulated 
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biological processes we reasoned that redox stress, endoplasmic reticulum stress and 

unfolded protein response might be affected in the left ventricles by HFD. 

  

Figure 12. p22phox affects expression of miR-1a and its target genes in the left ventricle in 
response to HFD 

C57BL/6j wild type mice (WT) and mice deficient in p22phox due to a point mutation in the Cyba gene 

(nmf333) were fed a high fat diet (HFD) for 20 weeks. Littermates were fed a regular chow (NFD) for 20 

weeks. (A/B) RT-PCR analysis for miR-1a (A) and its targets HAND1, CDK9, EDN-1 and Bcl-2 (B) were 

performed. Data plotted as fold change compared to wildtype WT HFD (n=3-4; *p<0.05 HFD vs NFD; 

#p<0.05 nmf333 vs WT, SEM). (C/D) Enriched (FDR<0.05) Gene Ontology Biological Processes (GO:BP) 
connected to ROS or UPR for targets of downregulated miRNAs (p<0.05) in WT HFD (C) or for targets of 

upregulated miRNAs (p<0.05) in nmf333-HFD (D). Graph shows numbers of targets genes involved; color 

represents -log2 (p-value). 
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7.10 p22phox promotes left ventricular oxidative stress in response to 
high fat diet 
 

To validate the biological processes dysregulated by miR-1a, oxidative stress was 

determined in left ventricles. Heart sections were stained for the oxidative DNA damage 

marker, 8-hydroxy-2-deoxyguanosine (8OHdG) (Fig. 13A/B). 8OHdG staining was 

increased in hearts from HFD fed wild type mice, while this response was markedly 

lower in hearts from HFD fed nmf333 mice (Fig. 13A/B). In line, Western blot analyses 

were performed on left ventricular tissue lysates with an antibody against the lipid 

peroxidation by-product 4-hydroxynonenal (4-HNE) (Fig. 13C/D). Indeed, 4-HNE levels 

were increased in hearts from HFD fed wild type mice, while this response was markedly 

lower in hearts from HFD fed nmf333 mice (Fig. 13C/D).  
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Figure 13. p22phox promotes ROS induced DNA damage and left ventricular lipid peroxidation in 
response to high fat diet. C57BL/6j wild type mice (WT) and mice deficient in p22phox due to a point 

mutation in the Cyba gene (nmf333) were fed a high fat diet (HFD) for 20 weeks. Littermates were fed 

normal chow (NFD). (A/B) Formalin-fixed paraffin embedded (FFPE) lung sections were stained with a 
primary antibody against 8-hydroxy-2-deoxyguanosine (8OHdG) and visualized with a secondary goat 

anti-rabbit antibody conjugated with Alexa Fluor 488. Nuclei were visualized with DAPI. Representative 

stainings are shown (A). Fluorescence intensity was measured in four high power fields per heart section 

(n = 4; *p < 0.05, vs. WTNFD; #p < 0.05 vs. WTHFD) (B). (C/D) Western blot analyses were performed 

from heart tissue lysates using an antibody against 4-hydroxynonelal (4-HNE). β-Actin served as a loading 

control (n = 3, *p < 0.05 WT NFD; #p < 0.05 vs. WT HFD) (C). Representative blots are shown (D). One-

way ANOVA followed by Tukey's post-hoc test for multiple comparisons was used in all cases. 

 

7.11 p22phox promotes oxidative stress in lungs in response to high 
fat diet  
 

Similar to heart tissue, oxidative stress markers were evaluated in lung tissue in both 

wild type and nmf333 mice following HFD. 8OHdG staining was increased in lungs from 

HFD fed wild type mice, while this response was markedly lower in lungs from HFD fed 
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nmf333 mice (Fig. 14A/B). In line, Western blot analyses were performed on lung lysates 

with an antibody against the lipid peroxidation byproduct 4-hydroxynonenal (4-HNE) 

(Fig. 14C/D). Indeed, 4-HNE levels were increased in lungs from HFD fed wild type 

mice, while this response was markedly lower in lungs from HFD fed nmf333 mice (Fig. 

14C/D).  

