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ABSTRACT 
Cardiac hypertrophy is an important and independent risk factor for the devel-
opment of cardiomyopathy that may lead to heart failure. To accelerate the 
development of new and improved treatment options, relevant disease models 
that can be used to understand the pathological drivers, and to screen new po-
tential drug candidates are urgently needed. Today, many cardiovascular dis-
ease models are animal based, which may limit the translatability of the results 
and there are also strong ethical reasons to reduce the use of experimental an-
imals.  

The aim of this thesis was to develop a human stem cell based in vitro model 
of cardiac hypertrophy and thoroughly characterize the hypertrophy response 
in the cardiomyocytes during various conditions. We also sought to use the 
model for identification of possible candidate hypertrophy biomarkers. Finally, 
we studied the model on a single-cell level in an attempt to identify possible 
subgroups of cardiomyocytes and determine if they displayed a differential re-
sponse to endothelin-1 (ET-1) stimulation.  

The disease model was shown to recapitulate a characteristic cardiac hypertro-
phy response on functional, transcriptomic, and secretomic levels. The results 
showed that the cardiomyocytes responded, in a time-dependent manner, to the 
hypertrophic stimulation with ET-1 by an increase in cell volume, increased 
glucose consumption, and a significant change in gene expression profile in-
dicative of a hypertrophic phenotype. Pathway enrichment analysis also 
showed that signaling pathways involved in cardiac hypertrophy were altered. 
Additionally, analysis of the secreted proteins during ET-1 stimulation identi-
fied several proteins with the potential to be further explored and developed to 
cardiac hypertrophy biomarkers for use in the clinic.  
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The single cell analysis did not reveal distinct subtypes of cardiomyocytes in 
the cultures. However, a group of cardiomyocytes that showed higher expres-
sion of fetal genes was observed, indicating a more immature type of cardio-
myocytes. The response to ET-1 stimulation was relatively homogenous 
among the cells, with no distinct groups that responded differently.  

In summary, the work in this thesis presents a disease model of cardiac hyper-
trophy that can be useful for various applications, including studying disease 
mechanisms and the identification of potential biomarkers. Moreover, the 
model can serve as a starting point when developing more advanced disease 
models that are cultured in, e.g., a 3D-organoid culture system. 
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SAMMANFATTNING PÅ SVENSKA 
Hjärtats huvudsakliga uppgift är att pumpa runt blodet i kroppen och förse cel-
lerna med syrerikt blod samtidigt som syrefattigt blod transporteras till lung-
orna för att återigen syresättas. Detta utförs genom noga kontrollerade sam-
mandragningar av hjärtmuskeln. Cellerna i kroppen är mycket känsliga för sy-
rebrist, därför är det viktigt att hjärtats funktionalitet är intakt så att det kan 
fortsätta att pumpa blodet konstant under hela livet. Under en livstid resulterar 
detta i att hjärtat slår ungefär 2.5 miljarder gånger. Eftersom en försämrad 
funktion av hjärtat påverkar hela kroppen och alla dess organ är det viktigt att 
kunna upptäcka förändringar av hjärtats struktur och funktion i ett tidigt skede. 

Förstorat hjärta, eller hjärthypertrofi som det också kallas, är en allvarlig och 
oberoende riskfaktor för att utveckla kardiovaskulära sjukdomar som kan leda 
till hjärtsvikt. För att påskynda utvecklingen av nya och förbättrade behand-
lingar behövs relevanta sjukdomsmodeller av hjärthypertrofi som kan hjälpa 
oss att bättre förstå de mekanismerna som driver utvecklingen av hjärthyper-
trofi, samt för att möjliggöra screening av potentiella läkemedelskandidater. I 
dagsläget är många av de tillgängliga sjukdomsmodellerna baserade på djur, 
vilket är utmanande både från ett etiskt såväl som ur ett fysiologiskt perspektiv. 

Målet med studierna i denna avhandling var att utveckla en human stamcells-
baserad sjukdomsmodell i laboratoriemiljö (in vitro) av hjärthypertrofi och ut-
förligt karakterisera hypertrofiresponsen under olika förhållanden. Modellen 
som utvecklats skulle också kunna användas för att identifiera potentiella bio-
markörskandidater som skulle kunna användas för att diagnostisera sjukdomen 
utifrån exempelvis ett blodprov. Slutligen, ville vi också få en djupare förstå-
else om potentiella subtyper av hjärtceller som kan finnas representerade i våra 
cellkulturer och hur de svarar på hypertrofistimulering. 

Sjukdomsmodellen som utvecklats i detta projekt har visat sig efterlikna den 
hjärthypertrofirespons som rapporterats kliniskt på funktionell, gen och pro-
teinnivå. Den hypertrofiska fenotypen uppnåddes genom att först differentiera 
humana inducerade pluripotenta stamceller till funktionella hjärtmuskelceller, 
kardiomyocyter. Kardiomyocyterna exponerades sedan för substansen endote-
lin-1 (ET-1), som är känd för att orsaka en hypertrofirespons i kardiomyocyter. 
Resultaten som presenteras i denna avhandling visar att kardiomyocyterna ökar 
i storlek redan efter 24 timmar av exponering för ET-1. De storskaliga analyser 
som utförts av gen och proteinuttryck visar också att många processer invol-
verade i hjärtats svar på prohypertrofiska substanser är förändrade jämfört mot 
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ett normaltillstånd. Analyser av mediet som kardiomyocyterna odlades i påvi-
sade uppreglering av ett flertal proteiner som skulle kunna användas som kli-
niska biomarkörer, vilket öppnar möjligheter för ytterligare studier för att un-
dersöka uttrycksmönstret av dessa proteiner i patienter med hjärthypertrofi. 

Sammanfattningsvis visar arbetet i denna avhandling att en human stamcells-
baserad hjärthypertrofimodell är relevant att använda för att undersöka mek-
anismer involverade i utvecklingen av hjärthypertrofi och för att identifiera 
potentiella biomarkörer som skulle kunna användas kliniskt i framtiden. Arbe-
tet har också lagt grunden för en fortsatt utveckling av sjukdomsmodellen för 
att göra den än mer lik hypertrofi i ett mänskligt hjärta. Detta kan göras genom 
att överföra den kunskap som inhämtats i detta projekt och applicera det i en 
mer avancerad 3D modell. 

 

i 

LIST OF PAPERS  
This thesis is based on the following studies, referred to in the text by their 
Roman numerals. 

I. Johansson M., Ulfenborg B., Andersson, C., Heydarkhan-
Hagvall S., Jeppsson A., Sartipy P. and Synnergren J. 

Cardiac hypertrophy in a dish: a human stem cell model 
Biology Open. 2020 Sep;9(9):bio052381. 

II. Johansson M., Ulfenborg B., Andersson, C., Heydarkhan-
Hagvall S., Jeppsson A., Sartipy P. and Synnergren J. 

Multi-Omics Characterization of a Human Stem Cell-Based 
Model of Cardiac Hypertrophy 
Life. 2022 Feb;12(293):life12020293 

III. Johansson M., Tangruska B., Heydarkhan-Hagvall S., Jepps-
son A., Sartipy P. and Synnergren J. 

Data Mining Identifies CCN2 and THBS1 as Biomarker 
Candidates for Cardiac Hypertrophy 
Life. 2022 May;12(726):life12050726 

IV. Johansson M., Heydarkhan-Hagvall S., Jeppsson A., Sartipy 
P. and Synnergren J. 

Characterization of the hypertrophy response in Endothelin-
1 stimulated cardiomyocytes: A single cell study 
Manuscript 
 



 

ett normaltillstånd. Analyser av mediet som kardiomyocyterna odlades i påvi-
sade uppreglering av ett flertal proteiner som skulle kunna användas som kli-
niska biomarkörer, vilket öppnar möjligheter för ytterligare studier för att un-
dersöka uttrycksmönstret av dessa proteiner i patienter med hjärthypertrofi. 

Sammanfattningsvis visar arbetet i denna avhandling att en human stamcells-
baserad hjärthypertrofimodell är relevant att använda för att undersöka mek-
anismer involverade i utvecklingen av hjärthypertrofi och för att identifiera 
potentiella biomarkörer som skulle kunna användas kliniskt i framtiden. Arbe-
tet har också lagt grunden för en fortsatt utveckling av sjukdomsmodellen för 
att göra den än mer lik hypertrofi i ett mänskligt hjärta. Detta kan göras genom 
att överföra den kunskap som inhämtats i detta projekt och applicera det i en 
mer avancerad 3D modell. 

 

i 

LIST OF PAPERS  
This thesis is based on the following studies, referred to in the text by their 
Roman numerals. 

I. Johansson M., Ulfenborg B., Andersson, C., Heydarkhan-
Hagvall S., Jeppsson A., Sartipy P. and Synnergren J. 

Cardiac hypertrophy in a dish: a human stem cell model 
Biology Open. 2020 Sep;9(9):bio052381. 

II. Johansson M., Ulfenborg B., Andersson, C., Heydarkhan-
Hagvall S., Jeppsson A., Sartipy P. and Synnergren J. 

Multi-Omics Characterization of a Human Stem Cell-Based 
Model of Cardiac Hypertrophy 
Life. 2022 Feb;12(293):life12020293 

III. Johansson M., Tangruska B., Heydarkhan-Hagvall S., Jepps-
son A., Sartipy P. and Synnergren J. 

Data Mining Identifies CCN2 and THBS1 as Biomarker 
Candidates for Cardiac Hypertrophy 
Life. 2022 May;12(726):life12050726 

IV. Johansson M., Heydarkhan-Hagvall S., Jeppsson A., Sartipy 
P. and Synnergren J. 

Characterization of the hypertrophy response in Endothelin-
1 stimulated cardiomyocytes: A single cell study 
Manuscript 
 



ii 

  

iii 

CONTENT 
ABBREVIATIONS .............................................................................................. V 
1 INTRODUCTION ........................................................................................... 1 

1.1 The heart ............................................................................................... 1 
1.2 Cardiac hypertrophy .............................................................................. 3 

1.2.1 Physiological hypertrophy ............................................................. 3 
1.2.2 Pathological hypertrophy ............................................................... 5 
1.2.3 Signaling pathways ........................................................................ 6 
1.2.4 Metabolism .................................................................................... 8 
1.2.5 Fibrosis .......................................................................................... 9 
1.2.6 Gene expression changes ............................................................... 9 
1.2.7 Oxidative stress ............................................................................. 9 

1.3 Heart failure ........................................................................................ 10 
1.4 Induced pluripotent stem cells ............................................................ 11 

1.4.1 Cardiac differentiation ................................................................. 14 
1.5 Disease models of cardiac hypertrophy .............................................. 15 

1.5.1 Animal in vitro models ................................................................ 16 
1.5.2 Animal in vivo models ................................................................ 16 
1.5.3 Human in vitro models ................................................................ 17 

2 AIMS ......................................................................................................... 20 
2.1 Specific aims ....................................................................................... 20 

3 METHODS ................................................................................................. 21 
3.1 Differentiation of cardiomyocytes ...................................................... 21 
3.2 Hypertrophy stimulation ..................................................................... 21 
3.3 Real-time polymerase chain reaction .................................................. 22 
3.4 Enzyme-linked immunosorbent assay ................................................. 22 
3.5 Flow cytometry ................................................................................... 22 
3.6 Immunocytochemistry ......................................................................... 23 
3.7 Cell size analysis ................................................................................. 23 



ii 

  

iii 

CONTENT 
ABBREVIATIONS .............................................................................................. V 
1 INTRODUCTION ........................................................................................... 1 

1.1 The heart ............................................................................................... 1 
1.2 Cardiac hypertrophy .............................................................................. 3 

1.2.1 Physiological hypertrophy ............................................................. 3 
1.2.2 Pathological hypertrophy ............................................................... 5 
1.2.3 Signaling pathways ........................................................................ 6 
1.2.4 Metabolism .................................................................................... 8 
1.2.5 Fibrosis .......................................................................................... 9 
1.2.6 Gene expression changes ............................................................... 9 
1.2.7 Oxidative stress ............................................................................. 9 

1.3 Heart failure ........................................................................................ 10 
1.4 Induced pluripotent stem cells ............................................................ 11 

1.4.1 Cardiac differentiation ................................................................. 14 
1.5 Disease models of cardiac hypertrophy .............................................. 15 

1.5.1 Animal in vitro models ................................................................ 16 
1.5.2 Animal in vivo models ................................................................ 16 
1.5.3 Human in vitro models ................................................................ 17 

2 AIMS ......................................................................................................... 20 
2.1 Specific aims ....................................................................................... 20 

3 METHODS ................................................................................................. 21 
3.1 Differentiation of cardiomyocytes ...................................................... 21 
3.2 Hypertrophy stimulation ..................................................................... 21 
3.3 Real-time polymerase chain reaction .................................................. 22 
3.4 Enzyme-linked immunosorbent assay ................................................. 22 
3.5 Flow cytometry ................................................................................... 22 
3.6 Immunocytochemistry ......................................................................... 23 
3.7 Cell size analysis ................................................................................. 23 



iv 

3.8 Lactate concentration assay ................................................................ 23 
3.9 RNA-sequencing ................................................................................. 24 
3.10 Proximity extension assay ................................................................... 27 
3.11 Bioinformatics ..................................................................................... 28 

