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1.  SUMMARY 
 

With aging of the global society, cardiovascular diseases and heart failure are becoming 

leading causes of cardiovascular morbidity and mortality worldwide. The high morbidity and 

mortality of heart failure is partially attributed to insufficient treatment options and a lacking 

knowledge of pathomechanisms. The aim of this thesis was to identify pathomechanisms 

underlying the pathogenesis of heart failure in experimental models. The study used gene 

expression data of mouse models, which recapitulate major cardiovascular risk factors, 

chronic pressure overload and atherosclerosis. Chronic pressure overload was imposed by 

abdominal, aortic constriction (AAC), and as a model of atherosclerosis the study used apolipoprotein 

E-deficient (Apoe-/-) mice with hypercholesterolemia. Cardiac whole genome microarray 

gene expression data were analyzed of three different heart failure models of Apoe-/- mice, 

i.e. (I) aged, 18-month-old Apoe-/- mice, (II) young, 6-month-old Apoe-/- mice with AAC-

induced chronic pressure overload, and (III) 8-month-old Apoe-/- mice with heart failure 

symptoms triggered by rosiglitazone, which is a heart failure-enhancing agonist of the adipogenic 

transcription factor, Pparg. The control groups were (I) age-matched, 18-month-old non-

transgenic B6 mice, (II) 6-month-old Apoe-/- mice without AAC, and (III) 8-month-old Apoe-/- 

mice without rosiglitazone treatment. Gene ontology (GO) analyses of differentially expressed 

genes between failing hearts and respective control groups revealed the predominant up-regulation 

of genes from the cardiac lipid metabolic process in the three different heart failure models. 

The up-regulation of cardiac lipid genes was not only a characteristic feature of failing Apoe-

/- hearts with hypercholesterolemia but was also triggered by AAC-induced chronic pressure 

overload of non-transgenic B6 mice. 

In search for potential heart failure-promoting genes, whole genome microarray gene expression data 

analysis identified Scd1, the stearoyl-coenzyme A desaturase 1, as one of the lipid metabolism 

genes with the highest, more than 10-fold up-regulation, in failing hearts. To investigate the 

role of cardiac SCD1 up-regulation in vivo, transgenic mice with myocardium-specific expression of 

SCD1 under control of the alpha-MHC promoter were generated. SCD1-transgenic mice were 

identified by genotyping PCR of ear-punch biopsies and used for further breeding. Two 

different transgenic Tg-SCD1 mouse lines were generated. Immunoblot analysis demonstrated the 

increased cardiac SCD1 protein level of SCD1-transgenic (Tg-SCD1) mice with 1.9±0.6-fold and 
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4.3±0.8-fold increased SCD1 protein levels compared to those of non-transgenic B6 controls. 

Phenotyping showed that 6-months-old Tg-SCD1 mice had developed cardiac hypertrophy 

with a significantly increased heart-to-body weight ratio. Concomitantly, echocardiography 

revealed a significantly decreased left ventricular cardiac ejection fraction of Tg-SCD1 mice 

(with high SCD1 protein level) of 35.2 ± 6.1 % compared to 52.7 ± 5.2 % of non-transgenic B6 

controls (±s.d., n=6, p=0.0002). Histology analysis of hematoxylin-eosin-stained, paraffin-

embedded cardiac sections further documented the cardiac hypertrophy of Tg-SCD1 hearts, 

and immunohistology confirmed the increased SCD1 protein contents of the hypertrophied 

Tg-SCD1 hearts. Whole genome gene expression profiling was performed to detect differentially 

expressed genes between Tg-SCD1 and non-transgenic B6 control mice. Data analysis showed 

that Tg-SCD1 hearts had significantly increased expression levels of heart failure-related 

genes, i.e. adiponectin (Adipoq), fatty acid synthase (Fasn) and resistin (Retn). 

In view of the heart failure phenotype induced by an increased cardiac SCD1 level, the next 

part of my thesis investigated pathomechanisms triggered by SCD1. A well-established pro-

hypertrophic and failure-enhancing protein is the angiotensin II AT1 receptor, Agtr1. Radioligand 

binding studies with cardiac membranes and the radioligand, Sar1, [125I] Tyr4, Ile8-angiotensin 

II, detected a significantly increased number of AT1 receptor binding sites of Tg-SCD1 hearts 

compared to those of non-transgenic hearts, i.e. the number of AT1-specific binding sites was 

1.6±0.2-fold higher of Tg-SCD1 hearts compared that of non-transgenic B6 mice. Autoradiography 

with anti-AT1 receptor antibodies confirmed the increased AT1 receptor protein level of Tg-SCD1 

hearts and showed the predominant left ventricular localization of the up-regulated AT1 

receptor on cryo-sections of Tg-SCD1 hearts with signs of heart failure. 

Next, the study investigated whether an increased SCD1 level was sufficient to mediate up-

regulation of the AT1 receptor protein in isolated cells. To this end, HEK cells were transfected 

with an expression plasmid encoding the AT1 receptor without and with co-transfection of 

SCD1. Radioligand binding studies showed that SCD1 also increased the protein level of the 

AT1 receptor in HEK cells, i.e. the number of AT1 receptor binding sites was 2.2±0.4-fold 

higher of cells with AT1-receptor and SCD1-cotransfection compared to that of AT1-receptor-

transfected cells. The direct effect of SCD1 on the AT1 receptor was further analyzed by 

fluorescence spectroscopy, which quantified the cellular AT1-Cerulean protein without and 

with co-transfection of SCD1. The expression of SCD1 significantly increased the cellular 
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protein levels of the AT1-Cerulean protein, which was determined by fluorescence spectroscopy 

compared to the cellular fluorescence of HEK cells transfected with AT1-Cerulean only. 

Taken together, my thesis showed the predominant up-regulation of the cardiac lipid metabolic process 

in different heart failure models by whole genome microarray gene expression data analysis. 

Among different lipid metabolism genes, the impact of SCD1 up-regulation on heart function 

was investigated by generation of SCD1-transgenic mice. Moderately increased SCD1 levels 

(4.3-fold above the non-transgenic control) were sufficient to promote symptoms of heart 

failure such as cardiac hypertrophy and cardiac dysfunction. In addition, SCD1 triggered up-

regulation of heart failure-related genes. And finally, SCD1 directly increased the protein level 

of the pro-hypertrophic and heart failure-enhancing angiotensin II AT1 receptor. 
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2.  ZUSAMMENFASSUNG 
 
Mit zunehmender Alterung der globalen Gesellschaft werden kardiovaskuläre Erkrankungen 

und Herzinsuffizienz zu Hauptursachen der kardiovaskulären Morbidität und Mortalität 

weltweit. Die hohe Morbidität und Mortalität von Herzinsuffizienz wird teilweise auf 

ungenügende Behandlungsmethoden und fehlende Kenntnis der zugrundeliegenden 

Pathomechanismen zurückgeführt. Das Ziel dieser Doktorarbeit war die Identifizierung von 

Pathomechanismen, die der Pathogenese von Herzinsuffizienz in experimentellen Modellen 

zugrunde liegen. Die Studie verwendete Genexpressionsdaten von Mausmodellen, die wichtige 

kardiovaskuläre Risikofaktoren wie chronische Druckbelastung und Atherosklerose rekapitulieren. 

Chronische Druckbelastung wurde durch abdominale Aortenkonstriktion (AAC) ausgelöst, 

und als Modell der Atherosklerose benutzte die Studie Apolipoprotein E-defiziente (Apoe-/-) 

Mäuse mit Hypercholesterolämie. Es wurden kardiale Mikroarray-Genexpressionsdaten des 

Gesamtgenoms von drei verschiedenen Herzinsuffizienz-Modellen der Apoe-/- Mäuse 

analysiert: (i) gealterte, 18 Monate alte Apoe-/- Màuse, (ii) junge, 6 Monate alte Apoe-/- 

Mäuse mit AAC-induzierter chronischer Druckbelastung, und (iii) 8 Monate alte Apoe-/- 

Mäuse mit Symptomen von Herzinsuffizienz, die durch Rosiglitazon ausgelöst wurden. 

Rosiglitazon ist ein Agonist des adipogenen Transkriptionsfaktors, PPARG, der die Entwicklung 

von Herzinsuffizienz-Symptomen beschleunigt. Die Kontrollgruppen waren (i) 18 Monate alte, 

nicht-transgene B6 Mäuse, (ii) 6 Monate alte Apoe-/- Mäuse ohne AAC, und (iii) 8 Monate alte 

Apoe-/- Mäuse ohne Rosiglitazon-Behandlung. Die Analyse der Genontologie (GO) von Genen 

mit differentieller Expression zwischen den insuffizienten Herzen und den zugehörigen 

Kontrollen zeigte die prädominierende Hochregulation von Genen des kardialen lipidmetabolischen 

Prozesses in den drei verschiedenen Herzinsuffizienz-Modellen. Die Hochregulation der kardialen 

lipidmetabolischen Gene war nicht nur ein charakteristisches Merkmal von insuffizienten Apoe-

defizienten Herzen mit Hypercholesterolämie, sondern wurde auch durch AAC-induzierte 

chronische Druckbelastung in nicht transgenen B6 Mäusen ausgelöst. 

Auf der Suche nach potentiellen Herzinsuffizienz-fördernden Genen identifizierte die Analyse 

der Gesamtgenom-Mikroarray-Genexpressionsdaten Scd1, die Stearoyl-Coenzym A Desaturase 1, als 

eines der Gene des Lipidmetabolismus mit der höchsten, mehr als 10-fachen Hochregulation 

in den Herzen mit Herzinsuffizienz. Um die Rolle der Hochregulation der kardialen SCD1 in 
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vivo zu untersuchen, wurden transgene Mäuse mit Myokardium-spezifischer Expression von 

SCD1 unter Kontrolle des alpha-MHC-Promoters generiert. SCD1-transgene Mäuse wurden 

durch Genotypisierung mittels PCR-Analyse von Biopsie-Gewebe aus dem Ohrläppchen 

identifiziert und für die weitere Zucht eingesetzt. Es wurden zwei verschiedene SCD1-

transgene Mauslinien generiert. Eine Immunoblot-Analyse zeigte den erhöhten kardialen 

Gehalt an SCD1-Protein von SCD1-transgenen (Tg-SCD1) Mäusen mit 1.9±0.6-fach und 

4.3±0.8-fach erhöhten SCD1-Proteingehalt im Vergleich zu nicht-transgenen B6 Kontrollen. 

Die Phänotypisierung zeigte, dass 6 Monate alte, SCD1-transgene Mäuse eine kardiale 

Hypertrophie mit einem signifikant erhöhten Verhältnis von Herzgewicht zu Körpergewicht 

entwickelt hatten. Gleichzeitig zeigte die Echokardiographie eine signifikant verminderte 

linksventrikuläre kardiale Ejektionsfraktion der SCD1-transgenen Mäuse mit hohem SCD1 

Proteingehalt von 35.2 ± 6.1 % im Vergleich zu 52.7 ± 5.2 % bei nicht-transgenen B6 Kontrollen 

(±s.d., n=6, p=0.0002). Darüber hinaus dokumentierte die histologische Analyse von Paraffinschnitten, 

die mit Hämatoxylin-Eosin gefärbt waren, die kardiale Hypertrophie von SCD1-transgenen 

Herzen, und der immunhistologische Nachweis von SCD1 bestätigte die erhöhten SCD1-Proteinmenge der 

hypertrophen, SCD1-transgenen Herzen. Um unterschiedlich exprimierte Gene zwischen SCD1-transgenen und 

nicht-transgenen B6 Kontrollmäusen zu identifizieren, wurde eine Genexpressionsstudie des 

gesamten Genoms durchgeführt. Die Datenanalyse zeigte, dass SCD1-transgene Herzen eine 

signifikant erhöhte Expression von Genen zeigten, die mit Herzinsuffizienz assoziiert sind, wie 

z. B. Adiponectin (Adipoq), Fettsäure-Synthase (Fasn) und Resistin (Retn). 

Angesichts des Phänotyps der Herzinsuffizienz, der sich infolge eines erhöhten kardialen SCD1-

Spiegels entwickelte, untersuchte der nächste Teil der Doktorarbeit Pathomechanismen, die durch 

SCD1 ausgelöst werden. Der Angiotensin II AT1 Rezeptor, Agtr1, ist ein gut etabliertes, 

Hypertrophie-stimulierendes und Herzinsuffizienz-verstärkendes Protein. Durch Bindungsstudien 

mit dem Radioliganden Sar1, [125I] Tyr4, Ile8-Angiotensin II wurde an kardialen Membranen 

eine signifikant erhöhte Anzahl an AT1-Rezeptor-Bindungstellen bei SCD1-transgenen Herzen 

im Vergleich zu nicht transgenen Herzen detektiert, d.h. die Anzahl an AT1-spezifischen 

Bindungsstellen war bei SCD1-transgenen Herzen 1.6±0.2-fach höher als bei nicht transgenen 

Herzen, die aus B6 Mäusen isoliert worden waren. Die autoradiographische Analyse mit AT1 

Rezeptor-spezifischen Antikörpern bestätigte die erhöhte AT1 Rezeptorproteinmenge von SCD1-



7 

 

transgenen Herzen und zeigte die überwiegend linksventrikuläre Lokalisierung des hochregulierten 

AT1 Rezeptors auf Gefrierschnitten von SCD1-transgenen Herzen mit Symptomen von Herzinsuffizienz.  

Im nächsten Schritt wurde untersucht, ob ein erhöhter SCD1-Spiegel ausreicht, eine Hochregulation des 

AT1 Rezeptorproteins in isolierten Zellen zu bewirken. Um diese Frage zu untersuchen, 

wurden HEK Zellen mit einem Expressionsplasmid transfiziert, das für den AT1 Rezeptor 

kodiert. Zusätzlich wurden die Zellen entweder mit einem SCD1-kodierenden Expressionsplasmid 

oder einem Kontrollplasmid transfiziert. Radioligandenbindungsstudien zeigten, dass eine 

Zunahme von SCD1 auch die Menge des AT1 Rezeptorproteins in HEK Zellen erhöhte. Die 

Anzahl an AT1 Rezeptor-Bindungsstellen nach SCD1 Kotransfektion war 2.2±0.4-fach höher 

als bei Zellen, die den AT1 Rezeptor ohne zusätzliche SCD1-Expression exprimierten. Der 

direkte Effekt von SCD1 auf den AT1 Rezeptor wurde außerdem mit Fluoreszenz-Spektroskopie 

analysiert, die das zelluläre AT1-Cerulean-Protein mit oder ohne SCD1 Kotransfektion 

quantifizierte. Die Expression von SCD1 erhöhte signifikant den zellulären Proteinspiegel des 

AT1-Cerulean-Proteins, das mittels Fluoreszenzspektroskopie im Vergleich zur zellulären 

Fluoreszenz von HEK Zellen bestimmt wurde, die nur mit AT1-Cerulean transfiziert worden 

waren.  

Zusammenfassend zeigt diese Doktorarbeit durch eine Analyse von Mikroarraygenexpressions-Daten 

des gesamten Genoms die prädominierende Hochregulation des kardialen lipidmetabolischen 

Prozesses in verschiedenen Modellen der Herzinsuffizienz. Unter den verschiedenen Genen 

des Fettstoffwechsels wurde SCD1 ausgewählt und der Einfluss der Hochregulation von SCD1 

auf die Herzfunktion durch Generierung von SCD1-transgenen Mäusen untersucht. Ein 

moderat erhöhter SCD1-Spiegel (4.3-fach höher als die nicht transgene Kontrolle) war 

ausreichend, um Symptome der Herzinsuffizienz, wie z. B. kardiale Hypertrophie und kardiale 

Dysfunktion, auszulösen. Zusätzlich bewirkte SCD1 die Hochregulation von Herzinsuffizienz-

assoziierten Genen. Und schließlich erhöhte SCD1 direkt den Proteinspiegel des Hypertrophie-

stimulierenden und Herzinsuffizienz-verstärkenden Angiotensin II AT1 Rezeptors. 
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3.  ABBREVIATIONS 
 

a.u.   Arbitrary unit 

AAC                                                Abdominal aortic constriction  

Acc                                                 Acetyl-CoA carboxylase (murine gene symbol) 

ACE                                                Angiotensin converting enzyme 

ACEI                                               Angiotensin converting enzyme inhibitors  

Adipoq                                           Adiponectin (murine gene symbol) 

Ampk                                             AMP-activated protein kinase  

ApoE                                              Apolipoprotein E  

APS                                                Ammonium persulfate 

AT1R                                              Aangiotensin II type I receptor 

B6                                                  C57BL/6 mouse  

BBS                                                BES-buffered saline 

BES                                                N, N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid  

BMI Body mass index 

BSA Bovine serum albumin 

CAD Coronary artery disease 

cAMP 3’,5’-cyclic adenosine monophosphate 

cDNA Complementary DNA 

CHF Congestive heart failure  

Cpt1 Carnitine palmitoyltransferase 1 (murine gene symbol) 

cRNA Complementary RNA 

CRP C-reactive protein  

CVD Cardiovascular disease  

DGAT2 Diacylglycerol acyltransferase 2 

dH2O Distilled water 

DMEM Dulbecco's Modified Eagle's Medium 

DNA Deoxyribonucleic acid 

E. coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

eNOS Endothelial nitric oxide synthase  
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ET-1 Endothelin-1  

Fasn Fatty acid synthase (murine gene symbol) 

FBS Fetal bovine serum 

FCS Fetal calf serum 

Gapdh Glyceraldehyde 3-phosphate dehydrogenase 

GCOS GeneChip® operating software 

GLP1 Glucagon-like peptide-1  

Gnb Guanine nucleotide-binding protein subunit beta 

GO Gene ontology  

hCG Human chorionic gonadotropin 

HEK293 Human embryonic kidney 293 cells 

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

HF Heart failure  

HFpEF Heart failure with preserved ejection fraction  

HFrEF Heart failure with reduced ejection fraction  

IgG Immunoglobulin G 

IVT In vitro transcription  

KDa Kilodalton 

LPS Lipopolysaccharide  

LVEF Left ventricular ejection fraction  

LXR Liver X receptor 

MHC Myosin heavy chain 

mRNA Messenger ribonucleic acid 

MUFAs Monounsaturated fatty acids 

NF-1 Nuclear factor 1 

NO Nitric oxide  

PBS Phosphate-buffered saline 

PBST PBS-Tween 

PCR Polymerase chain reaction  

PDE-5A Phosphodiesterase-5A  

Pparg Peroxisome proliferator-activated receptor gamma (murine 

gene symbol) 
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PUFAs Polyunsaturated fatty acids 

Retn Resistin (murine gene symbol) 

RNA Ribonucleic acid 

RNAse Ribonuclease 

rRNA Ribosomal ribonucleic acid 

RT Room temperature  

Scd1 Stearoyl-CoA desaturase (murine gene symbol) 

SCD1 Stearoyl-CoA desaturase (human gene symbol) 

SCD1            Stearoyl-CoA desaturase (protein symbol) 

SD Standard deviation 

SDS-PAGE                                     Sodium dodecyl sulfate–polyacrylamide gel electrophoresis  

SFAs Saturated fatty acids 

SOB Super optimal broth  

SOC  Super optimal broth with catabolite repression 

SP1 Specificity protein 1  

SPT Serine palmitoyltransferase  

SREBP Sterol regulatory element-binding proteins 

TAG                      Triacylglycerol 

Taq Thermus aquaticus 

TBE Tris, boric acid, EDTA 

TE Tris, EDTA 

TEMED Tetramethylethylenediamine 

Tg Transgenic 

Tris Tris(hydroxymethyl) amino methane 

 tRNA Transfer ribonucleic acid 

TSB Transformation and storage buffer 

 

 

 

 

Gene and protein symbols are according to the HUGO Gene Nomenclature Committee 

(HGNC). 
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4.  INTRODUCTION 
 

Cardiac dysfunction, commonly known as heart failure (HF) is characterised by the inability of 

the heart to pump sufficiently to maintain blood and oxygen supply to other body organs 

including kidneys, liver and brain. The weakness of the heart muscle is commonly associated 

with numerous possible serious conditions and risk factors such as myocardial infarction, 

uncontrolled high blood pressure, obesity, diabetes, heart infections and inherited heart 

disorders [1]. HF is a pandemic disease and major cause of mortality, which affects approximately 26 

million people worldwide [2]. About 1-3 % of health care expenditure is attributed to HF 

treatment costs in North America, Western Europe and Latin America [2]. The average 

prevalence of HF is 1-2% globally (Figure 1) [2]. 

 

 

Figure 1: Percentage of people living with HF in North America, Europe, Asia, Australia and Middle 
East. 
The high prevalence of HF is predicted to increase further, causing extreme pressure on healthcare 
systems and related costs in the future [3]. 
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Figure 2: Common signs and symptoms of HF. (source: Mayo Foundation for Medical Education and 
Research). 

 

The most common signs and symptoms of HF include reduced vitality, fatigue, breathing 

difficulties, pulmonary edema, swollen cyanotic feet, abdominal swelling, cardiac hypertrophy, 

irregular heartbeat and reduced left ventricular ejection fraction (LVEF) [4]. A LVEF of below 

45 percent is considered as a potential marker of heart problems. Cardiac hypertrophy can 

also help to assess the severity of HF and guide the physician to select appropriate treatments 

(Figure 2) [5, 6].  
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4.1.  Risk factors of cardiovascular disease and heart failure 

4.1.1.  Hypertension 

Hypertension or high blood pressure is a long-term elevation of pressure in arteries. Based on 

a report from the Framingham Heart Study (FHS) and the National Heart, Lung and Blood 

Institute (NHLBI) in the US, people who had high blood pressure with CVD, had a lower rate 

of longevity [7]. In the US, published studies between 1975-1992 and between 1988-2006 

revealed that the mortality rate of hypertensive patients with CVD is substantially higher than 

those without hypertension[8]. In addition, the causal association between chronic hypertension and 

the pathogenesis of HF is well documented by many studies [9]. Moreover, younger hypertensive 

individuals were associated with an increased risk of all-cause death including CVD and 

congestive heart failure (CHF) [10]. This indicates that early intervention could be helpful to 

minimize the risk of CVD mortality and HF caused by elevated blood pressure. 

 

4.1.2.  Diabetes mellitus 

Diabetes mellitus is a metabolic disorder characterised by long-term elevation of blood 

glucose, which is caused by impairment of insulin secretion and/or insulin action. The decline 

in the level of insulin or the incidence of insulin resistance at the level of the insulin receptor 

and down-stream signalling cascades in tissues such as adipose tissue, skeletal muscles, and 

liver, might be a key for metabolic abnormalities. The intensity of symptoms depends on the 

type and duration of diabetes. Some people who become diabetics are unlikely to have 

symptoms, especially those people that are in the early years of type 2 diabetes. However, 

symptoms of diabetes in individuals with significant hyperglycaemia and children with 

complete insulin deficiency generally include weight loss, polyuria, polydipsia, polyphagia, 

blurred vision. Untreated diabetes can be life-threatening leading to coma and stupor, which 

is caused by ketoacidosis or rarely by nonketotic hyperosmolar syndrome [11, 12]. There is 

an association between diabetes mellitus and CVD. CVD is the integral factor for mortality and 

morbidity in diabetic patients [13]. The risk for CVD mortality and morbidity in adult populations 

with diabetes mellitus is ranged from 1 to 3 In male, and 2 to 5 in female compared to people 

without diabetes [14]. The intervention of diabetes in patients with CVD has a tendency to 

decrease the risk of mortality. Some risk factors such as obesity, hypertension and dyslipidaemia, are 

usually accompanied by diabetes mellitus, which make the treatment to be more challenging. 
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Additionally, several studies have indicated that many factors such as oxidative stress, 

elevated blood coagulability, impaired endothelial function and autonomic neuropathy are 

usually associated with diabetes mellitus and may increase the incidence of CVD [14].   

Diabetes mellitus is also a major risk factor accelerating the pathogenesis of HF. Recent studies 

document that patients with diabetes type 2 have a >2-fold increased risk of developing HF. In 

addition, the prognosis of patients with HF and diabetes is worse than that of HF patients 

without diabetes [15]. 

 

4.1.3.  Dyslipidemia 

Arteriosclerosis is one of the most common risk factors of CVD, which results from high level 

of LDL-cholesterol. Arteriosclerosis is the leading cause of coronary artery disease (CAD), 

ischemic stroke, and peripheral vascular occlusive disease. Dyslipidaemia is a metabolic 

abnormality causing a chronic elevation in the level of cholesterol and triglycerides. There are 

recently three categories of dyslipidaemia. These categories are hypercholesterolemia, 

hypertriglyceridemia, and hyperlipidaemia which includes both hypercholesterolemia and 

hypertriglyceridemia [16]. An increased level of lipids can elevate the response of the blood 

vessel wall leading to impaired endothelial function, accumulation of lipids, proliferation of 

smooth muscle cells, leading to death of tissues and plaque formation [17]. Dyslipidemia and 

other cardiac risk factors can occur during childhood even though the symptoms of CVD 

caused by dyslipidaemia and other risk factors are usually observed during adulthood [18]. 

Because CAD and CVD caused by hypercholesterolemia and ensuing atherosclerosis predispose to 

the development of hypertension and myocardial infarction, CAD is also a major risk factor 

for the development of HF. 

 

4.1.4.  Tobacco smoking 

Cigarette smoking is one of the most preventable cause of death in the entire world. 

According to one study performed in North America, the number of deaths attributed to 

smoking represents approximately 25% of the overall adult mortality while the number of 

deaths of smokers with CVD accounts for nearly 42.1% of overall adult deaths [19]. Smoking 

of cigarette causes endothelial dysfunction through reduced nitric oxide (NO) biosynthesis, 

hypercoagulability, elevated oxidative stress and stimulated inflammatory response [20-23]. 
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Given the above, smoking is a key factor for CVD mortality[24]. Furthermore, the elevated 

oxidative stress and inflammation attributable to smoking has a direct influence on the 

myocardium with impaired both systolic and diastolic function. Moreover, smoking can 

worsen the other risk factors of HF such as hypertension, diabetes and atherosclerosis [25-

27]. 

 

4.1.5.  Obesity  

Overweight and obesity are an abnormal accumulation of fat in the body which could be risky 

to the health. Overweight assessment is based on body mass index (BMI), which can be 

calculated by weight of the person in kilograms divided by the square of height in meters. The 

BMI of obese individuals is generally equal or more than 30 kg/m2 whereas overweight people 

mainly have a BMI of 25-29.9 kg/m2 [28]. People who are overweight, especially with central 

deposition of adipose tissues, are associated with an increased incidence of CVD mortality 

and morbidity [29]. Obesity may play a role in causing elevated blood pressure, dyslipidemia, 

diabetes, insulin resistance, and increased fibrinogen and C-reactive protein levels, all of 

which can enhance the development of CVD and HF [30]. Notably, it has been revealed that 

obesity is likely to increase the risk of hypertension [31], and chronic elevation of blood 

pressure is not only the leading cause of stroke, MI, and renal dysfunction but also HF [9, 32]. 

 

4.1.6.  Physical inactivity 

Physical inactivity is another important risk factor for CVD [33]. The regular physical activity is 

important to decrease the risk for the progression of metabolic syndrome. Physical activity is 

useful to enhance insulin sensitivity and decrease the incidence of dyslipidemia, elevated 

blood pressure, weight gain, all of which are leading causes of developing the metabolic 

syndrome [34-36]. Weight loss due to physical activity tends to normalize the diastolic blood 

pressure (DBP) and the level of triglycerides and fasting glucose [37]. It is recommended to 

keep physically active for a minimum of 150 minutes per week in order to significantly reduce 

the development of diabetes mellitus and then minimize the risk of CVD, and hypertension, 

all of which are also risk factors of HF [38]. Regular exercise by youths is less likely to increase 

body fat and protect against weight gain. Youths who are physically active can have an ideal 

level of fasting triglycerides and high density lipoprotein in addition to a normal systolic blood 
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pressure (SBP) [39]. Children and youths who have more physical activity and less sedentary 

activity usually have less metabolic risk factors [40]. The inverse association between physical 

activity and the risk of CVD is higher in elderly people. Research has shown that a moderate 

intensity of physical activity is more beneficial for elderly in terms of the risk of CVD compared 

to people of the same age and being fully inactive [41]. Even in patients with symptomatic 

chronic HF, physical inactivity has been shown to be associated with higher cardiac mortality 

and number of deaths by all causes [42]. Vice versa, modest activity (up to 89 min per week) 

resulted in a decreased cardiac and all-cause mortality of patients with chronic HF [42]. 

