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Abstract

Cardiovascular diseases are the leading cause of death in Western countries. The aim of my thesis
was to increase understanding of the signaling pathways regulating progression of cardiac
remodeling from myocardial infarction injury and cardiac hypertrophy to heart failure. In these
preclinical studies, I focused on the factors regulating cardiomyocyte survival, hypertrophy and
extracellular matrix modulation. There were three different factors in my studies; neuronostatin
(NST), connective tissue growth factor (CTGF) and glycogen synthase kinase 3β (GSK3β).

NST is a peptide found in various organs, including heart. I found that NST has an attenuating
effect on endothelin-1 -induced left ventricular (LV) contractility in isolated perfused rat heart
which is also followed by increased phosphorylation of p38 mitogen activated protein kinase
(MAPK) and c-jun N-terminal kinase (JNK). NST also reduced survival of the cultured
cardiomyocytes, which was further compromised by JNK inhibition.

CTGF has a physiological role in tissue repair and it is overexpressed in almost all fibrotic
diseases as well as in cardiac fibrosis and atherosclerosis. In my studies therapy with a CTGF
monoclonal antibody (mAb) improved survival, attenuated infarct expansion and preserved LV
systolic function during cardiac repair after myocardial infarction (MI) in mice. LV fibrosis, MI-
induced cardiomyocyte hypertrophy and increase in LV mass were all attenuated with CTGF mAb
treatment during post-MI LV remodeling. These changes were associated with reduced
inflammatory and pro-fibrotic gene activation and enhanced expression of genes related to cardiac
development and/or repair. In vitro -studies with human fibroblasts showed a role for JNK in
reducing collagen production by the CTGF mAb.

GSK3β is a serine/threonine kinase first identified as a negative regulator of glycogen
synthase. It also has an important role in cardiac hypertrophy and cell death. My key finding was
that phosphorylation of the GSK3β S389 site is cardioprotective and antihypertrophic in cultured
cardiomyocytes.

In conclusion, these three factors, NST, CTGF, and GSK3β, contribute to cardiomyocyte
survival, hypertrophic response and fibrotic response of cardiac remodeling. This knowledge may
eventually lead to development of targeted therapies to decrease and prevent cardiac injury.

Keywords: cardiac remodeling, cell death, connective tissue growth factor, fibrosis,
glycogen synthase kinase 3 beta, heart failure, left ventricular hypertrophy, myocardial
infarction, neuronostatin
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Tiivistelmä

Sydän- ja verisuonitaudit ovat yleisin kuolinsyy länsimaissa. Väitöskirjani tarkoitus on lisätä
ymmärrystä sydämen solujen signaalireiteistä, jotka säätelevät sydäninfarktista ja sydämen
vasemman kammion liikakasvusta seuraavaa vasemman kammion haitallista uudelleen muovau-
tumista ja johtavat sydämen vajaatoimintaan. Prekliinisessä tutkimuksessani keskityin tekijöihin,
jotka säätelevät sydänlihassolun selviytymistä, liikakasvua ja soluväliaineen muokkausta. Tut-
kin kolmea eri tekijää: neuronostatiinia (NST), sidekudoksen kasvutekijää (CTGF) ja glykogee-
nisyntaasikinaasi 3β:tä (GSK3β).

NST on peptidi, jota on löydetty useista elimistä, myös sydämestä. Tutkimuksissani NST hei-
kensi endoteliini-1:n indusoimaa sydämen supistuvuutta rotan eristetyssä perfusoidussa sydä-
messä lisäten myös p38 mitogeeniaktivoituvan proteiinikinaasin (p38 MAPK) ja JNK:n (engl.
c-Jun N-terminal kinase) fosforylaatiota. NST lisäsi myös viljeltyjen sydänlihassolujen kuollei-
suutta, jota JNK:n estäminen vielä lisäsi.

CTGF:lla on fysiologinen rooli kudosten korjautumisessa, ja sen määrä on lisääntynyt lähes
kaikissa sidekudosta lisäävissä sairauksissa, myös sidekudostuvassa sydämessä ja valtimokovet-
tumataudissa. Hiiren kokeellisen sydäninfarktin hoito CTGF:n monoklonaalisella vasta-aineella
infarktin korjaantumisvaiheessa paransi eloonjäämistä, vähensi infarktin laajenemista ja hidasti
sydämen toiminnan heikkenemistä. Vasemman kammion uudelleen muovautumisen vaiheessa
hoito vähensi sydämen sidekudostumista ja liikakasvua. Taustalla nähtiin vähäisempi nousu
tulehduksellisissa ja sidekudosta lisäävissä geeneissä ja lisääntynyt nousu sydämen kehitykseen
ja korjautumiseen liittyvissä geeneissä. Vasta-aineella hoidetuissa viljellyissä ihmisen fibroblas-
tisoluissa JNK näytti välittävän vähentynyttä kollageenin eritystä.

GSK3β on seriini-treoniini -kinaasi, jonka ensin havaittiin säätelevän negatiivisesti glykogee-
nisyntaasia. Sillä on myös merkittävä rooli sydämen vasemman kammion liikakasvussa ja solu-
kuolemassa. Tärkein löydökseni on, että eristetyissä sydänlihassoluissa GSK3β S389 -kohdan
fosforylaatio suojaa soluja solukuolemalta ja liikakasvulta.

Johtopäätöksenä voin todeta näiden kolmen tutkimani tekijän, NST:n, CTGF:n ja GSK3β:n,
olevan osallisina sydämen vasemman kammion uudelleen muovautumisessa; solukuolemassa,
liikakasvussa ja sidekudosvasteessa. Tämän väitöskirjan tuoma lisätieto voi johtaa paremmin
kohdennettuihin sydänvaurioiden hoitoihin.

Asiasanat: fibroosi, glykogeenisyntaasikinaasi 3 beeta, neuronostatiini, sidekudoksen
kasvutekijä, solukuolema, sydämen vajaatoiminta, sydäninfarkti, vasemman kammion
hypertrofia, vasemman kammion uudelleen muovautuminen





 

 

To my family 
  



8 

 



9 

Acknowledgements 

This work was carried out in the Department of Pharmacology and Toxicology, 

Research Unit of Biomedicine, University of Oulu, during the years 2008-2020. 

This study was financially supported by personal grants from the Finnish Medical 

Foundation, the Finnish Foundation for Cardiovascular Research, the Ida Montin 

Foundation, the Aarne Koskelo Foundation, the Orion-Farmos Foundation, the 

Finnish-Norwegian Medical Foundation, the University of Oulu Scholarship 

Foundation and the University of Oulu Graduate School. 

First I want to warmly thank my supervisors Prof. Risto Kerkelä and Dr. 

Johanna Magga for great and encouraging guidance during my long thesis project. 

I am truly happy that Risto accepted me to his newly formed research group to learn 

how to do basic research. Hiring me as a newly graduated MD for that position was 

brave and reveals Risto’s optimistic thinking which I highly appreciate among the 

other aspects of his guidance. Thank you Risto for giving me this opportunity. 

Johanna, thank you for being inspiring and instructive in both research and teaching; 

I have learned so much from you in and outside of the laboratory. I also want to 

express my gratitude to Prof. Heikki Ruskoaho who initially invited me to join the 

cardiac research group when I was enquiring about the possibility to do research.  

I wish to thank the head of the department, Prof. Jukka Hakkola for creating a 

welcoming and warm atmosphere. I also thank Prof. Miia Turpeinen, Prof. 

Emeritus Olavi Pelkonen, Prof. Jaana Rysä and Dr. Päivi Myllynen for being 

inspirational examples of good teaching and research in the department. I thank my 

official referees Prof. Anne Roivainen and Prof. Håvard Attramadal for academic 

revision and constructive comments for my thesis and Dr. Deborah Kaska for the 

careful language revision. I thank my follow-up group Dr. André Juffer, Dr. Antti 

Nissinen and Dr. Steffen Ohlmeier. 

I want to thank Leena Kaikkonen and Elina Koivisto for teaching me the art of 

culturing neonatal cardiomyocytes in the very beginning of my research carrier. 

Your joyful and positive attitude in the lab was very encouraging. Thank you Ábel 

Perjés for sharing your expertize of the heart perfusion model in my first project. I 

sincerely thank Sini Kinnunen who helped me to generate viral vectors, your 

skillfulness is amazing. Saija Taponen did a huge amount of cell culture for my 

third project during my maternity leaves and I am very thankful for that. Zoltán 

Szabó has been an irreplaceable specialist in the animal laboratory and contributed 

greatly especially for my second project. He is one of the kindest and most 

trustworth colleagues I know. I also wish to thank all the people in the department 



10 

that helped me in very concrete ways: Pirkko Viitala, Esa Kerttula, Marja Arbelius, 

Sirpa Rutanen, Kirsi Salo, Kati Lampinen, Kaisa Penttilä, Marja Räinä and Raija 

Hanni. Without your help I would probably still be doing my experiments. 

Especially Sirpa’s advice was fundamental when I was familiarizing myself in the 

animal laboratory. I wish to thank my other co-authors for their valuable 

contributions to my projects: Ruizhu Lin, Tarja Alakoski, Johanna Ulvila, Raisa 

Yrjölä, Eveliina Halmetoja, Niilo Ryti, Raisa Serpi, Jarkko Piuhola, István Szokodi, 

Walter J Koch, Erhe Gao, Juhani Junttila, Päivi Lakkisto and my co-authors from 

FibroGen Inc.; Shaun D. Fouse, Todd W. Seeley, Pierre Signore and Kenneth E. 

Lipson. Especially Erhe Gao’s expertize and teaching in surgery techniques was 

essential. I am also grateful to the people of the Oulu Laboratory Animal Center for 

collaboration and for all the help they provided me in my studies. 

I have had the privilege of meeting large number of talented people since my 

project has lasted such a long time. Former and present members of the cardiac 

research group and other researchers of the “farmis” deserve special thanks for 

collaboration but also for peer support and company during lunch breaks, 

conference and other journeys, parties, board game nights and so on. These 

moments have preserved the joy of the work even though the research projects 

themselves have been challenging at times. Thank you Leena, Elina, Tarja, Raisa, 

Ábel, Zoltan Eveliina, Ruizhu, Saija, Manar Elmadani, Lea Rahtu-Korpela, Julia 

Swan, Teemu Kilpiö, Pirjo Åström, Sami Raatikainen, Alicia Jurado Acosta, 

Annina Kelloniemi, Pauli Ohukainen, Marja Tölli, Virva Pohjolainen, Erja 

Mustonen, Jani Aro, Anna-Maria Tolonen, Tuomas Peltonen, Anne-Mari Moilanen, 

Anna-Maria Kubin, Maria Kummu, Elina Sieppi, Mari Aatsinki and Fatemeh 

Hassani. 

Outside the work I wish to thank Päivi, Karoliina, Elina and Tiina for long and 

indispensable friendships which I highly value. Most deeply I am grateful for my 

parents, siblings Kaisu and Juho and his family, my grandparents and family-in-

law for all the support they have given me. My mother Eeva-Liisa and father Vesa 

have been the greatest support during my whole life and also in this project; they 

have always helped me in every way they can. 

Finally, most dearly I want to thank my husband Matti and my children Vilma, 

Emma and Lauri for enabling me to finalize this project. Thank you Matti for 

sharing your whole life with me. Vilma, Emma and Lauri, thank you for being the 

joy of my life. 

Oulu, March 2021 Laura Vainio 



11 

List of abbreviations 

ACEI(s) Angiotensin-converting enzyme inhibitor(s) 

ANP Atrial natriuretic peptide 

AP Angina pectoris 

Apaf-1 Apoptotic protease activating factor 1 

ARB(s) Angiotensin II receptor blocker(s)/antagonist(s) 

ARVM Adult rat ventricular cardiomyocytes 

ATII Angiotensin II 

αSMA α smooth muscle actin 

BAK BCL-2 antagonist/killer 

BAX BCL-2-associated X protein 

BB(s) Beta-blocker(s) 

BCL-2 B-cell lymphoma 2 

BCL-xL  BCL-2-like-1 long form 

BNP B-type natriuretic peptide 

CAD Coronary artery disease 

CABG Coronary artery bypass grafting 

CCB(s) Calcium channel blockers 

cIAP1/2 Cellular inhibitor of apoptosis 1/2 

CTGF Connective tissue growth factor 

CVD Cardiovascular disease(s) 

ECG Electrocardiogram 

ECM Extracellular matrix 

EF Ejection fraction 

ER Endoplasmic reticulum 

ET-1 Endothelin-1 

FADD Fas-associated death domain 

GSK3β Glycogen synthase kinase 3β 

HF Heart failure 

IGF-1 Insulin-like growth factor 1 

IgG Immunoglobulin G 

IL Interleukin 

IMM Inner mitochondrial membrane 

IPC ischemic preconditioning 

I/R Ischemia-reperfusion 

JNK c-jun N-terminal kinase 



12 

LAD Left anterior descending artery 

LOX Lysyl-oxidase 

LV left ventricle 

mAb Monoclonal antibody 

MI Myocardial infarction 

MLKL Mixed lineage kinase domain-like protein 

MMP Matrix metalloproteinase 

MOMP Mitochondrial outer membrane permeabilization 

mPTP Mitochondrial permeability transition pore 

MRA Mineralocorticoid/aldosterone receptor antagonist 

mTOR Mammalian target of rapamycin 

NRVM Neonatal rat ventricular cardiomyocytes 

NST Neuronostatin 

OMM Outer mitochondrial membrane 

PCI Percutaneous coronary intervention 

PCSK9 Proprotein convertase subtilisin kexin 9 

PE Phenylephrine 

PI3K Phosphoinositide 3-kinase 

POC Postconditioning 

p38 MAPK p38 mitogen activated protein kinase 

RAAS Renin-angiotensin-aldosterone system 

RIC Remote ischemic conditioning 

RIPC Remote ischemic preconditioning 

RIPK Receptor interacting protein kinase 

RISK Reperfusion injury salvage kinase pathway 

ROS Reactive oxygen species 

SAFE Survivor activating factor enhancement pathway 

STAT3  Signal transducer and activator of transcription 3 

STEMI ST elevation myocardial infarction 

TAC Transverse aortic constriction 

TAK TGFβ-activated kinase 1 

Tg Transgenic 

TGFβ Transforming growth factor β 

TIMP Tissue inhibitor of metalloprotease 

TNF-a Tumor necrosis factor alpha 

TNFR1 Tumor necrosis factor receptor 1 

TRADD TNFR1-associated death domain protein 



13 

TRAF2 TFR receptor-associated factor 2 

TTC Triphenyltetrazolium chloride 

TUNEL Terminal deoxynucleotidyl transferase-mediated dUTP 

(deoxyuridine triphosphate) nick end labeling 

WT Wild type 

 
  



14 

 



15 

List of original articles  

This thesis is based on the following publications, which are referred to throughout 

the text by their Roman numerals:  

I  Vainio, L., Perjes, A., Ryti, N., Magga, J., Alakoski, T., Serpi, R., Kaikkonen, L., 
Piuhola, J., Szokodi, I., Ruskoaho, H., & Kerkela, R. (2012). Neuronostatin, a novel 
peptide encoded by somatostatin gene, regulates cardiac contractile function and 
cardiomyocyte survival. The Journal of Biological Chemistry, 287(7), 4572–4580. 
doi:10.1074/jbc.M111.289215 

II  Vainio L. E., Szabó, Z., Lin, R., Ulvila, J., Yrjölä, R., Alakoski, T., Piuhola, J., Koch, 
W., Ruskoaho, H., Fouse, S., Seeley, T., Gao, E., Signore, P., Lipson, K. E., Magga, J., 
& Kerkelä, R. (2019). Connective tissue growth factor inhibition enhances cardiac 
repair and limits fibrosis after myocardial infarction. JACC. Basic to Translational 
Science, 4(1):83-94. doi:10.1016/j.jacbts.2018.10.007 

III  Vainio, L.*, Taponen, S.*, Kinnunen, S., Halmetoja, E., Szabó, Z., Alakoski, T., Ulvila, 
J., Junttila, J., Lakkisto, P., Magga, J., & Kerkelä, R. GSK3β serine 389 phosphorylation 
modulates cardiomyocyte hypertrophy and ischemic injury. Manuscript. 

*Equal contribution.  

Personal contributions of the author 

I: The author participated in study design, performed neonatal and adult 

cardiomyocyte cell cultures experiments, cell viability assays, protein extractions 

and Western blot analysis, protein synthesis measurements and significantly 

contributed to statistical analysis and preparation of the manuscript. 

II: The author participated in study design, carried out operations of mouse 

myocardial infarction and ischemia/reperfusion models, antibody treatment of 

animals, processing of the samples, determination of area at risk and infarct sizes, 

histological analysis, participated in quantitative PCR analysis, protein extractions 

and Western blot analysis, and significantly contributed to statistical analysis and 

preparation of the manuscript. 

III The author participated in study design, prepared the recombinant adenoviral 

vectors, participated in neonatal and adult cardiomyocyte cultures and experiments, 

cell viability assays, Western blot analysis, protein synthesis measurements, 

performed statistical analysis and significantly contributed to preparation of the 

manuscript. 



16 

  



17 

Contents 

Abstract 

Tiivistelmä 

Acknowledgements 9 

List of abbreviations 11 

List of original articles 15 

Contents 17 

1  Introduction 21 

2  Review of the literature 25 

2.1  Cardiovascular diseases .......................................................................... 25 

2.2  Coronary heart/artery disease .................................................................. 25 

2.2.1  Myocardial infarction ................................................................... 26 

2.3  Heart failure ............................................................................................ 30 

2.4  From myocardial ischemia to heart failure - Remodeling of the 

heart......................................................................................................... 32 

2.4.1  Hypertrophy .................................................................................. 33 

2.4.2  Ventricular remodeling and infarct repair after myocardial 

infarction ...................................................................................... 35 

2.4.3  Fibrosis in heart ............................................................................ 37 

2.4.4  Reverse remodeling ...................................................................... 41 

2.5  Cell death ................................................................................................ 41 

2.5.1  Types of cell death ........................................................................ 43 

2.6  Myocardial cell death .............................................................................. 52 

2.6.1  Cell death in myocardial infarction and ischemia-

reperfusion injury ......................................................................... 52 

2.6.2  Cell death in heart failure ............................................................. 55 

2.7  Molecular mechanisms involved in cardioprotection and 

development of heart failure ................................................................... 56 

2.7.1  Mitogen-activated protein kinases (MAPK) ................................. 57 

2.7.2  AKT – GSK3 ................................................................................ 62 

2.7.3  Neuronostatin ............................................................................... 68 

2.7.4  Connective tissue growth factor ................................................... 69 

3  Aims of the research 75 

4  Materials and methods 77 

4.1  Cell culture .............................................................................................. 77 



18 

4.1.1  Isolation and culture of neonatal rat cardiomyocytes (I, 

III) ................................................................................................. 77 

4.1.2  Isolation and culture of adult rat cardiomyocytes (III) ................. 77 

4.1.3  Isolation and culture of adult mouse cardiomyocytes (I).............. 78 

4.1.4  Cell culture experiments (I) .......................................................... 78 

4.1.5  Cell culture experiments (III) ....................................................... 79 

4.1.6  Cell viability assays ...................................................................... 81 

4.1.7  Protein synthesis (I, III) ................................................................ 81 

4.1.8  Mitochondrial membrane potential assay (III) ............................. 81 

4.2  Mouse models ......................................................................................... 82 

4.2.1  Permanent ischemia model (II) ..................................................... 82 

4.2.2  Ischemia-reperfusion model (II) ................................................... 83 

4.2.3  CTGF monoclonal antibody treatment protocol (II) ..................... 83 

4.2.4  Hemodynamic pressure overload model (III) ............................... 84 

4.2.5  Echocardiography (II) ................................................................... 84 

4.2.6  Processing of the samples (II) ...................................................... 84 

4.2.7  Determination of area at risk and infarct size (II) ......................... 85 

4.2.8  Immunohistochemistry (I, II) ....................................................... 85 

4.2.9  Determination of expansion index (II) ......................................... 86 

4.3  Isolated perfused rat heart preparation (I) ............................................... 86 

4.4  Human samples (III) ............................................................................... 87 

4.5  Isolation and analysis of RNA with quantitative PCR (II) ...................... 87 

4.6  Protein extraction and Western blot analysis (I, II, III) ........................... 88 

4.7  RNA sequencing analysis (II) ................................................................. 92 

4.8  Statistical analysis (I, II, III) .................................................................... 92 

5  Results and discussion 93 

5.1  Neuronostatin regulates cardiac contractile function and 

cardiomyocyte survival (I) ...................................................................... 93 

5.1.1  Neuronostatin regulates cardiac contractility ............................... 93 

5.1.2  Neuronostatin contributes to cell viability .................................... 94 

5.1.3  Neuronostatin regulates protein synthesis .................................... 97 

5.2  Connective tissue growth factor inhibition enhances cardiac 

repair and limits fibrosis after myocardial infarction (II) ........................ 98 

5.2.1  Antagonizing CTGF in I/R model has no effect on 

apoptosis ....................................................................................... 99 

5.2.2  Antagonizing CTGF in the repair phase of myocardial 

infarction improves survival ....................................................... 100 



19 

5.2.3  Antagonizing CTGF in cardiac remodeling reduces 

fibrosis ........................................................................................ 101 

5.2.4  Phosphorylation of JNK increases in fibroblasts treated 

with CTGF mAb ......................................................................... 104 

5.3  GSK3β serine 389 phosphorylation modulates cardiomyocyte 

hypertrophy and ischemic injury (III) ................................................... 105 

5.3.1  Phosphorylation of GSK3β S389 is increased in diseased 

human and rodent hearts ............................................................. 106 

5.3.2  GSK3β S389 regulates cardiomyocyte viability......................... 107 

5.3.3  GSK3β S389 phosphorylation regulates the hypertrophic 

response ...................................................................................... 108 

5.3.4  GSK3β S389 regulates the mTOR-p70S6K pathway ................. 110 

5.4  Limitations and advantages of this study .............................................. 112 

5.4.1  Limitations.................................................................................. 112 

5.4.2  Advantages ................................................................................. 114 

6  Conclusions 115 

6.1  Neuronostatin ........................................................................................ 115 

6.2  Connective tissue growth factor ............................................................ 115 

6.3  GSK3β .................................................................................................. 116 

References 117 

Original articles 157 

 
  



20 

 



21 

1 Introduction 

The role of the heart is to maintain sufficient blood perfusion and nourishment of 

all the organs in the body. This is important not only in normal, but also in stress 

conditions. If preload or afterload is increased due to exercise or cardiac disease, 

the heart needs to accommodate its function. First this leads to enlargement of 

cardiomyocytes and the heart, which is called cardiac hypertrophy. If the reason for 

the stress is benign, such as exercise, it is reversible. Persistent stress caused by for 

example high blood pressure, leads to non-reversible hypertrophy and other 

maladaptive changes in the heart, also at the cellular level. A few of these changes 

are increase in the extracellular matrix (ECM) of the myocardium i.e. additional 

fibrosis and cardiomyocyte death. These changes are referred to as remodeling of 

the heart. At first this remodeling is adaptive, as it serves to maintain circulation, 

but under prolonged pathological conditions, changes in the heart are maladaptive 

and finally lead to heart failure (HF). Pathologic cardiac hypertrophy is the 

strongest predictor of arrhythmia, HF and sudden cardiac death (Nakamura & 

Sadoshima, 2018; van Berlo, Maillet, & Molkentin, 2013).  

Acute HF is a rapid worsening of cardiac function for various reasons (Metra 

et al., 2010). It can be the first sign of chronic HF or worsening, i.e. decompensating 

chronic HF. In the acute phase these patients need intensive care treatment. In this 

thesis I focus on the mechanisms of chronic HF. 

Myocardial infarction (MI) is the most common cause of HF. Infarct size is 

strongly associated with prognosis of these patients, large infarct predicting higher 

all-cause mortality and hospitalization for HF (Heusch, 2020; Stone et al., 2016). 

Percutaneous coronary intervention (PCI) is the primary therapeutic action that 

salvages injured myocardium, but also results in reperfusion injury that is due to 

burst of oxidative stress and microvascular obstruction. These changes also 

contribute to cardiomyocyte death. There are many steps where new treatment 

strategies could be targeted; early salvage, minimizing reperfusion damage and 

inhibition of maladaptive remodeling including constant cardiomyocyte death. 

Cardioprotection by different methods seeks to prevent, attenuate and repair 

myocardial injury, especially acute mechanisms of ischemia-reperfusion injury, but 

also chronic mechanisms of pathological remodeling in the long term (Cahill, 

Choudhury, & Riley, 2017; Heusch, 2020; Kubler & Haass, 1996). 

The term cardioprotection was defined by Kubler and Haass in the mid 1990s. 

They specified that cardioprotection includes "all mechanisms and means that 

contribute to the preservation of the heart by reducing or even preventing 
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myocardial damage" (Kubler & Haass, 1996). Actually, this term has a dual 

meaning. On one hand it refers to protection from acute MI and reperfusion damage, 

and on the other hand it has a broader meaning of long term protection of an 

ischemic, hypertensive and failing heart or a heart damaged by antineoplastic 

therapies (Simko & Adamcova, 2018). 

Cardioprotection also means the ability of cardiac muscle to protect itself 

against injury. This protection is mediated by certain signaling pathways and can 

provide protection from various stresses such as ischemia-reperfusion or other 

types of metabolic stresses (Jovanovic, 2018). In ischemia/reperfusion (I/R) injury 

targeted cardioprotection, the strategies have been designed to either activate these 

specific endogenous cardioprotective pathways or inhibit cell death pathways 

(Hausenloy et al., 2017). So far, targeting these pathways in clinical trials has not 

been successful and new approaches and more detailed and well-planned research 

is needed. 

Cellular death in cardiovascular diseases has been intensively studied in acute 

MI. Both necrosis and apoptosis probably have a role in it. I/R injury studies first 

focused on cell death pathways and how to inhibit them to reduce infarct size. Later 

also cardioprotective pathways have been shown to contribute in I/R injury. 

Activating these pathways would be another option to reduce infarct size. Probably 

the best results would be gained using multiple strategies and targeting multiple 

pathways at the moment of reperfusion (Rossello & Yellon, 2017). 

There are multiple drug agents that are currently in use for chronic 

cardioprotection and they enhance the prognosis of patients with cardiovascular 

diseases. In large clinical trials it has been shown that antiaggregation and 

anticoagulatory therapy, angiotensin converting enzyme inhibitors (ACEIs), 

angiotensin II type 1 receptor blockers (ARBs), beta-blockers (BBs), statins, 

ezetimibe, proprotein convertase subtilisin kexin 9 (PCSK9) inhibitors and 

mineralocorticoid receptor antagonists (MRAs) are cardioprotective in chronic use. 

Currently they are, in different combinations, the foundation for the treatment of, 

for example, hypertension, coronary artery disease (CAD) and HF.  In addition to 

these, there are compounds that have quite recently been shown to be beneficial in 

cardioprotection. Neprilysin is an endopeptidase that degrades endogenous 

vasoactive peptides like natriuretic peptides, bradykinin and adrenomedullin. 

Inhibition of neprilysin has been shown to reduce the risk of death and 

hospitalization for HF (J. J. McMurray et al., 2014). Drugs for diabetes, glucagon-

like peptide 1 receptor agonist (GLP-1RA) and sodium-glucose cotransporter 2 

inhibitor (SGLT2i), have been shown to be cardioprotective and improve the long 
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term prognosis of these patients (Brown & Everett, 2019). SGLT2i dapagliflozin 

has been shown to be beneficial also in patients with HF but without diabetes (J. J. 

V. McMurray et al., 2019; Petrie et al., 2020). Metformin has cardioprotective 

effects via activation of the reperfusion injury salvage kinase pathway (RISK) and 

preventing mitochondrial permeability transition pore (mPTP) opening in acute I/R 

injury, but it is also beneficial in chronic treatment preventing cardiovascular 

manifestations (Driver et al., 2018; Fung, Wan, Wong, Jiao, & Chan, 2015). 

Pirfenidone, a drug for idiopathic pulmonary fibrosis has been shown to be 

cardioprotective in preclinical studies of chronic cardiomyopathy and MI models 

(Aimo et al., 2020). Other promising agents are native apelin and adrenomedullin 

that have been shown to be cardioprotective in a wide range of cardiac pathologies 

in preclinical data, but still lacks clinical results (Tsuruda, Kato, Kuwasako, & 

Kitamura, 2019; Ureche et al., 2019). Volatile anesthetics have been shown to 

reduce the degree of ischemia and reperfusion injury in patients undergoing through 

cardiac surgery, but they also have undesirable hemodynamic effects (Van Allen et 

al., 2012). Studies with erythropoietin gave disappointing results as it was 

intensively studied in MI patients treated with PCI, but has not been shown to be 

beneficial (Ali-Hassan-Sayegh et al., 2015). The endothelin (ET) type A and type 

B receptor antagonist bosentan, an FDA (the United States Food and Drug 

Administration) approved drug for pulmonary arterial hypertension, has shown 

some encouraging results in preclinical studies, for example in an I/R model (A. D. 

Singh, Amit, Kumar, Rajan, & Mukesh, 2006) and a doxorubicin induced 

cardiomyopathy model (Schwebe et al., 2015), but failed to show any benefit in a 

clinical trial of HF patients (Packer et al., 2017). These are only a few examples of 

the ongoing research in the field of cardioprotection. 