3.11.1 Differential expression analysis .................................................. 28 
3.11.2 Pathway analysis ......................................................................... 28 
3.11.3 Upstream and transcription regulator analysis ............................ 28 
3.11.4 Disease association ...................................................................... 29 
3.11.5 Enrichment analysis .................................................................... 29 
3.11.6 Cluster analysis ........................................................................... 30 
3.11.7 Protein interaction network analysis ........................................... 31 
3.11.8 Statistical analysis ....................................................................... 33 

4 RESULTS IN SUMMARY ............................................................................. 34 
4.1 Paper I: Cardiac hypertrophy in a dish: a human stem cell based model
 34 
4.2 Paper II: Multi-Omics Characterization of a Human Stem Cell-Based 
Model of Cardiac Hypertrophy ................................................................... 35 
4.3 Paper III: Data Mining Identifies CCN2 and THBS1 as Biomarker 
Candidates for Cardiac Hypertrophy .......................................................... 37 
4.4 Paper IV: Characterization of the hypertrophy response in Endothelin-1 
stimulated cardiomyocytes: A single cell study.......................................... 39 

5 DISCUSSION .............................................................................................. 40 
5.1 Stem cell based in vitro model of cardiac hypertrophy ....................... 40 
5.2 Hypertrophy response ......................................................................... 40 
5.3 Potential biomarkers for cardiac hypertrophy ..................................... 42 
5.4 Limitations of this work ...................................................................... 43 

6 CONCLUSION AND FUTURE PERSPECTIVE ................................................. 45 
ACKNOWLEDGMENT ...................................................................................... 49 
REFERENCES .................................................................................................. 51 
 

  

v 

ABBREVIATIONS 
ANP Atrial natriuretic peptide  

ATP Adenosine triphosphate 

Ang II  Angiotensin II  

BNP Brain natriuretic peptide 

ET-1 Endothelin-1 

CM Cardiomyocyte 

DCM Dilated cardiomyopathy 

DEG Differentially expressed gene 

EC Endothelial cell 

ECM Extracellular matrix 

ELISA Enzyme-linked immunosorbent assay 

FC Flow cytometry 

GO Gene ontology 

HCM Hypertrophic cardiomyopathy 

HDAC Histone deacetylase 

HiPSC Human induced pluripotent stem cell 

HF Heart failure 

HFmrEF Heart failure with mildly reduced ejection fraction 

HFpEF Heart failure with preserved ejection fraction 

HFrEF Heart failure with reduced ejection fraction 



iv 

3.8 Lactate concentration assay ................................................................ 23 
3.9 RNA-sequencing ................................................................................. 24 
3.10 Proximity extension assay ................................................................... 27 
3.11 Bioinformatics ..................................................................................... 28 

3.11.1 Differential expression analysis .................................................. 28 
3.11.2 Pathway analysis ......................................................................... 28 
3.11.3 Upstream and transcription regulator analysis ............................ 28 
3.11.4 Disease association ...................................................................... 29 
3.11.5 Enrichment analysis .................................................................... 29 
3.11.6 Cluster analysis ........................................................................... 30 
3.11.7 Protein interaction network analysis ........................................... 31 
3.11.8 Statistical analysis ....................................................................... 33 

4 RESULTS IN SUMMARY ............................................................................. 34 
4.1 Paper I: Cardiac hypertrophy in a dish: a human stem cell based model
 34 
4.2 Paper II: Multi-Omics Characterization of a Human Stem Cell-Based 
Model of Cardiac Hypertrophy ................................................................... 35 
4.3 Paper III: Data Mining Identifies CCN2 and THBS1 as Biomarker 
Candidates for Cardiac Hypertrophy .......................................................... 37 
4.4 Paper IV: Characterization of the hypertrophy response in Endothelin-1 
stimulated cardiomyocytes: A single cell study.......................................... 39 

5 DISCUSSION .............................................................................................. 40 
5.1 Stem cell based in vitro model of cardiac hypertrophy ....................... 40 
5.2 Hypertrophy response ......................................................................... 40 
5.3 Potential biomarkers for cardiac hypertrophy ..................................... 42 
5.4 Limitations of this work ...................................................................... 43 

6 CONCLUSION AND FUTURE PERSPECTIVE ................................................. 45 
ACKNOWLEDGMENT ...................................................................................... 49 
REFERENCES .................................................................................................. 51 
 

  

v 

ABBREVIATIONS 
ANP Atrial natriuretic peptide  

ATP Adenosine triphosphate 

Ang II  Angiotensin II  

BNP Brain natriuretic peptide 

ET-1 Endothelin-1 

CM Cardiomyocyte 

DCM Dilated cardiomyopathy 

DEG Differentially expressed gene 

EC Endothelial cell 

ECM Extracellular matrix 

ELISA Enzyme-linked immunosorbent assay 

FC Flow cytometry 

GO Gene ontology 

HCM Hypertrophic cardiomyopathy 

HDAC Histone deacetylase 

HiPSC Human induced pluripotent stem cell 

HF Heart failure 

HFmrEF Heart failure with mildly reduced ejection fraction 

HFpEF Heart failure with preserved ejection fraction 

HFrEF Heart failure with reduced ejection fraction 



vi 

HPSC Human pluripotent stem cell 

ICC Immunocytochemistry 

IGF-1 Insulin-like growth factor 1 

IP3 Inositol triphosphate 

IPSC Induced pluripotent stem cell 

MAPK Mitogen-activated protein kinase 

mRNA Messenger RNA 

NRCM Neonatal rat cardiomyocyte 

PE Phenylephrine 

PEA Proximity extension assay 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

SMC Smooth muscle cell 

TGF-β Transforming growth factor β 

TR Transcription factor 

UMAP Uniform manifold approximation and projection for dimension 
reduction 

 

  

Markus Johansson 

1 

1 INTRODUCTION 

1.1 THE HEART 
The heart is a vital organ responsible for pumping blood through the blood 
vessels throughout the body. It is located in the thoracic cavity and has the size 
of a closed fist with a weight of approximately 300 grams.  It consists of 2-3 
billion cardiomyocytes (CMs), which accounts for around 30-50% of the cells 
in the heart depending on location (atrium or ventricle). The other major cell 
types in the heart are mural cells, cardiac fibroblasts (CFs), and endothelial 
cells (ECs), and they have important functions in keeping the homeostasis of 
the heart [1]. Surrounding the heart is a double-layered membrane called the 
pericardium, which main function is to protect the heart and lubricate the 
heart’s movements. The inner layer of the pericardium, also called the epicar-
dium, is one of the three heart layers and consists of mainly epithelial cells. 
Underneath the epicardium the myocardium is located, which contains all the 
CMs responsible for the beating properties of the heart. The innermost heart 
wall layer, the endocardium consists of mainly ECs and protects the valves and 
chambers (Figure 1). 

Figure 1. The heart. An overview of the structure of the heart, heart 
wall, and cardiomyocytes. 
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The heart is divided into four chambers, two ventricles and two atria. The atria 
are located above the ventricles and push the blood into the ventricles. Between 
the atria and the ventricles are valves that ensure that blood only can flow in 
one direction. The ventricles have two very important functions, the right ven-
tricle transports blood into the pulmonary circuit that goes from the heart to the 
lungs and then back to the left atrium, which then pushes the blood into the left 
ventricle. From the left ventricle, the oxygenated blood is pushed out into the 
systemic circuit, which is responsible for the transport of oxygenated blood to 
all tissues and organs in the body. 

CMs are further subdivided into ventricular CMs, atrial CMs, and pacemaker 
cells. Each of these subtypes of cells has its specific role and characteristics. 
Ventricular CMs are found in the ventricles and have slightly different gene- 
and protein expression profiles compared to atrial CMs, which are located in 
the atrium of the heart [1]. The metabolism of CMs is, in contrast to skeletal 
muscle cells, aerobic-dependent and very sensitive to oxygen deficiency. The 
dominant substrate for adenosine triphosphate (ATP) production is lipids in 
the form of fatty acids but the CMs can use carbohydrates, amino acids, and 
ketone bodies as energy substrates if necessary. For example, during fasting, 
the heart shifts to using ketone bodies because of the lack of other substrates, 
and during intense exercise, lactate can be used as a substrate [2]. This flexi-
bility in metabolism is important for the heart since it is required to have a 
sufficient amount of ATP production at all times. 

In the myocardium, there are specialized cells responsible for the rhythmic im-
pulses. These are called pacemaker cells and are located in the sinoatrial node 
[3]. The pacemaker cells spontaneously depolarize, and the depolarization 
spreads rapidly throughout the heart, which leads to synchronized contractions. 
Synchronized contractions can be achieved because the individual CMs are 
linked together by intercalated discs, which is a form of cell-cell adhesion com-
plex [4]. It consists of three major components, the desmosomes, adherent 
junctions, and gap junctions. Together they connect the CMs physically, elec-
trically, and metabolically [5].  

CFs are present throughout the heart and have a supportive role to maintain 
structural integrity, and producing a variety of proteins of the extracellular ma-
trix including collagens and fibronectins [6]. ECs make up the blood vessels 
and contribute to the overall homeostasis by the release of several molecules, 
including nitric oxide, angiotensin II (Ang II), ET-1, pro- and anti-coagulant 
factors, and many more [7].   
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1.2 CARDIAC HYPERTROPHY 
Cardiac hypertrophy is characterized by an enlargement of the heart due to an 
increase in the size of the individual CMs (Figure 2) [8]. After birth, the ability 
for CMs to proliferate is very limited but instead, the cells increase in size to 
compensate for increased load [9]. There are two major types of cardiac hy-
pertrophy: physiological and pathological. The type of stimuli determines 
which type of hypertrophy that is developed. In its pathological form, hyper-
trophy sometimes progresses to heart failure (HF). 

1.2.1 PHYSIOLOGICAL HYPERTROPHY 
Physiological hypertrophy is a state where the heart increases in size due to an 
increase in CM size. It is accompanied by the preservation of normal cardiac 
function. It naturally occurs during post-natal growth, pregnancy, and exercise 
[10]. During these circumstances, there is a fine-tuned regulation between the 
size increase of the heart and angiogenesis. Physiological hypertrophy is a nor-
mal response to decrease ventricular wall stress, and this condition does not 
progress to HF [11]. 

Physiological cardiac hypertrophy can manifest as concentric or eccentric. The 
eccentric type is usually developed when the volume load is increased. This is 
often the case in endurance type of exercises such as long-distance running, 
swimming, and cycling [12]. The increased volume load causes the CMs to 
increase their length, leading to a more dilated ventricle. However, the wall 
thickness is increased proportionally, which is a distinct difference from its 

 
Figure 2. Cardiac hypertrophy. Representation of the structural changes that might occur in the 
myocardium when cardiac hypertrophy has been developed. A normal heart is represented to 
the left and a hypertrophic heart to the right. 



Human stem cell based in vitro model of cardiac hypertrophy 

2 

The heart is divided into four chambers, two ventricles and two atria. The atria 
are located above the ventricles and push the blood into the ventricles. Between 
the atria and the ventricles are valves that ensure that blood only can flow in 
one direction. The ventricles have two very important functions, the right ven-
tricle transports blood into the pulmonary circuit that goes from the heart to the 
lungs and then back to the left atrium, which then pushes the blood into the left 
ventricle. From the left ventricle, the oxygenated blood is pushed out into the 
systemic circuit, which is responsible for the transport of oxygenated blood to 
all tissues and organs in the body. 

CMs are further subdivided into ventricular CMs, atrial CMs, and pacemaker 
cells. Each of these subtypes of cells has its specific role and characteristics. 
Ventricular CMs are found in the ventricles and have slightly different gene- 
and protein expression profiles compared to atrial CMs, which are located in 
the atrium of the heart [1]. The metabolism of CMs is, in contrast to skeletal 
muscle cells, aerobic-dependent and very sensitive to oxygen deficiency. The 
dominant substrate for adenosine triphosphate (ATP) production is lipids in 
the form of fatty acids but the CMs can use carbohydrates, amino acids, and 
ketone bodies as energy substrates if necessary. For example, during fasting, 
the heart shifts to using ketone bodies because of the lack of other substrates, 
and during intense exercise, lactate can be used as a substrate [2]. This flexi-
bility in metabolism is important for the heart since it is required to have a 
sufficient amount of ATP production at all times. 

In the myocardium, there are specialized cells responsible for the rhythmic im-
pulses. These are called pacemaker cells and are located in the sinoatrial node 
[3]. The pacemaker cells spontaneously depolarize, and the depolarization 
spreads rapidly throughout the heart, which leads to synchronized contractions. 
Synchronized contractions can be achieved because the individual CMs are 
linked together by intercalated discs, which is a form of cell-cell adhesion com-
plex [4]. It consists of three major components, the desmosomes, adherent 
junctions, and gap junctions. Together they connect the CMs physically, elec-
trically, and metabolically [5].  

CFs are present throughout the heart and have a supportive role to maintain 
structural integrity, and producing a variety of proteins of the extracellular ma-
trix including collagens and fibronectins [6]. ECs make up the blood vessels 
and contribute to the overall homeostasis by the release of several molecules, 
including nitric oxide, angiotensin II (Ang II), ET-1, pro- and anti-coagulant 
factors, and many more [7].   