 

4.1.7.  Nutrition 

Dietary pattern has become essential and widely recognized in recent years [43]. Several 

studies have indicated that there is a correlation between nutrition and CVD, depending on 

the kind of foods in the meals. However, CVD risk factors induced by foods can be avoided 

through replacement diet. For example, replacement of saturated fat with unsaturated fat or 

grains is substantially helpful to decrease the risk of CVD. While replacing saturated fat with 

carbohydrate is not valuable [44]. Food-based dietary guidelines focus on dietary pattern and 

recommended foods. Dietary guidelines generally recommend healthy foods such as vegetables, 

fruits, grains, low fat foods, sources of lean protein, nuts and vegetable oils, and fish. Some 

guidelines have listed the foods that should be consumed in limited amount such as 

carbohydrates, saturated fat, dietary cholesterol and sodium [45]. While the above-listed 

nutritional recommendations are valid for risk reduction of CVD, nutritional recommendations 

for HF patients focus on sodium and fluid intake. Effective nutritional interventions, which 

improve the outcome of patients with HF, mainly recommend limited sodium and fluid intake 

together with nutritional counseling, although a very low sodium diet (< 2g/d) increases the 

risk of hospital admission and death from HF [46]. 
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4.2.  Cardiac remodeling 

4.2.1.  The impact of cardiac remodeling on heart failure 

Cardiac remodeling, also known as left ventricular remodeling, usually occurs due to cardiac 

muscle injuries as a result of multiple pathological conditions or genetic factors, which may 

consequently change the size, shape and function of the heart ventricle. The pathological 

conditions that cause cardiac remodeling mainly include myocardial infarction, heart muscle 

problems, elevated blood pressure and heart valve diseases. In cardiac remodeling, the heart 

becomes abnormally enlarged with the development of myocardial fibrosis and enhanced 

cardiomyocyte death [47, 48]. For example, HF triggered by myocardial infarction can cause 

acute death of cardiomyocytes and an abrupt rise in myocardial loading conditions in both 

the infracted border zone and normal myocardium. The alteration in cardiac loading conditions 

eventually results in cardiac hypertrophy and dilation with the appearance of a more globular 

instead of a cone-shaped heart. Long-term injuries and alteration in cardiac shape can have 

detrimental effects on heart function and its contractility causing more complications on the 

patient situation (Figure 3) [49]. 

 

4.2.2.  Diagnosis of cardiac remodeling and heart failure 

Patients with cardiac remodeling can clinically be examined by an echocardiography that can 

be requested by physicians or cardiologists. Echocardiography is a non-invasive and safe 

examination tool which can be frequently used to detect the ventricular remodeling in 

individuals who have HF symptoms and evaluate the progression of HF treatments. The role 

of this measurement is to determine the percentage of LVEF which can be significantly 

reduced in patients with cardiac remodeling. In addition, echocardiography has a tremendous 

advantage of being able to easily and precisely provide information regarding abnormal 

cardiac shape, size and functions [50]. 
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Figure 3: Cardiac remodeling after the incident of myocardial infarction. 
After hours or days, the infarcted area starts to expand leading to cardiomyocyte death and thinning 
of the myocardium. After days or months, the affected heart becomes more globular causing 
ventricular dilatation and reduced systolic function. (Images adapted from:[51]). 

 

4.2.3.  Evidence-based therapeutic approaches for heart failure and cardiac 
remodeling by targeting the neurohormonal activation 

The aim of current medications is to minimize the progression of myocardial remodeling. 

Therefore, medications that have the ability to delay or prevent the cardiac remodeling 

process are considered to be optimal therapies for cardiac dysfunction. Optimal therapy 

means that the intervention is efficacious in reducing HF mortality and all-cause mortality 

according to the best available evidence. Evidence-based pharmacological therapies for HF 

generally target the pathologic neurohormonal activation of the sympathetic nervous system 

and the renin-angiotensin-aldosterone system.  Neurohormonal activation is triggered by the 

insufficient cardiac output of the failing heart. Neurohormonal blockade agents including beta 

blockers (β-blockers) such as carvedilol, angiotensin converting enzymes inhibitors (ACEI), and 
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aldosterone receptor blockers are mostly used to retard the adverse remodeling process [52, 

53]. Many factors can have considerable impact on the success of treatment. These factors 

generally involve the severity of heart damage, induction of HF-promoting genes and frequent 

myocardial infarction. 

 

4.2.3.1.  Role of β-blockers in cardiac remodeling treatment 

β-blockers are class of drugs that are widely used to treat cardiac arrhythmias, and 

hypertension, and reduce the risk of recurrent myocardial infarction [54, 55]. β-blockers block 

the receptor sites for adrenaline and noradrenaline on beta adrenergic receptors of the 

sympathetic nervous system, which regulate the acute stress response. Hence beta-blockers 

decrease the cardiac automaticity and conduction velocity and inhibit the heart failure-

related neurohormonal activation of the sympathetic nervous system. In addition, beta1-

adrenoceptor antagonists decrease renin release and can reduce blood pressure [56]. According to 

evidence-based criteria, the selective beta1-adrenoceptor antagonists, bisoprolol and metoprolol, 

and the non-selective adrenoceptor antagonist, carvedilol, improved survival in patients with 

heart failure with reduced ejection fraction (HFrEF) [57-59]. Based on best available evidence, 

bisoprolol, metoprolol and carvedilol are recommended as first-line treatment according to 

current HF guidelines together with an ACE inhibitor [60]. Antiadrenergic treatment has been 

clinically trialed in a considerable number of patients [57-59, 61, 62]. It was discussed that 

carvedilol has greater anti-adrenergic activity compared to other β-blocking agents as it is a 

non-selective blocker of beta-1 (β1), beta-2 (β2), and alpha-1 (α1)- adrenergic receptors, and 

it also has antioxidant activities, which collectively substantiate the inhibition of cardiac 

adrenergic drive and work [63, 64]. Whether these differences of carvedilol translate into a 

measurable clinical outcome is not clear because the beta1-selective antagonists (bisprolol 

and metoprolol), and the non-selective antagonist, carvedilol, all decreased the mortality of 

patients with HFrEF [60]. Treatment with a beta-blocker improves systolic function of HF 

patients. In addition, carvedilol was shown to delay the enlargement of the ventricle chamber 

in patients who suffer from mild to moderate chronic HF. Similar beneficial treatment effects 

were also observed with the highly beta1-selective adrenoceptor antagonist, bisoprolol [59]. 

The beneficial effect of chronic HF treatment is independent of the severity and cause of HF 

[60]. To avoid potential side effects of severely ill patients with NYHA class III-IV, close 
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observation at the beginning of therapy and during dose titration is recommended [60, 65, 

66]. Despite this caveat, patients with severe HF apparently profit more from beta-blocker 

therapy in the long-term compared to less symptomatic patients [65, 66].   

 

4.2.3.2.  Aldosterone blockade for the treatment of HFrEF and cardiac remodeling  

Aldosterone is a mineralocorticoid hormone which is regulated by the renin-angiotensin-

aldosterone system and strongly activates pathways related to cardiac remodeling [67, 68]. 

Several studies have revealed that aldosterone is likely to have harmful effects on the 

cardiovascular system including myocardial fibrosis, cardiac hypertrophy and apoptosis, 

impaired endothelial function, oxidative stress, renal fluid and sodium retention and sudden 

death [69-73]. In addition, the aldosterone receptor blocking agents such as spironolactone 

and eplerenone can delay the progression of morphological and functional alterations of the 

heart in a number of models with an impaired cardiac function [74-78]. In clinical trials, 

mineralocorticoid receptor antagonists decreased the number of deaths and hospitalization 

in patients with impaired systolic function after myocardial infarction and in patients with 

reduced LVEF [79-82]. Consequently, according to best available evidence, current treatment 

guidelines recommend addition of an aldosterone receptor antagonist for treatment of 

patients with HFrEF to standard treatment with beta-blocker and ACE inhibitor [60]. 

 

4.2.3.3.  Role of ACEI agents in treatment of cardiac remodeling 

ACEIs are mainly used to treat elevated blood pressure but these drugs also have great 

potential to minimize cardiac dilation and hypertrophy [83, 84]. The mechanism of ACEI is the 

inhibition of the angiotensin converting enzyme (ACE) that is responsible for the production 

of angiotensin II (AngII) by the cleavage of the angiotensin I (AngI). AngII is a peptide that has 

the ability to bind with the angiotensin II receptor type I (AT1) to cause vasoconstriction and 

cardiac remodelling [85]. In patients with HFrEF post-infarction, treatment with several different ACE 

inhibitors had a documented survival benefit in a large number of trials [86]. In view of the 

reduced mortality, ACE inhibitors are recommended as first-line treatment for patients with 

HFrEF [60]. Several research studies have indicated that both ACEI and AT1 blockers have 

nearly the same efficacy in the protection against ventricular dilatation and reducing the 
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mortality in patients with HFrEF [87, 88]. Consequently, an AT1 receptor antagonist is recommended 

for patients, who cannot tolerate an ACE inhibitor [60]. 

 

4.2.3.4.  Angiotensin receptor and neprilysin inhibitor (ARNI) for treatment of HFrEF 
and myocardial remodeling 

The most recent advancement of HFrEF treatment is the introduction of Entresto®, which is 

the combination of the neprilysin inhibitor, sacubitril, with the AT1 receptor antagonist, 

valsartan. This combination is named ARNI, which is the abbreviation for angiotensin receptor 

and neprilysin inhibitor. By inhibition of neprilysin, sacubitril prevents the degradation of 

natriuretic peptide(s), which promote vasodilation, a decrease in the overactive sympathetic 

nervous system activity, and a reduction in aldosterone levels, cardiac hypertrophy, fibrosis 

and overall myocardial remodeling. In addition to break-down of natriuretic peptides, neprilysin 

also degrades bradykinin and angiotensin II. To avoid accumulation of pathological angiotensin II 

upon neprilysin inhibition, the neprilysin inhibitor, sacubitril, needs to be combined with an AT1 

receptor antagonist. In combination with the AT1 receptor antagonist, the neprilysin inhibitor, 

sacubitril, resulted in a clear survival benefit compared to standard HF treatment involving 

the ACE inhibitor enalapril of patients with HFrEF in the PARADIGM study [89]. In view of the 

improved overall survival, Entresto received a class I recommendation, for treatment of HFrEF by 

international HF treatment guidelines [60]. Taken together, current treatment options of HF, 

which prolong the life of patients with HF, target the neurohormonal activation and cardiac 

remodeling. 

 

4.3.  Therapeutic approaches without documented improvement of 
heart failure prognosis  

4.3.1.  Antihyperlipidemic agents 

HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A) inhibitors are well established in reducing 

cholesterol and provide powerful protection to patients having various types of ischemic 

heart disease [90]. Anti-remodeling effects of these “statins” could occur in addition to those 

realized through conventional therapy (aldosterone blockers, ACE inhibitors and β-blockers) 

[91]. Nevertheless, the CORONA trial (Controlled Rosuvastatin Multinational Trial in Heart 

Failure), mentioned that rosuvastatin was able to decrease cardiovascular morbidity but did 
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not  reduce the primary endpoint or the number of deaths by all causes in older patients having systolic 

heart failure [92]. In the GISSI-HF trial (Gruppo Italiano per lo Studio della Sopravvivenza 

nell'Insufficienza Cardiaca - Heart Failure), a 10 mg daily dose of rosuvastatin also was not 

able to change the clinical outcomes of patients with any type of chronic HF [93]. 

 

4.3.2.  Vasopressin blocker 

In addition to the two principal neurohormonal cascades, the sympathetic and renin-angiotensin-

aldosterone axes, cascades initiated by endothelin and vasopressin are activated during the 

heart-failure pathogenesis [94].  Activation of the vasopressin V1A receptor, which enhances 

the intracellular Ca2+ concentration, can induce remodeling of myocytes and cardiac hypertrophy. 

Furthermore, activation of V2 receptors can elevate the expression and membrane incorporation of 

aquaporin-2 water channels into the cells of the renal collecting duct, causing absorption of 

fluids. Agents that antagonize the vasopressin receptors (for example conivaptan, lixivaptan, 

mozavaptan and tolvaptan), can block V1A or V2 receptors, or both receptors. In the EVEREST 

(Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study with Tolvaptan) clinical 

study, administration of oral tolvaptan with standard treatment for patients, who were admitted to 

the hospital because of HF, showed improvement in the signs and symptoms of some patients 

without causing serious adverse effects [95]. Nevertheless, tolvaptan, which was administered as an 

acute therapy for hospitalised HF patients, had no impact on the hospitalization or death [96].  

 

4.3.3.  Endothelin-1 (ET-1) receptor blocker 

Endothelins, including endothelin-1 (ET-1), increase the growth and myofibrillogenesis of 

cardiomyocytes and enhance cardiac contractility. Thereby, endothelins promote cardiac hypertrophy 

and cardiac enlargement [97]. ET-1 has the ability to bind with the endothelin ETA receptor 

and evokes a broad spectrum of responses, including stimulation of ion channels that improve 

cardiomyocyte contractility and enhance the growth of heart cells, and activate protein kinases. It also 

can increase the expression of nuclear transcription factors [97]. Unfortunately, many trials, which 

have examined various types of endothelin antagonists, had a negative outcome. These trials 

include: RITZ-4 (Randomised Intravenous TeZosentan), EARTH (Efficacy and safety of iRbesarTan and 

olmesartan in patients with Hypertension), and ENCOR (Enrasentan Cooperative Randomised) [98-

100]. 
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4.3.4.  Anti-inflammatory agents 

Pro-inflammatory cytokines promote cardiac enlargement, necrosis and extracellular matrix 

remodeling, all of which have a role in HF progression [101]. Furthermore, elevation of pro-

inflammatory cytokine levels in HF is linked to a poor clinical prognosis [102]. Nevertheless, 

clinical studies indicated that approved TNFα inhibitors, infliximab and etanercept, had a 

negative or neutral influence on morbidity and mortality of HF or other causes [103].  

 

4.3.5.  Glucagon-like peptide-1 (GLP1) 

Metabolic disorders are important factors of HF pathogenesis. Lipotoxicity and insulin resistance 

are certainly accepted as indicators of diabetic cardiomyopathy and dilated cardiomyopathy 

[104, 105]. Pharmacological stimulators of the glucagon-like peptide (GLP1) receptor by GLP1 

receptor agonists are approved for the treatment of insulin resistance and type 2 diabetes 

[106]. GLP1 is a physiological incretin, which enhances the release of insulin postprandially, 

after intake of a meal or glucose [106, 107]. In addition to that function, GLP1 also exerts 

beneficial effects in the cardiovascular system. For instance, GLP1 activates myocardial 

glucose uptake in dilated cardiomyopathy by P38 mitogen-activated protein kinases (MAPKs) 

[108]. Improved left ventricular systolic function and survival appeared in HF rat models 

chronically treated by GLP1 [109]. In agreement with the beneficial profile of GLP1 in animal 

models, the LEADER trial showed a reduced number of cardiovascular events including HF, a 

decreased cardiovascular mortality and all-cause mortality of high-risk patients with type 2 

diabetes, who were treated with the GLP1 receptor agonist, liraglutide [110, 111]. 

 

4.3.6.  Agents with vasodilator properties 

A defect in cGMP-dependent pathways can cause cardiac remodeling and myocardial dysfunction. 

Specific phosphodiesterases control the duration, amplitude, and compartmentalisation of cyclic 

nucleotide signalling. Some drugs such as sildenafil, which is an inhibitor of phosphodiesterase-

5A (PDE-5A), improved left ventricular diastolic function and right ventricular systolic function in 

small-scale studies in heart failure with preserved ejection fraction (HFpEF) [112]. However, 

another study indicated that the administration of a PDE-5A inhibitor (sildenafil) to patients 

with HFpEF for a period of 24 weeks was unable to result in a substantial improvement 

regarding the exercise capacity or clinical conditions [113].  
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Nitric oxide (NO) generation by the enzyme called endothelial nitric oxide synthase (eNOS) 

has the capacity to restrict cardiac hypertrophy, apoptosis and fibrosis, leading to a reduced 

adverse remodeling of the heart [114]. Consequently, an experimental approach of targeting 

and increasing eNOS activity has been investigated. Preclinical trials of AVE9488, which is an 

oral agent that has the ability to target eNOS, interfered with pathologic left ventricular 

remodeling including reduced cardiac hypertrophy, dilation and fibrosis, and increased 

contractility; however, this had no impact on the mass of the left ventricle [115]. 

 

4.3.7.  Cardiac myosin activators 

Another, experimental group of therapeutic agents used for treatment of cardiac remodeling 

are cardiac myosin activators, which include omecamtiv mecarbil known as CK-1827452[116]. 

This compound binds the myosin catalytic domain, and enhances the transition of myosin into 

the force-generating actin-myosin complex. As a result, more myosin heads bind to actin 

filaments, which creates more force per beat. Consequently, omecamtiv mecarbil increases 

the force of contraction without altering the contraction rate [116]. This mechanism prolongs 

the systolic ejection time (SET), leading to an increased systolic function, without enhancing 

the demand of myocardial oxygen. This result in a substantial increase in cardiovascular 

function. A phase II clinical study showed that omecamtiv mecarbil has no major side effects 

in patients with stable HF, and can enhance the stroke volume and reduce end-systolic and 

end-diastolic volumes [117]. Another, phase II clinical study with stable, symptomatic chronic 

HF patients confirmed these data and showed an improved cardiac function and a decreased 

ventricular diameter [118]. 

 

4.4.  The need of new approaches to fully reverse cardiac remodeling 

The global HF mortality and morbidity rates are still extremely high due to the inability of 

current medications to completely reverse the cardiac remodeling process and revert the 

heart into a normal heart condition. As a result, the focus of current research is to find new 

approaches to fully reverse the cardiac remodeling process by identifying more mechanisms 

contributing to signs and symptoms of HF [119, 120]. 
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4.5.  Experimental heart failure research 

4.5.1.  Experimental models of heart failure 

Great efforts have been exerted by scientists to analyse pathomechanisms underlying the 

progression of HF. Animal models, which are clinically relevant to HF can be used for the 

experimental analysis. HF in experimental models can be induced by major cardiovascular 

disease (CVD) risk factors such as chronic pressure overload and atherosclerosis. Chronic 

pressure overload in mice is often imposed by weeks to months of transverse aortic 

constriction (TAC) or abdominal aortic constriction (AAC) of non-transgenic B6 mice and 

atherosclerosis-prone apolipoprotein E-deficient (ApoE-/-) mice [121, 122]. ApoE-/- mice 

usually show a high accumulation of cholesterol in blood due to the weakness of lipoprotein 

clearance [123]. Another model applies aged ApoE-/- mice that have long-term atherosclerosis, 

which triggers pressure overload by aortic coarctation due to excessive aortic plaque accumulation at 

an age of >18 months [124]. 

In addition, certain agents can be administered to mice with hypercholesterolemia to increase 

the incidence of hyperlipidaemia and HF. One example of these agents is rosiglitazone, which 

is an agonist of the peroxisome proliferator-activated receptor gamma (Pparg), an adipogenic 

transcription factor, and enhances the incidence of HF in experimental models and patients 

[125-127]. 

Finally, gene mutation-induced HF models mimic the phenotype of a gene-induced cardiomyopathy 

of patients with inherited cardiomyopathies [128]. 

 

4.5.2.  The whole genome microarray gene expression analysis of heart failure 
models 

Whole genome microarray gene expression profiling is usually performed to analyse the most 

up-regulated cellular processes at the onset of cardiac disease in experimental models of HF, 

in which HF is either induced by exposure to various cardiac risk factors or by a heart failure-

promoting gene [125, 129].  

After gene expression profiling, strongly up-regulated genes are identified. For instance, by 

whole genome microarray gene expression profiling, it has been shown that there are a 



28 

 

number of cardiac lipid metabolic process genes, which are highly upregulated in chronic 

pressure overload-triggered HF in mice [125]. However, to date it is not clear for many up-

regulated genes of the lipid metabolic process, which genes are detrimental, and which genes 

could potentially be protective against the progression of HF.  

One of those genes up-regulated during chronic pressure overload-mediated HF is the gene 

encoding the Stearoyl-CoA desaturase (Scd1) enzyme that could eventually exert a beneficial 

function. By transforming detrimental saturated fatty acids (SFAs) into cardioprotective 

unsaturated lipids. The up-regulated SCD1/Scd1 gene could potentially counteract the 

detrimental accumulation of saturated lipids occurring during the course of HF pathogenesis 

[130]. Hence, a more detailed analysis of gene expression data from various HF models is 

needed, and the in vivo role of an up-regulated cardiac gene such as Scd1 must be performed 

to clarify the role of Scd1 during HF pathogenesis in animal models and humans. 

 

4.5.3.  Generation and phenotyping of transgenic mice, which reproduce the 
in vivo function of potential HF-related genes   

After gene expression profiling, the function of highly regulated genes needs to be analysed 

in vivo, e.g. by generation of a transgenic mouse model, which mimics the disease-related 

gene regulation and/or modification [128, 130, 131]. Transgenic mice with transgenic expression of a 

specific gene can be generated and applied to investigate the impact of certain genes on the 

cardiac phenotype of experimental HF models. In frame of this study, transgenic SCD1 (Tg-

SCD1) mice were generated and their phenotype was analysed. To generate transgenic mice 

for HF research, the gene of interest can be inserted into a certain plasmid under the control 

of a cardiac tissue-restricted expression promotor such as the alpha-myosin heavy chain (α -

MHC) promoter [132]. Transgenic founder mice are usually identified by genotyping PCR, and 

the presence of the transgenic protein as a result of transgenic expression can be confirmed 

by immunoblot detection [133]. 

In order to analyse the phenotype of transgenic mice, an echocardiography measurement is 

a useful diagnostic tool to determine the LVEF and identify cardiac dysfunction and symptoms 

of HF [124, 134]. The LVEF value of transgenic models with cardiac dysfunction could be 

significantly reduced. Additionally, the comparison of heart-to-body weight ratio between the 
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transgenic and non-transgenic models is also essential to identify whether the transgenic 

mice have cardiac hypertrophy [130]. Moreover, cardiac histological image analysis using 

hematoxylin-eosin staining has a valuable role in the determination of any cardiac morphological 

changes [133]. Furthermore, immunohistological analysis is a method that can detect the 

existence and position of specific proteins in tissue specimen sections using antibodies that 

have high affinity for a certain protein. Peroxidase is an enzyme that is conjugated to a 

secondary antibody and, after a substrate reaction, helps to visualize the bound primary 

antibodies by immunohistology analysis under the microscope. Peroxidase is an enzyme, 

which catalyses a chemical reaction to produce a coloured precipitate at the location of the 

target protein [135]. In addition, a whole genome microarray study has the ability to detect 

the most up-regulated HF-related genes and HF marker genes in the isolated hearts of 

transgenic mice [133]. 

 

4.6.  Stearoyl-CoA desaturase 1 (SCD1) enzyme  

Investigation of the cardiac function of SCD1 (Stearoyl-CoA desaturase 1) is a major focus of 

this thesis because the murine Scd1 was found to be up-regulated at the onset of experimental HF 

triggered by chronic pressure overload [124]. In frame of this research focus, the following 

chapter provides an overview of the current knowledge about physiological and pathological 

functions of SCD1/Scd1.  

Stearoyl-CoA desaturase 1 (SCD1) is a delta-9 desaturase enzyme that has a molecular mass 

of 37 kilodalton (kDa). The enzyme is located in the endoplasmic reticulum. It has a role in 

formation of monounsaturated fatty acids (MUFAs) from diet or from endogenous saturated 

fatty acids (SFAs) [136, 137]. For instance, SCD1 leads to the production of monounsaturated 

palmitoleate and oleate from the SFAs, palmitate and stearate, respectively (Figure 4) [137]. 
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Figure 4: The endogenous synthesis of MUFAs by SCD1.  
ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; ELOVL6, elongase 6; SCD1, stearoyl-CoA 
desaturase 1 [137]. 

 

Monounsaturated palmitoleate and oleate are the most common MUFAs in humans and 

considered the key components of membrane lipid structure involving phospholipids, cholesterol 

esters and triacylglycerols (TAGs). The primary structure of SCD1 indicates that both the amino 

and carboxylic termini are facing the cytosol. In addition, histidine residues are involved in the 

enzymatic function of SCD1. Histidines possibly facilitate binding of SCD1 to the catalytic 

metal ions such as iron [137]. 

The SCD1 enzyme requires the reduced form of nicotinamide adenine dinucleotide (NADH), 

flavoprotein cytochrome b5 reductase, electron acceptor cytochrome b5 and oxygen molecules to 

insert a cis single double bond at the delta‐9 location of 12–19 SFAs to produce MUFAs (Figure 

5) [137, 138].  
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Figure 5: A series of redox reactions is required for the desaturation of FA by SCD1.  
The SCD1-catalyzed reactions involve oxygen molecules, NAD(P)-cytochrome b5 reductase, and the 
electron acceptor cytochrome b5 to transfer an electron from NADPH to the terminal electron 
acceptor oxygen molecule and liberate water [137]. 

 

4.6.1.  SCD isoforms 

4.6.1.1.  Human SCD isoforms 

In humans, the only SCD isoforms are SCD1 and SCD5 [139]. The human SCD1 is located on 

chromosome number 10 and it is very similar to all murine SCD isoforms with about 85 

percent homology [140, 141]. Both human and murine SCD1 are highly expressed in the liver 

and adipose tissue but they also have been identified in different other tissues such as a 

skeletal muscle, heart, brain, lung and pancreas [139]. Unlike SCD1, the human SCD5 isoform, 

which is located on chromosome number 4, is a primate-specific SCD isoform, which is not 

present in mice [139, 142].  Thus, SCD1 is the only human isoform that is extremely similar to 

murine isoforms. 

 

4.6.1.2.  Murine SCD isoforms  

Murine Scd isoforms are useful for research due to the similarity with human isoforms. Mice 

have four different isoforms expressed in their bodies including Scd1, Scd2, Scd3 and Scd4 and 
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are found on chromosome number 19. The average length of murine Scd genes is 350 to 360 

amino acids and they have approximately more than 80% amino acids sequence similarity to 

each other. The differences between isoforms occurs in the sequence of 5' flanking gene 

which accounts for different tissue expression [138]. Both murine Scd1 and Scd2 have 

ubiquitous expression, contain about 358 amino acids and are extremely identical in their 

amino acid sequence with homology of about 87%. However, Scd2 is highly expressed in 

specific organs such as the brain although it can also be found in most body tissues except the 

liver [143]. It has been shown that carbohydrate-rich foods are likely to upregulate the 

expression of Scd1 as well as Scd2 in lungs, heart, kidney and spleen [137]. 

Scd3 is another murine isoform that has a length of 359 of amino acids and shows a great 

extent of identity with Scd1. Unlike other isoforms, Scd3 is particularly expressed in a mouse 

skin [144]. The Scd3 isoform can also be detected in glands such as Harderian and preputial 

gland [145]. Scd4 has approximately 79% identity with the other murine Scd isoforms and 

contains 352 amino acids but its expression was mainly identified in the heart. The Scd4 gene 

can be substantially induced by excessive carbohydrate intake and liver X receptor α (LXRα) 

agonists but unlike Scd1, it cannot be repressed by foods enriched with polyunsaturated fatty 

acids (PUFAs) [146]. Taken together, SCD1/Scd1 is expressed in humans and mice. 

 

4.6.2.  Modulation of SCD1 gene expression 

PUFAs, carbohydrates, and hormones, in particular insulin and leptin, are factors that regulate 

SCD1 gene expression in both humans and other species. These parameters aid the binding 

of transcription factors to the SCD1 promotor to modulate its expression [147]. Main transcription 

factors that affect the expression of the SCD1 gene include sterol regulatory element binding 

protein 1c (SREBP-1c), liver X receptor (LXR), and proliferator-activated receptor alpha (PPAR-alpha) 

[147, 148].  

 

4.6.2.1.  Modulation of SCD1 gene expression in the liver and adipose tissue by fatty 
acids  

Based on many studies, fatty foods may potentially affect the SCD1 gene expression in many 

tissues, in both humans and mice. High-fat feeding significantly rose the expression of Scd1 in 

the liver of obese C57BL/6 mice [149]. It has been shown that some SFAs such as stearate, 
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induced the expression of the Scd1 protein in the liver of mice whereas Scd1-deficient mice 

have no induction of hepatic Scd1 gene after dietary SFA feeding [150]. This effect could be 

due to the fact that SFAs tend to activate the Scd1 transcription by the induction of transcription 

factors such as SREBP-1c and PPARs [147, 151]. On the other hand, the expression of Scd1 can 

be repressed by PUFAs, both in liver and adipose tissue. Eicosanoids which are derivatives 

produced by PUFAs could have the ability to repress the expression of genes responsible for 

lipogenic gene induction including the Scd1 protein in adipose tissue [152]. For example, 

arachidonate and linoleate decreased the Scd1 content in 3T3-L1 adipocytes, which is a cell 

line derived from mouse tissue [153]. Studies showed that the repression of Scd1 by PUFAs is 

more significant in the liver than in adipose tissue. This can be triggered via the mechanism 

of inhibition of SREBP-1c activation by PUFAs [154, 155]. 