 

 

 

 

 
Figure 14. p22phox promotes pulmonary lipid peroxidation and ROS-induced DNA damage in 
response to high fat diet. C57BL/6j wild type mice (WT) and mice deficient in p22phox due to a point 

mutation in the Cyba gene (nmf333) were fed a high fat diet (HFD) for 20 weeks. Littermates were fed 

normal chow (NFD). (A/B) Formalin-fixed paraffin embedded (FFPE) lung sections were stained with an 

antibody against 8-hydroxy-2-deoxyguanosine (8OHdG) and visualized with a secondary goat anti-rabbit 

antibody conjugated with Alexa Fluor 488. Nuclei were visualized with DAPI. Representative stainings are 

shown (A). Fluorescence intensity was measured in four high power fields per heart section (n = 4; 

*p < 0.05, vs. WTNFD; #p < 0.05 vs. WTHFD) (B). (C/D) Western blot analyses were performed from lung 

tissue lysates using an antibody against 4-hydroxynonelal (4-HNE). β-Actin served as a loading control 
(n = 4, *p < 0.05 WT NFD; #p < 0.05 vs. WT HFD) (C). Representative blots are shown (D). 
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7.12 p22phox promotes the unfolded protein response in response to 
high fat diet 
 

Since the results from the miRNAseq analysis pointed to an induction of the unfolded 

protein response (UPR) in the left ventricle from wild type HFD mice, Western blot 

analyses were performed for UPR markers in heart and lung tissues from wild type and 

nmf333 mice. In both heart (Fig. 15A/B) and lung (Fig. 15C/D) tissues from wild type 

HFD fed mice, but not from nmf333 HFD mice, protein levels of the downstream 

effectors of the PERK branch, activation transcription factor 4 (ATF4) and 

phosphorylated eukaryotic translation initiation factor 2-α (p-eIF2α), were increased. 

Activation transcription factor 6 (ATF6) as well as binding immunoglobulin protein (BiP) 

protein levels were also increased in heart and lung tissues from HFD fed wild type, but 

not nmf333 mice as shown by Western blot analyses. Similarly, mRNA levels of spliced 

X-box binding protein 1 (spXBP1), a downstream effector of the IRE-1 branch, were 

increased in both heart and lung tissues from wild type HFD fed mice, but not from 

nmf333 HFD fed mice (Fig. 15E/F). In contrast, none of these proteins or mRNA levels 

were significantly upregulated in nmf333 HFD mice (Fig. 15A-D).  
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Figure 15. p22phox promotes the unfolded protein response in hearts and lungs in response to 
high fat diet. C57BL/6j wild type mice (WT) and mice deficient in p22phox due to a point mutation in the 

Cyba gene (nmf333) were fed a high fat diet (HFD) for 20 weeks. Littermates were fed normal chow 

(NFD). (A-D) Western blot analyses were performed on murine heart (A/B) and lung (C/D) tissues using 
antibodies against Binding immunoglobulin protein (BiP), activating transcription factor 6 (ATF6), 

activating transcription factor 4 (ATF4). β-Actin served as a loading control (n = 6,*p < 0.05 vs. WTCtr; #p 

< 0.05 vs. WTHFD). Representative blots are shown. (E/F) RT-qPCR was performed on heart (E) and 

lung (F) RNA using gene-specific primers for spliced Xbox binding protein 1 (spXBP1) or for 18S rRNA 

for normalization (n = 3,*p < 0.05 vs. WTNFD; #p < 0.05 vs. WTHFD). One-way ANOVA followed by 

Tukey's post-hoc test for multiple comparisons was used in all cases. 
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7.13 p22phox promotes apoptosis in hearts and lungs in response to 
high fat diet 
 

Caspase-12 is an endoplasmic reticulum (ER) resident caspase that is cleaved and 

activated specifically during ER stress (UPR), but not by death receptor- or 

mitochondrial-mediated apoptotic signals and may function to mediate the onset of ER 

stress associated apoptosis (Szegezdi et al., 2006; Zhang et al., 2016). Hence, the 

levels of caspase 12 were evaluated to substantiate the role of the UPR in HFD. Indeed, 

cleavage of caspase 12 was increased in heart tissues from wild type HFD fed mice, but 

not from nmf333 HFD fed mice (Fig. 16 C/D). 

As caspase 3 cleavage is a marker for apoptosis, the levels of the cleaved effector 

caspases 3 were evaluated as a measure of the potentially ongoing apoptosis. Cleaved 

caspase 3 levels were increased in heart tissues from wild type HFD fed mice, but not 

from nmf333 HFD fed mice (Fig. 16 C/D).  
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Figure 16. p22phox promotes cardiac apoptosis in response to high fat diet. C57BL/6j wild type 

mice (WT) and mice deficient in p22phox due to a point mutation in the Cyba gene (nmf333) were fed a 

high fat diet (HFD) for 20 weeks. Littermates were fed normal chow (NFD). Western blot analyses were 

performed on murine heart tissues using antibodies against Cleaved Caspase-3 (A/B) and Cleaved 

Caspase 12 (C/D). β-Actin served as a loading control (n = 6,*p < 0.05 vs. WTCtr; #p < 0.05 vs. WTHFD). 