 

Markus Johansson 

3 

1.2 CARDIAC HYPERTROPHY 
Cardiac hypertrophy is characterized by an enlargement of the heart due to an 
increase in the size of the individual CMs (Figure 2) [8]. After birth, the ability 
for CMs to proliferate is very limited but instead, the cells increase in size to 
compensate for increased load [9]. There are two major types of cardiac hy-
pertrophy: physiological and pathological. The type of stimuli determines 
which type of hypertrophy that is developed. In its pathological form, hyper-
trophy sometimes progresses to heart failure (HF). 

1.2.1 PHYSIOLOGICAL HYPERTROPHY 
Physiological hypertrophy is a state where the heart increases in size due to an 
increase in CM size. It is accompanied by the preservation of normal cardiac 
function. It naturally occurs during post-natal growth, pregnancy, and exercise 
[10]. During these circumstances, there is a fine-tuned regulation between the 
size increase of the heart and angiogenesis. Physiological hypertrophy is a nor-
mal response to decrease ventricular wall stress, and this condition does not 
progress to HF [11]. 

Physiological cardiac hypertrophy can manifest as concentric or eccentric. The 
eccentric type is usually developed when the volume load is increased. This is 
often the case in endurance type of exercises such as long-distance running, 
swimming, and cycling [12]. The increased volume load causes the CMs to 
increase their length, leading to a more dilated ventricle. However, the wall 
thickness is increased proportionally, which is a distinct difference from its 

 
Figure 2. Cardiac hypertrophy. Representation of the structural changes that might occur in the 
myocardium when cardiac hypertrophy has been developed. A normal heart is represented to 
the left and a hypertrophic heart to the right. 



Human stem cell based in vitro model of cardiac hypertrophy 

4 

pathological form [13]. The larger size of the heart results in better perfor-
mance, which in this case increases the cardiac output. Concentric physiologi-
cal cardiac hypertrophy is the result of pressure overload and is usually found 
in strength training athletes [14]. This form of hypertrophy is characterized by 
an increase in left ventricle wall thickness [15]. During resistance strength 
training the peak blood pressure can go as high as 320/250 mmHg and the 
thickening of the ventricle wall is a compensatory mechanism to meet that de-
mand [16]. This type of hypertrophy is also reversible and the heart regains its 
normal form and function when the stimulus is no longer present [13]. Physi-
ological cardiac hypertrophy is controlled by several signaling pathways in-
volved in cell growth, proliferation, survival, and angiogenesis [17]. Insulin-
like growth factor 1 (IGF1) is a hormone closely related to insulin. IGF1 con-
trols many processes in the heart and is responsible for heart growth, and it has 
been found that exercise-induced hypertrophy leads to higher levels of this 
hormone [18]. Activation of the IGF1 receptor leads to activation of RAS-
RAF-MEK-MAPK and PI3K-AKT1-mTOR signaling, which is essential for 
exercise-induced hypertrophy (Figure 3) [19]. 

Figure 3. IGF signaling. An overview of the sig-
naling that occurs when IGF-1 binds to the 
IGF1R receptor at the cell membrane and 
downstream effects that results in gene expres-
sion changes. 
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After birth, the heart goes through an extensive enlargement, and thyroid hor-
mone is critical for this enlargement to take place. Thyroid hormone acts by 
activation of the p38-MAPK and PI3K-Akt-mTOR pathway. Several animal 
studies have shown that thyroid hormone promotes cardiac hypertrophy but 
not in a pathological way [20]. Some studies have observed that injections with 
the thyroid hormone can convert pathological to physiological hypertrophy 
[21]. Vascular endothelial growth factor is a growth factor that stimulates the 
formation of new blood vessels [22]. This is important for the physiological 
hypertrophy process, where it is vital that the capillary network is proportion-
ally increased to supply the heart with sufficient amounts of oxygen and nutri-
ents [23]. 

The mechanism that translates the increased mechanical load to actual changes 
in signaling pathways in the cells is called mechanotransduction. The main 
players of mechanotransduction in CMs consist of the sarcomere, the interca-
lated disc, and the sarcolemma [24-27]. The basic contractile unit of the CM, 
the sarcomere, contains several proteins that are likely to be involved in the 
transduction of mechanical forces. Two of the sarcomere proteins of great in-
terest in this regard are the titin and the muscle LIM proteins. They interact 
with many other proteins in the sarcomere and have been shown to be im-
portant in hypertrophy signaling [25]. Between CMs are junctions called inter-
calated discs. These junctions help transmit the mechanical- and electrical cou-
plings between the CMs and play an important role in the force-sensing ma-
chinery [26]. 

1.2.2 PATHOLOGICAL HYPERTROPHY 
Pathological hypertrophy is a process that results in a similar enlargement of 
the heart as in physiological hypertrophy. However, this type of hypertrophy 
may progress to HF if the stimuli persist for an extended time period [28-30]. 
Pathological hypertrophy is also categorized into concentric and eccentric hy-
pertrophy depending on the geometries of the heart. Eccentric pathological hy-
pertrophy predominantly leads to HF with reduced ejection fraction (HFrEF), 
whereas concentric hypertrophy in most cases leads to HF with preserved ejec-
tion fraction (HFpEF) [31, 32]. Eccentric pathological hypertrophy is charac-
terized by an increased CM length and is, as in physiological cardiac hypertro-
phy, also associated with volume overload, which results in a dilated left ven-
tricle [13]. In contrast, concentric hypertrophy, as associated with an increase 
in CM thickness, results in a stiff and a decreased sized ventricle [13].  

In addition to the cell size increase, there are also some other characteristics of 
pathological hypertrophy, including an increase in protein synthesis, cell death, 
fibrosis, dysregulation of Ca2+ handling proteins, mitochondrial dysfunction, 
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metabolic reprogramming, reactivation of fetal gene program, altered sarco-
mere structure and insufficient angiogenesis [33-41]. All these features are not 
present in every case, but as the hypertrophy progresses, the dysfunction of the 
heart will gradually become more severe. 

1.2.3 SIGNALING PATHWAYS 
The triggers that initiate the hypertrophy adaption can mainly be divided into 
biomechanical and stretch-sensitive, or neurohormonal triggers. The initiation 
of pathological cardiac hypertrophy activates various signal transduction path-
ways such as MAPK-, calcineurin-NFAT-, and IGF1-PI3-AKT/PKB-mTOR 
signaling [32]. The neurohormonal activation of cardiac hypertrophy can be 
initiated by molecules such as ET-1 and Ang II [42-45]. These hormones bind 
to their respective G-coupled receptor and activate the G-protein Gq/11 (Figure 
4). Gq/11 signaling leads to activation of phospholipase C (PLC), which cata-
lyzes the formation of diacylglycerol (DAG) and inositol triphosphate (IP3) 
[46]. The elevated level of IP3 promotes the release of intracellular Ca2+, which 
activates the Ca2+ calmodulin complex and calcineurin [47]. Calmodulin sup-
ports the nuclear exit of class II histone deacetylases (HDACs), which in the 
normal case acts as a suppressor of cardiac hypertrophy, via CaMK II [48].  
Calcineurin promotes pathological hypertrophy by NFAT nuclear localization, 
where it interacts with the transcription factors GATA4 and MEF2a to increase 
the expression of pro-hypertrophic genes, e.g., NPPA, TGF-, and c-myc [49]. 
Other molecules such as phenylephrine (PE) and β-receptor agonists also act 
on calcineurin and calmodulin but with another upstream signaling compared 
to Ang II and ET-1. In conditions such as chronic hypertension, myocardial 
infarction and HF, sustained activation of the β-adrenergic receptors leads to 
cardiac hypertrophy [50, 51]. 
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The CMs can detect biomechanical stress through an internal sensory appa-
ratus, which activates a hypertrophy response [52-54]. One component of this 
system is integrins, which are specialized receptors that link the extracellular 
matrix (ECM) to the intracellular cytoskeleton. When a deformation or stretch 
occurs, the receptors detect it and activate signaling pathways such as calcineu-
rin-NFAT and Ca2+/calmodulin-dependent protein kinase class of enzymes, 
which activate pro-hypertrophic genes in the cell nucleus and induce nuclear 
exit of class II HDACs [55-57]. HDAC class II acts as repressors of cardiac 
hypertrophy, and a nuclear exit of these molecules worsens cardiac hypertro-
phy [57]. 

 

Figure 4. Endothelin-1 (ET-1) signaling. When ET-1 binds to 
the G-coupled receptor, a G-protein inside the cell activates 
PLC and MAPK. Activation of these proteins results in several 
downstream effects, such as activation of PKC, nuclear local-
ization of NFAT, and nuclear exit of class II HDACs. These 
changes result in contractile dysfunction, cell growth, and al-
terations in the expression of hypertrophy-associated genes. 
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1.2.4 METABOLISM 
A hallmark of pathological hypertrophy that differentiates it from physiologi-
cal hypertrophy is the change in metabolism. The heart has great metabolic 
flexibility, meaning it can use many different energy sources. Normally, the 
heart uses mainly fatty acids as an energy source but in pathological hypertro-
phy, there is a change to a more glucose-dependent metabolism that character-
izes a more immature CM phenotype (Figure 5) [39, 58]. The underlying mech-
anisms for this shift are not fully understood but the fatty acid oxidation rate is 
decreased in pathological hypertrophy due to the downregulation of several 
genes important for this function [59]. The shift to a more glucose-dependent 
metabolism is probably to counter the effect of the decrease in fatty acid oxi-
dation rate and perhaps also a protective mechanism since less oxygen is re-
quired to generate ATP from glucose compared to fatty acids.  

Figure 5. Mechanism of glycolysis. Glucose molecules enter the 
cells through glucose transporters. Several enzymatic processes 
then convert glucose into pyruvate. During this process, adeno-
sine triphosphate (ATP) is generated that the heart can use as 
energy. The pyruvate can enter the tricarboxylic acid cycle that 
allows for more ATP to be generated or, it can be reduced to 
lactate.  
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1.2.5 FIBROSIS 
As the hypertrophy develops into a more maladaptive state, cell death becomes 
more common [60]. Because of the inability of the heart to generate new CMs, 
the cells are replaced with ECM proteins. The ECM includes collagens, fibron-
ectins, matrix metalloproteinases, and tissue matrix metalloproteinases. In a 
healthy heart, there is a fine-tuned regulation between the production and deg-
radation of ECM by the CFs. In decompensatory cardiac hypertrophy, there is 
increased cell death and an elevation in the pro-fibrotic signaling pathways. 
The activated fibroblasts, called myofibroblasts, can directly produce ECM 
proteins that lead to fibrosis. However, other cell types in the heart can also 
contribute to fibrosis. CMs, immune cells, and ECs can all secrete pro-fibrotic 
factors. For example, ECs secrete ET-1, which is known to be a pro-hyper-
trophic and a pro-fibrotic peptide [61]. 

The growth factor TGF- has been shown to play an important role in promot-
ing fibrosis and cardiac hypertrophy [62]. During cardiac fibrosis, there is an 
upregulation of TGF-, which results in activation of fibroblasts, and increased 
ECM deposition while also inhibiting ECM degradation [63, 64]. The accumu-
lation of ECM proteins makes the ventricle stiff and leads to contractile dys-
function [65]. Another negative effect of ECM accumulation is that the elec-
trical signaling in the heart is impaired, which can cause arrhythmias [66]. 

1.2.6 GENE EXPRESSION CHANGES 
Many genes are altered during the development of cardiac hypertrophy, but 
perhaps the most characteristic change is the return to the fetal gene program 
[67]. This change can be observed by an increase in mRNA expression of 
NPPA, NPPB, and ACTA1 as well as an β-myosin heavy chain (β-MHC)/α-
myosin heavy chain (α-MHC) ratio increase. The increase in the β-MHC/α-
MHC ratio is mainly because of the repression of α-MHC, and it has been 
shown that this change influences cardiac contractility and output [68].  

Other typical gene expression changes include genes that are involved in gly-
colysis and fatty acid oxidation, such as PPAR-α, PPAR-γ, PGC1-α and HIF1-
α. These changes are key drivers for a more glucose-dependent metabolism 
[69]. 

1.2.7 OXIDATIVE STRESS 
An overproduction of reactive oxygen species (ROS) is associated with cardiac 
hypertrophy and HF [70]. The imbalance between ROS production and the 
heart´s capacity to remove them leads to oxidative stress. ET-1, Ang II, cate-
cholamines, and biomechanical stress can induce ROS production, which can 
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alter signaling pathways associated with cardiac hypertrophy and fibrosis [71]. 
A major source of ROS production is nicotinamide adenine dinucleotide phos-
phate oxidases. The activity of these enzymes is greatly enhanced when CMs 
are exposed to pro-hypertrophic stimuli such as Ang II, ET-1, and stretch treat-
ment [72]. The increase in ROS have been linked to increased activity of the 
MAPK pathway, which is a part of hypertrophy signaling [73, 74]. By treat-
ment of antioxidants, it has been shown that it is possible to suppress the 
MAPK activity and inhibit the hypertrophy progression [73].  

1.3 HEART FAILURE 
HF is a condition with a large heterogeneity and often includes several co-
morbidities. The major ones are hypertension, ischemic heart disease, hyper-
lipidemia, diabetes, chronic kidney disease, and atrial fibrillation [75]. In HF, 
the heart is incapable of supplying the organs and tissues in the body with 
enough oxygenated blood which may result in fatigue, chest discomfort, fluid 
retention, and impaired overall health, to name a few of the symptoms [76]. 
Because there are different types of HF, and the severity of these differs, there 
is a large spectrum of symptoms that may or may not appear. 