 

4.6.2.2.  Effects of carbohydrates on SCD1 gene expression in the liver and adipose 
tissue  

Carbohydrates are considered as one of the most potent SCD1 expression modulators. Studies 

have shown that high carbohydrate foods significantly induced the expression of Scd1 in the 

mouse liver [137, 156, 157]. Many transcriptional regulators including SREBP-1c, carbohydrate 

response-element binding protein (ChREBP), and nuclear factor 1 (NF-1) have a role in the 

induction of hepatic Scd1 expression by carbohydrates [137, 147, 157, 158]. Insulin via 

phosphoinositide 3-kinase (PI3K), protein kinase B (AKT), and mammalian target of rapamycin 

(mTOR)-dependent signaling pathways can also upregulate the expression of the hepatic Scd1 

gene through insulin-response elements (IREs) of the Scd1 promoter [147, 159]. According to 

several studies, sucrose, glucose and fructose are carbohydrates that potentially induce the 

expression of hepatic Scd1 [160-162]. However, the impact of high carbohydrate-rich diets on 

the expression of Scd1 in adipose tissue has not been fully understood. Some studies 

analyzing the 3T3-L1 cell line indicate that carbohydrates can activate the Scd1 protein in 

adipose tissue via the induction of the activity of SREBP-1c, NF-1 and CCAAT/Enhancer-

Binding-Protein, CEBP [147, 162, 163].  
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4.6.2.3.  Modulation of SCD1 gene expression in the liver and adipose tissue by 
hormones 

Hormones such as leptin, estrogen and thyroid hormones are clearly involved in the regulation of 

SCD1 expression as well as its activity. Leptin hormone tends to work as an inhibitory regulator 

by reducing the Scd1 expression in the adipose tissue and liver in obese (ob/ob) mice [164]. 

An experiment that was performed on a human liver carcinoma cell line (HepG2) showed that 

leptin has the ability to target the leptin response element of the SCD1 promotor through 

signaling pathways. These pathways include both extracellular signal-regulated kinases 

(ERK1/2) and Janus kinase 2 (JAK2), which can target the downstream transcription factor 

specificity protein 1 (SP1) on the SCD1 promoter [165]. In addition, leptin may prevent the 

induction of SCD1 activity since it causes a defect in the capability of insulin to activate the 

gene expression of SCD1, and impair the initial regulatory steps of the insulin signaling 

pathway (e.g. autophosphorylation of the insulin receptor, and the tyrosine phosphorylation 

of insulin receptor substrates). Furthermore, leptin can also negatively affect the stability of 

the SCD1 protein [147]. Taken together, leptin has a substantial inhibitory effect on SCD1 

expression through different mechanisms. 

It has been evidenced that estrogen hormone has also a role in blunting the SCD1 expression 

in human adipose tissue and mice consuming a high fat diet [166, 167]. This effect is most 

probably due to a reduction of SREBP-1c expression [167]. Estrogen administration also has 

an inhibitory effect on hepatic SCD1 expression [167]. Vice versa, estrogen-deficient mice 

showed higher Scd1 contents in the liver compared to control mice [168]. This is because 

estrogen is able to target genes responsible for the induction of signal transducer and 

activator of transcription 3 (Stat3) in the liver causing a reduction in the expression of genes 

responsible for hepatic lipogenesis including the Scd1 gene [168, 169].  

The thyroid hormone is another example of a hormone that tends to reduce SCD1 expression. 

It has been shown that the active form of the thyroid hormone, the so-called triiodothyronine 

(T3), substantially decreased the expression of SCD1/Scd1 in the murine liver as well as in 

HepG2 cells [170].  

Studies also revealed that retinoic acid inhibited the expression of Scd1 in 3T3-L1 preadipocytes 

followed by a sudden increase in the expression of Scd1 during differentiation [171]. More 
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experiments were performed on livers and demonstrated the regulation of SCD1 transcription 

by the retinoic acid receptor through a mechanism involving heterodimerization with the 

retinoid X receptor [172]. 

 

4.6.2.4.  Modulation of SCD1 gene expression in the heart by carbohydrates, fatty 
acids and hormones 

Gene expression of Scd1 is also regulated in the heart. In one study, a real-time polymerase 

chain reaction (RT-PCR) was used to examine the upregulation of Scd1 gene expression after 

the incubation of neonatal rat cardiac myocytes with glucose, insulin and fatty acids. A high 

dose of glucose or insulin induced the Scd1 messenger RNA (mRNA) expression in cardiac 

myocytes. In addition, SFAs including palmitate and stearate increased the expression of 

cardiomyocyte Scd1 mRNA [155]. However, MUFAs such as oleate and linoleic acid, had no 

effect on Scd1 gene expression. Taken together, a high plasma level of glucose, insulin and 

free fatty acids have an obvious role in the induction of cardiac Scd1 expression in obese rats 

[155]. Consequently, these factors could also account for an enhanced Scd1 gene expression 

during HF pathogenesis. 

 

4.6.3.  Role of SCD1 in causing diseases 

The products resulting from SCD1 catalysis reaction are mainly MUFAs. MUFAs are considered 

as substrates for the synthesis of lipids involving phospholipids and triglycerides. Additionally, 

MUFAs can be used as regulators in terms of cell signaling and cellular differentiation. 

Therefore, any variation in SCD1 activity in humans and animals is predicted to make 

substantial effects on several physiological processes such as cellular differentiation, and 

insulin sensitivity. In addition, variations in SCD1 activity can contribute or cause diseases 

including metabolic syndrome and obesity. It has been shown that the loss of SCD1 function 

helps to prevent overweight even after intake of high fat meals [140]. The highly upregulated 

SCD1 is also associated with the elevation of triglyceride levels which can increase the 

incidence of hyperlipidemia [173]. It has been shown that the hepatic Scd1 and other lipogenic genes 

are overexpressed in mice, which consumed high carbohydrate food. The up-regulation of 

Scd1 was accompanied by a substantial increase in the production of MUFAs and hepatic 

https://en.wikipedia.org/wiki/Cellular_differentiation
https://en.wikipedia.org/wiki/Obesity
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triglycerides. The induction of Scd1 by carbohydrates can be attributed to the activation of 

SREBP-1c mediated by the action of insulin [174].  

It has also been demonstrated that Scd1 deficiency caused an upregulation of genes 

responsible for lipid oxidation and down regulation of genes responsible for lipid synthesis, 

which subsequently caused a reduction in triglyceride synthesis and storage [175]. 

Scd1 reduction can also improve insulin signaling. This could be due to the inhibition of 

protein-tyrosine phosphatase 1B.  Therefore, the targeting of the SCD1 gene could be a key 

for the treatment of insulin resistance and diabetes [176]. 

The elevation of SCD1 might have the ability to promote the progression of cancer, such as 

breast cancer. This is more likely because cancer cells require an increased synthesis of FA to 

proliferate. The massive amount of FA synthesis is mainly obtained by overexpression of 

genes encoding FA biosynthetic enzymes. The increased MUFAs due to the enhanced FA 

desaturation by SCD1 could be a key factor for progression of malignant cells [177].  

 

4.6.3.1.  Role of SCD1 in obesity 

Obesity is a substantial health concern that can cause increased blood pressure, insulin 

resistance, diabetes, CAD and HF. SCD1 is considered as an important body-weight regulator. 

SCD1 is the rate-limiting enzyme in the synthesis of MUFAs, of which the most common fatty 

acids and MUFAs are found in triglycerides, cholesterol esters, wax esters and phospholipids. 

Mice with Scd1 deficiency have an enhanced energy expenditure and insulin sensitivity, and 

a decreased body adiposity. Besides, Scd1 knockout mice show an up-regulated expression of 

genes responsible for lipid oxidation and a down-regulated expression of genes encoding 

enzymes responsible for lipid synthesis. Taken together, reduction of SCD1/Scd1 expression 

could be beneficial to treat obesity and overweight [178]. 

 

4.6.3.2.  Role of SCD1 in heart diseases 

Heart diseases such as CAD, hypertension and cardiomyopathy are the main consequences of 

obesity and leptin resistance, which promote FA overload in cardiac muscles and cardiac lipid 

accumulation [179]. Based on several studies, the accumulation of excessive fatty acids and 
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the subsequent lipotoxic metabolites such as ceramides have a role in HF, cardiomyopathy 

and cardiomyocyte apoptosis [180, 181]. Scd1 can regulate the metabolism of ceramide. The 

deficiency of Scd1 may lead to a reduction of the activity of serine palmitoyltransferase (SPT) 

and the level of its mRNA. SPT is the enzyme responsible for de novo synthesis of ceramide. 

The reduction of SPT activity as well as the level of long-chain fatty acyl-CoA such as palmitoyl-

CoA can substantially reduce the content of ceramide in oxidative muscles of Scd1 knockout 

mice [182]. The Scd1 knockout mice are not susceptible to weight gain and hypometabolism. 

Mice with Scd1 gene mutation were substantially leaner and had more energy expenditure 

than the control mice. In addition, the Scd1 mutation led to a better liver condition and lower 

levels of triglycerides and very low density lipoprotein (VLDL) [183]. 

Another study demonstrated that mice lacking the Scd1 gene show an inhibited uptake and 

oxidation of FA but an increased transport and oxidation of glucose in the heart. This switch 

from FA to glucose utilization is enhanced by the induction of insulin signaling, reduced FA 

contents and a reduced expression of cardiac FA oxidation genes [184]. Taken together, Scd1 

deficiency could be beneficial to avoid HF risk factors.  

 

4.6.3.3.  Role of SCD1 in lipid synthesis 

An obvious feature of mice with Scd1 deficiency is the absence of obesity during a high 

carbohydrate regimen. Most research studies indicate that Scd1-deficient mice are protected 

from diet-induced overweight due to a reduction in hepatic lipogenic gene expression [175]. 

Additionally, the lack of Scd1 could lead to lower levels of lipids in most body parts because 

the Scd1 gene is ubiquitously expressed in the body [150]. Furthermore, the reduction of Scd1 

gene expression in mice noticeably affected the expression of hepatic genes that are responsible 

for the synthesis of fatty acids. These genes include fatty acid synthase (Fasn), acetyl-CoA 

carboxylase (Acc), SREBP-1c and fatty acid elongase 6 (Elovl6) [157, 175]. 

Moreover, inhibition of Scd1 affects most tissues such as liver and adipose tissue, and Scd1-

deficient mice have a lower production of different kinds of lipids including TAGs, cholesterol 

esters, phospholipids, wax esters, and alkyl-diacylglycerols [185, 186]. For example, monounsaturated 

palmitoleate and oleate are the main MUFAs of adipose tissue and hepatic TAGs, cholesterol 

esters and phospholipids (Figure 6) [157, 187]. Man et al. (2006), mentioned another hypothesis of 
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lipid biosynthesis by the action of Scd1 [188]. Their experiments with HeLa cells showed that 

SCD1 can co-localize with diacylglycerol acyltransferase 2 (DGAT2) on the endoplasmic 

reticulum [188]. There are two isoforms of DGAT. The liver isoform is DGAT1 while the adipose 

tissue isoform is DGAT2. These isoforms can have a role in the synthesis of most endogenous 

triglycerides [189, 190]. Unlike DGAT1, which is downstream of DGAT2 and works mainly on 

exogenous FA, DGAT2 is likely to be associated with diacylglycerol production by the process 

of esterification of endogenously synthesized FA [189, 191].  

 

Figure 6: The MUFAs provided by SCD1 are the main fatty acids utilized for TAGs synthesis in 
lipogenic tissues including the adipose tissue and liver.  
MUFAs, monounsaturated fatty acids; SCD1, stearoyl-CoA desaturase 1; TAGs, triacylglycerol; PA, 
palmitate; SA, stearate; PMA, palmitoleate; OA, oleate [157, 187]. 

 

Man et al. (2006), demonstrated that the desaturation of both ingested and endogenous 

palmitate and stearate, by SCD1 is likely to be channeled through DGAT2 for the production 

of TAGs. This process can be inhibited by the reduction of SCD1 activity. Additionally, it has 

been indicated that reduction of SCD1 tends to reduce TAGs synthesis due to the lack of SCD1, 

which can reduce the level of SFA and inhibit FA synthesis as well as MUFAs causing TAG 

formation [136, 160, 192]. 
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4.6.3.4.  Role of SCD1 in fatty acid oxidation 

It seems that Scd1-deficient mice have protections against overweight not only because of 

reduction of FA and lipid synthesis, but also due to the elevation of FA oxidation and energy 

expenditure [188]. There are many hepatic genes responsible for FA oxidation including 

carnitine palmitoyltransferase 1 (Cpt1), very long chain acyl-CoA dehydrogenase (Vlcad) and 

acyl-CoA oxidase (Acox). The expression of these genes are increased in Scd1 knockout mice 

compared to the control ones [175]. In addition, the activity of AMP-activated protein kinase 

(Ampk) was elevated in Scd1 knockout mice compared to controls. AMP-activated protein 

kinase has a crucial role in FA oxidation. The phosphorylation of Ampk can stop the activity of 

Acc through the action of phosphorylation leading to reduced malonyl-CoA contents. Then, 

the transport of FA into mitochondria for the purpose of FA oxidation can be enhanced by 

Cpt1 because the reduction of malonyl-CoA can reduce Cpt1 inhibition [193]. Moreover, the 

contents of SFAs are usually increased in mice that lack the Scd1 gene. SFAs can contribute to 

a reduction of malonyl CoA level leading to enhanced FA oxidation [175]. 

 

4.6.3.5.  Role of SCD1 in adipocyte differentiation  

Adipocyte differentiation, which is known as adipogenesis, is a complicated pathway that 

comprises the induction of genes responsible for lipid biosynthesis. The mechanism of 

adipocyte differentiation has been elucidated in recent years. In vitro experiments, which 

were performed on cell lines such as 3T3-L1 and F-442A preadipocytes, are useful to study 

the pathway of adipocyte differentiation. These cells express certain genes such as activated 

CCAAT/enhancer-binding protein alpha (C/EBP-α) and PPARG to aid the induction of lipogenic 

genes. Many possible factors such as hormones, certain foods and genetic constitution can 

affect adipose tissue expression by affecting the expression of transcription factors. C/EBP 

and PPAR groups are the main examples of transcription factors and regulators of adipogenesis. 

Studying these transcription factors and their regulatory effects on adipose tissue 

development, provides insights into adipocyte differentiation as well as prevention of obesity 

and related pathologies [194].  

It has been shown that the expression levels of Scd1 and Scd2 were increased 20-fold and 1.8-

fold, respectively, during 3T3- cell culture. The upregulation of both Scd1 and Scd2 appeared 

through the differentiation of 3T3-L1 preadipocytes to adipocytes together with increased 
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contents of adipocyte determination and differentiation factor 1 (Add1) as well as Srebp-1c. 

Taken together, induction of both Scd1 and Scd2 transcription in 3T3-L1 preadipocytes is 

associated with increased levels of nuclear Srebp-1c and Add1 [163]. It has also been observed 

that the Scd1 mRNA level and activity substantially rose via 3T3-L1 differentiation. The 

significant induction of Scd1 has led to a production of massive amounts of endogenous 

MUFAs that are involved in the formation of phospholipids and triglyceride cellular membrane 

components. These led to increased amounts of lipids inside developing adipocytes. Kim and Ntambi 

(1999), have demonstrated that the mRNA of Scd1 and Scd2 were significantly induced in 

parallel with the induction of MUFAs (palmitoleate and oleate) during the differentiation of 

3T3-L1 preadipocytes to adipocytes [195]. Altogether, a substantial rise in Scd1 expression 

and activity is the leading cause of excessive lipid production in growing adipocytes. 

 

4.6.3.6.  Role of SCD1 in cell membrane fluidity 

SCD1 activity has the potential to affect the fluidity of cell membranes. MUFAS which are 

produced by the help of SCD1 are considered as the main components of phospholipids of 

membranes. Consequently, any change in SCD1 activity can influence the ratio between SFAs 

and MUFAs and ultimately change the membrane fluidity as well as cell signaling pathways 

affecting many parameters including insulin sensitivity. For example, Scd1-deficient mice 

showed increased levels of SFAs compared to MUFAs in phospholipids and have a decreased 

fluidity of the cell membrane. The decreased membrane fluidity could promote insulin 

signalling impairment. 

 

4.6.3.7.  Role of SCD1 in Alzheimer's disease  

Alzheimer's disease is the main cause of dementia in adults and associated with memory loss, 

deficits in language processing, and visuospatial impairment [196]. Age is the main risk factor 

for Alzheimer's disease. Up to date, there is an incomplete understanding of the association 

between aging and pathological Alzheimer's disease factors including excessive accumulation 

of Aβ peptides and hyperphosphorylated tau protein in brains. However, it is well documented that 

the progression of Alzheimer's disease is affected by various age-related conditions that are 

associated with metabolic disorders such as atherosclerosis and diabetes [197-199]. Particularly, there 

is an association between changes in the metabolism of lipids and Alzheimer's disease. As an 
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example, some inherited isoforms of the lipid -carrier protein, such as apolipoprotein E 

(ApoE), are known to enhance the incidence of Alzheimer's disease [200]. In addition, multiple 

studies of frozen brain samples have documented the presence of excessive amounts of many 

lipids in patients with Alzheimer's disease. The lipid abnormalities include alteration in 

ceramides, n-3 PUFAs and PUFAs-derived signalling lipids. Recent studies indicated that the 

level of MUFAs are substantially elevated in brain tissue of patients with Alzheimer's disease. 

This elevation was apparently accompanied by cognitive impairment and increased transcription of 

brain tissue SCD1, which is responsible for the production of MUFAs [201-205]. 

 

4.6.3.8.  Role of SCD1 in cancer  

A lower SFA/MUFA synthesis ratio has been observed in patients who suffer from pancreatic, 

liver, colon, rectum, breast and prostate cancer. A change in the ratio of SFA to MUFA has 

been indicated to be a sign of breast and prostate cancer [206-210]. An elevated level of 

MUFAs was identified in transformed cells and cancerous tissues [211-215]. This evidence is 

consistent with findings that the expression of SCD1 was substantially increased in many 

human malignant cells [216-219]. In addition, the elevated SCD1 expression was associated 

with poor prognosis and tumour aggressiveness in patients with malignancies of liver, thyroid, 

prostate, pancreas, kidney, skin, and breast [213, 220-223]. Therefore, targeting of SCD1 

expression could be considered as a key factor to treat cancer. 

 

4.6.3.9.  Role of SCD1 in inflammation 

The results of recent studies regarding the impact of SCD1 on inflammation are relatively 

paradoxical. Many studies indicate that the lack of SCD1 is likely contributing to increased 

inflammation while other studies opposed this concept. It has been shown, that a pro-

inflammatory condition, which was induced by the elevation of pro-inflammatory cytokines 

such as IL-6, IL-1β and IL-12p70, has appeared in mice with dyslipidemia lacking SCD1 and low-

density lipoprotein (LDL) receptor (Ldlr-/-) in comparison with same kind of mice but having 

SCD1 [224]. 
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4.6.3.9.1.  Role of SCD1 in cellular inflammation 

SCD1 is an enzyme that is responsible for regulating the homeostasis of SFAs and MUFAs, 

which are essential fatty acids in humans and animals. The role of fatty acids in the regulation 

of cellular inflammation has been recognized in many studies. Previous research studies 

mentioned that intake of (n-6) PUFAs including arachidonic acid [20:4(n6)] can lead to an 

elevation of cellular inflammation. The inflammatory effect generally occurs when arachidonic acid is 

converted into eicosanoids by the help of cyclooxygenase enzymes [225]. However, long-

chain (n-3) PUFAs including eicosapentaenoic acid and docosahexaenoic acid that can be 

incorporated into phospholipids of cell membranes have the ability to decrease the conversion of 

arachidonic acid to eicosanoids and, subsequently, reduce inflammation [226]. Several research studies 

noted that free fatty acids, in particular SFAs, have a pro-inflammatory effect on different 

kinds of cells including macrophages, liver and muscle cells [227-229]. SFAs can work as 

ligands for immune receptors of the cell surface and directly elevate inflammation. Members 

of the Toll-like receptor (TLR) family are examples of immune cell receptors that bind ligands 

including SFA [227, 230]. Consequently, by the conversion of SFAs into various kinds of 

MUFAs, SCD1 is expected to have multiple and diverse effects on inflammatory processes. 

 

4.6.3.9.2.  Role of SCD1 in the regulation of inflammation in liver cells 

The liver plays an important role in regulating many metabolic processes. That makes researchers 

interested in investigating the impact of hepatic Scd1 deficiency on the regulation of 

metabolism. A reduction in hepatic Scd1 expression has a substantial metabolic impact on 

liver steatosis. Various studies concluded that Scd1 up-regulation is beneficial to maintain the 

function of the liver after exposure to various stressful situations [231, 232]. Rizki et al. (2006) 

have noted that mice fed a methionine- and choline-deficient diet (MCD) had a significantly 

reduced Scd1 expression in their livers. A methionine- and choline-deficient diet induces 

hepatic steatosis in experimental models [231, 232]. Suffering of the liver, liver cell apoptosis 

and the enhancement of the stress response in liver cells have been clearly seen in mice 

lacking Scd1 that were consuming MCD, although these mice had reduced liver steatosis [231, 

232]. This is probably caused by insufficient breakdown of toxic SFAs into beneficial MUFAs 

leading to reduced storage of MUFAs in the liver. This report is consistent with another study 

which showed that Scd1 knockout mice, which consumed a very low-fat diet, had an extreme 
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hepatocellular stress response and liver damage together with a reduced expression of genes 

involved in lipid detoxification [233].  

 

4.6.3.9.3.  Role of SCD1 in Beta cell (β-cell) impairment 

Some pathological conditions appear after SCD1 inhibition due to the generation of 

inflammatory and cellular stress responses induced by SFA-associated inflammation. Various 

studies have revealed that SCD1 suppression contributes to increased cellular stress and 

pancreatic β-cell impairment [234-236]. β-cells are commonly very responsive to SFA- mediated 

lipotoxicity [236, 237]. The induction of SCD1 expression in β-cells makes these cells able to 

be protected from SFA-induced toxicity and apoptosis. In contrast, SCD1 inhibition is more 

likely to develop harmful consequences of SFAs on β-cells [238]. SCD1 catalyses the conversion of 

lipotoxic SFAs to MUFAs, and possibly this pathway is a key factor for maintaining the function 

of β-cells [235, 239]. Despite the in vitro observations that a reduction of SCD1 appeared to 

have negative effects on β-cells, Scd1-/- models have revealed that a decreased Scd1 level 

might also have useful effects on β-cells such as an improvement of insulin sensitivity [140, 

240, 241]. The results of both in vitro and in vivo experiments relating to the association of 

SCD1 activity and diabetes seemed inconsistent. Experiments that used obese (ob/ob) mice 

have also identified effects of Scd1 on β-cell function. Obese (ob/ob) mice with Scd1 

knockdown are resistant to weight gain but these mice are more susceptible to SFA induced 

lipotoxicity and impairment of insulin secretion causing severe diabetes [242, 243]. On the 

other hand, Scd1 inhibition during diet-induced weight gain of ob/ob mice revealed that the 

expression of the leptin gene is essential to develop insulin sensitivity during Scd1 deficiency. 

The mechanism of this action is not yet fully understood [242]. 

 

4.6.3.9.4.  Role of SCD1 in adipose tissue and adipocyte inflammation 

Even though a decrease of SCD1 levels is seemingly harmful for the function of β-cells due to 

cellular stress responses, these responses did not appear in other kinds of cells. A study 

revealed that Scd1 shortage provided a significant protection against white adipose tissue 

inflammation in mice with high-fat intake-induced weight gain [244]. The study used isolated 

primary adipocytes and showed that the inhibition of Scd1 in adipose cells induced a 

reduction in the inflammatory response to lipopolysaccharide (LPS). Not only this, but Scd1 

https://www.powerthesaurus.org/harmful_consequences/synonyms
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inhibition also evoked a limited paracrine activation of inflammation in macrophages as well 

as endothelial cells [244]. The diminished paracrine impact on inflammation was apparently 

caused by Scd1 inhibition which in turn resulted in a reduction in the level of oleate (a major 

MUFA product). The relative contents of SFAs were strongly increased in adipocytes with Scd1 

deficiency in comparison with control adipocytes. A different study indicated that the addition 

of oleate to macrophage cells also triggered inflammation [230]. Another study reported that 

the expression of Scd1 was elevated in parallel with increased white adipose tissue and liver 

inflammation in mice with genetic predisposition to insulin resistance and tissue inhibitor of 

metalloproteinase 3 deficiency [245].  

 

4.6.3.9.5.  Role of SCD1 in macrophage inflammation and atherosclerosis 

Macrophage inflammation is considered a contributing factor to an increased risk of developing 

atherosclerosis, a fatal CVD. SCD1 seems to be involved in regulating pathomechanisms of atherosclerosis 

through the regulation of inflammatory responses of macrophages. One research study 

performed on elderly Swedish people indicates that the increase in serum C-reactive protein 

(CRP) level, which is an acute – phase protein that is responsible for inflammation and CAD, was 

apparently associated with an increased SCD1 activity [246]. Another study showed that the 

induction of SCD1 activity provided high CRP levels in a large group of adult Swedish men, 

who have been monitored for about twenty years [247].  

 

4.6.3.9.6.  Protective role of SCD1 in endothelial cell inflammation 

Endothelial cell inflammation can also be regulated by SCD1. Endothelial cells are considered 

as an essential type of cells responsible for the metabolic syndrome [248, 249]. Endothelial 

cells are major constituents of blood vessels such as cardiac arteries. Any defect in the 

homeostasis of endothelial cells as a result of lipotoxicity under the condition of metabolic 

disorders can induce systemic inflammation and contribute to harmful effects associated with 

metabolic diseases such as CVD [250-252]. The SCD1 enzyme has received great attention 

because of its contribution in maintaining the function of endothelial cells [253]. The study 

analyzed the expression of SCD1 in human arterial endothelial cells, found that human arterial 

endothelial cells did not show an enhanced expression of SCD1 when exposed to SFA 

compared to other cell types. As a result, these cells are more sensitive to lipotoxicity, cell 
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apoptosis and induction of inflammatory cytokines [253]. Based on the same study, after the 

activation of LXR signalling pathway using LXR activator (TO-901317) for the purpose to 

substantially increase SCD1 expression, human arterial endothelial cells appeared to be resistant to 

SFA (palmitate)-induced lipotoxicity, due to elevated desaturation of SFA and facilitated 

esterification and lipid storage.  

 

4.6.3.9.7.  Role of SCD1 in the regulation of myocyte function 

Several studies suggested that any change in SCD1 expression has effects on the modulation 

of myocyte function. However, the functions of SCD1 in the myocytes are diverse. On one 

hand, reports indicated that the loss of SCD1 in myocytes might have positive effects including 

downregulation of protein tyrosine phosphatase 1B, reduction in ceramide formation by 

decreased expression of serine palmitatoyl transferase, and increased breakdown of fatty 

acids and β-oxidation [176, 182, 254]. On the other hand, other reports indicated that SCD1 

is potentially able to maintain the function of muscles. SCD1 expression was significantly 

increased in human skeletal muscles after aerobic activity which had led to a significant 

prevention of FA-mediated insulin resistance [255]. This impact was related to the breakdown 

of FA and their metabolites forming neutralized lipids such as triglycerides, and a subsequently 

decreased muscular pro-inflammatory response. In addition, upregulation of SCD1 expression 

in cultivated rat L6 myocytes has been shown to increase the esterification of triacylglycerol 

and decreased the accumulation of ceramide and diacylglycerol, and eventually provided a 

protection to myocytes against FA-mediated cellular toxicity [256]. According to several 

studies that used primary human myotubes, overexpression of SCD1 was negatively associated 

with inflammation and positively related to insulin sensitivity [257]. 

 

4.6.3.9.8.  Role of SCD1 in sebaceous gland hypoplasia and skin inflammation 

As mentioned previously, SCD1 expression is ubiquitous in most tissues, including the 

sebaceous gland that is present in the skin of mammals [258]. Sebum can be produced by the 

sebaceous gland and it has high levels of lipids, including cholesterol, cholesteryl ester, wax 

esters and triglycerides. In fact, these kinds of lipids are important for the functionality of the 

skin as they provide skin lubrication plus the protection against skin dryness [185]. 

Endogenous MUFAs formed as a consequence of SCD1 induction can play an important role 
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for the development and maintenance of skin integrity. Some experiments indicate that 

global Scd1 knockout and skin-specific Scd1 knockout (Scd1 SKO) mice noticeably had a severe 

pathological skin phenotype including hair loss, sebaceous gland hypoplasia, skin inflammation 

and enhanced skin barrier permeability [185, 259, 260]. The occurrence of skin abnormalities 

can be attributed to a reduction of Scd1 expression. The reduction of Scd1 was accompanied 

by a significant change in the lipid profile of the skin causing insufficient levels of cholesteryl 

ester, wax esters and triglycerides in skin, although the levels of free cholesterol ester were 

dramatically increased [185].  