Current cardioprotective therapies have also enhanced the prognosis of HF 

patients, but there are still many problems to resolve. Not all the patients with 

reduced ejection fraction (EF) respond to the present therapies with shown efficacy. 

Current treatments of HF with reduced EF only have limited efficacy, or no efficacy, 

in patients with HF with preserved EF. In addition, LV remodeling is a highly 

complex process with multiple molecular and cellular changes that likely cannot be 

repaired by a single targeting molecule. Understanding the signaling mechanisms 

involved in the pathophysiology of cardiac remodeling and HF is needed to develop 

novel therapies for the disease (Burchfield, Xie, & Hill, 2013). 

This thesis investigates three factors, neuronostatin (NST), connective tissue 

growth factor (CTGF), and glycogen synthase kinase 3β (GSK3β) and their 

contribution to cardiomyocyte survival, hypertrophic response and fibrotic 
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response of cardiac remodeling. This knowledge may eventually lead to 

development of targeted therapies to decrease and prevent cardiac injury. 
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2 Review of the literature  

2.1 Cardiovascular diseases 

Cardiovascular diseases (CVD) are the leading cause of death in the world (GBD 

2019 Diseases and Injuries Collaborators, 2020). These diseases include coronary 

heart disease comprising MI and angina pectoris, cardiomyopathies, heart failure, 

valvular disease, peripheral artery disease, rhythm disorders, congenital heart 

disease and strokes of all kind (Mozaffarian et al., 2016). Health risk factors for 

CVD are high blood pressure, high cholesterol and other dyslipidemias, chronic 

kidney disease, type 1 and type 2 diabetes mellitus, metabolic syndrome and also 

genetics play a role. Behavioral risk factors for CVD are smoking, physical 

inactivity, obesity and unhealthy diet. These behavioral risk factors promote 

atherosclerosis that is the underlying cause of the majority of CVD events. In 

Europe, over 4 million deaths, almost half of all deaths per year, are due to CVD 

(Nichols, Townsend, Scarborough, & Rayner, 2014).  In many countries they cause 

twice as many deaths as cancer but in some countries this has been reversed since 

CVD deaths have also been declining slowly in most European countries. In 

Finland in 2018, 35% of deaths were caused by cardiovascular disease (Suomen 

virallinen tilasto (SVT), 2018). Cancer was in second place causing 24% of deaths. 

One fifth of all the deaths was caused by ischemic heart disease. In the working-

age (15-64 years) population in Finland cancer is already the more common cause 

of death, 30% vs. 22% cardiovascular deaths, but in working age men, 

cardiovascular causes of death still dominate with 25% vs. 24% in cancer deaths. 

2.2 Coronary heart/artery disease  

According to the American Heart Association (AHA), coronary heart disease (ICD-

10 codes I20–I25) includes acute MI (I21–I22), other acute ischemic (coronary) 

heart disease (I24), angina pectoris (I20), atherosclerotic cardiovascular disease 

(I25.0), and all other forms of chronic ischemic (coronary) heart disease (I25.1–

I25.9) (Mozaffarian et al., 2016).  

According to the European Society of Cardiology (ESC), CAD is a 

pathological process where atherosclerotic plaques accumulate in the epicardial 

arteries of the heart. These plaques can be non-obstructive or obstructive resulting 

hypoxia or ischemia in the myocardium and leading to clinical symptoms like chest 
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discomfort. CAD is a chronic, dynamic, usually progressive process that can be 

either stable and symptomless or unstable because of plaque rupture or erosion 

leading to acute coronary syndrome (ACS), or something in between these 

extremes. Chronic coronary syndromes (CCS) include a variety of clinical 

scenarios and these scenarios have different risks of developing ACS. These risks 

can be modified by lifestyle changes, medical therapy and revascularization 

(Knuuti et al., 2020). 

In addition to lifestyle changes, medical therapy is needed in the treatment of 

CCS. Medical therapy targets prevention of acute thrombotic events and the 

development of ventricular dysfunction. Basically, anti-ischemic and event 

preventive treatments are used. Anti-ischemic treatment consists of nitrates, BBs, 

calcium channel blockers (CCBs) in the first line. Event prevention in the first line 

consists of antiplatelet drugs like low-dose aspirin or clopidogrel, lipid lowering 

agents like statins and renin-angiotensin-aldosterone system (RAAS) blockers like 

ACEIs and ARBs. Revascularization with PCI or coronary artery bypass grafting 

(CABG) can also be used in CCS as an adjunct to medical therapy when needed 

(Knuuti et al., 2020). 

2.2.1 Myocardial infarction 

Acute coronary syndrome ACS is an umbrella term for all the cardiac situations 

where the blood supply of the cardiac muscle is suddenly blocked for some reason. 

These events are MI with ST-segment elevation (STEMI), MI without ST-elevation 

and angina pectoris (AP). In my thesis I will mostly concentrate on MI.  

MI is usually caused by prolonged ischemia, that leads to depletion of oxygen, 

nutrients, and survival factors. It usually develops when the coronary artery is 

occluded by ruptured atherosclerotic plaque thrombus (Libby & Theroux, 2005). 

This occlusion results in MI and is characterized by cardiomyocyte necrosis.  

MI is diagnosed by changes in the electrocardiogram (ECG) and elevation of 

the cardiac biomarker, high-sensitivity cardiac troponin. Total occlusion of the 

coronary artery usually leading to transmural MI can be seen as ST-segment 

elevation in an ECG and is called STEMI. Cardiac troponin is also increased. The 

incidence of STEMIs have been decreasing after the year 2000, while the incidence 

of non-ST -elevation MI has been quite constant, at least in Western countries (Yeh 

et al., 2010). In non-STEMI the persistent ST-elevations are not seen in ECG, but 

more variable changes like transient ST-elevations, persistent or transient ST-

depressions, T-wave abnormalities or even normal ECG are detected. The reason 
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for non-STEMI can also be more variable; subtotal obstructive thrombus, flow-

limiting stable plaque, vasospasm, coronary embolism, coronary arteritis and also 

cardiac contusion, myocarditis or cardiotoxic substances (Basit, Malik, & Huecker, 

2020). In non-STEMI, obstruction might be somewhat dynamic and some 

reperfusion might occur and instead of being transmural in STEMI, the injury is 

more often subendocardial. In a clinical setting it can be differentiated from AP by 

evaluation of troponin, since troponin is increased in non-STEMI, but not in AP. 

(Roffi et al., 2016; Task Force on the management of ST-segment elevation acute 

myocardial infarction of the European Society of Cardiology (ESC) et al., 2012) 

Patients with symptoms and findings of MI should be treated rapidly to limit 

the cardiomyocyte injury and death, while in AP there is no cell loss. Treatment 

includes pharmacological anti-ischemic therapy that decreases myocardial oxygen 

demand or increases myocardial oxygen supply, such as BBs and nitrates. Most 

importantly the patient needs reperfusion therapy to restore coronary flow and 

reperfuse myocardial tissue, because this limits the infarct size. Reperfusion can be 

managed either by pharmacological thrombolysis or mechanical PCI which 

consists of coronary angiography and revascularization or open surgery CABG. 

The eventual size of the infarct scar largely determines the subsequent cardiac 

dysfunction, heart failure and mortality. (Roffi et al., 2016; Task Force on the 

management of ST-segment elevation acute myocardial infarction of the European 

Society of Cardiology (ESC) et al., 2012) 

Ischemia-reperfusion injury  

Paradoxally, when the occluded coronary artery is opened by PCI, CABG or 

thrombolysis, and reperfusion occurs, this also damages the myocardium. 

Manifestations of myocardial reperfusion injury are ventricular arrhythmias, 

myocardial stunning, microvascular obstruction and lethal myocardial reperfusion 

injury (Hausenloy & Yellon, 2016). There are numerous changes in myocardium 

following ischemia and reperfusion that induce these unwanted actions. For 

example, myocardial stunning, a reversible contractile dysfunction, is thought to be 

a consequence of oxidative stress and intracellular calcium overload in 

cardiomyocytes. Microvascular obstruction again is probably due to capillary 

damage with impaired capillary dilatation, cardiomyocyte swelling, 

microembolization of friable material released from the atherosclerotic plaque, 

platelet microthrombi, and neutrophil plugging (Hausenloy, Chilian et al., 2019). It 

has been shown that after hypoxic conditions due to an occluded artery, some 
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cardiomyocytes are reversibly injured, but the lethal myocardial reperfusion injury 

is actually the final cause of their death. These cells die via apoptotic, necrotic, 

necroptotic and autophagy mechanisms (Kalogeris, Baines, Krenz, & Korthuis, 

2012). Half of the size of the infarction is probably due to lethal reperfusion injury 

(Hausenloy & Yellon, 2016). It has been suggested that any cardioprotective 

strategy applied in early reperfusion should target these known mediators of lethal 

reperfusion injury; cellular and mitochondrial Ca2+ overload, a burst of oxidative 

stress, endothelial dysfunction and reduced nitric oxide (NO) production 

(Hausenloy, Tsang, & Yellon, 2005). 

Ischemic pre- and postconditioning and remote ischemic conditioning 

The phenomenon of ischemic preconditioning (IPC) was described already over 30 

years ago by Murry and colleagues (Murry, Jennings, & Reimer, 1986). They found 

in a dog model, that short episodes of ischemia and reperfusion of the circumflex 

artery, before 40min of ischemia of the same artery followed by 4 days reperfusion, 

reduced infarct size. The efficacy has also been proved in many other animal studies 

and the most efficient effect was observed when IPC was applied < 45 minutes 

before MI in 2-3 cycles (Wever et al., 2015).    

It has also been shown that ischemia-reperfusion of peripheral tissue protects 

the heart from ischemic conditions.The idea of remote ischemic preconditioning 

(RIPC) was introduced to the public for the first time in 1993. Dogs went through 

a series of repetitive ischemia-reperfusions of the circumflex artery before one hour 

sustained occlusion of the left anterior descending artery (LAD), followed by 4.5 

hours reperfusion. Here it has been shown that also remote conditioning could 

reduce infarct size (Przyklenk, Bauer, Ovize, Kloner, & Whittaker, 1993). A few 

years later it was proved that also remote ischemia-reperfusion from a totally 

different organ was beneficial. 15 minutes ischemia of the mesenteric artery 

occlusion followed by 10 minutes reperfusion and 60 minutes coronary artery 

occlusion could reduce infarct size (Gho, Schoemaker, van den Doel, Duncker, & 

Verdouw, 1996). A recent review concluded that RIPC has been effective in many 

in vivo models (Bromage et al., 2016). In clinical settings, the results have not been 

that encouraging in all situations; in two major clinical studies where RIPC was 

used on patients going through CABG, beneficial effects were not seen (Hausenloy 

et al., 2015; Meybohm et al., 2015). The reasons for this are not clear but it is 

suspected that, for example, propofol that was used as an anesthetic, has obscured 

the effect of RIPC. Also comorbidities may have been confounding factors and 
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simply the fact that not enough is known about the mechanisms of RIPC; one 

procedure is probably not suitable in all situations (Garratt, Whittaker, & Przyklenk, 

2016). On the other hand, in the studies in which RIPC was used for patients that 

went through elective invasive coronary procedures without any anesthetics, RIPC-

treated patients had lower releases of ischemic markers and also prognostic benefits 

were verified (Davies et al., 2013; Hausenloy et al., 2016). There are also studies 

where remote ischemic conditioning (RIC) has been used in acute ischemia, during 

evolving MI before PCI. This is called perconditioning as it is initiated and 

terminated during ischemic period. These studies have shown the beneficial effects 

of ischemic perconditioning, e.g., ST-segment resolution and lower biomarker 

release and also a reduction in major adverse cardiac and cerebral events were seen 

(Hausenloy et al., 2016; Sloth et al., 2014). On the other hand, there was no 

improvement in clinical outcomes in a large clinical trial of patients treated with 

RIC going through primary PCI (Hausenloy, Kharbanda et al., 2019). The treatment 

did not show any efficacy in reducing cardiac death or hospitalization for heart 

failure. 

Because of the unpredictable nature of acute MI, preconditioning is not 

possible to put into practice, and also some other approaches have been developed. 

One of them is the aforementioned ischemic perconditioning. Another is ischemic 

postconditioning (POC) which was first successfully reported by the group of 

Vinten-Johansen in 2003. They used three times 30 seconds repetitive ischemia 

during early reperfusion of LAD in dogs. They demonstrated that POC was as 

effective reducing infarct size as IPC. (Zhao et al., 2003) The protective window of 

POC is short and it should be started right at or before the onset of reperfusion 

(Hausenloy et al., 2016). In clinical studies mostly positive results have been 

observed, but not in every study (Hausenloy et al., 2016; Staat et al., 2005). 

As described above, conditioning at least in animal models is a powerful tool 

to prevent cell death resulting from lethal reperfusion-induced injury and to reduce 

infarct size. On the other hand, in clinical studies beneficial effects are seen in some 

settings and not in others. The beneficial effects of conditioning are suppressed in 

patients with comorbidities such as hypercholesterolemia, hyperglycemia, 

hypertension, cardiac hypertrophy, aging and obesity (Balakumar, Singh, Singh, & 

Anand-Srivastava, 2009). That is why it is also important to try to understand the 

signaling pathways underlying this phenomenon. By affecting those factors directly, 

cardioprotection could be implemented without disadvantages of I/R (Heusch, 

2015). 
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2.3 Heart failure  

Chronic heart failure (HF) itself is not an individual, separate disease. Rather, HF 

is the final outcome of a variety of cardiovascular diseases, such as hypertension, 

myocardial ischemia or infarction, volume overload due to valve disease, or 

inherited and acquired cardiomyopathies (Hilfiker-Kleiner, Landmesser, & Drexler, 

2006). One example of an acquired cardiomyopathy is cardiac damage caused by 

chemotherapy, especially anthracyclines. The use of these cardiotoxic mediators 

can lead to irreversible HF (Volkova & Russell 2011).  

The prevalence of angina pectoris and incidence of acute MI have decreased 

during the years 1990-2010, but the prevalence of ischemic cardiac disease and 

ischemic HF have increased (Moran et al., 2014). Improved treatment strategies for 

CAD and MI have saved lives but these patients are at a high risk to develop HF 

(Ponikowski et al., 2014). There are 26 million people in the world living with HF, 

and with the aging population, this number will grow (Savarese & Lund, 2017). 

The Western-type lifestyle has spread around the world so HF has a remarkable 

role in every continent in morbidity and mortality of people, although there are 

some geographical variations. Survival of the HF patients has improved because of 

the treatments and diagnostics but is still quite poor since 50% of the diagnosed 

patients die within 5 years (Yancy et al., 2013). 

According to the ESC, HF is caused by structural and/or functional cardiac 

abnormality which leads to reduced cardiac output and/or elevated intracardiac 

pressures at rest or during stress. When HF has progressed long enough, the typical 

symptoms are breathlessness, ankle swelling and fatigue, and clinical findings 

include elevated jugular venous pressure, pulmonary crackles and peripheral edema. 

Patients with milder cardiac dysfunctions should be recognized before these 

obvious symptoms to get the best treatment results (Ponikowski et al., 2016). 

In addition to symptoms and findings, usually plasma concentrations of 

natriuretic peptides (Ewald, Ewald, Thakkinstian, & Attia, 2008; Maisel et al., 

2008), ECG (Davie et al., 1996) and echocardiography (Gimelli et al., 2014) should 

be investigated in the patient with suspected HF. Elevated natriuretic peptides, 

pathology in the ECG and aberrations in echocardiography, especially in cardiac 

function describing EF, confirm the diagnosis. 

Chronic HF patients can be divided in to three groups according to their LVEF 

that describes the percentage of left ventricle blood volume that is pumped into the 

circulation at one beat. Some HF patients (HF with preserved EF, HFpEF) might 

have a normal EF (EF≥50%). Some patients have HF with reduced EF (EF<40%) 
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(HFrEF), and patients with EF between these two are called HF with mid-range EF 

(HFmrEF). Especially in the past most of the large clinical trials included only 

patients with HFrEF, since HFpEF and HFmrEF were not well-known and are still 

poorly understood. Patients with HFpEF and HFmrEF are recognized with typical 

symptoms and signs and they also have elevated levels of natriuretic peptides and 

relevant structural heart disease or diastolic dysfunction. Diastolic dysfunction can 

be present in HFrEF but especially it is thought to be the underlying 

pathophysiological abnormality in patients with HFpEF and perhaps HFmrEF 

(Ponikowski et al., 2016).  

Patients are also divided in to NYHA functional classifications I-IV where a 

class I patient has no limitation in physical activity and a class IV patient is unable 

to carry on any physical activity without symptoms of HF, or presents symptoms 

of HF at rest. This classification has been criticized recently since it poorly 

discriminates among patients across the spectrum of functional impairment 

(Caraballo et al., 2019). 

Appropriate treatment of cardiac disorders preceding HF could delay or even 

prevent development of HF. But when the HF has developed, structural changes 

can not be fully reverted. There are pharmacotherapies that relieve the symptoms, 

improve survival and decrease hospitalization of the patients. The strongest 

evidence of the efficacy of these treatments is shown in the HFrEF. All the patients 

with symptomatic HFrEF should be treated with ACEi or ARB and BB. In addition, 

if the patient is still symptomatic, MRA should be added. Diuretics are also used to 

manage symptoms. If the patient is still symptomatic, ACEi/ARB could be replaced 

with angiotensin receptor neprilysin inhibitor (a combination of valsartan and 

sacubitril). In addition, the If-channel inhibitor ivabradine enhances the prognosis 

of the symptomatic patients with EF below 35% and heart rate over 70. If the 

patient is still not compensated, digoxin or vasodilators hydralazine and isosorbide 

dinitrate could be used. Treating patients with type 2 diabetes and HF with 

empagliflozin (an inhibitor of the sodium-glucose cotransporter 2) has been shown 

to result in improved outcomes. If pharmacotherapy is insufficient, cardiac 

resynchronization therapy, LV assist device (LVAD) or heart transplantation should 

be considered. In HF, statins, oral anticoagulants, antiplatelet therapies, or renin 

inhibitors are not beneficial or recommended and calcium channel blockers, 

especially cardiac specific, have been shown to be harmful (Ponikowski et al., 2016; 

Yancy et al., 2017). 

Some treatments are still not in wide clinical use. Sildenafil has been shown to 

be beneficial in chronic HFrEF (Braunwald, 2013). It improves exercise 
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performance, exercise oxygen uptake and diastolic function. In a pilot study of 

HFpEF patients with pulmonary hypertension, sildenafil improved exercise 

capacity, pulmonary hemodynamic parameters, and right ventricular function 

(Belyavskiy, Ovchinnikov, Potekhina, Ageev, & Edelmann, 2020). Cardiac 

progenitor and stem cell therapy have been studied intensively to replace the cell 

death, especially after myocardial injury and chronic ischemic heart disease. Some 

benefits are seen but there are many unanswered questions and future studies will 

show how these therapies could be used for HF patients (Chien et al., 2019). 

Probably the beneficial effects seen after cardiac cell therapy are due to an acute 

inflammatory-based wound-healing reaction that rejuvenates the infarcted area of 

the heart (Vagnozzi et al., 2020). Gene therapy is another promising treatment 

option. Some encouraging results have been achieved in the few clinical trials. For 

example plasmid endocardial injection of stromal cell-derived factor-1 resulted in 

subgroup analysis improvement in subjects with the lowest EFs and intracoronary 

delivery of adenovirus-5 encoding adenylyl cyclase 6 showed improvements in LV 

function with high doses (Penny & Hammond, 2017). 

2.4 From myocardial ischemia to heart failure - Remodeling of the 

heart 

Remodeling describes an orchestra of functional, structural, myocellular and 

interstitial changes that occur in the stressed heart (Fig. 1). Remodeling the heart 

reduces ventricular stress that is caused by changes in afterload (pressure load) or 

preload (volume overload) or myocardial injury. Following injury or stress to the 

myocardium, adaptive remodeling is needed to maintain the blood supply of the 

body. This is followed by increased diastolic and systolic wall stress, 

neurohormonal activation and baroreceptor unloading. These changes lead to 

altered gene expression which again promotes cardiomyocyte death, myocyte 

hypertrophic growth, increased interstitial fibrosis and also inflammation and 

vascular changes. Conventionally, electrophysiological and metabolic changes also 

occur. Minor cardiomyocyte hyperplasia might also occur, but it is insufficient to 

replace cell death. Most of the cardiomyocytes are terminally differentiated cells, 

and they respond to stress by growing, shrinking or dying. The longer the 

remodeling lasts, the more maladaptive it is. The chambers of the heart enlarge and 

the LV wall thickens. During the long remodeling period the left chamber of the 

heart transforms from elliptical to more spherical and dilated. Finally this leads to 

progressive pump failure, reduced functional capacity and increased mortality. 
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Usually in pathologic conditions remodeling is a precursor of HF (Burchfield et al., 

2013; Cohn, Ferrari, & Sharpe, 2000; Piek, de Boer, & Sillje, 2016; Saraon & Katz, 

2015). 

In this chapter I will focus on two key contributing cellular events; hypertrophy 

and fibrosis. Cardiac myocyte death is described in a subsequent chapter.  

 

Figure 1. Simplified representation of the actors involved in the pathophysiology of 

cardiac remodeling. ECM = extracellular matrix; MMP = matrix metalloproteinase; RAAS 

= renin-angiotensin-aldosterone system; ATII = angiotensin II, ET-1 = endothelin-1; ANP 

= atrial natriuretic peptide; BNP = B-type natriuretic peptide; TGFβ1 = transforming 

growth factor B1; ACE = angiotensin converting enzyme. Modified from Sutton et 

Sharpe 2000. Created with BioRender.com. 

2.4.1 Hypertrophy 

Hypertrophy is a response of the heart to either physiological or pathological 

cardiac stress that is described in a previous chapter. Cardiac wall stretch is 

regarded as the strongest stimulus for cardiomyocyte enlargement (i.e. hypertrophy) 

(Frey, Katus, Olson, & Hill, 2004; Sadoshima & Izumo, 1997). In addition to 
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mechanical stretch, cardiomyocytes respond to biological stimuli such as cytokines, 

growth factors, catecholamines, vasoactive peptides and hormones that are also 

secreted due to hemodynamic stress. Stress leading to cardiomyocyte hypertrophy 

activates transcriptional and posttranscriptional events, for example, fetal gene 

programming. This means activation of genes that are activated also in fetal 

development, such as atrial natriuretic peptide (ANP), B-type natriuretic peptide 

(BNP), myosin heavy chain, cardiac muscle β- isoform (MYHCβ; also known as 

myosin 7 or MYH7) and skeletal muscle α- actin (Nakamura & Sadoshima, 2018). 

There is no activation of fetal genes, or it is minimal, in physiological cardiac 

hypertrophy. As cells enlarge, the ventricular wall thickens. Initially, in the adaptive 

phase, this increases contractility, diminishes wall stress temporarily and decreases 

oxygen demand. Contractility is increased since sarcomere units are added in 

parallel (Frey et al., 2004). At some point as the stress persists, the heart cannot 

compensate anymore, changes start to be maladaptive and the heart fails and enters 

decompensation. Why and how this happens is crucial to understand in order to 

develop novel treatment strategies for HF. In preclinical studies it has been shown 

that preventing hypertrophic growth might be one efficient way to slow down the 

development of HF (Burchfield et al., 2013). 

Physiological hypertrophy develops, for example, during pregnancy or 

endurance training. The mechanisms between physiological and pathological 

hypertrophy overlap, but naturally there are also differences. In contrast to 

pathological hypertrophy, physiological hypertrophy is in most cases reversible. 

The genes responsible for cardiac myocyte structure, ion transport and proteolysis 

activate in both types of hypertrophies (Sheehy, Huang, & Parker, 2009). Exercise 

probably activates more genes associated with enhanced metabolic processes and 

muscle contraction. In pathologic hypertrophy, oxygen delivery to the myocardium 

is restricted because of insufficient capillary growth and additional fibrosis (Sano 

et al., 2007). In physiological hypertrophy, capillary growth is increased and 

sufficient for nourishment. In physiological hypertrophy, collagen I levels are 

unchanged, myofibroblasts are not activated and there is no additional fibrosis. In 

contrast, in pathologic hypertrophy, myofibroblasts are activated, α smooth muscle 

actin (αSMA) is increased and collagen I levels and fibrosis are increased, 

especially when advanced (Nakamura & Sadoshima, 2018). The geometry of the 

heart is also different between these two types of hypertrophies. In physiological 

hypertrophy there is a mild increase in ventricle volume and an equivalent increase 

in wall thickness; this is called eccentric hypertrophy. Cardiomyocytes grow both 

in width and length. In pathologic hypertrophy, at first the ventricular chamber size 
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is reduced and wall thickness increases; this is called concentric hypertrophy where 

cardiomyocytes grow more in thickness than in length. When pathologic 

hypertrophy persists, individual cardiomyocytes lengthen, the ventricle dilates and 

at this point it is called eccentric hypertrophy, with impaired contractile function as 

a marker of maladaptive remodeling (Nakamura & Sadoshima, 2018). In both types 

of hypertrophies protein synthesis is increased. Thee signaling pathways of these 

hypertrophies differ (Weeks & McMullen, 2011). Signaling in pathologic 

hypertrophy leads to induction of the fetal gene program, impaired Ca2+ handling, 

altered sarcomere structure, fibrosis, insufficient angiogenesis, mitochondrial 

dysfunction, metabolic reprogramming and production of reactive oxygen species 

(increased oxidative stress). These changes lead to cardiomyocyte death; mostly by 

necrosis or apoptosis (Piek et al., 2016). The signaling pathways of physiological 

hypertrophy again protect the heart from the remodeling and dysfunction by 

promoting cell survival, antioxidant generation and thyroid hormone production 

and increasing protein quality control, energy efficiency and angiogenesis 

(Nakamura & Sadoshima, 2018; Weeks & McMullen, 2011). 

2.4.2 Ventricular remodeling and infarct repair after myocardial 

infarction 

In the MI coronary artery occlusion prevents the free flow of oxygenated blood in 

the area of cardiac muscle that the vessel sustains. The place of occlusion affects 

the size and location of the MI. This leads to death of cardiomyocytes in this area 

of cardiac muscle. These cells die via necrosis, apoptosis and autophagy. The 

regeneration potential of heart is slow and incapable of replacing a great number of 

dead cells, so an injured heart forms scar tissue and undergoes remodeling (Cahill 

et al., 2017).  

In addition to cell death, the MI affected area has compromised contractility. 

Due to this enhanced hemodynamic burden, dilatation and remodeling occurs in 

the healthy LV area remote from the infarction. Infarct expansion follows as the 

mechanical stress persists. Finally the whole LV is dilated and contractility is 

insufficient leading to HF (Burchfield et al., 2013). 

After MI cardiac repair is initiated. The healing process can be divided in three 

distinct overlapping phases (Shinde & Frangogiannis, 2014) (Fig. 2). In the first, 

acute inflammatory phase, necrotic, damaged cells release pro-inflammatory 

cytokines and inflammatory cells (neutrophils first, then monocytes, lymphocytes 

and resident mast cells) infiltrate into the infarct area and start to clear and remove 
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damaged cells and extracellular tissue. This is enabled by matrix metalloproteinases 

(MMPs) released by fibroblasts to degrade ECM that allows cells to migrate more 

freely. First, neutrophils reach the border-zone of the infarction, the area between 

the infarction and a remote area. This also affects infarct expansion. The 

inflammatory phase lasts a few days after MI. Next is the resolution and 

proliferative phase, in which inflammation resolves, fibroblasts proliferate and 

transform to myofibroblasts and secrete ECM proteins such as collagen III (and I) 

to form a fibrotic scar to replace dead cells. The scar is necessary to prevent the 

rupture of the LV wall. Also neovascularization takes place. Provisional elastic 

ECM forms after phagocytosis of infarcted matrix. Several matricellular proteins 

that are not found in healthy myocardium, are found in the proliferative matrix. 

This phase takes from a few days to a few weeks after MI. In the final maturation 

phase when the scar matures, collagen type III is replaced by collagen type I and it 

is cross-linked by lysyl-oxidases (LOX) (Gonzalez-Santamaria et al., 2016). Cross-

linking is needed for better tensile strength but it also contracts the scar more and 

contributes to remodeling via changes of the geometry in the chamber. Reparative 

cells like myofibroblasts are no longer needed and they are deactivated and may 

die via apoptosis. Maturation and the progression/proliferative phase as well as 

ensuing remodeling is a chronic process that goes on for weeks and months 

(Frangogiannis, 2014; Leoni & Soehnlein, 2018; Prabhu & Frangogiannis, 2016). 

During remodeling the LV dilates, the scar gets thinner and interstitial fibrosis 

in the remote myocardium is activated. Cardiac output (heartbeat x EF) decreases 

and this activates neurohormonal systems to maintain circulation. The RAA system 

is activated and angiotensin II and aldosterone increase fluid and sodium retention. 

The adrenergic system induces vasoconstriction to preserve blood pressure. As 

mentioned before, these changes are adaptive at first, but maladaptive in the long 

run. Fluid retention, hypertrophy and slowly dying cardiomyocytes finally lead to 

HF (Cahill et al., 2017; Sutton & Sharpe, 2000). 
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Figure 2. Evolution of myocardial infarction. Created with BioRender.com. 