A variety of triggers can cause the development of HF but chronic stress in the 
form of pressure overload or volume overload, as well as myocardial loss, are 
often responsible factors [77-79]. To compensate for the aberration, the heart 
enters a compensatory state where the individual CMs increase in size, which 
leads to cardiac hypertrophy. The increase in cell size reduces the wall stress 
and allows for normal cardiac function at first. However, if the stimuli persist 
for an extended period of time the compensatory hypertrophy turns into a de-
compensatory form of hypertrophy, with ventricular dilation and impaired car-
diac function, and finally, overt HF.  

One way to classify HF is by ejection fraction, which describes the volume of 
blood ejected from the left ventricle with each heartbeat divided by the volume 
of the blood the ventricle holds when maximally filled. HF can be categorized 
as HFrEF, HF with mildly reduced ejection fraction (HFmrEF), and HFpEF 
(Figure 6). HFrEF is defined as ejection fraction less then 40% [80]. It is com-
monly accompanied by a dilatation of the left ventricle (eccentric left ventricle 
hypertrophy) and cardiac remodeling [81]. HFrEF is often a result of an acute 
or chronic loss of CMs due to myocardial infarction or valvular diseases. Di-
lated cardiomyopathy is also one of the leading causes of this type of HF.  

HFmrEF, like HFrEF, is a diagnosis that requires symptoms and/or indications 
of HF but together with an ejection fraction between 41-49%, and other signs 
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of structural heart disease [82]. This group of patients accounts for approxi-
mately 25% of all HF patients, and they have a lower risk of cardiovascular 
events compared to the HFrEF group of patients [83]. It is unclear if HFmrEF 
is a distinct subtype of HF or if it is a transition state between HFrEF and 
HFpEF [84].  

The third category of HF, HFpEF, is a syndrome in patients with current or 
prior symptoms of HF but with an ejection fraction larger than 50% [80]. 
HFpEF causes concentric remodeling of the left ventricle, which leads to a 
small, rigid, and hypertrophic ventricle with loss of normal function [85]. 
Some potential consequences of HFpEF are reduced active relaxation phase, 
lowered systolic function, rigid peripheral vessels, increased afterload, reduced 
atrial function, and chronotropic insufficiency. Structural changes such as hy-
pertrophy of the left ventricle and interstitial fibrosis are also observed. In fact, 
hypertrophy is one of the most common abnormalities associated with HFpEF 
[86]. In the short term, the sympathetic and renin-angiotensin-aldosterone sys-
tems are activated to compensate, but over time, chronic activation of these 
systems causes remodeling of the left ventricle, which makes it a decompen-
satory condition. 

1.4 INDUCED PLURIPOTENT STEM CELLS 
Human pluripotent stem cells (hPSCs) have a unique capability to self-renew 
and differentiate into all cell types in the body (Figure 7). Initially, hPSCs were 
isolated from the inner cell mass of an embryo (i.e., embryonic stem cells). The 
isolation process is relatively time and laboratory-intensive, and using these 
hPSCs faces ethical concerns. However, another way to generate hPSCs, which 
circumvents many ethical concerns, is to use human induced pluripotent stem 

Figure 6. Heart failure. Illustration of the three main types of heart failure, heart 
failure with reduced ejection fraction (HFrEF), heart failure with mildly reduced 
ejection fraction (HFmrEF), and heart failure with preserved ejection fraction 
(HFpEF). The image shows how the structure of the left ventricle typically is al-
tered in the three different types. 
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cells (hiPSCs). The discovery of hiPSCs demonstrated that terminally differ-
entiated cells could be reprogrammed to become pluripotent by introducing 
four genes, Oct4, Sox-2, Klf4, and c-Myc [87]. These genes code for transcrip-
tion factors (TFs) of high importance for the developmental signaling network, 
and the control of the stem cell properties of the cell. The function of the spe-
cific TFs was known before the discovery of the iPSCs but understanding that 
overexpression of these TFs led to reprogramming of the cells was new 
knowledge. Initially, the TFs were introduced into the cells by retroviral trans-
duction and integrated into the genome. Today, safer and more effective meth-
ods like adenoviral and plasmid transfection are used for reprogramming, with 
a minimum risk of integrating genetic material permanently into the genome. 

The hPSCs can be differentiated into all cell types in the body, which make 
them an ideal cell source for a wide variety of disease models. One of the most 
significant advantages of using hPSCs as a cell source for disease models is 
that the species differences that are problematic when using animal disease 
models are eliminated. It could be argued that it is possible to use primary hu-
man cells as a disease model to circumvent the species differences, but for 

Figure 7. Human pluripotent stem cells. Human pluripotent 
stem cells derived from a blastocyst or reprogrammed from a 
somatic cell can self-renew and differentiate into cells of the 
three germ layers, ectoderm, mesoderm, and endoderm. 
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example, primary human cardiac cells are extremely limited in supply and dif-
ficult to isolate from the tissue. The indefinite supply of hiPSC is one of the 
key benefits since the hPSCs can be expanded rapidly and cultured in large-
scale systems. With new gene editing techniques like CRISPR-Cas9 in combi-
nation with hPSCs, it is also possible to develop human in vitro disease models 
of genetic diseases. Another advantage of hiPSCs is that it is possible to de-
velop mutation-corrected hPSCs as controls, and the only difference between 
them and the disease model will be the mutation. However, there are also lim-
itations with hPSCs, such as variability between hPSC lines and the difficulties 
in developing a differentiation protocol that works uniformly for all cell lines. 
Some cell line-specific optimizations often need to be performed with the dif-
ferentiation protocols [88]. Efforts are made to develop more robust differen-
tiation protocols that can work for most cell lines without cell line-specific 
modifications to the protocols. Cell line variability can also be challenging 
when studying patient-specific disease models from several patients. It can be 
difficult to distinguish between cell line variation and variation due to disease 
background. There are also questions about the maturation stage of the hPSC-
derived functional cells and how that may affect disease phenotypes [89-91]. 
This can, for example, be a big hurdle when studying late-onset diseases. 

The development of disease models using hPSCs have increased tremendously 
during the past decade. There are disease models for many of today’s most 
common diseases, such as Alzheimer’s disease, Parkinson's disease, anemia, 
cardiac hypertrophy, cardiac arrhythmias, diabetes, and many more [92-97]. 

In the simplest form, a disease model using hPSCs is developed using only one 
cell type cultured in a monolayer culture format. This approach is suitable for 
diseases that mainly affect one specific cell type. The differentiated cells are 
plated onto a culture well or flask, often coated with a substrate mimicking the 
ECM. Typical coatings are collagen, fibronectin, or laminin. Because the cells 
are only cultured in one layer, they do not fully mimic the organization of the 
in vivo condition and lack some of the cell-cell interactions as well as the dif-
fusion of oxygen and nutrients dynamics. Despite these drawbacks, many mon-
olayer disease models have been successfully developed for various diseases 
[43, 98-100]. An advantage is that 2D monolayer disease models are relatively 
easy and inexpensive to culture, making them accessible for many researchers 
and more amendable for high-throughput screening applications.  

One way to improve the complexity of the disease models and introduce an in 
vivo-like cellular organization is to culture the hPSC-derived cells in 3D. This 
allows for greater cell-cell interaction and cell-to-ECM interaction. 3D cultures 
can be achieved by self-assembly of the cells in clusters, called spheroids. With 
this method, the ECM is produced by the cells themselves. Spheroids can also 
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be produced using scaffolds where cells are seeded into a liquid or solid 3D 
structure. Spheroids have successfully been used as disease models for many 
diseases, for example, zika virus infection, glaucoma, and cystic fibrosis [101-
103]. 

1.4.1 CARDIAC DIFFERENTIATION 
In the laboratory setting, stem cell differentiation is accomplished by altering 
multiple signaling pathways in a time-dependent manner to mimic embryonic 
development. For CM differentiation, the Wnt/β-catenin and the transforming 
growth factor β (TGF-β) superfamily signaling pathways are two of the most 
important one's [104, 105]. Wnt signaling is critical for mesoderm induction in 
an embryo and it creates an axis that distinguishes mesoderm from ectoderm 
[106]. Since CMs are part of the mesoderm germ layer, this activation is es-
sential for generating CMs. The Wnt pathway is activated endogenously by a 
Wnt ligand that binds to a Frizzle/LRP5/6-co-receptor. The activation results 
in the accumulation of β-catenin in the nucleus. In the nucleus, β-catenin acts 
together with other proteins in a transcriptional complex that activates the tran-
scription of genes necessary for CM differentiation [107]. Without activation 
of this receptor complex, β-catenin is destroyed in the cytosol through phos-
phorylation with the GSK3-β kinase. Since the GSK3-β kinase has an im-
portant function in the elimination of β-catenin, it is an attractive target in CM 
differentiation. It is important to activate Wnt signaling only for a short period 
of time because once the mesoderm has begun to form, Wnt signaling is no 
longer necessary and instead inhibits the development of CMs [108]. There-
fore, inhibitors of Wnt signaling are present in many CM differentiation pro-
tocols and are often added 1-2 days after the activation of the Wnt signaling 
(Figure 8) [104, 105].  

Another important signaling pathway for CM differentiation is the TGF-β su-
perfamily. The TGF-β superfamily consists of a wide variety of signaling net-
works including TGF-β, BMP, and Activin/Nodal. When receptors to these 
signaling pathways are activated, they mediate a response through a SMAD 
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complex. The activated SMAD complex enters the nucleus and alters the tran-
scription of specific genes. Some of the altered genes are responsible for left-
right axis determination in the embryo. 

1.5 DISEASE MODELS OF CARDIAC HYPER-
TROPHY 

Disease models are important tools for studying and better understand the 
mechanisms and characteristics of a disease. Moreover, they can be very ben-
eficial when developing new drugs, both in terms of assessing toxicity and ef-
ficacy. For a long time, animal models have been the standard model system 
for cardiac diseases, but in recent years, human cell-based models have been 
developing rapidly and show many advantages compared to animal models. 
The fact that the cells are of human origin and possess that same physiology 
makes results from human cell-based models more translatable. The unlimited 
supply of cells is also highly advantageous for any scalability efforts. Addi-
tionally, the use of hiPSC circumvents the ethical problems associated with 
using experimental animals for research purposes.  

Figure 8. Differentiation of human pluripotent stem cells (hPSCs) 
into cardiomyocytes (CM). The differentiation of hPSCs into CMs is 
achieved by modulation of Wnt signaling. During differentiation, the 
cells are going through different stages of development, cardiac mes-
oderm, cardiac progenitors, immature CMs, and finally more mature 
CMs. 
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1.5.1 ANIMAL IN VITRO MODELS 
In vitro models of cardiac hypertrophy employing animal cells have been used 
for quite some time, and one of the most common source materials is neonatal 
rat CMs (NRCMs) [109-111]. These cells are collected soon after birth, which 
can be challenging from a practical perspective. The use of NRCMs has de-
clined over recent years due to several other limitations, such as low yield and 
impurity of the CMs obtained due to the proliferation of fibroblast in the cul-
tures. The enrichment of non-CMs also affects the contractility of the CMs in 
a negative way, which can be a substantial drawback, especially with more 
extended culture periods. One study reported that during a 2-week period, the 
contractility of isolated rat CMs was reduced from approximately 160 to 110 
beats/min, and the number of cells expressing cardiac troponin I was reduced 
from 35 to 16% [112].  

The available animal cell-based in vitro models are very similar to the human 
stem cell-derived cardiac in vitro models. In essence, the CMs are cultured and 
stimulated with neurohormonal substances, such as ET-1, Ang II, PE or acti-
vated through stretch stimulation [45, 113-115]. 

1.5.2 ANIMAL IN VIVO MODELS 
For a long time, animal models of cardiac hypertrophy were the only feasible 
way to study the condition outside the human body. The different types of an-
imals used include rat, mouse, rabbit, dog, pig, and hamster [116, 117]. Each 
of the different animal models has its advantages and disadvantages. One cru-
cial aspect to consider when using animals is the species' difference in the 
physiology of the heart. For example, rat myocardium has a very short action 
potential and normally lacks a plateau phase [118]. There are also significant 
differences in calcium handling and resting heart beat rate, and the rat has ap-
proximately five-fold higher resting heart beat rate than the human heart [119]. 
Dogs and monkeys have more human-like heart physiology than rats, but they 
are expensive, time-consuming, and the ethical concerns are problematic. 

Despite these drawbacks, animal models are still frequently used for disease 
modeling, especially in the later testing stages of drug discovery, when organ 
functionality is required. Studies where the whole organism is monitored, pro-
vide a more complete model that can give insights into mechanisms and sys-
temic effects that cell models cannot. For example, animal models make it pos-
sible to study the progression of cardiac hypertrophy, the transition to HF, and 
the impact cardiac hypertrophy has on other organs.  

Animal models are used to study both dilated cardiomyopathy (DCM) and hy-
pertrophic cardiomyopathy (HCM) and are usually developed by mutation of 
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specific genes that are known to play a role in the particular condition under 
investigation. For example, Muscle LIM protein null mice and Calsequestrin 
null mice are two models that replicate DCM in humans to a large extent [120]. 
For HCM, a mutated cMyBP-C null mouse model is sometimes used, and this 
specific mutation changes the contractile kinetics and drives the development 
of hypertrophy in the heart [121].  