Representative blots are shown. One-way ANOVA followed by Tukey's post-hoc test for multiple 
comparisons was used in all cases. 

 

Similarly, the levels of cleaved caspase 12 and cleaved caspase 3 were elevated in the 

lungs from HFD fed wild type mice, but not from HFD fed nmf333 mice (Fig. 17 A-D) 

indicating that ER stress associated apoptosis depends on p22phox in the 

cardiopulmonary system in response to HFD.  

 

NFD HFD
0

1

2

3

4 WT
nmf333 *

*#

C
l. 

C
as

p.
 1

2/
b

-a
ct

in
 (f

ol
d)

B

Uncl. Casp. 12

NFD HFD
WT nmf WT nmf

!-actin

Cl. Casp. 12

D

NFD HFD
WT nmf WT nmf

!-actin

Cl. Casp. 3/7

A

C

NFD HFD
0

5

10

15 WT
nmf333

*

#

C
l. 

C
as

p.
 3

/ b
-a

ct
in

 (f
ol

d)

Uncl. Casp. 3/7



 69 

 
Figure 17. p22phox promotes pulmonary apoptosis in response to high fat diet. C57BL/6j wild type 

mice (WT) and mice deficient in p22phox due to a point mutation in the Cyba gene (nmf333) were fed a 

high fat diet (HFD) for 20 weeks. Littermates were fed normal chow (NFD). Western blot analyses were 

performed on murine lung tissues using antibodies against Cleaved Caspase-3 (A/B) and Cleaved 

Caspase 12 (C/D). β-Actin served as a loading control (n = 3,*p < 0.05 vs. WTCtr; #p < 0.05 vs. WTHFD). 

Representative blots are shown. One-way ANOVA followed by Tukey's post-hoc test for multiple 

comparisons was used in all cases. 
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8 Discussion 
 

8.1 Obesity phenotype and cardiopulmonary impact 
 
High fat diet and subsequent obesity are well known to impair cardiac metabolism, 

leading to heart disease, often referred to as metabolic or obesity cardiomyopathy (Dirkx 

et al., 2011; Perrotta et al., 2019). It is characterized by left ventricular enlargement, 

cardiomyocyte hypertrophy and dysfunction which can manifest as heart failure with 

preserved ejection fraction (HFpEF) or heart failure with reduced ejection fraction 

(HFrEF), also classified as diastolic and systolic dysfunction (Alpert et al., 2014; de 

Divitiis et al., 1981; Obokata et al., 2017).  

In this study, we successfully established a murine model of obesity cardiomyopathy by 

exposing mice to HFD for 20 weeks. In fact, wild type mice developed an enlarged left 

ventricle with significant cardiomyocyte hypertrophy and left ventricular dysfunction 

manifested by increased left ventricular pressure and reduced ejection fraction.  

In line with our findings, previous studies reported that rodents treated with high fat diet 

developed an increased left ventricular pressure, left ventricular remodeling and 

dysfunction (Christoffersen et al., 2003; Kaufman et al., 1991; Panchal et al., 2011). 

Several pathophysiologic mechanisms might explain the relationship between obesity 

and left ventricular hypertrophy. Those include metabolic changes in arterial walls 

leading to increased resistance in the peripheral vasculature, systemic hypertension, 

increased intravascular volume, nocturnal hypoxia in the context of obstructive sleep 

apnea, or production of myocardial growth substances by pericardial fat (Avelar et al., 

2007; Corry & Tuck, 1999; Cuspidi et al., 2014). Systemic hypertension and 

consequently increased afterload might aggravate the effects of obesity on left 

ventricular hypertrophy (Schunkert, 2002). However, this effect was not confirmed in a 

study of mild hypertensive patients with obesity (Lauer et al., 1992). While systemic 

hypertension might enhance obesity induced left ventricular hypertrophy, the effects 

were also observed in the Birmingham Study after adjusting for age and blood pressure 

(Lauer et al., 1991). Thus, also direct hypertrophic effects of fat overload on 

cardiomyocytes, as have been observed in our study in sodium palmitate treated 

cardiomyocytes, have been reported and cannot be ruled out (Xue et al., 2019). 
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Obesity has been reported to clearly increase the risk of heart failure (Kenchaiah et al., 

2002). In our study we could show that HFD treatment resulted in the development of 

HFrEF since fractional shortening and subsequently ejection fraction were significantly 

reduced.  