2.4.3 Fibrosis in heart 

While hypertrophy is responsible for thickening of the heart, stiffening of the heart 

during remodeling is due to the increased fibrotic response. Fibrosis is due to an 

imbalance between production and degradation of ECM proteins in the space 

between cells. This is a dynamic process and aberrations in the quantity, quality or 

proportions of different components of ECM lead to worsening of the heart 

function. Increased fibrosis can, for example, lead to HFpEF, where EF is within 

the normal range, but the filling of the heart is not sufficient because of the stiffness 

of the ventricular wall (Piek et al., 2016; Talman & Ruskoaho, 2016). 

After MI, dead cardiomyocytes are replaced with fibrotic scar. This type of 

fibrosis is called replacement fibrosis and it is necessary to fill the empty space that 

dead and removed cardiomyocytes leave behind (Cowling, Kupsky, Kahn, Daniels, 

& Greenberg, 2019). This fibrotic scar is needed to support the contracting wall of 

the heart, otherwise it would rupture. Scar is produced by fibroblasts and 

myofibroblasts which are same cells but they are activated at different levels. This 

leads to geometrical, biomechanical and biochemical changes also in the remote 
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area of the heart which is not injured by hypoxia. Fibrosis also develops there 

interstitially and perivascularly and this is called reactive fibrosis (Cowling et al., 

2019). Interstitial fibrosis means expansion of the ECM and increased collagen 

content throughout the myocardium. Perivascular fibrosis means fibrillary collagen 

accumulated in the adventitia of coronary arteries and arterioles. Reactive fibrosis 

is probably not necessary (like reparative fibrosis), but harmful and disturbs the 

function of the heart in several ways, such as impairing contractility. It also disturbs 

the electrical function of the heart and might provoke arrhythmias and sudden death 

(Briasoulis, Mallikethi-Reddy, Palla, Alesh, & Afonso, 2015). Perivascular fibrosis 

disturbs vascular function and might result in micro infarctions, hypoxic conditions 

and cellular death. Reactive fibrosis is a consequence of intracardiac or systemic 

neurohormonal activation which increase levels of various neurohumoral mediators 

that stimulate fibroblasts to produce ECM proteins (de Boer et al., 2019). This 

stimulus is not necessarily from cell death but also originates from other stresses 

including pressure-volume overload in high blood pressure. In addition, local or 

systemic inflammation due to obesity, diabetes, metabolic syndrome, infections of 

the heart, drugs or radiation can lead to reactive fibrosis (Cowling et al., 2019). 

Fibroblasts are distributed in the whole heart and their main function in a 

healthy heart is to maintain the ECM (Talman & Ruskoaho, 2016). By secreting 

paracrine factors they regulate the functions of cardiomyocytes, endothelial cells 

and immune cells and also interact with cardiomyocytes through gap-junctional 

proteins, connexins. After MI, fibroblasts respond to altered circumstances of 

mechanical stretch, hormones, cytokines, and growth factors by proliferating and 

migrating to the infarcted area. They also start to transdifferentiate into 

myofibroblasts that are normally present in healthy heart only in heart valve leaflets. 

The most potent activator of fibroblast to myofibroblast transmission is 

transforming growth factor β (TGFβ) (Piek et al., 2016). Myofibroblasts have 

features of fibroblasts but also smooth muscle cells, due to their ability to contract 

and migrate (van den Borne et al., 2010). These cells express contractile proteins 

αSMA and non-muscle myosin and display widespread endoplasmic reticulum to 

secrete large amounts of structural ECM proteins, growth factors and various 

enzymes that participate in ECM remodeling. MMPs are one product of 

myofibroblasts and they cleave collagens and other ECM proteins (Piek et al., 

2016). Also tissue inhibitors of metalloproteases (TIMPs) are produced by 

fibroblasts and they negatively regulate MMPs. Among the other key factors 

upregulated in the failing heart are lysyl oxidase-like 1 (LOXL1), latent-

transforming growth factor beta-binding protein 2 (LTBP2), Gal-3 and Serpine2. 
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Imbalance between different ECM and ECM-modulating proteins leads to 

dysregulated connective tissue composition and quality, which again affects cardiac 

function (Piek et al., 2016). 

Crosslinking of collagen is needed for the maturation of the collagen, to 

stabilize the structure and increase the fibers’ tensile strength. Imbalance in this 

could be one reason for dilatation of the left chamber and its dysfunction. For 

example in pressure overload, increased collagen synthesis and newly synthesized 

collagen changes the relationship of non-crosslinked (soluble) and crosslinked 

(non-soluble) collagen towards non-crosslinked (Woodiwiss et al., 2001). This 

might weaken structural support of cardiomyocytes and transduction of the 

contractile force of an individual cardiomyocyte into overall myocardial 

contraction. On the other hand, human and animal studies have shown that cross-

linking that makes collagen fibers stiffer and more resistant to degradation, is 

increased in HF (A. Gonzalez, Lopez, Ravassa, San Jose, & Diez, 2019). This also 

affects cardiomyocyte morphology and function. Lysyl oxidases (LOX) are mainly 

responsible for cross-linking of collagens.  

ECM is the structural framework of the heart. It also has a role in biochemical 

signaling and electrical activity. In addition to structural proteins (i.e. collagens and 

fibronectin), there are matricellular and adhesion proteins. The matricellular 

proteins thrombospondins (TSP)-1, -2 and -4, tenascin-C and –X, secreted protein 

acidic and rich in cysteine (SPARC), osteopontin, periostin and members of the 

CCN family (including CCN1 and CCN2/Connective Tissue Growth Factor) are 

activated in many pathologic cardiac conditions and during remodeling. They 

modulate cellular and cell-matrix interactions. Matricellular proteins regulate 

inflammatory, reparative, fibrotic and angiogenic pathways as they interact with 

cell surface receptors to transduce signaling from bioactive effectors like growth 

factors and cytokines (Bornstein, 2009; Frangogiannis, 2012). 

In addition to intercourse between ECM and fibroblasts through matricellular 

proteins and transmembrane proteins called integrins (C. Chen, Li, Ross, & Manso, 

2016), fibrosis is also regulated through hormonal, paracrine and autocrine 

signaling. The TGFβ family and especially TGFβ1 is a well-known stimulator of 

fibrosis (Dobaczewski, Chen, & Frangogiannis, 2011). In a healthy heart, TGFβ 

stays latent but in the infarcted myocardium TGFβ is synthesized and secreted by 

platelets, leukocytes and fibroblasts and can be activated in many different ways. 

TGFβ might have a role in turning the inflammatory phase of infarct healing into 

scar formation since it deactivates macrophages and promotes myofibroblast 

transdifferentation and matrix synthesis through SMAD3 (mothers against 
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decapentaplegic homolog 3) dependent pathways. Collagen synthesis increases, 

degradation decreases and TGFβ also promotes synthesis of other profibrotic 

mediators. In addition to promoting fibrosis, TGFβ also promotes hypertrophy and 

affects endothelial cells. TGFβ has pleiotropic effects so pharmacological 

inhibition is not specific for fibrosis, but also leads to multiple unwanted adverse 

effects. However, pirfenidone, which downregulates TGFβ, is successfully used to 

treat idiopathic pulmonary fibrosis (IPF) (Fleetwood et al., 2017; Schaefer, 

Ruhrmund, Pan, Seiwert, & Kossen, 2011). In addition, pirfenidone did not 

increase cardiovascular risks in IPF patients and is now also studied in HFpEF 

(Glassberg et al., 2019; Lewis et al., 2019). It has been shown to be cardioprotective 

in animal studies (Aimo et al., 2020). It has antifibrotic, anti-oxidant and anti-

inflammatory effects, which are probably due to inhibition of i.a. TGFβ and 

improvement of mitochondrial function. In renal tubules pirfenidone decreased 

tubular cell apoptosis by inhibiting the mitochondrial apoptotic signaling pathway 

(J. F. Chen et al., 2013). 

RAAS has a remarkable role in all cardiac diseases, also in fibrosis of the heart 

(Leask, 2015). Angiotensin II (ATII) is a key factor and it is expressed and activated 

in the heart by fibroblasts, myofibroblasts and macrophages. ATII upregulates 

TGFβ and IL-6 expression through the AT1 receptor in cardiomyocytes, fibroblasts 

and myofibroblasts. ATII again promotes fibrosis at the cellular level since it 

enhances ECM turnover, fibroblast proliferation, myofibroblast transdifferentation 

and secretion of growth factors and proinflammatory cytokines. In addition to these 

cellular level effects ATII causes vasoconstriction and increases blood pressure. In 

addition, renin or prorenin binding to the prorenin receptor (PRR) has been shown 

to increase fibrotic response independent of ATII (Moilanen et al., 2012). 

ET-1 is also a vasoconstrictor that has fibrotic effects (Leask, 2015). It is 

mainly produced by endothelial cells but also by cardiomyocytes, fibroblasts and 

macrophages. It acts through endothelin A (ETA) and endothelin B (ETB) receptors. 

TGFβ and ATII induce secretion of ET-1. ET-1 increases proliferation of fibroblasts 

and promotes ECM synthesis in vitro, but pharmacological inhibition of ET-1 has 

not been beneficial in remodeling in clinical trials (Kohan, Cleland, Rubin, 

Theodorescu, & Barton, 2012) .  

The role of the CTGF/CCN2 matricellular protein in cardiac fibrosis has been 

of increasing interest. In response to TGFβ and ATII stimulation it is secreted from 

cardiomyocytes and fibroblasts, but cardiomyocyte originated CTGF might not 

have a great role in cardiac fibrosis (Accornero et al., 2015). Instead, fibroblast 
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originated CTGF is suggested to mediate the fibrotic response in an autocrine way 

(Dorn, Petrosino, Wright, & Accornero, 2018). CTGF is discussed more detail later. 

Current treatments are not very efficient to prevent or reverse fibrosis, but some 

efficacy is seen with drugs antagonizing the RAA system; ACEis, ARBs and MRAs. 

In addition, BBs and statins might have some beneficial effects. Also TGFβ 

signaling is continuously studied and some new promising targets are found. Still 

better understanding and new approaches are needed (de Boer et al., 2019; Gourdie, 

Dimmeler, & Kohl, 2016; Parichatikanond, Luangmonkong, Mangmool, & Kurose, 

2020; Talman & Ruskoaho, 2016). 

2.4.4 Reverse remodeling 

Reverse remodeling is the process in which the injured and remodeled heart reverts 

towards normal geometry and function. By diminishing the myocardial injury or 

reducing the neurohormonal and hemodynamic factors contributing to remodeling, 

it is possible to achieve reverse remodeling. Reverse remodeling is seen in cardiac 

echocardiographic examination when EF is higher and LV volume lower compared 

to previous measurements. Reverse remodeling is seen when HF patients are 

treated pharmacologically with ACEi, ARB, BB, MRA spironolactone and 

hydralazine-isosorbide dinitrate. Cardiac resynchronization therapy also reverses 

remodeling. The strongest effect is seen with long-term LVAD treatment. During 

the treatment the heart can “rest”. With these patients LV and myocyte hypertrophy 

are reduced and EF is increased. Blood levels of catecholamines, renin, ATII, 

arginine vasopressin, and tumor necrosis factor alpha (TNF-a) decrease. 

Myocardial contractility increases and Ca2+ cycling improves. Some of these 

patients can be explanted from the device after myocardial recovery (Braunwald, 

2013; Saraon & Katz, 2015; Xie, Burchfield, & Hill, 2013). 

2.5 Cell death 

According to the Nomenclature Committee on Cell Death (NCCD), cell death is 

“Irreversible degeneration of vital cellular functions (notably ATP production and 

preservation of redox homeostasis) culminating in the loss of cellular integrity 

(permanent plasma membrane permeabilization or cellular fragmentation).” This is 

mostly based on the morphology of the dying cells (Galluzzi et al., 2018). 

A morphological definition of cell death is not always unambiguous. For 

example, the commonly used histological method of measurement of terminal 
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deoxynucleotidyl transferase-mediated dUTP (deoxyuridine triphosphate) nick end 

labeling (TUNEL)-positive nuclei among cardiomyocytes varies over an extremely 

wide range among laboratories and researchers because its sensitivity is influenced, 

for example, by the conditions of tissue sectioning and fixation. Biochemical 

definitions for cell death have also been suggested; massive caspase activation, loss 

of mitochondrial transmembrane permeabilization (ΔΨm), complete 

permealization of the outer mitochondrial membrane (OMM), and exposure of 

phosphatidylserine residues that emit “eat me” signals to neighboring normal cells 

(Takemura, Kanoh, Minatoguchi, & Fujiwara, 2013). 

Cell death can be passive or an actively regulated event. Accidental passive 

cell death occurs when cells are exposed to overwhelming physical (e.g. high 

pressures, temperatures, osmotic forces), chemical (e.g., extreme pH variations) or 

mechanical (e.g., shear forces) stress. For decades cell death was considered only 

to be a passive and uncontrolled incident after cell damage. Apoptosis was the first 

cell death type that was described to be a programmed and active phenomenon 

(Kerr, Wyllie, & Currie, 1972).  

 Programmed cell death occurs, for example, during embryonic development 

or during normal physiological cellular turnover to regulate cell populations of the 

body. It does not necessarily require an exogenous stimulus, but can originate from 

the genome. Regulated cell death is a means to retain or restore homeostasis in 

physiological or pathological settings like intra- or extracellular perturbations that 

cannot be coped with by normal adaptive mechanisms. Through regulated cell 

death it is possible to delete useless or potentially dangerous cells, such as 

cancerous or infected cells, but also to give danger signals to other cells (Danial & 

Korsmeyer, 2004; Galluzzi et al., 2018). 

In the heart, minor cardiomyocyte cell death occurs in physiological conditions, 

since there is some turnover in cardiomyocytes. There are estimations of the 

cardiomyocyte apoptosis rate in normal atrium and ventricle; for example, Saraste 

et al. suggested approximately 1.0-3.5% in a year (Cai & Molkentin, 2017; Saraste 

et al., 1999). Regulated cell death is an important factor in the pathogenesis of 

cardiac remodeling after MI or I/R and in HF. It can be the initiator of remodeling 

as cardiomyocytes die after MI, or it can be the consequence of maladaptive 

hypertrophic remodeling (Cohn et al., 2000; Nakamura & Sadoshima, 2018). 

Twelve different types of regulated cell death have been described (Del Re, 

Amgalan, Linkermann, Liu, & Kitsis, 2019). Here I review apoptosis and necrosis 

that have a well-described role in cardiovascular diseases. I also briefly consider 

autophagy-dependent cell death that has a more controversial role. Regulated cell 
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death pathways are important targets for drug development as inhibiting their 

signaling could be a way to prevent massive cardiac damage and subsequent 

dysfunction. 

2.5.1 Types of cell death 

The key to understand cellular death and its potential as a pharmacological 

treatment target is comprehension of death programs at the cellular level. Studies 

with C. elegans, a nematode, were the initial studies to investigate the molecular 

basis of regulated cell death (Malin & Shaham, 2015). It has been shown that the 

genetic cell death pathway of nematodes has orthologs also in the human 

mitochondrial apoptosis pathway. Necrosis is also significantly regulated through 

specific pathways that involve mitochondria. In humans plasma membrane death 

receptors also mediate apoptotic or necrotic (necroptosis) signaling. A pathway 

through a death receptor is called an extrinsic pathway and a pathway through 

mitochondria is called an intrinsic pathway. Through this specified molecular 

machinery, regulated cell death could be delayed or accelerated by pharmacological 

or genetic interventions (Galluzzi et al., 2018). 

There are countless numbers of different factors involving cell death and in this 

thesis I will not review the complete picture, but only the main points of each of 

the best characterized pathways and finally concentrate on their relevance in 

cardiac diseases (Fig. 3).  

Apoptosis  

Apoptotic cells can be visualized by light microscopy and the three most typical 

features are that apoptotic cells shrink and fragment into apoptotic bodies, which 

again are phagocytosed by macrophages or adjacent cells (Del Re et al., 2019). This 

takes from minutes to hours, depending on the organism and tissue. Intracellular 

contents of the apoptotic cells do not leak into the extracellular space because of 

efficient removal of apoptotic bodies, and apoptotic cells also suppress the immune 

response (Ucker, 2016). This explains why apoptosis does not usually leave a trace 

in the tissue, but is an elegant way of deleting unnecessary cells.  
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Figure 3. Simplified schematic representation of apoptotic and necrotic cell death 

pathways. TNF-a = tumor necrosis factor alpha TNFR1 = tumor necrosis factor receptor 

1; RIPK1 = receptor interacting protein kinase 1; RIPK3 = receptor interacting protein 

kinase 3; TRAF2 = TFR receptor-associated factor 2; TRADD = TNFR1-associated death 

domain protein; cIAP1/2 = cellular inhibitor of apoptosis 1/2; CYLD = cylindromatosis; 

LUBAC = linear ubiquitin chain assembly complex; TAK = TGFβ-activated kinase 1; 

MAPK = mitogen activated protein kinase; FADD = Fas-associated death domain; MLKL 

= mixed lineage kinase domain-like protein; Apaf-1 = apoptotic protease activating 

factor 1; dATP = deoxyadenosine triphosphate; BAX = BCL-2-associated X protein; BAK 

= BCL-2 antagonist/killer; mPTP = mitochondrial permeability transition pore; ROS = 

reactive oxygen species; GPCR = G-protein coupled receptor; I/R = 

ischemia/reperfusion; PI3K = phosphoinositide 3-kinase; GSK3β = glycogen synthase 

kinase β. Modified from Zhang et al 2019. Created with BioRender.com. 

Caspases, regulators of apoptotic pathways 

In apoptotic cell death, both intrinsic and extrinsic pathways lead to enzymatic 

activation of caspases, cysteine-dependent aspartate-specific proteases (Ramirez & 

Salvesen, 2018). The most upstream caspases in the hierarchy of caspases are 

zymogen formed procaspases. Procaspases are divided into three subclasses; 
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initiator (also upstream/apical/signaling) procaspases, effector (also 

downstream/executioner) procaspases and inflammatory procaspases. Most of 

these are expressed ubiquitously. Apoptosis is mediated by initiator and effector 

procaspases. Inflammatory procaspases have a role in cell death related to 

inflammasome activation (Rathinam, Vanaja, & Fitzgerald, 2012) and some of the 

caspases are also involved in other cellular processes of development and adult 

tissue homeostasis like differentiation and proliferation (McArthur & Kile, 2018).  

Initiator caspases become enzymatically active when they are recruited into 

specific multiprotein complexes that are characteristic to both apoptotic pathways. 

In the death receptor pathway, ligand binding to this receptor leads to assembly of 

the complex. In the mitochondrial pathway, permeabilization of OMM and the 

following release of cytochrome c into the cytosol is required to form the complex, 

as cytochrome c functions as a cofactor. Initiator caspases exist in healthy tissue as 

monomers and during multiprotein complex formation, their activation involves 

dimerization and trans cleavage (Oberst et al., 2010). After activation, these 

initiator caspases cut dimeric effector caspases into subunits and thus activate them. 

Effector caspases again cut multiple structural and signaling proteins that 

eventually lead to the apoptotic appearance of the cell (Fischer, Janicke, & Schulze-

Osthoff, 2003; Julien & Wells, 2017). 

Extrinsic death receptor pathway of apoptosis 

Extrinsic apoptosis is usually initiated by perturbations in the extracellular 

microenvironment (Ashkenazi & Dixit, 1998). The death receptor pathway was 

first found to regulate only apoptosis, but later it has been shown that these 

receptors are also mediators of necroptosis, cell survival, proliferation and 

inflammation (Shan, Pan, Najafov, & Yuan, 2018; Vercammen et al., 1998; 

Weinlich, Oberst, Beere, & Green, 2017). There are two classes of death receptors. 

Traditional death receptors transduce cell death signals when a ligand binds to it 

(Ashkenazi & Dixit, 1998). Much less studied “dependency receptors” mediate cell 

death signals only when unliganded (Mehlen, 2010). Traditional death receptors 

are Fas (also called CD95 or Apo-1), tumor necrosis factor receptor 1 (TNFR1), 

TNF-related apoptosis inducing ligand (TRAIL) receptor 1 (also known as DR4), 

and TRAIL receptor 2 (also known as DR5) (Ashkenazi & Dixit, 1998).   

Specific ligands are needed to bind their receptors. Fas is bound by the Fas 

ligand (FasL/CD95L/Apo-1L). Fas is expressed in the lymphoid system cells, in 

the heart and other tissues during development and adulthood. FasL is a membrane-
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bound protein on an adjacent cell and it is found in many cells. Constitutively it is 

expressed for example in eye and brain, but it can be activated in many other tissues 

too. It has a specific role in limiting or preventing an immune response (Green & 

Ferguson, 2001). This process is called immune privilege and it protects the tissue 

from inflammation. FasL has also been shown to increase after ischemia-

reperfusion in the Langendorff perfusion model (Jeremias et al., 2000). Ligands of 

the TNF receptor and TRAIL receptor, TNF-a and TRAIL, are soluble proteins. 

Death receptors form trimers until they bind their ligand and pass through a 

conformational change (Q. Fu et al., 2016). This is transmitted to their intracellular 

domain resulting in intracellular protein complex formation at the plasma 

membrane.  

Death receptors contain death-fold motifs, for example death domains (DD), 

that are important mediators of interactions between the participants of these 

complexes (Park et al., 2007). Death receptors have DD in their intracellular tail 

which is revealed when a ligand binds to the extracellular domain of the receptor. 

Revealed DDs mediate protein complex formation, either the death inducing 

signaling complex (DISC) or complex I. Fas signaling mostly leads to formation of 

DISC (Scott et al., 2009) and TNFR1 activation to complex I (Dickens, Powley, 

Hughes, & MacFarlane, 2012).  

DISC is a combination of a death receptor, one or two adaptor proteins and 

procaspase-8 or -10. Through death domains, Fas interacts with the Fas-associated 

death domain protein (FADD), which again recruits procaspase-8/10. Procaspase 

undergoes trans cleavage and finally caspase-8 cleaves and activates downstream 

effector caspases leading to apoptosis (Lavrik & Krammer, 2012).  

TNFR1 activation and multiprotein complex I formation is somewhat more 

complicated and can lead to multiple different results in addition to apoptosis; these 

include necroptosis, cell survival, proliferation or inflammation (Vanden Berghe, 

Linkermann, Jouan-Lanhouet, Walczak, & Vandenabeele, 2014). The 

ubiquitination state of the complex regulates whether it proceeds to the next state 

of cell death, cytosolic complex II, or if the cell survives. After TNF-a has activated 

TNFR1, it recruits the TNFR1-associated death domain protein (TRADD), which 

again recruits receptor interacting protein kinase 1 (RIPK1) (Stanger, Leder, Lee, 

Kim, & Seed, 1995). Then adaptor proteins TNF receptor-associated factor 2 and 5 

(TRAF2/5), and cellular inhibitor of apoptosis proteins 1 and 2 (cIAP1/2) are 

recruited and the latter attaches ubiquitin chains onto RIPK1. Many of the recruited 

proteins, like CYLD (cylindromatosis) and LUBAC (linear ubiquitin chain 

assembly complex), in the multi-complex regulate the amount of ubiquitin in 
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RIPK1, but not all of them are elaborated here. This ubiquitination leads to 

activation of TGFβ-activated kinase 1 (TAK1), which leads to cell survival through 

activation of transcription factor NF-κB and mitogen-activated protein kinases 

(MAPKs) that are discussed in following chapters. A few of the transcriptional 

targets of NF-κB mediating cell survival are B-cell lymphoma 2 (BCL-2) and BCL-

2-like-1 long form (BCL-xL). If ubiquitin is reduced in RIPK1 by proteins in 

complex I, it leads to activation of RIPK1 and leads to apoptosis or necroptosis 

(Shan et al., 2018). 

Formation of complex IIa is the next step of apoptosis, which can proceed 

either with or without RIPK1 (Shan et al., 2018). RIPK1-independent complex IIa 

includes FADD, procaspase-8 and sometimes TRADD. The RIPK1-dependent 

complex IIa includes RIPK1, procaspase-8 and FADD. Which one is formed is very 

much dependent on the ubiquitination and phosphorylation state of RIPK1 that 

regulates kinase activation (Del Re et al., 2019). Still the exact mechanisms are not 

well understood. In addition, animal studies show that RIPK1 might also promote 

cell-survival in a kinase-independent manner. In both apoptotic pathways trans 

cleavage of procaspase-8 to caspase-8 releases the caspase cascade by first 

activating caspases-3/7 (Shan et al., 2018). 

Intrinsic mitochondrial pathway of apoptosis 

The mitochondrial pathway of cell death can be initiated by a broader variety of 

stimuli, mostly microenvironmental perturbations, than death receptor mediated 

cell death. These stimuli are transduced directly to mitochondria or via other cell 

organelles like endo- or sarcoplasmic reticulum. These stimuli can be, for example, 

hypoxia, hypoxia/reoxygenation, ischemia, ischemia/reperfusion, oxidative or 

nitrosative or proteotoxic stress, loss of nutritional or growth or survival factors, 

DNA damage, increases in concentrations of cytoplasmic or mitochondrial Ca2+  

and multiple toxins and drugs, such as chemotherapeutics and targeted cancer 

therapies (Danial & Korsmeyer, 2004; Del Re et al., 2019).  

In mitochondrial mediated apoptosis the most important event is 

permeabilization of the OMM, mitochondrial outer membrane permeabilization 

(MOMP) (Chipuk, Moldoveanu, Llambi, Parsons, & Green, 2010). As a result, 

various soluble apoptogens like cytochrome c in the mitochondrial intermembrane 

space reach the cytosol where they activate several procaspases. The BCL-2 protein 

family regulates MOMP, and there are three subfamilies of which some promote 

and some inhibit apoptosis (Chipuk et al., 2010). All the proteins in the family 
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contain BCL-2 homology domain/s (BH). Pro-survival BCL-2 proteins that contain 

BH1-4 form the first subfamily including BCL-2 itself, BCL-xL, myeloid cell 

leukemia-1 (MCL-1), BCL-2-like protein 2 (BCL-W) and some others. The second 

subfamily includes pro-cell death multi-domain proteins, that usually contain BH1-

3, but sometimes also BH4. This subfamily includes BCL-2-associated X protein 

(BAX) and BCL-2 antagonist/killer 1 (BAK). There is also a third member, BCL-

2 related ovarian killer (BOK), but its main role is in embryonic development (Ke 

et al., 2018). The members of the third subfamily also promote cell death and 

include only the BH3 domain; thus they are referred to as BH3-only proteins. These 

are BCL-2-like 11 (BIM), BH3 interacting domain death agonist (BID), p53-

upregulated modulator of apoptosis (PUMA), phorbol-12-myristate-13-acetate-

induced protein 1 (NOXA), BCL-2-associated agonist of cell death (BAD), BCL-

2 interacting killer (BIK), Harakiri (HRK)/BCL-2 interacting protein death protein 

5 (HRK/DP5), BCL-2 modifying factor (BMF) and some others. Simplified, to 

regulate MOMP, BH3-only proteins transduce death signals from the periphery to 

activate pro-cell death proteins BAX and BAK and inactivate pro-survival BCL-2 

proteins. The pro-survival BCL-2 proteins again inactivate BAX and BAK and 

neutralize the BH3-only proteins (Del Re et al., 2019; Galluzzi et al., 2018). 

Actually, these protein interactions are more complicated. For example, BH3-

only proteins can still be divided into sensitizers and activators. Activators include 

BID, BIM, PUMA and possibly NOXA and these directly activate BAX and BAK. 

Pro-survival BCL-2 proteins inhibit these activators as well as BAX and BAK. 

Sensitizers include BAD, BIK, BMF and HRK. They indirectly activate BAX and 

BAK by inhibiting pro-survival BCL-2 proteins, which releases BAX and BAK but 

also activator BH3-only proteins from inhibition of pro-survival proteins (Chipuk 

et al., 2010; Del Re et al., 2019). 

When BAX and BAK are activated, they form pores in the OMM which leads 

to permeabilization of the membrane and release of the apoptogenic factors from 

mitochondria, such as cytochrome c (Kuwana et al., 2002; Wei et al., 2000). 

Cytochrome c and deoxyadenosine triphosphate (dATP) then bind to apoptotic 

protease activating factor-1 (Apaf-1) to form an apoptosome, in which procaspase-

9 is activated (Riedl & Salvesen, 2007). This promotes the caspase cascade in 

which procaspases-3 and -7 are activated. Caspase-8 can also activate BAX/BAK 

through BID (Li, Zhu, Xu, & Yuan, 1998), thus connecting intrinsic and extrinsic 

apoptotic pathways. In many cell types this is an important amplification loop for 

death receptor ligands to maximally activate caspases. 
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Necrosis  

Conversely to apoptosis, necrotic changes in the cell morphology are not subtle. 

The cell itself and its organelles swell and cellular structure is lost (Syntichaki & 

Tavernarakis, 2002). Also acute and chronic inflammation takes place and over 

time this inflammation turns into fibrosis including entrapment of remnants of dead 

cells and leaving a permanent trace of necrosis (G. Y. Chen & Nunez, 2010). 