 

4.6.3.9.9.  Role of SCD1 in intestinal colitis 

Beside of liver stress and aortic atherosclerosis, SCD1 has been identified to play a role in a 

kind of inflammation, which is called intestinal colitis. The metabolic profiling study indicated 

that the expression of Scd1 in the liver was decreased in mouse models with acute colitis 

induced by dextran sulfate sodium [261]. This research also revealed that the induction of 

severe colitis by dextran sulfate sodium was aggravated in Scd1 knockout mice whereas the 

diet supplementation of oleate relieved the phenotype. The importance of Scd1 expression 

in modulating dextran sulfate sodium-induced intestinal colitis could be seen in frame of the 

relationship between metabolic disease, inflammation and cellular detoxification. However, 

results of this study were complex because Scd1-deficient mice consumed more water and 

the provision of dextran sulfate sodium was made by water. After adjustment of dextran 

sulfate sodium consumption according to the amount of water consumed, Scd1 null mice 

showed no more severe intestinal colitis than wild-type mice [262]. Therefore, the 

contribution of Scd1 to acute colitis requires more studies. 

Taken together, SCD1 is a multifaceted enzyme with many physiological and pathophysiological 

functions, whose role in the pathogenesis of prevailing metabolic and cardiovascular diseases 

is only at the dawn of being elucidated.  
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4.7.  Aim of thesis 

The main goal of this thesis is to analyze and identify pathomechanisms contributing to signs 

and symptoms of HF and cardiac remodeling. To identify genes regulated during the pathogenesis of 

HF and cardiac remodeling, a gene ontology (GO) analysis of cardiac whole genome microarray gene 

expression data from different HF models is performed to identify most upregulated genes at 

the onset of HF. The study applies data from chronic pressure overload-induced HF models of 

Apoe-/- and non-transgenic B6 mice, HF triggered by atherosclerosis- induced aortic coarctation of 

aged, 18-month-old Apoe-/- mice and HF trigged by fluid retention and cardiac lipotoxicity of 

Apoe-/- mice treated with the Pparg agonist, rosiglitazone. The chosen experimental models are 

clinically relevant to human HF as they reproduce major HF risk factors such as chronic 

pressure overload and long-term hypercholesterolemia.  

The second aim of this thesis is to investigate the impact of an increased cardiac SCD1 content 

on the cardiac phenotype of transgenic mice with myocardium specific expression of SCD1 by 

determination of the LVEF, and the heart-to-body weight ratio in combination with histological analysis 

to characterize the cardiac phenotype. 

The third aim is to characterize the cardiac phenotype of SCD1-transgenic mice using genome 

microarray gene expression analysis determination of heart failure-related genes. 

The fourth aim is to search for pathomechanisms underlying SCD1- induced cardiac dysfunction focusing 

on the impact of SCD1 on the protein levels of the heart failure- enhancing angiotensin II AT1 receptor 

via in vivo and in vitro experiments. 
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5.  MATERIALS AND METHODS 
 

5.1.  Materials 

 

Lot No Company Substance 

63689 Sigma-Aldrich b-mercaptoethanol 
0008042359BS   Biosolve 2-[4-(2-hydroxyethyl)-1-

piperazin]ethanesulfonic acid (HEPES) 
1.09634.1000 Merck 2-Propanol 
D3939 Sigma Aldrich 3,3’-diaminobenzidine tetrahydrochloride 

(DAB) 
1610158 Bio-Rad Laboratories 

AG 
30% Acrylamide/Bis solution 

B0008 Invitrogen 4x LDS sample buffer 
1.00063.1000 Merck Acetic Acid, glacial 
1.00014.2500 Merck Acetone 
9012-36-6 Cleaver Scientific Agarose MP 
1610700 Bio-Rad Laboratories 

AG 
Ammonium persulfate (APS) 

1.00165.1000 Merck Boric acid 
A8022 Sigma-Aldrich Bovine Serum Albumin (BSA) 
1.12553.0025 Merck Coomassie brilliant blue 
1.04074.0500 Merck D (+)-glucose monohydrate 
N0447S New England BioLabs Desoxyribonucleotide Desoxyribonucleotide 

mixture (dNTPs) 
D2438 Sigma-Aldrich Dimethyl sulfoxide (DMSO) 
RPN2232 Amersham Prime ECL Western Blotting detection reagent 
12362 QIAGEN EndoFree Plasmid Maxi Kit 
HT110216 Sigma-Aldrich Eosin Y solution 0,5% aqueous 
20821.296 VWR Chemicals Ethanol 
1.11608.0030 Merck Ethidium bromide 
O3690 Sigma-Aldrich Ethylenediaminetetraacetic acid (EDTA) 

solution (0.5M) 
RZG35920 Thermo Fisher 

Scientific AG hyclone 
Fetal bovine serum (FBS) 

SLBT5369 Sigma-Aldrich Formalin solution, neutral buffered, 10% 
SM0311 Thermo Fischer 

Scientific AG 
GeneRuler 1kb DNA ladder 0.5 µg/µL 

600675 Agilent Technologies 
AG 

Herculase II fusion DNA polymerase 

600675 Agilent Technologies 
AG 

Herculase II Reaction buffer 5x 

R0104S England BioLabs Hind III 
C0434 Sigma-Aldrich Human chorionic gonadotropin (hCG) 
H3884 Sigma-Aldrich Hyaluronidase from bovine testes 
1.07209.0250 Merck Hydrogen peroxide (30%) 
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M7292 Sigma-Aldrich M16 medium 
M7167 Sigma-Aldrich M2 medium 
1.05886.0500 Merck Magnesium sulfate heptahydrate 

(MgSO4x7H2O) 
1.09249.0500 Merck Mayer’s hemalum solution 
1.06009.5000 Merck Methanol 
M5310 Sigma-Aldrich Mineral oil 
B000102 Invitrogen MOPS SDS running buffer 
26619 Thermo Fisher 

Scientific AG 
PageRuler Plus Prestained Protein Ladder 

D8537 Sigma-Aldrich PBS (Dulbecco’s phosphate buffered saline) 
P7539 Sigma-Aldrich Penicillin–Streptomycin Solution Hybri-Max 
P0781 Sigma-Aldrich Penicillin-Streptomycin 
D8537 Sigma-Aldrich Phosphate buffered saline (PBS) 
24176 Polyscience Poly-Mount Xylene 
8.17019.1000 Merck Polyethylene glycol (PEG) 3000 
1.04936.1000 Sigma-Aldrich Potassium chloride 
G4877 Sigma-Aldrich Pregnant mare serum gonatropin (PMSG) 
P8340 Sigma-Aldrich Protease inhibitor cocktail 
03115879001 Roche Proteinase K 
K2100-02 Invitrogen PureLink HiPure Plasmid Purification Miniprep 

Kit 
K210015 Invitrogen PureLink HiPure Plasmid Purification Midiprep 

Kit 
K210016 Invitrogen PureLink HiPure Plasmid Purification Maxiprep 

Kit 
IPVH00010 Merck PVDF membrane (Immobilon-P, 0.45 µm) 
28704 QIAGEN QIAquick Gel Extraction Kit 
76104 QIAGEN RNAlater 
75142 QIAGEN Rneasy Midi kit 
KG K015.02 Roth GmbH + Co. KG Roti®-Quant 
R0138T New England BioLabs Sal I 
71380 Sigma-Aldrich Sodium chloride (NaCl) 
D6750 Sigma-Aldrich Sodium desoxycholate 
1610302 Bio-Rad Laboratories 

AG 
Sodium Dodecyl Sulfate (SDS) 

1.064490250 Merck Sodium fluoride (NaF) 
1.06469.1000 Merck Sodium hydroxide (NaOH) 
M0202 New England BioLabs T4 DNA Ligase (6 U/μL) 
D1806 TC-100 Sigma-Aldrich D1806 Taq polymerase 
12090015 Invitrogen TE buffer (10 mM TRIS pH 8, 0.1 mM EDTA) 
2367.3 Carl Roth GmbH + Co. 

KG 
TEMED (N,N,N’,N’-
tetramethylethylenediamine) 

104462 Tetenal Tetenal Superfix MRP 
104450 Tetenal Tetenal, Roentoroll HC 
0020092391BS Biosolve Tris(hydroxymethyl)aminomethane (Tris) 
1.08603.1000 Merck Triton X-100 
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T2194 Sigma-Aldrich Trizma® hydrochloride solution (1M) 
T6146 Sigma-Aldrich Tryptan blue 
8.22184.0500 Merck Tween 20 
1.08487.1000 Merck Urea Merck 
 Fuji Medical X-ray films (Super R, Fuji Medical x-ray film) 
200249 Stratagene XL1 Blue E. coli bacteria 
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5.2.  Molecular biology methods 

Polymerase chain reaction (PCR) for deoxyribonucleic acid (DNA) amplification and single 
colony screening 

Herculase II fusion DNA polymerase (Agilent) was used for amplifying complementary DNA 

(cDNA) fragments, whereas Taq DNA polymerase (NEB) was utilised for single colony screening of 

bacterial colonies. The PCR was conducted in the provided buffers (supplemented with 2.0 mM 

magnesium (Mg2+)), with 1 µL of Herculase II or 1.25 Units of Taq polymerase per 50 µL 

reaction. Deoxyribonucleotide triphosphate (dNTPs) were employed at a concentration of 

200 µM while 0.1-1 ng DNA acted as the template. The standard concentration of each 

oligonucleotide primer was 0.4 µM. The process of amplifying the DNA was conducted on a 

Thermocycler 3000 (Biometra) with a standard program as detailed below (Table: 1).  

Table 1: Standard PCR program. 
In Step 1, the double stranded DNA (dsDNA) was firstly melted, then 25-30 amplification cycles were 
performed. Each amplification cycle consisted of Step 2 (dsDNA melting), followed by Step 3 (annealing), and 
then Step 4 (primer extension). The standard PCR program was completed by a final elongation step 
of 10 minutes at 72 °C (Step 5).  

 

 

 

Step Temperature Time Cycles 

1 95°C 2 min 1X 

2 95°C 20 s                                      

 
25-30X 3 55-60°C 20 s 

4 72°C 60 s/1000bp 

5 72°C 10 min 1X 
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Preparation of agarose gel electrophoresis  

Separation of PCR products was performed via agarose gel electrophoresis. DNA resolution is 

influenced by the concentration of the agarose and the constitution of the buffer. Separation 

of smaller fragments was achieved using 2% (w/v) agarose, whereas for larger fragments, 0.8-

1.5% (w/v) agarose gels were employed. To visualise the DNA, ethidium bromide (stock 

solution: 10 mg/ml) at an ultimate concentration of 0.5 µg/ml was utilised. Preparation of the 

gel was conducted using either standard Tris base, acetic acid and EDTA (TAE) buffer (40 mM 

Tris, 20 mM glacial acetic acid, 2 mM ethylenediaminetetraacetic acid (EDTA)) or Tris-borate-

EDTA (TBE) buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA) for small-sized fragments. To 

identify the size of the fragments, a DNA ladder (Generuler 1 kb; Thermofisher) was operated 

concurrently to the samples.  

 

Extraction of gene fragments from agarose gels 

The process of cleaning the PCR products and removing primers, enzymes, dyes and salts, 

involved the separation of PCR samples via agarose gel electrophoresis. Excision of the DNA 

from the gel was performed under ultraviolet light (UV)-light (365 nm) followed by extraction 

utilising a QIAquick Gel Extraction Kit according to the protocol of the manufacturer (Qiagen). 

Purification of a maximum of 10 µg DNA for each column was achieved in line with the 

protocol supplied by the manufacturer, followed by elution using 30 µl Tris-EDTA buffer (TE) 

buffer.   

 

Digestion of DNA by restriction enzymes 

For digestion of DNA by restriction enzymes, appropriate enzymes were selected. Enzymes 

were acquired from New England BioLabs (NEB). Supplied buffer was utilised and the reaction 

parameters were selected in accordance with the guidelines provided by the manufacturer. 

 

Ligation of DNA fragments 

Ligation of the digested PCR fragments and vector backbone was performed in a reaction 

volume of 10 µL overnight using T4 DNA Ligase in the provided T4 DNA Ligase Reaction Buffer 

(NEB) at a temperature of 16°C. The amount of vector backbone (usually 200 ng) to insert was 

set at molar ratio of 1:4.   

https://en.wikipedia.org/wiki/Tris_base
https://en.wikipedia.org/wiki/Acetic_acid
https://en.wikipedia.org/wiki/EDTA
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Heat shock transformation of XL1 blue Escherichia coli (E.coli) 

Transformation of bacteria was performed using heat shock transformation. To this end, 

thawing of 100 µl of competent Escherichia coli (E. coli) XL1 blue bacteria (Stratagene) was 

performed on ice, followed by the addition of 10 µl of ligation mixture or 1 µl of DNA stock 

solution. After an incubation on ice for 20 min, the bacteria-DNA complex was heat-pulsed in 

a water bath at 42°C for a period of 45 seconds, followed by incubation on ice for 2 minutes. 

Super optimal broth with catabolite (SOC) medium (900 µl) that had been warmed to 37° was 

introduced to the mixture, which was then incubated in the shaker (200 rpm) at 37°C for 30 

min. A sample of the DNA-bacteria mixture (10-100 µl) was streaked onto warmed (37 °C) 

lysogeny broth (LB) agar plates which contained the suitable antibiotic for selecting the 

transformed bacteria. After overnight incubation at 37°C, single colonies were picked, 

inoculated in 2 ml lysogeny broth (LB) medium and bacteria were grown for 3-4 h at 37°C in 

a rotating incubator at a speed of 200 rpm. Thereafter, bacteria from the 1 ml culture medium 

were pelleted in a centrifuge at 16’000 x g for 1 min, then lysed using 100 µl of sterile water 

and subsequently employed for PCR screening of individual colonies.     

 

Super optimal broth with catabolite repression (SOC) medium and Super Optimal Broth 
(SOB) medium preparation 

50 ml of SOC medium was prepared by mixing 48 ml of SOB medium, 0.5 ml of 1 M MgCl2, 0.5 

ml of 1 M magnesium sulfate (MgSO4), and 1 ml of 20 % (w/v) D(+)-glucose monohydrate.  

To prepare 200 ml of SOB medium, 4 g of bacto-tryptone (Becton Dickinson), 1 g of bacto-

yeast extract (Becton Dickinson), and 0.1 g sodium chloride (NaCl) were added to water and 

then mixed and sterilized.  

 

Lysogeny broth (LB) medium and agar preparation 

The preparation of LB medium was performed by dissolving 1 % (w/v) bacto-tryptone, 0.5% 

bacto-yeast extract, and 1 % (w/v) NaCl in water.  

LB agar plates contained LB agar, which was prepared of 1.5 % (w/v) bacto-agar (Becton 

Dickinson) in LB medium.  

 

https://en.wikipedia.org/wiki/Broth
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Preparation of competent bacteria  

E. coli XL1 blue bacteria were streaked onto LB plates without antibiotics and then allowed to 

grow overnight at a temperature of 37 Celsius (°C). A single colony was picked, inoculated in 

5 ml of LB medium and cultivated overnight in a rotating incubator (200 rpm) at 37 °C. The 

next day, 1 ml of the resulting bacterial suspension was incubated with 119 ml of LB medium, 

and allowed to grow to mid-log phase (optical density (OD) 600 nm: 0.4-0.6). Bacteria were 

then isolated by pelleting in the centrifuge at a temperature of 4°C at 3000 x g for 10 minutes. 

The resulting pellet was re-suspended in 12 ml of transformation and storage buffer (TSB) 

buffer on ice, followed by aliquoting, flash freezing in liquid nitrogen and then storage at -

80°C. 

 

Transformation and storage buffer (TSB) medium preparation 

For preparation of 100 ml of TSB medium, 10 g of polyethylene glycol (PEG) 3000 were 

dissolved in 40 ml of LB medium and the pH was adjusted to be 6.1. Then, 5 ml of dimethyl 

sulfoxide (DMSO), 2 ml of 1 M MgSO4, and 2 ml of 1 M magnesium chloride (MgCl2) were 

added. Finally, LB medium was added to make a final volume of 100 ml.  

 

Isolation of plasmid DNA  

A PureLink HiPure Plasmid Purification Kit (InvitrogenTM by ThermoFisher Scientific) was 

utilised to isolate plasmid DNA from the bacterial culture. A Plasmid Midiprep Kit was used to 

isolate low-copy plasmids from 100 ml of bacterial culture, while 25 ml of the culture were 

utilised to prepare the high-copy plasmid DNA. When using the Plasmid Maxiprep Kit, the 

volume of bacterial culture utilised was increased 8-fold. The process of preparing the 

materials was conducted in accordance with the manufacturer’s guidelines (InvitrogenTM by 

ThermoFisher Scientific).   

 

Quantification of DNA 

Quantification of the dsDNA was performed via optical density (OD). Dilution of the DNA was 

conducted with 10 mM Tris-HCl, pH 7.5 and a Biophotometer (Eppendorf) was used to 

measure the absorbance at 260 nm. The purity of the sample was ascertained utilising the 
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260/280 ratio. A 260/280 ratio of 1.8-2.0 was utilised as an indicator of DNA with sufficiently 

high purity.  

 

DNA sequencing and oligonucleotide primer synthesis 

Sanger sequencing of DNA was conducted by Microsynth AG (Switzerland) in order to control 

for DNA sequence identity.  Synthesis of the oligonucleotide primers was also performed by 

Microsynth AG (Switzerland). 

 

Real-time quantitative reverse transcription PCR (real-time qRT-PCR) 

For real-time qRT-PCR, total ribonucleic acid (RNA) was isolated from adherent human 

embryonic kidney 293 cells (HEK293) cells. After culture of cells for 36-42 h after transfection, 

adherent cells were rapidly washed with sterile, ice-cold phosphate-buffered saline (PBS), 

detached by scraping, collected by centrifugation at 4 °C in an Eppendorf centrifuge (12 000 

rpm, 4 °C), and immediately lysed by the lysis buffer provided with the kit (RNeasy Mini Kit, 

Qiagen). Subsequent steps of total RNA isolation were performed according to the protocol 

of the manufacturer (Qiagen). Isolated RNA was quantified by the absorbance peak of 260 

nm, and RNA quality was controlled by the absorbance ratio of A260/A280, which was ~2.0. 

RNA integrity and the absence of RNA degradation were confirmed by the presence of bright 

bands of the 18S and 28S ribosomal ribonucleic acid (rRNA) by denaturing formaldehyde-

containing agarose gel electrophoresis. mRNA was reverse transcribed into cDNA and 

subjected to quantitative real-time PCR with LightCycler 480 SYBR Green I Master on a 

LightCycler 480 instrument (Roche Diagnostics) according to the protocol of the manufacturer 

(Roche Molecular Systems). Quantitative assessment of relative gene expression levels of 

SCD1, and angiotensin II receptor type 1 (AGTR1) or AGTR1-Cerulean was performed and 

normalized to the expression level of the endogenous control gene, beta actin (ACTB), which 

did not change in relative expression.  

The following primers were used for real-time qRT-PCR. 

AGTR1 forward: 5`- CCG CCT TCG ACG CAC AAT GC - 3` 

AGTR1 reverse: 5`- GGT CAG GCC CAG CCC TAT CG - 3` 

SCD1 forward: 5` - TTC GTT GCC ACT TTC TTG CG - 3` 

SCD1 reverse: 5` - AAG TTG ATG TGC CAG CGG TA - 3` 
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ACTB forward: 5`- AGG ATT CCT ATG TGG GCG AC - 3` 

ACTB reverse: 5` - ATA GCA CAG CCT GGA TAG CAA - 3` 

 

Analysis of RNA by denaturing, formaldehyde-containing agarose gel electrophoresis 

For analysis of RNA integrity, denaturing, formaldehyde-containing agarose gel electrophoresis 

was performed.  

For RNA denaturation, the RNA sample was heated for 15 minutes at 65 °C in denaturing 

buffer composed of: 

 

COMPOSITION VOLUME 

TOTAL RNA (UP TO 30 µg): 4.5 µl 

FORMALDEHYDE RUNNING BUFFER (10 X) 1.0 µl 

FORMALDEHYDE 3.5 µl 

FORMAMIDE 10.0 µl 

ETHIDIUMBROMIDE (1 mg/ml) 1.0 µl 

 

Table 2: Composition of denaturing buffer. 
The composition of the formaldehyde running buffer (10-fold concentrated) was as follows:0.2 M 3-
(N-morpholino)propanesulfonic acid (MOPS), pH 7.0, 50 mM sodium acetate, 10 mM EDTA, pH 8.0. 
Before loading, 2 µL of loading buffer (50 % (v/v) glycerol, 1 mM EDTA, pH 8.0, 0.25 % bromophenol 
blue, 0.25 % xylene cyanol FF) was added to the RNA sample. The RNA electrophoresis was performed 
on formaldehyde-containing agarose gels (1 g - 1.5 g agarose/100 ml, 10 ml/100 ml 10-fold concentrated 
formaldehyde running buffer, 5.1 ml/100 ml of 37 % HCHO) and electrophoresed in 1-fold concentrated running 
buffer. 
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5.3.  Protein detection by immunoblot 

Ultrapure deionized water (PURELAB Ultra, Lab water purification system; ELGA, United Kingdom) was 

utilised for all protein techniques.  

 

5.3.1.  Separation of proteins using sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE)  

Samples of protein were dissolved in a suitable amount of 5x- sodium dodecyl sulfate 

(SDS) sample loading buffer, either including or not including urea. Protein samples were 

incubated at 50 °C for 30 minutes, and separated by SDS-PAGE. The gel was cast as a 

separating gel (7.5%-10% acrylamide and 0.2-0.27% bisacrylamide (w/v), 375 mM Tris-HCl (pH 

8.8), 0.1% SDS) and then layered with a stacking gel (3.75% acrylamide and 0.16% bis-

acrylamide (w/v), 125 mM Tris-HCl (pH 6.8), 0.1% SDS). Initiation of the polymerisation of the 

polyacrylamide was done with ammonium persulfate  (APS) ,  and acce lerat ion  of  

the reaction was facilitated by tetramethylethylenediamine (TEMED). In total, 0.0325% (w/v) 

of APS and 0.5 µl/ml of TEMED were utilised in the separation gel, while 0.1% (w/v) of APS 

and 1 µl/ml of TEMED were employed in the stacking gel. The process of resolving the proteins 

was conducted at 80 V in SDS running buffer (192 mM glycine, 25 mM Tris-HCl and 0.2% SDS) 

for 2-3 h. A pre-stained protein molecular weight marker (PageRuler Plus Prestained Protein 

Ladder, ThermoFisher Scientific) was loaded concurrently for the purpose of monitoring the 

separation of proteins in the electrophoresis process as well as to evaluate the efficiency of 

blotting. After protein separation, the stacking gel was cut off, and then the separation gel 

was either utilised for Western blotting or proteins were visualized directly in the gel by 

staining with Coomassie brilliant blue dye. The Coomassie brilliant blue staining procedure 

was performed by incubation of the gel with gentle agitation for >1 h in fixing solution 

(Staining solution without Coomassie) followed by incubation for > 1h in the Coomassie 

staining solution. Thereafter the staining solution was removed and the gel destained by 

incubation for 4-24 h in the destaining solution with gentle agitation and at least two changes 

of the solvents. 
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Coomassie staining solution 

                   acetic acid          10% 

                   methanol           50% 

 Coomassie brilliant blue R250           0.05% 

                  dH2O           40 % 

                                                                                   

Destaining solution 

acetic acid                       10% 

methanol                       50% 

                    dH2O                        40 % 

Table 3: Composition of Coomassie brilliant blue staining- and destaining solutions for Coomassie 
brilliant blue staining of proteins in SDS-PAGE gels. 

 

5.3.2.  Transfer of proteins onto polyvinylidene difluoride (PVDF) membranes 
using semi-dry blotting  

Separation of the proteins by SDS-PAGE was followed by transferring them onto a PVDF 

membrane. Hence, a PVDF membrane (Immobilon-P, 0.45 µm) was initiated in methanol for 

a period of 7 minutes, then equilibrated in transfer buffer for further 30 minutes. Additionally, 

incubation of the acrylamide gel and two filter papers (Extra thick blot paper, Bio-Rad) was 

performed in transfer buffer for 45 minutes. During this time, the transfer buffer containing 

the gel was replaced twice. The process of blotting the proteins onto the membranes involved 

semi-dry blotting at 20 volt (V) and 0.04 ampere (A) for 40 minutes (Trans Blot SD semi-dry 

Transfer Cell, Bio-Rad). After electrophoretic protein transfer to the PVDF membrane, rinsing 

of the membrane in deionized water was performed five times for the purpose of removing 

any remaining methanol or gel debris, and then the membrane was stored in PBS (phosphate 

buffered saline) at a temperature of 4°C until further use.  
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The transfer buffer consisted of 192 mM glycine, 25 mM Tris, 0.2% (w/v) SDS and 20% (v/v) 

methanol. The PBS consists of 137 mM NaCl, 2.7 mM KCl, 6.5 mM Na2HPO4 and 1.5 mM 

KH2PO4.   

 

5.3.3.  Detection of proteins by immunoblot  

Subsequent to transferring the proteins to the PVDF membrane, the blotting membrane was 

immersed in blocking buffer (PBS containing 0.5 % volume per volume (v/v) Tween 20 and 5 

% weight by volume (w/v) bovine serum albumin (BSA)), followed by incubation for 1 h, during 

which the membrane was agitated. Thereafter, the primary antibody solution was added in 

blocking buffer for 1 h (dilution 1:2000) under gentle agitation. Subsequently, washing of the 

blot with PBST (phosphate buffered saline supplemented with Tween 20, 0.5 % (v/v)) was 

repeated four times, followed by incubation with the peroxidase (POD)-conjugated secondary 

antibody dilution (1: 40 000 of peroxidase-conjugated AffiniPure F(ab)2 fragment goat anti-

rabbit IgG, Fc fragment-specific with minimal cross-reaction to human serum proteins 

(Jackson ImmunoResearch Laboratories) or by enzyme-coupled protein A (Merck Millipore) 

dilution for a period of 30 minutes. Following the removal of the POD-conjugate dilution, six 

washing steps of the membrane were performed using PBST for 5 minutes each, and then 

additional washing processes were applied using PBS for the purpose of removing any 

remaining detergents. The bound POD-conjugate was visualised via chemiluminescence using 

a substrate for enhanced chemiluminescence (ECLTM) Western Blotting detection reagent 

(ECL Prime Western Blotting Detection Reagent, or ECL Select, AmershamTM, GE Healthcare 

Life Sciences). Visualisation of emitted light was performed by exposing X-ray films to the 

membrane. Afterwards, development (Tetenal, Roentoroll HC) and fixing (Tetenal Superfix 

MRP) of the films was conducted. 

 

5.4.  Antibodies used for the study 

The following antibodies were used for the study: rabbit polyclonal anti-SCD1 antibodies 

(ab38869, Abcam) were raised against a synthetic peptide conjugated to keyhole limpet 

hemocyanin (KLH) derived within residues 50-150 of human SCD1; affinity-purified rabbit 

polyclonal anti-FASN antibodies were raised against an antigen encompassing amino acids 

2305-2504 of human FASN [124]; rabbit monoclonal adiponectin antibody (C45B10) was 
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raised against human adiponectin (No, 2789; Cell Signaling); affinity-purified rabbit polyclonal 

anti-AT1 receptor antibodies were raised against an antigen encompassing amino acids 306-

359 of human AGTR [263]. Secondary, peroxidase-conjugated AffiniPure F(ab)2 fragment goat 

anti-rabbit IgG, (Fc fragment specific with minimal cross-reaction to human serum proteins) 

were obtained from Jackson ImmunoResearch Laboratories.  

 

5.5.  Cell culture and cell transfection methods 

Cell thawing  

For all experiments, fresh cultures of HEK293 cells (ATCC®) and HEK293 cells with stable 

expression of the AT1 receptor, AGTR1 (HEK293-AT1) were used between passage numbers 

5-12. Frozen aliquots of HEK293 and HEK293-AT1 cells (3 x 106 cells) stored in liquid nitrogen 

were thawed by incubation in sterile water at 37 °C. Thereafter, cells were gradually 

introduced to 10 ml complete medium. The cell suspensions were placed in a centrifuge, 

which was operated at 300 rpm at room temperature (RT) for 5 minutes. Subsequently, the 

pelleted cells were re-suspended in 10 ml of complete medium, plated on culture dishes of 

60 cm2 (TPP Techno Plastic Products AG, Switzerland), and incubated in a humidified 

atmosphere at 37 °C under 5% carbon dioxide (CO2).    

 

Culture of HEK293 cells in complete medium  

HEK293 and HEK293-AT1cells were cultured in complete Dulbecco's Modified Eagle’s Medium 

(DMEM) medium (D6429, Sigma-Aldrich), which was supplemented with 10 % (v/v) fetal 

bovine serum (FBS) (Hyclone, ThermoFisher Scientific) and 100 U/ml penicillin/100 μg/ml 

streptomycin (Sigma-Aldrich). 