While the association of obesity and HFpEF was confirmed by several studies, its 

association with HFrEF remains a controversy (Klapholz et al., 2004; Litwin, 2010; 

Obokata et al., 2017). A recent study underlines a greater population-attributable risk of 

obesity to HFpEF than HFrEF among women (Eaton et al., 2016). Later, a study of 

22,681 participants showed that obesity and associated cardiometabolic traits conferred 

a higher risk of HFpEF than HFrEF and that obesity among women in particular seemed 

to predispose to future HFpEF (Savji et al., 2018). No association, however, has been 

described between LV function and the severity of obesity.  

On a pathophysiologic level, the differences between HFpEF and HFrEF have been 

investigated in several human and mouse studies. HFrEF is usually associated with 

eccentric remodelling, normal wall thickness and left ventricular dilation, while HFpEF 

primarily leads to concentric hypertrophy, supported by an increased cardiomyocyte size 

in HFpEF compared to HFrEF (Gurusamy & Das, 2009; Simmonds et al., 2020; Tsutsui 

et al., 2011; van Heerebeek et al., 2006; Zile et al., 2011). However, different aetiologies 

might contribute to distinct types of hypertrophies in HFpEF and HFrEF. On a molecular 

level, insulin-like growth factor 1 (IGF-1) was reduced in HFrEF compared to HFpEF in 

a human study, while IGF-1 was protective against cardiomyocyte hypertrophy and 

oxidative stress in a murine heart failure model (Faxén et al., 2017; Simmonds et al., 

2020; Vinciguerra et al., 2010). In addition, metabolic differences have been found 

between HFpEF and HFrEF, especially in fatty acid oxidation which is reduced in HFrEF 

and increased in HFpEF (De Jong & Lopaschuk, 2017). 

While the development of HFrEF seems to be surprising in our model it might well be 

that HFpEF might have developed in an earlier stage. During the prolonged time course 

of high fat diet, ejection fraction might have diminished, possibly due to the development 

of further risk factors for HFrEF such as LV pressure overload, ischemic injury and 

cardiac remodeling, hypertension or even chronic kidney disease (Noll et al., 2020). In 

fact, our data show increased expression of cardiac remodelling markers. In support of 

our data, studies in rodents also described reduced ejection fraction in response to 

prolonged HFD (Carbone et al., 2015; Yu et al., 2021).  
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In line, transition of HFpEF to HFrEF has been reported, as HFpEF might in some cases 

be a temporary stage of ejection fraction maintenance during the initial trajectory of 

some diseases ultimately leading to the HFrEF phenotype (Noll et al., 2020; Savarese 

et al., 2019). This notion is supported by our echocardiographic data, pointing towards 

a concentric hypertrophy, which is more frequently associated with HFpEF. Since our 

mice, however, have a reduced EF, it might have developed from HFpEF with concentric 

hypertrophy. 

In this study, we also investigated the effects of obesity on the right heart as several 

studies reported pulmonary vascular remodelling and pulmonary arterial hypertension 

in obese patients (Friedman & Andrus, 2012; Weatherald et al., 2018). 

Pathophysiologically, pulmonary arterial hypertension has been linked to vascular 

inflammation, oxidative stress and insulin resistance which all occur in obese patients. 

Moreover, obesity can cause cardiac (LVH, HFpEF, HFrEF) and pulmonary (obstructive 

sleep apnea, obesity hypoventilation syndrome, chronic thrombo-embolic pulmonary 

disease) conditions as substrates for pulmonary hypertension (Ayinapudi et al., 2018; 

Chin & Rubin, 2008; Hotamisligil, 2017; Lai et al., 2014).  

HFD fed wild type mice showed signs of right ventricular hypertrophy as right ventricular 

cardiomyocyte diameter was increased although right ventricular mass did not show a 

significant increase in obese mice. Since the right ventricle is smaller than the left one 

and more difficult to separate, the inconsistency of our findings could be explained by 

small measurement errors, or by an insufficient sample size.  