Caspases regulate apoptosis, but there is no similar unifying molecule in the 

necrotic pathways.  

Extrinsic death receptor-mediated necrosis, also known as necroptosis  

In experiments with cowpox virus, necroptosis was found to be an important 

alternative to self-destruction of infected cells when viruses were able to prohibit 

the apoptotic cell death by inhibiting caspase-8 via viral cowpox cytokine response 

modifier A (crmA) protein. Wild-type cowpox virus infected cells die via necrosis 

but recombinant cowpox viruses lacking the crmA gene infected cells were able to 

use the apoptotic pathway (Ray & Pickup, 1996). Also a crucial factor of 

necroptosis, receptor interacting protein kinase 3 (RIPK3), a serine/threonine 

kinase, was found in viral studies (Y. S. Cho et al., 2009). c-FLIP (FLICE-inhibitory 

protein) is another regulator of whether a cell is proceeding to apoptosis or 

necroptosis (Irmler et al., 1997). It can heterodimerize with procaspase-8 and 

inhibit its function, leading to necroptosis.  

Death receptor-mediated necrosis signaling is initially similar to the death 

receptor mediated apoptotic signaling. However, instead of formation of complex 

IIa after complex I in apoptotic signaling, the formation of complex IIb is essential 

in necroptotic signaling. It is induced when RIPK3 is recruited to complex IIb, 

which is sometimes also called a necrosome. This phosphorylates and activates the 

mixed lineage kinase-like domain (MLKL) (Sun et al., 2012), a pseudokinase, 

which again oligomerizes and permeabilizes the plasma membrane and induces 

necroptosis. RIPK3 can be activated also without RIPK1 through alternative 

pathways, so RIPK1 is not part of canonical signaling of necroptosis (J. Chen, Kos, 

Garssen, & Redegeld, 2019; Linkermann & Green, 2014). 
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Intrinsic mitochondrial necrosis pathway, also known as mitochondrial 

permeability transition (MPT)-driven necrosis 

This pathway can be activated, for example, as a consequence of ischemia followed 

by reperfusion which leads to an increase in intracellular calcium (Ca2+) levels and 

reactive oxygen species (ROS) (Frank et al., 2012). In mitochondrial-mediated 

necrosis the most critical triggering event is the Ca2+–induced opening of the 

mitochondrial permeability transition pore (mPTP) which locates on the inner 

mitochondrial membrane (IMM) and finally leads to mitochondrial dysfunction 

and cessation of ATP synthesis (Whelan et al., 2012). Ca2+ -concentration elevates 

in the mitochondrial matrix and the mPTP opens within minutes. In addition, 

MOMP leading to apoptosis might happen hours later, so necrosis is not just a 

secondary phenomenon.   

For example, in ischemia, the myocardium is depleted of oxygen (O2), which 

leads to anerobic metabolism, production of lactic acid and intracellular acidosis; 

anerobic glycolysis results in accumulation of H+ (Cohen, Yang, & Downey, 2007). 

During reperfusion and pH correction the cell to maintains the balance by using the 

Na+/H+ ion exchanger to get rid of excess protons (H+), which results in 

accumulation of Na+. Na+ in turn is pumped out by the Na+/Ca2+ exchanger (NCX). 

This leads to an excess in Ca2+, which again leads to Ca2+-induced Ca2+ -release 

from the endoplasmic and sarcoplasmic reticulums (ER/SR). Overload of Ca2+ in 

the mitochondrial matrix promotes mPTP opening during reperfusion and induces 

ROS production. The pro-cell death protein BAX, that is better characterized in its 

role in intrinsic apoptosis, also sensitizes mPTP to Ca2+-induced opening and 

necrosis (Whelan et al., 2012). Opening of this pore dissipates the proton gradient 

across the IMM that drives mitochondrial ATP synthesis and this leads to cessation 

of ATP synthesis. It also leads to an influx of water into the mitochondrial matrix 

because of the hyperosmolarity. This results in swelling and rupture of the OMM. 

ROS again cause oxidative stress that leads to DNA damage, local inflammatory 

response and endothelial dysfunction. The reperfusion stage may persist for several 

days and is dynamic (Frank et al., 2012; M. Y. Wu et al., 2018). 

Autophagy-dependent cell death  

Autophagy-dependent cell death is not as well recognized as apoptosis and necrosis 

and it has some inconsistencies. Autophagy itself is a catabolic process that 

degrades senescent or damaged cellular components in lysosomes (Schiattarella & 
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Hill, 2016). Autophagy is important in maintaining cellular homeostasis of post-

mitotic cells like cardiomyocytes. It is normally considered as a survival process 

that is activated in response to, for example, ischemia, oxidative stress, starvation, 

genotoxic or proteotoxic stress or infection. In some circumstances autophagy 

might cause regulated cell death (Galluzzi et al., 2018). Autophagy-dependent cell 

death is a regulated cell death type that uses the autophagic machinery of the cell 

or components of it. In the heart autophagy is activated by prolonged ischemia or 

I/R or heart failure (Gatica, Chiong, Lavandero, & Klionsky, 2015; D. Wu, Zhang, 

& Hu, 2019). Autophagy protects the cardiomyocytes from ischemia or I/R and 

suppresses inflammation, but on the other hand, excessive autophagy is also 

detrimental and maladaptive and contributes to disease progression. To study 

autophagy-dependent cell death in cardiovascular diseases, researchers have 

manipulated some factors that are essential for autophagy, for example, Beclin 1 

(H. Zhu & He, 2015) or Autophagy related 5 (Atg5) (Rothermel & Hill, 2008). 

They have a role in autophagosome formation and maturation, respectively. Studies 

of the deletions of these genes were not convergent, so there are still questions 

concerning the mechanisms of autophagy-dependent cell death in the heart (Del Re 

et al., 2019). 

Other types of cell death programs 

Some other cell death programs have also been described in the heart. Those types 

of cell death are ferroptosis, pyroptosis, parthanatos, and immunogenic cell death 

(Del Re et al., 2019). Other cell death programs that are not described in cardiac 

cells are entotic cell death, NETotic cell death and lysosome-dependent cell death. 

Under research is whether all these programs are independent or just amplificatory 

subroutines of other cell death programs. The molecular machinery of cell death is 

also involved in some non-lethal processes like cellular senescence, mitotic 

catastrophe and multiple cases of terminal differentiation (Del Re et al., 2019; 

Galluzzi et al., 2018). 
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2.6 Myocardial cell death 

2.6.1 Cell death in myocardial infarction and ischemia-reperfusion 

injury 

As mentioned before, MI leads to number of pathological structural and functional 

changes of which necrotic cell death is the most irreversible. It is the initial key 

event in MI and in comparison to other cardiovascular disorders cell death has the 

most remarkable role in MI. However, it is not fully clear which cell death programs 

are activated in MI. At first unregulated necrosis was thought to be the method of 

cell death in MI, then also apoptosis was recognized in MI hearts especially at 

border zones of infarction (Saraste et al., 1997) and also around old infarctions 

(Saraste et al., 1999). After this, genetic inhibition of many different cell death 

pathways has been shown to reduce cardiomyocyte death and infarct size in an I/R 

model that is discussed in the following chapters. After all, it is possible that 

different cells die through different death programs. However, it is possible that 

analyses have been misled because of overlapping of different death programs, or 

if truly another program is taking over if one is inhibited.  

In pharmacological and genetic inhibition of cell death signaling in animal 

models, usually death and infarct size are diminished only in I/R models, not in 

permanent MI (Del Re et al., 2019). One reason could be that if the death stimulus 

persists, originally regulated cell death transits to unregulated. Another explanation 

is that reperfusion starts cellular repair processes and if ischemic cell death ceases, 

the net effect is tissue salvage. A third option is that inhibition of cell death signaling 

diminishes the reperfusion injury more than the ischemic injury.  

Death receptor pathway in myocardial infarction 

In the studies considering the death receptor pathway in MI, apoptosis and 

necroptosis are not differentiated very carefully. Fas signaling has been shown to 

have a role in MI since Fas deficient mice showed reductions in infarct size and 

TUNEL-positive cardiomyocytes after I/R (Lee et al., 2003). TNFR global deletion 

increased infarct size in a permanent MI model, and suggests that TNF-a signaling 

is protective against apoptosis in this setting (Kurrelmeyer et al., 2000).  

Studies with necrostatin-1, a small molecule that inhibits necroptosis by 

inhibiting RIPK1 (Degterev et al., 2005; Degterev et al., 2008), have shown the 

role of necroptosis in I/R. Necrostatin-1 reduced infarct size in both mouse and pig 
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I/R models, in pigs also cardiac function was significantly improved in the 

necrostatin-1 group (Koudstaal et al., 2015; Smith et al., 2007). Necrostatin-1 might 

also act through cyclophilin D, a regulatory component of mPTP preventing mPTP 

opening at reperfusion, since it did not show any enhanced cardioprotection in a 

cyclophilin D deleted genetic mouse model that has been shown to be 

cardioprotective in I/R injury  (Baines et al., 2005; Lim, Davidson, Mocanu, Yellon, 

& Smith, 2007). There is still no direct biochemical link between RIPK1 and mPTP, 

but there is a link between RIPK3 mediated necroptosis and mPTP-mediated 

necrosis. Zhang et al. showed that global deletion of RIPK3 reduces infarct size 

and necrosis after I/R but also that RIPK3 induced necroptosis is mediated by Ca2+-

calmodulin–dependent protein kinase (CAMKII) activation, a multifunctional 

protein kinase that is also a facilitator of mPTP-mediated necrosis (T. Zhang et al., 

2016). On the other hand, necrostatin-1 might interfere with other pathways outside 

RIPK1 (Y. Cho, McQuade, Zhang, Zhang, & Chan, 2011). In addition, some of the 

microRNAs and long noncoding RNAs are proposed to regulate death receptor 

signaling during I/R (Del Re et al., 2019). 

Mitochondrial pathway in myocardial infarction 

Overexpression of the pro-survival protein BCL-2 in a mouse I/R model was 

protective as it resulted in better cardiac function and less apoptosis (Brocheriou et 

al., 2000). Global deletion of the pro-cell death protein BAX in isolated perfused 

heart was beneficial after I/R and also resulted in ameliorated cardiac function in 

an in vivo model of non-reperfused MI. In addition, apoptotic and necrotic markers 

were decreased in subpopulation (Hochhauser et al., 2003; Hochhauser et al., 2007). 

Whelan et al. also reported that in addition to a traditional role in apoptosis, BAX 

and BAK contribute to necrotic cell death; deletion of both of these BCL-2 proteins, 

diminishes the infarct size in an I/R in vivo model and shows fewer necrotic features 

such as mitochondrial abnormalities and derangements of sarcomere structures 

(Whelan et al., 2012). Global deletion of PUMA, an activator of BAX/BAK, has 

also been shown to be cardioprotective as it reduced infarct size, enhanced cardiac 

function and also reduced apoptotic and necrotic markers in perfused hearts 

subjected to I/R (Toth et al., 2006).  

Cyclophilin D facilitates the Ca2+-induced mPTP opening in necrosis and 

global knockdown of it reduced infarct size and inhibited necrotic cell death in I/R 

but not apoptosis (Baines et al., 2005; Nakagawa et al., 2005). Cardiac 

overexpression of cyclophilin D again led to mitochondrial swelling and cell death 
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(Baines et al., 2005). In 1988 Crompton et al. found that the immunosupressant 

cyclosporine A (CsA), an inhibitor of cyclophilin D, can inhibit Ca2+-induced 

mPTP opening (Crompton, Ellinger, & Costi, 1988). This led to preclinical and 

consequently clinical studies to investigate whether it would also be advantageous 

in I/R injury. In preclinical studies CsA showed some efficacy (Ong, Samangouei, 

Kalkhoran, & Hausenloy, 2015), but unfortunately these benefits were not observed 

in clinical settings (Upadhaya et al., 2017). Sanglifehrin A is another potent 

inhibitor of mPTP opening by binding to a different site of cyclophilin D, and has 

been shown to be cardioprotective in preclinical studies (Clarke, McStay, & 

Halestrap, 2002; Shanmuganathan, Hausenloy, Duchen, & Yellon, 2005). 

The Na+/H+ exchanger also participates in regulation of intracellular Ca2+  and 

amiloride, a potassium sparing diuretic, that is also a Na+/H+ exchange inhibitor, 

has been shown to be beneficial in preclinical studies in an I/R model (Karmazyn, 

1988). However, clinical studies with the specific Na+/H+ inhibitor cariporide, did 

not show significant benefits in a severe coronary artery event (Theroux et al., 

2000). 

There are also molecules that operate both death receptor and mitochondrial 

pathways in MI. Cellular inhibitors of apoptosis (cIAPs) have a role in the death 

receptor, but also in mitochondrial pathways. They suppress death receptor 

mediated apoptosis and necroptosis by ubiquitination processes in complex I that 

activate survival pathways (Shan et al., 2018), and they inhibit mitochondrial 

apoptosis by inhibiting caspases (Deveraux et al., 1998). cIAP2 was found to be 

protective in a mouse I/R model when overexpressed (Chua et al., 2007). Apoptosis 

was diminished and infarct size was also smaller in transgenic mice. Also troponin 

I was diminished referring to less necrosis. High temperature requirement A2 

(HtrA2)/Omi is released from mitochondria into the cytosol and again proteolyzes 

inhibitor of apoptosis proteins thus leading to increased caspase activation. It is 

increased in the cytosol after I/R and also leads to increased apoptosis (H. R. Liu 

et al., 2005). Its inhibitor UFC-101 has been shown to have beneficial effects in I/R 

injury with rats and mice. In mice UFC-101 leads to diminished TUNEL labeling, 

smaller infarct size and also reduced caspase activity (H. R. Liu et al., 2005). In a 

rat model, infarct size was also diminished, cardiac function ameliorated, XIAP (X-

linked inhibitor of apoptosis protein) degradation was reduced and caspase 

processing was inhibited (Bhuiyan & Fukunaga, 2007). Apoptosis repressor with 

caspase recruitment domain (ARC) is an inhibitor of several death programs 

(McKimpson et al., 2013; Nam et al., 2004) and cardiomocyte specific 

overexpression has been shown to reduce infarct size after I/R and result in 
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improvement of cardiac function in the Langendorff model after reperfusion (Pyo 

et al., 2008). Various caspase inhibitors have been shown to lead to contradictory 

results since their actual mechanisms are unclear (Del Re et al., 2019). The role of 

apoptosis in I/R has been questioned in studies by Inserte et al, where they did not 

see any improvement in infarct size after genetic deletion of executioner caspases-

3 and -7 (Inserte et al., 2016). 

2.6.2 Cell death in heart failure  

As previously described, multiple processes contribute to the pathogenesis of HF 

and cell death is one of them. As it is generally the better understood entity, the role 

of cell death is almost exclusively studied in HFrEF. The rate of dying cells in the 

failing heart seems to be quite low, but still there are approximately ten times more 

TUNEL-positive cells than in normal healthy hearts (Saraste et al., 1999). Still there 

is some discrepancy about whether apoptosis is really contributing to HF. There is 

considerable variation in the estimated amounts of apoptotic cells in the failing 

heart, and this must be due, at least partly, to variation in methods between different 

labs (Takemura et al., 2013). Probably cardiomyocyte death is still an important 

contributor in the progress of HF. Wencker et al. developed a mouse model where 

conditionally active caspase activity in the myocardium led to a low rate of 

apoptosis and lethal dilated cardiomyopathy (Wencker et al., 2003). This apoptosis 

rate was four- to tenfold lower than those seen in failing human hearts. By 

inhibiting apoptosis in this model, they also managed to prevent the development 

of the cardiomyopathy. 

Death receptor pathway in heart failure 

TRAF2 is an adaptor protein in complex I of the extrinsic cell death pathway and 

it has been shown to be cardioprotective, since cardiac-specific deletion of TRAF2 

in a mouse model led to necroptotic cardiac cell death, pathological remodeling and 

HF (Guo et al., 2017). In the same study, deletion of RIPK3 rescued the cardiac 

phenotype. In another study, global deletion of RIPK3 resulted in markedly 

enhanced EF and less hypertrophy 30 days after MI (Luedde et al., 2014). Global 

deletion of RIPK3 has also been shown to attenuate a chemotherapeutic agent 

anthracycline doxorubicin –induced cardiac dysfunction (T. Zhang et al., 2016). 
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Mitochondrial pathway in heart failure 

Cyclophilin D deletion inhibited necrotic cell death after I/R as previously 

described (Baines et al., 2005), but also Ca2+ overload –induced HF (Nakagawa et 

al., 2005). In this same study fibrosis was diminished and this was thought to be 

the result of diminished necrotic cell death. Also doxorubicin induced cardiac 

dysfunction was ameliorated. Nevertheless, in another study of the same group, 

mice lacking cyclophilin D were exposed to pressure overload which led to marked 

systolic dysfunction, or to stimuli of physiological exercise, which led to increased 

mortality of these animals (Elrod et al., 2010). This was probably due to alterations 

in Ca2+ homeostasis. BNIP3 (BCL-2 and nineteen-kilodalton interacting protein–3) 

and NIX/BNIP3L (nineteen-kilodalton interacting protein 3-like protein X/BCL-2 

nineteen-kilodalton interacting protein 3-like) are two BH3-only-like proteins 

mediating cell death, both necrotic and apoptotic. Deletion of BNIP3 for example 

has been shown to reduce apoptosis after I/R and also 3 weeks later these mice had 

enhanced systolic function, less LV dilatation and fewer structural changes in the 

heart compared to wild type mice (Diwan et al., 2007). Forced cardiac expression 

in unstressed mice and conditional overexpression prior to I/R also increased 

apoptosis. In unstressed mice this also led to impaired systolic function and LV 

dilatation and to larger infarct size in I/R. Inhibition of BNIP3 also prevented the 

cardiotoxic effects of doxorubicin (Dhingra et al., 2014). In addition, forced 

expression of NIX/BNIP3L led to apoptotic cardiomyopathy and death (Yussman 

et al., 2002). 

2.7 Molecular mechanisms involved in cardioprotection and 

development of heart failure 

The heart is not just a muscle pump, the myocardium also senses and reacts to 

different kinds of endocrine signals from other organs and autocrine and paracrine 

signals from the myocardium itself. Different kinds of stress stimuli can force the 

heart to respond and adapt either acutely or chronically. Stress can be, for example, 

a consequence from changes in hemodynamic loading, ischemic or toxic insult, 

infection, defective valvular function, disturbances in rhythm, congenital 

malformations or defects in contractile proteins. Acute responses are mainly 

changes in the function of the heart, and if the stress is maintained, multiple changes 

at the cellular level and finally at the whole organ level occur. For example protein 

kinases transduce extracellular signals and then coordinate cellular responses that 
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are needed for adaptation and survival. These changes are adaptive and also 

maladaptive if they do not alleviate but aggravate the disease (Baines & Molkentin, 

2005). 

Signaling mechanisms involved in cardiac injury and cardiac protection are 

distinctly different. Still end-stage failing hearts independent of the etiology share 

common features of cardiomyocyte cell death, ventricular wall thinning and 

chamber dilatation and increased extracellular fibrosis. This may be due to different 

pathways finally converging on some common targets (Rose, Force, & Wang, 

2010). 

In the following chapters I will review pathways that are involved in cardiac 

stress stimuli and cardioprotection in both I/R injury and pathological remodeling 

of the heart. 

2.7.1 Mitogen-activated protein kinases (MAPK) 

The mitogen-activated protein kinase family is a group of proteins that are involved 

in survival, apoptosis, proliferation, differentiation, metabolism and motility (Rose 

et al., 2010). They form a complex signaling network that is activated by multiple 

external stimuli, which through various regulatory mechanisms lead to highly 

specific cellular effects.  In myocardium they participate in the signal transduction 

of cardiac development, physical adaptation and pathological manifestation. These 

proteins include both protective but also injurious members. MAPK proteins are 

divided into four subfamilies; p42/p44 extracellular signal-regulated kinases 

(ERK1/2), c-Jun NH2-terminal kinases (JNK1, -2 and -3), p38 kinase (α, β, γ, δ), 

and big MAPK (BMK or ERK5). They are activated by dual phosphorylation by 

MAPK kinase (MKK), which is downstream from MAPK kinase kinase (MKKK). 

MAPKs phosphorylate serine or threonine residues of their target proteins 

(Kyriakis & Avruch, 2012). Crosstalk and feedback of upstream activators and 

downstream targets are common between subfamilies, but there is also specificity 

in certain cascades. Other complex non-canonical signaling mechanisms also exist 

in MAPK-signaling. In this thesis I will concentrate on ERK1/2, JNK and p38 and 

their role in heart function and diseases (Fig. 4). 

ERK1/2 

ERK1 and ERK2 are 83% identical and most of their signaling activities are the 

same; only knockout experiments have revealed some functional differences. 
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ERK1/2 possibly can phosphorylate over 100 substrates (S. Yoon & Seger, 2006) 

which leads to multiple effects at the cellular level and thus has a significant 

contribution in physiological and pathological settings. In individual cells ERK1/2 

for example contributes to cell death, and at the whole body level it has a role, for 

example, in heart development and cardiovascular diseases (Rose et al., 2010). 

Activation of ERK1/2 goes through a three-tiered kinase cascade as previously 

described. Intracellular or extracellular stimuli such as fibroblast growth factor 

(FGF) binds to their specific receptor tyrosine kinase (RTK) and activates Ras, 

which again activates Raf (MKKK) at the plasma membrane. That in turn 

phosphorylates and activates MEK1/2 (MKK) which phosphorylates ERK1/2 and 

finally leads to phosphorylation of target proteins, such as transcription factors in 

the nucleus or cytoplasm. The specificity and magnitude of signaling outcome can 

be modulated by interactions of scaffold proteins, docking site motifs, protein 

phosphatases and positive and negative feedback from other parts of the MAPK 

signaling network (Kyriakis & Avruch, 2012; Rose et al., 2010). 

Based on a variety of transgenic animal studies and studies with human 

samples, Ras-Raf-MEK1-ERK1/2 is thought to be prohypertrophic and prosurvival 

that is probably significant but not absolutely necessary for development of 

cardiomyocyte hypertrophy (Bueno et al., 2000; Bueno & Molkentin, 2002). This 

pathway has also been shown to have quite strong cardioprotective effects via 

multiple downstream targets in response to reperfusion injury (Hausenloy & Yellon, 

2007; Lips et al., 2004), ERK1/2 being also part of the RISK pathway. The 

mechanisms of this protective effect are not clear. One possible mediator of this 

effect is the pro-survival protein Bcl-2 (Das, Salloum, Xi, Rao, & Kukreja, 2009), 

but there are many other mediators described (Rose et al., 2010). Sprouty-1 (Spry1) 

is an endogenous inhibitor of the ERK pathway and Spry1 knock-out (KO) has  

been shown to reduce infarct size and release of troponin I in a mouse model of I/R 

(Alakoski et al., 2019). Silencing of Spry1 in isolated cardiomyocytes by RNA 

interference (RNAi) also improved cell survival in simulated ischemia. In both 

models ERK phosphorylation was induced. Furthermore, overexpression of 

GSK3β with constitutively active adenovirus transfer abrogated the protective 

effect of Spry1 KO in isolated cardiomyocytes. Regarding pathological cardiac 

remodeling, the Ras-Raf-MEK1-ERK1/2 pathway can also modulate ion channels, 

exchangers and pumps that may lead to SR calcium defects, arrhythmias, 

contractile defects and sudden cardiac death in hypertrophic cardiomyopathy (Rose 

et al., 2010), suggesting that activation of the ERK1/2 pathway might lead to either 

a cardioprotective or deleterious outcome depending on the different stimuli. 
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Figure 4. Simplified representation of activation of mitogen activated protein kinases 

(MAPKs) ERK1/2, p38 and JNK.  MAPKKK = MAPK kinase kinase; MAPKK = MAPK 

kinase; ERK = extracellular regulated kinase; JNK = c-Jun NH2-terminal kinase; p38 = 

p38 kinase; MLK = mixed lineage kinase; ASK1 = apoptosis signal-regulating kinase 1; 

TAK1 = TGFβ-activated kinase 1. Modified from Rose, Force & Wang 2010. Created with 

BioRender.com. 

JNK 

JNK1, JNK2 and JNK3 are all encoded by separate genes, and through alternative 

splicing they can produce ten different variants that have more than 80% homology 

(Barr & Bogoyevitch, 2001). These different isoforms have been shown to have 

specific roles in gene knockout studies (Bogoyevitch, 2006; Gerits, Kostenko, & 

Moens, 2007). JNK has multiple roles at the cellular level, including apoptosis and 

cell survival. JNK is needed, for example, in the normal physiological immune 

response and contributes to atherosclerosis and cardiac disease in pathological 

setting (Bogoyevitch, 2006).  

JNK is a stress-activated protein kinase and is activated, for example, by I/R 

or oxidant stress and inflammatory cytokines (Rose et al., 2010). This is followed 
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by the same activation cascade as in ERK1/2, but with different kinases. Upstream 

kinases MKKK in this cascade are MEKK1-3 and mixed lineage kinase 2 and 3 

(MLK2-3). These activate MKKs of this cascade, MKK4 and MKK7. MKK4/7 

then phosphorylate JNK on different sites so they can work also synergistically. 

JNK then has more than 25 nuclear and more than 25 non-nuclear substrates 

(Bogoyevitch & Kobe, 2006). Similar to ERK1/2, the specificity and magnitude of 

JNK signaling are modulated by interaction with scaffold proteins, specific docking 

sites and phosphatases.  

JNK is rapidly activated after development of pressure overload but the 

response varies with different stimuli and also different isoforms might have 

different roles. In vitro and in vivo studies have been contradictory since in vitro 

studies show JNK to be prohypertrophic and in vivo studies point at 

antihypertrophic effects (Rose et al., 2010).  

JNK is also activated after reoxygenation upon reperfusion and it also might 

activate during ischemia. It has been shown to be both anti- and proapoptotic and 

these effects are probably mediated via caspases and BCL-2 proteins, but also in 

caspase-independent manners (J. Liu & Lin, 2005; Shvedova, Anfinogenova, 

Atochina-Vasserman, Schepetkin, & Atochin, 2018). Part of the cardioprotection 

might be regulated also through Akt, which is an important prosurvival protein in 

postischemic cardiomyocytes (Shao et al., 2006). In addition, JNK has a role in 

ECM remodeling, since manipulation of JNK results in variable changes, for 

example, in the fibrotic content of myocardium (Kyoi et al., 2006; Tachibana et al., 

2006; W. Wu, Muchir, Shan, Bonne, & Worman, 2011). Again, the results of 

multiple studies are controversial (Rose et al., 2010). 

p38  

There are four different isoforms of p38; p38α, β, γ, and δ, of which p38α is usually 

referred to as p38. These isoforms have similarities in the structure and substrates. 

Structural similarities are over 60% and even higher in their kinase domains. The 

substrate specificity of each isoform is still not clear. p38 has multiple biological 

roles of which the most interesting in the framework of this thesis are apoptosis, 

cell survival and cell growth (Thornton & Rincon, 2009; Zarubin & Han, 2005), 

especially in cardiovascular diseases (Cuenda & Rousseau, 2007; Romero-Becerra, 

Santamans, Folgueira, & Sabio, 2020).  

p38 is a stress-activated protein kinase and responds to the same stimuli as JNK, 

in addition to some that are specific to p38. p38’s functional role in vivo has been 
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challenging to elucidate since it responds to over 60 different extracellular stimuli 

in a cell specific manner (Ono & Han, 2000). The canonical activation cascade is 

similar to ERK1/2 and JNK. MKKK level kinases in this cascade are MEKK1– 4, 

TAK1 and ASK1, and MKK level kinases are MKK3, MKK6, and possibly MKK4. 

Noncanonical activation of p38 is also possible. After activation, p38 binds its 

substrates: transcription factors, other nuclear proteins and cytoplasmic proteins. 

Again, the magnitude and signals of this pathway are determined by scaffold 

proteins, specific domains to interact with other proteins and protein phosphatases 

(Rose et al., 2010).  

Initial in vitro studies suggested p38 to be prohypertrophic (Romero-Becerra 

et al., 2020), but in vivo studies show that the activity of p38 alone is not sufficient 

to promote hypertrophy (Liao et al., 2001). Acute activation of p38 is associated 

with prohypertrophic effects while chronic activation probably suppresses 

hypertrophic growth (Rose et al., 2010). p38 might have a role in remodeling 

including apoptosis, fibrosis, chamber dilatation and aberrant cardiac function 

(Nishida et al., 2004; Romero-Becerra et al., 2020). For example, in mice with 

cardiac-specific p38 overexpression there was a prominent upregulation of fibrosis 

and inflammation related genes (Tenhunen et al., 2006). Koivisto et al. showed in 

in vitro studies the differences between p38α and p38β isoforms; p38β increased 

mRNA levels of pro-hypertrophic ANP and p38α pro-fibrotic genes CTGF, bFGF 

and MMP9 (Koivisto, Kaikkonen et al., 2011).  

The role of p38 in I/R and ischemic conditioning is contradictory; some studies 

point to a protective and others to a detrimental role (Romero-Becerra et al., 2020; 

Rose et al., 2010). This could be due to different isoforms of p38 and different study 

settings. It has been suggested that short preconditioning cycles of ischemia can 

induce transient p38 activation but lead to diminished p38 activation during 

subsequent prolonged lethal ischemia (Marais et al., 2001). It is also suggested that 

activation of p38β in the preconditioning phase leads to cardioprotective signaling. 