Culturing of adherent HEK293 cells was performed in the complete medium in an incubator 

at 37 °C in a humidified atmosphere with 5% CO2. The medium used to culture the cells was 

replaced on the third day. Prior to cell-splitting, adherent cells were washed with PBS 

(Dulbecco’s phosphate buffered saline, Sigma-Aldrich), followed by trypsinization with 0.05% 

Trypsin-EDTA (Sigma-Aldrich) for 2-3 minutes. Cells were detached and suspended by gentle 

pipetting, and the trypsin in the cell suspension was inactivated by the addition of three 

volumes of medium containing 10% FBS.  
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Determination of the cell number   

To determine the number of cells, the cell suspension was combined with an equivalent 

amount of 0.4% (w/v) Trypan Blue (Sigma-Aldrich) in PBS. Cell counting was performed with 

a Neubauer hemocytometer (LO-Laboroptik GmbH, Germany) in accordance with the manufacturer’s 

guidelines. Subsequent to the application of 10 μl of the 1:1 diluted cell suspension, the 

number of surviving cells within four squares was determined. Concentration of cells (cells/ml) 

was computed based on the following formula:  

C𝑒𝑙𝑙𝑠/𝑚𝑙 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 × 10 000/𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓𝑠𝑞𝑢𝑎𝑟𝑒𝑠 × 𝑑𝑖𝑙𝑢𝑡i𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 100 

 

Transfection of HEK cells by calcium phosphate co-precipitation method 

For transient transfection utilising the calcium phosphate co-precipitation transfection technique, 

adherent HEK293 cells were cultured to 80-90% confluency on 100 mm diameter cell culture 

plates. Prior to transfection, the cells were divided 1:3 and then placed in a humidified 

incubator for 3-4 h at 37 °C under a 5 % CO2 atmosphere.  

After the incubation period, the plasmid-DNA / calcium phosphate transfection mixture was 

prepared as detailed in Table 4. The plasmid-DNA/ calcium chloride mixture was introduced 

in drops to 500 μl of 2 x BES-buffered saline (BBS) while vortexing to induce plasmid DNA-

calcium phosphate co-precipitation. Co-precipitation was allowed to proceed during an 

incubation for 20 minutes at room temperature. Thereafter, the co-precipitation mixture was 

added dropwise to the cells. After an incubation for 12-16 h in the humidified incubator at 37 

°C with 5 % CO2, cell washing with PBS was conducted, and a new complete medium was 

supplied. Cells were used for experiments 36-42 hours after the transfection.  

 

1 plasmid DNA 20 μg 

2 water to a volume of 450 μl 

3 2.5 M CaCl2 x 2 H2O 50 μl 

Table 4: Reaction mixture for the calcium phosphate transfection. 
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BES-buffered saline (BBS) (2 x) preparation 

Preparation of 2 x BBS was performed by dissolving 280 mM NaCl, 1.5 mM Na2HPO4, and 50 

mM N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid (BES) (Sigma-Aldrich) in water, 

followed by adjusting the pH to 6.95 at room temperature. The dilution of plasmid DNA 

(AGTR1-Cerulean in pcDNA3.1; SCD1 in pcDNA3.1; and plasmid pcDNA3.1, which was used to 

adjust the total amount of plasmid DNA to 20 µg) was performed in water in a reaction volume 

of 450 μl followed by the addition of 50 μl of 2.5 M calcium chloride (CaCl2). 

 

Measurement of cellular fluorescence 

The cellular fluorescence of AGTR1-Cerulean-expressing HEK293 cells without and with co-

expression of SCD1 was measured with a fluorescence spectrophotometer approximately 36-

42 h after the transfection. Background fluorescence was determined with HEK293 cells 

without AGTR1-Cerulean expression. Cells were maintained in DMEM (supplemented with 

0.2% fetal calf serum (FCS)) for 3 h prior to the experiment. After washing of the adherent 

cells by 10 ml of PBS, cells were detached by short trypsinization (1-2 minutes) with 2 ml of 

trypsin-EDTA (0.025 % trypsin, 0.01 % EDTA in PBS) and pipetting up and down with a Pasteur 

pipette, immediately transferred to a centrifugation tube containing 10 ml of medium and 

collected by centrifugation at 300 rpm for 5 minutes at RT. After a second washing step with 

incubation buffer, cells were suspended in 2 ml of incubation buffer (140 mM NaCl, 5.4 mM 

KCl, 1 mM MgCl2, 1.8 mM CaCl2, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), pH 7.4), and the cell number was adjusted to 0.8 – 1.0 x 106 cells/ml. The cell 

suspension (2 ml) was placed into the fluorescence cuvette, and cell emission spectra (450 

nm - 600 nm) of AGTR1-Cerulean-expressing cells were recorded under constant stirring with 

a magnetic stirrer by excitation at 430 nm (excitation and emission slit width: 10 nm; scan 

velocity: 100 nm / min). Background fluorescence of HEK293 cells without AGTR1-Cerulean 

expression was subtracted. Measurements were conducted with a Perkin Elmer LS55 fluorescence 

spectrometer, and data recording was performed with the FLWinLab software.  

 

Animal models and mouse phenotyping methods 

All animal experiments were conducted in accordance with the guidelines of the National 

Institutes of Health, and approval was obtained from the local Committee on Animal Care and 
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Use (Kantonales Veterinäramt, Zürich). Male mice, which were housed in groups of 4-5, were 

used for all studies. Mice were housed under specified pathogen-free conditions, in a regime 

alternating between 12 h of light and 12 h of darkness with unrestricted availability of 

nutrition and water.  

 

5.6.  Generation of Tg-SCD1 mice 

Transgenic mice were created in line with a standard protocol [131]. In order to generate 

transgenic mice successfully, it is essential that the time schedule is precise and the following 

five fundamental stages are involved:  

1. The process of designing, cloning and linearizing the transgenic construct was conducted. 

To express SCD1 under control of the alpha-MHC promoter, the cDNA encoding SCD1 was 

inserted into the Sal I and Hind III sites of the alpha-MHC plasmid [132]. For pronuclear 

injection of DNA, linearization of the transgenic vector and removal of plasmid sequences 

was performed by Not I digestion. A scheme of the alpha-MHC-promoter-SCD1 transgene 

used for generation of Tg-SCD1 mice is shown in Figure 11A. Oligonucleotides used for 

cloning of the alpha-MHC-promoter-SCD1 plasmid are shown in Appendix 13.1, and DNA 

sequencing data of the alpha-MHC-promoter-SCD1 plasmid are shown in Appendix 13.2. 

2.  Harvesting of donor zygotes was conducted subsequent to hormone treatment and mating 

in accordance with the schedule detailed in (Table: 5). 

3.  The transgenic construct was microinjected into the pro-nucleus. 

4.  After overnight incubation, the microinjected two-cell stage embryos were implanted into 

recipient foster mice with pseudo-pregnancies (Day 5). Vasectomies were performed on 

male CD1 mice to initiate pseudo-pregnancies in female foster mice on day 4. 

5.  Approximately 19 days following the implantation of embryos, the birth of the pups 

occurred. Lastly, the processes of genotyping and identifying founder mice were performed.  
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Day1 Day 2 Day 3 Day 4 Day 5 

Donor F (B6) 10 U PMSG 
at 14:00 

 10 U 
hCG at 
13:00 

 

Collection 
of zygotes 
at 11:00, 
followed 
by pro-
nuclear 

injection 
of DNA 

 

Donor M   mating 
with 

Donor F 
at 20:00 

  

Foster F CD1 

 
 
 
 

Vasectomized 
CD1 M 

 Housing of CD1 F 
with 

vasectomized 
CD1 M 

Separated by a 
barrier 

  
 

mating at 
20:00 

Implantation of 
two-cell stage 
DNA-injected 
embryos into 

pseudopregnant 
CD1 foster mice 

 

Table 5: Timeline for the application of hormones and mating necessary for generating donor zygotes (F: female 
mouse, M: male mouse). 

 

Preparation of DNA for pronuclear injection 

In order to successfully generate transgenic mice, linearization of DNA was performed along 

with removal of the plasmid backbone. To prepare the endotoxin-free plasmid DNA, an 

EndoFree Plasmid Maxi Kit was employed in accordance with the manufacturer’s guidelines 

(Qiagen). Linearization of the transgenic DNA and removal of the plasmid backbone was 

achieved via Not I digestion, while purification of DNA was performed by agarose gel electrophoresis. 

Quantification of the linearized DNA was via agarose gel electrophoresis by referencing a 

commercial DNA ladder, followed by dilution to a concentration of 2 ng/µl in injection buffer 

(8 mM Tris-HCl pH 7.4 (diluted from a 1 M Trizma® hydrochloride solution, Sigma-Aldrich), 

0.15 mM EDTA (diluted from a 0.5 M EDTA solution, SigmaAldrich).  
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Mouse vasectomy procedure  

Prior to the vasectomy procedure, male CD1 mice were weighed and anesthetized by 

intraperitoneal injection of ketamine/xylazine (100/10 mg/kg body weight). For vasectomy, 

the mouse was positioned on its back, with the abdomen facing upwards, and ethanol (70%) 

was used to sterilise the lower segment of the abdomen. After pushing down both testes into 

the scrotal sacs, an incision of 1 cm length was made through the skin along the midline of 

the scrotal sac followed by a 5-mm incision in the testes membrane, close to the left side of 

the midline wall. The vas deferens was located and pulled out while the testis was held in 

place. Thereafter, the vas deferens was cauterized with the hot tips of a pair of forceps. The 

same process was applied to the opposite side of the reproductive tract. After the procedure, 

the skin was sewed together. Thereafter, the mouse was placed in a clean cage, kept warm 

by placing the cage on a warming pad until recovery from the anaesthesia. The postsurgical 

observation of the mouse followed the local guidelines. After 10-14 days, vasectomized male 

CD1 mice were used for mating. 

 

Collection of zygotes and removal of cumulus cells with hyaluronidase 

For the process of creating zygotes for pronuclear injection, hormone treatment was administered 

to female B6 mice (≥10). On the first day, 10 IU of pregnant mare serum gonatropin were 

injected (i.p.) into the female mice. On the third day, ovulation was initiated by injecting 10 

IU of human chorionic gonadotropin. Subsequent to injecting hCG, mating of the male and 

female mice was facilitated overnight. 

On the fourth day, isolation of the fertilised oocytes was performed. To summarise, after the 

super-ovulated mice were sacrificed via cervical dislocation, the abdominal cavity was 

opened. A small hole was made in the mesometrium membrane, in close proximity to the 

oviduct. The oviduct with the ovary and fat pad were pulled with forceps so that a cut could 

be made in the uterus close to the oviduct. This was followed by the transfer of the oviduct 

and ovary to a small Petri dish that contained M2 medium supplemented with antibiotics 

(Penicillin-Streptomycin Solution Hybri-Max™, final concentration 50 IU penicillin and 50 

µg/ml streptomycin). The same procedure was performed with the opposite side of the 

uterine horn.   
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Separation of the oviduct from the ovary was performed under a stereo-microscope, and the 

oviduct was then moved to a dish that contained M2 medium with hyaluronidase (final 

concentration: 0.3 mg/ml in M2 medium containing antibiotics). The segment of the oviduct 

that had the greatest swelling was opened, thus allowing zygotes to be carefully pushed out, 

if this did not happen automatically.  After further incubation with hyaluronidase for several 

minutes until the cumulus cells fell off, the zygotes were rapidly picked up by a mouth-

controlled pipetting instrument and transferred to a Petri dish with microdrops of 50 µl of 

fresh M2 medium covered with mineral oil. Removal of the hyaluronidase solution with 

cumulus cells and debris was performed by rinsing through several drops of fresh M2 

medium. Then, the zygotes were transferred to a microdrop culture dish of fresh M16 

medium covered with mineral oil and kept at a temperature of 37°C inside an incubator with 

a 5% CO2 atmosphere until needed. 

 

DNA pronuclear injection   

The process of preparing the microinjection platform involved placing two 50 µl microdrops 

of M2 medium onto the lid of a sterilised 6-well-plate (Costar, Corning Life Sciences). 

Approximately 20-25 of the zygotes were moved to the M2 medium and then the microinjection 

platform was gently positioned on the microscope stage.  

M2 medium was added to the holding capillary (VacuTip; 5175108.000; Eppendorf), which 

was filled up to two thirds utilising a microloader (5242956.003; Eppendorf). The holding 

capillary 

was subsequently put into the connector piece of a pneumatic microinjector (CellTram Air, 

Eppendorf). The DNA solution was inserted into the injection capillary, which was positioned 

on the micromanipulator and then attached to the microinjector (FemtoJet; 5247000.013; 

Eppendorf).   

The holding capillary was utilised for stabilising and holding the zygote. Penetration of the 

pro-nucleus was performed using the injection capillary (BioMedical Instruments, Zöllnitz, 

Germany) thus allowing injection of the DNA. The microinjected zygotes were kept overnight 

in M16 medium at a temperature of 37°C in a humidified 5% CO2-containing atmosphere prior 

to being implanted.  
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Oviduct transfer of mouse embryos into pseudo-pregnant foster mice  

In order to acquire pseudo-pregnant foster mice, mating was performed one day prior to the 

implantation between a female CD1 foster mouse and a male CD1 mouse that had undergone 

a vasectomy. On the next morning (5th day), CD1 mice with vaginal plugs were distinguished 

and subsequently utilised to implant the embryos.  

First, the recipient mouse was weighed and anesthetized by i.p. injection of ketamine/xylazine. 

Following the application of the anaesthetic, the side of the pseudo-pregnant mouse that was 

selected for the implantation process was shaved and sterilized with 70 % ethanol. Then, a 

small, 1 cm incision was made in the skin, the fat pad was located, and a small incision just 

over the ovary was made. Subsequently, the ovarian fat pad was picked up with blunt forceps 

and the attached ovary, oviduct and uterus were pulled out. A vessel clip was used to fix the 

oviduct and ovary, thus exposing the infundibulum. Twenty zygotes that had reached the two-

cell stage were loaded into a reimplantation capillary (BioMedical Instruments), and insertion 

of this capillary into the infundibulum was performed under a stereo-microscope. By blowing 

on the transfer pipette, the zygotes were steadily transferred into the oviduct. Both the ovary 

and fat pad were returned to their original positions in the abdomen, the body wall was sewed 

up and the skin was closed using wound clips. As applicable, the same procedure was 

repeated with the second oviduct. After the procedure, the mouse was placed into a clean 

cage and kept warm by placing the cage onto a warming pad. Recovery of the mouse from 

anaesthesia and during the post-implantation period was closely monitored according to the 

local guidelines. 

 

5.7.  Genotyping  

Genomic DNA extraction from mouse ear-punch biopsies  

Extraction of genomic DNA from ear-punch biopsies of 3-4-week-old mice was performed via 

hot digestion. In summary, incubation of the ear-punch biopsies was conducted overnight at 

a temperature of 57°C on a shaking platform (1000 rpm) in 210 µl of lysis buffer supplemented 

with the addition of 10 µl of a 20 mg/ml proteinase K solution. The reaction was terminated 

and the proteinase K was rendered inactive via a process in which the sample was boiled for 

30 minutes at 99°C. The supernatant was utilised as the template for the genotyping PCR. 
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Lysis buffer for DNA extraction from ear-punch biopsies 

10% sodium lauroyl sarcosinate 2.5 ml 

5 M NaCl 1 ml 

Chelex – 100 2.5 g 

dH2O ad 50 ml 

Table 6: Constitution of the lysis buffer for genomic DNA extraction from mouse ear-punch 
biopsies. 

 

Identification of Tg-SCD1 mice by genotyping with PCR  

The identification of SCD1-positive transgenic mice, which had stable integration of the SCD1-

transgene into the genomic mouse DNA, was performed by genotyping PCR. Genotyping was 

performed with genomic DNA from ear punch biopsies. The PCR reaction utilized Taq Polymerase 

in the provided buffer with the addition of 2.5 mM MgCl2 and 200 µM dNTPs. Specific primers 

for the alpha-MHC-promoter vector backbone (Primer: HGH-reverse) and the SCD1 transgene 

(Primer: SCD1-forward) were utilised at 0.625 µM. DNA was amplified in a reaction volume of 

50 µl with 0.5 - 1 µl of genomic mouse DNA lysate according to the PCR program, as shown in 

Table 7. 
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Table 7: Genotyping PCR program. 
The dsDNA was initially melted (Step 1), then the DNA was amplified in 40 cycles. Each amplification 
cycle consisted of a melting step of dsDNA (Step 2), an annealing step (Step 3) and a primer extension 
step (Step 4). A last step of extension completed the PCR process (Step 5). After the PCR reaction, the 
amplified PCR products were analysed by agarose gel electrophoresis and SCD1-positive mice were 
identified by the presence of the SCD1-specific amplification product. SCD1-positive founder mice 
were used for further breeding and generation of Tg-SCD1 mouse lines. Tg-SCD1 mice were deposited 
to the Janvier Labs mouse repository (Mouse strain No. 181.078 ETH Zurich). 

 

Sequences of the oligonucleotide primers used for genotyping PCR of Tg-SCD1 mice 

SCD1 - forward: 5`- GGT TTC ACT TGG AGC TGT GGG TGA GG - 3` 

HGH - reverse: 5`- ATT AGG ACA AGG CTG GTG GGC ACT GGA GTG - 3` 

 

5.8.  Phenotyping of Tg-SCD1 mice  

Phenotyping of transgenic mice involved the detection of the transgenic SCD1 protein by 

immunoblotting. The levels of cardiac SCD1 protein of Tg-SCD1 mice were determined by 

quantitative immunoblotting and compared to those of non-transgenic B6 mice. The western 

blot method of protein detection in transgenic mouse hearts and non-transgenic B6 control 

hearts was also used for the detection of Fasn (fatty acid synthase) and Adipoq (adiponectin) 

proteins. Other methods of phenotyping include the determination of cardiac function by 

echocardiography, the heart-to-body weight measurement, the histology analysis, whole 

Step Temperature Time Cycles 

1 95°C 2 min 1X 

2 95°C 45 s                                      

 
40X 3 60°C 60 s 

4 72°C 60 s 

5 72°C 10 min 1X 
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genome microarray gene expression profiling and the determination of the heart failure-

promoting AT1 receptor by radioligand binding studies and autoradiography. 

 

5.8.1.  Identification of the transgenic protein by immunoblotting Isolation of 
mouse hearts 

For immunoblot detection of the SCD1 protein, histology analysis, radioligand binding studies 

and autoradiography, hearts were isolated from eight-month-old, male Tg-SCD1 mice and 

age-matched, non-transgenic, male B6 mice as controls. For the isolation of mouse hearts, 

mice were weighed, anesthetized with ketamine/xylazine (100/10 mg/kg), and perfused 

transcardially. Thereafter, mouse hearts were isolated, and immediately frozen in liquid 

nitrogen, used for membrane preparation to perform radioligand binding studies, or processed 

for preparation of paraffin sections and cryosections for autoradiography determination of the AT1 

receptor. 

 

Extraction of proteins from mouse hearts 

For protein extraction, the frozen mouse hearts were grinded under liquid nitrogen, utilising 

a pestle and mortar, and the homogenised powder was lysed in 500-750 µl of extraction 

buffer on ice by gentle agitation. The removal of cell debris was achieved with a centrifugation 

step at 16 000 x g at 4°C for 10 minutes. The supernatant was moved to a clean 2 ml 

microcentrifuge tube and precipitation of the proteins was conducted through the addition 

of 1 ml of acetone. Subsequent to incubating the precipitated proteins at 4°C, they were 

pelleted, the supernatant was disposed and the resulting pellet was dissolved in a suitable 

volume of 4x Laemmli SDS-sample buffer that contained urea (final concentration 8 M). 
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PROTEIN EXTRACTION BUFFER COMPOSITION 

TRIS PH7.4 10 mM 

SODIUM DESOXYCHOLATE 1% 

SDS 0.1 % 

EDTA 5 mM 

BETA-GLYCEROPHOSPHATE DISODIUM 1 mM 

SODIUM FLUORIDE (NAF) 20 mM 

SODIUM ORTHOVANADATE 1 mM 

SODIUM MOLYBDATE 1 mM 

PHENYLMETHYLSULFONYL FLUORIDE (PMSF) 1 mM 

PROTEASE INHIBITOR COCKTAIL 1:100 

Table 8: Composition of the protein extraction buffer. 

 
 

 

 

 

 

 

 

 

 

 

Table 9: Laemmli sample buffer composition. 

 

                                                                                                                                                                        

LAEMMLI SDS-SAMPLE BUFFER (4X) 
COMPOSITION 

VOLUME 

TRIS (1.0 M, PH 6.8) 10 ml 

SDS 4.0 g 

GLYCEROL 20 ml 

BETA-MERCAPTOETHANOL 10 ml 

BROMOPHENOL BLUE 0.1 g 

DH2O to 50 ml 
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5.8.2.  Radioligand binding studies and radioimmunohistochemistry 

For radioligand binding studies, sarcolemmal membranes were prepared from mouse hearts 

isolated from eight-month-old, male Tg-SCD1 mice with high and low cardiac levels of SCD1, 

and from age-matched, non-transgenic B6 controls. For membrane preparation, mouse heart 

tissue from 3 animals was combined and homogenised on ice with an Ultraturrax at 15 000 

rpm in a 10-fold volume of homogenization buffer (10 mM Tris, 1 mM EDTA pH 7.4, with 300 

mM sucrose, and supplemented with proteinase inhibitor cocktail). The homogenate was 

centrifuged at 1000 x g for 10 minutes at 4 °C. The supernatant was collected and centrifuged 

for 30 minutes at 4 °C (40 000 x g). After resuspending the resulting pellet in 0.6 M KCl and 30 

mM histidine, pH 7.0, and another centrifugation step (20 minutes, 40 000 x g, 4 °C), the final 

pellet was resuspended in binding buffer (50 mM Tris, pH 7.4, 10 mM magnesium chloride 

(MgCl2), 0.2 % BSA) supplemented with protease inhibitor cocktail) and stored at -80 °C for 

further use. Radioligand binding studies were performed with Sar1, [125I], Tyr4, Ile8-angiotensin 

II  (specific activity 2200 Ci/mmol, Perkin Elmer) in a total volume of 100 µL with 100 µg of 

membrane protein in binding buffer for 60 minutes at 18 °C. The reaction was stopped by 

addition of 4 ml of ice-cold binding buffer and rapid filtration over glass fiber filters (Whatman 

GF/C). After three washing steps with binding buffer, filter-bound radioactivity was determined 

by scintillation counting in a beta-counter. The total number of binding sites (Bmax) was 

determined by saturation binding curves with increasing concentrations of radioligand (0.1 

nM – 10 nM). Non-specific binding was determined in the presence of a 1000-fold molar 

excess of losartan. All binding experiments were performed in triplicates. 

Radioligand binding studies were also performed with adherent HEK293-AT1 cells grown on 

6-well-plates. Prior to the experiment, HEK293-AT1 cells were kept for 3 h in DMEM supplemented 

with 0.2 % FCS. For radioligand binding, the culture medium was replaced by HEPES-buffered 

DMEM supplemented with protease inhibitors, and cells were incubated for 4 h at 4 °C with 

increasing concentrations of Sar1[125I] Tyr4, Ile8-angiotensin II in the presence and absence of 

losartan as detailed above. At the end of the incubation period, unbound radioligand was 

removed by three washing steps with DMEM. Thereafter cells were solubilized by 2 M sodium 

hydroxide (NaOH), the cell lysate was collected and cellular radioactivity was counted in a 

beta-counter. 
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For radiodioimmunohistochemistry studies, longitudinal heart cryosections of eight-month-

old Tg-SCD1 mice with low and high SCD1 contents and non-transgenic B6 controls were 

prepared. Hearts were isolated after intracardial perfusion of anesthetized mice, cryoprotected by 

sucrose infiltration with gradually increasing concentrations of sucrose (10 % to 30 % of 

sucrose in PBS), attached to the tissue holder with optimal cutting temperature (OCT) tissue 

freezing compound (TissueTek), and frozen on a dry ice methanol cool bath. Cryostat sections 

of 10 µm were cut (Microm, Zeiss), sections were collected, and air-dried. For 

radioimmunohistochemistry, cardiac cryosections were incubated in blocking buffer (PBS 

supplemented with 5 % BSA and 0.05 % Tween 20) for 1 h, followed by 2 h of incubation with 

affinity-purified anti-AGTR1 antibodies (dilution 1:200). After washing steps to remove 

unbound antibodies, and blocking with goat serum (10 % in PBST) for 1 h, incubation with 

[125I]-labelled secondary antibodies (specific activity ~1400 Ci/mmol; [125I]-labelled, goat 

anti-rabbit IgG, NEX155250UC, Perkin Elmer) diluted in blocking buffer was performed for 1 

h at room temperature. After additional washing steps with PBST and PBS to remove unbound 

antibody, sections were imaged by autoradiography by exposure to X-ray films. 

 

5.8.3.  Preparation of tissue sections 

Preparation of formalin-fixed paraffin embedded (FFPE) heart tissue  

After placing the mouse under deep anaesthesia, perfusion was performed for the purpose 

of removing the blood from the vasculature. The heart was rapidly dissected and fixed via 

immersion in 10% neutral buffered formalin (100 x tissue volume) for a minimum of 48 h 

under room temperature conditions. Subsequent to fixing the tissue, washing with water was 

performed, the heart specimens were dehydrated and paraffin was infiltrated through the 

application of a vacuum tissue processing system (Leica ASP200). Embedding of the heart 

specimens in paraffin was accomplished with a tissue embedding station (Leica EG1160). 

Longitudinal mouse heart sections with a thickness of 10 µm were cut using a microtome 

(Leica RM2265). These sections were placed in a water bath warmed to 37°C. Tissue sections 

were floated onto the surface of clean histological slides, placed on a warming block at 40 °C 

for 20 minutes for stretching (the paraffin sections) and then placed overnight in an incubator 

at 37°C for drying.  
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Dewaxing and rehydration procedure 

To dewax the tissue sections, the wax was first melted by a heating step at 60°C. which was 

followed by two incubation steps in xylene (2-3 minutes). Dehydration was achieved by a 

graded series of incubations in ethanol/water with compositions of 100%, 95%, 90%, 80%, 

and 70% of ethanol diluted in water. Every step comprised two periods of incubation lasting 

5 minutes each.  

 

5.8.4.  Haematoxylin and eosin (HE) staining of cardiac tissue sections  

The haematoxylin and eosin (HE) stain was applied to the nuclei and cytosol of longitudinal 

heart tissue sections after dewaxing and rehydrating the tissue sections by incubation of the 

sections in filtered Mayer’s hemalum solution (Sigma) for a period of 4 minutes followed by 

dipping into hydrochloric acid (0.1%) and the blueing step, which was permitted to continue 

for 5 minutes in flowing tap water. Subsequently, staining of the cytoplasm was performed 

with aqueous Eosin Y solution (0.5%), and the process was completed by an additional 

washing step.  

 

5.8.5.  Immunohistology procedure 

Immunohistology was performed to detect the transgenic SCD1 protein on longitudinal heart 

sections of Tg-SCD1 mice. Heart tissue sections were subjected to dewaxing and rehydration. 

Thereafter, antigen retrieval was performed by placing the tissue sections in antigen retrieval 

buffer (0.1 M citrate buffer pH 6, 0.1% (v/v) Triton X-100) with an uninterrupted source of 

heat provided by a microwave oven. This was followed by two washing steps with PBS 

followed by incubation in a 3% (v/v) hydrogen peroxide solution for 5 minutes for the purpose 

of inactivating any endogenous peroxidase activity. Residual hydrogen peroxide was removed 

by washing with PBS. Blocking of unspecific binding sites was performed using blocking 

solution [3% (w/v) BSA in PBST (0.05 % (v/v) Tween-20 in PBS)] for 1 h at 37°C, followed by 

incubation for 1 h at 37°C in blocking solution with the primary antibody (rabbit polyclonal 

anti-SCD1 antibody; dilution 1:200). Removal of the unbound antibody was achieved via three 

washing steps using PBST. Subsequently, the sections were placed in blocking buffer accompanied by 

the secondary POD-conjugated anti-rabbit antibody (peroxidase-conjugated AffiniPure F(ab)2 

fragment goat anti-rabbit IgG, Fc fragment specific with minimal cross-reaction to human 
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serum proteins) for 1 h at 37°C. This was followed by the removal of the antibody and three 

washing steps with PBST and then a last wash using PBS. A DAB (3,3’diaminobenzidine 

tetrahydrochloride) enhanced liquid substrate system was utilised for visualisation purposes 

in accordance with the guidelines provided by the manufacturer (Sigma). Water was applied 

to terminate the reaction, then slides were mounted with Poly-Mount Xylene (Polysciences).  

 

5.8.6.  Determination of the heart-to-body weight ratio of mice 

After weighing the mice, an anaesthetic was applied by intraperitoneal (ip) injection 

(ketamine/xylazine 100/10 mg/kg) and the chest cavity was rapidly opened. Whole body 

perfusion was conducted using sterile PBS. The heart was dissected, any connective tissue 

was removed and then it was gently dried with tissue, and immediately weighed. Finally, the 

ratio of the heart-weight (mg) to the body-weight (g) was computed.   