We further observed a slight increase in right ventricular pressure in obese wild type 

mice, however, not to a significant extent. A study by Chahal et al. including 4127 

participants showed that obese and overweight participants had greater RV, larger RV 

end-diastolic volume, larger RV stroke and lower RV ejection fraction than lean 

participants (Chahal et al., 2012). Pathophysiologically, these findings might be 

explained by increased RV afterload, increased blood volume, hormonal effects, or 

direct obesity-related myocardial effects (Chahal et al., 2012). While several studies 

reported increased right ventricular pressure and hypertrophy in HFD fed mice 

(Gonçalves et al., 2021; Meng et al., 2017), it has been reported that not all mouse 

strains present with this pathophysiology after HFD feeding (Agrawal et al., 2019). Thus, 

the mouse strain used in this study might not have been susceptible to right ventricular 

dysfunction following HFD.  
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However, we could show that obese mice developed pulmonary vascular remodelling 

as has been described previously in mice fed a HFD for 20 weeks (Kelley et al., 2014; 

Mair et al., 2019).  

As our mouse strain seems to be less susceptible to develop right ventricular 

dysfunction following HFD it might thus be that HFD feeding was not long enough to 

induce full left to right ventricle transition that would result in a fully developed pulmonary 

hypertensive phenotype. 

 

8.2 NADPH oxidase derived ROS generation in high fat diet and 
promotion of cardiovascular phenotype 
 
High fat diet and obesity have been reported to promote a state of oxidative stress in 

several organs including the cardiovascular system (McMurray et al., 2016).  

In our study we could demonstrate that HFD induced oxidative stress not only in the 

heart as has been described previously in several animal models (Matsuda & 

Shimomura, 2014), but also in the lungs.   

Our study in isolated cardiomyocytes showed that sodium-palmitate treatment primarily 

induced ROS generation by NADPH oxidases. This is in line with previous studies 

showing an increased ROS production in H9C2 cells via NOX2 (Jaishy et al., 2015; 

Yang et al., 2019) or NOX4 (Geng et al., 2019) after sodium-palmitate exposition. 

In our animal model we could also show increased levels of p22phox, NOX2 and NOX4 

in heart and lungs from HFD treated mice while NOX1 protein levels were not elevated. 

In line, a recent study showed increased left ventricular NOX2 protein levels in high fat 

diet induced LVH (Bhatti & Li, 2020). Other studies showed elevated levels of p22phox 

and NOX4 in obese hearts (Ge et al., 2019; Geetha et al., 2015). While NOX1 levels 

were elevated in diabetic cardiomyopathy as well as in the vasculature and in the kidney 

in diabetic rats (Thompson et al., 2017), and deletion of NOX1 prevented concentric 

diabetic cardiomyopathy (Xu et al., 2021; Zhang et al., 2022) and improved 

microvascular function in obese db/db mice (Thompson et al., 2017), expression and 

role of NOX1 in obesity cardiomyopathy remain to be further elucidated.  

In order to investigate the role of NADPH oxidases in obesity cardiomyopathy, we used 

nmf333 mice which lost p22phox due to the Y121H mutation in the CYBA gene (Nakano 

et al., 2008). It has been demonstrated that NOX1, NOX2 and NOX4 interact with 
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p22phox to form a functionally active enzyme (Ambasta et al., 2004; Nakano et al., 2008; 

Yu et al., 1998). A loss of function of the p22phox protein in the nmf333 mouse model 

subsequently leads to a loss of function of NOX1 and NOX2 dependent NADPH 

oxidases while the function of NOX4 seems to remain preserved (von Löhneysen et al., 

2008).   

Upon HFD treatment body weight gain was not significantly lower in p22phox deficient 

mice than in wildtype mice. In contrast, smooth muscle specific knock out of p22phox 

as well as deletion of p22phox in the hypothalamus have been reported to prevent 

weight gain upon 6 weeks or 10 weeks treatment with HFD, respectively (Lob et al., 

2017; Youn et al., 2014). While the reasons for this discrepancy are not fully elucidated, 

our study clearly shows that p22phox deficient mice were protected against the 

development of obesity cardiomyopathy since they did not develop left ventricular 

hypertrophy, remodelling and heart failure.  

While this is to our knowledge the first study demonstrating a functional role of p22phox 

in obesity cardiomyopathy, it has been previously shown that NOX2 knock out mice 

were protected against high fat diet induced LVH (Bhatti & Li, 2020) and LV dysfunction 

(Hafstad et al., 2020) suggesting that p22phox might contribute to obesity 

cardiomyopathy via NOX2. 

In line, several studies underline a role of p22phox and NOX2 in vascular and metabolic 

consequences of high fat diet (De Figueiredo et al., 2015; Joseph et al., 2019; Sukumar 

et al., 2013; Youn et al., 2014). Also insulin signaling in cardiomyocytes was reported to 

be mediated by NOX2 and NOX4 derived ROS (Steinhorn et al., 2017).  