During ischemia, a decrease in p38α leads to cardioprotection, while an increase 

leads to apoptosis (Romero-Becerra et al., 2020; Saurin et al., 2000).  Proapoptotic 

effects have been studied intensively and inhibition of p38 has been shown to 

decrease mitochondrial-mediated cell death (Martin, Bassi, & Marber, 2015; Rose 

et al., 2010). 

MAPK inhibitors have been studied intensively, p38 inhibitors being the most 

promising in preclinical and also partly in clinical studies. However, preclinical 

studies of p38 MAPK inhibition have been contradictory in every study setting, 

probably partly due to a lack of isoform specific inhibition (Romero-Becerra et al., 
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2020). Losmapimod, a reversible competitive inhibitor of the α and β isoforms of 

p38 MAPK, was in a phase III study, but it did not manage to prove effective in 

reducing major adverse cardiovascular events in patiens with acute MI 

(O'Donoghue et al., 2016). Still, some beneficial changes were seen; hs-CRP and 

N-terminal pro-BNP levels were lower in the treatment group. In the future, maybe 

after optimizing study settings, treatment and timing, p38 inhibition could still be 

advantageous (Kompa, 2016). 

2.7.2 AKT – GSK3  

Akt, also known as protein kinase B, is a serine/threonine-specific protein kinase. 

It has multiple roles in cellular processes, also in the cardiovascular system. Of the 

three isoforms (Akt1-3), Akt1 and Akt2 are highly expressed in heart (Coffer & 

Woodgett, 1991). The isoforms have approximately 80% homology in their amino 

acid sequences. There are multiple biological stimuli that can activate Akt in the 

heart such as insulin, insulin-like growth factor 1 (IGF-1), ATII, ET-1, 

phenylephrine, acetylcholine, adrenomedullin, erythropoietin, pressure overload, 

ischemia/hypoxia and others (Matsui & Rosenzweig, 2005). 

Acute activation of Akt, for example, in hypoxic conditions of the heart, has 

been shown to be antiapoptotic (Fujio, Nguyen, Wencker, Kitsis, & Walsh, 2000; 

Matsui et al., 2001), and cardioprotective, Akt also being a member of the RISK 

pathway (Hausenloy et al., 2005; Matsui & Rosenzweig, 2005). Akt activation not 

only prevents apoptosis but also preserves the function of cardiac myocytes after 

I/R (Matsui et al., 2001). Akt has effects on cardiomyocyte growth and cardiac 

hypertrophy, both normal and adaptive growth, but also pathological hypertrophy 

(Kehat, 2010; Matsui et al., 2002). Its hypertrophic downstream targets are GSK3, 

mammalian target of rapamycin (mTOR) and also p70S6 kinase. mTOR is a key 

regulator of protein synthesis and cell growth (Wang & Proud, 2006).  

The long term effects of Akt activation are probably deleterious, as it is 

upregulated in failing human hearts (Haq et al., 2001), and showed maladaptive 

response and massive cardiac dilatation in animal models (Matsui et al., 2002; 

Nagoshi et al., 2005). As a therapeutic target Akt is also too widely expressed in 

organs and could lead to the development of malignancies at least in chronic dosing 

(Matsui & Rosenzweig, 2005). Acute therapeutic approaches are not yet available.  
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RISK pathway 

The RISK pathway, considered as its own entity in the field of cardioprotective 

signaling, was first described in 2002 (Schulman, Latchman, & Yellon, 2002). 

RISK refers to a group of pro-survival protein kinases that contribute to 

cardioprotection when activated during reperfusion (Rossello & Yellon, 2017). 

Presumably it consists of two parallel cascades, phosphatidylinositol 3-kinase 

(PI3K) -Akt and MEK1-ERK1/2. Akt and ERK1/2 have both anti-apoptotic and 

anti-necrotic cardioprotective effects and activation of RISK reduces infarct size 

(Hausenloy et al., 2005). These pathways should be activated in early reperfusion 

to target mPTP opening which happens within the first 15 minutes of reperfusion 

resulting from mitochondrial Ca2+ overload, oxidative stress and ATP depletion 

(Hausenloy, Duchen, & Yellon, 2003). mPTP opening leads to mitochondrial 

mediated necrotic cell death as previously described. RISK is activated by ischemic 

pre- and postconditioning and pharmacological agents like statins, insulin, 

bradykinin and adenosine and thus seems to be a common pathway for multiple 

cardioprotective therapies (Hausenloy et al., 2005; Jovanovic, 2018). Still RISK 

might not be mediating cardioprotection in all species, since it was not activated in 

a pig model of remote ischemic preconditioning (Skyschally et al., 2015). 

RISK and other cardioprotective pathways can be activated by ischemic 

conditioning stimuli. The G-protein-coupled receptor (GPCR) or cytokine receptor 

is activated by autacoids (e.g. adenosine, bradykinin, opioids) released as a 

response to the ischemic conditioning stimulus. This leads to activation of the 

epidermal growth factor receptor (EGFR) that again activates the PI3K-Akt 

pathway. This results in phosphorylation and activation of endothelial nitric oxide 

synthase (eNOS) which activates guanylate cyclase (GC) via NO. GC activates 

protein kinase G (PKG) via cyclic guanine-5-monophosphate (cGMP). PKG then 

phosphorylates and opens the mitochondrial KATP channel. This releases ROS from 

mitochondria which again activates downstream signaling including ERK1/2. 

(Hausenloy et al., 2005; Heusch, 2015)  

When activated at the time of reperfusion, the RISK pathway probably 

phosphorylates downstream targets p70S6K, BAD/BAX, eNOS, GSK3β and PKCε 

(Hausenloy et al., 2005). Cardioprotection via these downstream targets is most 

likely mediated by inhibition of mPTP opening. BAD/BAX contribute to apoptotic 

and necrotic cell death via opening mPTP and phosphorylation inhibits their pro-

cell death actions. Phosphorylation and activation of eNOS releases NO, which 

inhibits mPTP opening. Akt phosphorylates and inhibits its downstream target 



64 

GSK3β which again has been shown to inhibit mPTP opening (Juhaszova et al., 

2004), see figure 3. In the active form GSK3β mediates mPTP opening. 

Mitochondrial PKCε forms a complex with ERK1/2, which again inhibits mPTP 

opening. These mechanisms lead to cardioprotection via RISK and can be activated 

with pharmacologic agents or ischemic pre- or postconditioning and also during 

reperfusion. Part of these effects can be due to the antiapoptotic effects of Akt 

activation and its downstream targets like eNOS, BAD/BAX and NF-κB (Matsui 

& Rosenzweig, 2005). 

GSK3 

GSK3 is a serine/threonine kinase that was found in 1980 and has been shown to 

inhibit glycogen synthase, the rate limiting enzyme in glycogen synthesis, via 

phosphorylating it (Embi, Rylatt, & Cohen, 1980). GSK3 is associated with a 

variety of signaling pathways: Wnt/β-catenin, Hedgehog, TGFβ, cAMP signaling, 

nuclear factor of activated T-cells (NF-AT) and agonists that act via stimulation of 

PI3K (Cormier & Woodgett, 2017; Doble & Woodgett, 2003). GSK3 has over 40 

substrates (Sutherland, 2011) and over 500 other potential candidates (Linding et 

al., 2007). Thus it is involved in regulation of multiple cellular functions such as 

embryonic development, metabolism, cell motility, apoptosis, cell differentiation 

and proliferation (Cormier & Woodgett, 2017; McCubrey et al., 2016). 

Dysregulation of GSK3 has been shown to have a role in many diseases, for 

example, psychiatric disorders, diabetes, Alzheimer´s disease, neurodegeneration, 

several forms of cancer and cardiovascular disorders.  

GSK3 has two different isoforms GSK3α (51kDa) and GSK3β (47kDa) 

encoded by separate genes (Woodgett, 1990). The overall homology in these 

isoforms is approximately 85% and 98% in the catalytic domain with some 

differences in C- and N-termini. There is no specific inhibitor for the different 

isoforms due to these structural similarities in the kinase domain, so the inhibitors 

affect both isoforms. Their functions also overlap. GSK3β deletion results in 

embryonic lethality (Hoeflich et al., 2000), so even though the isoforms have 

overlapping roles, GSK3α cannot compensate loss of GSK3β.  

The regulation of GSK3 is complex and not fully understood. GSK3 can be 

regulated through phosphorylation, though complex formation and through 

intracellular localization (Kaidanovich-Beilin & Woodgett, 2011). GSK3 is active 

in basal the condition of the cell and phosphorylates its substrates to inhibit their 

function. GSK3 is inhibited by N-terminal phosphorylation or activated by 
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phosphorylation of certain tyrosine residues in response to a variety of stimuli. For 

example, several growth-factors, cytokines and hormones lead to GSK3 inhibiting 

signaling (Takahashi-Yanaga, 2018). In post-translational regulation of GSK3α 

phosphorylation of Ser21 is inhibitory and phosphorylation of Tyr279 is activating, 

while GSK3β phosphorylation of Ser9 is inhibitory and phosphorylation of Tyr216 

is activating. Thornton et al. showed that GSK3β can also be inhibited by p38 

MAPK via phosphorylation within its C-terminal region at Ser389 and Thr390 

(Thornton et al., 2008). Phosphorylation of inhibitory residues of GSK3 leads to 

activation of its downstream effectors, which then are released to mediate their 

signaling. Phosphorylations in GSK3α Ser21 and GSK3β Ser9 have been shown to 

have a role in cardiac pathophysiology, but the meaning of the phosphorylations of 

tyrosine residues or the C-terminus are not so well characterized (Lal, Ahmad, 

Woodgett, & Force, 2015). Wnt-β-catenin signaling is an example of regulation of 

GSK3 through complex formation. The cellular localization of GSK3 regulates its 

activity, whether it localizes in cytoplasm, nucleus or mitochondria (Cormier & 

Woodgett, 2017; Kaidanovich-Beilin & Woodgett, 2011) 

GSK3 has multiple roles in cardiac health, both isoforms having overlapping, 

unique and opposing functions. It is involved in both cardioprotection afforded by 

ischemic preconditioning and also cardiac hypertrophy and heart failure (Lal et al., 

2015). 

GSK3 in ischemia-reperfusion  

As noted, inhibition of GSK3β by Akt activation leads to delay of mPTP opening 

and cardioprotection (Juhaszova et al., 2004). Other groups have gained similar 

results, but again in some studies GSK3β inhibition has not been obligatory in 

cardioprotection (Lal et al., 2015; Nishino et al., 2008). In work by Alakoski et al. 

it was seen that GSK3β has a crucial role in Spry1-inhibition mediated 

cardioprotection (Alakoski et al., 2019). Overexpression of constitutively active 

GSK3β could abolish the protective effect of Spry1 RNAi in hypoxic 

cardiomyocytes. Still the role of GSK3β is controversial (Ghaderi et al., 2017). 

GSK3 in apoptosis 

The role of GSK3 in apoptosis is not unambiguous. For example, global deletion 

of GSK3α after MI led to increased apoptosis in the border zone of infarction (Lal 

et al., 2012). Increased BAX translocation to mitochondria and release of 
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cytochrome C were suggested to contribute to cell death. On the other hand, 

transgenic overexpression of GSK3α increased apoptosis in the heart after TAC 

(Zhai et al. 2007), whereas co-expression with MEK1 (bigenic transgenic mouse) 

abolished this effect (Maejima, Galeotti, Molkentin, Sadoshima, & Zhai, 2012). 

Cardiomyocyte specific conditional deletion of GSK3α after MI again diminished 

apoptotic cells in both scar and border zone, and this was thought to be due to a 

decrease in the BAX/BCL-2 ratio (Ahmad et al., 2014). The S389 phosphorylation 

site has been shown to promote cell survival of lymphocytes undergoing double-

strand breaks (Thornton et al., 2016) and failure to inactivate nuclear GSK3β by 

Ser389 phosphorylation causes neuronal cell death (Thornton et al., 2018). The role 

of this phosphorylation site in cardiomyocyte death has not been studied earlier. 

GSK3 in cardiac hypertrophy, remodeling and fibrosis 

From the point of hypertrophy and remodeling, global deletion of GSK3α is 

detrimental for the heart (Zhou et al., 2010). Mice with Gsk3a–/– develop 

cardiomyocyte and cardiac hypertrophy and contractile dysfunction. After TAC 

they develop hypertrophy proceeding rapidly to ventricular dilatation with 

contractile dysfunction. β-adrenergic responsiveness was diminished with these 

animals which could be the reason for their failure to respond to hemodynamic 

stress. When these animals went through MI, their infarct size and risk of cardiac 

rupture were increased, they had more progressive post-MI remodeling including 

fibrosis, and worse cardiac function, and these increasingly led to HF (Lal et al., 

2012).  

Interestingly, global knockin and constitutively active GSK3α with inhibition 

of phosphorylation site S21 also promoted hypertrophy and HF (Matsuda et al., 

2008). Transgenic overexpression of GSK3α inhibited cardiac growth and pressure 

overload -induced cardiac hypertrophy but increased fibrosis and cardiac 

dysfunction (Zhai et al., 2007). Cardiomyocyte specific conditional deletion of 

GSK3α after MI limited remodeling and preserved cardiac function (Ahmad et al., 

2014). Also the infarct scar was thicker and less expanded.  

Mechanistically, in hypertrophy, mammalian target of rapamycin complex 1 

(mTORC1) has been shown to be the key target of GSK3α. Targets of mTORC1 

are eIF4E binding protein and ribosomal S6 (Lal et al., 2015). In addition, GSK3α 

mediates hypertrophy by inhibiting ERK1/2 (Zhai et al., 2007). Forced activation 

of MEK1 together with GSK3α in a bigenic overexpression model, abolished the 

antihypertophic effect of GSK3α (Maejima et al., 2012).  
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GSK3β is an important regulator of embryonic cardiomyocyte proliferation 

and differentiation, since Gsk3b(-/-) was lethal to mice embryos that had severe 

heart malformations and developed hypertrophic myopathy caused by 

hyperproliferation of cardiomyocytes (Kerkela et al., 2008). GSK3β has been 

shown to be a negative regulator of hypertrophy, both normal and pathological (Haq 

et al., 2000; Lal et al., 2015; Morisco et al., 2000). Inducible cardiomyocyte specific 

deletion of GSK3β in mice after pressure overload resulted in a normal 

hypertrophic response, but after MI they had more hypertrophy, but less LV 

dilatation and better preserved cardiac function (Woulfe et al., 2010). On the other 

hand, double knockin mice with constitutively active GSK3α and GSK3β did not 

show any effect on remodeling following MI (Webb, Sicard, Clark, Redwood, & 

Marber, 2010). GSK3β seems to protect a healthy heart from fibrosis by β-catenin- 

and TGFβ-SMAD3-dependent mechanisms. Injury leads to phosphorylation and 

inhibition of GSK3β, which again allows fibrotic genes to be expressed (Lal et al., 

2015). 

Pharmacological GSK3 inhibition has been shown to be beneficial in a variety 

of diseases, at least in animal models (Saraswati, Ali Hussaini, Krishna, Babu, & 

Kamal, 2018). The oldest GSK3 inhibitor known is lithium used for treatment of 

bipolar disorder. GSK3 inhibitors are intensively studied, for example, in 

neurodegenerative and psychiatric disorders (Duda et al., 2018; Eldar-Finkelman 

& Martinez, 2011; Griebel et al., 2019), type 2 diabetes (Maqbool & Hoda, 2017) 

and cancers (Mathuram, Reece, & Cherian, 2018; Nagini, Sophia, & Mishra, 2019). 

Also inhibiting GSK3β at I/R injury of kidney, liver and also heart has been shown 

to be a promising new target (Lal et al., 2015; Ren et al., 2011; S. P. Singh et al., 

2015). Still there are problems, for example, in side effects and safety concerns like 

possible teratogenity of the heart (Kerkela et al., 2008), and these inhibitors need 

to be further improved (Bhat et al., 2018). 

SAFE-pathway – STAT3 

Another cardioprotective pathway was presented by Lecour et al. when they found 

that administration of TNF-a added before ischemic insult was cardioprotective, 

but did not activate RISK (Lecour, 2009). The main factor of this survivor 

activating factor enhancement (SAFE) pathway is STAT3 (signal transducer and 

activator of transcription 3) in animal models and probably STAT5 in humans. The 

cardioprotective effect of STAT3 might result, i.a., from inhibition of mPTP 

opening and ROS formation (Jovanovic, 2018; Rossello & Yellon, 2017). 
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2.7.3 Neuronostatin 

Neuronostatin (NST), a peptide that was first identified in 2008, is derived from 

the somatostatin preprohormone (Samson et al., 2008). Its role in hypothalamus, 

pituitary gland, pancreas, gastrointestinal tract and heart has been studied (Samson 

et al., 2008; Serter Kocoglu, Gok Yurtseven, Cakir, Minbay, & Eyigor, 2020; Yosten 

et al., 2015). It is produced by pancreatic delta cells and stimulates glucagon 

production and release and is already hypothesized to be a potential co-therapy with 

insulin to prevent episodes of hypoglycemia in diabetic patients treated with insulin 

(Samson et al., 2016). NST’s role in prostate cancer has also been studied and it is 

suggested to be a promising candidate for a prognostic and diagnostic tool and 

novel therapeutic target (Saez-Martinez et al., 2020). 

Neuronostatin is suspected to bind to the G-protein-coupled receptor and 

GPR107 is one promising candidate. Inhibiting this receptor via small interfering 

RNA (siRNA) in the central nervous system abolished the increasing effect of 

neuronostatin on mean arterial blood pressure. (Yosten, Redlinger, & Samson, 

2012). NST signaling via GPR107 has been shown also in pancreatic α-cells (Elrick 

et al., 2016). Inhibiting GPR107 in mouse-derived pancreatic α-cells or primary rat 

islets, prevented a neuronostatin promoted rise of proglucagon mRNA. In addition, 

two different protein kinase A (PKA) inhibitors abolished this effect. Based on this 

and a previous study of this same group (Salvatori, Elrick, Samson, Corbett, & 

Yosten, 2014) they made a model of neuronostatin signaling in pancreatic α-cells. 

It is unresolved whether a similar signaling pathway applies also to cardiomyocytes. 

At least based on their measurements, pancreatic tissue has ten times higher 

GPR107 mRNA levels compared to heart tissue (Elrick et al., 2016). In an acute 

pancreatitis model neuronostatin ameliorated histological damage, but cell death 

was not specifically studied (Mo et al., 2013). 

In baboon primary pituitary cells it was found that the effects of NST might 

also be mediated by MEK1/MEK2 and extra-/intracellular Ca2+ mobilization in 

addition to PKA (Luque & Kineman, 2018). In intracerebroventricular 

administration NST induced spatial memory impairments and increased 

phosphorylation of GPR107 and PKA in brain (Yang et al., 2019). In this study 

NST also promoted Aβ1-42 oligomers-induced spatial learning and memory 

impairments through the GPR107/PKA/Akt signaling pathway. Aktivation of Akt 

also led to increased phosphorylation of GSK3β. These changes have been shown 

to induce dysfunctional glucose metabolism in brain, which contributes to 

Alzheimer´s disease pathology (Yang et al., 2020).  
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In the heart, neuronostatin seems to affect cardiac contractility negatively in 

cell culture and the Langendorf perfusion model (Hua, Ma, Samson, & Ren, 2009). 

The same cardiac depressive effect was seen in an in vivo study (X. Zhu et al., 

2014). These studies also suggested that mechanical effects in vitro were prevented 

by PKA and Jun-N-terminal kinase (JNK) inhibitors and that in vivo effects were 

associated with decreased phosphorylation of sarcoplasmic reticulum (SERCA) 

and phospholamban (PLB) and activation of AMP-dependent protein kinase 

(AMPK).  

2.7.4 Connective tissue growth factor 

Connective tissue growth factor (CTGF/CCN2) was initially identified in 1991 

(Bradham, Igarashi, Potter, & Grotendorst, 1991). CTGF belongs to the CCN 

(Connective tissue growth factor [CTGF], Cysteine rich protein [CYR61], and 

Nephroblastoma overexpressed [NOV]) protein family that comprises six proteins, 

CCN1-6. These proteins are widely expressed during embryonic development but 

are downregulated during adulthood. In the sites of inflammation, wound healing 

and tissue repair, their expression is upregulated also in adult tissues. This makes 

therapeutic targeting of CCN proteins favorable, since antagonizing them would 

probably affect only diseased tissues. CCN proteins have been implicated, for 

example, in fibrotic diseases, cancer, diabetic nephropathy and retinopathy, arthritis 

and also cardiovascular diseases including atherosclerosis, restenosis, thrombosis 

and hypertension (Jun & Lau, 2011). 

CTGF consists of four domains with sequence homologies to other proteins. 

Domain I is homologous to the insulin-like growth factor (IGF-1) binding protein 

(IGFBP), domain II is homologous to the von Willebrand factor type C repeat 

(vWC), domain III is homologous to the thrombospondin type 1 repeat (TSP) and 

domain IV contains a cysteine knot motif containing carboxyl domain (CT) that is 

common to proteins that bind to heparan sulfate proteoglycans (HSPGs). A 

proteolytically labile hinge region links N-terminal domains I and II to C-terminal 

domains III and IV (C. C. Chen & Lau, 2009; Lipson, Wong, Teng, & Spong, 2012). 

CTGF is one of the secreted matricellular proteins. In ECM, matricellular 

proteins do not provide mechanical support as do structural components like elastin 

and collagens, but they rather bind to matrix proteins and cell receptors transducing 

signaling cascades. These proteins have a role in regulation of the inflammatory 

and reparative response following MI. Matricellular proteins modulate all the cell 

types that are involved in cardiac repair, remodeling and fibrosis. That is why it is 
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challenging to dissect specific molecular mechanisms behind different in vivo 

effects (Prabhu & Frangogiannis, 2016). 

CTGF has a physiological role in angiogenesis, chondrogenesis, osteogenesis 

and tissue repair. CTGF is also involved in cancer and overexpressed in almost all 

fibrotic diseases, probably mediating the fibrotic effect of TGFβ (Shi-Wen, Leask, 

& Abraham, 2008). In addition, CTGF modulates many signaling pathways 

independently of TGFβ (Lipson et al., 2012). CTGF is also involved in cardiac 

fibrosis and atherosclerosis. Ohnishi et al. first showed the existence of CTGF in 

infarcted myocardium of the rat. CTGF found in the infarct area was produced by 

myocytes, myofibroblasts and fibroblasts in the infarct marginal zone (Ohnishi et 

al., 1998). In another earlier study, CTGF was also found to be produced in non-

ischemic myocardial fibroblasts and endothelial cells right after MI and also later 

in a failing heart (Ahmed et al., 2004). Remodeling changes and induction of CTGF 

were prevented by the AT1-receptor antagonist losartan. In this study also CTGF 

expression was induced by ATII via the AT1-receptor in cardiac fibroblasts. Some 

studies also demonstrate that CTGF could be a potential biomarker of cardiac 

dysfunction in acute and chronic HF (Behnes et al., 2014; Koitabashi et al., 2008). 

High CTGF levels have also been shown to predict future MI or cardiovascular 

death in type 2 diabetic patients (Hunt et al., 2018). 

Transgenic animal models have been used to elucidate the role of CTGF in 

ischemic and failing heart, but it still remains contradictory since the results of 

many studies are conflicting. Panek et al. showed that overexpression of CTGF in 

the cardiomyocytes in their model did not stimulate fibrosis under basal or ATII or 

isoproterenol stimulated conditions, but animals developed cardiac dysfunction at 

the age of 7 months (Panek et al., 2009). This age-dependent dysfunction was 

associated with Akt and JNK activation, whereas natriuretic peptides were not 

elevated. Also isolated hearts of these animals were not protected from I/R injury. 

Yoon et al. overexpressed CTGF in cardiomyocyte culture with a viral vector and 

detected a hypertrophic response (P. O. Yoon et al., 2010). They also generated a 

transgenic mouse that overexpressed CTGF. Those animals developed fibrosis in a 

pressure overload model and cardiac function deteriorated, but there was no 

increased hypertrophy compared to controls. Mechanistically, cytoplasmic SMAD 

proteins, which mediate TGFβ signaling, were elevated in CTGF overexpressed 

and TAC operated mice. In more detail, SMAD2 and SMAD4 were elevated, 

SMAD2 is phosphorylated by TGFβ and then it heterodimerizes with SMAD4 and 

this complex translocates into the nucleus and activates the transcription of target 

genes. SMAD7 is an inhibitory factor in this pathway and it was reduced in CTGF 
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overexpressed mice.  In contrast, cardiac-restricted overexpression of CTGF in the 

mouse model of Ahmed et al. showed smaller hearts, unaltered cardiac function, 

subtle increase of myocardial contents of extracellular collagen, and induction of 

cardioprotective genes (Ahmed et al., 2011). In this study CTGF overexpression 

also protected the heart from I/R injury resulting in diminished infarct size and 

activation of SMAD2 and RISK signaling pathways which led to phosphorylation 

of GSK3β. Inhibition of the RISK pathway with the PI3K inhibitor abolished the 

protective effect. They also treated perfused heart with recombinant human CTGF 

and detected reduced infarct size, faster recovery in contractility and activation of 

the Akt/GSK3β pathway. In the same mouse model cardiac-restricted 

overexpression of CTGF attenuated cardiac hypertrophy in a chronic pressure-

overload model, reduced cardiac remodeling and improved cardiac function after 

permanent MI (Gravning et al., 2012; Gravning, Ahmed, von Lueder, Edvardsen, 

& Attramadal, 2013). In their MI study, TG mice had the same infarct size 24 h 

after MI, but overexpression attenuated LV dysfunction, HF and mortality at the 4 

week timepoint. The cross-sectional area of cardiomyocytes was diminished in Tg-

CTGF mice and also ANP and BNP were diminished referring to reduced 

hypertrophy. Inflammatory cells and apotosis were also diminished in Tg mice. In 

this study Gravning et al. showed also human data from MI patients operated with 

PCI who had reduced infarct size and improved LVEF one year after MI, if they 

had increased levels of s-CTGF. In a second study Gravning et al. studied the effect 

of pressure overload with these same Tg-CTGF mice (Gravning et al., 2013). 12 

weeks after abdominal aortic banding Tg-CTGF mice had less hypertrophy, less 

cardiac dilatation and preserved cardiac function but the same amount of fibrosis 

compared to controls. Also markers for hypertrophy, ANP, BNP and α-skeletal actin 

mRNA levels were diminished in Tg-CTGF mice. Fontes et al. studied a 

conditional CTGF knockout subjected to pressure overload induced by TAC, and 

did not see any differences in hypertrophy or fibrosis compared to control animals 

(Fontes et al., 2015). Accornero et al. generated transgenic mice with a heart-

specific deletion of Ctgf (Accornero et al., 2015). In their hands a CTGF deletion 

in cardiomyocytes did not have any major effects on cardiac pathology, remodeling 

or function in multiple different settings. Dorn et al. conditionally deleted CTGF 

from activated fibroblasts (Dorn et al., 2018). Again CTGF KO in fibroblasts 

inhibited the ATII-induced fibrotic response. The authors concluded that CTGF is 

an autocrine factor in the heart. This could also partly explain the contradictory 

results of different transgenic models. Even though cardiomyocytes produce most 

of the CTGF, possibly CTGF produced by fibroblasts is what really counts. 
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Studies concerning the role of CTGF in cell death have shown it to be pro-

apoptotic at least in diabetic circumstances (Backlund et al., 2004; Wang et al., 

2009). On the other hand, in studies with over-expression or treatment with the 

recombinant human protein, CTGF seems to be anti-apoptotic (Gravning et al., 

2012; Moe, Pham, Hagelin, Ahmed, & Attramadal, 2013). In Gravning’s study 

apoptosis was studied with TUNEL-staining and it did not differ 24 h after MI in 

Tg mice, but 4 weeks later apoptosis was significantly reduced in remote 

myocardial tissue of Tg-CTGF mice compared to controls. The latter observation 

suggests that cytoprotective effects result from activation of the PI3K/Akt/GSK3β 

signaling pathway (Kaasboll et al., 2016; Moe et al., 2013). In a study by Kaasboll 

et al., isolated mouse hearts in a Langendorff preparation were subjected to I/R and 

in early reperfusion rhCNN2 was administered (Kaasboll et al., 2016). This resulted 

in diminished infarct size which was probably due to activation of RISK and 

phosphorylation of GSK3β Ser9, which has been shown to inhibit mPTP opening 

as previously described. 

Other members of the CCN protein family also have a role in post-MI 

remodeling. For example, CCN1 is a potential novel marker for myocardial injury 

(Klingenberg et al., 2017), and CCN4 is also upregulated after MI and attenuates 

TNF-a mediated cardiomyocyte death (Venkatachalam et al., 2009). 