 

5.8.7.  Measurement of left ventricular ejection fraction by echocardiography  

The cardiac function of mice was determined with a Vivid 7 echocardiograph (GE Healthcare) 

equipped with a 12 MHz linear array transducer by transthoracic echocardiography of 

anesthetized mice (avertin anesthesia by i.p. injection of freshly prepared tribromoethanol). 

The Teichholz formula was applied to calculate the LVEF in the M-Mode of the parasternal 

long axis view. Analysis of the recordings was performed off-line with EchoPac Pc 3.0 software 

(GE Healthcare). 

 

5.8.8.  Microarray gene expression profiling 

For microarray gene expression profiling, mice were weighed, and anesthetized by i.p. 

administration of tribromoethanol (100 mg/kg body weight; freshly prepared). After 

transcardial perfusion with sterile PBS, hearts were rapidly dissected on ice and immediately 

frozen in liquid nitrogen. For isolation of total RNA, hearts were pulverized under liquid 

nitrogen with a pestle and mortar. The pulverized hearts were transferred into an RNAse-free 

Eppendorf reaction vial, immediately lysed in lysis buffer provided by the RNeasy Mini kit 

(Qiagen). After a proteinase K digestion step, the heart lysate was processed for RNA isolation 

according to the protocol of the manufacturer (Qiagen). The isolated RNA was collected in 30 

µL of RNAse-free H2O and stored at -80 °C until further use. 



76 

 

In frame of this thesis, total cardiac RNA was prepared from eight-month-old, male Tg-SCD1 

mice and age-matched, non-transgenic B6 control mice. The total RNA concentration was 

determined by spectrophotometry with the absorption maximum at 260 nm, and RNA purity 

was controlled by measurement of the absorption ratio of A260/A280, which was ~2.0. 

Integrity of the total heart RNA was further controlled by denaturing formaldehyde-containing agarose 

gel electrophoresis by the absence of RNA degradation and the presence of two bright bands 

of the 18S and 28S ribosomal RNA.  

For whole genome microarray gene expression profiling, the Affymetrix One-Cycle cDNA 

Synthesis kit was used. The protocol followed the Affymetrix GeneChip Expression Analysis 

Technical Manual (rev. 5, Affymetrix Inc., USA). In the first step, the mRNA was transcribed 

into single-stranded cDNA by oligo-dT priming by using Superscript II, which is an RNA-

dependent T7-DNA polymerase, which synthesized the first cDNA strand. The second cDNA 

strand was synthesized by addition of Escherichia coli (E. coli) DNA ligase and E. coli DNA 

polymerase supplemented with ribonuclease (RNAse) for fragmentation of transfer ribonucleic acid 

(tRNA), ribosomal ribonucleic acid (rRNA) and residual messenger RNA (mRNA). The E. Coli 

DNA polymerase synthesized the second cDNA strand complementary to the first cDNA 

strand, and the E. coli DNA ligase ligated the cDNA fragments. Finally, by addition of T4-DNA 

polymerase, the synthesis of the two complementary strands of DNA was completed. The 

final synthesis product of this step was double-stranded cDNA. After a purification step with 

the Affymetrix Sample Cleanup Module, the purified cDNA was transcribed into complementary 

RNA (cRNA) by in vitro transcription (IVT) with the Affymetrix IVT-Labeling kit. During the in 

vitro transcription (IVT) step, biotin labelling of the newly transcribed cRNA was performed 

by incorporation of biotin-labelled nucleotides. The biotinylated cRNA was further purified 

and controlled for integrity by denaturing formaldehyde-containing agarose gel electrophoresis. 

Prior to hybridization with the gene chip, the biotinylated cRNA was fragmented by incubation 

in fragmentation buffer (part of the Affymetrix IVT-Labeling kit) for 35 minutes at 94 °C in a 

ThermoCycler. The cRNA fragmentation was stopped by incubation on ice. Complete 

fragmentation of the cRNA was controlled by denaturing formaldehyde-containing agarose 

gel electrophoresis. Biotin-labelled, fragmented cRNA (15 µg / gene chip) was hybridized to 

the gene chip (Affymetrix GeneChip MG430 2.0 Array with more than 45,000 probe sets) in 

200 µl of hybridization solution in a Hybridization Oven 640 (Affymetrix) at 45 °C for 16 hours. 



77 

 

GeneChips were washed and stained with an Affymetrix Fluidics Station 450. Microarrays 

were scanned with the Affymetrix GeneChip Scanner 7G, and signals were processed to a 

target value of 300 using GCOS (version 1.4, Affymetrix). Gene ontology (GO) analyses of 

microarray data were performed with GCOS/RMA processed data using GeneSpring GX 

software (Agilent). Data were compared between groups using the unpaired two-tailed 

Student`s t-test. Probe sets with significant difference (i. e., p ≤ 0.01 if not otherwise stated, 

≤-2-fold or ≥+2-fold difference, with call present and/or signal intensity ≥100) between 

transgenic Tg-SCD1 mice (or the other HF models) and their respective controls, were used 

for GO classification. Microarray data were deposited to the NCBI GEO database, accession 

number GSE120020. Microarray data of experimental HF models, which were used for GO 

analysis, are available at the NCBI GEO database with the accession numbers GSE25765, 

GSE25766, GSE25767, GSE25768. 

 

Experimental heart failure models used for gene ontology (GO) analysis 

The GO analysis was performed with GeneSpring GX software (Agilent), and applied cardiac 

whole genome microarray gene expression data from the following experimental HF models: 

six-month-old, male Apoe-/- mice with two months of AAC, age-matched, sham-operated 

Apoe-/- controls and age-matched, 6-month-old, non-transgenic B6 controls; 18-month-old, 

male Apoe-/- mice and age-matched, 18-month-old, male B6 controls; eight-month-old, male 

Apoe-/- mice with two months of treatment with the PPARG agonist, rosiglitazone (30 

mg/kg/d in drinking water), age-matched, untreated male Apoe-/- controls, and age-

matched, untreated male B6 controls; ten-month-old, male B6 mice with 6 months of AAC 

and age-matched, sham-operated B6 controls. 

 

Abdominal aortic constriction  

Abdominal aortic constriction was conducted in the Molecular Pharmacology Unit, ETH Zurich, 

Switzerland, by Dr. Said AbdAlla. The abdominal aorta was constricted under anesthesia 

(tribromoethanol 100 mg/kg body-weight; freshly prepared) of four-month-old, male B6 

(C57Bl/6J) mice and four-month-old, male Apoe-/- mice with B6 background. For aortic 

constriction, the aorta was narrowed between the celiac and superior mesenteric artery 

through binding a 7-0 silk suture ligature against a blunt 28-gauge needle. Age-matched, 
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sham-operated mice served as controls, which underwent the same surgical procedure 

except for ligation of the aorta. 

 

5.8.9.  Statistical methods and data analysis 

Analysis of the data acquired from the experiments was performed with GraphPad Prism 6. 

Microarray data were normalized to a target value of 300 by GCOS, and analysed by TIGR 

MeV. GCOS/RMA processed microarray data were analysed with GeneSpring GX software 

(Agilent). Unless otherwise stated, analysis of the groups was conducted by utilising the 

unpaired two-tailed student’s t-test, where p-values < 0.05 were regarded as significant. 

Analysis of variance (ANOVA) was used to analyse the differences among multiple groups and 

then a post-test as indicated was applied. Data are displayed as means ± S.D.  
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6.  RESULTS 
 

6.1.  Experimental models of heart failure used for GO analysis of whole 
genome gene expression data 

The pathogenesis of HF is enhanced by major cardiovascular risk factors. The most frequent 

heart failure-enhancing cardiovascular risk factors are (i) long-term atherosclerotic vascular 

disease causing myocardial infarction, and (ii) high blood pressure with chronic pressure 

overload [60]. These major risk factors trigger cardiac adaptation and remodeling processes, 

which strongly accelerate the development of HF symptoms. To investigate pathomechanisms of HF, 

the study analyzed gene expression data from experimental mouse models, which mimic 

major cardiovascular risk factors (Figure 7). 

 

 

Figure 7: Overview of heart failure models, which were used for analysis of gene expression data 
obtained by whole genome microarray gene expression profiling. 

 

Apolipoprotein E-deficient (Apoe-/-) mice with hypercholesterolemia were used, which develop 

atherosclerotic plaques starting at an age of 4-6 months. Chronic pressure overload was 

imposed by abdominal aortic constriction, AAC (Figure 7).  
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For the study, whole genome gene expression data from three different experimental 

models of HF were analyzed, which mimic the cardiovascular risk factors, atherosclerosis 

and chronic pressure overload (Figure 7). In the first model, HF was triggered in 4-month-

old, male Apoe-/- mice with hypercholesterolemia at the onset of atherosclerosis, by 

chronic pressure overload imposed by 2 months of AAC. After 2 months of AAC, at an age 

of 6 months, these mice had developed symptoms of HF with a significantly decreased left 

ventricular cardiac ejection fraction of 27.8 ± 2.2 % compared to that of age-matched, sham-

operated Apoe-/- mice, which had an ejection fraction of 51.1 ± 1.6 % (mean ± s.d., n=6; 

Figure 8A).  

The second HF model used aged, 18-month-old, male Apoe-/- mice, in which symptoms of 

HF were caused by long-term atherosclerosis [124]. HF of aged Apoe-/- mice was documented 

by a significantly decreased left ventricular cardiac ejection fraction of 29.5 ± 2.9 % whereas 

the cardiac ejection fraction of age-matched, 18-month-old, non-transgenic B6 control mice 

was 47.5 ± 2.7 % (mean ± s.d., n=5; Figure 8B). 

The third HF model used 8-month-old, male Apoe-/- mice, in which the development of HF 

was enhanced by chronic activation of the heart failure-promoting, adipogenic transcription 

factor, Pparg (peroxisome proliferator-activated receptor gamma). Chronic activation of 

Pparg either by transgenic expression of Pparg or treatment with the Pparg agonist, 

rosiglitazone, enhances the development of symptoms of HF in mice and patients [126, 

264]. The study applied the Pparg agonist, rosiglitazone, to trigger symptoms of HF in Apoe-

/- mice [130]. Chronic activation of Pparg was induced by treatment of Apoe-/- mice for two 

months with the Pparg agonist, rosiglitazone (30 mg/kg/d). After two months of rosiglitazone 

treatment, 8-month-old Apoe-/- mice had developed symptoms of HF, which was documented 

by a significantly decreased left ventricular cardiac ejection fraction of 30.2 ± 2.4 % whereas 

that of untreated, age-matched control Apoe-/- mice was 50.0 ± 2.3 % (mean ± s.d., n=5; 

Figure 8C). 

In agreement with previous data [124, 130], the three different models of HF used for whole 

genome microarray gene expression data analysis showed a significantly impaired left ventricular 

cardiac ejection function indicative of HF [130].  
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Figure 8: Decreased left ventricular cardiac ejection fraction of three different heart failure models. 
(A) Cardiac left ventricular ejection fraction of 6-month-old Apoe-/- mice with heart failure symptoms 
triggered by 2 months of AAC compared to age-matched, sham-operated Apoe-/- controls (mean ± 
s.d., n=6). (B) Cardiac left ventricular ejection fraction of aged, 18-month-old Apoe-/- mice with severe 
atherosclerosis and aged, 18-month-old, non-transgenic B6 controls (mean ± s.d., n=5). (C) Cardiac left 
ventricular ejection fraction of 8-month-old Apoe-/- mice with 2 months of treatment with the heart 
failure-enhancing Pparg agonist, rosiglitazone (30 mg/kg/d; mean ± s.d., n=5). P-values are indicated 
and were determined with the unpaired, two-tailed t-test. 
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6.2.  The whole genome microarray gene expression data analysis of 
three different heart failure models 

To investigate pathomechanisms underlying the development of HF in different experimental 

models, gene expression data were analyzed, which were obtained by whole genome gene 

expression profiling of heart specimens of the following three different HF models and their 

respective controls: 

I.   Six-month-old, male Apoe-/- mice with 2 months of AAC-induced chronic pressure overload, 

and age-matched, sham-operated Apoe-/- mice as controls. 

II. Aged, 18-month-old, male Apoe-/- mice with severe atherosclerosis, and age-matched, non-

transgenic B6 controls. 

III. Eight-month-old, male Apoe-/- mice with 2 months of treatment with rosiglitazone (30 

mg/kg/d), which is an agonist of the adipogenic and heart failure-enhancing transcription 

factor, Pparg. The control group consisted of age-matched, untreated Apoe-/- mice. 

The different HF models reproduce major cardiovascular factors of HF patients, e.g. 

atherosclerotic vascular disease, and chronic pressure overload.  

Whole genome gene expression data, which were analyzed in frame of this thesis, were 

generated by whole genome microarray gene expression profiling of cardiac RNA isolated 

from hearts that were dissected of the different HF models and their respective controls. The 

purity of the isolated total RNA was confirmed by the absorbance ratio A260/280 of ~2.0. 

Comparable RNA quality was controlled by the detection of bright bands of the 18S and 28S 

ribosomal RNA. After reverse transcription and processing according to the Affymetrix 

protocol, fragmented and biotin-labeled cRNA was hybridized to the gene chip with more than 

45 000 probe sets covering the whole mouse genome (Mouse Genome MG430 2.0 Array, 

Affymetrix). Total cardiac RNA from four mice was pooled for one gene chip. This approach is 

feasible because intra-individual variability is negligible due to the use of inbred mouse lines 

[265]. After scanning of gene chips, signal intensities of all probe sets were recorded, and data 

normalization to a target value of 300 was performed by GeneChip® operating software 

(GCOS). Microarray data of experimental HF models, which were used for GO analysis, are 

deposited to the NCBI GEO database with the accession numbers GSE25765, GSE25766, 

GSE25767, GSE25768. 
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Probe sets with significantly different signal intensities between study groups were identified 

by TIGR Multiexperiment Viewer (MeV v. 4.0). After identification of significantly different 

probe sets between study groups, microarray data were subjected to stringent data filtering 

according to the following criteria: (i) significant difference from the control group (p ≤ 0.01; 

just alpha), (ii) ≥ 2-fold up-regulation compared to the respective control group, and (iii) call 

present and/or signal intensity ≥100. For gene ontology (GO) analysis, GeneSpring Software 

(v. 5.4 and v11, Agilent) was used after data normalization.  

 

6.3.  GO analysis of whole genome microarray gene expression data 
identifies the cardiac lipid metabolic process as the predominant 
biological process up-regulated in experimental heart failure 

Gene ontology analysis was performed of significantly different probe sets according to the 

above-defined stringent criteria. GO classification of microarray data identified “metabolic 

processes” as the top biological process with most up-regulated genes at the onset of HF of 

three different HF models (Figure 9). Among different metabolic processes, the “lipid 

metabolic process” was the category encompassing the highest number of up-regulated heart 

failure-related genes (Figure 9; Supplemental Table (Appendix 13.3)). 

Data analysis of significantly up-regulated genes of six-month-old Apoe-/- hearts with HF 

induced by two months of AAC-induced chronic pressure overload showed that the “lipid 

metabolic process” encompassed 51.1 % of up-regulated genes of the category “metabolic 

processes” (Figure 9A). In failing hearts induced by long-term atherosclerosis of aged, 18-

month-old Apoe-/- mice, 44.2 % of up-regulated genes of the “metabolic process” were 

sorted into the category “lipid metabolic processes” (Figure 9B). Finally, GO analysis detected 

that Pparg activation-induced HF of Apoe-/- mice induced the predominant up-regulation of 

genes from the cardiac “lipid metabolic process”, which encompass 52.3 % of all up-regulated 

genes of “metabolic processes” (Figure 9C). 

Taken together, GO analysis of whole genome microarray gene expression data identified that 

failing hearts from three different experimental heart failure models showed the predominant up-

regulation of genes from the cardiac “lipid metabolic process”. 
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Figure 9: Gene ontology (GO) analysis of significantly up-regulated genes identifies the “lipid 
metabolic process” as the top biological process induced in different experimental heart failure 
models. 
(A) GO analysis of significantly up-regulated genes in hearts of six-month-old Apoe-/- mice with heart 
failure induced by two months of AAC. The control group consisted of age-matched, sham-operated 
Apoe-/- mice. (B) GO analysis of significantly up-regulated genes of aged, 18-month-old Apoe-/- mice 
compared to 18-month-old, non-transgenic B6 mice. (C) GO analysis of significantly up-regulated 
genes of eight-month-old Apoe-/- mice with two months of rosiglitazone treatment. GO analysis was 
performed by GeneSpring. Significantly up-regulated genes in comparison to the respective control 
group (p ≤ 0.01, ≥ 2-fold difference, call present and/or intensity > 100) were used for data analysis. 
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6.4.  Whole genome microarray gene expression profiling identifies 
Scd1 as one of the most up-regulated lipid metabolism genes of 
failing hearts from Apoe-/- mice and non-transgenic B6 mice with 
chronic pressure overload 

Cardiac lipid metabolism genes were up-regulated at the onset of HF of different HF models, 

which rely on atherosclerosis-prone Apoe-/- mice with hypercholesterolemia (Figure 9, and 

Supplemental Table (Appendix 13.3)). Moreover, these heart failure-related cardiac lipid 

metabolism genes were also up-regulated in non-transgenic B6 mice with symptoms of HF 

triggered by six months of chronic pressure overload imposed by AAC (Figure 10, and 

Supplemental Table (Appendix 13.3).   

Comparative analysis of whole genome gene expression data identified these genes of the 

cardiac lipid metabolic process, which were up-regulated in failing hearts from six-month-old 

Apoe-/- mice with two months of AAC, and 10-month-old B6 mice with six months of AAC 

(Figure 10). The overview of up-regulated genes of the cardiac lipid metabolic process shows 

that chronic pressure overload-induced HF was accompanied by the up-regulation of genes 

involved in lipid synthesis, lipid storage and lipid oxidation (Figure 10). 

Highly expressed genes involved in lipid synthesis include the gene Scd1 (stearoyl-coenzyme 

A desaturase) and Fasn (fatty acid synthase). A lipid storage gene with high expression in 

failing hearts is Cidea (cell death inducing DFFA like effector a), and Adipoq (adiponectin) was 

identified as one of the genes involved in lipid oxidation with high expression in failing hearts 

(Figure 10). 

As a control, whole genome gene expression profiling also documented the complete absence 

of apolipoprotein E (Apoe) in hearts from Apoe-/- mice with and without HF imposed by AAC 

whereas the expression of Apoe was prominent in B6 hearts with and without AAC-induced 

HF, e.g. the signal intensities of probe sets detecting Apoe (1432466_a_at) were 100.3 and 

122.6 in hearts from Apoe-/- mice, and 4718.2, 4779.7, 6100.5, 6182.7, 5539.0 and 6020.7 in 

hearts from B6 mice (Figure 10). 
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Figure 10: Overview of whole genome microarray gene expression data of significantly up-regulated 
genes of the cardiac lipid metabolic process of Apoe-/- and B6 mice with heart failure triggered by 
chronic pressure overload. 
Six-month-old Apoe-/- mice with two months of AAC-induced heart failure were analyzed and 
compared to age-matched, sham-operated Apoe-/- and non-transgenic B6 mice. Ten-month-old B6 
mice with six months of AAC-induced heart failure were compared to age-matched, sham-operated 
B6 mice. The list shows probe set intensities of significantly different genes between heart failure 
models and the respective controls (≥2-fold difference to the respective control group; p≤0.01; 
unpaired, two-tailed, t-test). Two-fold difference was not reached of probe set intensities detecting 
Elovl3 and Tmem195 (AAC-Apoe-/- vs. Sham Apoe-/-) and Acly (AAC-B6 vs. Sham B6). 

 

Currently, it is not clear whether up-regulation of lipid metabolism genes is beneficial or detrimental 

for the heart. On one hand, the failing heart is considered an “engine out of fuel” [266], and 

consequently, the up-regulation of lipid genes could replenish the heart with fuel. On the 

other hand, it is well known, that excessive accumulation of lipids in the heart is toxic and 

causes symptoms of HF by triggering cardiolipotoxicity [264]. Moreover, under physiological 

conditions, the heart mainly controls the availability of lipids by lipid uptake while the cardiac 

synthesis of lipids is negligible [266].  

Because excessive lipid accumulation could cause cardiolipotoxicity, the search of potential 

new targets involved in HF pathogenesis focused on genes involved in lipid synthesis. With 

this concept, Scd1 was identified as one of the genes of the cardiac lipid metabolic process 
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with the highest up-regulation. The two different probes detecting Scd1 (1415964_at; 1415965_at) 

showed more than 10-fold increased signal intensities in failing hearts with chronic pressure overload-

induced symptoms of HF compared to those of the respective healthy controls (Figure 10). The 

increased signal intensities of the two Scd1-detecting probes reflect strongly increased Scd1 

expression levels in failing Apoe-/- and B6 hearts with HF triggered by AAC-induced chronic 

pressure overload compared to those of the respective control groups (Figure 10). 

 

6.5.  The generation of Tg-SCD1 mice with myocardium-specific SCD1 
expression 

In view of the strong up-regulation of Scd1 in failing hearts of several experimental models of 

HF, the in vivo role of SCD1 up-regulation in the heart was investigated. To this end, transgenic 

mouse lines were generated with myocardium-specific expression of SCD1 under control of 

the alpha myosin heavy chain (alpha-MHC) promoter (Figure 11A) and Appendix 13.1 and 

13.2. The alpha-MHC promoter directs the myocardium-specific expression of a transgene 

[132]. 

Transgenic mice were generated by injection of the linearized SCD1-transgene (1-2 ng/microL) into 

the pro-nucleus of fertilized oocytes from B6 (C57BL/6J) mice. After overnight incubation, 

two-cell stage embryos were implanted into the oviducts of pseudo-pregnant foster mice. 

After weaning, at an age of 3-4 weeks, offspring were analyzed for the stable insertion of the 

transgene into the genomic DNA by genotyping PCR of ear-punch biopsies (Figure 11B).  

Genotyping PCR identified founder mice of the FO generation with stable integration of the 

SCD1 transgene into the genomic DNA (Figure 11B). Founders number 5 and 6 with high and 

low SCD1 gene dosages were used for further breeding. 

. 
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Figure 11: Generation of transgenic Tg-SCD1 mice with myocardium-specific expression of SCD1. 
(A) Scheme of alpha-MHC promoter transgene used for generation of Tg-SCD1 mice. (B) Genotyping 
PCR of ear-punch biopsies identified Tg-SCD1 mice with stable integration of the SCD1 transgene into 
the genomic DNA. The amplification of the SCD1-plasmid DNA (P) was included as a positive control.  
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6.6.  Immunoblot detection of the SCD1 protein in the hearts of Tg-
SCD1 mice 

After the identification of founder mice with stable integration of the SCD1 transgene into the 

genomic DNA, transgenic founder mice were used for further breeding and two different 

transgenic Tg-SCD1 mouse lines were established. 

Immunoblot detection of SCD1 of cardiac lysates was performed to analyze the presence of 

the SCD1 protein in the hearts of Tg-SCD1 mice (Figure 12).  

The immunoblot analysis showed that the two different Tg-SCD1 mouse lines had increased 

cardiac SCD1/Scd1 protein levels compared to those of non-transgenic B6 control mice (Figure 

12). The cardiac SCD1/Scd1 protein levels of Tg-SCD1 mice with high cardiac SCD1 contents 

were increased 4.3 ± 0.8-fold compared to those of non-transgenic B6 mice, and the 

SCD1/Scd1 protein levels of Tg-SCD1 mice with low SCD1 contents were increased 1.9 ± 0.6-

fold (Figure 12). 

 

 

Figure 12: Immunoblot detection of SCD1/Scd1 protein in Tg-SCD1 hearts. 
(A) Representative immunoblot detection of SCD1/Scd1 proteins in the hearts of male, eight-month-
old mice from two different Tg-SCD1 mouse lines with high and low cardiac SCD1 protein levels (n=6 
mice/group). As a control group, male, age-matched, non-transgenic B6 mice were used. The lower 
panel shows a control blot, which detects Gnb, the guanine nucleotide-binding protein subunit beta. 
(B) Panel (B) shows quantitative evaluation of immunoblot data by densitometric scanning analysis 
(mean ± s.d., n=6 mice/group; p-values vs. non-transgenic B6 mice are indicated and were determined 
by Tukey`s test). 
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These immunoblot data show the successful generation of two different Tg-SCD1 mouse lines 

with 4.3- and 1.9-fold increased cardiac SCD1 protein levels compared to those of non-

transgenic B6 mice. 

 

6.7.  Phenotyping of Tg-SCD1 mice showed cardiac hypertrophy and 
dysfunction   

After detection of the increased cardiac SCD1 levels, the two different Tg-SCD1 mouse lines 

were further characterized by phenotyping to elucidate the impact of an increased cardiac 

SCD1 protein content on cardiac weight and cardiac function. The heart-to-body weight ratio 

of eight-month-old male Tg-SCD1 mice was determined and compared to that of non-

transgenic B6 mice. At an age of 8 months, the Tg-SCD1 mice with high cardiac SCD1 protein 

levels showed a significantly increased heart-to-body-weight ratio, which was 6.22 ± 0.6 mg/g 

compared to 4.9 ± 0.2 mg/g of non-transgenic B6 mice (Figure 13A).  

The SCD1-induced increase in the heart-to-body weight ratio was protein dosage-dependent 

because the heart-to-body weight ratio of Tg-SCD1 mice with low cardiac SCD1 levels was 

increased to only 5.4 ± 0.3 mg/g but not significantly different from that of non-transgenic B6 

control mice (Figure 13A). Thus, at an age of 8 months, Tg-SCD1 mice with 4.3-fold increased 

cardiac SCD1 levels had an increased heart-to-body-weight ratio, which is indicative of cardiac 

hypertrophy. For comparison, Tg-SCD1 mice with 1.9-fold increased SCD1 protein level 

showed a trend towards an increased heart-to-body-weight ratio. 

The cardiac function of Tg-SCD1 mice was investigated by echocardiography. At an age of 8 

months, male Tg-SCD1 mice with 4.3-fold increased cardiac SCD1 protein level and cardiac 

hypertrophy had a significantly decreased left ventricular cardiac ejection fraction of 35.2 ± 

6.1 % compared to that of non-transgenic B6 mice, which had a cardiac ejection fraction of 

52.7 ± 5.2 % (Figure 13B). Tg-SCD1 mice with only 1.9-fold increased cardiac SCD1 protein 

contents showed a trend towards a decreased left ventricular cardiac ejection fraction, i.e. 

Tg-SCD1 mice with low SCD1 levels had a cardiac ejection fraction of 47.0 ± 5.1 %, which was 

not significantly different from that of non-transgenic B6 control mice (Figure 13B).  

Together these phenotyping results show that a 4.3-fold increased cardiac SCD1 protein level 

is sufficient to trigger cardiac hypertrophy and cardiac dysfunction.  
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Figure 13: Phenotyping of Tg-SCD1 mice showed cardiac hypertrophy and cardiac dysfunction. 
(A) The heart-to-body-weight ratio of male Tg-SCD1 mice with 4.3-fold increased cardiac SCD1 protein 
(high) and 1.9-fold increased SCD1 protein (low) was determined and compared to that of non-
transgenic B6 mice (mean ± s.d. n=5 hearts/group; ***, p=0.0006 vs. B6 and *, p=0.0199 vs. Tg-SCD1-
low; Tukey`s test). (B) The left ventricular cardiac ejection fraction was analyzed of Tg-SCD1-high and 
Tg-SCD1-low mice and compared to that of non-transgenic B6 mice (mean ± s.d., n=6 mice/group; ***, 
p = 0.0002 vs. B6 and **, p = 0.0052 vs. Tg-SCD1-low; Tukey`s test). 

 

6.8.  Histology analysis of Tg-SCD1 hearts 

The heart-to-body-weight ratio determination of Tg-SCD1 hearts indicated that Tg-SCD1 mice 

with 4.3-fold increased cardiac SCD1 protein levels, developed cardiac hypertrophy. Histology 

analysis was performed to further analyze the phenotype of Tg-SCD1 mice.  

Longitudinal paraffin-embedded heart sections were prepared of 8-month-old, male Tg-SCD1 

mice with high SCD1 levels. As a control group, male, age-matched, non-transgenic B6 mice 

were used. Cardiac sections were inspected under a light microscope after hematoxylin-eosin 

staining. The histology analysis of hematoxylin-eosin-stained longitudinal heart sections 

prepared from 8-month-old male Tg-SCD1 mice confirmed the phenotype of cardiac 

hypertrophy with enlargement of the left ventricle of eight-month-old Tg-SCD1 mice with 4.3-

fold increased cardiac SCD1 protein levels compared to the normal heart morphology of age-

matched, non-transgenic B6 mice (Figure 14, upper and lower panels).  
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Figure 14: Histology analysis of Tg-SCD1 hearts shows cardiac hypertrophy. 
Longitudinal paraffin-embedded heart sections of eight-month-old, male Tg-SCD1 mice with high SCD1 
level were stained with hematoxylin-eosin (HE). As a control heart sections of age-matched, non-
transgenic B6 mice were used. Histology analysis was performed of four mice/group.  