In support we showed that cardiac NOX4 protein levels were upregulated after high fat 

diet, while this response was prevented in p22phox deficient mice. As p22phox deficient 

mice were protected against obesity cardiomyopathy these data suggest that NOX4 

might also contribute to cardiac dysfunction in obesity. Although no loss in NOX4 

function has been reported in nmf333 mice (von Löhneysen et al., 2008), it might well 

be that the loss of ROS production in nmf333 hearts also decreased NOX4 levels as 

NOX4 expression has been shown to be redox sensitive (Colston et al., 2005; Pendyala 

& Natarajan, 2010).  

While to our knowledge there are no studies on the role of NOX4 in obesity 

cardiomyopathy several studies investigated the role of NOX4 in different responses to 

high fat diet. NOX4-deficient mice displayed latent adipose tissue accumulation and 
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were susceptible to diet-induced obesity and early onset insulin resistance (Trayhurn et 

al., 2009). 

NOX4 deficiency was further reported to promote atherosclerosis in high fat diet fed 

ApoE−/− mice or LDL receptor deficient mice (Langbein et al., 2016; Schürmann et al., 

2015). In contrast, another group reported that NOX4 deficiency in adipocytes protected 

from high fat diet induced insulin resistance (Den Hartigh et al., 2017). In contrast, other 

studies reported that NOX4 promotes cardiac dysfunction in models of cardiac overload 

(Kuroda et al., 2010; Zhang et al., 2018). However, whether NOX4 has protective or 

damaging effects in the development of cardiac dysfunction, and more specifically in 

obesity induced cardiac dysfunction, remains unclear (Morawietz, 2011, 2018).  

 

8.3 miRNA1-a and its targets are dysregulated in vivo dependent on 
NADPH oxidases 
 
In our study, miRNA-seq analysis performed on left ventricular tissues showed 

differentially regulated miRNA profiles between wild type and p22phox deficient mice, 

as well as between normal chow and HFD fed mice. Verified by qPCR, our data 

indicated that miR-1a was downregulated in HFD treated wild type mice, whereas miR-

1a levels remained unchanged in the normal chow groups. miRNAs of the miR-1a 

precursor family have pivotal roles in development and physiology of muscle tissues 

including the heart (Mishima et al., 2007). While miR-1 is known to play an important 

role in heart diseases such as hypertrophy, myocardial infarction, and arrhythmias (Cai 

et al., 2010; Silvestri et al., 2009; Zorio et al., 2009), recent data show that miR-1 is 

closely associated with hypertrophic development in cardiac tissue (Care et al., 2007; 

Karakikes et al., 2013; Q. Li et al., 2010). Mechanistically, reduced levels of miR-1a have 

been shown to induce cardiac hypertrophy, while overexpression of miR-1a proved to 

be protective (Care et al., 2007; Sayed et al., 2007). In line, in our study LVH was 

associated with decreased levels of miR-1a. 

Furthermore, known miR-1a target genes were upregulated in LVH induced by HFD in 

our study: Heart and neural crest-derived transcript 2 (HAND2) has been described to 

promote cardiac hypertrophy, adult and embryonic heart failure (Srivastava et al., 1997; 

Thattaliyath et al., 2002) and plays an important role in cardiogenesis by promoting 
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ventricular cardiomyocyte expansion (Zhao et al., 2005) as well as in angiotensin-II-

induced cardiac hypertrophy (Yu et al., 2019).  

Cyclin-dependent kinase 9 (CDK9) has been shown to induce cardiac hypertrophy 

(Sano et al., 2002) and heart failure (Sano et al., 2004), and has been identified as a 

possible therapeutic target in heart failure and cardiac hypertrophy. While CDK9 has 

been  described as a target of miR-1a (Takaya et al., 2009), it has also been reported 

that upregulation of CDK9 precedes miR-1 overexpression during cardiac differentiation 

in embryonic stem cells (Tarhriz et al., 2018).  

B-cell lymphoma 2 (Bcl-2) is an important regulator of programmed cell death (Zhai et 

al., 2015), and has been linked to end stage heart failure (Latif et al., 2000). 

Endothelin 1 (EDN1) is important for the regulation of endothelial function and has been 

associated with LV hypertrophy (Castro et al., 2007).  