FG-3019, pamrevlumab, is a human monoclonal antibody (mAb) that binds to 

CTGF in the vWC (II) domain. It has been shown to reverse the fibrotic process in 

different animal models (Lipson et al., 2012). It has also been shown to be 

beneficial in idiopathic pulmonary fibrosis (IPF); in the PRAISE study, a phase II, 

randomized, double-blind and placebo-controlled trial, it attenuated progression of 

IPF and was also well tolerated (Richeldi et al., 2020). In addition, pamrevlumab 

is in phase II clinical trials for treatment of pancreatic cancer (NCT03941093), 

Duchenne muscular dystrophy (NCT02606136, NCT04371666) and patients 

hospitalized for acute COVID-19 infection (NCT04432298). This human antibody 

has also been used in some animal models. It has been shown to be beneficial in a 

mouse model of amyotrophic lateral sclerosis ALS (D. Gonzalez et al., 2018).  In a 

mouse model of malignant mesothelioma, pamrevlumab inhibited mesothelioma 

growth and induced apoptosis in both mesothelioma cells and fibroblasts (Ohara et 

al., 2018). Apoptosis was measured with TUNEL staining. Pamrevlumab was also 

studied in the mouse model of skeletal muscle fibrosis and treatment reduced 

accumulation of ECM proteins (Rebolledo et al., 2019). Pi et al. used pamrevlumab 

to study hypoxia induced pulmonary hypertension and it was suppressed by the 

treatment (Pi et al., 2018). In a peritoneal fibrosis model in mice, the antibody has 
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also been shown to be beneficial (Sakai et al., 2017). In systemic sclerosis the 

antibody has been shown to reduce skin fibrosis (Makino et al., 2017).  FG-3019 

was also studied in cardiomyopathy caused by lamin A/C gene mutations 

(Chatzifrangkeskou et al., 2016). Tg mice modeling this disease were treated with 

the antibody and this resulted in less fibrosis and better preserved cardiac function. 

Mechanistically, ERK1/2 activation was decreased, while SMAD2/3 were 

unchanged. The antibody was also given to mice with a cardiac transplant, and it 

has been shown to reduce graft fibrosis significantly (Booth et al., 2010). 

A chimeric antibody, designated FG-3149, has the binding motif of FG-3019 

and a mouse IgG2a (immunoglobulin G2a) constant region. This has also been used 

in several animal studies and has been shown to have efficacy in pressure-overload 

induced HF (Szabo et al., 2014), showed beneficial changes in the neonatal mouse 

model of bronchopulmonary dysplasia (Alapati et al., 2011) and improved LV 

function, as well as slowed progressive dilatation and decreased remodeling 

associated gene expression in a mouse model of dilated cardiomyopathy (Koshman 

et al., 2015). However, no data are available from studies in which the function of 

CTGF was antagonized in the ischemic heart or during post-MI fibrotic remodeling. 
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3 Aims of the research 

My aim was to study specific signaling pathways regulating cardiomyocyte 

survival and myocardial remodeling by utilizing experimental in vitro and in vivo 

models. Specifically, the aims are: 

1. To characterize the signaling pathways that neuronostatin activates in 

cardiomyocytes and how it affects cardiac function and cell survival. 

2. To study how treating mice with CTGF antibody affects cardiac function, 

fibrosis and signaling pathways in post-MI remodeling. 

3. To investigate the effects of phosphorylation site S389 of GSK3β in the 

ischemic and hypertrophic response of the heart. 
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4 Materials and methods 

The experimental design was approved by the Animal Experiment Board in Finland 

and the methods were carried out in accordance with the national regulations of the 

usage and welfare of laboratory animals. 

4.1 Cell culture 

4.1.1 Isolation and culture of neonatal rat cardiomyocytes (I, III) 

Neonatal rat ventricular myocytes (NRVMs) were prepared from 2-4-day-old 

Sprague-Dawley rats as described earlier (Kaikkonen et al., 2014). Briefly, rats 

were sacrificed by decapitation and the thorax was opened to excise the heart. Atria 

were removed and ventricles were rinsed in phosphate-buffered saline (PBS) 

(Sigma Aldrich) and cut in pieces in collagenase type 2 (Worthington Biochemical 

Corporation) 2 mg/ml and 25 mM CaCl2 (Sigma-Aldrich) in PBS. The cells were 

fractionated by repeated incubations in collagenase at +37°C. After the incubations 

the cell suspension was centrifuged twice (5 min, 1000 rpm), and the supernatant 

was discarded and replaced with fresh Dulbecco’s Modified Eagle’s medium/F-12 

(DMEM/F-12, Sigma-Aldrich), including 10% fetal bovine serum (FBS, HyClone), 

2.56 mM L-glutamine (Sigma-Aldrich), and penicillin-streptomycin 100 IU/ml 

(Sigma-Aldrich). Isolated cells were pre-plated for 2 hours to remove fibroblasts. 

Then remnant myocytes were re-plated at a density of 1.8–2×105/cm2 and incubated 

overnight in DMEM/F-12 supplemented with 10% FBS. After that the medium was 

changed to complete serum-free culture medium (CSFM; DMEM/F-12, 2.5 mg/ml 

bovine serum albumin (BSA, Sigma-Aldrich), 1 μM insulin + 32 nM  selenium + 

2.8 mM sodium pyruvate + 5.64 μg/ml transferrin (insulin-transferrin sodium-

selenite media supplement, Sigma-Aldrich), 1 nM 3’-3’-5’triiodotyronine (Sigma-

Aldrich), 2.56 mM L-glutamine, 100 IU/ml penicillin-streptomycin). After the 

experiments the cells were rinsed twice with cold PBS and quickly frozen in −70°C. 

4.1.2 Isolation and culture of adult rat cardiomyocytes (III) 

Adult rat ventricular cardiomyocytes (ARVMs) were isolated from 8–12-week-old 

male Sprague-Dawley-rats as described before (Kaikkonen et al., 2014) modified 

from (Martini et al., 2008). Briefly, the rat was anesthetized with CO2 and the heart 



78 

was excised rapidly. The heart was cannulated through the aorta and retrogradely 

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

buffered Tyrode's solution supplemented with 1 mg/ml collagenase type II 

(Worthington) and 2,3 -butanedione-monoxime (BDM, Sigma-Aldrich) until 

digested. Ventricular tissue was homogenized, and myocytes were collected with 

low-speed centrifugation. After Ca2+ reintroduction, cardiomyocytes were 

resuspended into αMEM supplemented with Earle’s salt (Invitrogen) containing 5% 

FBS (Gibco), 20 mM HEPES (Sigma), insulin-transferrin-selenium (Gibco), 10 

mM BDM, 2 mM L-glutamine and penicillin-streptomycin. Then myocytes were 

plated into laminin-coated (10 μg/ml, Sigma-Aldrich) plates at a density of 1–

1.5×104/cm2. After the cells had attached, the medium was changed, and FBS was 

replaced with 0.01% BSA when starting the experiment. After the experiments, 

medium samples were collected and the wells were rinsed twice with PBS and 

quickly frozen in −70°C. 

4.1.3 Isolation and culture of adult mouse cardiomyocytes (I) 

Cardiomyocytes were isolated from 8–10-week-old C57BL/6 mice as described 

(Martini et al., 2008). Briefly, the mouse was deeply anesthesized with isoflurane, 

and the heart was excised rapidly. The heart was cannulated through the aorta and 

retrogradely perfused with HEPES-buffered Tyrode's solution supplemented with 

0.1% collagenase type II (Worthington) and 2,3-butanedione-monoxime until 

digested. Ventricular tissue was homogenized, and myocytes were collected with 

low-speed centrifugation. Myocytes were finally plated into laminin-coated 

multiwell plates in αMEM supplemented with Hank’s salt (Invitrogen), 5% FBS, 

insulin-transferrin-selenium (Invitrogen), 10 mM 2,3-butanedione-monoxime, 2 

mM L-glutamine, and penicillin-streptomycin (Sigma). After cell attachment, the 

medium was changed, and FBS replaced with 0.01% BSA when starting the 

experiment. 

4.1.4 Cell culture experiments (I) 

In NRVM studies, neuronostatin, somatostatin, hydrogen peroxide, insulin, and 

IGF-1 were added to the culture medium on the third day of culture. Neuronostatin, 

somatostatin, IGF-1, and ET-1 were purchased from Phoenix Pharmaceuticals. 

JNK inhibitor peptide (JNK inhibitor I) was from Calbiochem and SB203580 from 

LC Laboratories. 
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4.1.5 Cell culture experiments (III) 

Generation and use of recombinant adenoviral vectors in cell culture 

Adenoviruses were generated as described before (Moilanen et al., 2012) with 

modifications. MKK6b virus was generously supplied by Dr. Veli-Matti Kähäri 

from the University of Turku, Finland. To create the GSK3β adenoviral vectors, we 

received pEF5/FRT/V5 GSK3β 3XFLAG and pEF5/FRT/V5 GSK3β 

serine389alanine mutated 3XFLAG plasmids from Brad Doble (McMaster 

University, Canada), with the plasmid backbone from Invitrogen. The plasmids 

were transformed in competent XL1Blue cells (Stratagene, Agilent Technologies) 

and plated on ampicillin plates. Minipreps were grown from the bacterial colonies 

to amplify the plasmids. Minipreps were purified with a QIAprep Spin Miniprep 

Kit (Qiagen). Serine 9 to alanine mutations were created in both plasmids to 

generate four different plasmids: wildtype (WT) GSK3β, GSK3β serine9 mutated, 

GSK3β serine 389 mutated and double mutated with GSK3β serine9 and serine389 

mutated. A QuickChange II Site-Directed Mutagenesis kit was used (from Agilent 

Technologies Inc.). An insert was cut out of a pEF5/FRTV5 plasmid with KpnI and 

NotI restriction enzymes (NEB Inc.), and the pShuttle CMV (cytomegalovirus) 

vector plasmid (Qbiogene Inc.) was cut with same restriction enzymes. Then the 

cloned insert was ligated into the pShuttle CMV plasmid backbone with T4 DNA 

Ligase (NEB Inc.). Those ligations were again transformed into the XL1Blue cells 

and after growing them they were purified. Then the pShuttle plasmids with GSK3β 

inserts were linearized with the PmeI restriction enzyme (NEB Inc.) and 

transformed into electroporation competent cells BJ5183-AD-1 (Stratagene, 

Agilent Technologies).  Electroporation was performed using a Gene Pulser 

Transfection Apparatus (Bio-Rad, Hercules) at 2500V, 200 Ω and 25 μF. BJ5183-

AD-1 cells include a pAdEasy-1 plasmid that contains most of the human 

adenovirus serotype 5 genome, but self-replication capacity is prevented. When the 

linearized pShuttle-CMV is transformed into BJ5183-AD-1 cells including a 

pAdEasy-1 plasmid, homologous recombination is expected to occur and form a 

viral genome including the gene of interest, here GSK3β and its mutated variants. 

Cells where transformation had occurred were selected by kanamycin resistance 

and amplified in minipreps. Transformants were purified and homologous 

recombination was verified with PacI digestion. Then plasmids were transformed 

into DH5α cells, amplified and once more verified with BstXI digestions. These 

recombinant adenoviral constructs were then linearized with PacI, purified with 
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ethanol-sodium acetate precipitation and transformed into AD-293A cells (from 

Qbiogene Inc.) with Lipofectamine 2000 (Invitrogen). These cells produce part of 

the viral genome E1, which is missing from the pAd Easy viral vector, and thus 

transfecting the vector into these cells allows the production of infectious virus 

particles. After transfection the cells started to round up and detach and all the 

detached, i.e., infected cells were collected. The virus was then released from the 

cells by freeze-thaw cycles and fresh AD-293A were infected to multiply the virus 

amount. After four rounds of amplification the viruses were purified and 

concentrated with 15%:30%:40% iodixanol density gradient centrifugation 100 

000 g, at +4oC for 24 hours. Viruses were diluted in PBS and stored in -70oC. The 

virus titer was determinated by an Ad Easy Viral Titer Kit (Stratagene). As a control 

virus, adenovirus containing Escherichia coli β-galactosidase encoding the LacZ 

gene was used. 

Penicillin-streptomycin was left out of the medium where viruses were added 

to cells. In NRVM cultures, adenoviruses were added at 3 MOI 24(-48) hours after 

plating depending on the specific experiment. In ARVM cultures, adenoviruses 

were added at 100 MOI 2 hours after plating. 

Hypertrophic stimulus in cell culture 

Phenylephrine (PE, Sigma-Aldrich) 100μM, fibroblast growth factor (FGF, Tebu-

bio) 20 ng/ml and insulin solution human 19278 (Sigma-Aldrich) 20 μg/ml were 

used as hypertrophic agonists. 

In NRVM cultures, hypertrophic stimuli were added to myocytes 24 hours after 

adding adenoviruses and the experiment was stopped 24(-48) hours after adding 

the stimuli. In ARVM cultures, hypertrophic stimuli were added to myocytes 24 

hours after adding adenoviruses and the experiment was stopped 24 hours after 

adding the stimuli. 

Hypoxia-reoxygenation in cell culture 

ARVM cells were infected with viruses 2 hours after plating. After 24 hours the 

medium was changed to a plainer version without FBS, penicillin-streptomycin and 

HEPES. The plates were moved to and incubated in a hypoxic C-Chamber with 

oxygen levels controlled at 0.1% in 5% CO2 with a ProOx C21 O2/CO2 controller 

(BioSpherix) for 4 hours and after that they were allowed to reoxygenate for 3 hours. 

Medium samples for the cell viability assay were collected after reoxygenation. 
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4.1.6 Cell viability assays 

Toxilight assay (I, III) 

To study necrotic cell death in cultured cardiomyocytes, analysis of adenylate 

kinase release from ruptured cells into the cell culture medium was made by using 

a bioluminescent ToxiLight® Bioassay kit from Lonza Rockland Inc. according to 

the manufacturer’s instructions. Medium samples were collected after the 

experiments. 

Resazurin assay (I, III) 

The effect of neuronostatin on the viability of adult cardiomyocytes was determined 

with a resazurin assay which quantifies the reduction of resazurin to a fluorescent 

compound resorufin within viable cells. For analysis, 10 μm resazurin (Sigma) was 

added to the cell culture medium at the end of the experiment. 1 hour later, medium 

samples were collected into a 96-well plate and measured by excitation at 544 nm 

and emission at 595 nm on a multiplate reader (Victor Wallac). 

4.1.7 Protein synthesis (I, III) 

Cardiomyocyte protein synthesis was measured by analysing the incorporation of 

a radioactively labeled form of [3H]leucine into the cells. NRVMs or ARVMs were 

cultured in 24-well plates, and on the third day in culture the medium was replaced 

with medium supplemented with [3H]leucine (5 µCi/ml) and a hypertrophic 

stimulus (in III). When appropriate, the cells were treated with neuronostatin or 

other compounds (in I) for 24 hours after which they were lysed and processed for 

measurement of incorporated [3H]leucine (Amersham-Pharmacia) by liquid 

scintillation counter (Rackbeta II, LKB Wallac or PerkinElmer Tri-Carb 2900TR, 

Liquid Scintillation Analyzer with Quanta Smart ™ 2.03 Sofware) 

4.1.8 Mitochondrial membrane potential assay (III) 

For analysis of mitochondrial membrane potential, ARVM were incubated with 1 

µM JC-1 dye from Millipore (Merck KGaA) for 30 min at +37°C. The cells were 

washed once with cell culture medium and the hypoxia experiment was performed 

as described above. After hypoxia fluorescent readings for JC-1 aggregate emission 
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(590 nm) and JC-1 monomer emission (530 nm) were measured with Varioskan 

Flash (Thermo Scientific) using Skanlt Software for Varioskan Flash version 2.4.5 

(Thermo Scientific). 

4.2 Mouse models  

4.2.1 Permanent ischemia model (II) 

The model was described in the early 1950s (Johns & Olson, 1954). Originally rat 

was a model animal for MI, but a mouse model was needed because of transgenic 

mouselines (Lutgens et al., 1999). 

8-10 week old C57BL/6 mice were subjected to myocardial ischemia by 

permanent ligation of the LAD as previously described in detail (E. Gao et al., 

2010). The animal was anesthetized with isoflurane (Baxter, Vetequip vaporizer, 2% 

isoflurane with 1 l/min flow of oxygen) first in a chamber and then shifted to a non-

ventilating nosecone. The left anterior part of the thorax was shaved and the skin 

was disinfected with ethanol. Then a longitudinal 0.5-1.0 cm skin incision was 

made with scissors on the left side of the thorax. The muscle layer, 3-4 intercostal 

space and pericardium were opened with blunt forceps. The heart was popped out 

and MI was produced by ligating the LAD from the middle of the vessel with a 

braided 6-0 silk suture with a taper needle (Sharpoint). Successful MI was 

visualized by paleness of apical part of the heart. Then the heart was rapidly 

returned to the chest cavity and the thorax was compressed both sides with fingers 

to remove the air from the chest cavity and the surgical incision was closed with a 

4-0 Nylon suture with a cutting needle (Monosof). Sham-operated mice were 

subjected to the same surgical procedure without ligation of the LAD. After the 

operation anesthesia was immediately interrupted and mouse recovered rapidly as 

the spontaneous breathing was maintained through anesthesia. Carprofen (Pfizer) 

5 mg/kg s.c. (injection volume 0.125-0.15 ml) was administered as a pre-operation 

analgesia and buprenorphine (Orion Pharma) 0.05-0.1 mg/kg s.c. (injection volume 

0.1-0.3 ml) was administered as operation analgesia. Post-operation dehydration 

was prevented with s.c. injection of 5% glucose (injection volume 0.5-1.0 ml). All 

animals were monitored after the surgery and received a dose of buprenorphine 

(0.05-0.1 mg/kg) in the evening of operation day. Another dose of buprenorphine 

and a dose of carprofen (5mg/kg) were administered the following morning. 

Afterwards, buprenorphine was administered in drinking water 0.01 mg/ml for two 
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days. The mice were housed in individual cages with a 12/12 hour light-dark cycle 

and had ad libitum access to food pellets and water. The first 24 hours after the 

operation the mice spent in a warm room and after that in normal room temperature. 

The mice were euthanized with CO2 and sacrificed with cervical dislocation. The 

hearts were arrested into the diastole with an injection of cardioplegic solution 

containing KCl into the LV. The hearts were quickly excised, weighed and samples 

collected for histology and biochemical analysis. The heart was cut horizontally 

into two halves in the middle of the infarction site. The upper part of the heart was 

fixed in formalin. From the lower part, the infarct area, remote area and border zone 

were separated and pieces were snap frozen in liquid nitrogen and stored at -70 °C. 

4.2.2 Ischemia-reperfusion model (II) 

In the I/R model, an operation was performed as in the MI model, but the suture 

around the LAD was tied with a slipknot and it was released after 30 minutes, 

allowing reperfusion of the ischemic myocardium. The mice were observed for up 

to 24 hours depending on the experimental endpoint. 

4.2.3 CTGF monoclonal antibody treatment protocol (II) 

To investigate the function of the CTGF mAb in cardiac repair, treatment was 

started 3 days after MI and continued for four days with mice receiving two 

treatment doses in total. To investigate the efficacy of the CTGF mAb during post-

MI remodeling, treatment with CTGF mAb or control IgG was started 7 days after 

MI and continued for 6 weeks with 2 doses per week. Echocardiography analysis 

at 3 or 7 days after MI, respectively, was used to determine LV ejection fraction 

and to assess for infarct size. Infarctions were scored from 1 (small) to 4 (expanded). 

The mice were then divided into treatment groups with an equal degree of MI-

induced injury in both groups. CTGF mAb (FG-3149, FibroGen, Inc.) and 

biologically inactive control mouse IgG (FibroGen, Inc.) solutions (1 mg/ml) were 

administered i.p. (10 mg/kg). In I/R studies, mice were randomized to receive 

CTGF mAb or IgG vehicle 24 hours and 1 hour before the operation, and then 

subjected to I/R injury. An additional group of animals received the CTGF mAb 

only at the time of reperfusion. The animals were observed for 3 or 24 hours after 

reperfusion and then subjected to echocardiography analysis and sacrificed. 
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4.2.4 Hemodynamic pressure overload model (III) 

To induce hemodynamic pressure overload, mice were subjected for thoracic aortic 

constriction (TAC) as described in (Szabo et al., 2014). Briefly, eight weeks old 

C57BL/6 male mice were anesthetized, intubated and ventilated during the surgery 

(MiniVent, Harvard Apparatus). Medial sternotomy was performed, a 7-0 silk 

suture was applied to band the aorta to a size matching a 27G needle. The thoracic 

cage and skin were closed with sutures. Sham-operated animals were subjected to 

a similar procedure with opening the thoracic cavity but no suture was applied to 

band the aorta. The mice were euthanized with CO2 and sacrificed with cervical 

dislocation. The hearts were arrested in diastole with an injection of cardioplegic 

solution containing KCl into the LV. The hearts were quickly excised and samples 

collected for histology and biochemical analysis. 

4.2.5 Echocardiography (II) 

Mice were anaesthetized with isoflurane and transthoracic echocardiography was 

performed by a trained sonographer with a Vevo 2100 high frequency, high 

resolution linear array ultrasound system using a MS-550S transducer (Visual 

Sonics Vevo 2100, 40 MHz, axial resolution 40 μm, lateral resolution 90 μm). B-

mode, M-mode, transmitral flow - Pulse wave and tissue Doppler images were 

recorded and carefully analyzed with Vevo Workstation software 1.7 by a blinded 

observer. 

4.2.6 Processing of the samples (II) 

In MI studies, cardiac tissue was transversally cut into two pieces through the 

infarcted area with the basal part fixed in phosphate buffered 10% formalin solution 

and embedded in paraffin. Five μm thick sections were cut for histological studies 

(Masson’s trichrome, Picrosirius red, CD45 and CD31 stainings). The apical half 

was stored in -70˚C for further biochemical studies (qPCR analysis and analysis for 

soluble and insoluble collagen). In I/R studies, the whole heart was sectioned for 

infarct size measurement with the triphenyltetrazolium chloride (TTC) - Evans blue 

method at 24 hours after reperfusion. For TUNEL analysis and western blotting 

analyses following I/R, a separate set of parallel experimental animals were 

operated and sacrificed at 3 or 24 hours after reperfusion. The apical half of each 

heart (LV tissue) was stored in -70˚C to obtain samples for biochemical analyses 
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(Western blot analysis) and the basal half was stored in formalin to be used for 

TUNEL analysis. 

4.2.7 Determination of area at risk and infarct size (II) 

Infarct size and the size of the area at risk (AR) following I/R were determined as 

previously described (E. Gao et al., 2010). At the end of the 24 hours reperfusion 

period, the mice were reanesthetized and the ligature around the LAD was retied at 

the previous ligation site. Following this, 2% Evans blue dye was injected into the 

aorta and allowed to circulate uniformly in the areas of the heart perfused by the 

open coronary arteries. The heart was then quickly excised, snap frozen on dry ice 

and cut into five sections from the apex to the base. The sections were then 

incubated in 1% triphenyltetrazolium chloride (TTC) (Sigma) solution in PBS and 

photographed with a Canon EOS 450D digital camera with a 100-mm macro lens. 

The area not at risk (ANAR; Evans blue-stained area) and the AR (including both 

the TTC staining-positive [non-infarct, red] and TTC staining-negative [infarct, 

white] areas) were measured with the Nikon NIS-Elements BR 2.30 program. 

4.2.8 Immunohistochemistry (I, II) 

DNA fragmentation in apoptotic cardiomyocytes was identified by labeling the 3’- 

hydroxyl termini in the double-strand DNA breaks with a TUNEL assay. We used 

an ApopTag peroxidase in situ apoptosis detection kit (Merck Millipore) according 

to the manufacturer’s instructions. Images were captured with a bright-field Nikon 

Eclipse 50i microscope (40× objective) equipped with a Nikon camera and 

apoptotic nuclei were quantified.  

For analysis of cardiomyocyte cross-sectional area cardiac sections were 

stained with Masson’s trichrome, imaged with a 20× objective, and the size of 50 

cardiomyocytes/section was determined.  The length of the infarction was 

determined from Masson’s trichrome stained sections with a 1× objective by 

measuring the length of the infarct in relation to the whole LV circumference.  

To analyze for the size and number of capillaries, cardiac sections were stained 

with CD31 (Santa Cruz Biotechnology). Five fields per section were captured with 

a Nikon Eclipse 50i microscope (40× objective) and analyzed with NIS-elements 

software.  

To quantify myocardial collagen content, the sections were stained with 

Picrosirius Red (Direct Red 80, Sigma). The sections were analyzed under the 
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microscope with linear polarized light (Olympus BX51) and images were obtained 

with a color digital camera (captured with a 20× objective, Olympus, DP71). Red 

and green birefringence of collagen fibers were quantified with Image J software 

from the infarcted area, peri-infarct zone and remote areas.  

To assess for infiltration of inflammatory cells, cardiac sections were stained 

with the CD45 antibody (Abcam) and images were captured with a fluorescent 

Nikon Eclipse 80i microscope (40× objective) equipped with a Hamamatsu ORCA-

flash 4.0 LT camera. The CD45 immunofluorescent area was then determined with 

NIS-elements software. 

4.2.9 Determination of expansion index (II) 

The septal thickness, scar thickness and LV area were measured from images of 

Masson’s trichrome stained sections captured with a 1× objective. Endocardial LV 

chamber area was determined by echocardiography. The expansion index was 

calculated as the septal thickness/scar thickness × chamber area/LV area (Hutchins 

& Bulkley, 1978; Virag et al., 2007). 

4.3 Isolated perfused rat heart preparation (I) 

All protocols were reviewed and approved by the Animal Use and Care Committee 

of the University of Oulu. Male 7-week-old Sprague-Dawley rats from the Center 

for Experimental Animals at the University of Oulu were used. Rats were 

decapitated, and hearts were quickly removed and arranged for retrograde 

perfusion by the Langendorff technique as described previously (Szokodi et al., 

1998; Szokodi et al., 2002). The hearts were perfused with a modified Krebs-

Henseleit bicarbonate buffer, pH 7.40, equilibrated with 95% O2-5% CO2 at 37 °C. 

Hearts were perfused at a constant flow rate of 5.5 ml/min with a peristaltic pump 

(Minipuls 3, model 312, Gilson). The heart rate was maintained constant (305 ± 1 

beats per minute) by atrial pacing using a Grass stimulator (model S88, Grass 

Instruments) (11 V, 0.5 ms). Contractile force (apicobasal displacement) was 

obtained by connecting a force displacement transducer (FT03, Grass Instruments) 

to the apex of the heart at an initial preload stretch of 2 g. Perfusion pressure 

reflecting coronary vascular resistance was measured by a pressure transducer 

(model MP-15, Micron Instruments) situated on a side arm of the aortic cannula. A 

40-min equilibration period and a 5-min control period were followed by addition 

of various drugs to the perfusate at a rate of 0.5 ml/min for 10 min. 
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For analysis of the Frank-Starling response, LV contractility was assessed by 

measuring isovolumic LV pressure with a fluid-filled balloon placed in the LV 

chamber as described (Pikkarainen et al., 2002). LVDP (LV developed pressure) 

and LVEDP (LV end diastolic pressure) were measured using a pressure transducer 

linked to the balloon cannula (model BP-100 Blood Pressure Transducer, iWorx 

Systems Inc.). Data were converted to a digital form by an iWorx computer 

interface (IX/228-S Data Acquisition System) and recorded to a computer using 

iWorx Labscribe 2 software. A 40-min stabilization period was followed by 10 min 

of pretreatment with the desired drug. Thereafter, the infusion was continued, and 

the volume of the intraventricular balloon was increased in 15-μl steps. Cardiac 

function was assessed within 1 min of each volume increment, when a new steady 

state was reached. The whole assessment of the Frank-Starling response was 

completed within 15 min. At the end of the experiments, the LVs were frozen in 

liquid nitrogen and stored at −80 °C until assayed. 

4.4 Human samples (III) 

The left ventricular samples from patients with ischemic and dilated 

cardiomyopathy were obtained from patients undergoing cardiac transplantation in 

Helsinki University Hospital between 2014 and 2019. The investigation conformed 

with the Declaration of Helsinki, and the protocol was approved by the Ethics 

Committee of the Helsinki and Uusimaa Hospital District, Finland. A written 

informed consent was obtained from the patients. The control samples were 

collected as part of the FinGesture study, which has systematically collected both 

clinical and autopsy data from SCD victims between 1998 and 2018 in Northern 

Finland. Control samples were from victims of traffic accidents with no history or 

evidence of cardiovascular diseases at autopsy. The study complies with the 

Declaration of Helsinki and was approved by the Ethics Committee of the Northern 

Ostrobothnia Hospital District, Finland. Permits to use data from medico-legal 

death investigations were obtained from the Finnish Institute for Health and 

Welfare and the Regional State Administrative Agency of Northern Finland. 

4.5 Isolation and analysis of RNA with quantitative PCR (II) 

Total ribonucleic acid (RNA) was extracted from non-ischemic LV tissues with 

Trizol (Life technologies). Complementary deoxyribonucleic acid (cDNA) was 

produced from 500 ng RNA with a Transcriptor First-Strand cDNA Synthesis Kit 
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(Roche). RNA levels were measured by real-time quantitative polymerase chain 

reaction (qPCR) analysis using TaqMan and SYBR Green chemistries on an ABI 

Prism 7700 Sequence Detection System (Thermo Fisher Scientific). In order to 

obtain threshold cycles, the threshold line was set in the linear phase of the 

amplification curve. The gene expression data were then normalized to 18S. 