One method that has been used extensively is transverse aortic constriction 
(Figure 9). The constriction of the aorta results in pressure overload-induced 
hypertrophy and increased MYH7 and NPPA expression levels, two genes 
characteristic of cardiac hypertrophy [122, 123]. Dahl salt-sensitive rats have 
also been used to study cardiac hypertrophy, and these are especially valuable 
in investigating the transition from compensatory hypertrophy to decompensa-
tory dilatation of the left ventricle [124]. Many transgenic models have also 
been developed by overexpression or deletion of specific genes, e.g., calmod-
ulin, -adrenergic receptor, interleukin-, IGF-1, and CSRP3 [120, 125-128]. 

1.5.3 HUMAN IN VITRO MODELS 
There are several approaches to using human stem cells to model cardiac hy-
pertrophy. The main aspect that differs between the models is how the hyper-
trophic phenotype is achieved. The starting cell material used to generate 
hiPSC for subsequent differentiation into CMs can originate from healthy do-
nors, or the cells can be obtained from patients with a genetic cardiac hyper-
trophy disease. Because of the unlimited cell material, hiPSCs models are well 
suited for high-throughput experiments such as drug screening and toxicity 
testing. Today, hiPSC-CM models are reported for studies of metabolism, elec-
trophysiology, calcium handling, and contractility [129]. 

Figure 9. Transverse aortic con-
striction. A constriction is placed 
around the transverse aorta which 
limits the outflow from the left ventri-
cle and results in pressure overload. 
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specific genes that are known to play a role in the particular condition under 
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suited for high-throughput experiments such as drug screening and toxicity 
testing. Today, hiPSC-CM models are reported for studies of metabolism, elec-
trophysiology, calcium handling, and contractility [129]. 

Figure 9. Transverse aortic con-
striction. A constriction is placed 
around the transverse aorta which 
limits the outflow from the left ventri-
cle and results in pressure overload. 
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The reprogramming from somatic cells to hiPSCs usually starts with skin fi-
broblasts or blood cells that are less challenging to transfect with the repro-
gramming factors. The hiPSCs are then differentiated into CMs by altering 
specific signaling pathways in a stage-dependent manner [130]. If somatic cells 
are reprogrammed from patients with HCM, depending on what genetic muta-
tion causes the disease, they may spontaneously develop hypertrophy [131, 
132]. hiPSC-CMs derived from healthy donors without hypertrophy-related 
mutations need to be stimulated to obtain a hypertrophic phenotype. Neuro-
hormonal stimulation or mechanical stretch stimulation are two of the most 
common approaches to induce hypertrophy in hiPSC-CMs. Ang II, ET-1, and 
PE are among the most widely described substances for the hypertrophy in-
duction [42, 43, 95, 133-136]. The reported experimental conditions vary, 
making direct comparisons across studies difficult. The stretch model also has 
challenges related to different settings, e.g., the time under stretch and the force 
of the stretch. As for the neurohormonal approach, results vary between differ-
ent studies using stretch stimulation. The phenotype that the cells develop with 
these models shows an increase in cell size, but the results vary between studies 
depending on stimulation and analysis methods. Stretching for 48h have shown 
to increase cell size by 26-110% when analyzed by microscope [44, 95]. Na-
triuretic peptide A and B (ANP and BNP) are known hypertrophy markers and 
are often analyzed to show that the CMs respond to hypertrophic stimuli. In 
hypertrophy disease models, a dramatic increase of these peptides is observed 
on both gene and protein levels [42, 43, 95, 133, 137]. 

With gene editing techniques such as CRISPR/Cas9, hypertrophy models have 
also been developed by introducing specific mutations in genes associated with 
cardiac hypertrophy. MYH7 and MYBPC3 are two such genes, and models with 
specific mutations in these genes have successfully been developed that reca-
pitulate a hypertrophic phenotype [138, 139].  

In vitro models can be developed in both 2D and 3D systems. In 2D models, 
the cells are cultured in a monolayer, usually in a culture flask or a vessel, 
whereas in 3D systems, the cells are typically cultured in spheroids or in a 
scaffold.  Both types of systems have their advantages and disadvantages. 2D 
models are typically more standardized, less expensive, less time-consuming, 
and have been used for a longer time and therefore, more data is available from 
2D models. On the other hand, 3D models can mimic the in vivo conditions 
better than 2D models. In a 3D model, cell-cell contact is more in vivo-like, 
and the ECM covers all cell surface area resulting in more cell-cell communi-
cation, which is important for CMs that work together as a unit [140]. In 2017, 
Tiburcy et al. developed a 3D model of hiPSC-CMs and fibroblasts forming a 
cardiac patch. This engineered human myocardium showed an increased mat-
uration compared to a 2D model, and stimulation with norepinephrine or ET-
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1 resulted in a robust hypertrophy response [141]. Another study, in which the 
investigators used patient-specific hiPSC-CMs with a BRAF mutation, showed 
that spheroids consisting of these cells had the characteristics of BRAF-medi-
ated hypertrophic cardiomyopathy [142]. 
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2 AIMS 
This project aimed to develop a model for studies of cardiac hypertrophy, and 
to perform extensive characterization on transcriptomic, proteomic, and func-
tional levels. In addition, the utility of the model as a system for biomarker 
identification was evaluated.  

2.1 SPECIFIC AIMS 
 To develop a hypertrophy model using hiPSC-derived CMs 

and investigate the hypertrophic response in the cells (ad-
dressed in paper I) 

 Extensively characterize the hypertrophic response in hiPSC-
CMs using global transcriptomics and advanced bioinfor-
matic analyses (addressed in paper II) 

 Identify candidate biomarkers for cardiac hypertrophy with a 
potential for future clinical use (addressed in paper III) 

 In-depth characterization of the hypertrophic response in 
hiPSC-derived CMs on a single cell level (addressed in man-
uscript IV) 
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3 METHODS 

3.1 DIFFERENTIATION OF CARDIOMYOCYTES 
The differentiation of human stem cells into specialized cells like CMs were 
first reported in the early 2000s [143, 144]. At that time, the purity of the CM 
cultures were relatively low. However, over time, the protocols being used to 
accomplish the differentiation have been improved remarkably, resulting in 
nearly pure CM cultures at the end of the differentiation protocols [104, 145].  
The CMs used in this project were obtained from Takara Bio Europe 
(www.takarabio.com). The CMs are derived from hiPSCs and differentiated 
using a protocol based on the modulation of Wnt signaling and TGF-β signal-
ing pathways. Post differentiation, the CMs were cryopreserved and subse-
quently thawed and used for the experiments described in this thesis.  

3.2 HYPERTROPHY STIMULATION 
To induce a hypertrophy phenotype of the CMs, a neurohormonal approach 
was used for all experiments in this thesis. The neurohormone ET-1 is a very 
potent vasoconstrictor that is added to the culture media to induce hypertrophy. 
In this project, the ET-1 stimulation was performed between 8 and 96 hours 
(Figure 10) 

The neurohormonal approach, comes with some benefits compared to the 
stretch model method for hypertrophy induction. First, less equipment is 
needed, which makes it more available. Second, the risk for detachment of the 

Figure 10. Hypertrophy stimulation protocol. An illustration
of the cardiac hypertrophy stimulation protocol that was used 
to induce a hypertrophic phenotype in the cardiomyocytes. 
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CMs from the culture well/flask is lower since it does not involve external me-
chanical stretching. 

3.3 REAL-TIME POLYMERASE CHAIN REAC-
TION 

Real-time polymerase chain reaction, qPCR, is a well-established method for 
detecting and quantifying mRNA in cells. It was used for gene expression anal-
ysis of hypertrophy-related genes when optimizing the hypertrophy induction 
protocol. qPCR is appropriate for transcriptomic analysis on a limited number 
of genes. For analysis of larger sets of genes, RNA-sequencing (RNA-seq) is 
a more suitable technique.  

3.4 ENZYME-LINKED IMMUNOSORBENT AS-
SAY 

Enzyme-linked immunosorbent assay (ELISA) is a very sensitive method for 
detecting and quantifying the amount of a specific antigen in a liquid mixture. 
ELISA was used to analyze the expression of hypertrophy-related proteins in 
the cell culture media.  

Because ELISA is antibody-antigen based, the specificity and sensitivity are 
high, which is one of the main advantages. However, ELISA also poses some 
drawbacks. In traditional ELISA, only one antigen at a time can be measured, 
and if dilution optimization is needed, it can be a relatively time and extensive 
laborious process.   

3.5 FLOW CYTOMETRY 
Flow cytometry (FC) analysis is a method to analyze the characteristics of 
cells. There are various applications for FC analysis, e.g., protein expression 
analysis, apoptosis analysis, cell cycle status, and cell sorting. In this project, 
it was used for measurements of the purity of the CMs culture. 

One advantage is that the analysis is quick, and the results are visible immedi-
ately. Identifying subpopulations and their expression of a specific antigen can 
be obtained within a couple of minutes. Another benefit is that some FC ma-
chines are also equipped with a cell sorter, which can be used to select a sub-
group of cells in a sample. For example, cell sorting can be used to select CMs 
in a sample. In that case, only cells that are positive for a CM specific protein 
can be sorted out from the population and used for desired applications. Some 
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of the drawbacks of FC analysis are that the equipment is very expensive, it 
needs regular calibrations, and the tubes of the microfluidics system need to be 
cleaned frequently.  

3.6 IMMUNOCYTOCHEMISTRY 
Immunocytochemistry (ICC) is a technique that uses antibodies to detect a spe-
cific antigen in cells. The species-specific antibodies bind to the epitopes of 
the target antigen. ICC can be used to visualize the expression of specific an-
tigens and the distribution of the antigen throughout the cell or cell culture. We 
used it to verify the expression of CM specific, and hypertrophy-related pro-
teins.  

ICC's main advantages are that it is fast and easy to perform. Drawbacks with 
the technique are that antibody concentrations often need to be optimized, and 
the cells need to be fixed before staining. The fixation of the cells can lead to 
changes in the morphology which can be a problem depending on the aim of 
the ICC analysis.  

3.7 CELL SIZE ANALYSIS 
One of the hallmarks of cardiac hypertrophy is the increase in the cell size of 
the CMs. Cell size analysis is therefore a valuable tool to elucidate how the 
CMs respond to hypertrophic stimuli. The size can be measured both on living 
and fixated cells. The cell size analysis performed in this thesis was conducted 
on living cells using a MOXI Z instrument (Orflow, www.orflow.com). The 
advantages of measuring living cells are that the cells are not fixated, which 
can affect the morphology and, subsequently, the cell size. The MOXI Z appa-
ratus used in this project has a relatively high throughput, resulting in more 
power to the analysis. Compared to image-based methods, human bias is also 
eliminated by utilizing this instrument. Using this device, cells are detached 
from the culture wells/flasks and mixed into a single cell suspension. All the 
cells are analyzed one by one at a rapid pace, and in a couple of seconds, thou-
sands of cells are analyzed, and a mean value of the volume is obtained. It 
achieves this because the cells pass through a zone, which measures voltage, 
and the voltage increase is directly proportional to the cell volume.  

3.8 LACTATE CONCENTRATION ASSAY 
Lactate is a molecule produced inside the cells when glucose is broken down 
and oxidized to pyruvate. In this thesis, the Lactate assay kit II from Sigma-
Aldrich was used to analyze the lactate concentration in culture media. The 
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amount of lactate can then be used as an indirect measurement of glucose con-
sumption. As mentioned, this type of assay only measures lactate. To get a 
more comprehensive overview of the metabolism in the cells, a more advanced 
technique such as Seahorse Real-Time Cell Metabolic analysis (Aglient, 
www.aglient.com) could be used. However, the equipment needed for those 
analyses is advanced and quite expensive. 

3.9 RNA-SEQUENCING 
RNA-seq is nowadays a standard approach to analyze the transcriptome in 
cells. There are many applications for RNA-seq in cell biology, including tran-
scriptional profiling, single nucleotide polymorphism, and differential expres-
sion analysis to, e.g., identify differentially expressed genes (DEGs) between 
conditions (time points, treated vs untreated, etc.) The identified DEGs can 
then be used for further downstream analyses, such as gene set enrichment and 
signaling pathway analyses. 

The main steps in RNA-seq are RNA extraction, cDNA synthesis, adaptor li-
gation, PCR amplification, and sequencing. In the workflow of RNA-seq (Fig-
ure 11), the mRNA is a template for cDNA synthesis, which is more stable and 
allows for amplification. Because the sequencing machine only can sequence 
shorter pieces of cDNA, the cDNA is fragmented. This also homogenizes the 
length of all cDNA molecules, making them equally likely to be sequenced. 
Next, specific sequencing adapters are ligated to the fragmented cDNA to al-
low them to bind to the sequencer. In the sequencer, the cDNA is amplified 
before the actual sequencing takes place. During sequencing, cDNAs are clus-
tered on a flow cell, and fluorescent nucleotides are used to build a growing 
DNA strand. This is performed in multiple rounds, and after one round, an 
image is captured which reveals what nucleotide was incorporated into the 
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growing DNA strand. The sequencing is complete when the whole DNA frag-
ment is complete (50-500bp). The last step is to map the reads to a reference 
genome to determine which transcripts that are expressed.  