While this is to our knowledge the first report linking obesity-induced cardiac pathologies 

to miR-1a dysregulation, it has recently been shown that miR-1a expression is reduced 

in skeletal muscle of obese mice and treatment with miR-1a improved insulin resistance 

in skeletal muscle (Rodrigues et al., 2021). These findings support the notion that 

dysregulation of miR-1a and its target genes might contribute to obesity cardiomyopathy 

in our model system. Importantly, while miR-1a levels were not affected in untreated 

p22phox deficient mice, downregulation by obesity was completely abolished in these 

mice. In line, high fat diet induced upregulation of mir-1a target genes was prevented in 

p22phox deficient mice. This suggests that miR-1a is regulated by p22phox and might 

be susceptible to ROS in the context of obesity subsequently promoting the 

development of cardiac hypertrophy and dysfunction. Interestingly, a recent study 

showed that miR-1a is susceptible to oxidation in a redox sensitive model of cardiac 

hypertrophy and that oxidized miR-1a is able to promote cardiac hypertrophy (Seok et 

al., 2020). Thus, oxidation of miR-1a by p22phox-dependent ROS might be an important 

mechanism in promoting obesity cardiomyopathy, and modulation of miR-1a levels 

might be a future therapeutic approach in the development of obesity-induced cardiac 

dysfunction. However, further studies are needed to identify precise mechanisms. 
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8.4 High fat diet promotes UPR via NADPH oxidases 
 

Analysis of our miRNA sequencing data further suggested that p22phox-dependent 

downregulation of miR-1a might affect various pathways known to promote the 

consequences of obesity in the heart including ROS signalling, ER stress/UPR and 

apoptosis  (Cai et al., 2010; Cai & Kang, 2001, 2003; Ren et al., 2021). 

As discussed above, our findings showed that ROS levels and lipid peroxidation are 

enhanced in obesity cardiomyopathy in a p22phox-dependent manner.  

ROS are closely linked to ER stress and are fundamental elements of acute and chronic 

UPR signaling (Ozgur et al., 2018). The relationship between endoplasmic reticulum 

stress, activation of the UPR, and ROS has been described in several studies (Eletto et 

al., 2014). Excessive ROS production has been shown to increase the load of unfolded 

proteins, leading to UPR (Alfadda & Sallam, 2012).  

High fat diet and subsequent obesity have been associated with several 

pathophysiologic mechanisms which might lead to ER stress. Those include 

hyperglycemia, hyperlipidemia or pressure overload (Toth et al., 2007; Xu et al., 2012). 

All of them can lead to ROS production promoting the accumulation of unfolded proteins 

(Minamino et al., 2010). Indeed, we observed increased levels of surrogate markers for 

oxidative stress like 4-HNE and 8-OHdG in hearts and lungs of HFD-treated mice. In 

line, cardiomyocytes showed increased superoxide production after sodium-palmitate 

stimulation.  

We have substantiated the importance of UPR in hearts and lungs since 

phosphorylation of eIF2α was induced in HFD WT mice in comparison to control 

littermates. Furthermore, both ATF4- and ATF6-branches of the UPR pathway were 

induced in hearts and lungs dependent on p22phox. In addition, we have observed 

increased levels of XBP1 in hearts and lungs from obese wild type mice. In support, ER 

stress in the heart was observed in mice fed a HFD for 42 weeks (Che et al., 2018).  

Importantly, p22phox deficient mice did not develop ER stress in hearts and lungs in 

response to HFD. This is in line with previous studies demonstrating that p22phox 

promotes ER stress and the UPR in heart and lungs exposed to hypoxia (Petry et al., 

2018). On the other hand, ER stress has been shown to induce p22phox-dependent 

ROS production, indicating a positive feedback mechanism (Petry et al., 2018). 
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A similar cross talk has been described for NOX2 in the kidney (G. Li et al., 2010) and 

7-ketocholesterol induced ER-stress in aortic smooth muscle cells via activation of both 

NOX2 and NOX4 (Pedruzzi et al., 2004).  

It has been suggested that a significant portion of ROS production under ER stress 

condition is attributable to NOX4 (Santos et al., 2009). Similarly, we observed a 

significant increase in NOX4 protein levels. While a detrimental effect of NADPH 

oxidases including NOX4 has been widely accepted, previous studies also reported 

protective effects by NOX4 activation (Schröder et al., 2012). NOX4 has been shown to 

interact with the ER, allowing for an enhanced stress signaling response and cell 

survival (Santos et al., 2016). In contrast, several other studies have also suggested 

protective NOX4 effects against ER stress in murine hearts in various pathologies 

(Hansen et al., 2018; Matsushima et al., 2013; Zhang et al., 2010).  