 

6.9.  The immunohistology analysis showed increased cardiac SCD1 
protein contents of Tg-SCD1 mice with cardiac hypertrophy 

To further analyze the phenotype of Tg-SCD1 mice, immunohistology detection of the cardiac 

SCD1 protein was performed of longitudinal heart sections of eight-month-old Tg-SCD1 mice 

with 4.3-fold increased cardiac SCD1 protein levels as determined by immunoblot (cf. Figure 

12). The staining of paraffin-embedded heart sections with polyclonal anti-SCD1 antibodies 

documented the increased cardiac SCD1 protein in the myocardium of Tg-SCD1 mice 

compared to that of non-transgenic B6 mice (Figure 15 upper vs. lower panels). 
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Figure 15:  Immunohistology detection of SCD1 on longitudinal heart sections of Tg-SCD1 mice. 
Longitudinal paraffin-embedded heart sections of eight-month-old Tg-SCD1 mice were stained with 
polyclonal anti-SCD1 antibodies (upper panels). As a control heart sections of non-transgenic B6 mice 
were used. (lower panels). Immunohistology was performed of four mice/group.  

 

For comparison, the anti-SCD1 antibody staining was largely absent in the ascending aorta 

and the aortic arch of Tg-SCD1 mice (Figure 15, upper panels). These immunohistology data 

confirm the myocardium-specific expression of SCD1 under control of the alpha-MHC promoter, 

which does not induce protein expression in vascular smooth muscle cells.  

Immunohistology analysis further confirmed the phenotype of cardiac hypertrophy with 

predominant enlargement of the left ventricle of Tg-SCD1 mice with increased cardiac SCD1 

protein (Figure 15, upper panels) whereas eight-month-old non-transgenic B6 mice without 

increased cardiac SCD1 protein level did not develop cardiac hypertrophy (Figure 15, lower 

panels). 
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6.10.  Whole genome microarray gene expression profiling identified 
up-regulated heart failure-related genes in Tg-SCD1 hearts 

The phenotype of Tg-SCD1 mice was analyzed further by whole genome microarray gene 

expression profiling. Total RNA was isolated of heart specimens from eight-month-old, male 

Tg-SCD1 mice with 4.3-fold increased cardiac SCD1 protein level. As a control group, total 

cardiac RNA from age-matched, male, non-transgenic B6 mice was used. After reverse 

transcription of mRNA into cDNA, and further processing according to the Affymetrix 

protocol, fragmented and biotin-labeled cRNA was hybridized to the gene chip (Mouse 

Genome MG430 2.0 Array, Affymetrix), which contains more than 45 000 probe sets and 

covers the whole mouse genome. 

Probe set intensities were recorded, and after data normalization by GCOS to a target value 

of 300, data analysis was performed to identify probe sets with significantly different signal 

intensities indicative of differentially expressed genes between eight-month-old, male Tg-

SCD1 hearts and age-matched, non-transgenic B6 controls.  

The following criteria were used for identification of probe sets detecting differentially 

expressed genes: (i) significant difference from the B6 control group (p ≤ 0.01; just alpha), (ii) 

≥ 2-fold difference (up-regulation or down-regulation) compared to the B6 control group, and 

(iii) call present and/or signal intensity ≥100. Whole genome microarray gene expression data 

were deposited to the repository and are available at the NCBI GEO database (GSE 120020). 

After data normalization and data analysis, microarray data were used to further investigate 

the HF phenotype of Tg-SCD1 mice. To this end, the list of differentially expressed genes was 

searched manually for established heart failure-related genes of the cardiac lipid metabolic 

process [130, 267, 268]. Notably, for HF phenotyping, the focus was put on the expression 

level of fatty acid synthase, Fasn, adiponectin, Adipoq [268], and resistin, Retn [267], because 

the heart failure-enhancing and cardiac dysfunction-promoting functions of these lipid 

metabolism genes were previously established [130]. 
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Figure 16: Whole genome microarray gene expression profiling shows up-regulation of heart failure-
related genes in hearts of Tg-SCD1 mice.  
Differentially expressed genes between Tg-SCD1 and B6 mice were identified by p≤0.01, just alpha, ≥ 
2-fold up-regulation in Tg-SCD1 hearts vs. B6 hearts and call present and/or signal intensity > 100 
(mean ± s.d., n=2 gene chips/group with RNA pooled from n=4 hearts for one gene chip; p-values were 
determined by the unpaired, two-tailed t-test, and calculated by MEV). Signal intensities of the 
following probe sets are shown: 1415964_at (Scd1); 1423828_at (Fasn); 1422651_at (Adipoq); 
1449182_at (Retn); AFFX-GapdhMur/M32599_5_at and AFFX-GapdhMur/M32599_3_at (Gapdh). 
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In addition to these established heart failure-enhancing lipid metabolism genes, the search of 

differentially expressed genes between Tg-SCD1 and B6 mice also focused on the gene 

expression level Scd1 because Scd1 was highly up-regulated in different HF models (cf. Figure 

10), and thus could also serve as an indicator and/or promoter of HF. In agreement with the 

HF phenotype of Tg-SCD1 mice, whole genome gene expression profiling detected the 

significant up-regulation of the mouse Scd1 gene expression levels in hearts of Tg-SCD1 mice 

(Figure 16). The microarray gene expression analysis technique specifically detects the gene 

expression level of the endogenously expressed murine Scd1 gene of Tg-SCD1 mice because 

for detection of Scd1 gene expression, the gene chip (Mouse Genome MG430 2.0 Array, 

Affymetrix) applies antisense probes, which hybridize to the non-coding 3`-end of the murine 

Scd1 transcript (Figure 17). This non-coding region of the Scd1 transcript is absent in the 

human SCD1 cDNA, which was used for the generation of Tg-SCD1 mice. 

 

Probe  set ID 
probe 

x 
probe  

y 

probe 
interrogation 

position 
probe sequence 

target 
strandedness 

1415964_at 187 508 4546 TTGTAACAAACCCACCCCAGAGATA Antisense 

1415964_at 635 58 4591 AAACTCCTGGGCTAAGTATCTGACA Antisense 

1415964_at 477 451 4607 TATCTGACAGTCTCACATCTCAACA Antisense 

1415964_at 197 156 4638 ATTAAGTGTCCATAGCATCAGCTCA Antisense 

1415964_at 278 522 4712 GACCTACTACTTCAAGGGCAGTTCT Antisense 

1415964_at 368 557 4788 AGGTATTCATACAGACTCCCAAAGA Antisense 

1415964_at 533 625 4819 TATGTTCCTGAGACCATCGTTTAGT Antisense 

1415964_at 294 547 4838 TTTAGTCTACATTGCTCTTCCCAGA Antisense 

1415964_at 110 683 4851 GCTCTTCCCAGAGACTGACAGATAT Antisense 

1415964_at 242 573 4884 AAAGTGCAAGACTACCTACCCACTG Antisense 

1415964_at 476 131 4929 AACCTTTCCCTTCCCTGAATGAGAT Antisense 
      

Figure 17: Antisense probes used for detection of murine Scd1 gene expression by probe ID 
1415964_at of the gene chip “Mouse Genome MG430 2.0 Array” (Affymetrix).  
Antisense probes hybridize to the non-coding 3`-end of the murine Scd1 transcript, which is absent in 
the transgenic SCD1 cDNA used for generation of Tg-SCD1 mice. 

 

 

Tg-SCD1 hearts showed the significant up-regulation of other well-established heart failure-

enhancing genes of the cardiac lipid metabolic process, i.e. Fasn (fatty acid synthase), Adipoq 

(adiponectin) and Retn (resistin) (Figure 16). These three genes are not only up-regulated in 
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experimental models of HF (see also Figure 10) [267, 268] but also on biopsy specimens 

and/or peripheral blood of human patients with HF [124, 130, 269-272].  

As a control, signal intensities of probe sets detecting the house-keeping gene, Gapdh, were 

comparable and not significantly different between Tg-SCD1 and non-transgenic B6 hearts 

(Figure 16). Notably, signal intensities of two different probe sets with antisense nucleotides, 

which hybridize to the 5`- and 3`- ends of the Gapdh transcript, were comparable and not 

significantly different between Tg-SCD1 mice and B6 hearts (Figure 16). The following 3`/5`-

ratios of Gapdh-detecting probe sets were determined: 0.84 and 0.82 (Tg-SCD1 hearts), and 

0.94 and 0.87 (B6-controls). Together these data confirm the integrity of the cardiac RNA of 

Tg-SCD1 and B6 control hearts used for microarray gene expression profiling.  

Taken together, whole genome microarray gene expression analysis demonstrates that Tg-

SCD1 hearts with symptoms of HF showed up-regulation of heart failure-related target genes 

of the cardiac lipid metabolic process. 

 

6.11.  Immunoblot analysis confirmed microarray gene expression 
data and showed increased cardiac Fasn and Adipoq contents of Tg-
SCD1 mice 

Differential gene expression data of the microarray study were validated by immunoblot 

analysis of cardiac Fasn and Adipoq protein levels of Tg-SCD1 mice. In agreement with the 

microarray data, immunoblotting showed the significant up-regulation of cardiac Fasn protein 

contents, in hearts of eight-month-old Tg-SCD1 mice compared to non-transgenic B6 controls 

(Figure 18A). In addition, the heart failure-related cardiac Adipoq contents were also significantly 

increased of Tg-SCD1 mice (Figure 18B). 
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Figure 18: Immunoblot detection showed increased cardiac Fasn and Adipoq contents of Tg-SCD1 
mouse hearts. 
(A, B) Immunoblot analysis (IB) of cardiac Fasn (A) and Adipoq (B) contents was performed of 8-month-
old Tg-SCD1 mice and non-transgenic B6 controls. The left panels show representative immunoblot 
images and the right panels show quantitative data (mean ± s.d.; n=5 hearts/group; p-values were 
determined with the unpaired, two-tailed t-test). The lower panel (B) is a control immunoblot, which 
detects Gnb. 

 

 

6.12.  Tg-SCD1 mice displayed increased cardiac levels of the heart 
failure-promoting angiotensin II AT1 receptor 

Phenotyping and gene expression profiling showed that an increased cardiac SCD1 level 

triggers cardiac hypertrophy and cardiac dysfunction of Tg-SCD1 mice. However, the mechanism 

underlying this heart failure-enhancing function of SCD1 is not clear. Because SCD1 enhances 
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the membrane fluidity by catalyzing the delta-9 desaturation of 12-19 carbon SFAs [273], the 

impact of SCD1 up-regulation on a heart failure-related transmembrane protein was investigated. 

 

 

Figure 19: The heart failure-related angiotensin II AT1 receptor is increased in hearts of Tg-SCD1 
mice. 
(A) Number of AT1 receptor binding sites were determined by radioligand binding with Sar1,[125I]Tyr4,Ile8-
angiotensin II of eight-month-old B6, and Tg-SCD1 myocardial membranes with 1.9-fold (Low) and 4.3-
fold (High) increased cardiac SCD1 protein contents (mean ± s.d., n=4 heart membrane 
preparations/group; **,p = 0.0015 and 0.0067 vs. B6 and Tg-SCD1 low; Tukey`s test). (B). 
Representative autoradiography images of longitudinal heart sections of B6 and Tg-SCD1 mice with 
1.9-fold (low) and 4.3-fold (high) increased cardiac SCD1 contents after autoradiography imaging of 
the AT1 receptor with anti-AT1 receptor antibodies. Autoradiography images are representative of 
three hearts/group, bar: 2 mm. 

 

The angiotensin II AT1 receptor is one of the major transmembrane receptors, which 

promotes cardiac hypertrophy, cardiac fibrosis and cardiac dysfunction and thereby enhances 

HF pathogenesis [274]. Vice versa, AT1 receptor inhibition by an AT1 antagonist retards the 

progression of HF, and reduces morbidity and mortality of HF patients [275]. To investigate 

the impact of SCD1 on cardiac AT1 receptors, the number of AT1 receptors was determined 

on myocardial membranes of eight-month-old Tg-SCD1 mice and compared to that of non-

transgenic B6 mice (Figure 19A). The radioligand binding studies showed that the number of 

AT1 receptor binding sites of Tg-SCD1 hearts with 4.3-fold increased SCD1 contents was 

1.6±0.2-fold higher than of non-transgenic B6 hearts (Figure 19A). For comparison, the 

number of AT1 receptor binding sites of Tg-SCD1 hearts with only 1.9-fold increased SCD1 

was not significantly different from B6 controls (Figure 19A). 



100 

 

To determine the AT1 receptor protein, detection of AT1 receptors was performed by 

autoradiography of longitudinal cardiac sections of Tg-SCD1 hearts with 4.3-fold increased 

cardiac SCD1 levels. The control groups were non-transgenic B6 hearts and Tg-SCD1 hearts 

with only 1.9-fold increased SCD1 levels. For imaging of cardiac AT1 receptors by autoradiography, 

affinity-purified, rabbit polyclonal, anti-AT1 receptor antibodies and [125I]-labeled, secondary 

anti-rabbit antibodies were used. The autoradiography images revealed the location of the 

AT1 receptor in the myocardium of Tg-SCD1 hearts. A strong binding of anti-AT1 receptor 

antibodies was detected in the left ventricle of Tg-SCD1 hearts with cardiac hypertrophy 

whereas B6 control heart sections showed a much weaker optical density of the autoradiogram 

indicative of a smaller amount of bound anti-AT1 receptor antibodies (Figure 19B). 

Taken together, radioligand binding showed a significantly higher number of AT1 receptor 

binding sites of Tg-SCD1 hearts with 4.3-fold increased cardiac SCD1 protein. Complementary 

to the radioligand binding studies, autoradiography imaging with anti-AT1 receptor antibodies 

predominantly located the increased AT1 receptor protein in the hypertrophic left cardiac 

ventricle. 

 

6.13.  SCD1 up-regulated the heart failure-promoting angiotensin II 
AT1 receptor protein of transfected HEK-293 cells 

In view of the increased AT1 receptor protein of Tg-SCD1 hearts, the direct effect of SCD1 on 

AT1 receptor protein levels was investigated in transfected HEK-293 cells. HEK-293 cells with 

stable expression of the AT1 receptor (AGTR1) were transiently transfected with low and high 

plasmid-DNA amounts encoding SCD1. The control cells were mock-transfected. Radioligand 

binding studies showed that SCD1 expression led to an increased number of cell-surface AT1 

receptor binding sites of HEK-293 cells compared to that of control cells without SCD1 co-

expression (Figure 20A). The number of AT1 receptor binding sites of HEK-293 cells with high 

SCD1 co-expression was 2.2 ± 0.4-fold higher than that of control cells (Figure 20A). In HEK-

293 cells with low SCD1 co-expression, there was a trend towards an increased AT1 receptor 

level, which was not significantly different from that of control cells without co-expression of 

SCD1 (Figure 20A).  
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Gene expression analysis of SCD1 by real-time quantitative reverse transcription PCR (real-

time qRT-PCR) confirmed the elevated SCD1 expression levels of SCD1-transfected HEK-293 

cells (Figure 20B).  

 

 

Figure 20: SCD1 increased the number of cell-surface AT1 receptor binding sites of transfected HEK-
293 cells.  
(A) Number of cell-surface AT1 receptor binding sites were determined by radioligand binding with 
Sar1,[125I]Tyr4,Ile8-angiotensin II of AT1 receptor-expressing HEK-293 cells transfected with low and 
high amounts of SCD1 expression plasmid. As a control, AT1 receptor-expressing HEK-293 cells were 
mock-transfected with plasmid pcDNA3.1 (mean ± s.d.; n=4 biological replicates performed in triplicates; 
***,p = 0.0004 vs. control, and **,p = 0.0032 vs. SCD1 low; Tukey`s test). (B, C) SCD1 (B) and AGTR1 
(C) expression levels of AT1 receptor-expressing HEK-293 cells transfected with low and high amounts 
of SCD1 expression plasmid (mean ± s.d.; n=4 biological replicates performed in quadruplicates; ***,p 
< 0.0001 vs. control and SCD1 low, and *,p = 0.0137 vs. control; Tukey`s test).   

The SCD1 expression levels of high and low SCD1-expressing cells were 3.0 ± 0.3-fold and 1.4 

± 0.1-fold increased, respectively, compared to those of mock-transfected, control cells (Figure 

20B). As a control, the gene expression level of the AT1 receptor (AGTR1) was not significantly 
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altered by co-expression of SCD1 (Figure 20C). Thus, the increased expression of SCD1 led to 

an increased number of cell-surface AT1 receptor binding sites of HEK cells. 

The effect of SCD1 on total cellular AT1 receptor protein was analyzed with an AT1-Cerulean 

fusion protein. AT1-Cerulean is an AT1 receptor protein with a carboxyl-terminally fusion of 

Cerulean [263], which is an improved variant of the enhanced cyan fluorescent protein, ECFP, 

with 2.5-fold increased brightness [276].  

Cellular fluorescence of AT1-Cerulean-expressing HEK-293 cells was recorded with a 

fluorescence spectrometer at an excitation wavelength of 430 nm, and emission spectra and 

peak fluorescence emission at 475 nm were determined. Fluorescence measurements were 

performed to quantify cellular AT1-Cerulean protein levels with the fluorescence emission 

peak at 475 nm. Cellular fluorescence intensity was recorded of HEK-293 cells expressing AT1-

Cerulean without and with low and high amounts of SCD1 (Figure 21A-C). Experiments 

showed that AT1-Cerulean-expressing HEK-293 cells with a high level of SCD1 expression 

showed a significantly increased AT1-Cerulean fluorescence compared to that of AT1-

Cerulean-expressing control cells without SCD1 co-expression or AT1-Cerulean-expressing 

cells with low amounts of SCD1 expression (Figure 21A-C). As a control, SCD1 expression did 

not significantly alter the expression level of AT1-Cerulean (AGTR1-Cerulean) of transfected 

HEK-293 cells (Figure 21D). 

Together these experiments with HEK-293 cells show that an increased expression level of 

SCD1 increases the number of cell-surface AT1 receptor binding sites and the cellular AT1-

Cerulean protein level in a gene dosage-dependent manner. SCD1 could exert an effect on 

protein folding of the AT1 receptor because AGTR1 gene expression levels were not affected 

by SCD1. 
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Figure 21: SCD1 increases the cellular AT1-Cerulean protein of HEK-293 cells. 
(A, B) Fluorescence intensity of HEK-293 cells transiently transfected with a constant amount of AT1-
Cerulean expression plasmid (5 microg/106 cells) and co-transfection without (Control) or with high 
(10 mcirog/106 cells) and low (3 microg/106 cells) amounts of SCD1 expression plasmid. The panel (A) 
shows a representative experiment, and panel (B) shows quantitative evaluation of the peak emission 
fluorescence intensity of AT1-Cerulean at 475 nm (mean ± s.d.; n=3 biological replicates; **, p=0.040 
and 0.0095 vs. Control and SCD1 low, Tukey`s test; background fluorescence was subtracted). (C, D) 
SCD1 (C) and AGTR1-Cerulean (D) expression levels of AT1-Cerulean-expressing HEK-293 cells 
transfected with low and high amounts of SCD1 expression plasmid (mean ± s.d.; n=3 biological 
replicates performed in quadruplicates; ***,p = 0.0003 and 0.0006 and vs. control and SCD1 low; 
Tukey`s test). 
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7.  DISCUSSION 
 

7.1.  Search for pathomechanisms of heart failure in view of limited 
treatment options of heart failure with reduced ejection fraction (HFrEF) 

CHF is still one of the major causes of world-wide morbidity and mortality, in the elderly 

population. Current pharmacological treatment options for symptomatic treatment of 

patients suffering from heart failure with reduced ejection fraction (HFrEF) are limited. According 

to current treatment guidelines of the European Society of Cardiology (ESC), treatment of 

HFrEF mainly relies on the combination of an ACE inhibitor with one of three beta-blockers 

(carvedilol, bisoprolol or metoprolol), which have shown to reduce cardiovascular and/or all-

cause mortality [60]. If symptoms persist, a mineralcorticoid receptor antagonist (spironolactone 

or eplereone) could be added [60]. All drugs are titrated to the highest tolerated dose. 

Symptoms of congestion are usually treated with a diuretic. Since 2015, ARNI was introduced 

as another treatment option, which consists of the combination of the AT1 receptor 

antagonist valsartan with the neprilysin inhibitor sacubitril [60]. Under the brand name 

Entresto®, this combination can significantly reduce the risk of cardiovascular morbidity and 

mortality in patients with severe HF NYHA class IV and a LVEF of < 40 % when given instead 

of the ACE-inhibitor and in combination with the other aforementioned drugs [89]. However, 

despite optimum treatment, morbidity and mortality of HF with reduced ejection fraction are 

still (too) high.  

In view of these limited treatment options, the major goal of the present thesis was focused 

on the investigation of pathomechanisms involved in the pathogenesis of HF. Identification of 

previously unrecognized pathomechansims and causative genes could eventually contribute to 

the identification of target genes suitable to improve the diagnosis and/or treatment of this 

devastating disease. 
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7.2.  Human heart failure symptoms are reproduced by experimental 
heart failure models 

By methods of basic research, this thesis aimed to identify previously unrecognized targets 

involved in heart failure pathogenesis, which could eventually be exploited in the future to 

improve diagnosis and/or treatment of heart failure with reduced ejection fraction, HFrEF. To 

identify genes up-regulated in frame of the development of heart failure, the study performed 

analysis of whole genome microarray gene expression profiling data of failing heart specimens 

from different experimental mouse models, which mimic major cardiovascular risk factors of 

heart failure pathogenesis. 

 

7.2.1.  Experimental model of chronic pressure overload-induced symptoms of 
cardiac hypertrophy, cardiac dysfunction, and heart failure 

Longstanding hypertension accounting for chronic pressure overload ultimately leads to HF 

in patients [9]. Consequently, many experimental HF models apply chronic pressure overload 

to trigger symptoms of HF. In these experimental HF models, chronic pressure overload is 

often imposed by transverse aortic constriction, TAC [122, 277] or abdominal aortic constriction, 

AAC [121, 124].  

Initially, chronic pressure overload in human patients and experimental models is compensated by an 

increase in cardiomyocyte size and augmentation of heart muscle mass accounting for 

enhanced contractility and compensated cardiac hypertrophy [278]. On the long term, the 

increased oxygen and energy consumption of the hypertrophic heart muscle becomes a major 

pathologic factor, which cannot be compensated anymore and finally leads to cardiomyocyte 

degeneration. Insufficient oxygen supply to major organs (e.g. heart, kidney, brain) triggers 

neuro-humoral activation of the sympathetic and renin-angiotensin aldosterone systems, 

which further increase the cardiac oxygen consumption by augmenting blood pressure, heart 

rate and contractility. Neuro-humoral activation is also a major contributing factor to maladaptive 

cardiac remodeling, during which dying cardiomyocytes are replaced by fibrotic scar tissue 

composed of fibroblasts. With continuous hemodynamic load, this maladaptive remodeling 

process finally culminates in cardiac dilatation and HF with insufficient cardiac output to meet 

the oxygen demand of the body [278]. Because the mouse heart is considered a miniaturized 

human heart regarding major physiological parameters [279], cardiac remodeling processes 
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are reproduced in experimental models of aortic constriction-induced pressure overload-

induced heart failure [121, 122, 124, 277]. 

 

7.2.2.  Aortic coarctation-induced cardiac hypertrophy and cardiac dysfunction of 
aged Apoe-/- mice with aortic atherosclerotic plaques 

The second model applied apolipoprotein E-deficient (Apoe-/-) mice with hypercholesterolemia, 

which develop severe atherosclerotic plaques with increasing age and reproduce - at least 

partially - the risk factor atherosclerosis. At an age of 18 months, aged Apoe-/- mice show a 

significantly reduced cardiac ejection fraction of 29.5 ± 2.9 % (Figure 8), indicative of cardiac 

dysfunction [124], and aging-induced heart remodeling with cardiomyocyte hypertrophy 

[124, 280]. The development of cardiac hypertrophy and cardiac remodeling leading finally to 

symptoms of HF was attributed to an increased afterload due to aortic coarctation by 

atherosclerotic plaques, notably in Apoe-/- mice with Western-type diet-enhanced progression 

of atherosclerosis [281]. The phenotype is linked to aging-dependent atherosclerosis progression, 

because the cardiac phenotype of young Apoe-/- mice with less advanced atherosclerosis is 

not altered compared to that of non-transgenic B6 mice [124, 281]. A major difference 

between Apoe-/- mice and patients is the fact that hypercholesterolemic Apoe-/- mice do not 

develop significant features of CAD or overt myocardial infarction [281]. The dysfunctional 

heart phenotype of aged Apoe-/- mice consequently reproduces features of cardiovascular 

aging and aging-related heart dysfunction, which strongly enhance the susceptibility to HF in 

synergy with other age-related co-morbidities [282]. 

 

7.2.3.  Synergistic enhancement of pathological processes leading to the heart 
failure of Apoe-/- mice with chronic pressure overload 

By combination of ApoE deficiency-induced hypercholesterolemia with chronic pressure 

overload, processes culminating in atherosclerotic plaque formation, cardiac dysfunction, and 

HF are synergistically enhanced compared to mice with either ApoE deficiency or chronic 

pressure overload [121, 124]. As a consequence, two months of AAC-induced chronic pressure 

overload leads to severe symptoms of cardiac dysfunction and HF of Apoe-/- mice [121, 124] 

whereas without AAC, symptoms of cardiac dysfunction of Apoe-/- mice develop only at old 

age, in 18-month-old Apoe-/- mice [124]. 
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7.2.4.  Rosiglitazone-enhanced heart failure symptoms of Apoe-/- mice 

As detailed above, the combination of different cardiovascular risk factors strongly enhances 

the pathogenesis of HF in experimental models [121, 124], and also in patients [9, 283]. The 

antidiabetic drug and PPARG agonist, rosiglitazone, was suspended from the market in many 

countries due to the promotion of HF symptoms [126, 127]. By fluid retention, rosiglitazone 

is considered to enhance volume overload and the pathogenesis of HF [126, 284]. In addition, 

rosiglitazone could exert a direct deleterious effect to the heart by activation of cardiac 

PPARG [264]. Cardiotoxicity of PPARG could be further enhanced in synergy with PPARA 

activation [285], and/or together with other cardiovascular risk factors such as atherosclerosis, CAD, 

advanced age, and obesity [130, 284]. 

 

7.3.  Different experimental heart failure models showed a significant 
up-regulation of the cardiac lipid metabolic process  

By using different HF models, which impose chronic pressure overload by AAC, aging-induced 

aortic coarctation by atherosclerotic plaques, and Pparg activation by rosiglitazone, the study 

identified that failing hearts are characterized by up-regulation of the cardiac lipid metabolic 

process. This finding is based on GO analysis of up-regulated genes of the following three 

experimental models of HF:  

I. Chronic pressure overload-induced heart failure by AAC of 6-month-old Apoe-/- mice. 

II. Aortic coarctation-induced heart failure by atherosclerotic plaques of aged, 18-month-old 

Apoe-/- mice. 

III.  Rosiglitazone-enhanced heart failure of 8-month-old Apoe-/- mice. 

The up-regulation of the cardiac lipid metabolic process was not restricted to the hypercholesterolemic 

Apoe-/- background, because AAC-induced chronic pressure overload of non-transgenic B6 

mice overload similarly triggered the up-regulation of heart failure-related genes of the lipid 

metabolic process (Figure 10 and Supplemental Table (Appendix 13.3)). 

 

 

 



108 

 

7.4.  The up-regulated cardiac lipid metabolic process contributes to 
heart failure progression by inducing cardiolipotoxicity 

Does the up-regulated cardiac lipid metabolic process contribute to HF pathogenesis? The up-

regulated genes of the cardiac lipid metabolic process cover all steps of the lipid metabolism 

and are involved in lipid synthesis, lipid metabolism and lipid storage. In agreement with an 

enhanced lipid synthesis and/or enhanced lipid uptake, failing hearts from experimental models 

and biopsy specimens from HF patients were found to be characterized by lipid accumulation 

and lipid overload [124, 133, 286]. A multitude of experimental studies with different genetically 

modified mice have shown that the excessive accumulation of lipids in the heart leads to 

lipotoxic cardiomyopathy and finally HF [130, 264, 287, 288]. 

Studies with isolated cardiomyocytes complement these in vivo data and showed direct toxic 

and apoptosis-enhancing effects of SFAs such as palmitate, which strongly enhances 

cardiomyocyte death [289, 290]. Direct cardiomyocyte toxicity of palmitate could further be 

enhanced in vivo, because palmitate is a major source of de novo synthesis of cardiotoxic 

ceramides [290, 291]. In agreement with a cardiotoxic action of palmitate, transgenic mice, 

which recapitulate the heart failure-related up-regulation of FASN (fatty acid synthase) by 

myocardium-specific expression of this major palmitate-synthesizing enzyme, developed dilated 

lipotoxic cardiomyopathy and symptoms of HF [130]. Taken together, up-regulation of genes 

of the cardiac lipid metabolic process could enhance the progression of HF by induction of 

cardiolipotoxicity. 