In recent years, the technique has rapidly evolved, and it is now possible to 
also perform RNA-seq of individual cells in a sample. Capturing the transcrip-
tional fingerprint of the individual cells in culture makes it possible to also 
identify different cell types present in a sample and identify very rare cell types.  
Single cell RNA-seq (scRNA-seq) has also been of great importance in the 
study of cell fate and the transition of cells to different subtypes. 

The main difference in a scRNA-seq protocol compared to bulk RNA-seq is 
the first step, which includes the isolation of the individual cells. This step is 
performed by separating the cells into individual wells or encapsulate single 
cells in droplets. Each droplet or well gets a unique barcode allowing for mul-
tiplexing of the cells for further analysis, including the same steps as for bulk 
RNA-seq. 

Figure 11. Workflow of RNA-sequencing. 1.  RNA is first extracted from the cells using special-
ized kits. 2. The mRNA is used as a template for cDNA synthesis. 3. A DNA library is constructed 
from the cDNA. 4. DNA fragments are amplified on a flow cell. 5. Sequencing of the DNA library. 
6. The reads are mapped and aligned to a reference genome. 
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When analyzing RNA-seq data, it should be noted that it only represents a 
snapshot of the gene expression, which could change immediately before or 
after the samples are collected. Additionally, bulk RNA-seq only gives a mean 
value of the expression that represents the whole sample. To get insight into 
how gene expression is distributed among cells, scRNA-seq is a more suitable 
method.  
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3.10 PROXIMITY EXTENSION ASSAY 
Proximity extension assay (PEA) is a high-throughput method developed by 
Olink Proteomics (www.olink.com) for protein analysis. From one sample, it 
is possible to analyze up to approximately 3000 different proteins simultane-
ously and the amount of sample needed is very low due its antibody-based 
technique. Because of the high throughput and low volume requirements, it 
suits well for biomarker identification.  The downside with PEA compared to 
mass spectrometry is that you need to specify in advance the proteins that 
should be analyzed. Also, the total number of proteins analyzed with PEA is 
lower. 

The PEA technique combines an antibody-based immunoassay with PCR to 
obtain a relative measurement of the protein levels in a sample. In short, two 
matched antibodies bind to a target protein in a sample. Linked to the antibod-
ies are unique DNA oligonucleotides, which hybridize when they come in 
close proximity. In conventional immunoassays, cross-reactivity is a major 
limitation that limits the number of immunoassays that can be multiplexed. 
Due to the hybridization that occurs in PEA, it allows for extended multiplex-
ing of immunoassays, and therefore hundreds of proteins can be measured sim-
ultaneously. The newly synthesized DNA acts as a barcode specific to the pro-
tein, and the amount of the DNA barcode is proportional to the concentration 
of the analyzed protein. The barcode is then amplified by PCR and can be 
quantified by qPCR or next-generation sequencing (Figure 12). 

Figure 12. Proximity extension assay workflow. Protein specific antibodies with 
DNA oligonucleotides binds to the protein and hybridizes. The DNA is then am-
plified and analyzed. 
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suits well for biomarker identification.  The downside with PEA compared to 
mass spectrometry is that you need to specify in advance the proteins that 
should be analyzed. Also, the total number of proteins analyzed with PEA is 
lower. 

The PEA technique combines an antibody-based immunoassay with PCR to 
obtain a relative measurement of the protein levels in a sample. In short, two 
matched antibodies bind to a target protein in a sample. Linked to the antibod-
ies are unique DNA oligonucleotides, which hybridize when they come in 
close proximity. In conventional immunoassays, cross-reactivity is a major 
limitation that limits the number of immunoassays that can be multiplexed. 
Due to the hybridization that occurs in PEA, it allows for extended multiplex-
ing of immunoassays, and therefore hundreds of proteins can be measured sim-
ultaneously. The newly synthesized DNA acts as a barcode specific to the pro-
tein, and the amount of the DNA barcode is proportional to the concentration 
of the analyzed protein. The barcode is then amplified by PCR and can be 
quantified by qPCR or next-generation sequencing (Figure 12). 

Figure 12. Proximity extension assay workflow. Protein specific antibodies with 
DNA oligonucleotides binds to the protein and hybridizes. The DNA is then am-
plified and analyzed. 
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3.11 BIOINFORMATICS 

3.11.1 DIFFERENTIAL EXPRESSION ANALYSIS 
Differential expression (DE) analysis is used to identify genes or proteins that 
are upregulated or downregulated under a specific condition. The R package 
edgeR was used in paper I and II to automatically perform this analysis by 
normalizing the read count data and performing the statistical analysis. The R 
package limma was used for DE protein analysis in paper II. To use limma, the 
data needs to be normally distributed since it fits a linear model. The protein 
expression data from the PEA analysis follow a normal distribution, and there-
fore limma is suited for that type of analysis. Before the statistical testing, qual-
ity control and filtering are performed to remove low expressed genes/proteins 
and possible outliers. The output from the analysis includes the fold change 
and p-value corrected for multiple testing of all the genes/proteins that are sig-
nificantly different between defined groups. DE analyses provide information 
about the expression changes, but no indication of the relevance of these 
changes is given. To further investigate and interpret the expression changes, 
the identified molecules can be further analyzed using additional bioinformatic 
analyses as outlined below. 

3.11.2 PATHWAY ANALYSIS 
Ingenuity Pathway Analysis (IPA) (www.qiagen.com) is a software used to 
analyze and visualize large-scale data with the ability for interpretation in a 
biological context. The pathway analysis provided in IPA identifies enriched 
and inhibited pathways based on an input list of DEGs with their corresponding 
p-values. The result from a pathway analysis is a list of enriched or inhibited 
pathways with p-values and z-values. The p-value is calculated using a Right-
Tailed Fisher’s Exact Test and corrected for multiple testing using the Benja-
min-Hochberg method. The p-value reflects the likelihood that the overlap be-
tween the genes in a particular pathway and the genes that have been used as 
input is because of random chance. It should be noted that the p-value does not 
consider the directional effects the genes have on the pathway. To take the 
directional effect into account, IPA also outputs a z-score, which provides a 
prediction about the amount of enrichment or inhibition of a pathway. 

3.11.3 UPSTREAM AND TRANSCRIPTION REGULA-
TOR ANALYSIS 

The upstream regulator analysis in IPA is used to identify upstream transcrip-
tional regulators that can explain the observed gene expression change in the 
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data provided for the analysis (Figure 13). This type of analysis can be benefi-
cial for the identification of key drivers and potential drug targets of a disease.  

A p-value is calculated (Fisher´s exact test + Benjamin-Hochberg correction) 
for each regulator based on how many of its target genes are included in the 
input data (DEGs). The regulators are also assigned a z-value based on the 
predicted state of the regulator, activated, or inhibited. The prediction is calcu-
lated using the gene expression data and directionality of it and compares that 
to the literature evidence that is stored in the IPA knowledge base. It should be 
noted that an upstream regulator can be many types of molecules, for example, 
RNAs, proteins, microRNAs, or chemical compounds.  

3.11.4 DISEASE ASSOCIATION 
Information in the IPA knowledge base can be used to investigate associations 
between the expression data and disease endpoints. In this analysis, DEGs are 
matched to genes known to be altered in various diseases. In this project, only 
cardiac clinical endpoints were considered in this analysis. As a result, a list 
that includes p-values (Fischer’s exact test + Benjamin-Hochberg correction) 
of the overlap from the diseases that best match the DEGs is created.  

3.11.5 ENRICHMENT ANALYSIS 
Gene Ontology (GO) is an ontology with annotations associated with genes 
and gene products. It is built up of different terms, called GO terms, that have 
a controlled and defined vocabulary for describing their role. The GO annota-
tion of a specific gene or gene product is described in three GO categories: 
molecular function, cellular component, and biological process. 

One of the significant advantages of this defined vocabulary is the possibility 
to computationally process annotation data to perform enrichment analysis of 

Figure 13. Upstream regulator. An upstream regulator is a mole-
cule that is predicted to be up- or downregulated based on the dif-
ferentially expressed genes. 
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gene sets. An enrichment analysis identifies GO terms that are over or un-
derrepresented in a gene set. A p-value is calculated (Fischer’s exact test + 
Benjamin-Hochberg correction) by comparing the frequency of a GO term an-
ticipated by random with the observed frequency of a GO term in the input 
gene set.  

3.11.6 CLUSTER ANALYSIS 
RNA-seq data sets contain a large amount of data that can be difficult to inter-
pret. Therefore, it can be beneficial to reduce complexity by clustering the data 
into subgroups with similar expression profiles. This allows for the identifica-
tion of hidden patterns which can lead to a better understanding of the mecha-
nisms of various diseases. Clustering also allows for identifying genes that dis-
play similar expression changes over time or during treatment. Overall, the 
main aim of clustering is to divide the data into groups with as little difference 
as possible between data points in a cluster while the difference between clus-
ters is maximized. Several different clustering methods can be applied to RNA-
seq data, and the preferred method depends on the aim of the clustering. 

The k-means clustering algorithm is a popular method to apply to RNA-seq 
data for finding genes that share biological functions and genes that are co-
regulated. K-means divide the data points (gene expression data) into a user-
determined number of clusters. The data points are then iteratively placed into 
the clusters based on the minimum distance to the centroid of clusters. Some 
methods can calculate the optimal number of clusters, such as the gap statistics 
method and the Calinsky criterion method. Still, there is some subjectivity with 
using k-means clustering since the number of clusters needs to be defined. This 
type of clustering was used for the bulk RNA data analysis in paper II. 

For scRNA-seq data that is high dimensional, clustering is the standard ap-
proach to reduce the dimensionality. Clustering scRNA-seq data makes it pos-
sible to identify different subtypes of cells based on their gene expression. To 
cluster the cells, a principal component analysis (PCA) is typically first per-
formed to reduce the dimensions of the data. The R-package Seurat includes 
functions to perform the clustering by constructing a K-nearest neighbor graph 
based on the Euclidean distance in the PCA space and then applying the Lou-
vain algorithm for modularity optimization. Another clustering method that is 
built into Seurat for visualization of the data is the non-linear dimensional re-
duction method “Uniform Manifold Approximation and projection for Dimen-
sion reduction” (UMAP) (Figure 14) [146]. This type of clustering was applied 
in the data analysis in paper IV. The input to UMAP is preferably PCs, and 
UMAP aims to place cells with a similar gene expression profile together in a 
low-dimensional space. 
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One of the main advantages of UMAP is that it is fast and does not need big 
computer power that some other clustering methods need, e.g., t-distributed 
stochastic neighbor embedding (t-SNE) [147]. This makes it suitable for large 
datasets with high dimensional data, such as scRNA-seq data. UMAP is a rel-
atively new dimensional reduction method, and there are parameters that the 
user needs to adjust depending on the data. This is a trial-and-error process that 
can greatly affect the results.  

3.11.7 PROTEIN INTERACTION NETWORK ANALYSIS 
Protein-protein interaction network analysis (PPI) is a method that aims to re-
capitulate the large number of interactions that exists between proteins. 
STRING is a database that hosts known and predicted protein-protein associa-
tion data. The data in the database is collected from available experimental data 
and pathways as well as from other curated databases. STRING also contains 
less validated information, e.g., predicted interactions based on co-expression 
analysis, evolutionary signals across genomes, automatic text mining of bio-
medical literature, and orthology-based transfer of evidence across organisms. 
The result of a STRING analysis is a PPI network of nodes (proteins) and edges 
(connections between nodes). A score of the network with p-values is also cal-
culated (Fischer’s exact test + Benjamin-Hochberg correction), which shows 
if the network has more interactions than expected by random.  

This type of analysis is useful for identifying hub proteins, which have many 
connections to other proteins in the network and possibly are important in, e.g., 
cardiac hypertrophy response (Figure 15). PPI networks can also be used to 
identify novel disease genes by investigating genes in close interaction with 
proteins that are known mediators of a specific disease. The biological pro-
cesses and interactions between proteins in the cell are highly dynamic, which 

Figure 14. Example of a UMAP plot. 
A single dot represents a cell, and the 
colors represent clusters. 
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can make PPI networks challenging to interpret since they are static. Addi-
tional information is needed to get a more dynamic overview of the processes 
in the cell.  

  

Figure 15. Visualization of a protein-protein interaction 
network with a hub protein visualized in red. 
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3.11.8 STATISTICAL ANALYSIS 
Significance testing for the qPCR, lactate, cell size, and protein data (ELISA) 
was performed using a paired sample t-test. For the RNA-seq data in paper I 
and II, statistical testing of the DEGs was carried out using the quasi-likelihood 
F-test implemented in the edgeR package. Correction for multiple testing was 
performed using the Benjamin-Hochberg method.  

For the scRNA-seq data in paper IV, differential expression between clusters 
was performed using the non-parametric Wilcoxon rank sum test. The adjusted 
p-value, which corrects for multiple testing, was calculated using Bonferroni 
correction. 

The significance test used to analyze differentially expressed proteins from the 
PEA data was the R package limma, which uses an Empirical bayes method 
and corrects for multiple testing using the Benjamin-Hochberg method. 