Primers for qPCR are shown in Table 1. 

4.6 Protein extraction and Western blot analysis (I, II, III) 

Frozen cells that were scraped from cell culture plates or frozen LV tissues that 

were ground in liquid nitrogen, were dissolved and homogenized in ice-cold lysis 

buffer containing 20 mM Tris-HCl (tris hydrochloride), 150 mM NaCl, (sodium 

chloride) 1 mM EDTA (ethylenediaminetetraacetic acid), 1 mM EGTA (ethylene 

glycol tetraacetic acid), 1% (v/v) Triton-X100, 2.5 mM sodium pyrophosphate, 1 

mM -glycerophosphate, and 1 mM Na3VO4 (pH 7.5) supplemented with 1 mM 

dithiothreitol (DTT, 1:1000), protease inhibitors (1:100) and phosphatase inhibitors 

(1:100, Sigma-Aldrich). The samples were then centrifuged at 10000 × g for 5 min 

at 4 °C and the supernatant was collected. Nuclear and cytosolic proteins were 

extracted as described in (Koivisto, Karkkola et al., 2011). Protein concentrations 

were determined by the method of Bradford. Protein extracts were matched for 

protein concentration and stored denatured in SDS (sodium dodecyl sulphate) 

loading buffer at -70 °C. Equal volumes (20-50 µg) of protein samples were loaded 

onto 12-14 % SDS-PAGE (SDS polyacrylamide gel electrophoresis) and 

transferred to nitrocellulose membranes. Antibodies and their dilutions used are 

presented in Table 2. Glyceraldehyde-3-phosphate dehydrogenase antibody 

(GAPDH), Vinculin or Lamin B were used as a loading control. Secondary 

antibodies were purchased from Life Technologies (Alexa Fluor A11371, A21058 

and A21076) and those were used when appropriate in the dilutions of 1:5000 

(Table 3). Antibodies were diluted in Odyssey Blocking Buffer from LI-COR. 

Protein levels were detected using fluorescence with an Odyssey Fc imaging 

system (LI-COR Biosciences). Western blots were quantified by Quantity One 

(Bio-Rad) or Fiji ImageJ softwares. 
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Table 1.  Oligonucleotide mouse primer sequences used for mRNA quantitation by 

qPCR analysis (sequences 5´ to 3´). Fluorogenic probe, sense and antisense nucleotide 

primer sequences for real-time quantitative polymerase chain reaction (qPCR) analysis 

used by TaqMan chemistry and sense and antisense primer sequences used by SYBR 

Green chemistry.  

Gene Fluorogenic Probe  

(5’-[FAM…TAMRA]) 

Sense (5’-…) 

Forward 

Antisense (5’-…) 

Reverse 

Nppa (ANP) TCGCTGGCCCTCGGAGCC

T 

GAAAAGCAAACTGAGGG

CTCTG 

CCTACCCCCGAAGCA

GCT 

Acta1 CATCGCCGCCACTGCAGC

C 

TCCTCCGCCGTTGGCT AATCTATGTACACGTC

AAAAA 

Angpt1  CACATAGGGTGCAGCAA

CCA 

CGTCGTGTTCTGGAA

GAATGA 

Angpt2  CCTCGACTACGACGACT

CAGT 

TCTGCACCACATTCTG

TTGGA 

Nppb (BNP) CATCATTGCCTGGCCCAT

CGC 

AGGCGAGACAAGGGAG

AACA 

GGAGATCCATGCCGC

AGA 

Casq2 CGTCGCTTGCGCCCAGAG

G 

AAGGAGCATCAAAGACC

CACC 

TCGTCTTCCCATGTTT

CAAACA 

Ccl2 CACTCACCTGCTGCTACTC

ATTCACTGGC 

CTCAGCCAGATGCAGTT

AATGC 

AGCCGACTCATTGGG

ATCAT 

Col1a1 CTTTGCTTCCCAGATGTCC

TATGGCTATGATG 

CCCTGGCCTTGGAGGAA CACGGAAACTCCAGC

TGATTTT 

Col3a1 TGGTGAACGTGGCTCTAA

TGGCATCA 

CCACGAGGTGACAAAG

GTGA 

GCCAGGGAATCCTCG

ATGT 

Ccn2 (CTGF) CACTGCCAAAGATGGTGC

ACCCTG 

CGCCAACCGCAAGATTG CACGGACCCACCGAA

GAC 

Nos3 (eNOS) TGTTTGGCTGCCGATGCT

CCC 

CCTGCCCCCATGACTTT

G 

TCCCGGTAGAGATGG

TCCAG 

Flt1 (VEGFR-1)  TGGCTCTACGACCTTAG

ACTG 

CAGGTTTGACTTGTCT

GAGGTT 

Il1a  CGAAGACTACAGTTCTG

CCATT 

GACGTTTCAGAGGTT

CTCAGAG 

Il1b  TCTTTGAAGTTGACGGA

CCC 

TGAGTGATACTGCCT

GCCTG 

Il6 CAGAATTGCCATTGCACAA

CTCTTTTCTCA 

ACATGTTCTCTGGGAAA

TCGTGGAA 

TGCATCATCGTTGTTC

ATACAA 

Il18  GACTCTTGCGTCAACTT

CAAGG 

CAGGCTGTCTTTTGTC

AACGA 

Kdr (VEGFR-2)  TTTGGCAAATACAACCC

TTCAGA 

GCAGAAGATACTGTC

ACCACC 
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Gene Fluorogenic Probe  

(5’-[FAM…TAMRA]) 

Sense (5’-…) 

Forward 

Antisense (5’-…) 

Reverse 

Lox  TCTTCTGCTGCGTGACA

ACC 

GAGAAACCAGCTTGG

AACCAG 

Myh7 (β-MHC) AGCCCTCAGACCTGGAGC

CTTTGC 

AGCTCTAAGGGTGCCCG

TG 

TGCTTCCACCTAAAG

GGCTG 

Mmp2 TGGCAATGCTGATGGACA

GCCC 

CATGAAGCCTTGTTTAC

CATGG 

TGGAAGCGGAACGGA

AACT 

Mmp9  GCAGAGGCATACTTGTA

CCG 

TGATGTTATGATGGTC

CCACTTG 

Ncx TGCAGATACAGAGGCAGA

AACAGGAGGAA 

CTCTTGTTTACCCATGTT

GACCATAT 

GAGCCAGTACATTCA

GTGGTTTCA 

Spp1 (Osteopontin) TGTCCCCAACGGCCGAGG

TGA 

AATCGTCCCTACAGTCG CCTCAGTCCATAAGC

CAAGC 

Serpine-1 (PAI-1) CCCGGCGGCAGATCCAAG

ATGCTAT 

GATGACCACAGCGGGG

AAA 

GTGCCCTTCTCATTGA

CTTTGAA 

Pln (PLB) CCTCAGCAAGCACGTCAG

AATCTCCA 

CAGGAGAGCCTCCACTA

TTGAAA 

GATGAGGCAGAAATT

GATAAATAGGTT 

Atp2a2 (SERCA2) ACAAAGACCGTGGAGGAG

GTGCTGG 

CAGCCATGGAGAACGCT

CA 

CGTTGACGCCGAAGT

GG 

Acta2 (alpha-SMA) AACACGGCATCATCACCA

ACTGGGA 

TCCTGACCCTGAAGTAT

CCGATA 

GGTGCCAGATCTTTT

CCATGTC 

Timp1  CTTGGTTCCCTGGCGTA

CTC 

ACCTGATCCGTCCAC

AAACAG 

Timp2  TCAGAGCCAAAGCAGTG

AGC 

GCCGTGTAGATAAAC

TCGATGTC 

Timp3  GCAAGGGCCTCAATTAC

CG 

AGGCGTAGTGTTTGG

ACTGATA 

Timp4  TCAGTATGTCTACACGC

CATTTG 

GGTGGTAGTGATGAT

TCAGGC 

Tnf TGCTCCTCACCCACACCG

TCAGC 

GACAAGGCTGCCCCGA

CTA 

CTCCTGGTATGAGAT

AGCAAATC 

Vegfa  ACTGGACCCTGGCTTTA

CTG 

TCTGCTCTCCTTCTGT

CGTG 

Vegfb  GCCAGACAGGGTTGCC

ATAC 

GGAGTGGGATGGATG

ATGTCAG 

18S TaqMan CCTGGTGGTGCCCTTCCG

TCA 

TGGTTGCAAAGCTGAAA

CTTAAAG 

AGTCAAATTAAGCCG

CAGGC 

18S SYBRGreen  CGCCGCTAGAGGTGAAA

TTC 

CCAGTCGGCATCGTT

TATGG 
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Table 2. List of primary antibodies used for immunoblots. 

Antibody Product number Dilution Manufacturer 

p-ACC Ser79 #3661 1:1000 Cell Signaling Technology 

p-Akt Ser473 #9271 1:1000 Cell Signaling Technology 

ANP  1:1000 Olli Vuolteenaho, 

University of Oulu 

β-catenin 61015 1:1500 BD 

p-eEF2 Thr56 #2331 1:10000 Cell Signaling Technology 

p-eEF2K Ser 359 sc-21644 1:500 Santa Cruz 

p-ERK1/2 Thr202/Tyr204 #9106 1:1000 Cell Signaling Technology 

GAPDH MAB374 1:100000 Merck 

p-GSK3β Ser389 14850-1-AP 1:1000 Proteintech 

p-GSK3β Ser389 07-2275 1:1000 MilliporeSigma 

p-GSK3β Ser9 #9336 1:1000 Cell Signaling Technology 

GSK3β #9315 1:1000 Cell Signaling Technology 

p-JNK V7932 1:3000 Promega 

JNK #9252 1:1000 Cell Signaling Technology 

Lamin B sc-6216 1:1000 Santa Cruz 

p-p38 MAPK Thr180/Tyr182 #9211 1:1000 Cell Signaling Technology 

p- PKCα Ser657/Tyr658 07-790 1:1000 Merck 

p-p70 S6 Kinase Thr389 #9205 1:1000 Cell Signaling Technology 

JNK #9252 1:1000 Cell Signaling Technology 

p-STAT3 Y705 ab30646 1:500 Abcam 

STAT3 #4904 1:1000 Cell Signaling Technology 

p-TNI Ser23/24 #4004 1:1000 Cell Signaling Technology 

Vinculin  ab18058 1:1000 Abcam 

Table 3. List of secondary antibodies used for immunoblots. 

Antibody Product number Dilution Manufacturer 

Donkey anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

790 

A-11371 1:5000 Invitrogen 

Goat anti-Mouse IgG (H+L) Highly Cross-

Adsorbed Secondary Antibody, Alexa Fluor 

680 

A-21058 1:5000 Invitrogen 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Alexa Fluor 680 

A-21076 1:5000 Invitrogen 
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4.7 RNA sequencing analysis (II) 

RNAseq analysis was performed via single-end sequencing chemistry at a 75 base-

pair read length (Illumina NextSeq, Illumina, Inc.). Sequences were demultiplexed, 

and FASTQ generation was performed (Basespace, Illumina). Sequences were 

aligned to mm10, annotated using the RefSeq Gene 2013.04.01 build, and gene 

expression levels were quantitated using reads per kilobase of transcript, per 

million mapped reads (RPKM, Strand NGS, Strand Life Sciences). Genes with a 

raw read count of >20 in at least 1 sample were used for further analysis. Altered 

transcripts were defined as having a >1.5-fold difference in expression at p <0.05 

(t-test). Gene ontology analysis was performed using gene ontology consortium 

software (Ashburner et al., 2000; The Gene Ontology Consortium, 2017). To 

identify common upstream regulators, gene sets were loaded into Pathway Studio 

MammalPlus 12.0.1.9 (Elsevier), and links to common regulators were identified. 

Sequencing was performed by Fibrogen Inc. laboratory. 

4.8 Statistical analysis (I, II, III) 

Statistical analysis was performed with IBM SPSS Statistics software. When two 

groups were compared, Student’s t-test or Mann Whitney U-test was performed. To 

compare multiple groups, 1-way analysis of variance was used, followed by 

Tukeys’s post hoc test to compare all the groups or Dunnett’s post hoc test to 

compare other groups with the control IgG-treated MI or I/R group (II). The 

Kruskal-Wallis test was performed when data did not represent a normal 

distribution. Survival analysis was calculated by the Kaplan-Meier method and 

groups were compared by the log rank (Mantel-Cox) test. Data are shown as mean 

± SEM or SD. Differences were considered statistically significant at the level of 

P<0.05. 
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5 Results and discussion 

5.1 Neuronostatin regulates cardiac contractile function and 

cardiomyocyte survival (I) 

5.1.1 Neuronostatin regulates cardiac contractility 

A number of neurohumoral agonists such as vasoactive peptides ET-1, urotensin II, 

apelin, and adrenomedullin regulate cardiac contractility especially in stressed 

heart (Russell, Molenaar, & O'Brien, 2001; Szokodi, Kinnunen, & Ruskoaho, 1996; 

Szokodi et al., 2002; Szokodi et al., 2008). NST is encoded by the somatostatin 

(SST) gene, and SST has been shown to have a negative contractile effect in 

preclinical studies (Endou, Hattori, Nakaya, & Kanno, 1989; Murray, Bell, Kelso, 

Millar, & McDermott, 2001). However, treatment of acromegalic patients with 

somatostatin analogs has been suggested to improved contractility (Bogazzi et al., 

2005; Colao, 2012). Hua et al. studied NST in the Langendorff perfusion model 

with different concentrations in washout experiments (Hua et al., 2009). They 

detected a cardiac depressant action of NST, which they suggested to be mediated 

via a PKA- and/or JNK-dependent mechanism based on studies with 

pharmacological inhibitors. With this background knowledge we investigated the 

contractile response of heart to NST in isolated paced rat heart model.   

In our study, NST alone did not have any effect on basal or isoprenaline- or 

preload-induced increase in cardiac contractility (I Fig. 1A-C), but it attenuated the 

ET-1 induced contractile response at a 10 nM dose (I Fig. 2), and this was 

accompanied by increased levels of phosphorylated p38 MAPK and JNK (I Fig. 

3A-C). NST and ET-1 alone increased p38 MAPK phosphorylation and together 

this effect was even more augmented (I Fig. 3A-B). Indeed, activation or 

overexpression of p38 or upstream kinases has been shown to lead to deterioration 

of cardiac function (Bellahcene et al., 2006; Kerkela & Force, 2006).  

Our results differed from the results of Hua et al., since we did not see NST 

alone affecting contractile function, and we did not see increased phosphorylation 

of the PKA target troponin I (I Fig. 3C). We investigated actual activation of 

intracellular signaling pathways, while Hua et al. used pharmacological inhibitors 

and this could be one reason for discrepancies between these two studies. We did 

see increased phosphorylation of JNK in agreement with Hua et al. but it does not 

seem to have a major role in cardiac contractile function (Minamino et al., 2002; 
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Tenhunen et al., 2004). Instead, as a stress-activated protein kinase, it has been 

shown to have both proapoptotic and prosurvival effects (Baines & Molkentin, 

2005). p38 is also involved in cardiomycyte survival (Nishida et al., 2004; Rose et 

al., 2010) and cardioprotection (Jovanovic, 2018). 

Phosphorylation of p38 MAPK was robustly induced also in NRVMs treated 

with 0.1 nM NST (Fig. 5A). This effect was not seen with somatostatin. 

Phosphorylation of Akt or ERK1/2 was not altered (Fig. 5B). 

We were able to show the effects of NST on cardiac contractility, but we did 

not investigate the receptor that might mediate the response. Later it has been 

shown that NST colocalizes and interacts with orphan receptor GPR107 in 

pancreatic islet cells, but GPR107 expression is very low in the heart and thus might 

not be the receptor mediating the cardiac effects of NST (Elrick et al., 2016; Yosten 

et al., 2012). On the other hand, in a recent study, it has been shown that in 

hypertensive rats GPR107 is upregulated in the heart and based on bioinformatics 

analysis, this receptor is coupled to the Gi/o protein, inducing inhibition of cAMP 

(Calderon-Zamora et al., 2020). That leads to negative inotropic and chronotropic 

effects, which is in agreement with the data from our studies with NST. In those 

studies by Calderon-Zamora et al., the expression of GPR107 was also dependent 

of the age of the rats or site in the heart, being higher in older rats and in the right 

side of the heart. 

5.1.2 Neuronostatin contributes to cell viability 

Based on these data we were also interested in how NST would affect cell viability. 

This was studied by different methods. Apoptosis was investigated by TUNEL-

staining. The release of intracellular adenylate kinase (AK), which is often used as 

a marker for necrosis (Heinrich, Balszuweit, Thiermann, & Kehe, 2009; Mery et 

al., 2017), was used to assess for cytotoxicity and cytolysis caused by NST. AK is 

a ubiquitous enzyme that catalyzes a nucleotide phosphoryl exchange reaction 

2ADP ↔ ATP + AMP, and has an important role in cellular energy economy (Dzeja 

& Terzic, 2009). Different isoforms of AK are distributed throughout intracellular 

compartments and when the plasma membrane disrupted, multiple factors, 

including AK leak out of the cell and can be detected. We also used a resazurin 

assay to evaluate the number of living cells; this method is based on the reduction 

of resazurin to resorufin, a quantifiable fluorescent dye, within viable cells.  
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Figure 5. Neuronostatin phosphorylates p38 MAPK in neonatal rat cardiomyocytes, 

reduces cardiomyocyte viability and regulates protein synthesis machinery. A, Western 

blot analyses of phosphorylated p38 MAPK from NRVM cell lysates. B, Western blot 

analyses of phosphorylated Akt and extracellular signal-regulated kinase (ERK) from 

NRVM cell lysates. C-D, Release of adenylate kinase from ruptured NRVM cells. E, 

TUNEL-positive NRVM cells are expressed as a percentage of the number of total cells, 

as determined by staining post-fixation with hematoxylin. F, Western blot analysis of 
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phosphorylated Akt from NRVM cell lysates. G, Cell viability analyzed from ARVM. H, 

Western blot analyses of phosphorylated eukaryotic translation elongation factor 2 

(eEF2) from NRVM cell lysates. I, Western blot analyses of phosphorylated eEF2 kinase 

(eEF2k) from NRVM cell lysates. J, Analysis of incorporation of radioactive leucine from 

NRVMs treated with insulin-like growth factor-1 (IGF-1), insulin (Ins), or ET-1 alone, or 

in combination with NST. K, Western blot analyses of phosphorylated ACC from NRVM 

cell lysates. *, p <0.05 versus control; **, p <0.01 versus control; ***, p <0.001 versus 

control; #, p <0.05 versus 30 nM NST; ##, p <0.01 versus 10 nM NST. GAPDH was used 

as a loading control. (Modified from I. Fig. 4-6) 

In NRVMs, there was more AK release indicating increased necrosis in NST treated 

cells (Fig. 5C-D). In cells treated with NST for 16 hours, AK release was dose 

dependent, being significant at the dose of 100 nM NST (Fig. 5C). NST also 

augmented hydrogen peroxide (H2O2) -induced necrosis, being maximal at 30 nM 

concentration (Fig. 5D). Mechanistically, phosphorylation of Akt was diminished 

in NRVMs after 90min treatment with 100 nM NST, and this effect was also 

augmented when co-treated with H2O2 (Fig. 5F). Apoptosis analyzed with TUNEL 

staining after 24 hours NST 30 nM or 100 nM treatment did not differ between the 

groups (Fig. 5E). This may actually signal a shortage in cellular energy levels upon 

NST treatment, since as opposed to necrosis, apoptosis is dependent on cellular 

energy supplies as caspases require ATP to function (Elmore, 2007). Also in adult 

mouse cardiomyocytes, 24 hours NST treatment decreased cell survival studied 

with the resazurin assay. Adult cardiomyocyte viability was diminished with 10 nM 

and even more with 30 nM NST treatment (Fig. 5G). As described before, p38 and 

JNK phosphorylation were increased with NST treatment in the perfusion model 

and, therefore, we studied if they had a role in cell death promoted by NST 

treatment. Co-treatment of adult cardiomyocytes with NST and a JNK inhibitor 

further increased cell death (Fig. 5G). The contradictory role of JNK in cell death 

might be due to circumstances and timing. For example, TNF-a exposure of 

embryonic fibroblasts results in biphasic activation of JNK; the early transient 

phase (<1 hour) shows cell survival signaling, while the later more sustained phase 

of JNK activation (1-6 hours) mediates proapoptotic signaling (Ventura et al., 2006). 

p38 inhibition did not have an effect on cardiomyocyte survival in NST treated cells. 

STAT3, JNK or ERK were not altered. 

Our studies suggest a necrotic type of cell death due to release of AK from cells 

that have lost their cytoplasmic integrity. It would have been useful to study cell 

death induced by NST in more detail. On the other hand, our TUNEL-study 

identifying DNA cleavage of apoptotic cells, included only one timepoint and as 
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only few cells are undergoing apoptosis at one timepoint, this could lead to 

underestimation of the significance of apoptosis (Saraste & Pulkki, 2000). Several 

timepoints for estimation of apoptosis would have given a more accurate picture. 

Using anti-myosin staining would have verified that cells detected are indeed 

cardiomyocytes. Studying the activation of caspases or degradation of their target 

structural proteins of the cell (i.e. Lamin A and B in the nuclear envelope) could 

further have been used to distinguish the type of cell death; apoptosis from necrosis. 

Electron microscopy analysis would have given more detailed information of the 

cell morphology and possibly provided information on the type of cell death. On 

the other hand it is not well suited for analysis of a large number of samples. 

Additional methods to distinguish the type of cell death could have been used 

including the use of microscopy or flow cytometry for analysis of Annexin V which 

binds to phosphatidylserine residues that are externalized in apoptotic cells 

(emitting “eat me” signals to neighboring cells) or the use of a membrane 

impermeable dye such as propidium iodide that stains necrotic cells that have lost 

their plasma membrane integrity (Jiang & Poon, 2019). Different biomarkers could 

also have been used to differentiate the cell death type; for example RIPK1, RIPK3 

and MLKL for necrosis and BCL-2 proteins or Cytochrome C for apoptosis 

(Vanden Berghe et al., 2013). However, none of these are absolutely selective for 

either type of cell death. 

5.1.3 Neuronostatin regulates protein synthesis 

We also investigated how NST affects the protein synthesis machinery and whether 

it has a role in hypertrophic response. Binding of mTOR, a key regulator of cell 

growth, to Raptor and other cofactors results in the formation of mTOR complex 1 

(mTORC1) that regulates the activity of the eukaryotic elongation factor 2 kinase 

(eEF2k) and its target, the elongation factor eEF2. eEF2 is needed for protein 

translation elongation and thus an essential factor of protein synthesis (Wang & 

Proud, 2006). For example, insulin activates protein synthesis and this leads to 

dephosphorylation and activation of eEF2 which again leads to accelerated 

elongation. Dephosphorylation of eEF2 is due to inhibition by eEF2k. If eEF2k is 

free to phosphorylate eEF2, it leads to impaired activity of eEF2 because it inhibits 

the binding of eEF2 to ribosomes (Wang & Proud, 2006). eEF2k might also be 

negatively regulated by p38 MAPK (Knebel, Haydon, Morrice, & Cohen, 2002).  

In our study, treatment of NRVMs for 24 hours with 0.1 nM NST decreased 

the phosphorylation of eEF2 (Fig, 5H), whereas 1 nM and 10 nM doses had little 
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or no effect. NST also increased phosphorylation of eEF2k at serine 359, a putative 

p38 MAPK target site that would negatively regulate eEF2k (Fig. 5I). Due to these 

findings, eEF2 being nonphosphorylated and active in NST treated cells and 

actively promoting protein synthesis, we expected to see an increase in measured 

protein synthesis levels.  

Protein synthesis was analyzed with incorporation of radioactive leucine into 

proteins, which reflects the changes in protein synthesis rates (Kirchman, K'nees, 

& Hodson, 1985). NST alone or in combination with IGF-1, insulin, or ET-1 was 

added to NRVMs. To our surprise, NST alone did not have aneffect, while agonists 

increased protein synthesis and in cotreatment with NST only mildly enhanced this 

effect (Fig. 5J). AMP-activated protein kinase (AMPK) is a key regulator and 

sensor of cellular energy status (Hardie, 2008). In our study exposure of NRVMs 

to a low concentration of NST induced a marked increase in the AMPK downstream 

target acetyl-co-carboxylase (ACC) phosphorylation (Mihaylova & Shaw, 2011). 

Activation of AMPK signaling has been shown to result in shutdown of mTOR 

signaling involving phosphorylation of tuberous sclerosis complex 2 (Inoki, Zhu, 

& Guan, 2003). AMPK is activated in situations of energy and amino acid depletion 

and functions to reduce energy consumption and to increase the cellular ATP levels 

(X. M. Ma & Blenis, 2009). Probably energy shortage in our cell culture 

experiments blocked increased protein synthesis in an attempt to conserve cellular 

ATP supplies, as in cell death experiments we saw favoring of necrosis instead of 

ATP-dependent apoptosis. 

Although we managed to identify at least some central signaling pathways 

regulating the actions of NST in cardiomyocytes, analysis of the mechanisms 

regulating NST production would be an interesting topic for future studies. 

5.2 Connective tissue growth factor inhibition enhances cardiac 

repair and limits fibrosis after myocardial infarction (II) 

In my second study we investigated how antagonizing CTGF with mAb would 

affect the cardiac ischemic response and remodeling in three different settings of 

myocardial ischemia. We treated animals with CTGF mAb during acute I/R injury 

(24 hours and 1 hour before or only at reperfusion), in the repair phase 3-7 days 

after MI or in the remodeling phase 1-7 weeks after MI (Fig 7). 
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Figure 6. Visual abstract of I. Neuronostatin regulates cardiac contractile function and 

decreases cardiomyocyte viability. Created with BioRender.com 

5.2.1 Antagonizing CTGF in I/R model has no effect on apoptosis 

In the I/R model (Fig. 7A) CTGF mAb treatment did not affect the amount of 

apoptosis in hearts subjected to 30 min of ischemia and 3 h of reperfusion studied 

with TUNEL staining (Fig. 8A). 24 h after reperfusion CTGF mAb treatment did 

not affect infarct size or area at risk either (Fig. 8B). Cardiac function and structure 

were not altered compared to controls (II Table S4). Mechanistically, we detected 

increased phosphorylation of stress-activated kinase JNK2 and STAT3 (Fig. 8C), 

an important factor of the cardioprotective SAFE pathway (Hadebe, Cour, & 

Lecour, 2018). Other cardioprotective signaling including Akt, ERK, p38, PKCα 

or SMAD1/5 was not activated (II Fig 4C). As previously discussed, the role of 

CTGF role in I/R has been studied in various transgenic models with a variety of 

results. For example, cardiac-restricted over-expression of CTGF in rat has been 

shown to be protective in I/R (Ahmed et al., 2011). Our different pharmacological 

approach of antagonizing CTGF with mAb did not show a cardioprotective effect 

or did not promote cell survival, although it did activate a few cardioprotective 
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signaling pathways. However, antagonizing CTGF did not show deleterious effects 

even though treatment was started at a very early state of ischemic insult. This could 

be beneficial as in a clinical setting this treatment could be started at an early state. 

Also longer studies with the I/R model in larger animals could be demonstrative. 

 

Figure 7. Summary of experimental protocols. A, protocol for CTGF inhibition during 

and/or after acute ischemia (treatment 24 and 1 h before ischemia or only at reperfusion). 

B, protocol for inhibition of connective tissue growth factor (CTGF) during post-

myocardial infarction (MI) cardiac repair (treatment initiation on day 3, treatment 

completion on day 7). C, protocol for CTGF inhibition during post-MI cardiac remodeling 

(treatment initiation on day 7, treatment completion at the end of week 7). IgG = 

immunoglobulin G; LAD = left anterior descending; mAb = monoclonal antibody. 

(Modified from II. Fig. 1) 

5.2.2 Antagonizing CTGF in the repair phase of myocardial infarction 

improves survival 

Treatment with CTGF mAb in the proliferative repair phase (Fig. 7B) resulted in 

improved post-MI survival (Fig. 8D) and also better preserved systolic function (II 
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Fig. 2B). Infarct thinning and expansion were diminished with CTGF mAb treated 

animals (Fig. 8E) and this might explain the better preserved systolic function and 

protection from infarct rupture leading to better survival. Infarct expansion is 

associated with a decrease in LV systolic function and increased infarct rupture, 

which most often occurs at the infarct border zone during the first week after MI 

(X. M. Gao, Xu, Kiriazis, Dart, & Du, 2005; Kelley et al., 1999). In our study the 

mice in the control group that did not survive until the end of the study likely had 

the thinnest infarctions and most severe LV dysfunction. Had these mice survived 

until the end of the study, the differences in LV systolic function and infarct 

thinning between the MI groups would have probably been even greater.  

Activation of signaling pathways that are involved in cardiac survival could explain 

mechanisms of better outcomes of mice treated with CTGF mAb. Prosurvival 

ERK1/2 (Rose et al., 2010) and also JNK2 were activated at the infarct zone of 

CTGF mAb treated mice (Fig. 8F). p38 and SMAD did not differ from controls (II 

Fig. 2E). Cardiac structure (II Fig. 2B, Table 1), inflammation (II Fig. S1) or 

collagen content of remote zone (II Fig. 2D) were not altered compared to controls. 