 

7.5.  SCD1 is one of the most up-regulated genes of the cardiac lipid 
metabolic process of experimental heart failure models 

Not all up-regulated genes of the cardiac lipid metabolic process are necessarily cardiotoxic. 

The documented toxicity of fatty acids in vitro is linked to SFAs (C16:0 or C18:0) whereas 

equimolar amounts of mono-unsaturated fatty acids (e.g. cis-C18:1), were not toxic to neonatal 

cardiomyocytes and even protected these cells against palmitate-induced cardiomyocyte death 

[289]. 

Analysis of whole genome gene expression data of experimental HF models, which was 

performed in frame of this thesis, identified SCD1 as one of the most-up-regulated genes of 
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the cardiac lipid metabolic process of failing hearts. Notably, SCD1 is the enzyme responsible 

for beneficial oleic acid (C18 n-9) synthesis in humans and generally for the synthesis of 

MUFAs [292]. In agreement with a possible cardioprotective role of SCD1 in the heart, forced 

expression of SCD1 in rats by feeding a high-sucrose diet was protective against saturated 

fatty acids- induced toxicity and SFA-induced generation of cardiotoxic ceramides, pro-

apoptotic caspase-3 activation and apoptotic cell death [155]. In apparent contrast to the 

claimed protective role of SCD1, deficiency of SCD1 in SCD1-knockout mice was also found to 

exert a protective role in vivo, i.e. SCD1 deficiency rescued the leptin-deficiency-induced 

cardiomyopathy of obese (ob/ob) mice and led to a decreased lipid accumulation and 

cardiomyocyte apoptosis [293]. Thus, the in vivo function of SCD1 in the heart and its impact 

on HF pathogenesis are incompletely understood.  

 

7.6.  Investigation of the role of SCD1 up-regulation in the heart by 
generation of Tg-SCD1 mice with myocardium-specific SCD1 expression 

In view of the strong up-regulation of cardiac Scd1 in different HF models, this study investigated 

the impact of SCD1 up-regulation in the heart by generation of SCD1-transgenic mice with 

myocardium-specific expression of SCD1 under control of the alpha-MHC promoter. Two 

different transgenic mouse lines with 1.9±0.6-fold and 4.3±0.8 increased cardiac SCD1 protein 

levels were generated and characterized in frame of the study. The study used the human 

SCD1 cDNA for generation of transgenic mice, because SCD1 is the major SCD gene in humans 

[139]. 

 

7.7.  Up-regulation of SCD1 in the heart expression triggered cardiac 
hypertrophy, cardiac dysfunction and up-regulation of heart failure-
related genes 

Phenotyping of Tg-SCD1 mice revealed that an increased cardiac SCD1 protein level triggered 

cardiac hypertrophy and cardiac dysfunction in aged, eight-month-old Tg-SCD1 mice in a gene 

dosage-dependent manner. Cardiac hypertrophy was documented by a significantly increased 

heart-to-body weight ratio of Tg-SCD1 mice with 4.3±0.8 increased cardiac SCD1 protein 

levels. The heart-to-body weight ratio Tg-SCD1 mice was 6.22 ± 0.6 mg/g compared to 4.9 ± 

0.2 mg/g of non-transgenic B6 mice (Figure 13A). In addition, histology analysis of Tg-SCD1 
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hearts confirmed cardiac hypertrophy and showed a significant enlargement of the left ventricle 

(Figure 14). 

Cardiac dysfunction of Tg-SCD1 mice with 4.3±0.8-fold increased cardiac SCD1 protein levels 

was documented by echocardiography, which detected a significantly reduced cardiac LVEF 

of 35.2 ± 6.1 % compared to the cardiac ejection fraction of 52.7 ± 5.2 % of non-transgenic B6 

mice (Figure 13B). Together these data support the notion, that an increased cardiac SCD1 

protein is a sufficient cause of the onset of major HF symptoms, such as cardiac hypertrophy 

and cardiac dysfunction.  

In agreement with the onset of HF symptoms of eight-month-old Tg-SCD1 mice with 4.3±0.8-

fold increased SCD1 protein levels, whole genome microarray gene expression profiling 

detected the significant up-regulation of heart failure-related genes, fatty acid synthase 

(Fasn), adiponectin (Adipoq) and resistin (Retn) in these mice (Figure 16). These heart failure-

related genes are up-regulated during the course of HF pathogenesis of experimental HF 

models and patients with HF, and could also exert a direct heart failure-promoting activity 

[130, 269-272].  

 Microarray data were confirmed by immunoblot analysis, which showed the significant up-

regulation of the heart failure-related proteins, Fasn and Adipoq, in hearts of Tg-SCD1 mice 

(Figure 18). 

Moreover, the microarray data showed up-regulation of the endogenous Scd1 of Tg-SCD1 

mice (Figure 16). This observation supports the notion, that cardiac SCD1/Scd1 up-regulation 

in experimental models and patients with HF is directly related to HF pathogenesis.  

 

7.8.  SCD1 mediates posttranslational up-regulation of the heart failure-
enhancing AT1 receptor protein 

Pathomechanisms accounting for the heart failure-enhancing function of SCD1 are not 

understood because major lipids synthesized by SCD1 are cardio-protective, such as oleic acid 

and protect against saturated fatty acid-induced apoptotic cell death [155, 292]. 

In search for the SCD1-mediated pathomechanism, the study switched its focus to the 

function of SCD1 as one of the major enzymes involved in the formation of membrane 
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phospholipids. Thereby SCD1 acts as an enhancer of membrane fluidity by catalyzing the 

delta-9 desaturation of 12-19 carbon SFAs [273]. Because membrane phospholipids exert an 

essential role in membrane protein folding, and enhanced lipid synthesis could promote GPCR 

folding [294], the study investigated whether SCD1 enhanced the protein level of the 

angiotensin II AT1 receptor, AGTR1, which is a major pro-hypertrophic and heart failure-

enhancing membrane-spanning GPCR protein [274]. By radioligand binding studies and 

autoradiography with anti-AT1 receptor antibodies, the study found that Tg-SCD1 hearts were 

characterized by an increased number of AT1 receptor binding sites, which were 

predominantly localized in the hypertrophic left ventricle of SCD1-transgenic hearts. 

Further studies with HEK-293 cells documented a direct effect of SCD1 on the AT1 receptor 

protein. SCD1 led to an increased number of cell-surface AT1 receptors and increased the 

total cellular amount of the AT1 receptor protein, AT1-Cerulean. The AT1 receptor-inducing 

effect of SCD1 was posttranslational because the expression level of the AT1 receptor (AGTR1) 

was not altered by SCD1. 

The enhancing effect of SCD1 could be specific for the AT1 receptor protein during HF 

pathogenesis because the function of the beta-adrenergic receptor, as another major player 

of HF pathogenesis, is impaired by lipids [295]. The deduced mechanism involves beta-

receptor down-regulation by protein kinase C (PKC), which is activated by lipid metabolites. 

Taken together, SCD1 could enhance the protein folding and synthesis of the major heart 

failure-promoting angiotensin II AT1 receptor.  

Up-regulation of the AT1 receptor protein was reported in some studies of cardiac biopsy 

specimens from HF patients [296, 297]. The SCD1-mediated up-regulation of the AT1 receptor 

could be specifically relevant for the pathogenesis of diabetic cardiomyopathy of type 2 

diabetic patients, who are characterized by increased contents of myocardial AT1 receptors 

[297, 298] and increased levels of SCD1-derived lipids [299]. In this context, the up-regulated 

AT1 receptor could enhance the progression of early cardiac dysfunction to overt diabetic 

cardiomyopathy and HF [298]. However, at end-stage HF, there is a substantial down-regulation 

of major heart failure-related GPCRs including the AT1 receptor, largely due to strongly 

increased levels of the GPCR-desensitizing kinase, GRK2 [300]. 
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7.9.  Up-regulation of SCD1 could be triggered in frame of heart 
failure pathogenesis as a result of neuro-hormonal activation of the 
sympathetic nervous system 

This study detected that different experimental HF models and Tg-SCD1 mice with symptoms 

of HF were characterized by the significant up-regulation of Scd1. By which mechanism does 

HF pathogenesis trigger the up-regulation of SCD1? A major feature of patients with HF and 

experimental models is the chronic neuro-hormonal activation of the sympathetic nervous 

system and renin-angiotensin-aldosterone system. Neuro-hormonal activation is triggered as 

a compensatory response to the insufficient cardiac output to maintain oxygen supply to vital 

organs such as heart, liver and kidney [301]. The neuro-hormonal activation is causally linked 

to HF pathogenesis because the mortality of HF patients is directly associated with the circulating 

levels of norepinephrine, angiotensin II and aldosterone as executors of the sympathetic 

nervous system and renin-angiotensin-aldosterone system [301, 302]. 

 In this context, neuro-hormonal activation of the sympathetic nervous system could directly 

promote the induction of SCD1 expression and SCD1 protein levels. Notably SCD1 expression 

is induced by the cAMP-response element-binding protein 1, Creb1 [303], which is triggered 

by chronic activation of the sympathetic nervous system by norepinephrine-mediated stimulation 

of cAMP-inducing and heart failure-enhancing beta-adrenergic receptors [304-306]. 

Other factors related to HF pathogenesis could synergistically enhance the expression of SCD1 

such as SFAs, carbohydrates and insulin [155]. In patients with type 2 diabetes or obesity, 

these factors could trigger a vicious circle of (lipid) metabolism-induced SCD1 up-regulation, 

which in turn aggravates symptoms of HF accounting for an even stronger SCD1 increase by 

neuro-hormonal activation of the sympathetic nervous system. 
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7.10.  Relevance of the study to human heart failure and outlook 

The present study was performed with experimental HF models and transgenic mice. 

Nevertheless, data of the present study could be relevant to human HF. Notably, the 

accumulation of cardiotoxic lipids generated by SCD1 in concert with FASN enhances the 

pathogenesis of dilated lipotoxic cardiomyopathy and contributes to human HF, especially 

under conditions of diabetes and severe obesity[286]. The SCD1 protein was found to be up-

regulated on biopsy specimens of human HF patients [124], and higher circulating levels of 

the major SCD1 lipid synthesis product, oleic acid, are associated with a greater risk of 

cardiovascular events and all-cause mortality [307]. The deduced heart failure-enhancing 

effect of SCD1 could be relevant for diabetic patients with increased risk of diabetic 

cardiomyopathy and increased circulating levels of SCD1-derived desaturated lipids [299]. In 

view of this study and data about the in vivo function of SCD1, inhibition of SCD1 could be 

envisaged, especially in obese patients with diabetes [293]. 

SCD1 acts in synergy with other heart failure-promoting genes of the cardiac lipid metabolic 

process, such as the heart failure-enhancing fatty acid synthase (Fasn) and resistin (Retn). 

Consequently, a more efficient, potential treatment approach of HF (in combination with the 

standard HF therapy regimen including a beta-blocker and an ACE inhibitor) could aim at 

targeting the dysfunctional cardiac lipid metabolic process. Restoration of the impaired lipid 

metabolism could be achieved, e.g. with a cardioprotective inhibitor of the G-protein-coupled 

receptor kinase 2, GRK2 [308], which also improves associated conditions such as insulin 

resistance and diabetes [130, 309]. The development of this novel class of GRK2 inhibitors for 

human use is urgently awaited in the near future. 
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14.  APPENDIX 
 

14.1.  Oligonucleotides used for cloning of the alpha-MHC-promoter-
SCD1 plasmid 

SCD1-forward: 5’- TAC GTC GAC ACC ATG CCG GCC CAC TTG CTG CAG GAC -3’ 

SCD1-reverse: 5’- A TAC AAG CTT TCA GCC ACT CTT GTA GTT TCC ATC TC -3’ 

 

14.2.  DNA sequencing data of the alpha-MHC-promoter-SCD1 plasmid 

Sequencing data part 1: SalI site and startcodon of SCD1 

NCTCTATCTCCNNANAAGAGTTTGAGTCGACACCATGCCGGCCCACTTGCTGCAGGACGATATCTCTAGCTCCTATACCACCA

CCACCACCATTACAGCGCCTCCCTCCAGGGTCCTGCAGAATGGAGGAGATAAGTTGGAGACGATGCCCCTCTACTTGGAAGAC

GACATTCGCCCTGATATAAAAGATGATATATATGACCCCACCTACAAGGATAAGGAAGGCCCAAGCCCCAAGGTTGAATATGT

CTGGAGAAACATCATCCTTATGTCTCTGCTACACTTGGGAGCCCTGTATGGGATCACTTTGATTCCTACCTGCAAGTTCTACA

CCTGGCTTTGGGGGGTATTCTACTATTTTGTCAGTGCCCTGGGCATAACAGCAGGAGCTCATCGTCTGTGGAGCCACCGCTCT

TACAAAGCTCGGCTGCCCCTACGGCTCTTTCTGATCATTGCCAACACAATGGCATTCCAGAATGATGTCTATGAATGGGCTCG

TGACCACCGTGCCCACCACAAGTTTTCAGAAACACATGCTGATCCTCATAATTCCCGACGTGGCTTTTTCTTCTCTCACGTGG

GTTGGCTGCTTGTGCGCAAACACCCAGCTGTCAAAGAGAAGGGGAGTACGCTAGACTTGTCTGACCTAGAAGCTGAGAAACTG

GTGATGTTCCAGAGGAGGTACTACAAACCTGGCTTGCTGCTGATGTGCTTCATCCTGCCCACGCTTGTGCCCTGGTATTTCTG

GGGTGAAACTTTTCAAAACAGTGTGTTCGTTGCCACTTTCTTGCGATATGCTGTGGTGCTTAATGCCACCTGGCTGGTGAACA

GTGCTGCCCACCTCTTCGGATATCGTCCTTATGACAAGAACATTAGCCNCCGGGAGAATATCCTGGTTTCACTTGGAGCTGTG

GGTGAGGGCTTCCACAACTACCACCACTCCTTTCCCTATGACTACTCTGCCAGTGAGTACCGCTGGCACATCAACTTCACCAC

ATTCTTCATTGATTGC 

 

ATG:    Startcodon of SCD1 

 

SalI:  GTCGAC 

 

 

Query  6068  CTATCTCCCCCATAAGAGTTTGAGTCGACACCATGCCGGCCCACTTGCTGCAGGACGATA  6127 

             |||||| ||  | |||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  4     CTATCT-CCNNANAAGAGTTTGAGTCGACACCATGCCGGCCCACTTGCTGCAGGACGATA  62 

 

Query  6128  TCTCTAGCTCCTATACCACCACCACCACCATTACAGCGCCTCCCTCCAGGGTCCTGCAGA  6187 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  63    TCTCTAGCTCCTATACCACCACCACCACCATTACAGCGCCTCCCTCCAGGGTCCTGCAGA  122 

 

Query  6188  ATGGAGGAGATAAGTTGGAGACGATGCCCCTCTACTTGGAAGACGACATTCGCCCTGATA  6247 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  123   ATGGAGGAGATAAGTTGGAGACGATGCCCCTCTACTTGGAAGACGACATTCGCCCTGATA  182 

 

Query  6248  TAAAAGATGATATATATGACCCCACCTACAAGGATAAGGAAGGCCCAAGCCCCAAGGTTG  6307 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  183   TAAAAGATGATATATATGACCCCACCTACAAGGATAAGGAAGGCCCAAGCCCCAAGGTTG  242   

 

Query  6308  AATATGTCTGGAGAAACATCATCCTTATGTCTCTGCTACACTTGGGAGCCCTGTATGGGA  6367 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  243   AATATGTCTGGAGAAACATCATCCTTATGTCTCTGCTACACTTGGGAGCCCTGTATGGGA  302 

 

Query  6368  TCACTTTGATTCCTACCTGCAAGTTCTACACCTGGCTTTGGGGGGTATTCTACTATTTTG  6427 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  303   TCACTTTGATTCCTACCTGCAAGTTCTACACCTGGCTTTGGGGGGTATTCTACTATTTTG  362   

 

Query  6428  TCAGTGCCCTGGGCATAACAGCAGGAGCTCATCGTCTGTGGAGCCACCGCTCTTACAAAG  6487  

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  363   TCAGTGCCCTGGGCATAACAGCAGGAGCTCATCGTCTGTGGAGCCACCGCTCTTACAAAG  422 

 

Query  6488  CTCGGCTGCCCCTACGGCTCTTTCTGATCATTGCCAACACAATGGCATTCCAGAATGATG  6547 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  423   CTCGGCTGCCCCTACGGCTCTTTCTGATCATTGCCAACACAATGGCATTCCAGAATGATG  482 
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Query  6548  TCTATGAATGGGCTCGTGACCACCGTGCCCACCACAAGTTTTCAGAAACACATGCTGATC  6607 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  483   TCTATGAATGGGCTCGTGACCACCGTGCCCACCACAAGTTTTCAGAAACACATGCTGATC  542 

 

Query  6608  CTCATAATTCCCGACGTGGCTTTTTCTTCTCTCACGTGGGTTGGCTGCTTGTGCGCAAAC  6667 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  543   CTCATAATTCCCGACGTGGCTTTTTCTTCTCTCACGTGGGTTGGCTGCTTGTGCGCAAAC  602 

 

Query  6668  ACCCAGCTGTCAAAGAGAAGGGGAGTACGCTAGACTTGTCTGACCTAGAAGCTGAGAAAC  6727 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  603   ACCCAGCTGTCAAAGAGAAGGGGAGTACGCTAGACTTGTCTGACCTAGAAGCTGAGAAAC  662   

 

Query  6728  TGGTGATGTTCCAGAGGAGGTACTACAAACCTGGCTTGCTGCTGATGTGCTTCATCCTGC  6787 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  663   TGGTGATGTTCCAGAGGAGGTACTACAAACCTGGCTTGCTGCTGATGTGCTTCATCCTGC  722 

 

Query  6788  CCACGCTTGTGCCCTGGTATTTCTGGGGTGAAACTTTTCAAAACAGTGTGTTCGTTGCCA  6847 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  723   CCACGCTTGTGCCCTGGTATTTCTGGGGTGAAACTTTTCAAAACAGTGTGTTCGTTGCCA  782 

 

Query  6848  CTTTCTTGCGATATGCTGTGGTGCTTAATGCCACCTGGCTGGTGAACAGTGCTGCCCACC  6907 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  783   CTTTCTTGCGATATGCTGTGGTGCTTAATGCCACCTGGCTGGTGAACAGTGCTGCCCACC  842   

 

Query  6908  TCTTCGGATATCGTCCTTATGACAAGAACATTAGCCCCCGGGAGAATATCCTGGTTTCAC  6967 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  843   TCTTCGGATATCGTCCTTATGACAAGAACATTAGCCCCCGGGAGAATATCCTGGTTTCAC  902 

 

Query  6968  TTGGAGCTGTGGGTGAGGGCTTCCACAACTACCACCACTCCTTTCCCTATGACTACTCTG  7027 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  903   TTGGAGCTGTGGGTGAGGGCTTCCACAACTACCACCACTCCTTTCCCTATGACTACTCTG  962 

 

Query  7028  CCAGTGAGTACCGCTGGCACATCAACTTCACCACATTCTTCATTGATTGC  7077 

             ||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  963   CCAGTGAGTACCGCTGGCACATCAACTTCACCACATTCTTCATTGATTGC  1012  

 

 

 

 

Sequencing data part 2: HindIII site and Stopcodon of SCD1 

GGGNNANAGGGNTGCCACCCATCAAGCTTTCAGCCACTCTTGTAGTTTCCATCTCCGGTTCTTTTAATCCTGGCCAAGATGGC

GGCCTTGGAGACTTTCTTCCGGTCATAGGCCAGACCGAGGGCGGCCATGCAATCAATGAAGAATGTGGTGAAGTTGATGTGCC

AGCGGTACTCACTGGCAGAGTAGTCATAGGGAAAGGAGTGGTGGTAGTTGTGGAAGCCCTCACCCACAGCTCCAAGTGAAACC

AGGATATTCTCCCGGGGGCTAATGTTCTTGTCATAAGGACGATATCCGAAGAGGTGGGCAGCACTGTTCACCAGCCAGGTGGC

ATTAAGCACCACAGCATATCGCAAGAAAGTGGCAACGAACACACTGTTTTGAAAAGTTTCACCCCAGAAATACCAGGGCACAA

GCGTGGGCAGGATGAAGCACATCAGCAGCAAGCCAGGTTTGTAGTACCTCCTCTGGAACATCACCAGTTTCTCAGCTTCTAGG

TCAGACAAGTCTAGCGTACTCCCCTTCTCTTTGACAGCTGGGTGTTTGCGCACAAGCAGCCAACCCACGTGAGAGAAGAAAAA

GCCACGTCGGGAATTATGAGGATCAGCATGTGTTTCTGAAAACTTGTGGTGGGCACGGTGGTCACGAGCCCATTCATAGACAT

CATTCTGGAATGCCATTGTGTTGGCAATGATCAGAAAGAGCCGTAGGGGCAGCCGAGCTTTGTAAGAGCGGTGGCTCCACAGA

CGATGAGCTCCTGCTGTTATGCCCAGGGCACTGACAAAATAGTAGAATACCCCCCAAAGCCAGGTGTAGAACTTGCAGGTAGG

AATCAAAGTGATCCCATACAGGGCTCCCAAGTGTAGCAGANACATAAGGATGATGTTTCTCCAGACATATTCAACCTTGGGGC

TTGGGCCTTCCTTATCCTTGTAGGTGGGGTCATANANATCATCTTTTNNNTCAGGGCGAATGTCNNCTTCCAAGTANAGGGGC

ATCGNCNCCAACTTAT 

 

TGA:     Stopcodon of SCD1 

 

HindIII: AAGCTT 

 

 

Query  6257  ATATATATGACCCCACCTACAAGGATAAGGAAGGCCCAAGCCCCAAGGTTGAATATGTCT  6316 

             || |||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  952   ATATATATGACCCCACCTACAAGGATAAGGAAGGCCCAAGCCCCAAGGTTGAATATGTCT  893 

 

Query  6317  GGAGAAACATCATCCTTATGTCTCTGCTACACTTGGGAGCCCTGTATGGGATCACTTTGA  6376 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  892   GGAGAAACATCATCCTTATGTATCTGCTACACTTGGGAGCCCTGTATGGGATCACTTTGA  833 
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Query  6377  TTCCTACCTGCAAGTTCTACACCTGGCTTTGGGGGGTATTCTACTATTTTGTCAGTGCCC  6436 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  832   TTCCTACCTGCAAGTTCTACACCTGGCTTTGGGGGGTATTCTACTATTTTGTCAGTGCCC  773 

 

 

 

Query  6437  TGGGCATAACAGCAGGAGCTCATCGTCTGTGGAGCCACCGCTCTTACAAAGCTCGGCTGC  6496 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  772   TGGGCATAACAGCAGGAGCTCATCGTCTGTGGAGCCACCGCTCTTACAAAGCTCGGCTGC  713 

 

Query  6497  CCCTACGGCTCTTTCTGATCATTGCCAACACAATGGCATTCCAGAATGATGTCTATGAAT  6556 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  712   CCCTACGGCTCTTTCTGATCATTGCCAACACAATGGCATTCCAGAATGATGTCTATGAAT  653 

 

Query  6557  GGGCTCGTGACCACCGTGCCCACCACAAGTTTTCAGAAACACATGCTGATCCTCATAATT  6616 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  652   GGGCTCGTGACCACCGTGCCCACCACAAGTTTTCAGAAACACATGCTGATCCTCATAATT  593 

 

Query  6617  CCCGACGTGGCTTTTTCTTCTCTCACGTGGGTTGGCTGCTTGTGCGCAAACACCCAGCTG  6676 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  592   CCCGACGTGGCTTTTTCTTCTCTCACGTGGGTTGGCTGCTTGTGCGCAAACACCCAGCTG  533 

 

Query  6677  TCAAAGAGAAGGGGAGTACGCTAGACTTGTCTGACCTAGAAGCTGAGAAACTGGTGATGT  6736 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  532   TCAAAGAGAAGGGGAGTACGCTAGACTTGTCTGACCTAGAAGCTGAGAAACTGGTGATGT  473 

 

Query  6737  TCCAGAGGAGGTACTACAAACCTGGCTTGCTGCTGATGTGCTTCATCCTGCCCACGCTTG  6796 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  472   TCCAGAGGAGGTACTACAAACCTGGCTTGCTGCTGATGTGCTTCATCCTGCCCACGCTTG  413 

 

Query  6797  TGCCCTGGTATTTCTGGGGTGAAACTTTTCAAAACAGTGTGTTCGTTGCCACTTTCTTGC  6856 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  412   TGCCCTGGTATTTCTGGGGTGAAACTTTTCAAAACAGTGTGTTCGTTGCCACTTTCTTGC  353 

 

Query  6857  GATATGCTGTGGTGCTTAATGCCACCTGGCTGGTGAACAGTGCTGCCCACCTCTTCGGAT  6916 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  352   GATATGCTGTGGTGCTTAATGCCACCTGGCTGGTGAACAGTGCTGCCCACCTCTTCGGAT  293 

 

Query  6917  ATCGTCCTTATGACAAGAACATTAGCCCCCGGGAGAATATCCTGGTTTCACTTGGAGCTG  6976 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  292   ATCGTCCTTATGACAAGAACATTAGCCCCCGGGAGAATATCCTGGTTTCACTTGGAGCTG  233 

 

Query  6977  TGGGTGAGGGCTTCCACAACTACCACCACTCCTTTCCCTATGACTACTCTGCCAGTGAGT  7036 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  232   TGGGTGAGGGCTTCCACAACTACCACCACTCCTTTCCCTATGACTACTCTGCCAGTGAGT  173 

 

Query  7037  ACCGCTGGCACATCAACTTCACCACATTCTTCATTGATTGCATGGCCGCCCTCGGTCTGG  7096 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  172   ACCGCTGGCACATCAACTTCACCACATTCTTCATTGATTGCATGGCCGCCCTCGGTCTGG  113 

 

Query  7097  CCTATGACCGGAAGAAAGTCTCCAAGGCCGCCATCTTGGCCAGGATTAAAAGAACCGGAG  7156 

             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  

Sbjct  112   CCTATGACCGGAAGAAAGTCTCCAAGGCCGCCATCTTGGCCAGGATTAAAAGAACCGGAG  53   

 

Query  7157  ATGGAAACTACAAGAGTGGCTGAAAGCTTGATGGGTGGCATCCCT  7201 

             |||||||||||||||||||||||||||||||||||||||| ||||  

Sbjct  52    ATGGAAACTACAAGAGTGGCTGAAAGCTTGATGGGTGGCANCCCT  8     
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14.3.  Supplemental Table 

List of probe sets detecting up-regulated genes of the cardiac lipid metabolic process of different 

models of heart failure. Probe set intensities of up-regulated genes of the cardiac lipid metabolic 

process are shown of six-month-old, male Apoe-/- mice with heart failure triggered by two months of 

pressure overload imposed by abdominal aortic constriction (AAC-Apoe-/-1; AAC-Apoe-/-2). Age-

matched (6-month-old), sham-operated Apoe-/- mice (Apoe-/-sham1; Apoe-/-sham2) served as 

controls, and 6-month-old B6 mice (B6-1; B6-2) are shown for comparison. In the second model, heart 

failure was induced by aortic coarctation induced by atherosclerosis of 18-month-old Apoe-/- mice 

(Apoe-/-18mo1; Apoe-18mo2). Age-matched, male B6 mice (B6-18mo1; B6-18mo2) were used as 

controls. In the third model, heart failure of Apoe-/- mice was induced by Pparg activation (2 months 

of rosiglitazone treatment: Rosiglit-1; Rosiglit-2). Age-matched (8-month-old), untreated male Apoe-/- 

mice (Apoe-/-8mo1; Apoe-/-8mo2) were used as controls, and age-matched, untreated, male B6 mice 

(B6-8mo1; B6-8mo2) are shown for comparison. In the fourth model, heart failure of 10-month-old, 

male B6 mice was induced by pressure overload imposed by 6 months of AAC (AAC-6mo1; AAC-6mo2). 

Age-matched (10-month-old) sham-operated B6 mice (Sham-6mo1; Sham-6mo2) served as controls. 

Two gene chips are shown for each group (four individuals/gene chip). Probe sets of the lipid 

metabolic process (GO analysis) are marked in red, which were significantly up-regulated (-fold change 

≥2; p ≤ 0.01; just alpha; unpaired, two-tailed t-test) in hearts of the different heart failure models. As 

a control of Apoe deficiency of Apoe-/- mice, the probe set detecting Apoe is also shown. Two-fold 

difference was not reached of probe set intensities detecting Scd2, Elovl3 and Tmem195 (AAC-Apoe-

/- vs. Sham Apoe-/-), Scd2, Acaca, and Cidea (Apoe-/-18mo vs. B6-18mo) and Acly (AAC-B6 vs. Sham 

B6). 
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