For the analyzes used in IPA, the p-values were calculated using a Right tailed 
Fisher´s Exact test and corrected for multiple testing using the Benjamin-
Hochberg method. The z-value, which is a measurement to predict the activa-
tion or inhibition of a pathway or an upstream regulator, was calculated using 
IPAs in-house algorithm. In short, their algorithm considers the consistency 
between the up/down regulation pattern and the activation/inhibition pattern 
given by the network or pathway. A full description is described in a paper by 
Krämer et al. [148]. 

Correlation analysis in paper II was performed using Pearson´s correlation co-
efficients that are included in GraphPad Prism (v 9.2.0)  
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4 RESULTS IN SUMMARY 

4.1 PAPER I: CARDIAC HYPERTROPHY IN A 
DISH: A HUMAN STEM CELL BASED 
MODEL 

In paper I, a human stem cell based in vitro model of cardiac hypertrophy was 
developed and characterized at gene- and functional level. hiPSC-CM were 
cultured and stimulated with ET-1, a potent vasoconstrictor known to induce 
hypertrophy in CMs. Dose-response experiments were performed to find the 
adequate concentration to use. The result showed that 10nM ET-1 produced 
the optimal hypertrophy response (measured by gene expression) in the model. 
Three well-known hypertrophy markers, NPPA, NPPB, and ACTA1 showed 
upregulation in a dose-dependent manner. Further increase in ET-1 concentra-
tion did not result in a greater upregulation of these genes. The optimal time of 
stimulation in vitro using ET-1 has previously not been assessed to a great ex-
tent. Therefore, we used five different time points of stimulation (8, 24, 48, 72, 
and 96h) in this first study. One of the hallmarks of cardiac hypertrophy is a 
size increase of the CMs, and the cell size analysis demonstrated a significant 
increase in cell size after 24h of stimulation. The increase in size was main-
tained at all the following time points (48, 72, and 96h) with a mean increase 
of 13%.  

The natriuretic peptides ANP and BNP secreted in the culture media were sig-
nificantly upregulated, showing a 2- and 9-fold maximum increase in concen-
tration. The concentration of BNP was the highest at 24h and then decreased 
at the later time points. However, there was still a significant increase com-
pared to control cultures at 96h. 

The lactate concentration in the culture media was also analyzed, and the re-
sults showed a significant increase of 2.5-fold on average at 24, 48, 72, and 
96h. The lactate concentration is an indirect measurement of glucose consump-
tion, which is known to be increased in hypertrophic CMs. Furthermore, we 
found that the number of DEGs decreased dramatically from the 8 to 96-hour 
time point (1,017 vs 45).  

Taken together, the results showed that the CMs developed a robust hypertro-
phy response both on a gene and functional level and that time of stimulation 
greatly impacts the number of DEGs after hypertrophy stimulation. 
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4.2 PAPER II: MULTI-OMICS CHARACTERIZA-
TION OF A HUMAN STEM CELL-BASED 
MODEL OF CARDIAC HYPERTROPHY 

In this study, the main focus was to elucidate the transcriptome and proteome 
changes in hiPSC-CMs during stimulation with ET-1. In line with the results 
from paper I, this study also showed that the largest number of DEGs was ob-
served at the early time points of stimulation and then declined over time. How-
ever, analysis of the DEGs that overlap between all investigated time points 
(8, 24, 48, and 72 h) showed that important hypertrophic-associated genes are 
differentially expressed throughout the ET-1 stimulation.  

Many regulatory pathways involved in cardiac hypertrophy are enhanced rap-
idly after ET-1 stimulation but become inhibited at later time points. ´Actin 
cytoskeleton signaling´ and ´Cardiac hypertrophy´ are two of the most en-
riched pathways at 8h, and these two pathways have high relevance to hyper-
trophy. The upstream regulator analysis identified several transcription regu-
lators that are differentially expressed and that are associated with hypertrophy 
of the heart. MYC, SRF, and TBX5 were some of the most interesting ones 
identified. The clinical pathological endpoint analysis performed that links the 
data to clinical endpoints showed that the identified DEGs are highly associ-
ated with ´Cardiac enlargement´. 

Proteomics analysis was performed using Olink’s affinity proteomics tech-
nique and with ELISA, and the aim was to identify differentially expressed 
proteins secreted into the culture medium. Of the approximately 300 proteins 
analyzed, 23 were identified as significantly differentially expressed (FC > 1.5, 
p <0.05). Ten of these proteins have a known link to hypertrophy, according 
to Qiagen Ingenuity Pathway (IPA) knowledge base.  

Integrative analysis of the proteomics- and transcriptomics data demonstrates 
a high correlation between transcriptional levels and the corresponding amount 
of secreted proteins to the medium for many key hypertrophy genes/proteins. 
To compensate for the time that it takes for mRNA to be translated into a pro-
tein and then secreted out in the cell culture media, we applied a time shift and 
calculated the correlation between mRNA expression at 8h vs protein expres-
sion at 24h, 24h vs 48h and 48 vs 72h respectively. This time shift correlation 
was much more evident than doing the correlation analysis for the same time 
point for both mRNA and protein.  
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In summary, the results from the study showed that the in vitro model is suita-
ble for studies of cardiac hypertrophy on a transcriptome and secretome level. 
Moreover, several proteins with the potential for clinical use as biomarkers 
were identified in the secretome analysis.  
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4.3 PAPER III: DATA MINING IDENTIFIES CCN2 
AND THBS1 AS BIOMARKER CANDIDATES 
FOR CARDIAC HYPERTROPHY 

As a follow-up to the study presented in paper I, we compared the DEGs of 
our in vitro model to DEGs from a data set generated from biopsies in patients 
with cardiac hypertrophy that was publicly available. The biopsies had been 
collected from the left ventricle and the data sets contained two experimental 
groups, samples from male patients with aortic stenosis and noticeable left ven-
tricular hypertrophy in which the patients’ hearts either had a normal EF 
(>50%, n = 3) or low EF (<30%, n = 3). The control biopsy samples were 
collected from male patients with coronary disease, but without a hypertrophic 
phenotype and with normal EF (>60%, n = 3).  

The aim was to identify overlapping DEGs that could be used as potential bi-
omarkers. A criterion was that the proteins encoded by overlapping genes were 
secreted into the extracellular space, making it possible to analyze them in pa-
tient body fluids and avoid invasive methods in potential future clinical appli-
cations. 

The overlap between DEGs from the in vitro model and the in vivo model 
(heart biopsies) were in total 25 genes, and these were considered as potential 
biomarkers. These genes were imported into IPA for functional assessment. 
Pathways and disease terms associated with these genes were highly relevant 
for hypertrophy response, for example, ´IGF-1 Signaling´, ´Cardiac Hypertro-
phy Signaling (Enhanced)´, ´ILK Signaling´, and the disease terms `Hypertro-
phy of left ventricle` and `Hypertrophy of cardiomyocytes`. We also took ad-
vantage of IPA Cardiac tox functions, which link cardiac clinical endpoints to 
a gene list. The most significant clinical endpoint was `Cardiac enlargement` 
followed by `Heart failure`, indicating that the hypertrophy response mimics 
the in vivo situation. 

To investigate if the 25 candidate biomarkers had known interactions with each 
other, a protein-protein interaction (PPI) network analysis was performed. The 
PPI showed a significant enrichment score which indicates that the network 
had significantly more interactions than what is expected by random. A GO 
enrichment analysis of the genes also showed enriched terms that are highly 
relevant for development of cardiac hypertrophy.  

Of the 25 candidate biomarkers, 7 were identified as genes encoding for pro-
teins secreted into the extracellular space. These proteins were CCN1, CCN2, 
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COL12A1, NES, NPPA, NPPB, and THBS1. These were subsequently chosen 
for validation of protein expression. Notably, CCN2, NPPA, NPPB, and 
THBS1 showed a significant increase in concentration in the culture medium 
compared to controls at 24h of ET-1 stimulation.  

In summary, this data mining approach for biomarkers of cardiac hypertrophy 
identified CCN2 and THBS1 as candidate biomarkers, warranting further in-
vestigations. 

Markus Johansson 

39 

4.4 PAPER IV: CHARACTERIZATION OF THE 
HYPERTROPHY RESPONSE IN ENDO-
THELIN-1 STIMULATED CARDIOMYO-
CYTES: A SINGLE CELL STUDY 

In paper IV, the hypertrophic response of the hiPSC-CMs was interrogated on 
a single cell level. The aims were to elucidate if there were different subtypes 
of CMs in the culture and if there were subpopulations that responded differ-
ently to the ET-1 stimulation. 

We used a similar approach for hypertrophy induction as in previous studies 
(ET-1, 10nM). The cryopreserved hiPSC-CMs were thawed and cultured for 6 
days and then exposed to ET-1 for 24h. Before sequencing, single cell prepa-
ration was performed using the iCELL8 system (Takara bio).  

Cluster analysis of the untreated hiPSC-CMs resulted in three distinct groups. 
Two of the groups and the majority of the cells displayed high expression of 
the typical CM markers. What separated these groups was that one of the clus-
ters showed higher expression of genes associated with a more immature CMs. 
The third cluster identified did not show high expression of the CM markers, 
instead markers for ECs and fibroblast were more prominent.  

To investigate the transcriptional response from ET-1 stimulation, untreated 
and ET-1 stimulated CMs were grouped together and analyzed. The results 
show that the ET-1 stimulated cells, in general, have a higher expression of 
hypertrophy markers compared to untreated CMs, which is in line with our 
previous studies. Cluster analysis of the ET-1 stimulated CMs, resulted in three 
clusters, but the hypertrophy response was relatively homogenous across these 
clusters.  

In summary, we showed that the hiPSC-CM population mainly contained CMs 
but that there is a small subpopulation of what most likely is an “endothelial-
like” cell type. We could not identify any distinct subpopulation of CMs that 
could be classified as ventricular, atrial, or nodal CMs. Presumably, the CMs 
have not yet fully committed to a specific subtype. The CMs responded to ET-
1 stimulation by upregulation of known hypertrophy-associated genes in a 
quite homogenous manner. We could not find any subpopulation of the ET-1 
stimulated cells that responded differently.  
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5 DISCUSSION 
In this thesis, an in vitro model of cardiac hypertrophy has been developed and 
characterized. In the following section, the results obtained will be discussed 
in context to related research by others and what implications the findings may 
have. 

5.1 STEM CELL BASED IN VITRO MODEL OF 
CARDIAC HYPERTROPHY 

There are various strategies for developing in vitro models of cardiac hyper-
trophy. In the past decades, the disease models have mainly been based on 
rodents due to access and cost aspects. However, in recent years, human stem 
cell-based models have gained popularity based on the almost unlimited supply 
of cells that can be generated and the possibility to better translate the results 
to the human situation. Successful induction of hypertrophy is accomplished 
by using substances that stimulate a hypertrophy response, e.g., ET-1, Ang II, 
and PE, or by using mechanical stretch that increases the workload of the CMs 
[43, 44, 95, 133, 149, 150]. The studies included in this thesis have been per-
formed using hiPSC-CMs and ET-1 stimulation for hypertrophy induction.  

Another aspect to consider when conducting cell-based culture research is the 
type of culture format to use. There are possibilities to use 2D culture, 3D cul-
tures, and multi-compartment culture systems. Each of the systems comes with 
its benefits and drawbacks. The studies in this thesis use a 2D monolayer cul-
ture system approach. The benefits of this culture system are that it is relatively 
easy to use, cost-effective, and can readily be standardized. The more wide-
spread use of 2D monolayer systems makes comparing results between re-
search groups easier. The time that the CMs are exposed to a hypertrophy stim-
ulation also affects the results, but often the reported results are from one single 
time point, we therefore chose to perform time series to elucidate the effect of 
stimulation time.  

5.2 HYPERTROPHY RESPONSE 
Our results show that the ET-1 stimulated CMs displayed hypertrophy charac-
teristics such as increased glucose consumption, increased proBNP levels, and 
upregulation of hypertrophy genes already after 8h of stimulation with ET-1. 
The cell size was not increased at this early time point, possibly due to the time 
it takes for the cells to produce and assemble all the proteins needed for in-
creasing the size of the cells. Most of the available literature does not include 
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a time point as early as 8h, perhaps due to the lack of a cell size increase that 
early. However, the importance of including the 8h time point was evident 
when analyzing the DEGs. The highest number of DEGs was observed at 8h, 
and the number of DEGs after that decreased significantly at the later time 
points. Omitting an early time point could lead to a missed opportunity to iden-
tify acute gene expression changes, which then stabilizes at later time points. 
The cell size increase was observed after 24h and is in line with what others 
have reported [44, 95, 133, 135]. Even though the number of DEGs decreased 
after 8h, the cell size increase observed at 24h remained throughout the exper-
iment (up to 96h). 

On a protein level, the secretome analysis identified several proteins that are 
reported to be important for a hypertrophy response. Two well-known hyper-
trophy markers are ANP and proBNP, which were significantly upregulated in 
our studies. BNP/proBNP is a key marker widely used as a diagnostic marker 
for left ventricular hypertrophy [151]. Previously reported disease models of 
cardiac hypertrophy typically show an upregulation of this marker on a gene 
or protein level [42-44, 95, 133, 152].  