5.2.3 Antagonizing CTGF in cardiac remodeling reduces fibrosis 

CTGF mAb treatment for 6 weeks (Fig. 7C) reduced remote area fibrosis in the 

post-MI remodeling phase when HF is developing after myocardial injury (Fig. 8G). 

After CTGF mAb treatment, these hearts showed 72 significantly affected 

transcripts in RNA sequencing analysis and 60 of those were also MI-altered (II 

Table S3). Expression of 24 transcripts attenuated by CTGF mAb treatment were 

related to fibrosis and/or inflammation. In a genetic model of dilated 

cardiomyopathy, treatment with mAb resulted in downregulation of multiple ECM 

structural and remodeling genes, even though no difference in the amount of 

cardiac fibrosis was observed (Koshman et al., 2015). These studies together show 

that downregulation of these multiple genes might mediate the antifibrotic effect of 

CTGF mAb. In our study, analysis of shared upstream regulators indicated that 

many transcripts are known to be co-regulated by multiple inflammatory factors, 

such as TGFβ1, TNF-a, and interleukin-1β (II Fig. 3E). We did not see a difference 

in inflammation between treatments, so there could also be other targets for these 

upstream regulators. TNF-a can initiate death-receptor mediated apoptosis and 

necrosis also known as necroptosis (Del Re et al., 2019). No difference in apoptosis 

was seen in our studies between the treatments (Fig. 8A), but necroptosis could 

preceed fibrosis not just in the infarct, but also in remote areas since cardiomyocyte 
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death is very closely linked to fibrosis (Nakayama et al., 2007; Piek et al., 2016). 

In this research we did not use direct markers of necrosis to study it. TNF-a also 

mediates the cell survival pathways NF-κB and MAPK. Especially JNK is activated, 

but also p38 and ERK at some level (Wajant, Pfizenmaier, & Scheurich, 2003). 

JNK activation in our studies in earlier timepoints (Fig. 8C and 8F) could be 

mediated by TNF-a.  

Cardiac hypertrophy was decreased by mAb treatment as in treated animals the 

cardiomyocytes were smaller, heart/body weight ratio was reduced and in 

echocardiography analysis LV mass and left atrial size were lower compared to 

controls (II Fig. 3A-B). Based on RNA sequencing results, the diminished 

hypertrophic response is probably due to attenuated fibroblast activation in CTGF 

mAb treated animals, since fibroblasts have been shown to release multiple growth 

factors and cytokines that promote cardiomyocyte hypertrophy (Pellman, Zhang, 

& Sheikh, 2016; Sano et al., 2000; Weber & Brilla, 1991). 

RNA sequencing of samples from remodeling heart treated six weeks with 

CTGF mAb, showed upregulation of 42 transcripts related to cardiac development 

and/or cardiac repair, including Nkx2-5 and Cited4 (Cbp/P300 interacting 

transactivator with a Glu/Asp rich carboxyterminal domain 4) and also significant 

induction of GATA binding protein 4 (GATA-4) expression even though it did not 

meet fold-change cutoffs (II Fig. 3F and S4). Nkx2-5 and GATA-4 have a physical 

interaction (Durocher, Charron, Warren, Schwartz, & Nemer, 1997) and could be 

contributing to diminished thinning of scar and improved survival of mAb treated 

animals at the earlier timepoint. GATA-4 is also a prosurvival factor; it is an 

antiapoptotic and transcriptional regulator of the antiapoptotic genes Bcl-xL and 

Bcl-2 (Kitta et al., 2003; Kobayashi et al., 2006; Oka et al., 2006; Pikkarainen, 

Tokola, Kerkela, & Ruskoaho, 2004; Rysa et al., 2010). Cited-4 could also be 

contributing to enhanced recovery from MI and reduced fibrosis; Tg mice with 

regulated heart-specific expression of Cited-4, developed physiological 

hypertrophy and after I/R, cardiac dysfunction and fibrosis were reduced in these 

mice (Bezzerides et al., 2016). These Tg mice also had improved survival, and cell 

death by apoptosis and autophagy were reduced. 
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Figure 8. Effects of antagonizing connective tissue growth factor (CTGF) with mAb 

(monoclonal antibody) in diseased myocardium. A-C, mice were treated with 
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immunoglobulin-G (IgG) vehicle or CTGF mAb and subjected to ischemia-reperfusion 

injury (I/R). A, Quantitative analysis of TUNEL-positive cells in hearts subjected to 30 

min of ischemia and 3 h of reperfusion is shown. TUNEL-positive cells are marked with 

arrows; scale bar: 20 mm. B, Mice were treated with IgG vehicle or CTGF mAb 24 h 

before ischemia and at reperfusion, or with CTGF mAb at reperfusion only. Infarct size 

and area at risk were analyzed from triphenyl tetrazolium chloride (TTC)-stained 

myocardial sections. C, Western blot analysis of samples from infarct area 3 h after I/R 

injury. Analysis of phosphorylated c-Jun N-terminal kinase (p-JNK) and signal 

transducer and activator of transcription 3 (p-STAT3) is shown. TUNEL = terminal 

deoxynucleotidyl transferase dUTP nick end labeling. D-F, Mice were subjected to 

myocardial infarction (MI), and 3 days after surgery randomly divided to receive either 

IgG vehicle or CTGF mAb for 4 days. D, Survival of animals during the experiment. E, 

Ratio of thickness of septum versus thickness of infarct and the infarct expansion index. 

F, Western blot analysis of LV samples from infarct areas for phosphorylated 

extracellular signal-regulated kinase (p-ERK) and p-JNK. G, Mice were subjected to MI 

and 1 week after surgery randomly divided to receive IgG vehicle or CTGF mAb for 6 

weeks. Analysis of interstitial fibrosis from picrosirius red -stained LV sections under 

polarized light. Scale bar: 50 mm. H, Western blot analyses of p-JNK2 from human 

fibroblast cell lysates. GAPDH was used as loading control. Data are presented as mean 

± SD. *p <0.05; **p <0.01. (Modified from II. Fig. 2-5) 

5.2.4 Phosphorylation of JNK increases in fibroblasts treated with 

CTGF mAb 

To verify our in vivo findings of signaling pathways, we did additional studies with 

human fibroblasts. CTGF mAb significantly reduced both basal and TGFβ1–

induced collagen production, but had no effect on basal or TGFβ1–induced 

fibroblast proliferation (II Fig. 5B). Fibroblast proliferation might not be that 

important since it has been shown that activation of resident fibroblasts is sufficient 

in the fibrotic response of the remote zone (X. Fu et al., 2018). The level of p-JNK2 

was increased in human fibroblast cultures treated with CTGF mAb (Fig. 8H). This 

treatment also resulted in modestly reduced basal and TGFβ1-induced αSMA and 

collagen-1 expression and focal adhesion kinase (FAK) phosphorylation (II Fig. 

5A). Phosphorylation of ERK and SMAD2 were not altered in adult fibroblasts 

treated with CTGF mAb (II Fig. 5A). Inhibition of JNK with JNK inhibitor I 

abrogated the reduced collagen production in CTGF mAb-treated cells, but had no 

effect on collagen production in control IgG-treated cells (II Fig. 5B). Again, 

fibroblast proliferation was not affected by JNK inhibition (II Fig. 5B). In our study 

JNK2 was mediated the antifibrotic effect of CTGF mAb and inhibition of JNK led 
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to increased fibrotic response. Previously it has been shown that JNK2 deficiency 

led to increased fibroblast proliferation (Sabapathy et al., 2004). 

We do not know whether the mAb blocks CTGF activity immediately or clears 

CTGF from tissues in which case the effect would start slowly and might not even 

be able to act in I/R type of acute situations. CTGF mAb – CTGF complexes may 

also be subjected to extremely rapid elimination at least in low concentrations 

(Brenner et al., 2016). The mAb targets the N-terminal domain II of CTGF, vWC, 

while also the carboxyl-terminal region of CTGF (domains III and IV) interacts 

with, for example, other ECM proteins, VEGF and FGF2 (Jun & Lau, 2011). The 

C-terminal end of the CTGF is proteolytically labile and hardly ever detected in 

biological fluids, whereas the N-terminal end of CTGF is proteolytically stable and 

can be observed in biological fluids of diseased subjects (Lipson et al., 2012). Thus, 

targeting the C-half with a mAb might not be effective, but it must be noted that 

other domains of CTGF may stay active while targeting only one domain of CTGF 

with a mAb. CTGF interacts with TGFβ through the vWC domain, and blocking 

this interaction attenuates TGFβ-induced maturation and transformation of 

fibroblasts to myofibroblasts and ECM synthesis (Grotendorst, 1997; Jun & Lau, 

2011). This might explain the clear anti-fibrotic effect of antagonizing the function 

of CTGF in the current study. 

5.3 GSK3β serine 389 phosphorylation modulates cardiomyocyte 

hypertrophy and ischemic injury (III) 

As described before, GSK3β has multiple roles in cardiac pathologies, for example, 

in hypertrophy and cardiomyocyte survival in ischemic conditions. The 

phosphorylation site S9 negatively regulates GSK3β activity; phosphorylation of 

S9 inactivates GSK3β (Kerkela, Woulfe, & Force, 2007). Thornton et al. showed 

in 2008 that in addition to Akt mediated inhibitory S9 phosphorylation, there is 

another phosphorylation site at S389, which is phosphorylated by p38 MAPK and 

is assumed to regulate GSK3β as S9 does (Thornton et al., 2008). There are no 

previous data on the role of the GSK3β S389 phosphorylation site in the heart.  

In order to study GSK3β and its phosphorylation site S389 in heart we 

investigated phosphorylation of site S389 in human ischemic and dilated 

cardiomyopathy hearts and in mouse hearts after TAC. For additional studies of this 

phosphorylation site in the heart, we treated rat ventricular cardiomyocytes with 

adenoviruses encoding for wildtype GSK3β (WT), GSK3β with serine 9 to alanine 

mutation (S9A), GSK3β with serine 389 to alanine mutation (S389A) and double 
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mutated GSK3β with S9A and S389A mutations (S9A/S389A). LacZ was used as 

a control virus.  

 

Figure 9. Visual abstract of II. In our studies, therapy with CTGF mAb improved survival 

after myocardial infarction and attenuated development of LV fibrosis and cardiac 

remodeling. Modified from visual abstract of paper II. Created with BioRender.com. 

5.3.1 Phosphorylation of GSK3β S389 is increased in diseased 

human and rodent hearts 

Phosphorylation of GSK3β at S389 was increased in end-stage ischemic or dilated 

cardiomyopathy, compared to control hearts (III Fig. 1A). We also saw increased 

S9 phosphorylation of GKS3β in cardiomyopathy hearts (III Fig. 1A), as Konhilas 

et al. showed before in HCM mice (Konhilas et al., 2006). In our studies in the 

mouse heart failure model induced with TAC, 6 weeks after operation 

phosphorylation of GSK3β S389 was significantly increased compared to sham (III 

Fig. 1B). To our surprise, as we would have expected S9 to be increased as in human 

cardiomyopathy samples, S9 was at the sham level (III Fig. 1B). This might be 
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explained by the differences in duration and type of stress between the mouse 

model and human diseased heart. 

5.3.2 GSK3β S389 regulates cardiomyocyte viability 

In a recent study Thornton et al showed using GSK3β Ser389 to Ala mutant mice, 

that failure to inactivate nuclear GSK3β by Ser389 phosphorylation caused 

neuronal cell death in subregions of the hippocampus and cortex (Thornton et al., 

2018). Using the same mouse line, they also found that phosphorylation of GSK3β 

on S389 is important for survival of lymphocytes during the DNA double-strand 

break response (Thornton et al., 2016). 

In cardiomyocytes cell death is usually due to ischemic conditions. In vitro 

studies have shown that inhibition of GSK3β by phosphorylation of S9 is important 

for cardioprotection after ischemia-reperfusion (Juhaszova et al., 2004; Miura & 

Tanno, 2010; Tong, Imahashi, Steenbergen, & Murphy, 2002). Mostly similar 

results have been gained from in vivo studies. In a cardiac specific transgenic mouse 

model it has been shown that if S9 is mutated to alanine and GSK3β cannot be 

inhibited, postconditioning cannot salvage myocardium from I/R as in wild-type 

mice, because constitutively active GSK3β is unable to inhibit the opening of mPTP 

(Gomez, Paillard, Thibault, Derumeaux, & Ovize, 2008). On the other hand, in the 

GSK-3α/β knockin mice of Nishino et al., in which the Akt phosphorylation sites 

on GSK-3α (Ser21) and GSK-3β (Ser9) are changed to Ala, pre- and 

postconditioning did protect mice from I/R injury (Nishino et al., 2008).  

We also studied if GSK3β S389 has a role in cardiomyocyte viability similar 

to that of GSK3β S9. To study cardiomyocyte cell death, we subjected cultured 

adult rat cardiomyocytes to hypoxia-reoxygenation. Cell death was analyzed by 

release of adenylate kinase (AK) from necrotic adult cardiomyocytes. In our studies 

overexpression of GSK3β S9A or GSK3β S389A increased the cell death and 

forced expression of GSK3β S9A/S389A further augmented the stress-induced cell 

death (Fig. 10A). These data thus indicate that, like S9 phosphorylation, the S389 

phosphorylation site regulates the hypoxia-reoxygenation response.  

It has been suggested that delaying the opening of mPTP is the mechanism of 

cardioprotection (Juhaszova et al., 2004). Phosphorylation of S9 which inactivates 

GSK3β, leads to a higher opening threshold of mPTP, which again delays initiation 

of cell death. We performed a JC1 assay to investigate the effect of GSK3β on 

mitochondrial membrane potential. Overexpression of GSK3β WT and S9A 

significantly enhanced the mitochondrial membrane potential transition during 
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hypoxia-reoxygenation increasing the probability of mitochondrial pore opening 

(III Fig. 3B), as we did see increased cell death when overexpressing GSK3β S9A 

(Fig. 10A). On the other hand, S389A or the double mutation did not affect 

membrane potential, which supports other mechanisms of cellular protection of the 

S389 site.  

Thornton et al. showed that GSK3β is phosphorylated and inactivated by p38 

MAPK (Thornton et al., 2008). Also Zhang et al. suggested that adiponectin 

induces S389 phosphorylation of GSK3β via stimulating the p38 MAPK signaling 

pathway (D. Zhang, Guo, Zhang, & Lu, 2011). p38 MAPK inhibition has been 

shown to be cardioprotective during I/R (X. L. Ma et al., 1999). To examine the 

effect of GSK3β S389 on MAPK pathways, we overexpressed the upstream 

regulator of p38, constitutively active MKK6b. Activation of the p38 pathway by 

MKK6b decreased survival of cardiomyocytes during hypoxia-reoxygenation 

compared to LacZ, and the cell death was further exacerbated by overexpression of 

GSK3β S389A (Fig. 10B). Thus, phosphorylation of GSK3β S389 offers protection 

from p38 MAPK pathway induced cell death in hypoxia-reoxygenation. 

5.3.3 GSK3β S389 phosphorylation regulates the hypertrophic 

response 

The role of GSK3β S9 in hypertrophy and remodeling has been studied widely in 

in vivo models. In the double knock-in mouse model GSK3α/β-S21A-S9A, where 

GSK3 is supposed to be constitutively active, there were no differences between 

WT or transgenic mice after permanent MI in the hypertrophic response or 

remodeling (Webb et al. 2010). Antos et al. showed that in mice with GSK3β S9A 

knockin and thus constitutively active GSK3β, hypertrophy was diminished in 

response to chronic beta-adrenergic stimulation with isoproterenol or pressure 

overload with thoracic banding of the aorta (Antos et al. 2002). In Matsuda et al. a 

GSK3β S9A knock-in model showed reduced cardiac hypertrophy and dysfunction 

in response to pressure overload induced by TAC (Matsuda et al. 2008). Also in the 

same study they used double knock-in GSK3α/β-S21A-S9A and in this model they 

observed hypertrophic response but preserved LV function after TAC.  

In a cell culture model, hypertrophic agonists, such as ET-1, increase the 

phosphorylation of the GSK3β S9 residue and thus inhibit GSK3β at least partly, 

and the resulting hypertrophic response in cultured cardiomyocytes (Haq et al. 

2000). Then again constitutively active GSK3β S9A, induced by gene transfer, 

blocks the hypertrophic response of hypertrophic agonists. 
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Figure 10. Effect of GSK3β S389A on cardiomyocyte death and hypertrophy. Cultured 

rat cardiomyocytes were overexpressed with LacZ, GSK3β WT, GSK3β S9A, GSK3β 

S389A, GSK3β S9A/S389A or MKK6b and subjected to hypoxia-reoxygenation (A-B) or 
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hypertrophic stimulus (fibroblast growth factor = FGF or insulin) (C-E) as indicated. A, 

***P<0.001 compared to control LacZ, ##P<0.01, ###P<0.001 compared to GSK3β WT, 

$$$P<0.001 compared to control LacZ, GSK3β WT, S9A and S389A. B, *P<0.05, **P<0.01, 

***P<0.001. LacZ was used as control. C, ***P<0.001 compared to LacZ, GSKβ WT and 

GSK3β S9A D, **P<0.01, ***P<0.001 compared to LacZ, ###P<0.001 compared to LacZ, 

LacZ+FGF, GSK3β WT+FGF, GSK3β S9A+FGF. E, *P<0.05 compared to LacZ, #P<0.05 

###P<0.001 compared to LacZ+insulin, $$$<0.001 compared to LacZ, GSK3β 

WT+insulin and GSK3β S9A+insulin. F, Western blot analysis of phosphorylated p70S6 

kinase and phosphorylated Akt in neonatal cardiomyocytes. Data are presented as 

mean ± SD. GAPDH was used as loading control. 

We investigated whether GSK3β S389 also had an effect on the hypertrophic 

response. We studied protein synthesis by measuring [3H] leucine incorporation in 

adult and neonatal cardiomyocytes overexpressing GSK3β WT, GSK3β S9A, 

GSK3β S389A and GSK3β S9A/S389A and also treated with a hypertrophic 

stimulus (insulin, FGF or PE). In neonatal cardiomyocytes, protein synthesis was 

increased in basal conditions with GSK3β S389A and GSK3β S9A/S389A (Fig. 

10C). FGF treatment induced a hypertrophic response in neonatal cardiomyocytes 

and the response could not be prevented with overexpression of GSK3β S9A (Fig 

10D). Interestingly, overexpression of GSK3β S389A and GSK3β S9A/S389A 

significantly augmented the FGF or insulin-induced hypertrophic response in 

neonatal and adult cardiomyocytes (Fig. 10D-E). In adult cardiomyocytes, 

overexpression of GSK3β S9A was sufficient to prevent the insulin-induced 

hypertrophic response (Fig 10E), which is in agreement with the data from Haq et 

al. (Haq et al., 2000). However, upon overexpression of GSK3β S9A/S389A, the 

S9A mutation did not attenuate the insulin-induced hypertrophic response (Fig. 

10E). The response was actually even greater than that observed with 

overexpression of GSK3β S389A, although there was no significant difference 

between the groups.   

FGF also induced elevation of ANP, a marker of cardiac hypertrophy, in 

neonatal cardiomyocytes (III Fig. 4C). GSK3β S389A and GSK3β S9A/S389A 

showed slightly increased ANP levels at baseline, but FGF-stimulated ANP 

expression was not altered with GSK3β variants (III Fig. 4C).  

5.3.4 GSK3β S389 regulates the mTOR-p70S6K pathway 

We also studied signaling pathways that GSK3β activates. Active GSK3β 

phosphorylates its central substrate β-catenin and triggers β-catenin destabilization. 

Inhibition of GSK3 by Wnt leads to stabilized β-catenin, and β-catenin then enters 



111 

from the cytosol into the nucleus and activates gene transcription activation (Wu & 

Pan 2010, Wu et al. 2009). This signaling probably does not use the same 

phosphorylation events as Akt mediated signaling.  In our studies, cytosolic or 

nuclear β-catenin were not altered with mutations or by hypertrophic stimulus (III 

Fig. 5A-B) which supports other signaling pathways than the Wnt-pathway being 

involved in the regulation of GSK3β S389 phosphorylation. 

The PI3K-Akt-mTOR pathway is the central regulatory mechanisms 

controlling cell growth. One central effector of the growth promoting mTOR 

Complex 1 (mTORC1) is p70 ribosomal protein S6 kinase (p70S6K). Activation of 

p70S6K has been shown to phosphorylate residue S9 and inactivate GSK3β 

(Sutherland, Leighton, & Cohen, 1993). Previous studies indicate that GSK may 

also reciprocally regulate mTOR activity (Evangelisti, Chiarini, Paganelli, 

Marmiroli, & Martelli, 2020; Shin, Wolgamott, Yu, Blenis, & Yoon, 2011). To 

investigate if the increased cardiomyocyte hypertrophy in GSK3β S389A 

overexpressing cardiomyocytes is associated with activation of mTORC1, we 

analyzed for phosphorylation of p70S6K. We detected that phosphorylation of 

p70S6 kinase in cardiomyocytes was increased with overexpression of GSK3β 

S389 and S9/S389 (Fig. 10F). In summary, defective phosphorylation of GSK3β at 

S389 leads to activation of p70S6K and increased protein synthesis in 

cardiomyocytes. 

In addition, overexpression of GSK3β S9/S389 was sufficient to induce Akt 

phosphorylation (Fig. 10F). On the other hand, overexpression of GSK3β S389 had 

no effect on Akt phosphorylation status (Fig. 10F). Analysis for GSK3β 

phosphorylation status showed that overexpression of GSK3β S389A expectedly 

abolished the basal and PE-induced GSK3β S389 phosphorylation (III Fig. 2B). In 

addition, overexpression of GSK3β S389A also reduced GSK3β S9 

phosphorylation (III Fig. 2B). On the other hand, overexpression of GSK3β S9A 

did not affect phosphorylation of GSK3β S389 (III Fig. 2A). Data in Fig. 10F 

suggest that the noted decrease in GSK3β S9 phosphorylation in GSK3β S389A 

overexpressing cells does not stem from decreased Akt activity. Phosphorylation of 

GSK3β at S389 may thus regulate GSK3β phosphorylation at S9.  

These data should be verified and further studied in additional models. The 

current data are mainly based on overexpression of GSKβ in cell culture models. 

Ser389Ala GSK3β KI mice (Thornton et al., 2018), for example, would provide a 

useful model for more detailed function of the GSKβ S389 phosphorylation site in 

regulating cardiac growth or I/R injury. 
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Figure 11. Visual abstract of III. In our studies phosphorylation of GSK3β in the S389 

site was found to be cardioprotective, as inhibiting this phosphorylation led to 

increased hypertrophic response and cell death in cardiomyocytes. Created with 

BioRender.com. 

5.4 Limitations and advantages of this study 

5.4.1 Limitations 

There are limitations in extrapolation of these results from animals to humans. 

Species differences and physiological limitations due to, for example, size have to 

be taken into account when interpreting results. In studying reactive fibrosis it 

should be noted that in humans it probably takes years to develop interstitial fibrosis, 

when time is limited in animal studies (Cowling et al., 2019). There are also 

limitations in studying MI models. As reviewed before, the incidence of STEMI is 

decreasing, but the incidence of non-STEMI is quite constant (Yeh et al., 2010). 

Our MI and I/R models represent primarily STEMI with or without reperfusion, 

rather than non-STEMI. 
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Optimizing the mouse strain according to each study could also be one way to 

improve the results of the animal studies, since it has been shown that, for example, 

infarct healing and development of heart failure depends of the genetic background 

of the mice (X. Ma et al., 2019; van den Borne et al., 2009)  

Experimental I/R and MI might have resulted in unwanted inflammatory 

effects (Nossuli et al., 2000), even though the method I used is less traumatic than 

the traditional surgical method (E. Gao et al., 2010). Also open-chest cardiac 

surgery in animals or humans might induce pericardial adhesions. This might have 

contributed to enhanced survival and cardiac function in CTGF mAb treated 

animals in the repair phase of MI. In addition, we studied I/R animals only at a 24 

hour timepoint, and long term effects would have been detectable at later timepoints, 

nonetheless, not in infarct size. Also the length of the ischemic period could be 

prolonged from 30 to 45 minutes. 

Using only male mice does not give us the complete picture, but it diminishes 

some of the variables in the early stages of research. Female estrogen is 

cardioprotective, and this is mediated, e.g., through p38 and Akt signaling (Babiker 

et al., 2006; Patten & Karas, 2006; Satoh et al., 2007), which could disrupt our 

results. 

We used isoflurane to sedate animals during operations and echocardiographic 

analysis and there could be some variation in timing and duration of anesthesia 

between animals. This could also result in some variation between animals since 

volatile halogenated anesthetic gases are known to be cardioprotective, probably 

acting through various mechanisms but also by activating Akt and ERK (Guerrero-

Orriach et al., 2017; Van Allen et al., 2012).  

We used traditional methods to study cell death; TUNEL staining for apoptosis 

and TTC staining for necrosis. AK release was used as a marker for the necrotic 

type of cell death. While the AK assay provides information on cell death, it may 

not be sufficient to differentiate necrosis, but could also be present in other types 

of cell death types, including apoptosis (Denecker et al., 2001; Single, Leist, & 

Nicotera, 1998). Utilizing additional methods for analysis would have provided 

more detailed information on the cell death (Takemura et al., 2013). 

Cardiac myocytes form the contractile unit of the heart and their synchronized 

action ensures effective pumping function. However, only approximately one third 

of the cells in the heart are cardiomyocytes, two thirds of them being other cells 

(Nag, 1980; Pinto et al., 2016). In our cell culture experiments we used only 

cardiomyocytes. To get the whole picture we would need to use a combination of 
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different cell types. On the other hand, our in vivo experiments represent the data 

from the whole organ and organism.  

5.4.2 Advantages  

One of the advantages in my studies was the variety of models. We used in vitro, 

ex vivo and in vivo models in our studies. We had different types of stress models 

and different approaches to modulate signaling, which makes the data obtained 

more reliable. In addition, I have utilized a sophisticated ischemic injury model, 

which provides I/R injury resembling human MI. Our model, originally introduced 

by (E. Gao et al., 2010), presents fewer confounding factors, such as inflammation 

and better models ischemic injury in the heart. In study II we used a 

pharmacological approach to study the effects of CTGF inhibition. A large number 

of previous studies have been done with genetically manipulated animals with 

knockout or overexpression of genes, which can result in a phenotype that does not 

represent the functional role of the targeted molecule or pathway in the selected 

pathological condition (Rose et al., 2010). This nonphysiological manipulation can 

lead to secondary or off-target effects that mislead researchers. 

Despite the aforementioned weaknesses, animal models are usable, even 

indispensable when studying the contribution of specific mediators in certain 

cardiovascular pathology. 
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6 Conclusions 

6.1 Neuronostatin 

My results suggest that exposure of cardiomyocytes to NST induces signaling 

pathways that differ from those observed with somatostatin. The biological effects 

of NST on cardiomyocytes are concentration-dependent and may result from 

expression of multiple receptor subtypes. In summary, we found that in isolated, 

perfused rat heart NST administration attenuates ET-1 -induced LV contractility 

and induces p38 MAPK and JNK phosphorylation. Prolonged treatment of isolated 

cardiomyocytes with NST reduces cardiomyocyte survival, which is further 

compromised by inhibition of JNK. We conclude that NST activates p38 MAPK 

and JNK in the heart regulating cardiac contractile function and cardiomyocyte 

survival. In the future, the effects of NST on the hypertrophic response need to be 

studied in different settings to ensure sufficiency of energy. These preliminary 

studies of the potentially cardiotoxic effect of NST should be taken into account 

when considering NST in clinical practice, for example, in treatment of 

hypoglycemia. 

6.2 Connective tissue growth factor 

We found that therapy with CTGF mAb during the proliferative phase of post-MI 

cardiac repair attenuated infarct expansion, improved survival, and attenuated the 

decrease in LV systolic function. Intervention with CTGF mAb during post-MI LV 

remodeling reduced LV fibrosis and attenuated the MI-induced cardiomyocyte 

hypertrophy and increase in LV mass. Mechanistically, therapy with CTGF mAb 

attenuated the MI-induced increase in inflammatory and pro-fibrotic genes and 

enhanced expression of genes related to cardiac development and/or repair. In 

addition, studies with cultured human fibroblasts indicated a role for JNK in 

reducing the collagen production by CTGF mAb. Further studies in large animal 

models are needed to establish if CTGF mAb provides a novel therapy for MI 

patients. 



116 

6.3 GSK3β 

Our key finding was that mutation of GSK3β at the S389 phosphorylation site 

increases cell death and augments the hypertrophic response in cardiomyocytes. 

Inability to phosphorylate GSK3β at S389 resulted in lower survival of 

cardiomyocytes during hypoxia-reoxygenation and increased protein synthesis. 

The increase in cardiomyocyte hypertrophy was associated with increased activity 

of p70S6 kinase. The phosphorylation of GSK3β on S389 may be important for 

cardioprotection in hearts in vivo as it mediates both antihypertrophic and 

prosurvival functions. These novel facets of GSK3 could also gain importance in 

the development of novel therapies for cardiac ischemia-reperfusion injury.  
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