Although the mechanisms linking the different NOXes to UPR still need further 

understanding, our results underline a crucial role of p22phox-dependent NADPH 

oxidases in cardiac and pulmonary ER-stress induced by HFD feeding.  

In line, ER stress and the UPR have been discussed to be prominent mechanisms in 

cardiac and pulmonary vascular remodeling in response to obesity and high fat diet 

(Amen et al., 2019; Shah et al., 2017). Recent studies have linked ER-stress/UPR to the 

metabolic syndrome including obesity, insulin resistance, and to heart failure (Mohan et 

al., 2019; Ochoa et al., 2018). The UPR has been discovered as key player in metabolic 

and lipid homeostasis (Achard & Laybutt, 2012), while it also contributed to the 

development of insulin resistance (Samuel & Shulman, 2012).  

In line with our study increased levels of ER stress marker proteins GRP78/BiP, p-

PERK, ATF6 and CHOP were found in the atrial myocardium from mice exposed to HFD 

and GRP78/BiP and CHOP levels were elevated in atrial biopsies from overweight 

patients (Zhang et al., 2020). Another study showed increased levels of the ER stress 

markers Bip, p-eIF2α and pPERK  in the hearts from ob/ob mice (Ceylan-Isik et al., 

2011). EDN1 which has been linked to the UPR response in hepatocarcinoma (Lu et al., 

2014), was also dysregulated by p22phox in obesity cardiomyopathy in our study.  

In addition, cardiac UPR has been investigated in heart failure and cardiac dysfunction 

models. PERK phosphorylation and ATF6, but not  IRE-1α-XBP1, were shown to play 

important roles in ER stress-mediated diabetic cardiomyopathy in non-obese type 2 DM 

(Lakshmanan et al., 2013). STZ-induced diabetes also increased CHOP and caspase 

12 levels in the heart (Xu et al., 2009).  
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In line, caspase 12 levels were also increased in the hearts of HFD fed wild type but not 

nmf333 mice. ER stress activates caspase 12, which is released to the cytoplasm 

initiating the proapoptotic cascade involving caspases 3 and 7 (Szegezdi et al., 2003). 

In support, p22phox-dependent activation of caspases 3 and 7 was observed in hearts 

and lungs from HFD fed mice. In support, high fat diet has been previously shown to 

induce apoptosis in several organs including the heart, and ROS have been implicated 

in this process (Dirkx et al., 2011). Furthermore, apoptosis has been considered an early 

event in the development of metabolic cardiomyopathy (Gürtl et al., 2009) and has been 

identified in patients with heart failure (Kang & Izumo, 2000). Although apoptosis in 

failing hearts might be associated with loss of some cardiomyocytes leading to heart 

dysfunction (Kumar et al., 2002; NEVIÈRE et al., 2001), the exact link between 

apoptosis and heart failure, in particular in the context of obesity, remains to be 

elucidated.  

Surprisingly, p22phox also promoted the induction of the anti-apoptotic protein Bcl-2 in 

hearts from HFD fed mice in our study. Bcl2 has been described to reduce caspase 12 

cleavage and thereby to abrogate caspase 3 cleavage and apoptosis (Donovan & 

Cotter, 2004). However, it has also been reported that under states of oxidative stress, 

overexpression of Bcl-2 functions as a redox sink to prevent excessive formation of ROS  

(Jang & Surh, 2003). Thus, elevated levels of Bcl2 might be the result of a compensatory 

answer towards NADPH oxidase activation in the obese heart.  

Taken together, the findings in this study showed that p22phox-dependent NADPH 

oxidases mediate high fat diet induced ROS generation leading to downregulation of 

miR-1a in the heart, the induction of ER stress and the UPR and finally to apoptosis 

(Fig. 18). These pathways might contribute to the development of left ventricular 

hypertrophy and dysfunction, eventually also affecting the pulmonary vasculature and 

the right heart. Thus, targeting p22phox-dependent NADPH oxidases might serve as an 

interesting therapeutic target in obesity-induced cardiomyopathy.  
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Figure 18. p22phox-dependent NADPH oxidases mediate high fat diet induced cardiomyopathy. 
NADPH oxidase dependent ROS generation leads to downregulation of miR-1a in the heart, as well as 

to ER stress, UPR and apoptosis. These pathways might result in obesity cardiomyopathy with left 

ventricular dysfunction and pulmonary vascular remodelling. 
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