During pathophysiological conditions such as cardiac hypertrophy, the metab-
olism is altered so that the cells utilize more glucose for ATP production. In a 
healthy heart, there is a strong preference for the CMs to use fatty acids for this 
process. The metabolic reprogramming that occurs in cardiac hypertrophy re-
sults in an upregulation of glucose uptake and increased glycolysis, leading to 
increased lactate production in the cells [153]. This change is believed to be 
maladaptive and increases oxidative stress, insulin resistance, and energy dep-
rivation. These factors all contribute to the progression to HF. In our model, 
the lactate concentration in the media was analyzed as an indirect measurement 
of glucose consumption. The ET-1 stimulation increased lactate in the culture 
media already at 8h and was at the later time points (24, 48, 72, and 96h) more 
than 2.5-fold increased. The increased concentration was stable and did not 
decrease over time. The pathway analysis from paper II also confirmed the 
change in metabolism, suggesting increased insulin receptor signaling and de-
creased PPAR signaling, which indicates an increase in the use of glucose and 
a decrease in fatty acid oxidation [154-158]. 

The pathway analysis showed that many pathways related to cardiac hypertro-
phy were altered. Some of the most relevant for our studies were the cardiac 
hypertrophy pathway, actin cytoskeleton signaling, and integrin signaling. The 
cardiac hypertrophy signaling pathway was enriched at 8h, which was ex-
pected. However, at 24h it was inhibited. This result may indicate a fast adap-
tion or feedback response on a transcriptional level. Since most other studies 
of in vitro models of cardiac hypertrophy only report results from a single time 
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point and not a time series, it is difficult to assess whether this result is in 
agreement with others or not. Actin cytoskeleton signaling was one of the most 
enriched pathways, which is not surprising since cytoskeletal changes are in-
tegral parts of the cardiac remodeling that occurs during cardiac hypertrophy. 
This pathway has also been shown to be enriched by others, both in neurohor-
monal and stretch models [95, 150].  

Integrin signaling was also one of the signaling pathways identified as strongly 
enriched. Integrins are glycoproteins that are involved in cell-cell and cell-
ECM interaction. Because integrins can bind the cells to the ECM and the cy-
toskeleton, they can sense external changes that occur. Through different in-
tracellular pathways, the changes in the external environment can thereby re-
sult in structural changes of the cells, such as cellular growth and cytoskeletal 
rearrangement [159]. In vivo and in vitro models of cardiac hypertrophy have 
shown that integrin signaling plays an important role in the progression of car-
diac hypertrophy [54, 160-163]. 

To gather more knowledge about how well our model resembles the in vivo 
counterpart, we used IPAs cardiac clinical outcome analysis, which links the 
gene expression data to clinical pathological outcomes specific to the heart. 
The results showed that ´Cardiac enlargement´ was the most significant clini-
cal outcome at 8, 24, and 48h of ET-1 stimulation.  

5.3 POTENTIAL BIOMARKERS FOR CARDIAC 
HYPERTROPHY 

Disease models are very important for understanding disease mechanisms and 
getting insight into what genes and signaling pathways that are important for 
the progression of diseases. There are, however, other applications where dis-
ease models could be of great benefit. Biomarker discovery is a field of great 
interest, and disease models can play a very important part here. 

In that regard, we designed a study (paper III) for the discovery of potential 
biomarker candidates of cardiac hypertrophy. We used a systematic data min-
ing approach based on gene expression data of our in vitro model and a pub-
licly available in vivo data set. We chose only to include genes that encode for 
proteins secreted from the cells, and that could potentially be measured in, for 
example, blood samples.  

After the selection of potential biomarkers that were conducted using a bioin-
formatic approach, we measured the protein expression of 7 candidates and 
were able to validate 4 proteins that also were upregulated on a protein level, 
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these were ANP, proBNP, CCN2/CTGF (’Cellular communication network 
factor 2) and THBS1 (Thrombospondin 1). ANP and proBNP are well-estab-
lished biomarkers for CVDs, but CCN2/CTGF and THBS1 are less studied in 
that regard. These proteins have been shown to play a role in various cardio-
vascular diseases, but their exact role in cardiac hypertrophy is not determined. 
CCN2/CTGF belongs to the CCN group of proteins, and they are key media-
tors that regulate the ECM. It has been shown that upregulation of 
CCN2/CTGF increases the expression of ECM components such as collagen 
type 1 and various integrins that contributes to fibrosis, a process characteristic 
of cardiac hypertrophy [164]. There are also reports from human studies that 
show that CCN2/CTGF is upregulated in patients with HF and is a key medi-
ator in cardiac fibrosis [165]. 

Further investigation of their role in the disease and their suitability for use as 
biomarkers is necessary, and validation in terms of blood sample analysis of 
patients with cardiac hypertrophy would be beneficial.   

5.4 LIMITATIONS OF THIS WORK 
There is an ongoing debate regarding the maturity of stem cell-derived CM and 
how that affects their functionality [166]. We show that the CMs present an 
adequate hypertrophy response, but we cannot be certain how the response 
would differ if a more adult-like phenotype of the CMs had been used. The 
cultures show some heterogeneity regarding maturation, where some cells 
have higher expression of genes related to immature CMs. Also, the CM dis-
play markers for both atrial and ventricular-like CMs, indicating immature 
phenotypes that have not yet fully committed to their final subtype. This can 
hopefully be addressed with improved differentiation protocols and a culture 
media that promotes further maturation of the cells.  

The CM cultures used in this work showed a very high purity, over 90%. As 
described earlier, the human heart consists of different cell types, including 
ECs, fibroblasts, and SMCs, that contribute to a more complex structure, mul-
ticellular organization, and improved maturation [167-169]. These features 
will most likely affect the hypertrophy response so that it resembles the in vivo 
counterpart better. The model we use also works as a single compartment. In 
vivo, the heart is constantly influenced by other organs, such as the kidney and 
the brain [170, 171]. This crosstalk is lost in a 2D in vitro model like the one 
developed in this thesis. It is also well known that blood pressure affects the 
CMs, but because we use a 2D-monolayer culture, this effect is absent in our 
cultures.  
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One parameter of the hypertrophy response that was not evaluated is how the 
CMs recover from ET-1 stimulation. Pathological hypertrophy is said to be 
irreversible, and therefore it could have been beneficial to have included cells 
that were allowed to recover for several days after ET-1 stimulation. Another 
parameter of the hypertrophy response that would have been suitable to have 
investigated is the amount of protein in the cells. We could observe an in-
creased volume of the CMs, but to validate that the increase in size was not 
only due to swelling of the cells, a protein measurement would have been ben-
eficial.  

We analyzed lactate as an indirect measurement of glucose consumption to get 
insight into the metabolic changes. Analysis of the metabolism can be extended 
much further and include measurements of oxygen consumption and extracel-
lular acidification rates. The 3D-disease model our group is currently develop-
ing will be analyzed using methods to measure these parameters. That allows 
for a more in-depth understanding of how mitochondrial respiration and gly-
colysis are altered in ET-1 stimulated CMs.   

To standardize our model as much as possible, we limited our studies to include 
one hiPSC line. Including additional cell lines would help to generalize the 
results and show the robustness of the disease model, which would have been 
beneficial. Also, because the cell line used is derived from one individual, the 
results will not reflect the putative individual variation. Ideally, cell lines de-
rived from individuals with different genetic backgrounds need to be included 
to get insight into if or how the hypertrophy response differs between individ-
uals and to conclude the generalizability of the results.  
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6 CONCLUSION AND FUTURE PER-
SPECTIVE 

The work presented in this thesis has provided knowledge about how the time 
of hypertrophy stimulation affects the CMs hypertrophy response on a func-
tional, transcriptomic, single-cell, and secretomic levels. Also, we have shown 
that the model can be used for biomarker discovery. The model appears robust 
and reproducible, paving the way for future studies of cardiac hypertrophy. 

As mentioned, our model uses a 2D monolayer culture system but to further 
improve the model and make it resemble the in vivo counterpart to a greater 
extent, a transfer of our model to a 3D system or a heart-on-a-chip model would 
be of great interest. The vast majority of the cells in the classical 2D models 
are CMs, but the heart consists of a mix of different cell types, mainly CMs, 
ECs, CF, and SMCs. The non-CMs cells should not be disregarded, since they 
release factors that contribute to the hypertrophy response of the heart. More 
advanced 3D models that are under development often use a mix of CMs, ECs, 
and CFs, resulting in a cell composition that is more representative of the en-
vironment of the human heart [172-174]. Even though these advanced cell 
models are in their early phase of development, they are showing promising 
results regarding their use in drug discovery, disease modeling, and toxicity 
testing [175, 176]. 

The next step in the development of our cardiac hypertrophy in vitro disease 
model would be to construct cardiac spheroids that consist of CMs, CFs, and 
ECs. Creating a 3D model allows for cell-cell and cell-matrix interactions that 
cannot be achieved in a 2D model. Including the two other major cell types of 
the heart (CFs and ECs) would hopefully mimic the in vivo conditions better 
than what currently is achieved in a 2D model. Ideally, the composition of the 
spheroids would reflect the in vivo condition, however, the proportion of the 
different cells varies depending on the region of the heart. Atrial tissue contains 
approximately 30% CMs, 25% CF and 12% ECs whereas ventricular tissue 
contains 50% CMs, 15% CFs and 10 % ECs [1]. As cardiac hypertrophy is 
most common in the left ventricle, a ratio of 10:3:2 (CMs, CFs, and ECs) could 
be an adequate starting point when developing such a model.  

A common approach for constructing cardiac spheroids is to culture the differ-
ent cell types separately at first. Next, a mix of the cells in the desired ratio is 
brought together, the total number of cells for each spheroid should be approx-
imately 5000 cells in total. This results in a spheroid with approximately 
200m in diameter, making the spheroids bigger than that could potentially 
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lead to a high amount of apoptosis of cells in the core of the spheroid due to 
insufficient oxygen and nutrient supply. These cells can be cultured in “hang-
ing drop” culture wells, which allows for the cells to aggregate (Figure 16). 
After a couple of days, the cells have formed the self-assembled spheroids and 
can be transferred to a non-adhesive multi-well plate for further maturation and 
cell organization. 

The cardiac spheroids have been shown to display vascularization and ECM 
distribution that show high similarity to human heart tissue [177]. Ravenscroft 
et al. made a comparison of cardiac spheroids consisting of only CMs to car-
diac spheroids consisting of CMs, CFs, and ECs and found that spheroids with 
a mix of the different cell types displayed improved maturation and contractile 
response to inotropic compounds that were similar to the effects that are shown 
in vivo. In the cardiac spheroids consisting of only CMs, the effects of inotropic 
compounds were not in agreement with the in vivo data [168].  

Cardiac spheroids have been used in several disease models, e.g., to study dox-
orubicin-induced cardiotoxicity. In that particular study, the authors used car-
diac spheroids consisting of CMs, CFs, and CE in a ratio of 2:1:1 and showed 

Figure 16. Cardiac spheroid formation. Cardiomyo-
cytes, endothelial cells, and fibroblasts are cultured in 
a “hanging drop” cultures system which allows a sphe-
roid to be assembled. 

Markus Johansson 

47 

that nitric oxide produced by the CEs protected the CMs from the toxic effect 
of doxorubicin [177]. These findings would have been difficult to discover if 
a simpler disease model that only consisted of CMs would have been used. 

Developing a 3D-spheroid based disease model of cardiac hypertrophy that 
includes CMs, CFs, and ECs has the potential to generate new insights into 
how CFs and ECs affect the hypertrophy response. It is known that CFs and 
ECs secrete factors that influence the CMs in vivo. Such factors include Fgf2, 
Fgf16, S100a4, ET-1, and NO [178, 179]. 

The 2D disease models still fulfill an important need since they are cost-effec-
tive, standardized, and are suitable for high-throughput studies. These proper-
ties make them relevant for instance in drug screening and toxicity testing. 
Even though more sophisticated 3D models are under development, the 2D 
models will probably continue to be developed and improved for these pur-
poses. One of the properties of the hPSC-CMs that likely need to be improved 
is the maturity of the cells. The cells used in the traditional 2D disease models 
exhibit an immature phenotype, which makes the translatability of the results 
challenging in some situations [180]. Manipulation of the culture medium that 
the immature CMs are cultured in has shown to improve the maturity to some 
degree, as well as long-term culture and biomechanical stimulation, but further 
improvements are necessary [181-184]. 

An example of use for a disease model such as the one developed in this thesis 
is drug discovery. These studies often require a high throughput model in the 
early stages because of the large number of substances that are screened. In 
drug discovery studies, the CMs are cultured in a multi-well format, e.g., 384-
well plates, and substances in a concentration interval are added to the wells. 
Ideally, a quick and easy readout should be implemented to see if the hyper-
trophic CMs respond to the substances in the desired way. Once a number of 
“hits” have been identified, these can be selected for further studies in a more 
advanced disease model, e.g., a 3D spheroid hypertrophy model or a heart-on-
a-chip model. If this type of workflow could be achieved, the need for animals 
in the early phases of the drug discovery process would be reduced signifi-
cantly. At the same time, the process would potentially progress more rapidly 
and be more cost-effective.  

Also, to get an even better insight into how close the in vitro model resembles 
the in vivo condition, analyzing blood samples from patients with cardiac hy-
pertrophy and comparing it to the proteins secreted from the in vitro hypertro-
phy CMs could give important information regarding potential biomarkers of 
the disease.  
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Hopefully, the next 5-10 years will result in discoveries that will make human 
stem cell-based disease models even better and ultimately result in improved 
drugs and treatments while simultaneously reducing the number of animals 
used in research.
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